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Superconducting proximity effect in Pb/Ag nanocomposites
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We show that the superconducting transition temperature (7) of a two-component system consisting of a
random distribution of Pb and Ag nanoparticles, with sizes less than their respective coherence lengths, is
governed essentially by proximity effect. The microstructure of the nanodispersed two-phase system has been
studied using in-lens secondary electron and energy selective backscattered electron detectors. The theory of
the superconducting proximity effect as previously applied to bilayers and multilayers can be suitably modified
to include the ratio of the volume fraction of the superconducting and the normal metal components so as to
explain the observed variation in 7 in such nanocomposites with varying metal composition. Interestingly, Pb
behaves as a weak-coupling superconductor in the random Pb-Ag nanocomposite.
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INTRODUCTION

When a superconductor is in close proximity with a nor-
mal metal or another superconductor with a lower transition
temperature, the Andreev reflection leads to a leakage of
Cooper pairs into the normal metal, while unpaired electrons
from the normal metal diffuse into the superconductor. This
leads to superconductivity being weakened in the supercon-
ductor and induced in the normal metal. The usual result is a
lowering of the effective transition temperature (T) of the
composite system. This phenomenon, known as the super-
conducting proximity effect (SPE), has been studied
experimentally'~® and theoretically’"'? in bilayers and alter-
nating multilayers of many superconductor and normal metal
combinations. The variation of the effective T of such sys-
tems has been studied as a function of the thickness of the
individual superconducting and normal metal layers and the
bilayer periodicity. The theory of SPE has been worked out
for bilayers and multilayers in the weak-coupling limit
(electron-phonon coupling constant for the superconductor,
A<1) by De Gennes’ and Werthamer’ and in the strong-
coupling limit (A\>1) by Silvert.'® An essential criterion for
observing proximity effect is that the thickness of the indi-
vidual components in the bilayer or multilayer should be less
than  their  respective  coherence  lengths: Ens
=[#iDy s/2kT]""?, where Dy is the diffusivity of the nor-
mal (superconducting) layer. Physically, & is the distance up
to which the pair breaking effect of the Cooper pairs is felt in
the superconductor across the S/N interface, and &y is the
distance within the normal metal up to which the supercon-
ducting pairing wave function penetrates. This is known as
the “Cooper limit.”® The value of &y for typical elemental
superconductors usually ranges from 10 to 100 nm. Thus,
the consequences of superconducting proximity can actually
be observed in very thin layers.

Our understanding of nanometer scale superconducting
particles embedded in a metallic (normal or superconduct-
ing) matrix, however, is much more limited. In such cases,
besides the constraint of size, the matrix also controls the
superconducting transition through SPE. Recently, Sternfeld
et al.'! have shown that in a random distribution of super-
conductor and normal metal nanoparticles, in which the grain
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size of each phase is less than the corresponding coherence
length (&g ), one may replace the ratio of the thicknesses of
the superconductor and normal metal layers (dg/dy) in the de
Gennes—Werthamer theory”” by the ratio of the volume frac-
tion of the two components. Such an approach leads to a
correct explanation of the dependence of T on the volume
fraction of the two components in the nanocomposite system.
As there is very little work on such random two-phase
nanocomposites, it is important to study their properties in
greater detail and investigate the generality of the above con-
ceptual approach in different systems. We have carried out a
detailed study of the superconducting properties of a Pb-Ag
nanocomposite (deposited in the form of a thin film) with
varying composition. Note that Pb is a strong-coupling su-
perconductor (with To=7.2 K, 2A/kT-~4.5), while Ag re-
mains normal down to very low temperatures. We show that
the effective T, of the Pb-Ag nanocomposites decreases
monotonically from the bulk value (for pure Pb) with the
decreasing volume fraction of Pb. Such a decrease cannot be
attributed to finite size effects that have been earlier observed
in elemental nanocrystalline superconductors.!>!3 The ob-
served variation in T with the volume concentration of Pb
can be correctly explained by the theory of the SPE valid for
bilayers and multilayers, provided the ratio of the thickness
of the two components is substituted by the ratio of the vol-
ume fraction of the two constituents in the nanocomposite.
We also observe that Pb behaves as a weak-coupling super-
conductor when randomly dispersed in a normal metal with a
slightly repulsive electron-phonon coupling interaction.

