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Abstract

We have investigated the magnetic response of composite NS proximity wires, consisting

of a clean silver, copper, or gold coating, in good electrical contact to a superconducting

niobium or tantalum core. They have been fabricated in a swagging and codrawing pro¬

cedure, resulting in a highly transparent NS interface. Annealing the wires after the last

drawing resulted in elastic scattering mean-free paths with values (j^ of the order of or

even bigger than the normal layer thickness d,\/ for the cleanest samples.

The samples show strong induced diamagnctism in the normal layer, with nearly

complete Meissner screening at low temperatures. The temperature dependence of the

linear diamagnetic susceptibility data is successfully described by the quasiclassical Ei¬

lenberger theory including elastic scattering characterised by a mean-free path L The

finite-range kernel of the nonlocal current-field relation is governed by the interplay of

the relevant length scales, the thermal length £7-, the normal layer thickness d/y, and the

mean-free path L

With this approach, using the mean-free path as the only fit parameter, wc found

values of £ in the range 0.1-1 of the normal metal layer thickness d^, which are in rough

agreement with the ones obtained from residual resistivity measurements. The fits are sat¬

isfactory over the whole temperature range between 5 mK and 7 K for values ofd^ varying

between 1.6,urn and 30urn. However, at very low temperatures wc observe considerable

deviations of the experimental screening fraction from the numerical curves, e.g. the an¬

omalous paramagnetic reentrance effect, discovered by Visani, Mota, and Pollini [1].
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2 Abstract

For relatively clean gold-coated niobium cylinders we have found this paramagnetic

reentrant behavior of the diamagnetic susceptibility below a characteristic temperature

Troc (tZ/y)1-75, superimposing on almost fully induced Meissner screening. The additional

paramagnetic susceptibility xpaia shows an exponential temperature dependence, similar

to NS samples of different materials containing silver or copper [2].

At low temperatures, where almost fully induced Meissner screening occurs, the

gold-coated niobium cylinders show a magnetic breakdown, a first-order phase-transition

from a state with almost complete screening to a flux-penetration state. Measured break¬

down fields of up to 27 Oe were obtained for a thin sample with d^ = 3.3 u.m.

Although a finite mean-free path is necessary to correctly describe the temperature

dependence of the linear response diamagnetic susceptibility, the measured breakdown

fields in the nonlinear regime follow the temperature and thickness dependence given

by the clean limit theory. Flowcvcr, there is a discrepancy in the absolute values of the

breakdown fields, which is likely to be due to oversimplifications in the theoretical model.

Moreover, for some of the samples with £/d^ < 1 including the ones containing gold, we

describe the temperature dependence of the breakdown fields with a prefactor p < 1 in

the clean-limit thermal length t,f. The shape of the magnetization curves of the cleanest

samples cannot be explained within the clean-limit theory. We argue that in order to reach

quantitative agreement one needs to take into account the correct degree of nonlocality

of screening, paying tribute to the finite mean-free path, as obtained from the fits of the

linear response.

For the gold-niobium samples, we observe in the breakdown fields as well as in the

diamagnetic screening fraction, a jump at 7nmip œ 27 mK. With decreasing temperature,

the values of the breakdown fields and the screening fraction suddenly increase. This

could be an intrinsic material effect, possibly due to a superconducting alloy layer at the

gold-niobium interface.

We discuss the magnetic response of clean sil\ er coated niobium proximity cylinders

in the temperature range LSO^K < 7' < 9K. In the mesoscopic temperature regime, the

normal metal-superconductor system shows the yet unexplained paramagnetic reentrant

effect, discovered some years ago [ 1 ], superimposing on the full Meissner screening. The

effect is strongly nonlinear in magnetic field, displaying hysteresis, dissipation, and long
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time relaxation behavior. The paramagnetic susceptibility %paia increases dramatically as

the temperature is reduced and saturates at the lowest temperatures at values of the same

order as the diamagnetic susceptibility Xdu of up to the whole silver-niobium structure

(for the thinnest AgNb sample with perimeter L = 12pm).

The logarithmic slope (c/log^/c/'f) of the reentrant paramagnetic susceptibility

^para(r) = Aexp[—L/^(T)], takes different values in different temperature regimes,

limited by the condition <yy
= nh. Here %x(T) is the coherence length in the normal

metal obtained from breakdown field measurements, coinciding with the thermal length

Çt = Jivf/ZkIcbT'. In wires with perimeters L = Hum and L = 130/im, we observe the

slopes dlogx/dT — —nL- {2nkß/nvr), with integer multiples n = 1,2,4 for the different

temperature regimes. In this series n = 3 does not occur, for which the reason at this point

is unclear. Taking into account the dependence of the prefactor A on L and n, for temper¬

atures T < Tr and well above the saturation temperature Pal, the reentrant paramagnetic

susceptibility can be written as

X^ -

^ J exp
n\~ nL

i\(T
with ;/ = 1,2, and4, 0)

for &(T, ) < Çn(T) <L,L< 4vCO < 2L. and 2L < i;N(T) < ^(Tsa(), respectively. The

paramagnetic reentrance phenomenon in a relatively clean normal metal coating a super¬

conducting cylinder has the fingerprint of different levels of quantum coherence on the

scale of integer multiples of the perimeter L, which is as large as a fraction of a mil¬

limeter. This mesoscopic phenomenon occurs in much larger specimens than the usual

mesoscopic samples.
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Kurzfassung

Wir untersuchten die magnetischen Eigenschaften von NS Proximity Drähten, die aus

einem reinen Normalmetall Silber, Kupfer oder Gold bestehen, das in gutem elektrischem

Kontakt einen supraleitenden Mob- oder Tantalkern ummantelt. Sie wurden in einem

Hämmer- und Ziehprozeß hergestellt, der eine sehr hochtransparente NS Kontaktschicht

ermöglicht. Nach dem letzten Ziehschritt wurden die Drähte getempert, wodurch wir bei

den reinsten Drähten Werte der elastischen mittleren freien Weglänge i^ von der Größen¬

ordnung oder sogar länger als die Schichtdicke des Normalleitcrs d^ erhielten.

Die Proben zeigen starke induzierte Supraleitung im Normalmetall, bis zu nahezu

kompletter Meissner Abschirmung bei tiefen Temperaturen. Die experimentelle Ab¬

hängigkeit der linearen diamagnetischen Suszeptibilität von der Temperatur wird erfol¬

greich beschrieben im Rahmen der Quasiklassischen Theorie mit elastischer Streuung,

die durch eine mittlere freie Weglänge l charakterisiert ist. Die nichtlokale Strom-

Feld Beziehung wird durch einen Kern endlicher Reichweite beschrieben, die durch das

Zusammenspiel der relevanten Längenskalen festgelegt ist, der thermischen Länge £,q\ der

Schichtdicke des Normalleiters <r//v und der mittleren freien Weglänge £.

Mit diesem theoretischen Ansatz fanden wir für die mittlere freie Weglänge als al¬

leinigem Anpassungparameter Werte von / im Bereich von 0.1-1 der Schichtdicke des

Normalleiters d^, die grob mit den Werten übereinstimmen, die wir aus Restwiderstands¬

messungen erhalten haben. Die Anpassungen sind sehr zufriedenstellend im gesamten

Temperaturbereich zwischen 5 mK und 7K, wobei die Werte von d^ zwischen 1.6/.im

und 30/rm variieren. Allerdings beobachten wir bei sehr tiefen Temperaturen erhebliche

Abweichungen des experimentellen Abschirmquotienten von den numerischen Kurven,

:>



6 Kurzfassung

wie zum Beispiel den anomalen Paramagnetischen Reentrcmce Effekt, der von Visani,

Mota, and Pollini entdeckt wurde [ 1 ].

Bei relativ reinen Gold-ummanteltcn Niob Zylindern fanden wir dieses Paramagnct-

ischc Reentrcmce Verhalten der diamagnetischen Suszeptibilität unterhalb einer chatak-

teristischen Temperatur Tr « (d^)
"l 73, das die nahezu voll induzierte Meissner Abschir¬

mung überlagert. Die zusätzliche paramagnctische Suszeptibilität #paia zeigt eine expo¬

nentielle Temperatur Abhängigkeit, ähnlich den NS Proben anderer Materialien, die Silber

oder Kupfer enthalten [2J.

Bei tiefen Temperaturen, wo fast die volle Meissner Abschirmung induziert ist, zei¬

gen die Gold-ummante!ten Niob Zylinder den Magnetischen Breakdown, ein Phasenüber¬

gang erster Ordnung von einem Znstand fast voller Abschirmung zu einem Zustand, wo

magnetischer Fluß eindringt. Die gemessenen Breakdown Felder einer dünnen Probe mit

dN = 3.3/im betragen bis zu 27 Oe.

Obwohl eine endliche mittlere freie Weglänge notwendig ist, um die Temperatur

Abhängigkeit der linearen diamagnetischen Suszeptibilität korrekt zu beschreiben, fol¬

gen die gemessenen Breakdown Felder im nichtlinearen Regime dem Temperatur und

Schichtdicken Verhalten der Clean-Limit Theorie. Allerdings stimmen die Zahlenwerte

nicht genau überein, was sehr wahrscheinlich auf die starken Vereinfachungen im the¬

oretischen Modell zurückzuführen ist. Außerdem können wir bei einigen der Proben

mit f/d^ < l, die Gold enthaltenden eingeschlossen, die Temperatur Abhängigkeit der

Breakdown Felder mit Hilfe eines Vorfaktors p < 1 beschreiben, der der Clean-Limit

thermischen Länge & vorangestellt wird. Weiterhin kann die detaillierte Form der Mag-

netisicrungskurven der reinsten Proben nicht innerhalb der Clean-Limit Theorie erklärt

werden. Wir führen ins Feld, daß eine quantitative Übereinstimmung nur erreicht werden

kann, wenn man den korrekten Grad der Nichtlokalität der Abschirmung berücksichtigt,

der durch die endliche mittlere freie Weglänge beschrieben werden sollte, die man aus

den Anpassungen im linearen Regime gewonnen hat.

Bei den Gold-Niob Proben tritt sowohl in den Breakdown Feldern als auch im

Abschirmquotienten ein Sprung bei einer Temperatur von Tjump œ 27 mK auf. Mit ab¬

nehmender Temperatur nimmt der Wert der Breakdown Felder und des Abschirmquotien¬

ten sprunghaft zu. Hierbei könnte es sich um einen intrinsischen Material Effekt handeln,
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möglicherweise hervorgerufen durch eine supraleitende Gold-Niob Legierung an der NS

Zwischenschicht.

Außerdem diskutieren wir die magnetischen Eigenschaften von reinen Silber¬

ummantelten Niob Proximity Zylindern im Temperaturbereich 150/iK < T < 9K. Bei

mesoskopischen Temperaturen zeigt das Normalmetall-Supraleiter System einen bis jetzt

unerklärten Paramagnetischen Reentrance Effekt, der vor einigen Jahren entdeckt wurde

[ 1J und der die volle Meissner Abschirmung überlagert. Der Effekt ist stark nichtlinear im

magnetischen Feld, er zeigt Hysterese, Dissipation und Langzeit Verhalten im Auftreten.

Die paramagnetische Suszeptibilität ^pata steigt für erniedrigte Temperaturen dramatisch

an und sättigt bei den tiefsten Temperaturen bei Werten von derselben Größenordnung

der diamagnetischen Suszeptibilität Xdm bis zur gesamten Silber-Niob Struktur (für die

dünnste AgNb Probe mit Drahtumfang L = 72 um).

Die logarithmische Steigung {dlogx/dT) der Paramagnetischen Reentrance

Suszeptibilität ;zpaia(T) = Aexp [—L/ÇjyLT)} nimmt verschiedene Werte in verschiedenen

Temperaturbereichen an, die durch die Bedingung ^ = nL begrenzt sind. §v(T)

ist die Kohärenzlänge im Normalmetall aus den Breakdown Feld Messungen,

die zugleich mit der thermischen Länge çr = Tivp/lnksT übereinstimmt. In

Drähten vom Umfang L = 72,um oder L — 130/im beobachten wir die Steigungen

dlogx/dT = —nL- {Inkß/ltvp), mit ganzzahligen Vielfachen n = 1,2,4. Hierbei tritt

der Fall n — 3 nicht auf, wofür die Ursache zu diesem Zeitpunkt unklar ist. Unter Berück¬

sichtigung der Abhängigkeit des Vorfaktors A von L und n, kann man für Temperaturen

77 < Tr und deutlich oberhalb der Sättigungstemperatur 7"sat die Paramagnetische Reen¬

trance Suszeptibilität schreiben als

Xpa.a ~ T% [Jj exp
nL

S\{T)
mit 7/-=l52und4, (2)

jeweils für ^(7,) < cN(T) < L, L < |A(T) < IL und 2L < ^(T) < B,N(Ts,Ai). Das

Paramagnetische Reentrance Phänomen in einem relativ reinen Normalmetall, das einen

supraleitenden Zylinder ummantelt, zeigt die Charakteristik verschiedener Niveaus von

Quantenkohärenz auf einer Skala von ganzzahligen Vielfachen des Umfangs L, die die

Länge eines Bruchteils eines Millimeters erreicht. Dieser mesoskopische Effekt tritt in

um einiges grösseren Proben auf als herkömmliche mesoskopische Effekte.
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1 Introduction

A normal metal (N) in good electrical contact with a superconductor (S) exhibits super¬

conducting properties as the temperature is reduced. Because of the presence of a gap A

in the excitation spectrum of the superconductor, an electron at the Fermi surface incid¬

ent from the normal conductor requires a retro-reflected hole with time-reversed path in

N, to be absorbed by the condensate as a Cooper pair, while a net charge 2e is trans¬

ferred and normal current is converted into supercurrent, or vice versa. That process is

called Andreev reflection [3J, or NS proximity effect. Even in the absence of an attractive

electron-electron interaction in N, there is a nonvanishing Andreev-pair amplitude in the

normal metal, coupling to the Cooper-pair amplitude in the superconductor. Due to the

proximity of S and N, diamagnetism is induced in N as the temperature is reduced. In a

mesoscopic regime, where the phase coherence length L^ is bigger than the sample dimen¬

sion, the coherent single-particle physics of the mesoscopic normal conductor is combined

with the macroscopic superconducting correlations. E.g., the whole normal metal shows

a rigid response to external magnetic fields, leading to fully induced diamagnetism in N.

Superconducting correlations can also be observed in transport measurements.

First experiments on the proximity effect were reported by R. Holm and W. Meiss¬

ner [4], who observed zero resistance between SNS pressed contacts. Since then, many

investigations on proximity effects have been carried out [5]. Important contributions on

the magnetic response of NS structures have been given by Mota and coworkers, who

found long-range superconducting correlations induced in clean normal conductors, in¬

cluding the first-order magnetic breakdown transition in thick normal-metal layers |6-8].

Theoretical studies on the proximity effect started in 1961 with the work of Cooper [9].

9



10 J. Introduction

In recent years, there has been extensive experimental and theoretical work in the field

of mesoscopic systems, including superconducting structures in proximity with normal

metals or semiconductors [ 101. hi particular, experimental work in the field of mesoscopic

physics has been enabled by recent advances is nanostructurc fabrication technology.

Recently, surprising transport properties discovered in mesoscopic diffusive NS

structures have triggered a further interest in proximity effects. In a mesoscopic nor¬

mal metal in contact with superconductors, electrical transport in the low-temperature,

low-voltage regime is a quantum-coherent process including superconducting correla¬

tions [11]. Oscillations of the conductance of a mesoscopic normal metal interrupting

a superconducting ring were observed as a function of the phase difference between the

superconducting contacts driven by external magnetic flux [12] or control current in the

superconductor [13]. Courtois, et al. have observed different contributions to quantum

interference in a mesoscopic metallic loop in contact with two superconducting elec¬

trodes [14]. In disordered NS junctions at low temperatures a reentrance of the con¬

ductivity as a function of temperature and bias voltage has been observed [15]. These

results have been recently explained in terms of an energy-dependent diffusion constant

displaying a maximum around the Thouless energy [16].

Experiments on the magnetic response of mesoscopic NS proximity systems have

demonstrated nontrivial screening properties, showing e.g. hysterctic magnetic break¬

down at finite external fields [6,8, 17]. One of the most intriguing effects is the presently

unexplained paramagnetic reentrance phenomenon in rather clean normal-metal coated

superconducting cylinders of mesoscopic size, discovered by Mota and coworkers some

years ago [1]. It has received a wide interest, not the least promoted by the recent under¬

standing of the high temperature diamagnetic response of normal metal-superconductor

(NS) proximity structures in an intermediate impurity regime [181.

