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Proximity effect in granular superconductor—normal metal structures
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We fabricated three-dimensional disordered Pb-Cu granular structures, with various metal compositions.
The typical grain size of both metals is smaller than the superconductor—normal metal coherence lengths, thus
satisfying the Cooper limit. The critical temperature of the samples was measured and compared with the
critical temperature of bilayers. We show how the proximity effect theories, developed for bilayers, can be
modified for random mixtures, and we demonstrate that our experimental data fit well the de Gennes weak-
coupling limit theory in the Cooper limit. Our results indicate that, in granular structures, the Cooper limit can
be satisfied over a wide range of concentrations.
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I. INTRODUCTION Nb-Cul® The published experimental results @i in

Superconductivity in granular mixture films was exten- PP-Cu(Refs. 10-12bilayers are higher than those predicted
sively studied, both experimentally and theoretically, in theby the theory of weak-coupling superconductaaad could
framework of the percolation theohf It was demonstrated be better fitted to the theoretical expression for the strong-
that for a random mixture of granular superconducting andoupling casé,or by modifying the weak-coupling formula
insulating materials the superconductor-insulator transitiody introducing a finite transparency of the barrier at the
occurs at the percolation threshdR, and the critical cur- interface!3
rent of such systems vanishesRat.! Recent investigation of the proximity effect in the thin,

When grains of the superconducting material are largenultilayered structure of Pb-A¢Ref. 14 also favored the
enough, their intragranular critical temperature is not af-theory of the proximity effect as derived for the strongly
fected by the proximity of the insulator component and re-coupled superconductor; however, the agreement was poor
mains close to the bulk value both abéwand belovf the  for ultrathin films. There was also an attempt to fit the ob-
percolation threshold. The macroscopic transition temperaserved variation oflc in Pb-Ag films to the theory of the
ture can be reduced due to a gradual suppression of the imeak-coupling limit with a fitting parameter, taking into ac-
tergranular Josephson coupling across the metal-insulat@ount the degradation di in the Pb grains due to the finite-
transition® size effectd®

Other studies considered the percolation and electronic In this paper we show how the theories developed for
properties of YBaCuO-normal metal compoufidd. was  superconductor-normal metal bilayers can be modified for
shown that in such samples the transition temperature is b#andom mixtures, and we demonstrate that our experimental
sically not affected as long as there is an infinite percolatinglata for Pb-Cu samples fit the weak-coupling limit theory
cluster of superconducting components. It is important tovery well. The appropriate parameter influencifigin ran-
emphasize that the size of the YbaCuO grains was larger thettom mixtureswith typical grain-sized < £y o) is the ratio of
& However, the random mixture with the opposite relation-volume concentrationBy/Ps=Py/(1-Py) rather tharty/ts.
ship, namely, with>d has never been investigated. We argue that for fine grains of both superconductors and

Random mixture films composed of a type 1 superconnormal metals, the Cooper limit is satisfied over a wide range
ductor and a normal metal have never been investigated tof volume concentrations and, in contrast to a bilayer system,
the best of our knowledge. For such systems one would exs not only limited to very thin films.
pect that the intrinsic intragranular superconductor transition
temperature would be strongly affec_ted by the presence of Il SAMPLE PREPARATION
the normal metal due to the proximity effect. Thus far the
proximity effect was investigated in bilayers and multilayers Four terminal geometry samples were prepared with a
of superconductingS and normal(N) materials, where the standard photolithography technique. Gold Ohmic contacts
variation of T was studied as a function of the normal metalwere evaporated using aggun. Then the substrate was
to superconductor thickness ratig/ts. Theoretical expres- transferred to the sputtering chamber and pumped to below
sions for both weakl§® and strongl§ coupled superconduct- 1076 Torr. Samples were prepared by the cosputtering of Pb
ors were derived for the dependenceTef on ty/ts in the  and Cu on the substrate. The sputtering target was composed
so-called Cooper limit, where the typical thickness of bothof 16 pieces each made of either Pb or Cu. Such an arrange-
the N and S regions are smaller than the relevant coherencenent allowed us to change the volume concentrations in the
length, &y s A number of experiments were performed in samples by varying the ratio of Pb and Cu pieces in the
order to determind for different superconducting and nor- target. Volume concentrations could also be altered by the
mal metal bilayers, such as Pb-&ug!® Pb-Agl*1> and  sputtering power. The total thickness of the Pb-Cu mixture
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FIG. 2. Normalized resistande/R, as a function of tempera-
ture, for typical granular Pb-Cu samples with different volume con-
centrationsRy is the resistance at 7.2 K.

