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ABSTRACT

The superconducting properties and the microstructure of the
AglOO_bex alloys, 1 s x s 5, prepared by rapid quenching from the
liguid state with and without subsequent heat treatments, have been
studied. The x-ray diffraction measurements show that supersatu-
rated solid solutions of Pb in Ag can be obtained up to 3.2 at. ¥ Pb as
compared to less than 0.1 at. % Pb at equilibrium. It was found that
by suitable heat treatment it is possible to vary the size and distribu-
tion of the Pb precipitates in the Ag matrix and reproducible super -
conducting properties in the alloy can be observed. The superconduct-
ing transition temperature of these samples can be qualitatively ex-
plained by the Silvert and Singh's theoretical caclulation. The theory
developedfor the case oflayer structure canbe extendedto three dimen-
sions to explain the critical current versus temperature behavior.
The critical current versus field behavior of these alloys can be ex-
plained by the modification of the Josephson effect. Combining these
results together with the critical magnetic field measurements and the
microstructure studies of the alloys, it can be toncluded that the
three-dimensional proximity effect is the main mechanism for the su-
perconductivity in the Ag-Pb alloys. Based on the Hilsch empirical
formula which was based on experimental results obtained on layer
structures, the experimental data in this investigation show that the
electron-phonon-electron interaction in silver is attractive. .The inter-
action parameter NV obtained is approximately 0.06, which would lead
to a value of 10"'5 °K for the superconducting transition temperature of

Ag. These values are in agreement with other determinations which
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were done on vapor-deposited metallic film sandwiches. Hence, the
Hilsch empirical relation valid for layer structures is also valid in the
three-dimensional case. Because the transition temperature and the
critical current can be varied in a wide range by controlling the heat
treatments, the Ag-Pb superconductors might have some useful ap-

plications.
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I. INTRODUCTION

From simple quantum theory it is known that a particle (or a
wave packet) can penetrate through a potential barrier. There are
many examples of this kind in nature; devices have even been made by
using this idea, for example, the tunnel diode. Superconductivity is
due to an attractive potential between two electrons via an electron-
phonon interaction, which in turn generates the electron bound pairs

called Cooper pairs(“.

It can be expected that this '"'pair' can also
penetrate through potential barriers which have a weaker electron-
phonon-electron attractive interaction or even have a repulsive inter-
action. This potential barrier may be an insulator, a semiconductor,
or a metal. These kinds of super conductor-normal material (SN) or
superconductor-normal material-superconductor (SNS) sandwiches can
carry a supercurrent, provided N is thin enough and the temperature
is low enough. The probability amplitude F = (wt ¥, ) for finding
Cooper pairs is expected to decay exponentially in the barrier, as is
the case of a single particle (wave packet) in the potential barrier.
Theories indicate that this is indeed a good approxixnation(z-4).
If the barrier is an insulator, this pair tunneling effect is called the

Josephson effect(5_7), which has many interesting characteris-

tics('?"g). If the barrier is a normal metal, this pair tunneling effect
is called the ''proximity effect.' The penetration depth of a Cooper
pair in an insulator is usually of the order of 20 - 50 A , while in nor-
mal metals the distance is typically 1000 A and can be made even

(10)

larger if desired Because the penetration depth of a Cooper pair

is so large in normal metals, it is convenient to work with metallic
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films of rather large thicknesses where the chemical composition and
the metallurgical structure can be controlled with reasonable accuracy.
The first "proximity effect' experiment was performed by H.

(11

Meissner ) in 1960. Since then, there has been a large amount of
work done on the theories and measurements of superconducting tran-
sition temperatures and on supercurrents of vapor-deposited metallic

(12-33)

film sandwiches Besides the pair tunneling phenomenon in

(3, 16)

the proximity junction, theories also suggest that by measuring
the superconducting transition temperature or critical current, the
effective electron-phonon-electron interaction can be obtained.

The NS or SNS sandwiches are effectively a one-dimensional
structure in terms of the pair tunneling effect. Studies have very
rarely been done in other dimensions. The first three-dimensional
proximity junctions were manufactured by Raub and Raub in 1965 (36)
by simply annealing the electrolytic supersaturated solid solution of
Cu-Pb. By electron-microscopic investigation they observed that Pb
particles were distributed throughout the Cu matrix. By changing the
annealing temperature and annealing time they could control the par-
ticle size. Unfortunately, they only measured the Tc with the mag-
netic induction method, electrical measurements such as electrical
resistivity versus temperature; critical current and critical field
measurements are missing. Also, some of their annealing tempera-
tures are higher than the Pb melting temperature. This might lead
to a superconducting short circuit of Pb filaments in the sample.

(

Besides Raud and Raub, Tsuei and Newkirk el have tried using ma-

terials like Cu-Nb in the as-cast state to study the three-dimensional
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proximity effect. They did measure the TC electrically. However,
it is hard to control the size of the superconducting particle and in-
terparticle distance in the as-cast state.

In this investigation, the AglOO_bex system where 1 sx<5
was studied. The technique to convert the alloy into a suitable prox-
imity junction will be presented in the next chapter. Electrical re-
sistivity measurements, critical current measurements, critical
field measurements, and superconducting volume measurements
were performed to study the superconducting properties. X-ray dif-
fraction and SEM metallographic studies were used to study the proc-
ess of precipitation of Pb in the Ag matrix. Results show the size of
the Pb particles and interparticle distance can be controlled; there-
fore, the transition temperature and critical current can be con-
trolled. Models based on the extension of one-dimensional theories
were used to explain the experimental results. An effective electron-
phonon-electron interaction in Ag was estimated, which was found
comparable with other investigators' results. Finally, the advantage
of using a three-dimensional structure as compared to a one-dimen-
sional structure in utilizing the proximity effect is shown in Appen-

dix I,
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II. EXPERIMENTAL METHOD

A. Material Choices

The AglOO-bex system with 1 £ x < 5 was chosen in this in-
vestigation for the following reasons.

(a) The maximum mutual solid solubility of Pb and Ag (0.1 at.
% Ag in Pb and 0. 1 at. % Pb in Ag at ZOOOC) is quite low. The maxi-
mum solid solubility of Pb in Ag obtainable by quenching was found to
be about 3 at. % By subsequent annealing, it was then possible to con-
trol the interparticle size and distance of the Pb precipitates in the Ag
matrix which is necessary for creating a proximity junction.

(b) It is possible to establish an inherent electrical contact,
because of the metallurgical bonding between Pb and Ag.

(c) The dimensions of the quenched sample can be accurately
measured. This leads to an accurate measurement of the resistivity,
which in turn gives an estimation of the mean free path in the sample.

(d) Pb has a conveniently high superconducting transition tem-
perature.

B. Alloy Preparations

All the alloys used in this investigation were prepared by induc-

tion melting of appropriate amounts of the following constituents:

Element Source of Supply Purity
Ag Englehard Industries, Inc. 99.99%
Pb Johnson Matthey and Co. 99.9995%

The elements for each alloy were placed in a fused quartz
crucible, evacuated, flushed with argon, and refilled to atmospheric

pressure with argon (99. 99% purity), then melted in an induction

o
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furnace. After final weighing, the alloys were cast into 2 mm rod
using quartz tubing. The weight loss following melting was less than
0.2%, so the nominal alloy compositions were taken as the actual ones,

C. Quenching Technique

The supersaturated solid solution of Pb in Ag was obtained by
""piston and anvil technique'' developed by Pietrokowski(35). The foils
produced by this technique were about 1 to 2 cm in diameter and 50 um
to 100 ym thick.

D. X-ray Diffraction

Since it is difficult to file these samples into a powder, a foil
was first cut into a rectangular shape about 1 mm X 6 mm with a Debye-
Scherrer camera. Typical exposure time is about 4 hours at 45 KV
and 20 mA in nickel-filtered copper radiation. Exposed films are
developed according to the standard procedure. The films were then
read on a film reader. The lattice parameter and its estimated un-
certainty were determined by the Nilson-Riley extrapolation function.
By scanning electron-microscopic and further x-ray diffraction studies,
the grain size in sample foils was estimated to be about 10 um or less.
Therefore, using a foil instead of a powder in the Debye-Scherrer
camera to determine the lattice spacing was justified. The intensity
of the Pb (111) line and the Ag (111) line of annealed foils was deter-
mined by using the Norelco diffractometer in Cu ch. radiation at an
angular displacement of 0. 05° (28) in 150 seconds.

For very accurate measurement of the width intensity and posi-
tion of the peak, an angular displacement of 0. 001° (26) in 30 seconds

was used.
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E. Heat Treatment

Samples which need to be heat-treated were sealed in an
evacuated pyrex glass tube, then put into a furnace in which the tem-
perature was controlled to within 5°G by using a controlled and a
chromel versus alumel thermocouple as reference.

F. Resistivity Measurement

Resistivity versus temperature experiments were performed
using the standard four point probe method. Samples were cut into an
approximately 0.8 cm X 0.2 cm rectangular shape. Pure platinum
wire was then spot-welded on the specimens. The samples were then
mounted on a low temperature probe. Current was supplied by a PAR
voltage/current reference source (model TC-100 2BRC) with an ac-
curacy of = 0. 005% (range from 0 - 200 mA) or a HP 6177B d.c. cur-
rent source (accuracy 1%, range 0 -500 mA). The current and po-
tential were measured by a Dana 5800 DVM with an accuracy of £ 0.1
Mv. Only the potential was measured, the current being obtained from
the potential drop across a standard resistor of 0. 05Q0. Thermal
gradient effects were minimized by current reversal. The tempera-
ture was measured by a calibrated Ge crystal (useful range from 1. 2>
K to 77°K) and a copper - constantan thermocouple (useful range from
77°K to room temperature).

G. Critical Current Measurement

(a) Critical current versus temperature at earth magnetic

field. The experimental set-up of this measurement is the same as
the resistivity measurement except that the current was allowed to

vary. The critical current was defined as the current which gave rise
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to a potential difference of 1 uv between the contacts. By changing
this voltage criterion by an order of magnitude, the critical current
changed by less than a factor of two.

(b) Critical current versus temperature with magnetic field

applied and critical current versus field measurement. For these

experiments, the specimen was mounted on a probe as shown in
Fig. 1. The specimen and the current leads were mounted between

two heaters which were made of copper and were hemispherical in
cross section. The heater wires were woundnon-inductively on the
copper pieces.

A calibrated GaAs temperature sensor made by Lake Shore
Cryogenics was placed under the specimen. Wood's metal was used
to seal the entire heater-specimen assembly in a cylindrical canister.
The canister was evacuated and back-filled to a partial pressure with
He gas to improve the heat exchange with the liquid He bath. A tem-
perature controller was used to control the temperature of the
heater-specimen assembly to within 0. 1°K. The probe was then
centered in a Varian 12'' magnet. The magnetic field was measured
by a Bell 640 incremental Gaussmeter and a Varian proton resonance
device.

The sample was measured with the magnetic field both per-
pendicular and parallel to the current flow. Current in the range
from 0 to 500 mA was supplied by the same current supply used in the
.resistivity measurements. In addition, a Kepco d.c. power supply
was used to obtain higher current values. Voltage across the sample

was measured by a Dana 5800 DVM with a resolution of = 0.1 uv.
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Again, the critical current was defined as the current which gave rise
to a potential difference of 1 pyv.

H. Magnetoresistivity

The experimental apparatus for the magnetoresistivity was the
same as that used for the critical current versus field. However,
for these measurements the current was fixed and voltage across the
sample was recorded as the magnetic field was varied.

I. Superconducting Volume Fraction

(a) a.c. bridge method. The bridge circuit used in this

investigation is based on the design used in the superconducting ma-
terial division of Bell Telephone Laboratory. A schematic diagram
of the bridge is shown in Fig. 2(a), and its equivalent circuit is shown
in Fig. 2(b). a PAR lock-in amplifier was used as a null detector.