In this thesis, we discuss the diamagnetic response of relatively clean silver, cop¬

per, or gold-coated niobium [or tantalum] cylinders. The samples have been prepared

in a codrawing technique, resulting in a high NS interface transparency. Although the

millimeter long cylinders have relatively big normal-layer thicknesses, the low level of

impurities made it possible to investigate quantum-coherent effects at low temperatures in

the mesoscopic regime.
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In Sec. 4.1 the diamagnetic behavior of our NS proximity wires is discussed. In the

first subsection, we describe the screening fraction of the normal layer with the help of

the quasiclassical Eilenberger theory with elastic scattering characterized by a mean-free

path LI9], the only fît parameter in the numerically obtained curves LI8]. The samples are

located in an intermediate impurity regime between the clean and the dirty limit. The fit

parameters £ are of the order of the normal layer thickness dN, within a factor of two in

agreement with the mean-free path £^, obtained from resitivity measurements.

In Sec. 4.1.3, we discuss the proximity effect in the nonlinear regime. The mag¬

netic breakdown fields follow the temperature and thickness dependence of the clean-

limit theory, recently derived analytically by Fauchère and Blatter from the Eilenberger

equation [20]. The experimental coherence length <^y agrees within a factor of order one

with the thermal length Ç7- = livp/lnknT, the clean-limit coherence length in the normal

metal [ 18J. The \/d^ dependence of the absolute values of the breakdown fields, as dis¬

covered by Mota and coworkers L8J, also is in accordance with the clean-limit theory [20].

In Sec. 4.1.2, wc describe the low-temperature paramagnetic reentrant behavior of

gold-coated niobium cylinders, which is similar to the reentrance of the diamagnetic sus¬

ceptibility previously found in NS systems consisting of other materials [2]. In addition

for NS samples containing gold, an interesting jump both in the breakdown fields and in

the screening fraction of the normal layer at around 27mK is discussed.

The ultralow-temperature paramagnetic reentrant behavior of two of the cleanest

silver-niobium samples is discussed in detail in Sec, 4.2. We have investigated the mag¬

netic response as an extension to previous experiments down to mikrokelvin temperatures

in the Ultralow-Temperature facility at the University of Bayreuth [21]. The paramagnetic

reentrant susceptibility superimposing on full Meissner screening saturates at the lowest

temperatures, where for our thinnest sample values of the same order as the diamagnetic

susceptibility of the whole silver-niobium structure occur. In a thicker sample, at the low¬

est temperatures values of the same order as the total induced diamagnetism only in the

silver layer have been found.

Recently, two Letters [22,23] have addressed the origin of paramagnetic currents in

NS systems, which might lead to an understanding of the paramagnetic reentrance phe¬

nomenon. The work of Bruder and Imry [22] is based on the presence of non Andreev
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reflecting semiclassical trajectories at the outer surface of a nonsingly connected prox¬

imity system (glancing states), which carry predominantly paramagnetic currents. They

argue that, because they are a special type of normal mesoscopic persistent currents, at

high enough temperatures they should decrease exponentially, like cxp (—L/Lq), where L

is the cylinder perimeter. However, this work has been subject to debate [24,25].

A different, more elaborated approach by Fauchcrc, Belzig, and Blatter [23], as¬

sumes a net repulsive interaction in the noble metals. The 7r-shifl of the order parameter

at the NS interface then leads to a zero energy local density of states peak close to the NS

interface and a paramagnetic instability of Andreev pairs.

The first work reflects the cylindrical geometry of our NS system, but it does not

address the experimental signatures of the paramagnetic reentrance, namely large absolute

value, temperature dependence, non linearity, hysteresis, or dissipation [ 1 ]. The latter three

features might be evidence for a spontaneous magnetization in our relatively clean NS

samples [21], as proposed in Ref. [23], but that second work also does not explain the

exponential temperature dependence with multilevel signature.

The temperature dependence of the paramagnetic reentrant susceptibility cannot be

explained until now, neither by the approach of Bruder and Imry, nor by the spontan¬

eous interface currents originating from a repulsive interaction in the normal metal. The

experiment gives evidence for different levels of quantum coherence on a mesoscopic

length scale. At the characteristic temperatures T„\ which characterize the different levels

of paramagnetic reentrance (in terms of temperature intervals [T^^T^] as well as logar¬

ithmic slopes [dlogx/dT — — 1/77//]), the clean-limit normal-layer coherence length £,j

hits integer multiples of the wire perimeter L.



2 Theoretical Background

2.1 Quasiclassical Eilenberger Theory with Arbitrary

Elastic Scattering

For a diffusive proximity system the diamagnetic susceptibility in the linear regime was

investigated by the Orsay Group on Superconductivity in the framework of the Ginzburg-

Landau theory [26]. In this limit it was found that the induced diamagnetic susceptibility

in N depends on temperature approximately as xn x T~~{'2. This was confirmed experi¬

mentally by Oda and Nagano [27]. On the other hand, the magnetic properties of prox¬

imity samples investigated by Mota and coworkers [6] and [8] could not be explained by

the Ginzburg-Landau theory, since they show a much stronger temperature dependence

of the diamagnetic susceptibility.

The proximity effect in the clean limit, which is defined for the elastic mean-free

path £ —> oo, was first studied by Zaikin [28] for a finite system of ideal geometry with

the help of the quasiclassical theory. He predicted that, since in this case the current-

field relation is completely nonlocal, the current in N is spatially constant and depends

on the vector potential integrated over the whole normal metal. As a consequence, the

magnetic flux is screened linearly over the normal layer thickness d^ and for T —* 0 the

susceptibility can reach only 3/4 of that of a perfect diamagnet. For T >> 7^ he found

Xn x &xp{—2T/T\), with the Andreev temperature Ta — 7ivp/27tkßdM. This mesoscopic

temperature scale originates from the energy of the lowest Andreev bound state [3]. In

the ballistic case all properties of the proximity effect are determined by these bound

13



14 2. Theoretical Background

1 H-

Figure 2.1: Geometry of the proximity model system [19]. The thickness of the super¬

conductor is assumed to be much larger than £0. the pair potential is taken to be real and

assumed to follow a step function: A{\) = A6{—\). In transverse gauge, the screening

current j and the vector potential A are parallel to the NS interface. The interface is

assumed to be perfect and the free surface of'N to be specular reflecting.

states, which are coherent superpositions of electron and hole waves between consecutive

Andreev and normal reflections.

Within the framework of the quasiclassical theory. Beizig, Bruder, and Schön [29]

studied recently the magnetic response of a proximity coupled NS sandwich [Fig.2.1] in

the two limits, clean and dirty. They obtained numerical solutions of the corresponding

equations for a wide range of temperature, magnetic field and layer thickness. Further¬

more, they tried a fit of the susceptibility data of one AgNb specimen with a relatively

small mean-free path (specimen 1 AgNb, Table 3.1) within their dirty limit results. The fit

was only successful at very low temperatures, but could not reproduce the high temper¬

ature data. The diamagnetic screening of the dirty limit was too big as compared to the

experiment. Moreover, the temperature dependence of the susceptibility of NS proxim¬

ity specimens with the longest mean-free paths could not be explained within the clean

limit theory. This limit gives a completely different temperature dependence than the

one observed in the experiments. In addition, data at low temperatures reach almost per¬

fect diamagnetic screening, whereas in the clean limit it should not exceed 75% of full

screening. To close the gap between these two limits, the linear magnetic response for

arbitrary impurity concentrations was theoretically studied in Ref. LI9]. We show here
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(see also Ref. [18]), that these results can satisfactorily describe the experimental data on

our proximity specimens.

The theory of the nonlinear réponse was addressed in Refs. [20,26,29]. A proximity

NS sandwich with a finite normal layer thickness dpi [Fig.2.1] at sufficiently low temper¬

atures undergoes a first-order phase transition both in the clean and in the dirty limit. At

a breakdown field a jump in the magnetization occurs. In the clean limit the temperature

dependence of the breakdown field is Hj,(T) «= exp {—T/Ta). We show here, that the clean

limit result [20] agrees well with our experiments on H/} [18], which follow the same tem¬

perature dependence in relatively clean specimens (/ /dp; ~ 0.4 — 0.8), as well as the l/dpj

dependence in the pre factor of Hi, as found in previous experiments [8]. However, this is

not the case for the shape of the magnetization curves and, as mentioned before, for the

temperature dependence of the linear susceptibility.

Within the quasiclassical theory of superconductivity [30-32] the magnetic response

of a planar NS-proximity structure was investigated for arbitrary impurity concentrations

by Belzig, Brader, and Fauchère [19]. Below we summarize some basic results of this

paper. The theoretical system consists of a semi-infinite superconductor in perfect contact

with a normal metal of thickness dp/ and with specular reflecting outer surface. The pair

potential A is taken to be constant in the superconductor and to be zero in the normal metal.

The mean-free path £ and the Fermi velocity vp are assumed to be the same throughout

the system.

In Rcf. [19] a variety of regimes are discussed, where the proximity effect is different

from the previously studied clean and dirty limits. The regimes differ by the relative mag¬

nitudes of the thermal length t,p — nvp/InkßT, the mean-free path £, and the thickness

dp;, an additional relevant length scale, which has to be taken into account. In the case

of a finite normal layer thickness dpi, the clean and the dirty limit are restricted to much

smaller parameter regions than previously believed. The dirty limit holds for £ -C E,r>dpj

only, if also the mean-free path £ <c £o- Here E,q ^ vp//A is the coherence length in the

superconductor. On the other hand, if i > cf;y, the regime C <, t,T belongs to the ballistic

regime.

To treat the screening problem, a general linear-response formula was derived which

yields a nonlocal current-field relation j[A] in terms of the /cro-field Green's functions
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(see Appendix). These functions arc obtained from the solution of the Eilenberger equa¬

tion including an impurity selfenergy. In general this has to be done numerically, since

analytical expressions for j[A] can be derived only in the clean and in the dirty limit.

Finally, the Maxwell equation — V2A —

— / has to be solved together with the material

equation j[A] in a selfconsistent manner.

The chosen geometry is such that the NS interface lies in the v-z plane [Fig.2.1].

Then the current in the normal metal has the form

j,{x) = ^ f K{x.x')Mx')dx' , (2.1)

o

where Ay is the vector potential in transverse gauge, if the magnetic field is applied in z

direction. The kernel K(x,x') contains an exponential dependence on the distance \x — x'\.

The range of the kernel is given by C in most of the temperature and impurity regimes.

For £ > E,p and £ <C dp/exp(2dpf/^p) that is. at high temperatures, it is given by £7. Tt

has thus a strong temperature dependence which has to be contrasted to the case of a

bulk superconductor, where the range of the Pippard kernel is only weakly temperature

dependent.

The prefactor of the exponential in the kernel, which in general depends on coordin¬

ates, is related to the local superfluid density. It introduces an additional length scale in the

problem, the field penetration depth A(v, 7) = X\f(x,T), where Xpj = (4ne2n/mc2)~ '/2

is a London-like length in the normal metal and f(x.T) is a function of temperature and

position. The interplay between the range of the kernel and the superfluid density de¬

termines whether the nonlocal form of the current-field relation is important. This has

strong consequences on the screening properties, especially in the case £ > dpi, which is

discussed in detail in Rcf. [19].

In Fig. 2.2 wc reproduce some numerical results [ 19] of the screening fraction in a

normal metal layer (for Xp - 0.003rf,y), which we define as

p/dN -.^-Atcxn- (2.2)
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Figure 2.2: Numerical results of the screening fraction of an NS proximity slab for

Xn = 0.003<7v and different impurity regimes as functions ofT/T^. The clean limit is

given by a solid line and an Usadcl theory result for I = 0. l<7y is given by a dash-dotted

line. For the intermediate impurity regime three cases are given: £ — l0dN, £ = dN, and

e = o.\dN.

With this definition, p takes the meaning of a screening length in the normal metal, if the

screening is local (see also Sec. 4.1 ). Five curves as a function of temperature, normalized

to the Andreev temperature, are given for different mean-free paths (.

For the clean limit, I —* °°. at zero temperature, screening can only reach 3/4 of

— 1 /4tc. This is due to the infinite range of the kernel, or in other words, the complete non-

locality of the current-field relation. At a temperature 7" & 57^. screening is exponentially

reduced by thermal occupation of the Andreev levels [33], and at higher temperatures

screening is almost negligible.
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For £ = \0dpj and / = dp screening is enhanced in comparison to the clean limit

at low and high temperatures. At low temperatures screening is more effective for

dp/ < £ < °°, since the range of the kernel is given by a finite £. At high temperatures,

where the range of the kernel is £7-, screening is more effective than in the clean limit but

still nonlocal. For £ = OAdp, already at 7 ~ 7^ screening is considerably reduced, since

the superfluid density is suppressed because the mean-free path is smaller than dp/.

In the diffusive regime, it can be shown that for £2 < X^dpi, the nonlocal relation is re¬

duced to the local current-field relation of the Usadel theory [34]. In particular, for the case

Xpi = 0.003dpi corresponding approximately to the experiments discussed in this thesis,

the condition £ -C dy has to be met. Indeed, in Fig. 2.2 we illustrate the non-negligible

difference in screening even for the case i = 0.L/,y, between the local Usadel result and

the nonlocal approach with elastic scattering described in Ref. [ 19]. For 7 ^ 1 .5Ta the

Usadel result exhibits a much more pronounced screening tail.

With these recent results, covering a wide range between the clean and the dirty

limits, we have now the possibility to analyze the magnetic response of our relatively

clean NS proximity specimens. To compare the experiments with the theory we have

used the full form (2.1) valid for all impurity concentrations and solved the screening

problem for each specimen numerically.

In these theoretical considerations the effect of a rough normal metal-vacuum bound¬

ary has been neglected. On the other hand, at high enough temperatures T > 7^, where

the induced diamagnetism strongly decreases, the influence of surface scattering does not

play an important role, since m this temperature regime the superfluid density at the outer

boundary is exponentially suppressed. The finite magnitude of screening in this regime

can be only due to bulk scattering centers and is insensitive to the quality of the surface.

2.2 Quasiclassical Eilenberger Theory in the Clean Limit

- Nonlinear Response

The quasiclassical theory for the nonlinear response in the clean limit was discussed in de¬

tail by Fauchère and Blatter [20], following the work of Zaikin [28] for the linear response.
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Figure 2.3: H-T phase diagram [20] of a normal-metal slab of thickness dp m proximity

to a superconductor in the clean limit The breakdown held H[,(T) marks the first-order

transition between the diamagnetic and the flux-penetiatwn phase. The critical point at

the intersection of the spinodals HK{T) and H^,(T) separates the first-order transition

fiom the continuous crossover at large 7

They derived analytical expressions tor the temperature dependent breakdown field Hpi/T)

of a clean normal-metal slab of finite thickness m proximity with a bulk superconductor

in the two limits 7 —> 0 and 7' ;» I\. The breakdown field H(, was determined with a

Maxwell construction from the magnetization in the bistable regime, where two differ¬

ent values of the free energy coexist, characterizing a diamagnetic and a flux-penetration

phase. The spinodals of that bistable legime have already been determined in the clean

and m the dirty limit by Beizig, Bruder, and Schön [29] numerically. They represent the

boundaries of superheating and supercooling in the first-order phase transition. The ther¬

modynamic magnetic breakdown field lies in between the spinodals. It was determined

by the intersection of the two asymptotics of the free energy. The phase diagram is shown

in Fig. 2.3.

For 7 --> 0 the breakdown field saturates at [20]

Hb{0) IJal^
6 Xpidp

(2.3)

whereas for T "$> 1\ it decays as [20]

k Xp'd\
(2.4)
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The temperature dependence is a simple exponential with an exponent —d^/^p — —T/Ta-

The prefactor of the breakdown field was found to scale inversely proportional to the

normal layer thickness. Both features are in agreement with previous experimental results

on Hf} in relatively clean AgNb specimens [8 ].

In the H-T phase diagram [Fig. 2.3] a critical temperature Tcrjt was found, below

which the first order phase transition is observable. Above 7crjt a continuous and reversible

crossover between the diamagnetic and flux-penetration regime occurs.

