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Proximity effect in ultrathin Pb /Ag multilayers within the Cooper limit
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We report on transport and tunneling measurements performed on ultrathin Rbidgg-coupled
superconductor/normal metahultilayers evaporated by quench condensation. The critical temperature and
energy gap of the heterostructures oscillate with addition of each layer, demonstrating the validity of the
Cooper limit model in the case of multilayers. We observe excellent agreement with a simple theory for
samples with layer thickness larger than 30 A. Samples with single layers thinner than 30 A deviate from the
Cooper limit theory. We suggest that this is due to the “inverse proximity effect” where the normal-metal
electrons improve screening in the superconducting ultrathin layer and thus enhance the critical temperature.
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The superconducting proximity effect is a well-known wp 1.041+))
phenomenon and has drawn a lot of interest both from the Tczﬁexp— .
fundamental and the practical points of view. In a high trans- 45 A—p*(1+0.62n)

mission contact between a superconductor and a normglhere) is the dimensionless electron-phonon coupling co-
metal the superconducting wave function varies smoothly.¢ficient andu* is the effective Coulomb repulsion. In a
across the interface causing a suppression of the pair ampli,rmal-metal/strong-coupled  superconductor  within  the

tude in the sqperconductor and an en_hancemgnt of pairing ooper limit, one can expeat in Eq. (2) to be replaced by
the normal side. The characteristic distance in which supery, average electron-phonon couplig:

conductivity “leaks” into the normal region is the normal-

: 2

state coherence lengthy= v D/27kT, whereD is the dif- Nsds+ A ndy

fusivity, and the length scale at which superconductivity is ASW:W' ©)
suppressed in the superconducting side is the superconduct-

ing coherence lengtls. The proximity effect in the Cooper limit has been ob-

In the Cooper limit (in which both the superconductor served experimentally in  numerous systems  of
and the normal-metal layers are smaller than the characterisuperconductor/normal-metal bilayers.
tic coherence lengthgs and &y, respectively the behavior In this paper, we study systems of multilayers of
of an S-N bilayer is well described within the framework of superconductor/normal metdPb/Ag in which the total
the de Gennes mod&? The electrons experience an averagethicknesses of the metals are comparable to the relevant co-
pairing interaction(average between the two materjaésidd  herence lengths. The transport and tunneling experimental
Tc can be described within the BCS weak-coupling formresults confirm that the basic idea of the Cooper limit notion,
adapted to the Cooper limit proximity effect in the following i.e., that the electrons experience an average pairing, is valid

way: also in a multilayer sample. We observe gaqahntitative
agreement with theory as long as the thickness of the layers
kTe=1.1%wpe MNOV, (1) s larger than~30 A while thinner layers deviate from the
theoretical predictions. We suggest that the simple picture is
dg N(0)V]s+dn[N(0O)V]y modified in ultrathin layers due to effects of screeningaf
[N(O)V]sin= ds+dy ' interactions (the inverse proximity effect as previously
reported).
where wp, is the Debye frequencW(0)V is the pairing in- The Pb and Ag layers were prepared by quench conden-

teraction[N(0) being the density of states at the Fermi levelsation, i.e., evaporation on a cryogenically cooled substrate
andV the pairing interactioh andds y is the thickness of the  within the measurement apparafu$his allowsin situ se-
superconducting and normal-metal films, respectively. Thigjuential depositions under UHV conditions and simultaneous
model assumes that the Debye frequencies in the two metalsansport and tunneling measurements on a single sample.
are similar and it is based on the understanding that the eleGhis method has several essential advantages for the study of
trons spendNydy /(Nydy+ Nsds) of their time in the nor-  the superconducting proximity effe€Since Pb and Ag are
mal metal and\gds/(Nydy+ Ngds) in the superconductor immiscible, the alloying of these two materials is very im-
(Ny andNg are the density of states in the normal metal andorobable even at room temperatures. Alloying becomes prac-
in the superconductor, respectively ticably negligible when the samples are quench condensed
The above picture is modified in the case of strong-and are kept belovir =10 K throughout the entire experi-
coupled superconductors whéfg is given by the McMillan ~ ment(sample growth and measuremernt addition, the ex-
expressiorf: tremely clean environment of the experiment leads to very
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FIG. 1. Resistance per square versus temperature of a Pb/Ag - - -
bilayer (sample 2. The thickness of Ag varies from 0 &4Pb) to 2r "q‘ ]