A sample in the form of small pieces and a Nb particle with a
known mass were sealed into a teflon tube, which in turn was in-
serted into the sample coil. The bridge was balanced at 10°K. The
temperature was then decreased. Because of the Meissner effect in
the sample, the bridge became unbalanced at temperatures below the
transition temperature. The amount of sample used in this experi-
ment was usually about 5 mg to 20 mg, which has an equivalent vol-
ume normally about 5 per cent or less of the volume of the coil.
From simple circuit analysis, the superconducting volume fraction X
can be related to the unbalanced voltage as measured by the lock-in

amplifier by the following formula:

volume of the Nb particle X [AV (due to the sample at temper-
ature T)]
volume of the sample X [AV (due to the Nb particle)]

X(T) =



] s

X—Y Variable Variable
Recorder Capacltance Resistance
Temperature Sample Ref.
(a) Input Coil Coll
Lock —in
Amplifier
Ref. sig. | *°
Input Input
220 | 224
LT
60040 |
OSCillator
2¢ av | 4o
-\ Lock +V
(b) i
22 N 220
AAAAAAAAAANS—

‘ 6000 |
0oscC

Fig. 2. (a) Block diagra.m of equipment used for measuring the
superconducting volume fraction. (b) The equivalent

circuit of (a).
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where the AV is the unbalanced voltage which was measured by the
lock-in amplifier.

(b) Magnetization measurement. Since the Ag-Pb system is

a Type I superconductor in nature (see discussion, section C),

M = _X(H, )
41

tion which is a function of both the magnetic field and the temperature.

H, where X(H, T) is the superconducting volume frac-

If M versus H can be measured at a given temperature, then x as a
function of H can be obtained at that temperature. The measurements
of M versus H can be deduced from the susceptibility versus H
measurements. The measurements of susceptibility were made by
using a 6-inch electromagnet equipped with a constant force pole cap.
The force gradient was 10.25 (KOe)Z/cm for 0.4 inches under a pole
piece gap of 1 inch. The force exerted on the sample was measured
using a Cahn null balance with a sensitivity of 5 microvolts for 0.1
microgram, at an accuracy of 10 per cent. Temperature was meas-
ured by a calibrated Ge crystal, sensitive to 0. 05°K at low temper-
atures (T < 10°K).

The specimen was then chopped into fine pieces and loaded into
a gelatine capsule. The capsule was then suspended from the electro-
balance with a 0. 003-inch quartz fiber.

The balance, under a bell jar, was in connection with a quartz
tube housing the heater and thermometer, while the gelatine capsule
holding the sample was hanging freely from the balance. The sample
chamber was supported in a standard dewar assembly. The mag-
netic field was measured by a Bell 640 incremental gaussmeter.

The overall accuracy of the measurement was estimated to be about
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2 per cent above 1 KG (1000 Gauss) and 5 per cent below 1 KG for a
sample weighing 100 mg.

J. Metallographic Studies

(a) Preparation of sample. A sample foil was first cut into a

rectangular shape about 0.8 cm X0.2 cm. The foil was then firmly
clamped between two % inch X% inch X% inch 316 stainless steel blocks.

This assembly was placed in a Buehler 1 -i—inch bakelite ring mold so
that the foil would be on the edge, and then vacuum cast in Buehler
plastic epoxide resin.

The mounted specimen was wet ground on No. 400 wet-on-dry
paper, followed by No. 600 paper.

Rough polishing was done on an 8-inch wheel, covered with
nylon cloth, and charged with 6 um diamond paste. Intermediate pol-
ishing was done on an 8-inch wheel covered with Buehler microcloth
and charged with 1 ym diamond paste. Final poiishing was done on an
8-inch wheel covered with microcloth and charged with a distilled-
water suspension of 0. 05 uym gamma alumina. Etching was done by
swabbing with an aqueous solution of 0.2 per cent each of HZCrZO4
and HZSO4

specimen.

i time was 20 to 30 seconds, depending on the individual

The specimen was alternately polished and etched at least 3
times to assure removal of the disturbed layer.

(b) Microscopic study. The sample was first examined with a

Bausch and Lomb Metallograph at a magnification of 750X. To en-
sure that a thin layer of Ag was removed by the etching agent exposing

the subsurface Pb particles, the specimens were then coated with a
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thin carbon film by vapor evaporation to avoid the static charge in-
duced by the electron beam bombardment in a Cambridge Scanning
electron-microscope. Specimens werethenexamined and the identifi-
cation of Ag and Pb phases was done by an EDAX (Energy Dispersive

Analysis of X-rays) system. The typical magnification of the sample

was in the ranges between 2, 000x to 30, 000x,
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III. EXPERIMENTAL RESULTS

A. Lattice Parameter

The lattice parameter measurements on samples of AglOO_bex
with 0 € x <7 immediately after quenching are shown in Fig. 3. From
Vegard's law, it can be seen that the solid solution of Pb in Ag can be
extended to about 3.2 at. % Pb. However, for a given quenched sample,
because the quenching rate of different parts of the sample is not the
sa.zne(53' 69), the measured lattice parameter has a range as seen in
Fig. 3. Since all the quenched samples are metastable at room tem-
perature, it is necessary to examine the stability of these samples.
The lattice spacings were measured for quenched samples which were
annealed at room temperature for various times. For a given sample,
if the lattice spacing remains the same for a relatively long time, it
can be considered stable. For a given composition, about four to five
samples were checked to make sure that samples produced by the piston
and anvil techniques were reproducible. A typical result was the

Ag97Pb samples in which the lattice parameter for samples immedi-

3
ately after quenching was observed to be the same as for samples an-
nealed at room temperature for four months. Even for samples an-
nealed at room temperature for two years, the lattice parameter was
only changed from 4. 1044& initially to 4. 100 A. It can be concluded
that the quenched samples are quite stable at room temperature.

For samples with more than 3.2 at. % Pb, particles of Pb will
start precipitating immediately after quepching. The undissolved Pb

will either form in grain boundaries or distribute throughout the Ag

matrix, causing the superconducting properties to be non-uniform for
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different quenched foils. With less than 3.2 at. #Pb, the precipitation
of the Pb particle in the quenched samples can be controlled by anneal-
ing at temperatures below 300°C. However, as seen from the phase
diagram of the Ab-Pb binary system in Fig. 59, the eutectic tempera-
ture is observed to be 304°C. Therefore, it can be expected that the
diffusion rate of Pb particles in all the quenched samples annealed at
300°C will be very high. It was actually observed that for a given
quenched sample annealed at 300°C for only 10 to 20 minutes, the lat-
tice parameter experiment showed that the Ag lattice spacing had al-
ready returned to the equilibrium value. It was found that the most
reasonable rate of precipitation could be obtained by annealing the
quenched samples at ZOOOC, and that the results were highly repro-
ducible. For example, Fig. 4 shows that the lattice spacing of Ag
gradually returns to equilibrium as a function of annealing times for
samples of Ag97Pb3 annealed at 200°C.

B. Transformation of the Supersaturated Solid Solution

By measuring the x-ray diffraction peak intensity ratio of the
(111) Pb line to the (111) Ag line of the quenched and heat treated Ag-
Pb alloys, the amount of transformation from the supersaturated state
back to equilibrium in the alloys can be obtained. The results for the
guenched Ag97Pb3 samples annealed at 200°C and 300°C for various
times are presented in Table I. The half width of the Ag (111) line of
all the quenched Ag97Pb3 samples has A26 < 0. 38°. This indicates
the Ag lattice does not get distorted after quenching. For the other
compositions of Pb in Ag, samples with less than3 at. % Pb show the

same transformation behavior as the quenched Ag97Pb3 samples.
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Table I
Peak intensity ratios of the (111) Pb line to the (111)
Ag line of the quenched Ag97Pb3 alloys annealed at

ZOOOC, 300°C and room temperature

. ) I b(1 11)
Annealing A:n'x.leahng T I
temperature time Ag
(°c)
25 0 hours (or as quenched) <. 01
25 4 months <,01
25 1 year <.01
200 5 hours 0.023
200 27 hours ’ 0. 045
200 41 hours 0. 046
200 67 hours 0. 072
200 100 hours 0.094
200 500 hours 0.1
200 2000 hours 0.1
300 1 hour 0.099
300 337 hours 0.1
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For samples with Pb content above 3.2 at. %, Fig. 3 has al-
ready shown that the samples are not a supersaturated solid solution
anymore, but exist as two phases. Therefore, no x-ray intensity
measurements for the transformation studies have been made.

C. Resistivity Measurement

1. Resistivity versus temperature. The resistivity versus

temperature results of the quenched AglOO-bex , 1sx <5 samples
and those with subsequent annealing can be divided into two regions.
(a) Temperature range between 7. 2°K and 300°K.

All the samples in this region show typical dirty metallic al-
loys behavior. Some examples are shown in Fig. 5. The resistivi-
ties depend linearly with temperature for T > ZSOK; while between
7.2°K and ZSOK, the residual resistivities are independent of tem-
perature. The residual resistivity is important because it can de-
termine the mean free path of Ag in the sample, and this mean free
path in turn determines the superconducting properties of the sample.
An example of the residual resistivity as a function of annealing time
for a given composition and an annealing temperature is shown in
Fig. 6.

(b) Temperature below 7. 2°K.

This is the interesting range. The superconducting properties,
if they exist in the sample, become evident. To make the resistivity
versus temperature results for samples annealed at a given tempera-
ture for various times more clear, the resistivity was normalized
with respect to its corresponding residue resistivity and then plotted

against temperature. The results for quenched AEIOO-bex samples
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annealed at 200°C and 300°C for various times with x = 5 3 2.5, 1.8,
and 1 are shown in Figs. 7 through 16. All the samples were meas-
ured with current density J= 20 amp/cmz. In general, for a given
composition and annealing temperature, the transition temperature
goes up with increased annealing time.

For quenched Aggsts samples, as seen in Figs. 7 and 8, all
the samples were superconducting. Samples in this composition show
some inconsistencies; in other words, different foils which were pre-
pared and treated in exactly the same conditions can have different
transitions. For example, in Fig. 7, curves 1 and 3 are two samples
which were measured immediately after quenching, but these two
transitions are different. Due to this kind of non-reproducible results,
it was decided that the samples with Pb content more than 3 at. % be
deleted in other measurements.

For quenched AglOO-bex samples, 1 < x £ 3, consistent and
reproducible results were obtained in different foils which were pre-
pared and treated in exactly the same conditions. In this composition
range, it can be observed from Figs. 9 through 16 that samples meas-
ured immediately after quenching and samples annealed at 200°C less
than one hour are not superconducting down to 1. 2°K. It can also be
observed that for samples which were annealed at the same tempera-
ture for the same time, but were of different compositions, the tem-
peratures at which the resistivities (p) drop to zero decrease with
the Pb content in the sample; but the onset temperatures at which the

p/pn start to drop keep approximately constant with the Pb content
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"
in the sample. For quenched samples annealed at 30000, the onset of
the transition was observed to move to 7. 2°K for annealing times above
5 hours except in samples with only 1 at. # Pb in Ag, in which the
critical current for T >4°K is too small to be detectable.
Some of the samples show some finite resistance at low tem-

peratures; for example, in Fig. 11, the quenched Ag97 5Pb sam-

2.5
ples annealed at 200°C for 97 hours and 211 hours show finite residual
resistances at T < 3.5°K. This effect was considered to be due to the
contact resistance between the spot-welded Pt wires and the samples.
In conclusion, the complete superconductivity p = 0 can be
obtained most easily and reproducibly in the Ag97Pb3 samples an-
nealed at 200°C for various times. Therefore, these samples are

most suitable for the other kinds of measurements in proximity ef-

fect studies.

2. Magnetoresistivity. The magnetoresistivity versus tem-
perature results are very similar to the p versus T cases. For ex-
ample, the normalized magnetoresistivities versus temperature of
the quenched Ag97Pb3 samples annealed at 200°C for various times
with magnetic field parallel to the direction of the measuring current
at T=1.3°K are presented in Fig. 17. The results show that the
magnetic field strength at which the superconducting transition occurs
increases with annealing time. For samples which were annealed at
the same temperature for the same amount of time, but were of dif-
ferent compositions, the magnetic field strength at which the re-
sistivities (p) drop to zero decreases with the Pb content in the sam-

ple, but the onset temperatures at which the resistivities start to
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G B
drop keep approximately constant with the Pb content in the sample.
This behavior is similar to the p versus T cases.