Since the breakdown field depends only on thermodynamic considerations, it is ex¬

pected to be less sensitive to the nonlocality of the current-field relation than the linear sus¬

ceptibility. A cylindrical geometry and a barrier at the NS interface is expected to change

the breakdown field only by a numerical factor [20], On the other hand, in the dirty limit

the influence of scattering centers is strongly reflected in the shape of the magnetization

curves [29]. At present, no theoretical results for the breakdown field or magnetization

curves exist for intermediate impurity concentrations.

2.3 Paramagnetic Currents in the Presence of Repulsive

Interaction

Tn the following we briefly present the work of Fauchère, Belzig, and Blatter [23], who

have addressed the origin of paramagnetic currents in NS systems.

Assuming a net repulsive electron-electron interaction in a clean normal layer in

proximity to a superconducting slab, a finite order parameter Ap(x) is induced in the metal,

opposite in sign as compared to the pair potential in the superconductor As. Then the NS

interface traps quasiparticle states at the Fermi energy (so-called ^-states), accumulating

to give a peak in the local density of states [Fig. 2.4(a)).

The sharp peak on top of the linearly suppressed Andreev density of states at the

Fermi level produces a paramagnetic signal which overcompensates the diamagnetic rigid

response and leads to an instability. Through that, the free energy can be lowered via a

nonzero magnetic flux density induced by spontaneous currents along the NS interface,
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Figure 2.4: (a) Local density of states at NS interface (x — 0) and at free surface of

N layer (x — dp) with thickness dpi = lOujo and interaction parameters Vy/Ks' = —0.33,

Insets: Spatial dependence of order parameter and local density of states at E = 0. (b)

Magnetization curves at different temperatures for Xp = 0.3<7v and a = 1, exhibiting

two metastable branches and an unstable branch. Inset: Temperature dependence of

spontaneous magnetization for a « 0.3.
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leading to an energy splitting of the density of states peak. These currents are associated

with an orbital spontaneous magnetization Mq(T) producing a low-temperature reentrance

in the magnetic susceptiblity.

The Andreev states incident almost parallel to the NS interface contribute the most

to these paramagnetic currents. The states extend up to a length scale livp/Ap, but the

currents are screened on the length scale Ay(7) through the induced diamagnetism.

The field-independent magnetization Mo adds up to the induced Meissner diamag¬

netic magnetization M(77) = xH, resulting in two metastable branches exhibiting a spon¬

taneous magnetization at zero magnetic field [Fig. 2.4(b)]. Mq appears at temperatures

below the critical temperature TCM ~ uAp/kB of a second-order phase transition [inset of

Fig. 2.4(b)], which is equal in magnitude to the energy splitting of the density of states

peak. Here it is assumed a = Ap /kpT,\ « 0.3, which means that the ^-states extend up

to the outer surface of the normal metal, Ap is the effective value of the negative order

parameter Ap(x) induced in the normal metal.

At zero field a first-order phase transition between the two magnetization branches

with changing field is expected. It implies hysteresis and a paramagnetic slope in the

thermodynamically averaged dc magnetization (M(T.H)), which links the metastable

branches through the origin at M(H = 0) = 0. As the spontaneous magnetization grows

at decreasing temperature, the paramagnetic slope at small field is expected to increase,

leading to a paramagnetic reentrance of the dc susceptibility Xdc - {M(T,H))/H at low

temperatures.

At finite temperature, the spontaneous magnetization is given by the implicit relation

M{)(T) M0(T)aAN

—-j— ~ arctan
'

——-. (2.5)
M0 M0kBT

A more sophisticated treatment requires a self-consistent calculation of the spon¬

taneous currents with the spatially varying pair potential, accounting for the nonlocality

of the current-field relation and its sensitivity to finite concentration of elastic scattering

centers.



3 Experimental Arrangement

3.1 Experimental Arrangement at Low Temperatures

The magnetic measurements at low temperatures in our laboratory in Zürich are per¬

formed in a 3He-4He dilution refrigerator from S.H.E.1, which can be operated continu¬

ously down to temperatures 7 rj 5 mK. The commercial refrigerator includes the dilu¬

tion insert and the gas handling system. The cryostat support was designed entirely in

our laboratory [35]. The cryostat and measuring system have been described in detail

in [8,35-38].

In Fig. 3.1 the dilution insert of our cryostat is given. The part shown in the picture

is completely located inside the vacuum can, thermally insulated from the 4He bath. A

cryoperm magnetic shield inside the superinsulated Fie dcwar was used to reduce the earth

magnetic field to values smaller than 2 mOe at the sample spaces. Superconducting shields

were not used, in order to allow measurements with varying magnetic fields.

During the run, the coldplate [top of Fig. 3.1] is at a temperature of 7 œ 1.4K,

continuously refilled through a capillary with liquid 4He from the main bath. Right below

the 1 K-pot there is the still, which is held at a temperature of T œ 700mK, in order

to pump the 3He at a high vapor pressure. It supports a copper thermal radiation shield

surrounding the mixing chamber with the experimental spaces. Between the still and the

1 Dilution refrigerator model DR1-420, S.H.E. Corporation, 4174 Sorrento Valley Blvd., San Diego. CA

92121, USA."
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baseplate, which is supported by three vespel rods, there is a continuous counter flow

heat exchanger, that reaches T œ 50mK at its lower end. Below the baseplate there are

three sintered silver step heat exchangers of the Frossati type [39], followed by the mixing

chamber, also containing a silver sinter to optimize the heat exchange between the mixture

and the copper body of the mixing chamber.

To the copper mixing chamber a custom made extension was added, entirely con¬

sisting of epoxy resin2. The absence of metallic materials prevents the induction of eddy

currents, which would heat the sample and disturb the measurements when ac-magnetic

fields are applied. The mixing chamber extension contains three cylindrical towers for

magnetic measurements, each one enabling to put a sample in direct contact to the mix¬

ture. In a compact construction, these towers serve as concentric coil supports. The in¬

nermost coil is supported by the body of the mixing chamber, carrying an internal thread

for a removable plug. In a dip at the top of the plug the sample is placed, being in dir¬

ect contact with the 3He-4He dilute solution. Since there is no electrical contact with the

mixing chamber, the low thermal conductivity of the mixture and the high Kapitza res¬

istance of the sample-mixture contact, results in long time constants (several hours) for

thermal equilibrium below 50mK [35 ]. Screwed in, each sample plug is sealed to the ex¬

perimental tower with a specially designed demountable soap seal, which is helium tight

at millikelvin temperatures [40]. Thus, the exchange of samples is safe and comfortable.

A cross-section of the mixing chamber is illustrated in Fig. 3.2.

Each of the sample towers carries three concentric superconducting solenoids, made

out of 0.13 mm NbTi wire wound on the Stycast coil supports. The dc-field coils on

the outer cylinder were designed to operate with variable external magnetic fields up to

H = 2500Oe. They have to be fed with 12 V car batteries and an ultralow-noise Constant

Current Supply (CCS) specially built for the use together with a SQUID-magnetometer.

The ac-primary coils inside the dc-field coils are driven by an ac-mutual inductance

bridge3, providing ac-magnetic fields between H„c — 0.06mOe and Hclc = 33mOe at fre¬

quencies of v = 16, 32, 80, and 160Hz. The field inhomogeneities of the coils at the

2
Stycast 1266, Emerson and Cuming Inc., Canton. MA 02021, USA.

3
AC-Impedance Bridge model RBU, SHE. Corporation, 4174 Sorrento Valley Blvd., San Diego, CA

92121, USA.
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Figure 3.2: Cross section of the experimental cell in our Dilution Refrigerator in Zurich

sample space are less than 2% [35 ]. On the innermost support a gradiometer is wound,

which is an astatic pair of 4 to 4 opposite turns on the big sample tower and a 3-6-3 turns

second-order gradiometer on the two smaller sample towers. The samples are centered

in the lower 4-turns coil of the first-order and in the middle 6-turns coil of the second-

order gradiometer. Therefore, the current response of an applied homogeneous [or linear

in space varying] field in the gradiometer is zero, if one assumes ideal coil geometry, be¬

cause then the signals of the two [or three] gradiometer coils completely cancel each other.

Then the only contribution to a current response in the gradiometer is due to magnetic-

flux changes of the sample, to which the coil is inductively coupled. The gradiometers

of two different experimental towers are connected in series to one dc-flux tranformer,

which itself is inductively coupled to an rf-SQUID. For temperature measurements (see

following subsection), on top of the copper mixing chamber a Cerium Magnesium Nitrate
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(CMN) powder sample is placed inside a coil package containing a primary and a second¬

ary coil. The gradiometer in this package is connected in series to the gradiometer of the

third experimental tower and, via a dc flux transformer inductively coupled to a second

rf-SQUID.

3.1.1 Thermometry

Six carbon resistors are used, in order to monitor the temperatures during every cooldown

at the coldplate, the still, the baseplate heat exchanger, the coldest step heat exchanger,

and outside and inside of the mixing chamber. Tightly attached to the copper body of the

mixing chamber, there are three germanium resistors4. One of them calibrates between

T = 300mK and 7 — 6K and a second one calibrates between 7 = 50mK and T = 3.2K.

They are used as primary thermometers of the cryostat. For the high-precision temperature

measurements down to 7 = 5 mK, the magnetic susceptibility of the CMN powder on top

of the mixing chamber is measured with the SQUID. The paramagnetic salt CMN when

packed into a right circular cylinder of ratio height to diameter 1 : 1 obeys a Curie-Weiss

law of the form

x(T) = j+xo. (3-1)

which holds down to temperatures as low as 5.2 mK, before the ordering of the orbital-

magnetic moments causes deviations [41]. The Curie-Weiss constant C and the temper¬

ature independent Van Vleck susceptibility xo are determined for each run by calibrating

the CMN thermometer with the two germanium resistor thermometers in the temperature

range 50mK < T < I K. The relation 3.1 is then used for extrapolation down to lower

temperatures. Old experiments with CMN powder inside the three experimental towers

of the mixing chamber [35] have been used to calibrate the small deviation in temper¬

ature between the outside and the inside of our mixing chamber, which occurs below

7 = J2mK.

Germanium resistor thermometer, model GR-200 A-50 and model GR-200 A-100, Lake Shore Cryo-

tronics Inc., Westcrvillc, Ohio 43081, USA. Germanium resistance thermometer, model 5He3A,

serial# 50556, Scientific Instruments Inc.. Mangonia Park, FL 33407. USA.
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In order to read the temperature of the different germanium resistors we use an

ac-resistance bridge5. The different resistor thermometers can be chosen with a multi¬

plexor6. The bridge also supplies an output voltage proportional to the error in resistance

AR = R — ixSct- This is fed into a temperature control unit7, which regulates the heating

power of the mixing chamber heater. Alternatively, for low temperatures, where the error

voltages would be too high at relatively small temperature changes, a conductance bridge8

is used for one of the germanium resistors. At temperatures below T = 30mK the heating

power is set manually. With this temperature-control system the mixing chamber can be

stabilized at T = const within less than I %.

3.1.2 SQUID-Magnetometric Measuring System

In order to measure the magnetic response of a sample with the highest achievable sensit¬

ivity we use a SQUID magnetometer. Commercial rf-SQUID sensors9 allow the detection

of the magnetic flux with a precision of 10~~4<î>o- Each of our two rf-SQUIDs are induct¬

ively coupled to a superconducting dc-flux transformer containing the signal coil at the

SQUID, the two gradiometers, a balancing coil, and interconnections between them. With

this arrangement, flux changes of 200<Po at one sample space are linearly tranformed into

flux changes at the SQUID of approximately one flux quantum. This reduces the measur¬

ing sensitivity of our system to œ 2 • 10~"Oo. In order to provide the facility of destroying

any trapped supercurrent, each flux transformer contains a resistance heater. Connected

to rf-head of the SQUID there is a SQUID Control Unit (SCU)10, which converts the

5
ac Resistance Bridge, model LR-700, Linear Research Inc., 5231 Cushman PI., #21. San Diego, CA

92110, USA (in Europe: Dr. George V. Lccomte Cryoengineermg, Aachener Str. 89, 52223 Stolberg,

Germany)
6 8 channel multiplexor, LR-720-8. Linear Research Inc.. 5231 Cushman PL, #21, San Diego, CA 92110,

USA (in Europe: Dr. George V. Lccomte Cryoengineermg, Aachener Str. 89, 52223 Stolberg, Germany)
7
Temperature Controller, model ATC, S.H.E. Corporation, 4174 Sorrento Valley Blvd., San Diego, CA

92121, USA.

8 Potentiometrie Conductance Bridge, model PCB. S.H.E. Corporation, 4174 Sorrento Valley Blvd., San

Diego, CA 92121, USA.

9
MFP Multi-Function SQUTD-Probe. S.H.E. Corporation. 4174 Sorrento Valley Blvd., San Diego, CA

92121, USA.

0 Model 30 SQUID Control Unit, S.H.E. Corporation, 4174 Sorrento Valley Blvd.. San Diego, CA 92121,

USA.
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magnetic flux changes in the SQUID into an output voltage and instantly feeds a current

proportional to it back into the flux-locked loop.

For dc-magnetic flux measurements a Digital Flux Counter (DFC)13 provides the

conversion of the dc-output voltage of the SCU into units of the flux quantum <Pq. There

the induced dc currents in the gradiometer, proportional to the flux changes in the sample

space, are detected as a function of field or temperature. If the dc-magnetic field at con¬

stant temperature is varied by the CCS, isothermal dc-magnetization curves are measured.

The potentiometer regulating the CCS output current is driven by a small electric motor,

whose voltage is regulated by a computer program. The current of the dc-ficld coil as

well as the reference voltage for the CCS are supplied by external car batteries, in order

to avoid the noise of the public net. Therefore, the CCS is able to supply a very stable,

low-noise and monotonically variable current feeding the dc-field coils. Since the coils

are not run in persistent mode, the quality of the CCS is crucial for our sensitive magneto-

metry. By varying temperatures, field-cooled or magnetic expulsion measurements can be

performed.

For the measurements of the ac-magnetic susceptibility an inductance bridge driven

by an oscillator is used to excite an ac-magnetic field in the primary coil. The inde¬

pendently variable ratio transformers supply the in-phase and quadrature components

to the calibrated balancing mutual-inductance coils {m — 1 u.H), coupled into the flux-

transformer loop. The current fed into the mutual-inductance coil by the ratio transformers

of the bridge is set, such that the net ac components of the induced current in the flux

transformer are balanced to zero. Thus, the rf-SQUID coupled to a phase-sensitive lock-

in amplifier12 is used as a null detector. The ac current feeding the mutual-inductance coil

is proportional to the ac-magnetic susceptibility of the sample, since it balances the flux

changes in the gradiometer caused by the sample responding to the field oscillations at

the primary coil. Again, assuming ideal coil geometry, the response of the gradiometer

1 '
Digital Flux Counter to rf SQUID probes, S.H.E. Corporation. 4174 Sorrento Valley Blvd., San Diego,
CA 92121. USA.

12
Biphase Detector model BPD, S.H.E. Corporation, 4174 Sorrento Valley Blvd., San Diego, CA 92121,

USA.
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to the primary coil alone should be zero. The whole measuring system including the cur¬

rent supply for the dc-field coils and the computer read-out is illustrated schematically in

Fig. 3.3.

3.1.3 Experimental Procedure

With our experimental arrangement we are able to perform both zero-field ac~

susceptibility measurements at different temperatures Xac{T) and cooling or warming-up

measurements of the dc susceptibility Xdc (T), as well as isothermal field-dependent ac-

susceptibility measurements Xm {H) and isothermal magnetization curves M^r(77).

For the Xac (7) measurements the temperature of the mixing chamber is stabilized by

the temperature controller, before the two components %' and %" of the complex magnetic

susceptibility of the sample are measured. The mutual-inductance bridge is balancing

the response of the sample in the flux transformer, using the SQUID system as a null

detector. The (audio-)frequency of the excitation ranges from v =16 Hz to v =160 Hz,

which means it is quasi-dc. Since the peak-to-peak amplitude of the ac-magnetic field

in the primary coil does not exceed Huc — 33mOe, we address that kind of measurement

as linear response. Rebalancing the bridge after every temperature change, the whole

Xac(T) = x'(T) + ix"(T) curve is obtained point by point. It is measured in arbitrary units,

referring to the fact that, the susceptibility signal of the sample adds up to the inductivity

of the background of the whole experimental setup.