EXPERIMENT

Sputter  deposition at relatively high pressures
(~20-200 mTorr) and low substrate temperatures
(~100-300 K) is known to produce nanocrystalline films.'#
The average particle size can be controlled by proper choice
of sputtering voltage, gas pressure, and substrate tempera-
ture. In the present case, cosputtering from a composite
Pb-Ag target was carried out using an axial, planar magne-
tron sputtering gun. The composite target was prepared by
placing small pieces (~10X5X2 mm?) of Ag (99.99%
pure) along an annular ring coinciding with the sputter zone

©2007 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.76.144510

SANGITA BOSE AND PUSHAN AYYUB

TABLE 1. Sputter deposition conditions for the Pb:Ag nanocom-
posite samples.

Deposition

Base pressure Ar pressure Voltage Current time
Sample (Torr) (mbar) (V) (mA) (min)
PbAg0l  1.2X 107 0.027 260 30 5
PbAgl2  5x107° 0.180 230 55 5
PbAgl6  8.8x107° 0.250 235 35 10
PbAgl4 4.5%x107° 0.260 220 40 10
PbAg06 4.3Xx 1076 0.270 270 100 10
PbAg05 5X107° 0.089 300 100 10
PbAgl0 3.5x107° 0.130 280 60 10
PbAg07 4.2Xx 1076 0.260 260 80 10
PbAg02  4Xx107° 0.059 300 45 5
PbAg03 5% 1076 0.066 340 50 5
PbAg04  4.5x107° 0.026 340 54 10

on a commercial Pb target (5 cm diameter, 3 mm thick, from
Kurt and Lesker Co., 99.999% pure). The composition
(Pb/Ag ratio) for the nanocomposite films was altered by
changing the target composition, while the grain sizes for the
Pb and Ag phases were controlled via the sputtering condi-
tions, as listed in Table 1. In all cases, p-type Si (100) wafers
were used as substrate. It is important to point out that even
heavily doped Si does not produce any proximity effect
when in contact with superconductors such as Nb."> In an
independent study of nanostructured Pb films (with particle
size down to =10 nm) grown on Si substrates, we found no
change in T from the bulk value of 7.2 K.

The grain size (D) was determined in terms of the coher-
ently diffracting domain size from x-ray diffraction (XRD)
line broadening using the Scherrer formula after correcting
for instrumental broadening. The grain sizes were approxi-
mately in the 20-60 nm range for Pb (Dp,) and in the

TABLE II. List of samples studied with their composition (ob-
tained from EDAX), volume fraction (Pg/Py), T¢, and x-ray do-
main size.

Particle size Particle size

Atomic ratio Tc of Pb of Ag
Sample (Pb:Ag)  Ps/Py (K) (nm) (nm)
PbAgO1 100:0 100  7.25 50 No XRD line
PbAgl12 93:7 23.68 7.0 39 No XRD line
PbAgl6 86:14 1095 6.7 27 No XRD line
PbAgl4 84:16 935 6.6 21 No XRD line
PbAg06 81:19 759 64 45 No XRD line
PbAg05 75:25 534 6.1 21 5.4
PbAgl0 67:33 3.62 54 56 11
PbAg07 64:36 3.16 5.2 23 7
PbAg02 63:37 3.04 5.1 26 19
PbAg03 16:84 033 .- 18 11
PbAg04 9:91 0.18 No XRD line 6
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7-25 nm range for Ag (Dj,). The surface morphology and
the elemental composition were obtained using a Zeiss Ultra
55 field emission scanning electron microscope (FE-SEM)
based on a Gemini lens and a JEOL JSM-840 scanning elec-
tron microscope (SEM), both equipped with energy disper-
sive x-ray (EDX) analyzers. The elemental composition
(from EDX) of the different nancomposite Pb-Ag films was
in the range from Pb(9%)-Ag(91%) to Pb(100%), as listed in
Table II. Elemental mapping showed a uniform distribution
of Pb and Ag in all samples.

The superconducting 7 of the nanocomposite films was
measured by the planar coil ac susceptibility technique. In
this method, the thin film sample is sandwiched between two
planar coils with the secondary coil picking up the signal
induced by a current in the primary. When the sample be-
comes superconducting, the secondary signal is shielded by
the sample as it goes into the Meissner state. Hence, a sharp
drop in the signal is observed as the sample is cooled below
T¢. Though it does not provide the absolute value of the
diamagnetic moment, this is a very sensitive technique to
determine the superconducting properties of thin films in
which the volume of the superconducting component is very
small. In conventional methods for magnetization measure-
ment, the signal is proportional to the effective sample vol-
ume, while in the planar coil method, it basically depends on
the area covered by the superconducting phase in between
the two coils. The temperature at which the real part of the
susceptibility (x’) deviated from zero was identified as T¢.
Independent measurements show that this temperature
matches closely with that at which the electrical resistivity
vanishes and a macroscopic critical current density (/) can
be sustained in the sample.

