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Electron tunneling study of the superconducting proximity effect in Pb-Cd&
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Electron tunneling has been used to study the superconducting state in superimposed Pb-Cd thin films in

which the Pb thickness varied from 950 to 330 k The measured transition temperature T, varied from 7.22
to 4.86 K in the samples, and the observed energy gaps varied from 1.38 to 0.43 meV. The tunneling

density of states as recorded on either side of the sandwich resembles those predicted by the McMillan
model, but there are some quantitative differences. The observed phonon structure in the density of states
occurs at the same energy as that in bulk Pb, and the magnitude of the structure scales with T,'. The shape
of the calculated phonon spectral function remains essentially unchanged throughout this series.

I. INTRODUCTION

Electron tunneling provides a powerful tool for
the study of the proximity effect. ' Differential
conductance curves for a metal-oxide-supercon-
ductor junction are a sensitive probe of the super-
conducting density of states' N(&u) and, through
N(&o), a great deal can be learned about the funda-
mental interactions in a superconductor. ' For ex-
ample, the transition temperature T„ the energy
gap Q, and the position of the structure related to
phonon peaks are measured directly. In addition,
the energy-dependent pair potential A(&u), the life-
time broadeningparameter I', and the effective
electron-phonon coupling function a'(&o)F(a&) are
indirectly related to X(&) and can be determined
from the data. '

Proximity sandwiches differ from homogeneous
superconducting films in several important re-
spects. "' If a normal metal is placed in intimate
contact with a superconductor, electrons can flow
from one metal to the other and one expects that
there will be a characteristic escape time asso-
ciated with both electrons on the superconducting
side leaking into the normal region and the reverse
process. Hence there will be a lifetime-broaden-
ing term F~ associated with a residence time in
the superconducting side, and I'„, associated with
a residence time on the normal side. Because the
fundamental interactions have a spatial variation,
one would expect the pair potential to depend on
position as well.

For the films described here, electrons travel-
ing at the Fermi velocity will cross the sample in
about 10 "sec, which is shorter than either the
inverse gap time or the time of a single-phonon
oscillation. In addition, for the films reported
here, electrons incident on the superconductor-
normal-metal interface in these films have a rath-
er high chance of transmission, about 10%. There-
fore, it is essential to think of these proximity

composites as a strongly coupled unit.
Pb-Cd was chosen for a study of the proximity

effect for a number of reasons. The transition
temperature T, is high and the strength of the elec-
tron-phonon interaction is such that strong-cou-
pling effects are easily observed. In addition, the
solubility of Pb in Cd is less than 0.2 at. % and the
solubility of Cd in Pb is about 1.0 at. %, so the
interdiffusion is not too serious a problem. Most
important, however, is that we have learned to
grow bulk samples of composite Pb-Cd struc-
tures" with oriented lamina and we wish to study
flux pinning at a superconductor-normal-metal
interface. These tunneling measurements are es-
sential to our understanding of these flux pinning
processes.

II. EXPERIMENTAL

Tunnel junctions of the form Al-A12o3
were prepared in a liquid-nitrogen trapped oil dif-
fusion pump vacuum system. A complete descrip-
tion of sample preparation is given elsewhere, "
so a brief account will suffice here. A fused-
quartz substrate was cleaned sequentially in ace-
tone, NaOH, and aqua regia. It was then boiled in
Decontam detergent, rinsed in isopropanol, and
dried in a stream of nitrogen gas. Gold contacts
were deposited by evaporation and indium was
soldered onto the edges of the film. A 0.005-cm
wire was attached to one gold contact to provide
an electrical ground. The substrate was then
mounted in the vacuum system and the evapora-
tion boats were outgassed with the shutter closed.
An Al film approximately 2.5 cm long, 0.04 cm
wide, and 1000 A thick was deposited at a rate of
7 A/sec as determined by the quartz-thick-
ness monitor. After the Al deposition, a SiO film
approximately 700 A thick was deposited at 10 A/
sec over all portions except two cross strips
0.04 cm wide. At this point in the preparation,
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50 p, m of oxygen gas was introduced into the cham-
ber and the Al, O, barrier was grown in a glow dis-
charge with the Al film at ground potential. The
vacuum system was then opened to the atmosphere
for about 3 min to permit installation of the Pb and