radiation on the Scintag @ powder diffractometer, equipped
with a liquid-nitrogen-cooled Ge solid-state detector. Unal-
tered patterns of immiscible Pb and Cu elements were super-
imposed on the XRD diffractogram, indicating that the
grains of different samples are of equal purity.

Figure 2 shows the superconducting transition curves
for four samples with different normal metal concentrations.
The resistance values are normalized to the respective values
at Tp=7.2 K. The superconductor transitions are rather
sharp and quite smooth, indicating the homogeneity of the
samples. In contrast to the superconductor-insulator mix-
tures, T is strongly affected by the variation of the concen-
tration of the superconducting component. Similar to the
behavior observed in bilayer3. is strongly reduced from

FIG. 1. TEM micrographs of a typical granular Pb-Cu fila) its bulk value, Ty, even at concentrations with an infinite
Pb dark-field micrographb) Cu dark-field micrograph. cluster of Pb percolating from one side of the sample to the
other.

films was about 100 nm. A 50 nm protective layer of Ge was As Will become clear from our discussion below the
evaporatedin situ on top of the films. Energy-dispersive appropriate parameter describing the degradatiofcofn
spectroscopyEDS) x-ray analysis was performed for each the Cooper limit for our granular mixture films is the relative
sample in order to determine the chemical composition anifolume concentratiorPy/(1-Py), rather thanty/ts used
ratio of volume concentrationPy/Ps=Py/(1-Py). Trans-  for bilayers. The variation of c versusPy/(1-Py) is shown
port measurements were preformed in arf ldgyostat and  in Fig. 3. T has been defined as the temperature at which

dilution refrigerator. A standard ac lock-in technique wasresistance reaches either 1%&quarep or 50% (triangles
used in these measurements. of the normal-state values. Figure 3 indicates once more

that the transitions are rather sharp and that the precise

way we define our critical temperature is not important.

However, in the Appendix we shall show that in such
Figure 1 shows transmission electron microscGpeM) granular films it is appropriate to define the critical tempera-

micrographs of a typical Pb-Cu film. As is evident from this ture as the temperature at which the samples attain zero

figure, our films are composed of randomly spread Pb andgesistance.

Cu grains. The Pb grains are somewhat larger than the Cu

grains, yet all grains are smaller than coherence lengths IV. ANALYSIS OF THE RESULTS AND DISCUSSIONS

(én,s=30 nm thus satisfying the Cooper limit. Bright-field '

measurements that were taken indicate that samples are ho-It is well known? that many properties of random mix-

mogeneous. tures are successfully described by percolation theory. Ex-
X-ray diffraction (XRD) was used for material-structure perimentally, such systems were usually investigated for nor-

characterization. XRD patterns were collected with @uK mal metal-insulator or superconductor-insulator mixtures,

I1l. EXPERIMENTAL DATA
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FIG. 3. Critical temperatur@c versus relative volume concen- |G, 4. Critical temperature versus relative volume concentra-

tration Pc,/(1-Pgy). The squares and triangles represent criticaltjon, The squares and triangles represent our points and those of Z.
temperatures extracted from the temperatures at which the res@vadyahuet al, " respectively. The solid and dashed lines represent
tance attained 1% and 50% of the normal-state resistancqhe weak(Ref. 8 and strong-couplingRef. 9 limits, respectively.
respectively. In the theoretical expressions and bilayer ddgaf. 11) the ratio