The dc susceptibility Xdc{T< Hdc) = Mcic (T.LIdr)/Hdc can be measured either in field-

cooling or zero-field-cooling. In field-cooling, observing the flux change of the sample

induced in the SQUID and counted in the DFC, at applied constant magnetic field 77f/c, the

temperature is reduced from above 7C down to the lowest desired temperature, stabilizing

stepwise with the temperature control unit. The change in the dc-magnetic susceptibility

is then proportional to the measured flux change. In the linear regime, it reproduces the

low-frequency x'iT) curve. In zero-field-cooling, the sample is first cooled only in the

residual magnetic field of the cryostat from well above 7< down to the lowest desired

temperature. Then the magnetic field Hd( is appfied and the temperature is increased

again, while the field is held constant by the low-noise CCS, being stable during several

days within 1 mOe.
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Isothermal measurements of the dc magnetization Mc)c (H) and the ac susceptibility

Xac(H) are performed at different temperatures. The dc-magnetic field is slowly cycled

stepwise up to the desired value and back to zero (//rcs < 2mGauss). As described above,

the process is controlled by a computer, which drives the current changes in the CCS. It

reads out the current in the field coil, which for each coil can be converted in magnetic

field through the previously measured calibration factor [35,36], For the magnetization

curves the output voltage of the DFC, which is proportional to the magnetic flux at the

sample, is also read out. At known sample geometry and flux change of the background,

the magnetization of the sample can be obtained.

For the Xac(H) measurements the response of the sample initially is balanced by

the mutual-inductance bridge. As the field is changed, the output voltage of the mutual-

inductance bridge is read out by the computer. It is proportional to its unbalancing and

therefore to the change of the susccptiblity of the sample as a function of dc-magnetic

field. For each setting of the bridge and the lock-in amplifier a calibration of the output

voltage converting into arbitrary units has been performed.

Because the first-order or second-order gradiometer secondaries arc not wound in

perfectly balancing geometry, they show a response to a homogeneous magnetic field.

It corresponds to an induced current in the flux tranformer, which can be measured in

an empty sample tower. The biggest contribution to that flux is linear in the applied

field, which results in a linear background of the magnetization curves and a constant

ac susceptibility with different values for each tower. Because of various small effects,

that magnetic background is also slightly temperature dependent. It has been measured

in several empty runs of the cryostat and subtracted from all the measured curves of this

thesis.

3.2 Experimental Arrangement at Ultralow Temperat¬

ures

For magnetic measurements at temperatures between 7 ^ 100,uK and 7' = 7K a nuclear

demagnetization refrigerator of the Ultralow-Temperature Facility at the University of

Bayreuth was used [42]. It is designed as follows: A 6N pure copper stage, which can
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be magnetized up to fields of 8T, is connected via a superconducting aluminum heat

switch to the mixing chamber of a dilution refrigerator (S.H.E.). The mixing chamber

usually operates at 7 ~ lOmK. The demagnetization stage consists of J03.5Mol effective

material, enabling it to stay below temperatures of 100/jK for more than a week L43]. The

persistent-field magnet of the copper stage is compensated, in order to have two sample

spaces of 5mT and 2mT, respectively, at maximum field at the copper demagnetization

stage. A sketch of the nuclear demagnetization refrigerator is drawn in Fig. 3.4.

Our experiment is located in the 5 mT sample space on top of the copper stage, next

to a platinum thermometer, which is used for temperatures below 50mK. The magnetic

susceptibiliy of the platinum nuclei is measured in a pulsed Nuclear Magnetic Resonance

(NMR) technique. The thermometer following a Curie law is calibrated with a fixed-point

device at transition températures of several superconducting samples.

Our experimental setup contains a coil package, which consists of a cylindrical top-

closed niobium shield, enclosing two cryoperm shields with corresponding coils for de-

Gaussing, a persistent niobium-titanium dc-fielcl coil and a niobium-titanium ac-primary

coil. This package is thermally connected to the mixing chamber. In its center the sample

holder itself is placed, which consists of an anncaled-silver coldfinger, tightly screwed to

the copper-demagnetization stage and holding a teflon tube, which supports the niobium-

titanium astatic pair, serving as a first-order gradiometer. Inside the gradiometer another

annealed-silver cylinder is tightly fitted into a hole on top of the silver coldfinger and held

by a silver screw. The silver cylinder itself holds several gold foils, which are placed into

two small gaps on top of the cylinder and held by a teflon ring shoved upon its end. When

cooled down, the teflon ring presses the silver cylinder with the gold foils together, since

the thermal expansion coefficient in teflon is bigger than in silver or gold. On top of the

gold foils the sample is glued. The gold foils on each side are loaded with a mat of par¬

allel wires, glued together with GE 7031 varnish. Thus around 200 to 300 NS wires are

mounted in center of the low windings of the gradiometer pair. The coil package in detail

is shown in Fig. 3.5.

The magnetic fields are applied along the axis of the wires of the proximity sample.

All wiring pairs are twisted inside shielded lead-tin tubings. The gradiometer wiring is

thermally grounded to the copper stage below. The gradiometer is connected via the
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Figure 3.4: Nuclear Refrigeration Cryostat at the Ultralow-Temperature Facility in

Bayreuth with the two low field sample spaces and the second nuclear stage
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Figure 3.5: Experimental cell in the Bayreuth cryostat. It includes the coil package,

which is connected to the mixing chamber, and the sample holder and gradiometer, which

is connected to the upper flange of the Cu nuclear stage.

dc-flux transformer to the signal coil of an rf-SQUID. The dc-flux transformer includes

a balancing mutual-inductance coil, which enables to perform both dc and ac measure¬

ments. A heater in this circuit is used for destroying supercurrents. A diagram of the

measuring system is drawn in Fig. 3.6.

For measurements of the dc magnetization, magnetic fields of ^ 0.2 — 1 .OOe were

used in persistent mode, enabling cooling and warming-up measurements at constant field.

The dc magnetization of the sample is measured in analogy to our dc measurements in

Zürich with an SCU connected to the rf-head ofthe SQUID, providing a dc-output voltage,

which is proportional to the dc-magnetic flux in the flux-locked loop of the SQUID. That

voltage is read as well as the NMR reading of the platinum thermometer as a function of

time and stored.

w\
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computer

Figure 3.6: Diagram of the measuring system at the Ultralow-Temperature Facility in

Bayreuth using SQUID-magnetometry and pulsed NMR thermometry
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3.3 Sample Preparation

3.3.1 Preparation of the Wire Bundles for Low-Temperature Meas¬

urements

The samples we investigated are bundles of cylindrical wires with a superconducting core

of niobium or tantalum concentrically embedded in a normal metal matrix of copper, silver

or gold. The normal metal starting materials are of purity 4N13 to 6N14 with negligible

contribution of magnetic impurities. The purity of the niobium and tantalum starting

materials was the highest accessible {RRR]* & 300), resulting in a good ductibility. We

assembled the samples by placing in a close fit, a rod of the S material inside a hollow

cylinder of the N material, with typical outer diameter of about 20 mm. The cleanliness

of the internal N tube surface and the S rod surface is very important. The surfaces of the

initial metal pieces were cleaned in acid and mechanically smoothed with a special tool

in order to provide a good metallic contact. All this was done in an argon atmosphere.

The NS cylinder was then embedded in a copper mantle to protect the sample itself from

contamination. After assembly, the diameter was reduced mechanically by several steps

of swagging and codrawing16 down to a total diameter of several hundred microns.

After etching away the copper protection, the diameter of the NS specimens was fur¬

ther reduced by codrawing the wires through several diamond dies to final values between

15/im and 190urn. For preparation of the passage through the dies the ends of the wires

containing silver or copper were reduced in diameter using an acid. For the gold-niobium

wires this had to be done more carefully with a mechanical method using sand-paper,

because the gold surface could not be etched in a controlled way.

The extreme size reduction (by factors of up to 1000) by codrawing, resulted in a

great enhancement of the quality of the NS interface for electronic transmission. The use

1
purity 99.99%

4
purity 99.9999%

1 residual resistance ratio

6
We kindly thank R. Fliikigcr at the Unncrsity of Gene\a lor valuable suggestions and for providing us

with his facilities lor sample preparation.
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Table 3.1: Table of sample parameters - Diamagnetic response. The measured

value £p/dp and the fitting parameter f/dp are given. p is the ratio of ex¬

perimental coherence length Çp(T) over the clean limit thermal length in silver

B,t = livi;/2nkBT = l.l um/T(K) or copper %r = l.9um/T(K). In the last column

the saturated superheated field at the lowest temperature H1 is shown.

sample dpi ratio I
ami ',v TA Xpi In

dN dN P
i/sal

[pm]
'S

[°C] [urn] imK] [nm] LOe]

lAgNb 14.5 0.4 not 1.8 120 22 0.12 0.15 0.9 1.6

2CuNb 15.3 1.0 not 0.9 120 18.3 0.06 0.025 0.2 0.4

3AgNb 5.5 0.4 700 4.3 310 22 0.78 0.65 1.05 15.2

4AgNb 6.8 0.4 700 5.1 250 22 0.75 0.75 1.0 12.9

5AgNb 3.3 0.4 800 1.6 520 22 0.49 0.55 1.05 24.7

6AgNb 28,0 0.4 550 9.0 61 22 0.32 0.25 0.85 2.1

7CuNb 5.3 1.0 not 0.9 360 18.3 0.18 0.08 0.3 5.9

12AgNb 3.6 0.4 not 1.8 480 22 0.5 0.26 0.75 15.4

14CuTa 5.0 1.0 not 1.0 380 18.3 0.2 0.07 0.4 7.0

16AgNb 3.3 0.4 800 1.7 520 22 0.5 0.35 0.95 24.5

19CuTa 3.8 1.0 600 2.5 510 18.3 0.67 0.13 0.6 12.9

20AgNb 2.7 0.4 not 1.4 630 22 0.53 0.24 0.65 20.2

21 AgNb 3.6 0.4 800 1.0 480 22 0.28 0.75 _ 15.8

23CuNb 5.7 0.2 not 1.4 340 18.3 0.24 0.11 0.4 8.4

24CuNb 2.5 0.2 not 0.9 760 18.3 0.35 0.15 0.5 23.9

25CuNb 1.6 0.2 not 0.5 1200 18.3 0.27 0.19 0.6 40.5

28AgNb 14.5 0.4 700 5.6 120 22 0.39 0.45 - 4.9

33AgNb 7.7 1.0 700 5.3 220 22 0.7 0.35 1.1 10.2

34AgNb 3.1 0.4 700 4.0 540 22 1.27 0.55 l.l 26.2

35AgNb 2.8 0.4 670 3.6 620 OT 1.3 0.55 1.0 30.8

36AgNb 5.1 1.0 670 5.4 330 22 1.05 0.35 1.05 14.1

37AgNb 4.2 0.4 670 3.5 410 22 0.84 0.45 1.05 18.9

38AgNb 3.8 0.4 not 1.2 450 22 0.32 0.18 - 10.6

of high-purity starting materials guaranteed a high electronic mean-free path. Some of

the samples were annealed after the last drawing in an atmosphere of argon at a temperat¬

ure around 650°C for about one hour to remove the effect of cold working in the normal
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Table 3.2: Table of gold-niobium samples. The measured value £pi/dpi and the fitting

parameter £/du are given. J,v is the mean value of the normal layer thickness.

sample dN ratio Tmn fp TA XN |j -j- Tr 7+

[mK] [ran] [mK] [mK]

240 21.9 0.14 0.14 8.4 2.2

380 21.9 0.27 0.17 21 3.6

530 21.9 0.32 0.23 37 6.7

630 21.9 0.74 0.17 49 6.7

[/im]
is.

[°C] [pm

31AuNb 7.1 0.4 not 1.0

40AuNb 4.5 0.4 not 1.2

41AuNb 3.2 0.4 not 1.0

42AuNb 2.7 0.4 400 2.0

metal. For that purpose the wire of selected size was wound on a small Ag plate. As a

consequence of the optimized annealing procedure, values of £pi > dpi could be achieved.

The mean-free paths were obtained from resistivity measurements along the wires, per¬

formed at a temperature T = 10K with a four-point method. The thickness of the normal

metal layer as well as the surface quality of the wires were determined with the help of

SEM micrographs. We have listed all the samples discussed in this thesis in Tables 3.1 and

3.2. where about half of the samples with small sample numbers were prepared and meas¬

ured previously by Mota and coworkers. More samples were prepared in order to cover a

larger range of parameter space. We fabricated silver-niobium samples with a ratio dp/rs

of 0.4 or 1. The layer thicknesses range from dpi = 2.8am to dpi = 28um with measured

mean-free paths ranging from £pifdp> = 0.12 to (p/dpi = 1.3. Moreover, copper-niobium

and copper-tantalum samples were prepared, with varying ratios of N layer thickness to

S core radius, and mean-free path L And we prepared gold-niobium samples with a ratio

dpi/rs = 0.4, mean values of the layer thickness between dp = 2.7 urn and dpi — 7.1 urn,

and mean-free paths ranging from fp/dp> =- 0.15 to (\/dp/ — 0.35. This gave us the op¬

portunity to apply the theory described in Sec. 2.1 to a wide range of samples.

As a last step, the wires were glued with GE 7031 varnish and thus electrically

insulated. After drying, they were removed from the silver support, cut to a length of

typically 3 mm to 5 mm and rolled together forming a bundle of 200 to 800 wires. The

wire bundle was then placed directly inside the mixing chamber of our dilution refrigerator

in contact with the liquid 'He-4He solution, mounted parallel to the coil axis of the ac and

dc-magnetic fields.
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Figure 3.7: AgNb-wires (?» 3 mm long) glued with GE 7031 on gold foils.

3.3.2 Sample Preparation for Ultralow-Temperature Measurements

For ultralow-temperature experiments, we unrolled the wire bundle as measured inside the

mixing chamber of our dilution refrigerator in Zürich [ 1,181, and cut the recovered mats

of parallel wires of 3 mm length in 4mm wide pieces, supported by the relatively thick

GE 7031 varnish. The pieces were glued on both sides at the end of annealed 125pm gold

foils [Fig. 3.7], using alcohol to remove most of the varnish. Thus thermal mass as well

as thermal resistivity between the wires and the gold foils were minimized. The gold foils

were placed into small slits on top of an annealed-silver cylinder and held in position by

a teflon ring shoved upon the cylinders end. The silver cylinder fitted into a hole on top

of an annealed-silver coldfinger, itself supporting a teflon tube with the niobium-titanium

astatic pair. The coldfinger is tightly screwed to the copper-demagnetization stage [421.

Around 200 wires were mounted centered in the low windings of the gradiometer pair.

For the measurements of sample 5AgNb under magnetic field Hdc discussed in

Sec. 4.2, wc removed the wire mats from the gold foils recovered from the ultralow-

temperature measurements, rearranged the wires and put the new packet of fewer wires

again inside the mixing chamber of our dilution refrigerator.
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4.1 Diamagnetic Response

In the following we report on the temperature dependent ac-magnetic susceptibility

without external dc field, which we will address as linear response. We show here the

results for some typical samples, which represent different behaviors and sample para¬

meters, namely annealed silver-niobium samples with a large measured mean-free path

r7v as well as not annealed ones with smaller £p. Some of them have a ratio of normal

layer thickness to radius of the superconductor dp//is — J, the normal layer having a rather

strong curvature, while others have a ratio dp/is = 0.4 and therefore an almost flat normal

layer. Also shown arc not annealed copper-niobium samples with ratios dp/rs — 1 and

dp//is = 0-2 and a relatively smaller mean-free path £p as well as two copper-tantalum

samples with a ratio dp/is = L We show the results for three not annealed gold-niobium

samples with measured mean-free paths of fp ~ 0.15-0.35(7^, as well as an annealed

gold-niobium sample with £pj — 0.75dpr, The samples have gold layer thicknesses dp

between 2.7/im and 7.1 urn and a ratio of gold layer thickness to radius of the niobium

core of dpi/rs = 0.4.

From the susceptibility x(7) measured in arbitrary units [Fig. 4.1] the screening

fraction p(T)/dpr was obtained. From the proportionality between the fraction of the

susceptibilities Xn(T) + Axs(Tc) and Axs{7/) [in arb. units, Fig. 4.1 ], and the fraction of

41
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Figure 4.1: Temperature dependent magnetic susceptibility of NS proximity wires.