14.4 A (Ag9). Each evaporation corresponds4al.6 A. The T¢ 0 . 2'0 . 4'0 . 6|0 . 20
decreases monotonically as normal-state resistance is decreased. In- o
set: lllustration of the sample geometry. d (A)

FIG. 2. Superconducting critical temperatures extracted from
high quality interfaces between the superconducting layerghe R(T) measurements in the case of three different thickness of
and the normal-metal layers. Such clean interfaces providge Pb/Ag layer. The thicknesses of the Pb and Ag layers in the
ideal conditions for studying proximity effects. bilayer are 32.5 Altop graph, 14.4 A (middle graph, and 9.3 A

The geometry of the samples used in this study is showibottom graph The solid lines are the theoretical fits using EG3.
in the inset of Fig. 1. We begin by evaporating two strips ofand (3).
Al onto a room-temperature polished glass substrate. These
strips are used both as voltage leads and as the base electradmperature increases, the coherence length increases until it
for tunneling measurements. Then, we allow a native oxideliverges aff=T.
barrier to grow on the Al for 20 min. We connect metallic ~ We begin by presenting the results for the initial bilayer.
leads to the substrate and place it in an evaporation chambEigure 1 shows the resistance versus temperature of sample 2
which is then pumped out and immersed in liquid helium. Aas a layer of 14.5-A-thick Ag is grown in steps f1.55 A
10-A Ge adhesion layer is then quench condensed across the top of a 14.4-A-thick initial Pb layer. Such measurements
Al strips, permitting the evaporation of a continuous layer ofare used to extrack by taking the midpoint of the transi-
Pb as thin as 5 A.The thicknesses are monitored by a cali- tion (Ry/2).'° It is seen that the initial Pb layer hasTa
brated quartz crystal situated in the chamber. Multilayerswhich is smaller than the bulk value of 7.2 K. This is typical
made of base units of Pb/Ag bilayers having different thick-for very thin superconducting layers which are known to
nesses, are quench condensed across the Al strips. This caxhibit a superconductor—insulator transition as a function of
figuration allows the simultaneous measurements of trangilm thickness(and qu)_11—13 It has been arguédi®®that as
port properties of the multilayersthus determining the R, (the disorder increases, the electronic screening is re-
critical temperaturg and tunneling into the multilayergor ~ duced. Coulomb interactions are then enhanced leading to a
determination of the energy gapVe performed these mea- weakening of the superconducting coupling. This explains
surements at incremental stages of the evaporation of each tife decrease of ¢ in the Pb films when the thickness is
the Pb or Ag layers. All measurement were performed in &educed from 30 A to 9 A as is seen in Fig. 2. The enhance-
screened room using standard ac methods. ment of Coulomb interactions for higRs, is also evident in

In this paper, we present data on three Pb/Ag systemsig. 3 which depicts thed!/dV)-V measurementgpropor-
having different base unit thickness: Sample 1 whegg  tional to the density of statp®f a 9-A-thick-Pb film with
=dag~32 A, sample 2 wherelp,=dag~15 A, and sample increasing layers of Ag, taken at temperatures afiquelt is
3 wheredp,=dag~9 A. Each of these unit bilayers is within seen that in the ultrathin Pb layer, the density of states at the
the cooper limit;¢y of the Ag at low temperatures is of the Fermi level is relatively low. The tunneling conductance ex-
order of 1 um and{g of the amorphous Plwhich is in the  hibits a strong voltagéenergy dependence demonstrating
dirty limit) at low temperature is given b/ = &I, where  that this is a strongly Coulomb correlated system. The den-
&, is the clean limit coherence lengtfor Pb this is 800 A)  sity of states at the junction interface dramatically increases
andl is the mean free path which is approximately an inter-when layers of Ag are evaporated top of the Pbpresum-
atomic distance, about 2.7 A in our sampleBhese values ably due to enhancement of screening and, hence, suppres-
yield a zero-temperature coherence lengths 46 A, which  sion of the Coulomb interactiort.
is larger than each one of our Pb layers. Furthermore, as the As subsequent layers of Ag are addeddR is reduced
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FIG. 3. dI/dV versusV (proportional to the density of states as 1 J"a"s +E{EZ2§B ]
a function of energy at temperatures abové: (2.04 K) of an %
ultrathin Pb layer (10 A) with an increasing Agp to 10 A) layer 0.0 ——foflavers .