It was found that for a given sample the transverse and longi-
tudinal magnetoresistivities versus field are not the same. An ex-
ample is shown in Fig. 18. For that particular sample, the magnetic
fields at which the complete disappearance of resistance occurs have
a difference of about 40 Gauss for the cases of magnetic field parallel
to the direction of current and perpendicular to it.

D. Critical Current Density (J_)

1. Critical current density versus temperature in earth mag-

netic field. At a given temperature, for quenched AglOO-bex sam -
ples, 1 = x € 3, with the same heat treatment, the critical current
density was found to decrease as x decreases. For Ag98. 5Pb1. 5
and Aggngl samples, the critical current is too small to be detect-
able even at very low temperature (T ~ 1. 3°K).

The critical current versus temperature for samples annealed
at 200°C for various times have approximately the same behavior.
Figure 19 shows the results obtained from a quenched Ag97Pb3 sam -
ple which was annealed at 200°C for various times. Since the same
sample was used, the critical current can replace the critical current
density in observing the differences in the qualitative hehavior of the
J'C versus T. It can be observed that the critical current decreases
rapidly as temperature increases, and for a given temperature the
critical current increases as the annealing time gets longer. This

effect can lead to the fact that the resistivity versus temperature

curve is dependent on the measuring current density. An example of
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Critical current as a function of temperature of a quenched
Agg,Pb, alloy annealed at 200°C. A annealed for 54 hours,
o annealed for 102 hours, e annealed for 225 hours, X
annealed for 500 hours.
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this effect is shown in Fig. 20. It can therefore be expected that if the
criterion for the transition temperature of the sample was defined as
the temperature at which the resistivity drops to zero (as it normally
is used in defining the Tc of ordinary superconducting compounds and
alloys), then for the same sample, different measuring current den-
sity will give different Tc' Typical results are shown in Fig. 21.
However, from Fig. 20, the onset of p versus T seems to be inde-
pendent of the measuring current density, and it will therefore be a
good choice for defining the TC in the sample.

For quenched samples annealed at 300°C for less than 20 hours,
the qualitative behavior of the critical current density versus temper-
ature as compared to those annealed at 200°C are about the same.

But as the annealing time increases, particularly with samples an-
nealed more than 50 hours, the critical current tends to reach a finite
limit at low temperature. A typical example of this behavior is shown
in Fig. 22.

2. Critical current density versus temperature under applied

magnetic field. The critical current versus temperature behavior for

quenched AglOO-bex samples, 1 € x £ 3, annealed at 200°C for vari-
ous times, and samples annealed at 300°C for less than 10 hours

under various magnetic fields are very similar. A typical example is
shown in Fig. 23. It ca.n‘be seen that for a given temperature the
critical current decreases as magnetic field increases, and at T =

1. 3°K there is about 30 per cent decrease in the critical current

when H only increases from earth magnetic field to about 11 Gauss

for that particular sample.
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The qualitative behavior of the I versus T curve remains the
same. But for quenched samples annealed at 300°C for long times

(especially t > 50 hours), the critical current seems independent of the
strength of the magnetic field up to 150 Gauss at T = 1. 3°K.

3. Critical current density versus field and the method to

choose samples which exhibit proximity effect. The critical current

density (JC) versus field (H) behavior was only performed on qluenched
and annealed Ag97Pb3 samples because, for a given field, the critical
current was found to decrease rapidly as Pb content in the sample
decreases, and becomes undetectable for samples with 1.5 at. %Pb or
less even at T = 1. 3°K.

The IC versus H measurement on a quenched Ag97pb3 sample
which was annealed at 200°C for various times at T = 1.3°K is shown
in Fig. 24. Again, the same sample was used; therefore, the critical
current can replace the critical current density in observing the dif-
ferences in the qualitative hehavior of the Jc versus H. As in the case
of I_versus T, the critical current decreases rapidly as temperature
increases, and for a given field the critical current increases as the
annealing time gets longer. This effect can lead to the fact that the
resistivity versus field measurement is dependent on the measuring
current density which was observed in the magnetoresistivity meas-
urement.

For a given sample, as temperature increases, the Jc pre-
servesthe same dependence with H, except the magnitude of Jc de-

creases. An example is shown in Fig. 25.
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Again, as in the case of I, versus T, the IC versus H for
quenched Ag97Pb3 samples annealed at 300°C for less than 20 hours
is similar to the result which was obtained from samples annealed
at ZOOOC, and samples annealed at 300°C for more than 50 hours show
the saturation of IC at low field. An example is presented in Fig. 26.
Since this kind of behavior is due to the filamentary effect of Pb in
Ag that forms a superconducting short circuit across the sample, the
Ic versus H or T experimental results can be used to distinguish
samples which exhibit proximity effect, or the ''good'' samples, from
samples which exhibit filamentary effect, or '"bad' samples. Of
course, this has to be further justified by the additional experiments
like metallography studies and the superconducting volume fraction
experiments. It was found that for quenched AglOO-bex samples with
1 sx =<3, "good" samples were obtained and can be reproduced in-
definite times in those samples annealed at 200°C and those samples
annealed at 300°C for less than 1.5 hours. The three-dimensional
plot of the critical current density, magnetic field, and temperature
for a typical '"good'' sample is shown in Fig. 27. For this sample, the
critical surface which divides the superconducting state and the nor-
mal state is concave, which is quite different from the ordinary Type
I bulk superconductors in which the critical surface is convex.

E. Superconducting Volume Fraction (SVF)

l. a.c. bridge results. As in the critical current case, the

superconducting volume fraction of quenched AglOO-bex samples,
1 £ x < 3, was found to decrease rapidly as x decreased, and became

undetectable for x = 1.5 and x=1 evenat T = 1. 3°K after the same
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heat treatment. Therefore, only results on quenched and ann.ealed
A397Pb3 samples are presented.

Again, similar to the case of IC versus T, the superconducting
volume fraction measured by the bridge method for quenched Ag97Pb3
samples annealed at 200°C and those samples annealed at 300°C for
less than 10 hours have approximately the same behavior. A typical
example is shown in Fig. 28. By careful comparison, for a given
sample after normalization, the superconducting volume fraction
(SVF) versus temperature curve can be perfectly matched to the Ic
versus T curve. This means that the maximum current which the
samples can carry without destroying the superconductivity is pro-
portional to the superconducting volume fraction.

The SVF magnitude was found to be sensitive to the amplitude
of the a. c. current which flows in the sample coil. The rms value of
the a. c. magnetic field inside the sample coil is proportional to the
rms value of the driven current. The SVF for quenched Ag97Pb3
samples annealed at 200°C for 307 hours for various rms magnetic
fields inside the coil is shown in Fig. 29. It can be observed that for
a given temperature the SVF decreases with increasing magnetic
field in the coil. This is expected for a sample which exhibits the
proximity effect. The curve formed by open circles in Fig. 29 is
corresponding to the minimum current of which the lock-in amplifier
can give a reasonable sipnal.  This corresponds tov a 0.9 Causs mag=
netic field in the sample coil (including the effect of earth magnetic
field). At very low temperature (T <1. SOK), it can be seen that the

SVF gets saturated. The reason is obvious from the graph: the
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e
SVF is about 90 per cent with 10 per cent error at T ~ 1. SOK; there -
fore, the whole sample is nearly completely superconducting.

For quenched Ag97Pb3 samples annealed at 300°C for relatively
long times (t > 50 hours), it was observed that the SVF is only about
2 - 3 at. % at low temperature. This agrees with the findings in criti-
cal current measurements and microstructure results, that for these
samples the superconducting properties are due to the Pb filamentary
effect. However, at very low temperature, T ~ 1. SOK, for some of
those samples the superconducting volume can again rise above the
physical volume of Pb. An example is shown in Fig. 30.

2. Magnetization measurement results. From the last few

sections and section F in the experimental results, it can be seen that
quenched Ag97Pb3 samples annealed at 200°C can produce a well-
defined geometry to exhibit the three-dimensional proximity effect. A
typical example of the magnetization (M) versus field (H) results of
these samples is shown in Fig. 31(a). It can be seen that the -M ver-
sus H curve is very similar to the behavior of a Type 1l supercon-
ductor except the M versus H at low field is not a straight line. It
will be explained and proved in the discussion that each SNS junction
in this investigation is actually Type I in nature. The reason that the
-M versus H plot looks similar to a Type II superconductor is because
the superconducting volume fraction (SVF) is decreasing with field. By
using the expression -47M = (SVF)XH, the SVF versus H for a given
temperature can be obtained. The SVF value obtained from Fig. 31(a)
is shown in Fig. 31(b). Again similar to the case of SVF versus T

which behaves just like I_ versus T, by comparing Fig. 31(b) to Fig.
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24, it can be found that the SVF versus H and JC versus H behaviors
are nearly identical. Therefore, this again proves that the SVF and %,
are proportional.

F. Metallographic Studies

The scanning electron-microscopic (SEM) pictures of the
AglOO-bex samples with x £ 3 immediately after quenching were
taken. The results show that the samples are practically single phase
with only a few very small Pb-like nuclei distributed through the
matrix and they are very far apart. A typical example is shown in
Fig. 32 of an as-quenched Ag97Pb3 alloy. It can be observed that
there are a few particles with the size of the order of 500 A or less.
The grain sizes are very small too, with a.verauge size about 8000 A.
The particle was examined by the EDAX technique. Because of the
small size of the particle, an electron beam of the size about 100 A
can melt the particle in a few seconds; therefore, the counter cannot
collect enough data from the x-ray emitted by the particle to get a
reasonable spectrum. However, some of these particles were able
to be identified as the residual Pb nuclei. These residual solvents
have been observed in other liguid-quenched solid solutions(54).

Some of the particle-like images are actually due to the etching
effect, polishing roughness, and etch pits, etc. Also, these images
might be due to the resolution, which is only about 500 A for the SEM
picture in this particular sample. In conclusion, the sample can be
considered as a single phase and practically free from precipitation.

After annealing the quenched Ag97Pb3 samples at 200°C for

various times or 300°C for t < 10 hours, the SEM picture shows a
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nearly uniform distribution of Pb particles dispersed through the Ag
matrix. An example of these samples is shown in Figs. 33 - 35,

These figures show a quenched Ag97Pb3 sample annealed at 300°C for
one hour with different magnifications. The identification of the
phases of the background and the precipitates was done by the EDAX
technique. The comparison of the characteristic x-ray line emitted by
the background and the particle is shown in Fig. 36. The dotted curve
(right) is the x-ray intensity collected from the background, and the
solid curve (left) is collected from the particle. The dotted curve has
a peak around 2. 95 Kev to 3 Kev with width £ 0.2 Kev. This peak was
identified as the combination of the characteristic L@ and L lines of
Ag. The solid curve has a peak around 2. 35 Kev which was identified
as the characteristic M line of Pb. Therefore, the phases were de-
termined. The size of the Pb particle has a distribution in these
quenched and annealed samples; for example, the particle size distri-
bution of Fig. 33 is shown in Fig. 37. It can be observed that there is
a maximum in the size distribution function; in that particular sample
of Fig. 37 the size at which the maximum occurs is around 8300 A.
By defining the dimension of the particle in a given sample as the size
at the maximum of its size distribution function plus or minus its
standard deviation, then the experimental result of the dimension of the
particle against the annealing time in the quenched Ag97Pb3 samples
annealed at 200°C and 300°C is shown in Fig. 38. In the cases of an-
nealing at 200°C, it can be observed that the dimension of particle
increases rapidly for annealing time less than 25 hours; then the rate

of growth becomes gradually slower. The dimension of the particle is
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nearly independent of annealing time after 50 hours of annealing. In
the cases of annealing at 300°C, the dimension of the particle in-
creases very fast for annealing time t < 20 minutes, then increases
nearly linearly but with lower rate until t ~ 10 hours. After that,
the growth of the dimension of the particle seems stopped.