Axs(Tc) — Xo-Xc* fs die diamagnetic jump of the superconductor andyp(T) = %(T) —xo

is the induced diamagnetism in the normal metal measured in arbitrary units.
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Figure 4.2: Cylindrical geometry of the NS proximity samples. In a local picture p

represents the screening length in the normal layer, i.e. the thickness of the part of the

normal metal, out of which the magnetic flux is screened, indicated as the shaded area.

The magnetic field H is applied along the cylinder axis.
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the effective volumes (°c areas) where the flux is screened [Fig. 4.2],

Xn(T) + AXs(Tc) rJrs + p(T))2
(4A)

AXs{Tc) r~s

it follows

p(T)/dN = rs/dp, [( I +xp(T)/AXs(Tc))^2 - 1]. (4.2)

Here,

^cn/^si?;) - (^(n-^/OKö-z-) (4.3)

is the fraction of the temperature-dependent susceptibility of the normal metal with re¬

spect to the total diamagnetic transition of the superconductor at its critical temperature

Tc [Fig. 4.1]. The exact height of both Axs and xn{T) depends on the value of the sus¬

ceptibility xo right below the transition of the superconductor. Since that transition for the

samples containing niobium is outside of our measuring temperature range, values at the

highest temperatures were used for extrapolation of % t0 Xo- The susceptibility above the

superconducting transition x°° was obtained from background measurements. Through

the ratio of the radius of the superconductor rs to the normal layer thickness dpi [Eqn. 4.2]

the normal layer curvature of the composite cylindrical sample is taken into account. Ac¬

cording to Eqn. 4.2, right below Tc where only the diamagnetism in S is present, p/dpi

takes the value ~ 0, whereas it takes the value œ 1 at sufficiently low temperatures, where

N exhibits full screening.

In a local picture as given by the Orsay Group on Superconductivity [26] the screen¬

ing fraction p/dpi represents the screening length normalized to the normal layer thick¬

ness, with p the thickness of the part of the normal metal, out of which the magnetic flux

is screened [Fig. 4.2]. For our samples that picture is not valid, since the current-field

relation is nonlocal. Here the screening fraction p/dpr represents the susceptibility of N,

as related to a model of a one dimensional system.
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The data of the diamagnetic screening fraction p(T)/dpr of the N layer are shown

in Figs. 4.3-4.11 as a function of temperature in units of the Andreev temperature Ta

for each sample. The rather strong development of the induced superconductivity in the

normal metal (right below the transition temperature Tc of the superconductor) can be

observed quite clearly.

4.1.1 Numerical Fits to Linear-Magnetic Response

The temperature dependence of the diamagnetic susceptibility of these samples is neither

accounted for by the clean limit nor the dirty-limit theory. The values of the measured

mean-free path £p indicate that the samples are in an intermediate impurity regime. They

are not diffusive enough for the dirty limit, because Cpi is of the order of dp for most of

the samples. However, since they have a small density of scattering centers, they are not

in the clean limit either. From here on we will address them as relatively clean.

We fitted the experimental data of the screening fraction with the theoretical results

obtained for a one-dimensional geometry, as described in chapter 2.1 (see also Appendix

A). The fits are shown in Figs. 4.3-4.11.

The parameters dpi and % entering the numerical calculations were obtained from

measurements and well-known material constants. The only fitting parameter was then

the mean-free path £, which enters into the theory through the fraction £/dpr. The fits

were performed giving the experimental data at an intermediate temperature regime the

most weight, where the increase of the susceptibility was the steepest. To illustrate the

sensitivity of the fits to the value of the fit parameter £/dp, in Fig. 4.3(a), we give in

addition to the fitted curve with f/d\ = 0.55, the curve for (/dp; — 0.4.

The curves obtained from the newly developed approach with arbitrary scattering

center concentration fit the experimental data well over the whole temperature range.

The corresponding clean limit curve does not fit the data, as shown for comparison in

Fig. 4.3(a).

The values of the fitting parameter I/dpi reproduce the measured values £p/dpi rather

well. It has to be emphasized, that the fits are rather good, if one takes into account
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Figure 4.3: Susceptibility data (o) and numerical fits (solid lines) of silver niobium

samples as functions ofT/l\. (a) Fitting parameter il/dp = 0.55. The dashed line

denotes the clean limit and the dotted line denotes the (/dp = 0.4 curve for comparison,

(b) Fitting parameter ( /dp = 0.25, Ratios dn/i's — 0.4.

the difference in geometry between experiment and theory, the neglect of the boundary

roughness in the theory and other imperfections inevitably present in the samples. This

means that, the quasiclassical theory of the proximity effect with a finite mean-free path

parameter I due to a low concentration of elastic scatterers [ 19], is now able to explain the

linear susceptibility data of our relatively clean NS specimens. A list of all the samples
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i 1 r

(a)

(b)

15

Figure 4.4: Susceptibility data (o) and numerical fits (solid lines) of silver-niobium

samples as functions ofT/T^. Fitting parameters (a) (/d\ — 0.25 and (b) (/dp = 0.55.

Ratios dp/rs - 0.4.

shown in this thesis is given in Tables 3.1 and 3.2. Additionally more samples are listed

together with the mean-free path £ which gave the best fit.

For the silver-niobium samples with a measured mean-free path £p/dp m 1 the fitting

parameter £/dp lies between 0.4 and 0.8. The measured mean-free path of silver-niobium

samples with £p/dN < 0.3 is also reproduced quite well in the fits. A typical example

is the silver-niobium sample 6AgNb shown in Fig. 4.3(b). It is suprising, that for most
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Figure 4.5: Susceptibility data (o) and numerical fits (solid lines) of silver-niobium

samples as functions ofT/Ty. Fitting parameters (a) i/dp - 0.75 and (b) ifdp = 0.55.

Ratios dp/rg = 0.4. The insets are zooms in the low-temperature region for both

samples. Note the different deviation between theory and experiment for the two nom¬

inally similar samples. These apparently contradictory results are possibly related to the

surface quality.

of the samples the agreement between the only fitting parameter £/dp and the measured

£pi/dp is so good. However, the parameter £ has to be viewed as an effective mean-free

path, which contains the scattering from bulk impurities as well as from the surface. The

measured mean-free path ^v 's also an effective quantity, which contains surface effects,
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Figure 4.6: Susceptibility data (o) and numerical fits (solid lines) of silver-niobium

samples as functions ofT/'f\. (a) ratio dp fis = 0.4 and fitting parameter Ifdp = 0.75.

(b) ratio dp fis = 1 and fitting parameter dfdp = 0.4. The fit for sample 33AgNb shows

a bigger deviation from the data for 5 < T/T\ < 15 than the fit for sample 4AgNb.

but it is yielded from transport measurements along the axis of the wires. There the surface

is expected to influence the mean-free path in a different way. because the geometry of

the relevant trajectories differs from the ones in the proximity case.
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Figure 4.7: Susceptibility data (o) and numerical fits (solid lines) of silver-niobium

samples as functions offfT\. (a) ratio dyfis = 0.4 and fitting parameter (/dp — 0.65.

(b) ratio dp/rs = 1 and fitting parameter 1 /dp = 0.35. The fit for sample 36AgNb shows

a bigger deviation from the data for 5 < T/TA < 15 than the fit for sample 3AgNb.

In the following, we describe as an example, the quality of the fits for the silver-

niobium samples. These samples show the best agreement between the measured mag¬

netic susceptibility and the theory. The results for some of them are illustrated in Figs. 4.3-

4.7. In general, the fits given by the solid lines, describe the experimental data well. In par¬

ticular, for some of these samples we observe considerable deviations at the lowest tem¬

peratures (7' < Ta) where the theoretical curves saturate as shown in Fig. 2.2. Moreover,
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the deviations are different for nominally similar samples. For example, sample 21AgNb

[inset of Fig. 4.5(a)] shows higher p/dp values than the theory, while sample 5AgNb

[inset of Fig. 4.5(b)] shows also higher values and in addition a strong reentrance of the

susceptibility at the lowest temperatures. These apparently contradictory results arc pos¬

sibly related to the surface quality. At this point, it is not clear how a nonideal reflecting

surface affects the susceptibility, neither experimentally nor theoretically. In addition,

silver-niobium samples with roughly the same dpi and £ show strongly different sizes of

reentrance.

The fit shown in Fig. 4.4(b) is rather poor, which could be partially explained by the

geometrical nonuniformity of sample 35AgNb. showing effectively two different values

of dpi (see also Fig. 4.15 and Sec. 4.1.3).

For T ~>Ta the fits of the silver-niobium specimens are quite good. For all the

specimens, in a medium temperature regime, the theoretical susceptibility is a bit too

high with respect to the measured one. This behavior can be observed more clearly for

the samples in Fig. 4.6. Their normal layer thickness with values of dp/ = 6.8um and

dp/ — 7.7/iin as well as the measured mean-free path with values of £p — 5.1 pm and

£N — 5.3 urn are approximately the same. The only difference between the two samples is

the ratio dpr/rs, which for sample 4AgNb is 0.4 and for sample 33AgNb is I. The same

behavior is observed for the samples in Fig. 4.7, which also have comparable values of

dp/ and £p/, but again differ only in the ratio dp/is- As expected, the samples 33AgNb

and 36AgNb with the bigger ratio and therefore with the stronger curvature of the normal

layer show the more pronounced deviation in the medium temperature regime.

The susceptibility of the copper-niobium samples is also described by the theory

rather well. Some examples are shown in Fig. 4.8. For these samples the fitted values of

£/dp are very small, lying between 0.02 and 0.2 (see also Table 3.1). In contrast to the

silver-niobium samples with very small mean-free paths, for the copper-niobium samples

the value of ifdp is only about half of the measured value of dp/dpi. The copper-niobium

samples show similar deviations in the different temperature regimes as the silver-niobium

samples, including the paramagnetic reentrance at the lowest temperatures.

The poorest agreement between experiment and theory is met for the copper-

tantalum samples. Two examples are shown in Fig. 4.9. As the temperature is increased
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Figure 4.8: Susceptibility data (o) and numerical fits (solid lines) of (a) the

copper-niobium sample 25CuNb. fitting parameter (/dp — 0.19, (b) the copper-

niobium sample 24CuNb, fitting parameter (/dp = 0.15, and (c) the copper-niobium

sample 23CuNb, fitting parameter I/dp = 0.11 as functions of T/Ta. Ratios

dN/rs = 0.2.
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T/TA

Figure 4.9: Susceptibility data (o) and numerical fits (solid lines) of (a) the copper-

tantalum sample 14CuTa, fitting parameter C/dp = 0.07 and (b) the copper-tantalum

sample l9CuTa, fitting parameter I/dp = 0.13 as functions ofT /T,\. Ratios dp /r$ = 1.0.

the theoretical curves start to show much more screening than the experimental data. The

deviations start to show up, where the induced diamagnetism is about half reduced. At

higher temperatures for each of the samples, the difference between the two curves is even

larger. Moreover, the obtained fitting parameters f/dp arc much smaller than the meas¬

ured £p//dpj. Interestingly, the two copper-tantalum samples investigated (14CuTa and

19CuTa) show the same strong disagreement between /' and Cp. This suggests that some
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other effects should be considered for the combination of these two materials, namely

the mismatch of the Fermi velocities, or other reasons for an eventual interface barrier,

like e.g. interdiffusion or the forming of an alloy between the copper and the tantalum.

Also the smaller critical temperature of tantalum 7( = 4.5 K, leading to a depression of

the order parameter As at high temperatures, could explain part of the deviations from the

theoretical curves. The copper-tantalum samples shown in Fig. 4.9 show a pronounced

reentrance of the susceptibility below « 0,27V

For the three not annealed gold-niobium samples 31 AuNb, 40AuNb, and 41 AuNb,

the temperature dependent screening fraction of the normal layer is shown in Figs. 4.10

and 4.11 (a). The numerically obtained curves with only one parameter £ fit the experi¬

mental data very well over the whole temperature range. The values of £/dpi lie between

0.14 and 0.23, and they agree within a factor of two with the values of £p/dp/, obtained

from resistivity measurements. Since these relatively clean gold-niobium samples are in

an intermediate impurity regime between the clean and the dirty limit, their behavior is

very similar to the silver-niobium and the copper-niobium samples.

The annealed gold-niobium sample 42AuNb [Fig. 4.11(b)] shows a behavior sim¬

ilar to the copper-tantalum samples, where the agreement between experiment and theory

is very poor. At low temperatures, the numerical curve approximately follows the ex¬

perimental data, whereas above ^ 1.57^, where the induced diamagnetism is about half

reduced, the theoretical curve starts to show more screening than the experimental data,

as the temperature is increased. Also the fitting parameter £/dpi is much smaller than the

measured tpfdpi.

The reason for this discrepancy at high temperatures might be similar to the copper-

tantalum samples. In the process of annealing, the forming of a very thin layer of a

gold-niobium alloy or interdiffusion at the interface could be favored. This might lead to

inhomogeneities in the sample like e.g. a locally reduced mean-free path at the interface

or a non-negligible interface barrier. Neither of those possibilities are accounted for in the

theoretical model of Sec. 2.1, which assumes ideal electronic transmission at the interface

and a homogeneous mean-free path in the whole NS system.
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Figure 4.10: Susceptibility data (o) and numerical fits (solid lines) of gold-niobium

samples as functions ofT/Ta- Fitting parameters (a) £/dp ~ 0.14 and (b) ifdp = 0.17.

Ratios dp/is = 0.4. The insets are zooms in the low-temperature region for both

samples; the dotted lines guide the eye; the short-dashed lines mark the temperatures

ofthe diamagneticjumps 7}ump = 28.5 mK and Tjump = 27mK, respectively; the vertical

arrows mark the temperatures of maximum screening Tr. The jumps might be related to

an intrinsic property of the materials involved, as is discussed in the text.
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Low-Temperature Deviations for Gold-Niobium Samples

For very low temperatures (7 < TA) the screening fraction of all gold-niobium samples

is found to show considerable deviations between theory and experiment, similar to the

deviations shown in the insets of Fig. 4.5 for silver-niobium samples. The fitted curves

saturate at less diamagnetic values than the almost complete Meissner screening of the

experimental data at the characteristic temperature 7',.

A closer inspection of the low-temperature region reveals a small jump to bigger

values of the diamagnetic screening fraction of the gold-niobium samples, as the temper¬

ature is reduced. This jump is emphasized in the insets of Figs. 4.10 and 4.1 1. It occurs at

roughly the same temperature 7Jump ~ 27mK for all the different gold-niobium samples.

Jump temperatures 7)ump < 1), as well as 7]ump ~ 7, or 7iump > Tr are observed, since the

value of 7)l)mp is independent of the sample size. Therefore this effect is probably not

of mesoscopic origin, but it might be related to an intrinsic property of the materials in¬

volved. At the same temperature also a sharp increase of the breakdown fields is observed,

as will be discussed below.

4.1.2 Paramagnetic Reentrance of Gold-Niobium Samples

As in most of the samples containing the different noble metal materials silver or cop¬

per, for the gold-coated niobium cylinders on decreasing the temperature below Tr. the

induced screening fraction in the normal layer displays a maximum showing a reentrance

of the susceptibility. The paramagnetic reentrant susceptibility #paia superimposes on the

diamagnetic Meissner susceptibility ^cjia, such that xs — x7ii.i -b/'panv In the insets of Figs.

4.10 and 4.11 zooms of the low-temperature regions around 7*, are displayed. At the low¬

est temperatures, the gold-niobium samples show a paramagnetic reentrant susceptibility

of a few percent of the induced diamagnetic Meissner susceptibility in the gold layer.

This reentrant behavior of the diamagnetic susceptibility found in relatively clean

gold-coated niobium cylinders, is very similar to the previously discovered reentrance in

NS wires containing copper or silver [1,2,37], which can also be observed in Figs. 4.3-4.9.
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Figure 4.12: Reentrant Temperature T, of gold-niobium samples as a function of the

mean value of the normal layer thickness dp. The line is a power-law Tr « (dp)'1 with

« = -1.75.

The characteristic temperature Tr as a function of the mean value of the gold layer

thickness shows a (not universal) power-law

Tr « (dp)'" , (4.4)

with m = ~ 1.75, as is shown in Fig. 4.12. A similar power-law behavior was previously

reported by R. Frassanito [45], where for samples containing silver or copper powers of

m = — 1 and m = —1.5 were found. This type of dependence of the characteristic tem¬

perature Tr on the lateral dimension of the samples is a first indication for the mesoscopic

nature of the paramagnetic reentrant effect in gold-coated niobium cylinders.