tn/ts was replaced bypy/(1-Py).
critical behavior was observed near the percolation threshold
fc, and the appropriate critical exponents for the critical curconerence lengths. Another reason could be that the interface
rent, critical magnetic field, etc. were determined. It shouldyetween the Cu and Pb obtained in a sequential deposition
be mentioned that the critical temperature of thenf the materials was partially oxidized and therefore
superconductor-insulator film was not affected considerably,aq |ower transparency than the interfaces between the
by the proximity to fc and remained quite close to the grains obtained during the cosputtering of our samples. In-
bulk value of the superconductor as long as there existed &feeq, the low-transparency interface between the supercon-
infinite - superconductor cluster at>fc. One of the qgyctor and normal metal was considered in several
most important parameters in the percolation problem is th%ublicationé&”'lgand it was demonstrated that the suppres-

correlation length£p, which sets the homogeneity scale of sjon of the critical temperature was weaker for less transpar-
the percolation network. On the length scéleaboveép,  ent interfaces.

all the physical properties are assumed to be scale indepen- |n order to compare our data with the theories for the
dent and vary only with the concentratiéhof the insulator  pjjayers we plotted in Fig. 4 two theoretical curdésor

or superconductor. For the superconductor proximitygifferent limits of superconducting electron-phonon coupling
effect, the percolation of the infinite cluster is irrelevant sinceggnstants\,

the electrons are no longer confined to the superconductor

clusters but rather diffused into the normal metal viay _;.1q 455 T.) = AdnOg+ AINOya(Py/Ps)
Andreev reflections at the superconductor-normal metal in-~ =" """ c s+ Aya(Py/P9)
terface. We conject that the proximity effect in the random- g+l + (0 + Da(Py/PY

mixture films could be described as being similar to bilayers , (1)
in the Cooper limit, provided that in all regions of siZg As= p+ (Ay = p)a(P\/Py)

and &g there is a finite concentration of normal mef(0

<P<1). The latter requirement is analogous to the Coopeg\ < <1n Tc __ 1+a(Py/Py a=(NyN9) )
limit criterion for bilayers (see further discussion in the T 11404 (Ngo)V) NS
Appendix.

First we would like to compare our experimental where Py s are the normal metal and superconducting vol-
data with the published data for Pb-Cu bilayers, by z.UMe concentrations, is _the coupling constany is the(re-
Ovadyahuet al!! By courtesy of the authors we reproduce PUISive Coulomb coupling constan® the Debye tempera-
this data in Fig. 4 together with our data. One can clearlyiur® N the density of states at the Fermi lev#l, the
see that our experimental points in the entire range ogttractive potential, and the ratio of density of states of the
volume concentrations lie well below the values obtainednormal and superconductor materials.
for the bilayer system. One of the reasons could be that Both theoretical curves are calculated for the following
the published data for the bilayers does not satisfy thénicroscopic —parametefs ©p,=102 K, 0¢,=343 K,
Cooper limit criterion; however, it is very unlikely since #=0.13,Ac,=0.15,Ap,=1.013, andNpy)V=0.36. The last
the authors claimed that the thickness used for Cu and Ptwo parameters were obtained by postig/(1-Pg,) =0 in
were smaller by at least a factor of 3 than the relevanboth formulas and comparing it with the bulk value critical
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temperature. Using the relatidd=myx n*3, wherem, is  independent of thd@ of the neighboring cells, because the

the electron effective mass ands the free electron density, correlations between the superconducting properties of each

we calculatedx to be 0.521° cell vanish rapidly over distances exceeding the coherence
Although lead is assumed to be a strongly coupled supettength &. This implies that thél of a cell can be calculated

conductor, our data points only deviate slightly from theusing Eq.(1) or Eq. (2) where P/(1-P) is substituted in-

curve of the weakly coupled limit. To the best of our knowl- stead ofty/ts.