Cd evaporation sources and masks and the system
was then re-evacuated. The Pb and Cd were evap-
orated in quick succession to provide as intimate
contact as possible. In a vacuum of 10 ' Torr, a
monolayer of oxide could form in a few tens of
seconds and we expect that some oxide does form
during the 20- to 30-sec interval between the Pb
and Cd evaporations. We have found that Cd sticks
to a freshly evaporated Pb film fairly well, but

some care is required to get Cd to stick to Al, O,
when the Al-Al, O, -Cd-Pb junctions were prepared.
To solve this problem, the Cd evaporation boat
was kept as cool as possible, approximately
250'C, and a series of baffles was used to colli-
mate the Cd beam. Even with these precautions,
only about 20% of the Al-A1, O, -Cd-Pb junctions
displayed the mirrorlike surfaces and good elec-
trical properties needed for the experiment.
Thicknesses of the films were measured optically
to an accuracy of about 50 A.

Dynamical conductance measurements were
made in a standard 'He refrigerator using the
feedback method proposed by Rogers. " Modula-
tion voltages were typically 30 p V in the gap re-
gion and 50 p,V in the phonon-structure region.
Temperatures were measured using a germanium
thermometer GR1592 which had previously been
calibrated against the T-5& vapor-pressure scale
and cerium magnesium nitrate susceptibility scale.

III. RESULTS AND DISCUSSION

Tunnel junctions for this experiment always were
made in pairs so that each proximity junction
Al-A1, O, -pb-Cd had a second control junction
Al-Al, O, -Pb which was made in the same evap-
oration. The control junction provided a direct

contrast to illustrate the effects arising from the
Cd backing and it provided a measure of the Al en-

ergy gap. Our primary goal in this work was to
study changes in the superconductivity of Pb
caused by the presence of Cd so most of the junc-
tions were of the form Al-Al, O, -Pb-Cd (hereafter
called Pb-Cd films}. We also were interested,
however, in the pair potential on the Cd side so
another family of junctions of the form Al-Al, O, -
Cd-Pb (hereafter called Cd-Pb films} was also
prepared.

For the family of Pb-Cd films, the thickness of
the Pb, ds, ranged from 950 to 330 A and the
thickness of the Cd, d„, was held approximately
constant at 500 A as shown in Table I. Values of
the superconducting parameters such as T, and 0
are smoothly depressed as ds decreases and the
junction behavior is completely regular. Probably
the best indication of the quality of the oxide bar-
rier for these junctions is the resistance of the
junction at zero bias R, when the temperature is low

enough to show an energy gap. As shown in

Table I, all junctions reported here have R, great-
er than 150000 A. The normal-state resistance
of the junctions at 77 K, R„, is typically 50 to 1000
0 and this means that leakage currents are less
than 1% of the tunneling currents. The capacitance
of the junctions is on the order of .01 p, F which is
consistent with a barrier thickness on the order
of 20 A. The quality of all the junctions reported
here seem to be quite good.

A. Transition temperature

T, for the Pb-Cd proximity sandwiches is de-
pressed when compared to that of an unbacked Pb
film. For example, the 670-A proximity sandwich
has a T, of 6.27 K, whereas the corresponding un-
backed Pb film has a T, of 7.22 K. The transition
temperatures were determined from the tempera-
ture dependence of the normalized tunneling con-
ductance measured at zero-bias voltage.

TABL E I. Summary of tunnel-junction characteristics.

ds dg R~
Sample (A) (L) (0)

Ro
(a)

T, 0 Ep rs r„bs" b,„
(K) (meV) (meV) (me V) (meV) (me&) (meV)

Pb
Pb-Cd
Pb-Cd
Pb-Cd
Pb-Cd
Cd-Pb
Cd-Pb
Cd

670 ~ ~ ~

950 470
670 460
500 460
330 520
650 1200
880 830

1240 307 000
2250 585 000
1050 378 000

172 265 000
253 236 000
231 148 000
48 172 000
52 168 000

7.22 1.38
6.61 0.93
6.27 0.72
5.85 0.57
4.86 0.43
4.46 0.33
5.88 0.38
0 ~ 56 0.075

1.38 0
1.27 0.08
1 ~ 22 0.13
1 ~ 07 0.18
0.73 0.32
0.68 0 ~ 38
0.59 0.16
0.075 0

0.42
0.49
0.52
0.54
0.53
0.25

1.23
1.15
1.04
0.72
0.93
1.08

0.18
0.25
0.40
0.56
0.77
0.40
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FIG. 1. Temperature dependence of the zero-bias
tunnel conductance for both Pb-Cd (open symbols) and
for Cd-Pb (solid symbols).