Fig. 4.13 shows the reentrant paramagnetic susceptibility ^para(7) below Tr. For the

not annealed gold-niobium samples it follows an exponential temperature dependence as

2para=Acxp(~7/:r). (4.5)
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Figure 4.13: Reentrant susceptibility data of gold-niobium samples as a function of

temperature. The solid lines are exponential fits of Xp(T) — Aexp(—7/7*). (a)

Sample 31AuNb: A = 0.031 and T = 2,23 mK: (b) sample 40AuNb: A = 0.084 and

T* = 3.6mK; (c) sample 41AuNb: A = 0.06 and T = 6,7mK; (d) sample 42AuNb:

A = 0.63 and 71 = 6.7mK. The long-dashed line is an exponential fit of

XP{T) =zlexp(-7/7*1 with A = 0.12 andTk = 4.1 mK. The short-dashed lines mark

the temperatures Tnmp, The dimagnetic jumps might be related to an intrinsic property

of the materials involved, as is discussed in the text.
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Figure 4.14: Experimental coherence length m gold |w(7v) as a function ofperimeter L

(or normal-layer thickness dp) of the gold-niobium cylinders. Slope of line: 2.3.

The characteristic temperature 7"" takes values of 7*' — 2.2mK, 7'* — 3.6mK, and

7+ = 6.7mK, and the paramagnetic reentrant susceptibility extrapolated to zero tem¬

perature A takes the values 0.03, 0.06, and 0.08 for dpi = 7.1 /im, dp — 4.5 p.m., and

dpi — 3.2,um, respectively.

For the annealed sample 42AuNb [Fig. 4.11(b)], the paramagnetic susceptibil¬

ity z'paia follows an exponential temperature dependence below Tr — 49mK with pre¬

factor A = 0.63 and characteristic temperature 7'+ ~ 6.7 mK for temperatures above

7
jump

25 mK < 7,. The exponential temperature dependence is disturbed by the dia¬

magnetic jump in the susceptibility at 7]ump. Below 7,uinp, the paramagnetic susceptibility

z'paia reestablishes its increase at decreasing temperature, and below lOmK again it fol¬

lows an exponential temperature dependence with prefactor A = 0.12 and characteristic

temperature 7^ — 4.7 mK.

Indicating the correlation between the characteristic temperature 7* and the size

of the samples, the dependence of the experimental coherence length in gold E,pi at the

temperature 7* on the perimeter L (or the normal-layer thickness dp) of the gold-coated
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niobium cylinders is shown in Fig. 4.14. The measurement of Çn(T) is explained in detail

in Sec. 4.1.3, where the prefactor p is introduced. It is roughly

£N(/Ty^p.7^pT L (or-J*), (4.6)

or in other words, the characteristic temperature

r~|/L (ore I/dp), (4.7)

which gives evidence for the mesoscopic nature of the paramagnetic reentrant effect in

the relatively clean gold-coated niobium cylinders. A similar behavior was reported by

R. Frassanito [45] for NS samples containing silver or copper.

4.1.3 Nonlinear Magnetic Response

We have investigated for our NS proximity samples the nonlinear-magnetic response.

With the experimental setup described in chapter 3 ac-susceptibility measurements at

constant temperature as a function of a dc-magnetic field were performed, as well as

isothermal dc-magnetization curves.

Fig. 4.15 shows the nonlinear susceptibility and the dc-magnetization curve for one

of the cleanest silver-niobium samples at 7 — 8mK. The magnetic breakdown of the in¬

duced superconductivity occurs at a magnetic field H/, ?y 25 0c. Below the breakdown

field the magnetic flux is totally screened, and above, it enters into the normal metal layer.

The first-order phase transition shows the features of superheating at increasing field and

of supercooling at decreasing field. That kind of hysteretic behavior was already observed

and discussed in the dirty limit by the Orsay Group on Superconductivity [26]. This par¬

ticular sample shows a small second transition, which is due to the niobium core not

being perfectly centered resulting in effectively two slightly different normal layer thick¬

nesses. We notice that the magnetic breakdown transition is not infinitely sharp. In our

samples consisting of several hundred wires the superheated and supercooled transitions

are triggered for each individual wire at slightly different fields, leading to a statistical

broadening of the breakdown jumps.
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Figure 4.15: (a) Nonlinear ac susceptibility as a function of magnetic field H. (b) Iso¬

thermal dc-magnetization curve. The short-dashed lines mark the supercooled and (he

superheated fields, respectively.

We have also investigated the nonlinear-magnetic response for our gold-niobium

samples in the low-temperature region, where the induced diamagnetism shows approx¬

imately full Meissner screening. In Figs. 4.16 and 4.17 for samples 31 AuNb, 40AuNb,

41 AuNb, and 42AuNb, the isothermal nonlinear susceptibility as a function of magnetic
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Figure 4.16: Isothermal magnetic susceptibility Xm (F). The arrows indicate the direc¬

tion of field changes, (a) Sample 31AuNb. with mean value dp = 7.1,urn for temper¬

atures T = 5.5mK {'•), 7 = 34mK (+), 7 = 85 mK (x), and T = 150mK (o). The

two transitions (I) and (2) correspond with effective thicknesses dN' = 9.4pm and

ciy = 4.3 urn of the gold layer, (b) Sample 40AuNb, with mean value dp = 4.5pm

for temperatures T = 7.4mK (•), T = 60mK (+), T = 100 mK (x), T = 230mK (o),

and 7 = 300mK (•); effective thicknesses d\,' = 5.6pm anddy~> = 2.8gm.
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Figure 4.17: Isothermal magnetic susceptibility Xm(H). The arrows indicate the dir¬

ection of field changes, (a) Sample 41AuNb, with mean value dp = 3.2pm for tem¬

peratures T = 6.8 mK (•), F = 100 mK (+), T = 200mK (x), and T = 400mK (o).

The two transitions (1) and (2) correspond with effective thicknesses dN — 4.0jum and

d-.(2)
N

1.75 urn of the gold layer, (b) Sample 42AuNb, with mean value dp = 2.1pm for

temperatures T = 7.3mK (•), 7 = lOOmK (+), T -= 250mK (x), and7 = 400mK (b).
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Figure 4.18: Isothermal dc-magnetization curve. The arrows indicate the direction of

field changes, (a) Sample 31AuNb with mean value d\' = 7.1 pm at T = 5.5 mK and (b)

sample 40AuNb with mean value d\ = 4.3 p m at T = 8.3 mK.

field is shown for different temperatures between 7 = 5.5mK and 7 = 800mK. Iso¬

thermal magnetization curves for the lowest temperatures are displayed in Figs. 4.18

and 4.19.
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Figure 4.19: Isothermal dc-magnetization curve. The arrows indicate the direction of

field changes, (a) Sample 41AuNb u ith mean value dp = 3.2 u m at T = 6.9 mK and (b)

sample 42AuNb with mean value dp = 2.1 urn at T = 7.4 mK.

The first-order phase transition, the magnetic breakdown of the induced supercon¬

ductivity was found for relatively clean gold-coated NS proximity samples. The annealed

sample 42AuNb with (p ~ 0.15dp shows a rather sharp magnetic breakdown in the

magnetization curve, similar to sample 35AgNb in Fig. 4.15. The three not annealed
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Figure 4.20: Schematical picture of the gold-niobium wires, where a displacement of the

niobium core from the center of the wire is indicated, leading to two different effective

normal layer thicknesses, where dN ~ 2 c/v ',

samples 31 AuNb, 40AuNb. and 41AuNb show a long screening tail above the breakdown

transitions in M(H), which is probably due to their smaller mean-free path £p ~ 0.25dp/.

The samples all show two nearly separated transitions, similar to sample 35AgNb in

Fig. 4.15, but much more pronounced. This is due to mechanical deformation of the soft

gold matrix during the codrawing procedures, which lead to a displacement of the hard

niobium cores from the centers of the wires, as schematically indicated in Fig. 4.20. It

resulted in two different effective normal layer thicknesses, where o^' ^ 2 • df/2

From the isothermal xx'(H) curves we have determined the supercooled and super¬

heated fields as the fields at the middle of each transition. In this way values of Hv and

77,/, at different temperatures were obtained.

For our relatively clean silver-niobium samples at temperatures higher than the An¬

dreev temperature 7^ <* vp/dp, the experimental breakdown fields follow the exponential

dependence

Hb(T) « 1 /7/yexp[~<lN/£v(T)] . (4.8)

The experimentally found values of çp(T) reproduce the theoretical clean limit coherence

length in silver

fr = Tn> /2nkBT = 1,69,um/7(K) (4.9)
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Figure 4.21: Measured supercooled (o) and superheated (•) breakdown fields of the

annealed silver-niobium sample 35AgNb with dp = 2.8gm (TA = 620mK). The line

represents the clean limit theory of a one dimensional NS slab with a correction factor

0.3. Notice the experimental exponential temperature dependence down to œ 7^/2.

within a few percent. For sample 35AgNb this is illustrated in Fig. 4.21, where the ex¬

perimental supercooled and superheated breakdown fields as a function of temperature

are given. The theoretical clean-limit breakdown field of a one-dimensional NS slab for

T >• Ta is shown as a solid line. A factor of about 0.3 has been used to shift down the

theoretical curve to fit the experiment, and the exponential has been extended down to

~ Ta/2. We notice that the temperature dependence of the breakdown field agrees qualit¬

atively with the clean-limit result [20J, obtained for a one-dimensional NS slab assuming

ideal boundary conditions, e.g. ideal normal electron transmission at the NS interface.

Quantitatively, the measured breakdown fields are a factor of about 0.3 smaller than the

high-temperature theoretical curve in Fig. 4.21, and the temperature above which there is

no hysteresis observed in the experiment, is a factor of about 0.4 smaller than 7cnt of the

clean-limit theory (Sec. 2.2 and [20]),
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This discrepancy could have different reasons. First, in our samples normal reflec¬

tions at the NS interface may happen due to the mismatch of the Fermi velocities between

N and S and impurities or interdiffusion. Second, our samples have a cylindrical geo¬

metry, which weakens the proximity effect with respect to the one-dimensional fiat geo¬

metry considered in the theory. And third, the influence of impurity scattering on the

degree of nonlocality is expected to lead to quantitative deviations of the breakdown field

data from the clean limit theory.

Although the temperature dependence of the breakdown field is the same as given

by the clean limit, the full form of the magnetization curves M(77) of the cleanest silver-

niobium samples cannot be explained within this limit. The slope below the transition

does not correspond to 3/4 of the Meissner slope of a perfect diamagnet and additionally,

the observed finite screening tail above the transition [Fig. 4.15(b)] does not appear in the

clean limit. Clearly, the correct description of the magnetization data with the quasiclas¬

sical theory should take into account the finite mean-free path £. (The magnetization curve

in Fig. 4.15(b) and the theoretical dirty limit magnetic susceptibility curves x(H) — M/H

from Ref. [29] [Fig. 4.22] both display a finite screening tail, which is not present in

the clean limit. Therefore one can expect that, due to the influence of scattering centers

the sharp transition in the clean limit is replaced by a tail, as observed experimentally.)

Theoretical work on M(H) for arbitrary low impurity concentrations is still needed.

The supercooled and superheated fields of the gold-niobium samples for each break¬

down transition are shown as a function of temperature in Figs. 4.23 and 4.24. At tem¬

peratures well above 0.17^, the experimental breakdown fields follow the exponential

dependence

(4.10)

The two nearly separated transitions (1) and (2) occur at values of the breakdown fields

H-scJi corresponding to the different effective thicknesses of the gold layer d/N' and d^'

[Fig. 4.20], respectively. In Figs, 4.23 and 4.24 the relation 4.10 is indicated as solid lines.
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Figure 4.22: Nonlinear susceptibility x — M/H (dirty limit) [29] ofN layer of thickness

dp = £/3 T\/T( and mean free path ( — 10A,v as a function ofmagnetic field for various

temperatures below the critical temperature 7 of the superconductor. The dimensionless

field is defined by h = HnCdpTA/iT ®q.

Experimentally we found

£\<{T) P-s/ (4.11)

with the clean limit coherence length in gold

& = hvF/27tkBT = 1.7,um/7(K) (4.12)

For the not annealed gold-niobium samples, the value of the prefactor p lies between

0.46 and 0.53 [Table 4.1], This temperature dependence [Eqn. 4.10] is analogous to the

findings in silver-niobium samples with (p/dp < 0.3 and copper samples, where the value

of p is about 0.2 to 0.6 [8, 18] (see also Table 3.1). The breakdown field data of these
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Figure 4.23: Supercooled (o) and superheated (•) fields as a function of temperature.

The lines are exponential fits [see Eqn. 4.10 and text]. The insets are zooms of the

temperature region around 7)ump (short-dashed lines), where the breakdown fields sud¬

denly increase at decreasing temperature, accompanied by a larger screening fraction, (a)

Sample 31AuNb with mean value c/jV = 7.1 jini. The different values correspond to the

transitions (1 ) and (2) for the two effective thicknesses d{K] = 9.4,um anddy/' = 4.3pm

of the gold layer, (b) Sample 40AuNb with mean value dp — 4.5pm, effective thick¬

nesses d,
(0
p

(2)
5.6pm andr// = 2.8/rm.
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Figure 4.24: Supercooled (o) and superheated (•) fields as a function of temperature.

The lines are exponential fits [see Eqn. 4.10 and text]. The insets are zooms of the

temperature region around 7}„mp (short-dashed lines), where the breakdown fields sud¬

denly increase at decreasing temperature, accompanied by a larger screening fraction, (a)

Sample 41AuNb with mean value dp = 3.2pm. The different values correspond to the

transitions ( 1 ) and (2) for the two effective thicknesses <7/ = 4.0pm and d/z = 1.8/./ m

of the gold layer, (b) Sample 42AuNb with mean value dp — 2.1pm, effective thick¬

nesses dN =3.1 um and d[î =2.1 p m.



72 4. Experimental Results

o

50

40

30

3^20

10

0
0.0

1 i i 1
„

/ -

/ -

/ -

-

/ X —

/ -

z -

z -

z
o

: / A *
-

/• X —

"**

-

/ / 8
/ /• -

**

/ jT
*

*X^ .

'

*-
-'" *

-

-

/
y9 -

©~ *

/ // j* -

*

&
_

- 7/ '' X*
-

1 , L

0.2 0.4

1/dWfnm-1]

0.6

Figure 4.25: l/dp dependence of the saturated superheated field for silver-niobium

samples with ip/dp ?» 1 (•). Slope of solid line: 88 Oepm. The dashed line represents

the clean limit result, with slope: 150 Oeu m. Also shown are less clean silver-niobium

samples (tpjdp < 0.3,o) and copper samples ( x ), which we do not consider in the fit. In

addition, for the gold-niobium samples (*) the saturated superheated fields H^
(I 2)int

are

shown as a function of the inverse effective thicknesses l/</y and l/dN , respectively.

Slope of short-dashed line: 42 Oepm

samples cannot be explained by the clean-limit theory, since impurity scattering is too

strong. For sample 42AuNb it is p ~ 0.62-0.71 [Table 4.1 ], because that annealed sample

is closer to the clean limit due to the longer mean-free path Cpr.

In Fig. 4.25 the saturated superheated fields H^jf of the NS samples are plotted versus

the inverse normal layer thickness 1 /Jv The values oiH/'/1 are obtained by extrapolation

of the very-low temperature data of H^(T) [see e.g. Figs. 4.21,4.23, and 4.24] to 7 —> 0.

The silver-niobium samples with £p/dp & 1 and dp/is = 0.4 show a clear I /dpi

dependence of the breakdown field, in agreement with the clean-limit theory. On the

other hand, the absolute values of the saturated breakdown fields are about a factor of 1.7



4.1 Diamagnetic Response 73

lower than in the clean-limit theory [20). The other silver-niobium and copper-niobium

samples with a ratio dp/is = 1 or with a lower mean-free path fpr show smaller breakdown

fields. As already briefly mentioned, for the samples containing copper the influence of a

reduced normal electron transmission coefficient at the NS boundary could be especially

strong leading to a further suppression of the breakdown field.