edge all the reported experimental results for Pb-Cu At a given temperaturdl, the volume fraction of the

bilayers®-*2favor the strong-coupling expression and, moresample that is in the superconducting state can be obtained

generally, no published experimental data for Pb and a nofrom f—the fraction of the superconducting cells,

mal metal follow the weak-coupling expression closélyn-

less a fitting parameter is us&dt® P(M
f= N¢py,o(P)dP, (A1)
0
V. CONCLUSIONS

In summary, we demonstrated that three-dimensiona\there the upper limit of integration is the concentration
of normal metal for a cell that becomes superconducting at

granular mixture films are unique systems for investigating . : : i
the superconducting proximity effect in a wide range of rela-At a certain fractionfc (percplauon thresho}dqf supercon
ucting cells the sample will be spanned with a supercon-

tive volume concentrations. We argue that in such system ucting cluster and its resistance will vanish, should

the Cooper limit is satisfied without any limitation on not be confused with, since they describe different perco-
the total thickness of the film, provided that grains of both .. ¢ > they rent perce
lation networks—the first being a network of cubic cells with

constituents composing the mixture are really fine, nameleinear dimensiong and the latter being a network of grains

ds < &g Moreover, the high quality of the interface ob- | o typical dimensionsd. Therefore theT. of the entire

tained during the cosputtering guarantees ideal electronic . : -
transmission, which is usually assumed in the existing theo§amp|e will be determined by #(Tc) such thatf=fc,

retical models. We would like to emphasize that our data argamely,
in reasonably good agreemefwithout any fitting param- BT
Ie'rtﬁ'rts with the expression derived for the weak-coupling fo= f Nip) o(P)dP. (A2)
imit. o
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/ A3)
V20 (
' Using Eq.(A3) and known values of from percolation
ﬁweory we estimate the relative shift B{T.) for three dif-
ferent cases.
(1) A two-dimensional sample, namelg=h (h is the
APPENDIX total film thickness—the percolation theory predicts
The purpose of this appendix is to show that the properfc:(g)'iip}?;g?&;ﬂ%;?&lvg;z}zmsgk;;gg_the per-
factor which describes the decrease fof in our granular colation theory predict$-=0.16. Using published tables for

films is the relative volume concentratiéh/(1-Py), rather 4 S
thanty/ts used for bilayers, to determine this factor in the.the error function and substitutingin terms of(P) and¢/d

more general case and to illustrate tfiatshould be defined into Eq. (A3) we get
as the temperature at which the film reaches zero resistance.

Let us divide our sample into cubic cells of linear dimen- (P) =Py _ (9)3’2 1-(P) (Ad)
sion (é=é&s=&y). Since ¢ is finite, each cell will have a (P) £ Py °
slightly different concentration of normal metgl The frac-
tion of cells having concentratioR can be described by a So, for (P) smaller than 0.44, the relative shift &f(Tc)
normal distribution functionNp, ,(P), where (P) is the  exceeds 10%.

samples’ average of normal metal concentration afdts (3) In our samples the ratib/ ¢ is smaller than 3. The
variance which depends afid. Each cell will have its own percolation theory predicts thé¢ of such a sample is about
critical temperatureT determined by the loca of the cell,  0.38 (Ref. 20 and in this case,
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(P)= P, d\¥ [1-(P) the relative deviation oP(Tc) from (P) in Eq. (A5) is re-
TC ~ 03(‘) W (A5) duced due to two reasons: first, the numerical factor is re-
§ duced due to dimensionality crossover and eventually van-

ishes at§r=h, and second, the ratigd/&q1)] becomes

The relative deviation OP(Tc) from <P> will exceed 10% smaller at lower temperatures_
only for samples witRP) smaller than 0.07. Only two of our We conclude that, for our films, the temperature in which
samples havéP) smaller than 0.07 and for these samples wethe sample attains zero resistance can be approximated by
calculate the absolute shift and find it to be about 0.00§ormulas(1) and(2) derived for bilayers, replacinig,/ts with
which is smaller than the accuracy of the concentration meaP)/(1—(P)). However, for three-dimensional samples and
surement. somewhat larger grains, the fluctuations of the concentration

We assumed here, for simplicity, thatis constant. It is could be important, and therefok®) should be replaced
well known however, thag 1, varies ast)~ (1/ VT)8 hence  with P(Tc) as in Eqs(A2) and (A3).
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