For quenched Ag97Pb3 samples annealed at 300°C for t >50
hours, it was discovered that more than 90 per cent of the Pb pre-
cipitates were along the grain boundary, thereby forming continuous
Pb filaments across the whole sample. For example, the picture of a
quenched Ag97Pb3 sample annealed at 300°C for 311 hours is shown in
Fig. 39. However, even in these cases, some of the small particles
still can remain in the Ag matrix, but this kind of precipitation was
usually around the big Pb particles. If a SEM picture was taken
around one of the Pb particles in Fig. 39, then Fig. 40 is obtained. It
can be observed that many small Pb precipitations were around the big
Pb particle which is in the upper half of the picture. The size of the
precipitates becomes larger as the distance between the small pre-
cipitates and the big one lessens.

For other compositions of the quenched AglOO-bex samples
with x < 3, after annealing them for the same temperature and the same
time as a quenched Agg7pb3 sample, it was found that the dimension
of the particles is about the same magnitude. However, the average
interparticle distance of those samples becomes larger as the composi-

tion of Pb in Ag decreases, as expected.
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G. Relation between Superconducting Transition Temperature and the

Dimension of the Pb Precipitates

It was discussed in the critical current versus temperature re-
sult section that it is reasonable to define the superconducting transi-
tion as the onset of the resistivity versus temperature transition. By
doing that, the experimental relation of the transition temperature
and the dimension of the Pb particle for quenched and annealed
Ag97Pb3 samples can be plotted, and is shown in Fig. 41. It can be
seen that the 'I‘C increases from 1.5°K to 7°K as the dimension of the
particles increases from 1000 A to 10000 A . Also by extrapolation,
it can be found that Tc would disappear when the dimension of the Pb
particle is smaller than 800 A. It therefore explains why the as-
quenched samples, although they still have some small Pb nuclei, are
not superconducting.

Although Fig. 41 is the result for quenched and annealed
Ag97Pb3 samples, it remains approximately true for the other
quenched and annealed AglOO_bex samples with 1 = x <3.

As mentioned in the resistivity results, the onset of the transi-
tion in resistivity versus temperature seems independent of composi-
tion (x s 3) for samples with the same heat treatment. From metal-
lographic studies, the dimension of the precipitates in the sample is
independent of composition too, for a given heat treatment. It can
therefore be concluded that TC defined in this section is nearly inde-
pendent of the average interparticle distance of the Pb particles, and
only depends on the dimension of the particles.

One more thing has to be mentioned, that is, that T measure-
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Superconducting Transition Temperature (°K)

Dimension of Particles (10° A)
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Fig. 41. The superconducting t;i-ar;sition temperature versus the
dimension of the particle (precipitate) for the quenched
and heat-treated Ag97Pb3 alloys.
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ments on the quenched and annealed Aggng1 samples are very diffi-
cult to perform, simply because the critical current and the SVF in
these samples are too small. Determining 'I‘C by measuring the elec-
trical resistivity versus temperature, the accuracy is limited by the
resolution of the digital voltmeter, and the measuring current should
be smaller than the critical current of the sample. Since the critical
current density in quenched and annealed Agggl:’b1 samples is ex-
tremely small (normally less than 1 A/cmz), very small current has
to be used. However, if the current is too small, then in the normal
state the voltage across the sample is too small to be detectable.
Therefore, higher current was used, but this current magnitude might
exceed the critical current. That is why the superconductivity in most
quenched and annealed Aggng1 samples cannot be observed clearly,
as was shown in Figs. 15 and 16. Since it is known that SVF is pro-
portional to the critical current, measuring T by the a.c. bridge
method in the quenched and annealed Aggngl is also very difficult.
The Tc determination on the quenched and annealed Ag99Pb1 samples
was done by combination of the above two methods, but with much

larger experimental error than the other compositions.
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IV, DISCUSSION

A. Relevant Theory about the Occurrence of Superconductivity for

the Samples in this Investigation

The relevant theory which is deduced in this section is based

(3) AT o s eutionl. cal-

on de Gennes' theory and Silvert and Singh's
culation on the ""proximity effect' in superconductor.
For a superconductor at normal state (T > Tc)' the one electron

wave function wn(r) is defined by

2 -
[’:}z‘)ﬁ + u(r):l w_o=e_ w (4.1)

n

where p2/2m is the kinetic energy of the electron, u(r) is the effective
potential and € is the energy eigenvalue,

(1)

For T < Tc‘ according to the BCS theory, electrons form
pairs when there is an effective attractive interaction obtained by
pairing one electron in a state Wo» and another in the time-reversal

state w . The transition temperature of the superconductor can be

characterized by the parameter NV according to the relation
T_ = 1.14 6 exp (- o) (4. 2)
¢ : D NV. :

where N is the density of states at the Fermi surface, and is always
larger than zero, V is the effective electron-electron interaction and
BD is the Debye temperature of the sample. The criterion for the

metal to be a superconductor is therefore V > 0. The above relation

and proéedure in forming pairs work only when the pair potential or

the order parameter in the material, A(r), may be taken as independent
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of r: in an infinite dimension (or at least the dimension is much
larger than the coherence length), pure metals or homogenous alloys.
The order parameter A(r) is defined as F(r) which is equal to (\#1 \lfz),
the probability amplitude of the Cooper pair, multiplied by V. Morel
and Anderson(43) have pointed out that V is essentially a point inter -
action so that in a system consisting of two different metals, one can
suppose that the interaction parameter changes abruptly on the bound-
ary. It is the fact that the condensation amplitude of the superconduct-
ing electrons cannot change abruptly at the boundary, but only over a
distance of the order of a coherence length, which gives rise to the
proximity effect.

In this investigation because NV varies spatially in the sample,
the optimum pairing,as in the case of pure metal or homogeneous
alloy, is no longer applicable. The Garkov self-consistent integral

equa.tion(44) has to be used to calculate the spatial variation of A(r).

AE) = VO T/ a3 AE) H (T (4. 3)
and
H (FF)=TE T 1 L Xw_(f)w_ (Fiw_(F')w_ () (4. 4)
wrr X e_~-iw e_ +iw n m n m '
w nm “n m
where w = 27T(V+3) is the phonon energy and the sum 2 represents

w
a sum over all (positive or negative or 0) integers (V). The function

wo is the one-electron wave function, in the normal state, defined by
eq. (4.1). The maximum temperature T at which eq. (4. 3) has a

nonzero solution A(r) is the transition temperature TcNS of the system.
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The symmetric kernel HuJ (;;') has some interesting properties,
From the orthogonality of the (real) functions w's, the following

relation can be obtained

--a-o' 3 4
IHw(rr Jda"x

1]

5 i S SN (-1")\z
n,€nz+wz n

I

NG [

de
€2+w

F’:—l N(r) (4. 5)

(45)

where N(T) is the local density of states, Consider the sum

Galr=") = 2w e (o (7w ()
X a(en -e + Q) (4. 6)

where the average is taken over all states n with a fixed energy €
When G is known, Hw(;;') can be derived simply according to (4.4).

Now observe that the Fourier transform of GQ(;_{") in eq. (4.6)

Qt

GED ¢) = E‘l?r [at ettt G (FFY) (4.7)

is a one-electron correlation function, namely

GEr't) = [(F(0) - 1)][T(t) - =] | (4. 8)

where the average is over all one-electron states of energy €. (in
practice at the Fermi energy) and ;(t) = eIEt r e-"Et is the electron
position operator in the Heisenberg representation. E = p2/2m + U(;)

is the Hamiltonian.



13
In the "'dirty' limit in which the mean free path in the material,

L, is much smaller than the coherence length in the ''clean'' limit

Bve  (4,10)
{L—+ ) & = ST T *>77 as isnormally encountered for the samples
e LIS

in this investigation, then the correlation function (4. 8) spreads out

according to the diffusion equation

(3/8]t]) G@F, 31, t) - DV2 G(E, T, t)

= constant X 6(?, ;‘)6 (t) (4. 9)

where D = -;— Vf.@ is the diffusion coefficient and vf is the Fermi

velocity. Taking Fourier transform of eq. (4. 9), the following equa-

tion can be obtained

I

Gola) = [ G #neld -F) a3 7

constant X {——l—-? + C. C.} (4.10)
iQ+Dg

By combining eq. (4.4), eq. (4. 6) and eq. (4.10), the function Hw can
be obtained

ig* (r —_1"') d3;,

H (@) = [H T e

1 ]
constant X fde dQ S TG

1
X {:—(-_—1—:5-;2 3 C.C.}

1 (4.11)

= 20N —————,
2|w| + Dq

where the constant has been obtained from eq. (4.5).
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By assuming the solution in eq. (4.3) as A~ eiqr‘ and using
the Fourier transform eq. (4.11) to perform eq. (4. 3), then summing

over ), vyields the exact solution;

1

NV (4.12)

2 .2
X(E™ q7) =én(1.14 eD/Tc) -
with X(z) = V(32 + 3) - V(3)
and V(z) = [T''(z)/T(z)] is the digamma function where

1
( hD 2
Z?rkBT

un
I

1
et

B °
is the coherence length of the superconductor in the "dirty' limit, h
is the Planck's constant and kB is the Boltzmann constant.

(3) (16) have derived the boundary

De Gennes and Werthamer
conditions on F(r) at the interface between a superconductor and a

normal material

Fn/Nn = FS/NS . (4.14)
dF E) F,
and Dn Pt & Ds 5n (4.15)

Eq. (4.14) implies that the fraction of electrons paired is conserved
across the interface. This is so only if the boundary scattering can
be completely ignored. The!condition eq. (4.15) is characteristic of
"dirty' systems. To ignore the boundary scattering, two things have

to be done:
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1. The electrical contact between N and S must be very good.

2. The atoms of N must not migrate to S and vice versa.(ss)
Atomic migrations are dangerous in two respects: (a) A small
concentration of N in S lowers the transition temperature of S,
This is a weak effect if N is nonmagnetic, but it becomes really
catastrophic if N is magnetic. (b) The electron transmission
properties at the boundary can be affected: This is probably the
most serious effect with nonmagnetic N metals,

Migration effects are minimized by the following procedures:
use of N and S metals which are not miscible and do not form inter-
metallic compounds, and/or use of 'dirty'" N and S samples. If
the meanfree paths in N and S are relatively short, they will be in-
sensitive to a small diffusion of N in S and vice veraa..(3)

As described in the material choices in the experimental
methods, the Ag-Pb system satisfied the above requirements.

Now, to perform an exact calculation of Tc based on the sam-
ples which have the structure as the one shown in Fig. 33, where the
superconducting particles are dispersed nearly uniformly throughout
the normal matrix, is very complicated if the grain size and boundary
effects are included. To simplify this calculation, a few assump-

tions were made as follows:

1. The grain sizes are so large that the grain size and the
grain boundary effects are negligible.

2. All the precipitated particles are of the same size and
are spherical with radius a.

3. F and %rg; are continuous at the boundary.



a i

The justification of the above assumptions for the samples

in this investigation is given in the following:

1. All the interesting proximity effect samples have grains
much larger than the individual SNS junctions.

2. For a given quenched and annealed sample there is always
a maximum in the size distribution function; in other words,
most of the particles are approximately the same size.
However, the individual particles are of irregular shape.

3 Because NPb # NAg and DPb # DAg' therefore, according
to eq. (4.14) and (4. 15), the functions which are continuous
across the SN interface are F/N and DgF, not F and -aa—i d
However, the ratios NPb/NAg and DPb/DAg are constants;
it can be expected that, assuming F and %% continuous,
it will not affect the qualitative result.

Since F = (\pt\h), it can be expected and was shown ! that

F = %. = ¢*9" inside the superconductor and F « e-kr in the normal

metal in a one-dimensional SN Junctlon or layer structure, where the
hv L

q and k are real numbers and kn - En(l +P/i"1'—(-T/T—)) (—6;{{—,1?— X

(l +WT_—)) is the penetration depth in the norma.l region. This
means that the pair correlation amplitude is a plane wave inside the
superconductor and a damped wave in the normal metal. By extending
this idea to three dimensions, it can be expected that F is a spherical
wave in the superconductor and a spherically damped wave in the
normal metal in a spherically symmetrical systém. Therefore by

using the three assumptions just described

L
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P < a) ~ ﬂ“r—‘ﬁ' (4. 16)
k. r
-k r n
Fle > a)n 28 nr“Be (4.17)

where A and B are constants which are determined by the boundary
conditions in assumption 3 plus the requirement of 9F/dr = 0 at r = b,
if the interparticle spacing is 2b.