0

on top.

V(mV)
as 1) Tc is decreased even further due to the proximity ~ FIG. 4. dl/dV versus V, normalized to the normal-state conduc-
effect as evident in Fig. 1. Since the bilayer is in the Coopetance, for sample 1 takenat=1.65 K for each Pb and Ag sublayer.
limit, T¢ is indeed expected to decrease as a function of th&he oscillations of the gap with thickness are easily observed. The
normal-metal thickness. We note, however, that this is nothset shows BA/kTc as a function of the number of layers. Note
always the case. We have shdwthat when the initial Pb  that this ratio is nearly constant for the last few layers.
layer is extremely thinthinner than that of sample) 3he
first added Ag sublayers cau$g to increasein what seems  2eA/kT. as we add the last few layers gives us further con-
to be an inverse proximity effect. This effect was first ob-fidence in the validity of our model.
served experimentally by Shapoval@t al'**® and was We have attempted to fit the curves in Fig. 2 to the prox-
treated theoretically by kaelste’rﬁ.Baseq on tunneling ity effect modified McMillan expression of Eq2) using
measurementyve interpreted the observatlons as being duey, averaga for the Cooper limi{Eq. (3)] in the spirit of the
to the fact that_the A9 Iayers enhance screening in the SYStek Gennes model for Pb and Ag. These are shown in Fig. 2
thus suppressing the-e interactions which are responsible where we used the known values for Phs=1.55mp

. 8 . _
for the T suppressiof® This trend opposes the usual prox ~105 K,u* =0.11 and taking a low electron-phonon cou-

imity effect and becomes more important in thinner super-_. o . _” .
conducting films. pling for Ag, Ay=0.2, without any fitting parameters. It is

The evolution ofT¢ as more Pb and Ag layers are addedSeen that the experimental results are in excellent agreement
is shown in Fig. 2 for the three samples. It is seen that with this model for sample IWhere*de: dAQNSZ A). we
oscillates when we change between Pb and Ag depositiof°t€ that the values fotr,wp , andu™ are not adjusted, but
reaching a local minimum or maximum at the completion ofaccepted values and so the agreement is quite impressive.
each layer. The oscillation amplitude decreases with increagiowever, when we used the same parameters for the other
ing number of bilayers and. appears to approach a value samples with thinner base layers, we get substantial devia-
of ~3 K in all three samples. The oscillation behavior is tions from the model for the first few laye(Big. 2). In fact,
also observed in the energy-gap measurements which are i sample 1(and in the theorythe oscillations are superim-
lustrated in Fig. 4 for sample 1. Thetl/dV curves were posed on a global decrease B, in sample 2 the back-
measured af = 1.65 K, well below theT of the multilayer.  ground is roughly constant and in sampld @ globally in-

Note that despite that fact that tunneling is performed intccreaseswith the number of bilayers. We argue that this
the bottom Pb layer, the results are still affected by addindehavior is an extension of the inverse proximity effect ob-
the sixth layer on top. This clearly demonstrates that withinserved in the ultrathin bilayefs:>®The large Coulomb in-

the Cooper limit, the tunneling electrons probe #tire  teractions characteristics of these thin samples are continu-
sample and the superconducting parameters are determinedsly weakened with increasing numbers of Pb/Ag bilayers,
by the mean properties dll the layers in the multilayer. thus, as more layers are added, we approach the Cooper limit
Figure 4 also shows the raticeR/kT¢ as a function of the proximity effect theory.

number of layers. The superconducting gap was evaluated In summary, we have shown that the de Gennes consid-
from a classical temperature-dependent BCS fit. It is seegrations regarding the Cooper limit are valid for the case of
that this ratio crosses over from a value of 4vhich is close  multilayers until the layers become very thin. Using a simple
to the strong-coupling limit of~4.8) to 3.6(which is close  model, we were able to describe very accurately the variation
to the week-coupling limit of~3.5). We would like to point  of the critical temperature and the energy gap as a function
out that the tunneling measurements were performed at relaf the number of layers in the thick limit. We have shown
tively low temperature. The fact that andA track on each that for very thin layers the model breaks down indicating
other is further experimental evidence that the Cooper limithat other physics is involved. We suggest that this break-
is valid here. Hence, the relatively constant value ofdown is due to the effect of strong Coulomb interactions in
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