The quantity 1 —cr(0) is plotted vs temperature as
shown in Fig. 1. These curves are linear in tem-
perature near T, and the critical temperature is
determined by linearly extrapolating the I —o(0)
curve to zero.

In broad outline, the dependence of T, on d~ is
in rather good agreement with previous proximity
studies"" as shown in Fig. 2. Both the Pb-Pt data
of Hauser et al. ' and the Pb-Ag data of Claeson
and Gygax' are close to these Pb-Cd data. At-
tempts to fit the data to the de Gennes-Werthamer
theory' show qualitative agreement but there may
be quantitative difficulties. A family of T, vs d~
curves calculated from the theory for various
choices of the coherence distances, E„and $~,
are shown on Fig. 2 by the dashed curve, the solid
curve, and the dot-dash curve. Good agreement
is found for 8„=500 A and $~ = 150 A. On the basis
of resistivity measurements, however, we believe
that the mean free path in the Pb, E~, is about 100
to 300 A and this would give a coherence distance
$~ of about 500 A. As shown in Fig. 2, a value
of $~ = 500 A would give significant deviation be-
tween theory and experiment. It may be that the
theory is inadequate to describe these films or,
on the other hand, it may be that the coherence
distance in the region of the junction really is only
about 150 A and that the film resistivity does not
give a good measure of the mean free path in the
junction area.
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FIG. 2. Variation of transition temperature of the
proximity sandwiches as a function of the thickness of
the superconducting film. The solid, dashed, and dot-
dash curves are based on the de Gennes-Werthamer the-
ory for various choices of coherence distances $z and

B. Electron density of states near the gap edge

For energies near the gap edge, the most promi-
nent differences between the proximity sandwiches
and the unbacked films are the lifetime-broaden-
ing effects associated with the ability of electrons
in the Pb region to escape into the Cd region. As
shown for the 330-A junction at 0.34 K in Fig. 3(a),
there is a very well-defined energy gap out to
0.6 meV with leakage currents less than 0. 2%%up of
the normal currents. At 0.6 meV o rises rapidly
and goes through a broad peak which is vaguely
similar to the peaks for samples which show life-
time broadening due to magnetic impurities. "'"
The data, however, differ from the density of
states expected from the Abrikosov-Gor'kov (AG)
theory for magnetic impurities" in that the theory
predicts a much steeper rise in 0 near the gap
edge than is seen in the data. In fact the data in
this regard are closer to the McMillan tunneling
model (MTM)' for proximity sandwiches. In an
attempt to understand these data in more detail,
we have fit the results to MTM for each of the
films. The lifetime-broadening parameters of the
model, F„and I"~, were determined from T, of
the sandwich, the bulk transition temperature T,~,
the density of states N(0), and the thicknesses d„
and ds using the McMillan equations. In making
the fit to the data, there is one adjustable param-
eter b, ~", which we have adjusted to put the theo-
retical peak in the density of states at same en-
ergy as the measured peak. With this one adjust-
able parameter all the other features of the density
of states can be calculated from the theory. As is
shown in Fig. 3(a), theory predicts 0 rather well
for the 330-A film, but the experimental peak is
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somewhat more rounded than predicted. However,
the general shape of the theoretical curve re-
sembles the measurements. For all the thicker
films, however, the agreement with MTM is not
as good in the region just above A. As shown for
the 670 A film on Fig. 3(b), the theory predicts
a substantial density of states at low energy as-
sociated with the Cd side of the film, but these
states are not present in the data. Failure to see

FIG. 3. Electron tunneling conductance near the gap
edge for the 330- and the 670-A films. The solid-line
curve is the experimental result and is reproducible to
the width of the line. The dashed curve is a McMillan
model prediction for the parameters of this film. Ener-
gies are measured from the Fermi level.

these states in the data may arise because the
mean free path is much smaller than the sample
thickness, whereas the theory assumes long mean
free paths. At present, however, we have no

quantitative explanation for the discrepancy. Simi-
lar studies of 0 near the gap edge by Vrba and
Woods' for Sn-Al junctions with an oxide barrier
between the Sn and Al regions have shown the low-

energy peaks as predicted by MTM so the theory
is probably correct where the coupling between
the superconducting and normal regions is weak.
For the Pb-Cd films reported here, the probability
of transmission across the barrier is about 0.1,
so the films are relatively strongly coupled and
the conditions of MTM are not as well satisfied.