Now, let Tc1 be equal to the lead superconducting transition
temperature and TCZ be equal to the silver superconducting transition

temperature. Then from eq. (4.2) and (4.12)

x(‘is Q) = (T_,/T)) (4.18)
252
X(-8, k) = (T _,/T ) (4.19)

By using (4.16), (4.17), (4.18), and (4.19) together with the
three boundary conditions, the TC of the system can be determined.
Remember this Tc is in the limit that current density is zero in the
sample., From Fig. 18, it can be shown that this TC is the onset of
transition in the resistivity versus temperature measurement. This
is consistent with the definition of Tc in section G of experimental
results.

The penetlration depth k;l in the normal metal is equal to
§n(1 + W%.'I'—m;l))i'(s‘ Ay 240 According to Matthias,(46) Ag is not
superconducting above 0. 35°K and because all the experifnental data

hvﬂn 5

o -1 _ - ( £ )3
are taken at T > 1.2 K, therefore kAg £ gAg = "kBT . From
-1

Table II, it can be seen that k.Ag < 1500 A. But from the
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experimental results, 2b 2 5000 A, and eq. (4.17) is exponentially
dependent, then it is a good approximation to assume for the samples

in this investigation that
~k_r
n

F(r > a)~ - ~ (4. 20)

Eq. (4.20) implies that the Tc is independent of b, This is
approximately true in this investigation, as discussed in the last part
of the section G of experimental results,

From Eq. (4.16), (4.20) and by requiring F and -g—g: continuous

at r = a, it can be found

1]

-k

g cot ga s

By defining Q = qf_, K=k §n and a = E%- the following

system of three equations in three unknowns can be obtained

QecotQ = -k (4.21)
x(QZ) = 0n(1/t) (4.22)
x(-Kz) = 0n(T/[t) (4.23)

1
= = = z
where t =T /T ;, and T =T ,/T ;. Fromeq. (4.13), § =¢E /.
Where EOB =8 (T = Tcl). As @ o from eq. (4.21)Q ~0, Qa —
and
2.2 1 2,mw.2
t = exp(-x(@%) ~ exp(- 3 7% ~ exp(- 3 v (F)%)
~ 1 - (n°8,/2a)"]

This result, aside from geometrical factors, has the same size
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dependence as found for layered system.

Theoretically, if silver is superconducting at TcZ' then the
lower limit for the transition temperature of the whole system is TcZ'
Matthias(46) has shown experimentally that silver is not supercon-
ducting above 0, 35°K. Deutscher(BO) has shown that the effective
interaction parameter in Ag is very weak although attractive. There-
fore it is a good approximation to assume Tc2 = 0. From eq. (4.23)
ast =T, K~ 0and from eq. (4.21) Q@ = w/2. It is interesting to
observe ast - T = 0 eq. (4.22) becomes

2
X(€,, a%/t) = (1 /t)

Because ¥(z)~&n(2z) + v as z = o so

2

2
T qzlt) ~n(2 EOZB q /t)+y ast-—0

x (8

where y is the Euler's constant, ¥ = 0.577. Therefore

oY 2 2
1/t~e" 2 %os q [/t
or
1
q = —— (4. 24)
g 2e?
os

since Qa = w/2 or qa —* w/2, eq. (4.24) becomes

g L ) =
a 2 2e gos - 20965 gOB

This means that in the ''dirty'' limit, when the superconducting
particle radius drops to less than 2. 965 gos’ the superconducting

properties of the system disappear. The result of the calculation
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with different T = Tc2/Tc1 is shown in Fig. 42.

The T  versus dimension of the particle has already been
presented in Fig. 41. In that plot, the dimension of the particle is
equivalent to the diameter of the spherical particle, or 2a, in the
above calculations., Before making a comparison between the
theoretical and experimental results (Fig. 41 and Fig. 42), two

things have to be obtained, namely the value of TcZ and

B o
As mentioned in the previous page, it is reasonable to assume
that the T = TCZ/Tcl = 0 curve is the one which can be used to

compare with the experimental result.

About the value of gos’ according to eq. (4.13)
1
3 N (hvaJZS )"
os EﬂSB T
cs

1f the free-electron theory can be applied, then the mean free path

can be calculated from the normal residual resistivity by the following

formulas,
2 2
o = l-88T ne £ (4. 25)
p m m v

Where n is the number of free electrons per unit volume in

the sample, e is the electron charge which is equal to 4.8 X 10-10

esu, m is the electron mass which is equal to 9.11 X 10~%8 gram
and 0 is the conductivity. The free electron theory can be applied
to Ag, but not to Pb.(56) To calculate the mean free path in Pb, the

Pippard relations should be used, e.g.
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2
—e—§—§-‘—) , T = ki S/12nh(x,) (4. 26)
12 B
where S is the Fermi surface area, I" is the coefficient of normal

electron specific heat, and the brackets mean that the parameter is

averaged over the Fermi surface. Combining relations (4.26)
2
ve 4 = (tkg/e)” (o/T) (4.27)

which makes it possible to estimate vf.ﬂ from the experimentally
measured quantities 0 and I'. The substitution of relation (4.27) in
eq. (4.13) yields a result which actually is general for any Fermi

surface. By combining (4.27) and (4.13)

os

h mk %_-
(—-—5—— (4.28)

; 2
GI‘CSe pl
In all samples performed in this study the normal residual

resistivity of Pbis PpL" 1.5 X 107°0 -cm and ', = 1.72 X 103

ergs/cc OKZ. Therefore for P, gos =126.5A. If v, =1.82 X 108
cm/sec(56) was used, then the mean free path of Pb is only 15.6 A.
This value is much smaller than the coherence length, therefore the
"dirty'" limit in Pb is justified. Fig. 43 was obtained by replotting
Fig. 41 with T, against D/Z‘;'.OEI which is equivalent to plotting Tn
against a,lgoB in Fig. 42. By comparing Fig. 43 with the case of

T = 0 in Fig. 42, it can be found that these two graphs are qualitative-
ly, although not quantitatively, similar. Because of the simplified
assumptions in the calculated curve, this result was expected. It is

interesting to observe that the Tc in the experimental curve Fig. 43
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Fig. 43. Normalized superconducting transition temperature as a
function of the normalized dimension of the particles (pre-
cipitates) in the quenched and heat-treated Ag97Pb3
alloys.
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did go to zero at about D/2§°5 = 3 as the eq. (4224) predicted
(2.965). This numerical value may be just a coincidence, but it is
important to know that for superconducting particles smaller than
certain critical size the superconductivity in the sample disappears.
For quenched Ag97Pb3 samples annealed at 200°C for
various times,the superconductivity behavior in Fig. 9 is now obvious.
For samples annealed less than 1 hour the precipitated Pb particle
size is less than the critical size. That is why they are not super-
conducting. For samples annealed more than 1 hour but less than
50 hours the size of the Pb precipitated particle grows with annealing
time. Therefore the Tc increases as annealing time increases.
However, for samples annealed at 200°C for more than 50 hours the
size of the particles does not increase very much, in fact it is nearly
independent of annealing time, but the Tc still increases. This is
because the mean free path of the sample is still increasing with
annealing time and the ''dirty'' approximation (£ << ) in the sample
(especially in Ag matrix) is gradually breaking down. The penetration

L §n is then longer than eq. (4.13) predicts,(4) so more

depth kl'1
Cooper pairs can be tunneling through the normal barrier; therefore,
the transition temperature keeps increasing.

For quenched Ag97Pb3 samples annealed at 300°C for
0<t<10hours the Tc goes up with annealing time, because the size
of the precipitated particle increases as annealing time increases.
For samples annealed more than 10 hours, the metallographic

studies have already shown that the Pb precipitation gets into the

grain boundary and forms continuous paths in the sample. Therefore,



-85~
the Tc's are equal to 7. 2%k,
iti < =
For other compositions of AgIOO-bex’ 1 =x =< 3, metallo
graph studies have already shown that for a given heat treatment
the particle size is nearly independent of compositions. Therefore,

the T can be explained in exactly the same way as Ag97Pb samples

3

were,

The Tc’ mean free path, coherence length of quenched Ag97Pb3
samples and their annealing times and temperatures are listed

in Table II.

B. Critical Current and Superconducting Volume Fraction

1. Model and experimental results of critical current
versus temperature

(7)

According to Josephson, the supercurrent across the

normal boundary is a natural consequence of phase locking due to the
minimization of the barrier free energy in the s;perconducting side.
The free energy of the system contains a contribution from the
barrier region which depends on the relative phases of the values

of the wave function on the two sides of the barrier, and whose mag-

nitude becomes greater as the barrier is made thinner. This term

is analogous to the 'kinetic energy term!'

L Js IS 2
Z_E_n th\P +EA‘#

in the Ginsburg-Landau expression for the free energy density. With
very thick barriers the free energy contribution from the barrier is
negligible and the phases are able to vary arbitrarily with respect to

each other. As the barrier is made thinner, however, the barrier
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Table II

Super conducting transition temperature Tc’ mean free path in Ag
L, coherence length in Ag,EAg and the mean interparticle distance

2b of the quenched Ag,,Pb, alloys annealed at 200°C and 300°cC.
Bg7*t V5 ¥

Anneal-  Anneal- Super- Mean Coher - Coher - Mean
ing tem- ing time conducting free ence ence Inter-
perature transition path (£) length length particle
(OC) (hours) temhl:;::a- (R) (€A ) at (‘€A )at dits(f.zix')xce
(OK) 7. 29K (&) 1.39K(8) (2)
200 0 <1l.2 80 235 569
200 0. 33 % 1.2 95 255 616
200 2 ~2.5 121 289 699
200 7 ~ 3.5 154 325 788
200 20 ~ 4 188 360 872
200 35 ~4,2 211 383 925
200 54 4.5 273 434 1050 5940
200 102 5.2 368 - 506 1225 5631
200 225 5.8 483 579 1401 5190
200 500 6 604 647 1567 4324
300 0. 33 6 187 360 872
300 1 6.4 210 382 922
300 3 7.2 225 395 955



87
energy begins to exert an influence, tending to fix the phase relation-
ships at those values which minimize the barrier energy. As the
barrier thickness is reduced further, this influence becomes stronger
until eventually any possibility of changing the phase relationships
becomes completely suppressed., The above description is equivalent
to saying that Cooper pairs can penetrate through a barrier if it is
thin enough. Bound pairs of electrons do not have any scattering
across the boundary, therefore no resistance appears. As the
boundary becomes thinner and thinner, more Cooper pairs can
penetrate through the barrier thereby increasing the critical current
density. In this investigation, although samples are three-dimen-
sional, but for a given sample, supercurrent flows through the pre-
cipitated particles can be expected dominantly to go from one particle
to another one dimensionally without too much dispersion in the other
directions. This is because the distances between precipitated
particles are different so the current will flow dominately from a
given lead particle to the next nearest particles (Ref. Fig. 33).
Therefore, a quasi-one dimensional model can be assumed in order
to calculate the critical current in the sample. To simplify the
calculation five additional assumptions were made in the following:

1. Each particle is spherical in shape with radius a; 2. The inter-
particle distance between two particles is 2b and is the same for all
particles; 3. The probability amplitude of Cooper pair F(r) linearly
drops in the S region near the SN boundary with a characteristic

distance §GL(3’ “8) as shown in Fig. 44(a); 4. F(r) is proportional

o ¥ (3, 4, 28, 31, 37)

in the N region; and 5. The critical current

to
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calculating the critical current in a SNS junction.
corresponding pair potential [A(r)] of (a) for the case of

VN>0.

(a) for the case of VN <

(b) The

(c) The corresponding pair potential [A(r)] of



-89-

in the samples is so small that it affects only the phase, but not the
amplitude of the order parameter. This simplified model used to
calculate the critical current in a given junction is shown in Fig. 44(a).
From the definition A(r) = F(r) X V(r), the A(r) in this SNS junction

for the cases of VN >0 and VN < 0 are shown in Fig. 44(b) and 44(c).