For the gold-niobium samples the l/d\,
'"

dependence of the saturated superheated

fields H;h'
'Sdi is also indicated in Fig. 4.25. The absolute values of the saturated break¬

down fields are about a factor of 3.6 lower than in the clean-limit theory [20], A com¬

parison with all other NS proximity samples places them among the not annealed silver-

niobium samples and the samples containing copper, which show considerably reduced

breakdown fields with respect to the cleanest silver-niobium samples.

The temperatures above which no hysteresis of a magnetic breakdown transition is

observed, the experimental values of 7CIIt are roughly proportional to I/dp. The values

of 7c„t, as well as the temperature where the breakdown fields saturate, are about an

order of magnitude smaller than for the cleanest silver-niobium samples. This result is in

accordance with the findings of the smaller values of £/dp, p, the breakdown fields, and

the large screening tail in the magnetization curves. These features are characteristic for

samples in an impurity regime with a larger density of scattering centers.

Low-Temperature Deviations for Gold-Niobium Samples

As already mentioned above, a jump in the breakdown fields of the NS samples containing

gold occurs at a temperature around 27 mK. It is emphasized in the insets of Figs. 4.23 and

4.24. The temperature 7]ump lies almost exactly where the jump in the linear susceptibility

occurs, and its value is independent of the gold-layer thickness of the different samples.

The height of the jump in the breakdown fields at 7)ump is shown in Fig. 4.26 as a

function of the effective gold layer thicknesses crw' and dyf'. It roughly increases with

increasing normal layer thickness. Since the absolute values of the breakdown fields

decrease with increasing dpi [Fig. 4.25], the relative height of the jump AHb/H/, also in¬

creases with increasing dp/. This indicates an intrinsic material effect of the gold, roughly
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Figure 4.26: Height of the jumps in HK (•) and H,h (o) at Tlump as a function of effective

thickness J//, with i = 1,2. The dashed line guides the eye.

proportional to its volume. The effect is an enhancement of the breakdown fields of

the proximity effect, rather than an additional transition in changing the magnetic field.

Therefore, due to some intrinsic property of the gold layer the induced diamagnetism is

strengthened in crossing below 7jump.

In the following we discuss an alternathe qualitative explanation for these jumps.

Assuming the forming of a gold-niobium alloy at the NS interface during sample fabrica¬

tion, which shows a superconducting transition at Tlj ~ 27mK. on cooling below 7C/, the

radius of the superconducting core would rapidly increase at the expense of the normal

layer thickness. Then the absolut value of the breakdown fields is expected to increase,

due to Eqn. 4.10. On the other hand, because of the relatively small value of the supercon¬

ducting order parameter Ay, the induced Andreev pair amplitude is only slightly enhanced

on cooling below Tci. This could explain the rather tiny increase of the screening fraction,

displayed in Figs. 4.10 and 4.11.
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Table 4.1: Table of gold-niobium samples. The saturated superheated field at the lowest

temperature H' is shown for the two transitions corresponding to the two effective

thicknesses dN anddN .
For sample 3!AuNb, the extrapolated value of the breakdown

fields below T;ump is given in brackets, p is the ratio of experimental coherence length

& [T) over the clean limit thermal length in gold t,r = ln>p/2nkßT = 1.7pm/T(K).

sample transition d(\P2 T{1.2) flf2) „sat(1.2) /7sat(L2) P -'jump

[urn] [mK] [Oc] [Oc] [Oel [mK]

31 AuNb (1) 9.4 90 3.5 (4.0) 3.8 3.5 0.5 28.5

(2) 4.3 180 8.3 8.2 7.6 0.46

40AuNb (1) 5.6 140 9.1 8.3 7.4 0.46 27

(2) 2.8 300 18.3 16.4 14.6 0.5

41 AuNb (0 4.0 220 21.9 12.2 10.9 0.51 27.5

(2) 1.75 500 30.9 27.4 24.9 0.53

42AuNb (1) 3.1 340 10.3 11.1 8.9 0.62 25.5

(2) 2.1 575 15.3 16.6 13.2 0.71

On the other hand, if such a considerable superconducting alloy [see Appendix B]

were present, it should reduce the capability of the NS interface for normal electron trans-

misssion. Then, such jumps should occur in the opposite direction. Also the fact that,

the jumps for all the samples occur at practically the same temperature, might be too

much of a coincidence, unless a defined compound of gold-niobium is formed. Here it is

noted that, we have observed a similar jump in the linear ac-magnetic susceptibility of a

gold-coated lead sample at a temperature of 35mK [44].

Additionally, the relative height of the jumps AH^/Hi, does not indicate an alloy

layer of constant thickness for all the samples, because AH^/Hf, does not decrease with

larger gold layer thickness. Beyond these speculations at this moment, the origin of the

observed jumps is not clear and has to be the subject of further investigations. Flowever,

a mesoscopic effect is rather improbable, because neither 7jump nor AHb/Hi, scales with

(sample size)-1.
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4.2 Paramagnetic Reentrant Effect in Clean Silver-

Niobium Samples

4.2.1 Magnetic Response as a Function of Temperature

In the following we report on the temperature dependent magnetic susceptibility of our

relatively clean silver-niobium samples 3AgNb, with wire perimeter L — 130/im and

normal-layer thickness dp — 5.5um. and 5AgNb, with L — 12pm and dp = 3.3jum. In

Fig. 4.27 the total magnetic susceptibility is shown as a function of temperature. We show

measurements of the ac-magnetic susceptibility Xm (T) between 4mK and 9K, measured

in our dilution refrigerator with field amplitude HM- = 33mOe and frequency v = 80Hz

[Sec. 4.1], as well as different measurements of the dc-magnetic susceptibility %cic(T) at

constant magnetic field Hcic in the ultralow temperature range above lOOuK and at mil-

likelvin temperatures, performed in the nuclear demagnetization cryostat in Bayreuth [42].

Xp = 0 has been chosen at the temperature at which the Nb cores exhibit full Meissner

screening, and the scale of the ordinate was set according to the induced diamagnetic sus¬

ceptibility, 87 % or 95 % of full screening in both samples at the reentrant temperature T,.

With this choice, the values of the superconducting transition Axs(Tc) reflect the fact that,

the volume of the niobium in both samples is slightly bigger than the volume of the silver.

At temperatures below the critical temperature of niobium 7/ = 9.2 K, the magnetic

susceptibility of the N layer exhibits diamagnetism induced through Andreev reflection at

the highly transparent NS interface. At lower temperatures, around 1), it develops almost

total Meissner screening in the silver layer [18]. This behavior is explained in more detail

in Sec. 4.1.1. Below the characteristic temperature 7, which is for the two silver-niobium

samples discussed here, of the order of lOOmK, the signature of reentrance is observed

both in Xac(T) [1,2] and Xtk(T), with the development of an additional paramagnetic

susceptibility xpàn(T), such that

Xn(T) =-- Xdu(T) + Xix\ià(T) (4.13)
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Figure 4.27: Magnetic susceptibility zX'(7). between l50pK and 9K. (a) For

sample 3AgNb, we show %(IC(T) (+) and x(h(T) (three different runs: o, x, and •).

(b) For sample 5AgNb, we show Xm (T) (+) and xjc(T) (four different runs: o, 0, ,

and •). The arrows mark the direction of temperature changes. The inset shows the

influence of a finite magnetic field Ff/t — 0.2 Oe on the small shift ofTr. Note the dif¬

ferent saturation values of the additional paramagnetic susceptibility xpara af the lowest

temperatures. They scale to the inverse sample size, indicating the mesoscopic nature of

the effect.

A closer inspection of the temperature behavior of %n around its minimum reveals

that, the reentrance temperature Tr is slightly decreased under an external dc-magnetic

field Ufa — 0.2 Oe. The ac and dc curves show reentrant temperatures Tr = 97mK and

T/1 = 83mK for sample 3AgNb (7r = 149mK and T,H = 113mK for sample 5AgNb),

respectively [inset of Fig. 4.27(a)].
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Neglecting this weak field effect on Tr, Xdc{T) matches Xac(T) for sample 3AgNb

[5AgNb] between 15mK [30mK] and 1 K. This means that, at these small fields the

response is nearly linear. Above fs;1K, &/t(7) deviates from Xac(T,Hac pd 0), due

to the depression of the weak induced Andreev pair potential by finite fields. Below

15mK [30mK], Xdc{T) agrees with Xm(T) only on measurements done under cooling.

Below 15mK [30mK] the warming-up curves of Xdc(T) lie above the cooling curves,

corresponding to stronger paramagnetism adding to the full Meissner screening.

In our arrangement, the samples are in rather good thermal contact with the copper

demagnetization stage and the platinum NMR thermometer. Indeed, the measured thermal

relaxation times at the lowest temperatures remain below 1000 s [45]. Nevertheless, the

susceptibility shows hysteresis. At a constant temperature, we have observed typical times

for building up of paramagnetism of several days.

In Fig. 4.28 the magnetization of sample 5AgNb at a field Hcic = 0.2 Oe as a function

of time after demagnetization is indicated. Due to the decoupling of the electrons from the

nuclei of the copper stage, the sample and Cu-stage electrons are still cooling for times

shorter than 104s. For t > 104s, the sample warms up in equilibrium with the stage,

However, the paramagnetic reentrance has not yet reached its equilibrium value. It is

still in the process of building up. In addition, during this period of time the temperature

slowly increases from 500/iK to HOO/rK. Due to this entanglement of temperature and

time, it is not possible to determine the correct relaxation law. As a guide to the eye we

give an exponential fit M(t) = M«,-AMcxp (-t/z) in the time regime 104- 105s [line

in Fig. 4.28].

For sample 3AgNb, the susceptibility xx saturates below 7sat « 400/iK, displaying

a complete cancellation of the induced diamagnetic susceptibility in N, such that only the

diamagnetism in S seems to remain [45]. For the thinner sample 5AgNb, the susceptibility

Xm shows saturation below 7sat « 800pK at a paramagnetic value 47txNfi ~ 1, indicating a

complete cancellation of the total diamagnetic susceptibility in N plus S. These saturation

values are obtained within a precision of about 10 percent, and they are a lower limit, as

is discussed below.

At this moment, it is not clear, if the behavior displayed in Fig. 4.27 is i) an intrinsic

effect of mesoscopic NS proximity structures m the very-low-temperature limit, or ii) the
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Figure 4.28: Magnetization of sample 5AgNb at a field Hcic - 0.2 Oe as a function of

time after demagnetization. The stage and the sample are still cooling for times shorter

than 104 s. Fort > 104 s, the sample warms up, but it is not yet in an equilibrium state

concerning the building up of the paramagnetic reentrance.

result of two independent phenomena. In the latter case the selection of the NS materials

could be important.

Figs. 4.29 and 4.30 show the reentrant paramagnetic susceptibility xpäm(T) below

Tr in a semi-logarithmic representation. At decreasing temperature, the susceptibility

exponentially increases as

*PlUa(r)=Aexp(-r/r>). (4.14)

This has been found to be the characteristic temperature dependence of paramagnetic

reentrance for a large number of samples containing silver, copper, [1,2,45] or gold [Sec.

4.1.2]. For sample 3AgNb [Fig. 4.29], the prefactor A\ = 0.24 and the characteristic

temperature 7'/ = 13 mK were obtained from measurements of the ac-magnetic suscept¬

ibility X(ic(T) in our dilution refrigerator. The cooling and warming-up measurements

of the dc-magnetic susceptibility Xdc(T), above ss 13mK reproduce well the exponential
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Figure 4,29: Reentrant paramagnetic susceptibility Xpam(T) below T,. For

sample 3AgNb two measurements ot'xdc (7) at a field Hjc = 0.2 Oe (t, •) and a meas¬

urement oi'xm (T) (+) are shown. The thick arrows indicate the direction of temperature

changes. The vertical arrow indicates the temperature at which the condition £,p(T) = L

is met. Note the hysteresis in temperature: the upper curve is reached only, if the sample

has been at much below its saturation temperature for sufficiently long time (one week

or longer).
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Figure 4.30: Reentrant paramagnetic susceptibility Xpa(T) below Tr. For

sample SAgNb two measurements ofx(h(T) (o, •) are shown, and Xm (7) (+) The

thick arrows indicate the direction of temperature changes. The vertical arrows indic¬

ate the temperatures at which the condition £,p(T) = nL is met. Note the hysteresis in

temperature; the upper curve is reached only, if the sample has been at much below its

saturation temperature for sufficiently long time (one week or longer).
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temperature dependence of ^pai-a, observed in the ac susceptibility %ac(7). Around a tem¬

perature of « J 3 mK, Xpara(T) obtained from the dc susceptibility Xdc displays a kink [45],

leading to an approximate doubling of the logarithmic slope, with

7/ = 5.5mK-7,72 (4.15)

and a prefactor A? = 1.1.

For sample 5AgNb [Fig. 4.30], the prefactor A\ — 0.4 and the characteristic tem¬

perature 7/ = 20mK were obtained from measurements of the ac-magnetic susceptibility

Xac{T). Again the cooling and warming-up measurements of the dc-magnetic susceptibil¬

ity Xdc(T), above œ 30 mK follow the temperature behavior of the ac susceptibility Xac(T).

Around w 25mK, the warming-up curve of Xpàià(T) obtained from the dc susceptibility

Xdc shows a sharp kink, displaying a doubling of the logarithmic slope, with

72+ -= 11 mK - 7Y//2 (4.16)

for the second line. In addition, around pu 14 mK, a second doubling of the logarithmic

slope of Xpnia(T) occurs, with

7^ = 3.8mK-7//2 (4.17)

for the third line. The paramagnetic susceptibility (obtained from Xac or Xdc) m cooling

does not reach the uppermost curve but approximately follows the second line, showing

a smooth kink around 77/- We have found the highest levels of paramagnetic reentrance

only after allowing the NS system to remain at much below their saturation temperatures

for long periods of time (one week or longer).

The level of saturation of the paramagnetic susceptibility at the lowest temperatures

has to be taken as a lower limit for the value of X\m&{T -» 0). Possibliy higher values

would be reached, if the system could stay at much lower temperatures for much longer

times. In view of this, it is not clear, if the specimens would show saturation if allowed to

relax at arbitrarily low temperature.
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The coherence length of the Andreev pairs §y(7) in silver, obtained from our break¬

down field measurements [18], is in agreement with the clean limit theory [Sec. 4.1.3],

$N(T) = hvf. /2nkBT = 1.69 um/7(K). (4.18)

At the temperature of the first kink in ^para, the coherence length Çn{T) reaches approx¬

imately the value of a single wire's circumference L = 130nm for sample 3AgNb or

7 = 72 urn for sample 5AgNb. respectively. In Figs. 4.29 and 4.30 we have indicated by

vertical arrows the temperature at which the equality

çv(7/)^L (4.19)

is met. For sample 5AgNb, at the temperature of the second kink it is

4v(7/)^27, (4.20)

where the Andreev pairs can propagate coherently over a distance of twice the wire peri¬

meter.

The values of 7/, 72\ and 77/, as well as the position of the kinks, which are located

approximately at 7/ and 7/, give evidence for different levels of quantum coherence on

the mesoscopic length scale L, which in our case is as large as a fraction of a millimeter.

The temperatures 7\ which characterize the different levels as well as the kinks can be

written as

T^îivi/2rtkBnL (=7/%. (4.21)
nL

or in the equivalent form

&v(:T)=hL, with n= 1,2,4. (4.22)

The case 11 = 3 does not occur, the reason for which at this moment is unclear. This result

is in perfect agreement with preliminary measurements reported in Ref. [45].
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Investigating the values of the prefactor A as a function of the cylinder perimeter

L, as has already been done for a larger number of samples in Ref. [45], and also as a

function of the integer number n, one finds

A„ with n= 1.2, and4. (4.23)

Summarizing, for temperatures 7 < 7, and well above the saturation temperature

7sat, the reentrant paramagnetic susceptibility can be written as

Xpain
4k \L

exp

nL

\T)
with n= 1,2. and4. (4.24)

This behavior of different levels of quantum coherence along integer multiples

/? =• 1.2. and4 of the wire diameter L is rather intriguing, especially with n — 3 miss¬

ing. The characteristic temperature dependence, the dependence of A, T\ as well as 7r,

7s,at, and the ultralow-71 saturation value of X\wu on the inverse wire perimeter l/L, clearly

indicate the mesoscopic nature of the paramagnetic reentrant effect.