Near T, the density of states for both Pb-Cd and
Cd-Pb are rather well behaved. As shown on Fig.
1, the value of 1 —o(0) for all the Pb-Cd films is
rather close to the Bardeen-Cooper-Schrieffer
(BCS)"prediction. The quantity 1 —o(0) is pro-
portional to the square of the pair potential' so
the linear behavior of 1 —o(0) implies that the pair
potential varies as (1 —T/T, )'~' near T,. Figure
1 shows the behavior of this parameter for tunnel-
ing into the normal metal side. Values of o(0} are
much closer to 1 for these Cd-Pb films and in
broad outline the data agree well with the Zn-PbBi
proximity sandwiches studied by Guyon et al. ' If
the data are fit to the empirical relation 1 —c(0}
~ (1 —T/T, )", then these Cd-Pb films give n= 1.5
whereas Guyon et al. ' found values between 2.3
and 3.0 for Zn-PbBi and Vrba and Woods' found
values ranging from 1 to 6 for Al-Sn. Indeed,
calculations of n based on the McMillan model
by Vrba and Woods' for our measured values of I"~
and I „indicate that n should be about 1.5. Over-
all, the v(0) measurements near T, are in excellent
agreement with MTM.

Density-of-states curves for tunneling into the
normal side of the proximity sandwich are also
qualitatively similar to the predictions of MTM.
As predicted by the model, the low-temperature
Cd-Pb density of states, shown in Fig. 4(a), is
distinctly higher than that for a Pb-Cd junction
having nearly the same energy gap. In fact, at
higher temperatures, the normalized conductance
measured on the Cd side of the junction rises
higher than is predicted for a BCS-like supercon-
ductor with same energy gap. In Fig. 4(b), the
Cd-Pb and Pb-Cd tunneling results at 2.0 K are
compared to thermally broadened BCS curves
fitted to the experimental data at o(0). It is clear
that the tunneling results are not BCS-like nor do
they represent a combination of BCS curves with
different energy gaps.

A problem of central importance in any prox-
imity-effect measurement is to establish that the
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MTM predicts an even smaller 0, so the data lie
between the MTM and AG predictions. For the
case of the 330-A film where I'z is rather large,
the value of 0 is again close to AG. The two main
differences between the proximity and the mag-
netic impurity lifetime-broadening effects are the
negative curvature on the steeply rising portion
of the 0 vs & curve and the fact that the experi-
mental values of 0 are lower than AG" predicts.
Many of the features predicted by MTM in the en-
ergy range from 0 to 1.5 meV are shown qualita-
tively by the data but there are some quantitative
differences. At energies above 1.5 meV, MTM
and AG both give essentially the BCS result.
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FIG. 6. Variation of the phonon-induced structure in
the tunneling density of states as d& diminishes. The
parameter 6L, measures the magnitude of the phonon-
induced structure at the longitudinal peak. The solid
curve is an unbacked Pb film.

To make a detailed study of the phonon-induced
structure in the density of states, it is helpful to
cast the data as a ratio o(&o)/ones where scca is
the conductance associated with a BCS density
of states" for an energy gap equal to E~. As
shown by Fig. 6, the deviations from BCS for an
unbacked 670-A film are about 6% in accord with
previous work. ""We find, in fact, that the pho-
non structure for the unbacked films does not
change from the bulk structure by more than a
few percent as the thickness decreases. An over-
lay of 500 A of Cd, however, sharply reduces the
magnitude of the structure in accord with the usual
finding' that the magnitude of the structure scales
with the square of the transition temperature. If
the magnitude of the structure at the longitudinal
phonon peak is characterized by the parameter 6~

FIG. 7. A plot showing that the deviation of the con-
ductance from BCS is approximately linear in T~.

(also in Fig. 6}, then the value of 6z is fairly close
to proportional to T,' as shown in Fig. 7.

A second aspect of the phonon structure is that
the position in energy of both the longitudinal and
that transverse structure, 4.4 and 8.4 meV, is
nearly independent of the thickness of the Pb film
and hence the value of I ~. For the 330-A junc-
tion, 0 is about one-fourth as large as the bulk Pb
zero-temperature pair potential rP(0), and there
are no major changes in the energies at which the
phonon structure occur. A search was made for
additional structure near the Debye energy of Cd
at about 16 meV, but no such structure was ob-
served in any of these Pb-Cd samples to a preci-
sion of 0.01%. For the unbacked Pb films, the
inversion of the phonon structure using the McMil-
lgn unfolding program is rather straightforward
and the earlier data' are confirmed by these re-
sults. We find an a'(up)F(&u} with Van Hove sin-
gularities at the proper energies, an electron-
phonon coupling constant 1=1.51, a Coulomb re-
pulsion constant p, ~= 0.131, and an average phonon
frequency of (&o) = 5.34 meV. The control junction
parameters are lj.sted in Table I.