In Fig. 44 the § is the Ginsburg-Landau coherenc;: length,

GL
. . : . 7 I T
in the case of Pb in the dirty limit §GL(T) ~ gos (1 - Tcs ) where

§°S was defined in eq. (4.28). Assumptions 1, 2 and 4 can be justi-

fied in the same way as the assumptions in the last section. Strictly
speaking assumption 3 requires only that gGL >> gn which is strictly
valid only near T .. but even if EGL ~ En this approximation would
not affect the temperature dependence of Ic much because of the ex-
ponential term of F(r) dominants as will be seen in eq. (4.29) and
Fig. 46. Since for quenched and annealed A1 00-x Pbx’ x = 3, the
average interparticle distance is larger than 5000 & and k;ll, the
penetration depth of the Cooper pair is less than 1500 R, it can
therefore be expected that the number of Cooper pairs that can
penetrate the barrier is low. Experiments have shown that J. is
normally smaller than 103 A/r.::n2 which is much less than the normal
critical current density of bulk Pb which is 105 A/cmz. Therefore,
assumption 5 is justified.

Let two SN boundaries be at r = -b and r = +b and Cpb and Cp_b
be the values of arg F at the boundary as shown in Fig. 44(a).
From all the above assumptions and eq. (4.14), the probability

amplitude of Cooper pairs F(r) can be written as follows:
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& ! ((r-b) /- + 40, ]
N n N expi(r-b)/k_~ + i
F(r) = - | F, x(Nn)x n 2 &
I -y s |r - (@ +b)|
wi
exp{ (-r -b)/k_~ +ip .}
+ n -b (4.29)

|r+(a.+b)|

The first term on the right hand side of eq. (4.29) is the F
value at the S side of the boundary. The product of the first term
and the second term is the F wvalue at the N side of the boundary.
The third term is the exponentially decaying term of F inside the
normal barrier in terms of a three dimensional spherical coordinate
system together with the phase term.

The supercurrent is calculated from the expression

s
* 9F oF
Icm(F E?-Far P = b ore s <h
giving
2
(FO(T)) -1.2 -1 2
I(T) =A ———, (k_") exp(-2b/(k_"))sin @
[+ (k-1+§ )2 n n
n GL

1 (a + b)
ol = v
kn a(2b+a) b a(2b+a)
where A is a constant independent of temperature, ® = C.Ob - Cp_b

and Fo (T) is the bulk Cooper pair iamplitude in Pb at temperature
hv, L 3
n

T. Since k;l i §n = (-—6-:1?——;71,— , therefore,
T (L) s xp(- sin
) &, $ g B ) " B22b42) 42, (7b+a)

(4. 30)
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This equation is very similar to Clarke's(zs) result in the case of
one-dimensional SNS junctions except with one more term, because
the F(r) is a damped spherical wave instead of a damped plane wave.
Between 1 and 4°K gGL and APb(a Fo) are nearly constant
and §n changes only by a factor of 2. Consequently, the exponential
term dominates the temperature dependence of Ic(T) and one may

write
1
IC(T) = A' exp(-CT?) (4. 31)

where A' and C are constants with respect to temperature, and

6 3
C B —ﬁ) X 2b (4. 32)

L
2

A graph of log Ic against T2 of quenched Ag97Pb3 annealed at
200°C for various times is shown in Fig. 45. For T. < 2. 5°K, it can
be observed that the dependence of log Ic versus T%-— is indeed linear.
In this linear region, the slope is the constant C which in turn yields
the average interparticle distance 2b. These values of 2b are sum-
marized in Table II. The magnitude of these 2b"s is quite close to
the mean value of the observed interparticle distance from the SEM
pictures.

At higher temperatures, the gGL gets larger and FO(T) also
decreases, so that the critical current decreases faster as tempera-
ture increases, as eq. (4. 30) predicted.

By taking the b value and the value of the mean free path from

Table II and the a value from Fig. 38 (note a = dimension/2) for a

given sample, one can perform calculations of eq. (4.30) and
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compare it with the experimental results for 1, 5°K < T < 7, 2°K.
A typical result is shown in Fig. 46. In that plot, the solid curve
is obtained from eq. (4. 30) and the points are obtained from the
experiment. These two values were normalized at T = 2°K. It can
be observed that the model explains the experimental data

reasonably well.

The quenched Ag97Pb3 samples annealed at 200°C for various
times show different mean free paths and 2b values, This particular
composition (Agg.?PbB) is of special interest because of its higher crit-
ical current density. According to eq. (4. 30) for a given temperature,
log(Ic)‘IEr:%X 2b. By plotting the log -Ic of these samples against the
values .E;% X 2b, the results indeed show a linear correspondence as
seen in Fig. 47. The samples annealed for 500 hours, which is the
only exception to this behavior, can be accounted for as follows:

1. By annealing the sample for such a long time the mean free path
becomes comparable to the coherence length as seen in Table II;
therefore, the 'dirty'' limit on which the calculation was based might
not be valid any longer; and 2. Due to the saturation effect.(49)

The saturation effect is explained as follows: At low tempera-
ture for a sample with long mean free path,the penetration depth can
be very long. When the penetration depth is so long that the super-
conducting volume fraction approaches 100% then the critical current
will not increase as fast as eq. (4. 30) indicates. At very l-ow tem-
perature, when the SVF is approaching 100% the critical current tends

to reach a finite limit. This effect is called the saturation effect.
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An example of this effect has been shown in Fig. 30. This effect
was observed in a one-dimensional proximity junction, for example
see Fig. 1 in the paper by Romagnan E_ii_a._l_.(?’l)

It is now time to discuss why quenched Ag97Pb3 samples
annealed at 200°C for various times are the most important samples
in this investigation., Back in the experimental results, it has been
discovered that samples with Pb content higher than the TSSE
(Terminal Solid Solubility Extension) can give an inconsistent result
in the proximity effect studies. From the discussion given in this
section the dominant term in the critical current is exp(-2b/§n).
Therefore, the critical current is strongly dependent on the value of
b which in turn depends on the content of Pb in the sample. Also,
by annealing samples with different compositions for a given time
at a given temperature, the gn values are approximately constant.
It can therefore be concluded from eq. (4. 30) that the critical current
density decreases very fast as the Pb content in the samples decrease.
Low critical current density makes the measurement difficult, It is
therefore to be expected that samples with the highest Pb content
without exceeding TSSE can give the most pronounced and consistent
proximity effect, In this investigation this is Ag97Pb3. Also from
the microstructure studies it is shown that sar;mples annealed at 200°C
can give the most reasonable rate of precipitation. Judging from the
reasons stated above, it can be concluded that Ag97Pb3 samples

annealed at 200°C for various times are the most important samples

in this investigation.



=977

From the metallographic studies it was found that, for
quenched A397Pb3 samples annealed at 300°C for t > 50 hours,
continuous superconducting short circuits which were formed by the
Pb precipitations,laid across the samples. Therefore, for these
samples the Ic versus T behavior is about the same as bulk lead

(10,59, 60)

samples., It was known that for a type I superconductor

the critical current behavior is approximately the same as the order
parameter A which goes to the value at T = 0 very fast as the

1
temperature decreases (A = Ao(l —TT )?). Therefore it is not sur-

cs
prising to observe the apparent saturation of critical current in

Fig. 23 at low temperature (T < 4°K).

2. The effect of external magnetic field on critical current

(5)

It was predicted by Josephson' ' in 1962 and demonstrated by
Rowell(so) that the magnetic field dependence of the critical current
for a one dimensional SNS junction which was not self-field limited

was of the following form

(sin[n® /ﬂfo])

I_(H) e RTE) (4. 33)

The N is an insulator in this case. A section of a one dimen-
sional tunneling junction is shown in Fig. 48 which was used to ex-
plain the parameters in eq. (4.33). & is equal to 2(b + A\)wH where
A is the penetration depth of the superconductor, H is the magnetic
field strength with direction at right angles to the page in Fig. 48,
and @o is the flux quantum which is equal to 2 X 10”7 Gcri . The

current will flow uniformly not self-field limited through the junction
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: > s 2 . : , (6,51,52)
if w is small compared with the junction penetration given by

hcz —é—

Ay = (161r(b+'i )eJC)

where J’C is the critical current density in the junction and c is the
speed of light, In this investigation, the junction width w is effec-
tively limited by the dimensions of the particles, or D, which is less
than a micron for quenched Ag97Pb3 samples annealed at 200°C and
?\J. is larger than 20 microns, with the typical value of b + A~5000 R
and J_< 100 A emn™e per junction. Therefore, A; >> w and the
junction is not self-field limited. However, as pointed out by

de Gennes,(lo) eq. (4.33) has to be modified for the case that N

of the SNS junction is a metal instead of an insulator. In the case

of an S-insulator-S junction the order parameter of the superconduc-
tor near the insulator side is not affected by the presence of the in-

(10 while in the case of an S-Normal metal-S junction the

sulator,
order parameter of the superconductor near the normal metal side
was greatly affected by the normal metal. By using the Ginsburg-
Landau equation which works especially well in the "'dirty'' limit
_(.E_. << E) of which samples in this investigation belong, the modified
equation of (4. 33) for a one~dimensional SNS junction of which N is

(10)

a normal metal can be obtained as

(sin(= /2 _1])
I (H) a vg Vg, wETE, (4. 34)

where \lts and ¢S' are the Ginsburg-Landau wave functions of the

superconductors at r = +b and r = -b in Fig. 45. The wave function
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¥ is related to the order parameter A by

g
Yg(r) = Lz—ri‘ggﬁ A(r) (4. 35)

with C = N(O)EOZ and §0 is the coherence length. If the dimension of
the superconductor (D) is within »/5 times its magnetic field pene-
tration depth, A, then the function ¥ will change from its zero field
value to its critical field value gradually. But if D >./5 A then the
function ¥ will change abruptly at the critical field.(lo’ -5 For D not
significantly larger than /5 A the function ¥ will fall gradually as the
field increases, but at the critical field the ¥ will drop abruptly to

(

zZero. s8) It is therefore a good approximation to assume that in this
case

¥g(T) = (1 - BH)Y_¢(T) (4. 36)

for H< HC(T) with B << 1/H where \IIOS is the Ginsburg-Landau wave
function for the superconductor at zero magnetic field and B is a
constant for a given sample. In all the samples which show a pro-
nounced proximity effect, for example quenched Ag97Pb3 samples
annealed at 200°C for various times, the A value at low temperature
(T < 2°K) is of the order of 500 &, and D is of the order of 3000 &

| (Fig. 41). Therefore, D is larger than /5 A, but not much larger,
and eq. (4.36) can be used for the \l(s in eq. (4.33). Now for those
samples & ~ 2D(b + A)H but b has a wide range and D also has a dis~

tribution, for example see Fig. 36 and Fig. 40. Therefore, the

sin(n® /¢ )
-——m—o- function in eq. (4.34) was smoothed out. It can be ex-
o

pected that only the envelope of that function will show up in the
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experimental results. For ¢ > @o or H approximately larger than
50 Gauss, the envelope function is approximately (-;1-@'_;6:7 which is
proportional to 1/H. By gathering all the above information, the Ic

versus H at a given temperature is expected to be
= L
IC(H) _DT \Pos(l - BH)\POS,(I - B'H) i H 250G

where D B and B' are constants. Since B and B' are much less

T’
than 1/H, then

=3 o ! l.
IC(H}--DT ‘yoS WOS,(I - (B+B')H) H’ H »250G

or
= 1 1
I(H) =D, v ¢ ¥ g (5 - (B +B")

1
E.(g - (B+B"), H 250G

g+ 18 2 new constant,

where E’I" which is equal to DT \Iros WO

By replotting the experimental result in Fig. 24 of Ic versus
H into Ic versus 1/H, Fig. 49 can be obtained. It can be observed
that eq. (4.37) is a very good approximation. By fitting the experi-
mental value with eq. (4. 37), the parameter can be obtained for each
sample. For example, for the quenched Ag97Ph3 sample annealed
at 200°C for 102 hours, the E'I‘ = 56 Amp-Gauss and (B + B') = 0. 004
Ga.uss-l. Therefore (B + B') << 1/H for H = 50 Gauss, just as eq.
@. 36) predicts. It was found that all the samples of the quenched
Ag97Pb3 annealed at 200°C above 50 hours have approximately the
same (B + B') values. Judging from the above discussions that (B+B')
is only a function of the dimension of particles and allthe quenched

Agg.i,Pb3 samples annealed at 200°C above 50 hours have approximately



mmu@wﬂ 006 © ‘sanoy gzz V ‘sanoy zol e ‘sanoyg Qg x 0,002 ¥& pTeduue Aotre
qd~"8y peyouanb sy3 1oy pro1y o1yeudewr jo [e201dro91 BYJ SNSISA JUSIIND [BITILID ‘6§ "Std
r 7

(,.SSNV9) H/I
Ol 600 800 00 900 600 ¢+00 €00 200 100 000
| | I | | | | | |

-102-

|
[S)
(SdWV) LN3IHYND TIVIILIYD

02




-103-
the same dimension, this result is expected. For a given field,
according to the last section, the log (Ic) and the log (ET) values
are dependent on .3-% X 2b. The experimental result
of the ET value shows that it is indeed approximately true except
for the quenched Ag97Pb3 sample annealed at 200°C for 500 hours
in which the ''dirty'' limit approximation is not totally correct. This
result is shown in Fig. 50,

For the case in which the field is less than 50 Gauss, eq.