The exponential temperature dependence displayed in Eqn. 4.24 (for n— 1, at suf¬

ficiently high 7) is very similar to the temperature dependence of persistent currents in

mesoscopic normal metal rings (<*= exp [—L/Lö]). as already has been stated in Refs. [2,46].

Extensive theoretical and experimental work on this field has been reported e.g. in

Refs. [47-53].

The recent approach by Bruder and Imry [22], who predict a new type of persistent

predominantly paramagnetic currents carried by glancing states at the outer surface of

NS hybrid cylinders, is the first attempt to link persistent currents in normal metals to

the paramagnetic reentrant phenomenon in clean normal metal-coated superconducting

cylinders. However, its level structure with integer values », as well as the large magnitude

of the paramagnetic susceptibility remain unexplained.

In most recent preliminary measurements, we have observed paramagnetic reen¬

trance also in orientation of the magnetic fields perpendicular to the wire axis [Fig. 4.31].
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Figure 4.31: Perpendicular magnetic field orientation. The effective length LeW- of tra¬

jectories encircling S under an inclination angle & with respect to the magnetic field H

is bigger than the perimeter L.

However, the characteristic temperature 7',- and the amplitude A of the reentrant effect are

depressed by a factor of about three with respect to the field orientation parallel to the

wire axis. These results indicate that, trajectories in the normal metal layer encircling the

superconductor with some inclination angle to the magnetic field might play a role, since

the length of such elliptic paths are bigger than the wire perimeter L. Up to now, reentrant

behavior in perpendicular field orientation has been observed in two samples. However,

more investigations are necessary to provide a quantitative analysis.

4.2.2 Magnetic Response as a Function of Field

In the following we discuss the reentrant paramagnetic effect under magnetic fields. Iso¬

thermal ac susceptibility measurements of sample 5AgNb, as a function of magnetic field,

performed at 7 < 50mK, are shown in Figs, 4.32 and 4.33(a). At 7mK two curves are

shown, a first measurement performed (in thermal equlibrium) directly after cooldown,

and a second one, performed at waiting time ~ 106s after the first one. Similar meas¬

urements have been performed previously on the original wire bundle, as reported in

Ref. [1,2]. For the new measurements, we removed the wire mats from the gold foils

recovered from the ultralow-temperature experiments, rearranged the wires and placed

the new bundle with fewer wires again inside the mixing chamber of our dilution refriger¬

ator.
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is far from complete screening. At 7 = 7mK, it reaches only 30 % of — 1 /4n, due to the

strong paramagnetic contribution.

On raising the dc-magnetic field from zero, the magnetic susceptibility grows rather

steeply. At higher fields, that increase slows down, the susceptibility reaching its max¬

imum value at about 2.5 Oe, before turning towards less paramagnetic values. As the

temperature is increased, the xn(H) cunes show a less pronounced maximum and re¬

duced hysteresis. The behavior at low fields in detail differs from the results with the

old wire bundle [1,2]. Possibly, the different geometrical arrangement of the much fewer

wires in the bundles affect the average susceptibility. Indeed, measurements on a single

wire are desirable. In our present experimental arrangement the measurement of a single

wire's response is not possible, because the signal-to-noise ratio is too small. With the

design of a new gradiometer with coils only slightly bigger in diameter than the wire,

the sensitivity could be sufficiently increased to investigate a single wire's response. This

should be the subject of future investigations.

Cycling the magnetic field in both directions at a temperature of 7mK [Fig. 4.33(a)],

we observe two low-field peaks of the nonlinear magnetic susceptibility %m(H), which are

located symmetrically around zero (residual field < 2mOe). However, the %p(H) curves

are not symmetric for fields below 20Oe. displaying a reduction of hysteresis after each

half cycle. Furthermore, after cooldown from above 50mK, followed by cycling the field

at 7mK, and waiting for ~ 106s, the low-field peak around 2.5 Oe grows up. This can be

observed in the upper curves in Figs. 4.32 and 4.33(a). After cycling the field and waiting,

the whole system crosses to a more stable state, with more pronounced paramagnetic

susceptibility. This result is in accordance with the observation of the long-time effects

in building up of the reentrant paramagnetic susceptibility xpara(7) after cooling down to

ultralow temperatures, as discussed in the previous section.

Hysteresis and nonlinearity are also observed in dc magnetization curves, e.g. shown

for a full cycle of dc-magnetic field at a temperature of 7mK in Fig. 4.33(b). For the

second half of the field cycle, nonlinearity becomes less pronounced, in accordance with

our findings in the nonlinear ac susceptibility curves in Fig. 4.33(a). The value of the

measured magnetization lies between two lines at fields below the breakdown transition.

At low fields one observes clearly the deviations of the magnetization from the induced
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Table 4.2: Table of silver-niobium samples -Paramagnetic Reentrance.

sample L Tr A, A2 A^ T* 7/ 7/ xpf1 7sat

[um] [mK] [4-] [-4L] [X] [mK] [mK] [mK] [ß [mK]

3AgNb 130 97 0.24 1,1 13 5.5 « 0 0.4

5AgNb 72 149 0.4 1.2 5.9 20 II 4.8 « 1 0.8

screening, which is linear in magnetic field. At higher fields the curve asymptotically

approaches the drawn line indicating linear Meissner-like behavior plus a constant para¬

magnetic magnetization. The 77 = 0 intersections of the lines give evidence for a field-

independent magnetization 4kMq œ 1G. The particular deviations of the experiment from

the lines could possibly be caused by the average response of the individual wires in the

bundle. This result from the magnetization data might confirm the idea of a small spon¬

taneous magnetization as suggested recently by Fauchère etal. [23]. Indeed, more exper¬

iments of magnetization curves at different temperatures or cycles up to higher maximum

magentic fields are necessary.

Summarizing, paramagnetic reentrance is an anomalously large effect. It displays a

paramagnetic susceptibility in relatively clean normal metals coating a superconducting

cylinder, at ultralow temperatures of up to the same order as the full Meissner screening

of the NS system, to which it adds up. It is strongly nonlinear in magnetic field, showing

dissipation [ 1 ], hysteresis, and very long time creep effects in building up.

It is a mesoscopic effect occuring in unusually large samples, which displays an

exponential temperature dependence, similar to persistent currents in normal metal rings.

It shows different levels of quantum coherence along integer multiples n— 1,2,4 of the

wire perimeter 7, where strangely enough the case /; — 3 does not occur.

As has been previously discovered in cylindrical NS systems containing the normal

metals silver and copper [1,2], we have found during the work for this thesis paramagnetic

reentrance also in gold-coated niobium cylinders [Sec. 4.1.2]. This discovery is very

interesting, if one considers an expected superconducting transition in gold at Tc m 200/iK

[54]. Therefore, ultralow-temperature measurements m NS samples containing gold are

desirable.
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5 Summary and Conclusions

We investigated the magnetic response of NS proximity layers of high purity, and com¬

pared the experimental data with the quasiclassical theory. A large number of samples

containing combinations of silver, copper, or gold with niobium or tantalum have been

fabricated and measured. All the samples show an induced diamagnetic susceptibility

close to — 1 /4zr for temperatures 7 < Ta- The mean-free path £pi obtained from resistiv¬

ity measurements varied between 0.1 dV and 1.3dpi. With the results of Beizig, Bruder,

and Fauchére. which are based on the quasiclassical theory including arbitrary impur¬

ity concentrations, we were able to reproduce the experimental data very well, using a

mean-free path £, as the only fitting parameter. The mean-free path £ obtained in this

way agrees within a factor of two with the mean-free path In determined from resistiv¬

ity measurements. This good agreement shows that the linear diamagnetic response of

a proximity system with arbitrary impurity concentration is very well described with the

present nonlocal approach. However, the \ery low-temperature behavior, where some de¬

viations occur and in addition an unexplained reentrance of the susceptibility appears, is

still not understood.

Magnetization measurements show a first-order transition at a breakdown field from

a state with almost complete flux expulsion to a state with weak screening. The temper¬

ature dependence of the breakdown field for the cleanest specimens is in accordance with

the clean limit theory. Nevertheless, the complete magnetization curve, in agreement with

the linear susceptibility data, reflects the finite mean-free path of the samples.
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The relatively clean gold-coated niobium cylinders show a shaip increase of the

breakdown fields on decreasing the temperature below 7]ump äj 27 mK, which is also ob¬

served in the diamagnetic screening fraction. The value of 7]imip is independent of sample

size, whereas the height of the jump AHj, roughly increases with increasing normal layer

thickness. This indicates an intrinsic material effect of the gold, roughly proportional

to its volume. Due to some intrinsic (unknown) property of the gold layer the induced

diamagnetism is strengthened in crossing below 7]limp.

We have shown that the proximity theory, based on the quasiclassical approximation

including the full nonlocal current response, can successfully describe the diamagnetic

response of relatively clean NS samples. The experimentally unavoidable low level of

impurities can be accounted for with a mean-free path £ which is of the order of the

sample size.

Wc also have investigated the magnetic response of clean silver coated niobium

proximity cylinders in the ultralow-temperature range 150/jK < 7 < 9K. The paramag¬

netic reentrance phenomenon in silver-niobium cylinders of high purity is a nonlinear

effect of anomalously strong magnitude. The paramagnetic susceptibility #para superim¬

posing on practically full Meissner screening saturates at the lowest temperatures at values

of up to the same order as the diamagnetic susceptibility Xûva of the whole silver-niobium

structure. This anomalously strong paramagnetism in a normal metal in good proximity to

a superconductor is several orders of magnitude larger than e.g. the paramagnetism of per¬

sistent currents in normal metal rings [53]. Nevertheless, the reentrant paramagnetic sus¬

ceptibility shows an exponential temperature dependence X\\\\à(T) x exp(—7/7"*), sim¬

ilar to persistent currents in such systems.

In the mesoscopic regime, the logarithmic slope of the reentrant paramagnetic sus¬

ceptibility Xpma (7) = A exp [—L/£;v(7)] is obtained in certain 7 regimes, limited by the

condition £,n = "£• Here £v(7) is the coherence length m the normal metal obtained from

breakdown field measurements, coinciding with the thermal length çz
— 7ivp/2rtkßT'. In

wires with perimeters L = 72 urn and L = 130 urn, we observe integer multiples n= 1,2,4.

Strangely enough, in this series the integer n = 3 does not occur. Taking into account the

dependence of the prefactor A on 7 and /?, for temperatures 7" < T, and well above the
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saturation temperature 7sat, the reentrant paramagnetic susceptibility can be written as

nL

^-^wexp Sn(T)
with n— 1,2, and4, (5.1)

for ^(7,.) < ^(7) <L,L< $N(T) < 27. and 27 < ^(7) < <^(7;al), respectively. The

paramagnetic reentrance phenomenon has the fingerprint of different levels of quantum

coherence in a relatively clean normal metal coating a superconducting cylinder on the

scale of integer multiples of the perimeter 7, which is as large as a fraction of a millimeter.

This mesoscopic phenomenon occurs in much larger specimens than the usual mesoscopic

samples.

The strongest development of paramagnetic reentrance occurs in the low-

temperature-iow-fieJd corner of the H-T phase diagram. The paramagnetic reentrant sus¬

ceptibility displays dissipation [1], hysteresis, and long time relaxation behavior. These

features give a hint on the presence of spontaneous magnetization in the samples, display¬

ing two metastable states, as has been proposed by Fauchére, Belzig, and Blatter [23],

who assumed a net repulsive interaction in the noble metals.

Paramagnetic reentrance has also been observed in other NS materials [2]. In out¬

most recent experiments we have found reentrant behavior in relatively clean gold-coated

niobium cylinders below a characteristic temperature 7r °c (<7a/)~~''75, with an exponential

temperature dependence of the paramagnetic susceptibility %para [Sec. 4.1|. This effect,

similar to the paramagnetic reentrance phenomenon discovered in clean silver-niobium

samples some years ago by Visani, Mota, and Pollini [1], has to be viewed in the light

of expected superconductivity in gold below 7/ œ 200uK [54]. In consideration of this,

the origin of this puzzling paramagnetism in mesoscopic NS cylinders is still an open

question.
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Appendix A Fitting Procedure

In the following section, we decribe the fitting procedure of the numerical curves to the

temperature dependent screening fraction in the normal metal p/cIn of our relatively clean

NS proximity samples. The numerical curves were obtained according to the theory de¬

scribed in Ref. [19], which is briefly summarized here.

For a superconductor of thickness ds in perfect contact with a normal metal of thick¬

ness c\n and with specular reflecting outer surfaces, such that the NS interface lies in the

y-z plane, the current in the normal metal has the following nonlocal form

h(x) = - ^7v^v,A-/)Av(x/)â'x,, (A.l)
J -ilS

where Av is the vector potential in transverse gauge, if the magnetic field 77 is applied in

z. direction.

The pair potential A is taken to be constant in the superconductor and zero in the

normal metal. The mean-free path ( and the Fermi velocity vp are assumed to be the

same throughout the system. For ds —* °° (h = kp — c~ I), then it follows the magnetic

linear-response Kernel 119]

K(x,x') = afdlp £ frdu?kz2± [\+g^0{u.xv} fl -^.oM]
% 0);i>07o vfu

x [Q(x-x')m(u.x.x') + e(x' -x)m(-u.x.x') !- m(-u.x.dN)m(u,dp,x')] , (A.2)
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96 Appendix A. Fitting Procedure

with the propagator

t <)
J2 f'^o+<AU-^V2V

m(vv, x.x ) -= exp <J — / 7r-
dx ) , (A.3)

The brackets {) denote angular averaging. The integration variable it, the x component

of the Fermi velocity, varies between 0 and vp. /ffl;1.o and g(0n$ are (the real parts of)

the off-diagonal and diagonal Green's functions, respectively, that solve the Eilenber¬

ger equation in the absence of external fields, r = (/vp is the elastic scattering time,

con = %T(2n+ 1) (n — 0,1,2... ) are the Matsubara frequencies, and 6(x) is the stepfunc-

tion.

The Maxwell equation

yi q_

-t-tA(v) = —AW (A.4)
U\" c

has been solved for A^ (x) numerically, together with Eqn. A. I in a large parameter space,

covering 1.6um < dp < 28um and 0.02 < l/dp s 1.0, with vp for silver, copper, and

gold taken from the literature [55].

Then, the screening fraction in the normal metal has been obtained as [19]

f:=^„=l-~iv//. (A.5)
dp H:d

as a function of temperature, normalized to the Andreev temperature 7^ — 7ivp/2n:kpdp.

Different examples have been plotted in Figs. A. 1-A.4.

The fitting was performed with an iterative procedure, starting at a set of numeric¬

ally obtained curves, as they are shown for example in Fig. A. 1. Then the fine tuning was

increased stepwise, by decreasing the (/dp intervals, e.g. as indicated by the dashed lines

in Fig. A.2. The experimental data was given the most weight in an intermediate temper¬

ature regime, where the susceptibility was the steepest. With this procedure the numerical

curve with the best fitting parameter i /dp was chosen.
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1.0 i i i i i i i i

Figure A. 1 : Numerically obtained screening fraction for values vj, = 1.57 • 106 m /s (Cu)

and dp = 1.62pm as functions ofl fT\. Parameters l/dp vary between 0.02 and 1.0.

0.0 I 1 1 < 1 1 1 « 1 1 1

0 2 4 6 8 10

T/TA

Figure A.2: Numerically obtained screening fraction for values \>/ = 1.40 -106 m/s (Au)

and dp = 7.14pm as functions ofT/T\. Parameters £/dp vaiy between 0.02 and 1.0.
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Appendix B Binary Phase Diagrams

Fig. B. I indicates that, there is a finite solid solubility of up a few percent of niobium (Cb)

in gold, and vice versa. During the swagging and codrawing procedures the composite

NS system is heated significantly due to mechanical deformation. Thus, the formation of

AuNb alloys at the NS interface is rather probable.
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Figure B. 1 : "The Phase Diagram Niobium-Gold." [56]
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Figure B.2: "Contribution to the study of the equilibrium phase diagram of the Copper-

Niobium system." [57j

For comparison to the Au-Nb system, we show the binary phase diagram of copper

and niobium (Cb) in Fig. B.2. There is only a finite solid solubility of about one percent

copper in niobium, which occurs above œ500cC.

The solubility of Cb (Nb) in liquid Ag from 1400 to 1700°C is negligible, and that

of Ag in solid Cb for the same temperature range is "vanishingly small'' [58]. The system

apparently has no compounds and is similar to the systems Ag-W and Ag-Mo [59].
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