RESULTS AND DISCUSSIONS

A typical, low-resolution SEM image of a sample with
63 at. % Pb was obtained with the help of a Zeiss Ultra 55
FE-SEM, using an in-lens secondary electron (SEI) detector
[Fig. 1(a)]. The image shows uniform microstructure with a
narrow grain size distribution. However, this image does not
allow one to distinguish between Pb and Ag grains. A com-
positional image of the nanoscale two-phase dispersion was
successfully obtained using an energy selective backscatter
(ESB) detector, also operated at a relatively low voltage
(~1.8 kV). Figure 1(b) shows an ESB image of the same
region, as Fig. 1(a), but the Pb and Ag particles here display
different contrasts. It is clear that the lighter colored Pb par-
ticles are intimately mixed with the Ag particles, which have
much darker contrast and are virtually invisible. Similar
SEM images (but at higher magnification) of the sample with
81 at. % Pb are shown in Fig. 2. As before, Fig. 2(b) is an
ESB image showing elemental contrast. It is apparent from
Figs. 1(a) and 2(a) that the nanoparticles are largely aggre-
gated into small clusters. However, the primary particles
(that form the aggregates) have a reasonably uniform size
distribution. Particle size distributions for two representative
nanocomposite thin film samples obtained from high-
resolution SEM images using standard image analysis pack-
ages are shown in Fig. 3. Note that these size distributions
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FIG. 1. SEM image (X32500) of a Pb-Ag nanocomposite
sample with 63 at. % Pb, showing perfectly uniform microstructure,
obtained using (a) a normal (in-lens) secondary electron (SEI) de-
tector and (b) an energy selective backscatter (ESB) detector. The
(b) ESB image shows only the Pb nanoparticles.

were obtained from the ESB data and hence refer to the Pb
nanoparticles only. The Ag nanoparticles have substantially
smaller mean size in all cases. The mean crystallite sizes for
the Pb and Ag nanoparticles were individually obtained (see
Table II) from XRD line profile analysis using the WINFIT

FIG. 2. SEM image (X100000) of a Pb-Ag nanocomposite
sample with 81 at. % Pb, obtained using (a) an SEI detector and (b)
an ESB detector. As before, (b) shows only the Pb nanoparticles.
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FIG. 3. Particle size distribution obtained from high-resolution
SEM images for two representative nanocomposite samples, with
63 at. % Pb (top) and 81 at. % Pb (bottom). The standard deviation
is typically about 15% of the mean size.

software. A comparison of Fig. 3 and Table II shows that the
coherently diffracting x-ray domain size matches quite well
with the mean primary particle size obtained from SEM.
We now present the superconducting properties of the
Pb-Ag nanocomposite system. Figure 4 shows the tempera-
ture dependence of the real part of the ac susceptibility (x')
measured by the planar coil technique for nanocomposite
samples with different compositions. There was a monotonic
decrease in T (as obtained from the x'-T data) from the
bulk value of 7.25 to 5.1 K in the nanocomposite films as the
at. % of Pb changed from 100 to 63. Films with less than
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FIG. 4. (Color online) Temperature dependence of the real part
of the ac susceptibility for the Pb-Ag nanocomposites with varying
P/ Py ratio (indicated in figure). The inset shows the variation of
T¢ with the Pg/ Py ratio in the nanocomposite samples.
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FIG. 5. (Color online) Temperature dependence of the real part
of the ac susceptibility for the Pb-Ag nanocomposites with the same
Pb/Ag ratio but different grain sizes.

20% of Pb were nonsuperconducting. The inset (Fig. 4)
shows the decrease of T~ with decreasing volume fraction of
Pb.