(4. 37) is not correct. The critical current will still increase as the
field decreases but it will eventually reach a limit set by the super-
current carrying capacity of the sample at zero field.

As discussed in the last section for the quenched Ag97Pb3
samples annealed at 300°C for t > 50 hours, the critical current is
expected to behave like bulk Pb because of the filamentary effect.
It is therefore not surprising to observe the saturation of Jc,at H

less than 150 Gauss,as shown in Fig. 26.

3. Superconducting volume fraction (SVF)

The superconducting volume fraction measurement gives
the percentage of the volume in the sample which is superconducting.
The supercurrent can only flow through the superconducting region
in the sample, It is therefore to be expected that the critical current
density is proportional to the SVF. Based on this idea, it is not
surprising to observe that for a given sample the SVF as a function
of temperature for a given magnetic field and as a function of field

for a given temperature have the same dependence as Ic'
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For the quenched Agngb3 samples annealed at 200°C for
various times the temperature dependence of SVF for a given
field will follow the temperature dependence of eq. (4.30), and
the field dependence of SVF for a given temperature will follow
eq. (4.37) for H 2 50 Gauss., As a typical example, for the
case of the SVF wversus T, the experimental result in Fig. 28
for the quenched Ag97Pb3 samples annealed at 200°C for 54 hours
was replotted with log (SVF) against T's. The result is shown
in Fig. 51. It was discovered that the log (SVF) is indeed
linearly dependent on T's at low temperature (T < ZOK) just like
the behavior of the same sample in the log (IC) versus T's as
shown in Fig. 45. For a given temperature, since the log (SVF)
is proportional to .EI:% X 2b, according to eq. (4.30), it can be
expected that for samples annealed at ZOOOC the SVF goes up
with the annealing time until SVF reaches 100%. For samples
with the same heat treatment the SVF goes up as the Pb content
in the sample increases., For quenched samples annealed at 300°C
for t > 50 hours, it has been shown that Pb precipitations form a con-
tinuous path along the grain boundaries of Ag in the sample, It is
therefore to be expected that for those samples the SVF is about
the same as the volume percentage of Pb, In the case of
Agg_‘,PbB samples, Fig. 30 has already shown that the SVF is
about 2 to 3 percent between 2°K and 7°K. However, for T < 2°K
the SVF can go beyond the physical volume of the Pb, This can be
explained by the SEM picture of that particular sample, as shown in

Fig.40, Itis obvious fromthe picturethat partofthe Pbprecipitations are
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still in the form of small particles as described in the experimental
result previously. The region in which the particles exist can exhibit
proximity effect at low temperature. It therefore explains why the
SVEF goes up at T < 2 K.

As a typical example, for the case of the SVF versus H, the
experimental result in Fig. 31(b) for the quenched Ag97Pb3 samples
annealed at 200°C for 307 hours was replotted with SVF against 1/H.
This result is shown in Fig. 52. It was discovered that this
result shows the same behavior as the Ic versus 1/H of those
samples shown in Fig. 49. The (B+B') value in eq. (4. 37) obtained

from Fig. 50 is also 0. 004 Gauss'l,

C. Demagnetization Effect and Critical Magnetic Field

1. Demagnetization effect in Hc measurement

By measuring the critical magnetic field electrically (from
magnetoresistivity), it has been discovered that at low temperature,
T < 29K, the magnetic field H at which the p drops to zero is differ-
ent between the cases of longitudinal and transverse magnetic fields,
but the onset of the p versus H curve is not, A typical result has
been shown in Fig. 18. This effect can be explained by the demag-
netization effect in the sample as follows:

For an SNS junction if K, the Ginsburg-Landau parameter,
is much less than 1, it behaves like a type I superconductor, and
each junction has a characteristic magnetic field called Hb in which

: 4, 2
a first order transition of magnetic field into N region occurs.( 13,401
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at 200°C for 307 hours.



-109-
For a given geometry, a superconductor can have a Hemag—
netization effect; the macroscopic field that the material actually

sees is of the following form

H =H - 47MD (4. 38)
mac app m

where Happ is the applied magnetic field, M is the magnetization in
the samples and Dm is the demagnetization in the direction of the
applied magnetic field. The values of Dm are between zero and one
and for the ellipsoid case the values were ta.bula.ted.(61’ 62)
Samples used in this investigation, as described before, is a rectan-
gular shape with length a, width b and thickness c. Normally
a~0,1 cmand ¢~ 0.005 cm so a >> b >> ¢, The sample shape can
be replaced approximately by an ellipsoid. For the case of longi-
tudinal field magnetic field, Dm is very small (normally less than
0.1), while in the case of transverse magnetic field Dm is near 1.
It is therefore a good approximation to use Dm = 0 in the longitudinal
field case and Dm = 1 in the transverse field case.

1f each Ag-Pb-Ag SNS junction behavior is like type I, then
the R versus H transition normally starts from point 1 to point 2
as the field increases, as shown in Fig. 53 I(b). At point 1, M is
not zero. Therefore, from eq. (4. 38) the sample in a transverse

magnetic field sees a magnetic field

Hmac = Ha.pp - 41rMDm

[

X
Happ Li Hin
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or H = —2BP (4. 39)

and the sample in a longitudinal field sees a magnetic field

Hoome S By, = TeMD, WEL, (4. 40)

where X is the superconducting volume fraction of the sample. Since
*X> 0, the sample sees a higher magnetic field than the actual applied
field in the transverse field case, Therefore, by defining point 1 in
Fig. 53 I(b) as the critical field Hb’ the critical field for the trans-
c

verse field case is H
app

in the longitudinal case. At point 2 in Fig. 58 I(b), the onset point

= (1 -X)H, which is smaller than Ha‘;pe Hy
in the R versus H curve, M is zero. From eq. (4. 38), there will be
no difference between the Hin and Happ for all cases; therefore, no
demagnetization effect can be observed.

If the SNS junction is a type II superconductor, then from
Fig. 51 II(a) and II(b), it can be obseryed that M is nearly zero for
either the point 1, the '"finish'' point of R versus H, or point 2, the
""onset' point of R versus H, Therefore, from eq. (4. 38), there will
be no difference between Hmac and Ha.pp for all cases, so no demag-
netization effect can be observed.

Since the quenched Ag97Pb3 annealed at 200°C for various
times shows the demagnetization effect in the transverse magneto-
resistivity measurements, for example Fig. 18, it can be concluded
from the above discussions that most of the SNS junctions in the
sample at T < 2°K are Type I in nature, and measuring the sample

in longitudinal magnetic field is the best method to get rid of the
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demagnetization effect. The reason one confines this measurement
below 2°K is because as T increases the K value increases, so the
demagnetization effect in the sample will become less obvious.(lg' &0

The experimental results also show this fact.

2. Critical magnetic field (Hy)

It can be expected and has been theoretically proven that it is

(4)

a good approximation to have the following form for Hb

Hy = exp(-k_ d ) (4. 41)

and in the "dirty'' limit

(W‘T‘ (“eq‘?rr‘z?r—m))i

where dn is the thickness of the normal metal film.

In this investigation the d_ corresponds to the interparticle

distance 2b and k_l =g = M}E Therefore, for a given tem-
n n 6k _T

perature it can be expected that log (Hb) is linearly dependent on the

product of 2b and L;l%.

In determining the value of Hb' the longitudinal magneto-
resistivity data were used because of the reasons given in the last
section. However, besides the demagnetization effect, the critical
current effect should also be considered. Because the critical current
decreases with field rapidly, it can be expected and was observed
that the p versus H curve depends on the magnitude of the applied
current density as was discussed in the critical current section in
the discussion. Because the onset point of p versus H, as in the case

of the onset point of p versus T, is independent of the magnitude of
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the applied current, the onset field was used as Hb‘
By using the 2b values which were obtained from the slope

in Fig. 45 and the measured .En‘s in Table II, the result of log(Hb)
versus Zf'n-% b of the quenched Ag97Pb3 samples annealed at 200°Cc
for various times is shown in Fig. 54. It can be seen that the above
prediction is correct with the exception of the sample which was
annealed for more than 500 hours. As discussed before, this is

because in this sample, the ''dirty' approximation is no longer

correct.

D. Determination of the Superconducting Transition Temperature

and the Effective Electron-Electron Interaction Parameter in Ag

It has been shown from eq. (4, 30) that the critical current
density (JC') is proportional to ;anb for a given SNS junction.
Ideally, if the b and .]'C for each junctionare known the parameter
kn can be obtained bylplotting log (Jc) versus b. Since
k;ll = En (1 +%—(,I,27T;n))z and §n is only dependent on temperature
and the mean free path of the sample; therefore, the Tcn of the
sample can be obtained. Clarke(zg) has obtained the Tcn for Cu
this way. However, for the samples in this investigation, the b
values in a given sample have a very wide range, and there is no
way to obtain the critical current density for each junction. There-
fore, it is impossible to obtain the Tcn by this method. In 1962,
Hilsch(lz} introduced an empirical relation to determine the value of

1

k;l in the sample for a one dimensional SNS junction. The relation

is
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ap_ = 1.7x1077 Q- cm® (4. 42)
-1 v R AR 2 2
and a = an = Z(W (1 s W) (4. 43)

where P is normal residual resistivity in Ag. These empirical rela-
tions were then theoretically supported by de Gennes.(3) The de Gennes'
theory seems applicable to any dimension. Therefore, eq. (4.42)

and eq. (4.43) were used to the best examples in this investigation,
namely quenched Ag97Pb3 samples annealed at 200°C for various

A OK which by using

times, The value of Tc(Ag) is of the order of 10"
eq. (4.2) would lead to 0. 06 for the value of the interaction parameter
NV in Ag.

Table III compares the present value of NV and Tcn in silver
with those obtained by other authors. However, because kl:l is only
a weak function of Tcn’ as seen in eq. (4.43), small experi-
.mental discrepancies can give rise to large errors in the estimation
of NV. Besides, it seems doubtful whether the theory is sufficiently
advanced to allow a meaningful value of NV to be deduced from the
data. For example, Jacobézm has pointed out that in the vicinity of
the SN interface, where the kernel Hw(;,_{-') in eq. (4. 3) contains
contributions from both materials, it is not clear how one should
treat the cutoff of the electron-phonon interaction. He has shown
further that different methods of performing the cutoff in the super -
conductor gave rise to markedly different values of NV for copper;

this is because lead, which was used as the superconductor in

all the experiments, is strong-coupling.
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Table III
Values of NV and the corresponding Ton obtained by various
authors for silver, The NV and Ten values in the present work
are presented for the quenched Ag97Pb3 samples annealed at 200°C

for 54 hours, 102 hours, 225 hours and 500 hours in the respective

order,
Corresponding
Author NV T _ (°K)
cn
. -4
Kritzigl??) 0.072 2.36 x 10
Vvalette! ) 0. 06 1.46 x 10~°
Deutscher & Va.lette(71) 0. 05 5.2 X 10-7
0.08 1073
present work 0.0636 3,79 x 107>
0. 0620 2.5 X 1072
0. 0624 2.78 x 1077

0. 0621 2.57 x 10™°
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Despite all the difficulties, hardly any doubt remains that NV
is positive for silver., By observing Table III even the quantitative
agreement is quite good, in view of the widely different experimental
approaches. It is amazing to observe that the value of NV or T
obtained for quenched Ag97Pb3 annealed at 200°C at various times
is nearly identical. The odds that this can happen are very small.

The NV values obtained in this investigation are in moderately
good accordance with other determina.tions.(g'o’ 10,7k 72) This causes

one to believe that the Hilsch empirical relation is indeed applicable

to all dimensions and is really quite accurate.

E. Kinetics of Transformation of the Ag-Pb Metastable Solid Solution

1. Amount of transformation and the activation energy

Since for different samples, the sample surface roughness
and thickness are not exactly equal, therefore in determining the
amount of transformation the normalized intensity Ipb{l 1 l)llAg(ll 1)
line was always used to compare samples with different heat treat-
ment. The (111) line was used because this is the strongest x-ray
peak in the Pb and Ag phases. It can be expected that for a perfect
Ag-Pb solid solution in the Ag rich side the IPb(l 11 )/IAg(lll) is
equal to zero. For a completely transformed sample, that is the
Ag and Pb phases are completely separated from each other, then
IPb(lll)/IAg(lll) is approximately equal to 3% x (ZPb/ZAg)Z or
about 0.1 in the case of Ag97Pb3 samples. Here, Z is the atomic

number. By defining the amount of transformation as
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(IPb(lll)/I&g(lll)) (t)

f =
'(IPb(lll)/IAg(lll)) (t=o0)

the result of the quenched Ag97Pb3 samples annealed at 200°C is
shown in Fig. 55. It can be observed for t = 100 hours that nearly
95% of the samples have been transformed.

The time which is required for the sample to have 95% trans -
formation against the reciprocal annealing temperature is shown in
Fig., 56. This figure indicates that the transformation is a typical
diffusion-controlled process, The time required for 95% transfor-

mation can be fitted by an equation as follows:
(4. 44)

The E corresponds to the "activation energy," T is the absolute
temperature, k is the Boltzmann constant and A is a constant. From
the slope of the curve in Fig. 56, E = 1.1 £ 0,2 ev or in metallurgical
terms E = 25000 £ 5000 cal/gram-mole.

An attempt was made to fit the raw x-ray diffraction data
with the transformation equation in the quenched Ag97Pb3 samples
annealed at 200°C for various times. The approximated equation

(63)

used was of Johnson-Mehl type in which the relationship between

the amount of transformation or precipitated state and the time t is

as follows:

£ = 1 - exp(-(£)") (4. 45)

where n is a number independent of the initial number of the solute
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atoms while T is dependent of it, However, for a given composition
and annealing temperature, both n and T are constants.
By defining

Ipb(lll)

Itt) = W

(t)

and

R
Ag

eq. (4.45) can be rewritten as
i/ - )) - &y (4. 46)
£

By plotting eq. (4.46) on log-log paper, the n and T can be readily
obtained. In the case of quenched Ag97Pb3 samples annealed at 200°C
for various times, the result is shown in Fig., 57. From the slope
of the straight line and from the time at which an(ll(l B I_If—)) =1 in
Fig. 57, n = 0.61 and T = 50 hours was obtained. The value of n has
been shown theoretically to vary with the mechanism of nucleation
and precipitate shape. For homogeneous nucleation this value ranges
between 1 and 2. 5.(64’ 65) For heterogeneous nucleation, theoretical
values between 0.5 to 1 have been reported.(66) In the present work,
because of the nature of the rapidly quenched samples, high density
dislocations, vacancies and small grains are present. It is therefore
to be expected that in this case the heterogeneous nucleation occurs.
Therefore, the value of n obtained is reasonable.

The physical meaning of T is that it equals the time at which

the total volume of the precipitation is rising from effectively zero

to its equilibrium value.
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2. The precipitation process of the phase from the Ag-Pb
supersaturated solid solution

The growth of the Pb precipitate at.two different annealing
temperatures for the quenched Ag97Pb3 samples, as shown in Fig.
38, can be explained in the ordinary wa.y.(40) The size of the pre-
cipitations normally grows very fast in the first stage of growth in
which the precipitation process was governed by the nucleation and
growth processes. At longer aging times, when the equilibrium
volume fraction is approached, growth of the particle can only take
place by the selective coarsening process termed Ostwald ripen-
ing.(41’ 42) This Ostwald ripening process required that the solute
has some solubility in the solvent. This process arises because

of the Gibbs-Thompson effect,(e’?)

which requires that the concen-
tration of solute in the solvent phase adjacent to a small particle is
higher than that in a region adjacent to a larger particle. There is
thus a diffusional flow of solute in the matrix from small particles
to large particles, and this flux is maintained by the progressive
dissolution of the small particles. The net driving force for the
reaction is the decrease in the solute-solvent interface area, and
hence, in the surface-free energy with this approximation the total
amount of precipitation remains constant.

For quenched Ag97Pb3 samples annealed at ZOOOC, the equi-
librium volume reached for annealing time t approaches the value of
T which is 50 hours in this case, as obtained from the last section.

Therefore, before 50 hours the growth of the particle was dominated

by the nucleation and growth process. Ast > 50 hours, the growth
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of the particle can only take place by the Ostwald ripening process
which requires Pb to have some solubility in Ag. At 200°C the solu-
bility of Pb in Ag is less than 0.1 at. #. This makes the Ostwald
ripening process nearly impossible. Therefore, the growth of the
size of the precipitated particles stops.

For quenched Ag97Pb3 samples annealed at 300°C, the equi-
librium volume is reached in a very short time, namely, t = 20 min-
utes. With annealing time shorter than this value, the growth of the
particle was dominated by the nucleation and growth process. The
size of the precipitate at which the equilibrium volume is reached

(68) As t > 20 minutes, the

is higher for samples annealed at 300°C.
growth of the particle by the Ostwald ripening process is possible
because at 300°C the solubility of Pb in Ag is about 0.8 at. %. There-
fore, it can be observed that the particle keeps growing until t = 10
hours. Grain boundaries can provide nucleation sites for the Pb
which will precipitate there and eventually grow by the Ostwald proc-
ess.,

After t > 10 hours, the Pb precipitate was found to form a con-
tinuous path along the grain boundary. In fact, it is sometimes com-
pletely surrounding the grain. Therefore, it is hard to define the size
of the precipitate. That is why the growth of the size of the precipita-
tion stops. This phenomenon is also supported by the fact that all
samples annealed longer than 10 hours show the continuous filamen-

taryeffect of Pb in the measurements of their superconducting prop-

erties.
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It is expected, and was observed experimentally, that the dis-
tribution of defects, dislocations, and nuclei are uniformly distribu-
ted through the sample in the as-quenched state. From the kinetics
of the transformation analysis given in the last section, it was con-
cluded that after annealing, the heterogeneous nucleation occurs in
these quenched samples. This heterogeneous precipitation can there-
fore explain why the uniform precipitation, as in Fig. 33, can occur

in the quenched Ag, . Pb_samples, 1 <x <3, annealed at 200°C

&~

for various times and at 300°C for less than 10 hours. For quenched °

samples annealed at 300°C for longer than 10 hours but less than 50
hours, discontinuous filaments of Pb along the grain boundary some-
times occur . Therefore, the proximity effect in these samples can
still exist. After annealing more than 50 hours, nearly all the fila-
ments of Pb joined together, so the filamentary effect always domi-

nated in the superconducting properties of the sample.
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V. SUMMARY AND CONCLUSIONS

The results of this investigation can be summarized as follows:
(1) The solid solubility of Pb in Ag can be extended from less than
0.1 at.$to 3.2 at. % by quenching from the liquid state.
(2) After heat treatment, the precipitation process of Pb in Ag was
found to be heterogeneous and diffusion-controlled.
(3) Three-dimensional proximity effects can be observed and con-
trolled in quenched AglOO-bex samples, 1 Sx €3, which were annealed
at 200°C and 300°C for various times. The best composition to ob-
serve the proximity effect was found to be x = 3.
(4) The superconducting transition temperature of samples which
show the proximity effect increases from below 1. 2°K to 7.2°K as the
average size of the precipitated particles increases from zero to 2 ym.
This effect can be qualitatively explained by the theoretical calculation
developed by Silvert and Singh(37).
(5) The temperature dependence of the critical current at a given
external magnetic field for samples which show the promixity effect is
dominated by a term, exp(KT%), where K is a factor proportional to
{,"% X 2b, T is the temperature, 4 is the mean free path, and 2b is
the average interparticle distance. This fact can be explained by a
simple model in which the Cooper pair amplitude in the normal metal
(Ag) is in the form of a damped spherical wave.
(6) The magnetic field dependence of the critical current at a given
temperature is found to be proportional to ( _Il-i - B ), in which H is the

applied magnetic field and B is a constant which depends only on the

average size of the precipitated particles. This behavior can be de-
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rived by summing over the Josephson supercurrent from all the small
SNS junctions in the alloy, and the modification of the order parameter
at the Pb side of the Pb-Ag interface by the applied magnetic field.
(7) The superconducting volume fraction was observed to be larg-
er than the physical volurme of Pb in the alloy. This result shows that
the Meissner effect can appear in the normal region (Ag) of the alloy
as in the case of layer structures.
(8) At a given temperature, the logarithm of the critical magnetic
field is proportional to L'% X2b. This fact can be explained by the
theory of proximity effect.
(9) The superconducting volume fraction was found to be propor-
tional to the critical current. This indicates that the increase in the
critical current with the decreasing temperature or magnetic field is
due to the increase in the superconducting volume in the sample.
(10) The Hilsch empirical relations [ Equations (4.42) and (4. 43)]
were applied to estimate the interaction parameter NV in Ag. The
NV value obtained is approximately 0. 06, which corresponds to a
superconducting transition temperature for Ag of the order of 10-5 °K.
This value is in satisfactory agreement with other determinations
made on vapor-deposited metallic film sandwiches. Hence, the Hilsch

empirical relation valid for layer structure is also applicable to the

three-dimensional case.
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APPENDIX 1

Dimensional Dependence of the Volume Fraction of the

Superconducting Element for a Given Critical Current

Density Induced by the Proximity Effect

The advantage of using higher dimensions in minimizing the
volume fraction of the superconducting element in the sample with a
given critical current density can be demonstrated by a special ex-
ample shown in Fig. 58. In this figure, the size of the superconduct-
ing elements is fixed, with a constant value a. In the one-dimen-
sional case, the size is defined as the width of the superconducting
element. In the two-dimensional case, it is defined as the diameter
of the superconducting cylinder. And in the three-dimensional case,
it is defined as the diameter of the superconducting sphere. The min-
imum distance between two superconductors is always 2a, because
the critical current density induced by the proximity effect is a func-
tion of the minimum distance between superconductors only, at
T << Tcs , where Tcs is the superconducting transition temperature
of the superconductor (S). Thus, in Figs. 58(a), (b), and (c), the
critical current density should be the same at a given temperature.
However, the volume fraction of the superconducting element, as seen
in Fig. 58, is completely different. In the one-dimensional case, it
can be seen that the volume of the superconducting element (VS) versus
the total volume of the sample (VS+N) is 50 per cent. In the two-

dimensional case, this ratio decreases to
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- 2
= = 8.7 percent ;
S+N (3a)

and in the three-dimensional case, the ratio is only

3
v $(2)
S 3 N2 -
7 = 3 = 1.94 per cent.
S+N (3a)

In the real world, the example in Fig. 58 may be somewhat idealized.
In a real sample, the distance between superconducting particles in
the two- and three-dimensional cases may be different, and the size of
the superconducting particles may not be the same as in the case of
the present investigation. The VS/VS+N ratio may be somewhat
higher than the value obtained by assuming equal particle size and
interparticle distance, but at least Fig. 58 demonstrates that there

is a definite advantage in using higher dimensionality to achieve the

minimization of the superconducting element used.

-
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Fig. 58. Demonstration of the effect of d1mens1ona.11ty in
minimizing the amount of superconducting element without
decreasing the critical current density.
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Fig. 59. Phase diagram of the Ag-Pb binary system.