Since T, (as well as other superconducting properties)
also depends on the particle size of the superconductor, it is
important to isolate proximity effect from particle size ef-
fects. To investigate the effect of particle size of Pb on T in
the nonocomposites, we synthesized three samples with dif-
ferent grain sizes (Dp,) in the 20—60 nm range but with
nominally similar Pb/Ag ratio. Figure 5 shows the suscepti-
bility data for three samples with different sizes but with
~85 at. % Pb. It is clear that T remains roughly constant at
~6.7 K, independent of the particle size. In a separate
study'® of particle size effects in pure nanocrystalline Pb, we
found that T~ does not change down to a size of =10 nm, in
conformity with existing data.'>!” We therefore conclude
that 7~ of the nanocomposite films is dictated primarily by
the ratio of the two components provided that the particle
sizes of Pb and Ag are less than their respective coherence
lengths, but larger than =10 nm. Expectedly, we also found
that if the particle size of Pb is greater than 80 nm (coher-
ence length of pure Pb), the corresponding T is the same as
that of bulk Pb (=7.2 K), since the SPE is not important in
this size regime.

To understand our observations on the variation of T
with the volume fraction of the superconducting and normal
components, we adopt an approach similar to that of Stern-
feld et al.'! for the case of Pb-Cu. Following this approach,
we substitute the ratio of the thickness of the superconductor
and the normal metal in the SPE formalism for bilayers and
multilayers by the ratio of the volume fractions of the two
components in the nanocomposite system (say, Pg and Py).
Thus, the expression for T is

( TC ) 1+ a(PNlps)
In =

1.140,/ NsOV )

in the weak-coupling limit (A <1), where @, is the Debye
temperature, and
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FIG. 6. Variation of T with the ratio of the volume fractions of
Pb (P5) and Ag (Py). The accuracy of measuring either T or
Pg/ Py is not larger than the size of the data points, shown by the
open circles. The theoretical curves for the strong- and weak-
coupling limits are shown by the dotted and solid lines,
respectively.

NsIn Og+ Ny In Oya(Py/Pg)
A+ Aya(Py/Ps)
Ag+ 1+ A+ Da(Py/Py)
“As— e+ (hy= pa(PylPy)’

In(1.45T,) =

2)

in the strong-coupling limit (A>1). Here, a=Ny(0)/N(0),
where Ny(0) and Ng¢(0) are the density of states at the Fermi
energy for the normal metal and the superconductor, respec-
tively, while Ny, Oy, Ag, and O are the electron-phonon
coupling constants and the Debye temperatures of the normal
metal and the superconductor, respectively. V is the interelec-
tron attractive potential due to phononic interaction and u is
the effective electron-electron repulsion term.

Theoretical curves for the strong- and weak-coupling lim-
its were calculated using the following parameters from
literature:>!"! @p,=105 K, ©,,=215K, wu=0.11, Np,(0)
=0.276Ny, Nao(0)=0.098Ny, Ap,=1.013, and \,,=-0.018,
where N, is the Avogadro number. The value of Npy(0)V
=0.355 was obtained from the weak-coupling BCS
expression:'®  T.=1.140 exp(~1/N(0)V) and taking T,
(Pb)=7.25 K. Ny, is taken from the work of Kouh and
Valles,!” who studied SPE in quench condensed Pb/Ag bi-
layers. Their data on the variation of T with bilayer thick-
ness could be fitted to SPE theory only if the electron-
phonon coupling for Ag was taken to be slightly repulsive.

Figure 6 depicts our experimental data points and the cal-
culated curves for the weak- and strong-coupling limits,
shown, respectively, as a solid line and a dotted line. Though
Pb is a well-known strong-coupling superconductor with A\
>1, our data fit better with the theoretical curve for the
weak-coupling case. Thus, in such random mixtures of Pb
and Ag nanoparticles, the slightly repulsive electron-phonon
interaction in Ag appears to influence the interaction of the
superconducting electrons with the lattice in the Pb nanopar-
ticles. Such weak-coupling behavior of Pb has not been ob-
served in bilayers or multilayers of Pb with normal metals.
On the contrary, for pure nanocrystalline Pb, there are reports
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showing that Pb tends to exhibit stronger-coupling behavior
with decreasing grain size.!?

In summary, we have shown that the superconducting 7
in a cosputtered, randomly intermixed composite of Pb and
Ag nanoparticles is controlled by the ratio of the volume
fraction of the two components, in accordance with the pre-
dictions of proximity effect. The exact nature of the nanopar-
ticle dispersion has been shown from high-resolution elec-
tron microscopy data. The particle sizes corresponding to
each phase should be smaller than the relevant coherence
length for proximity effect to be observable. Quantum size
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effects due to the discretization of the energy bands are not
important above =10 nm. We further show that Pb behaves
as a weak-coupling superconductor when randomly distrib-
uted with a normal metal such as Ag.
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