Unfolding the proximity data is more complicated
than unfolding the data for the unbacked films. The
presence of Cd adjacent to the Pb gives a pair po-
tential which is not uniform across the film and the
original unfolding procedure requires some modi-
fication. As yet, there is no self-consistent theory
which gives the energy-dependent pair potential
and the density of states as a function of a'(&g)F(&o)
and p, *. Indeed, one will not be given here. It is
instructive, however, to try a variety of proce-
dures to illustrate the connection between the
measured tunnel conductance and model param-
eters such as n'(&o)F(ap), p~, and I'z.

To gain some insight into the magnitude of the
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unfolding difficulties, the raw data were analyzed
for n'(&o)F(u&) and p,

* using the original McMillan
program with the pair potential at the gap edge,
b,p, equal to E&. For the 330-A film this yields
an n'(ur)F(&u) curve shown by the solid circles of
Fig. 8. The peaks in the curve occur at 4.4 and
8.4 meV just as for bulk Pb (dotted curve) and the
longitudinal and transverse peak heights are both
about 1.0 and 1.2 meV, respectively. The Van
Hove singularities are nearly washed out but there
is a striking resemblance to bulk Pb. Two dif-
ferences are the large high-energy tail above 10
meV in the proximity sandwich and the very large
value of p, *=0.52. The large tail does not occur
at the proper energies to be Cd phonons and the
very large value of p,

* seems unlikely to be cor-
rect. Presumably these features arise because
LaL p should not be set equal to E~ and because the
basic unfolding procedure does not properly ac-
count for the additional lifetime broadening due
to the escape of electrons into the Cd.

To modify the unfolding procedure to partially
account for the escape lifetime effects, we have
focused attention on the renormalization factor.
Guided by the McMillan tunneling model, we take

Z= Z +i I'z/(&o —0')'~

where Zp is the usual strong coupling renormal-
ization' and the fl'z/(&u' —0')'~' term follows from
MTM Eq. (20), and use this renormalization
throughout the unfolding process. The second
term in Z contains the broadening term F~, and
it has a square-root denominator to account par-

I.2—

tially for the high density of states near the gap.
With this modified unfolding procedure, the
a'(m)F(u&) look much more reasonable than the
1 ~ = 0 case as shown by the solid curve of Fig. 8.
The large high-energy tail is substantially re-
duced but there is very little change in the posi-
tion and shape of the phonon peaks. The reduction
in magnitude of o'(u&)F(&o) below the unmodified
result at all frequencies arises because 6„ the
value of the pair potential at the gap edge, has
been chosen to give p, *=0.13, a value much
smaller than p*=0.52 which arises if b,p=E&.

In the original planning of this experiment, it
was hoped that both A. and p. * could be evaluated
from the data, but it now appears that p. * might
be uncertain by factors of 2 or more. This un-
certainty arises because there is no theory which
describes N(&u) near the gap well enough to define
b, p in the unfolding program. MTM is probably
accurate to 10', but a small variation in bp makes
an enormous change in p, *. To illustrate this sen-
sitivity, p is plotted as a function of 6,p in Fig. 9
as the open symbols.

For each sample, p* was calculated for 4p
ranging from b,p= E~ upward until p* was reduced
to 0.13. As indicated on Fig. 9, a 3% increase in
4p changes p* from 0.13 to roughly 0.26. Be-
cause there is no adequate theory for N(&) near
the gap edge, the value of 4p certainly cannot be
determined to an accuracy of 3% and the p,

* pa-
rameter is essentially undetermined by the ex-
periment. It might be added parenthetically that
lifetime broadening is not the only effect which
can make 6p uncertain in this or any other ex-
periment. Many factors, such as sample inhomo-
geneity or anisotropy, will make the determina-
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which accounts for lifetime broadening. The dashed line
is the curve for bulk lead.
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FIG. 9. Dependence of p* and A, on the value of the
pair potential at the gap edge. The solid symbols are
values of A, and go with the right scale. The open sym-
bols are values of p* and go with the left scale.
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10. Thickness dependence of the electron-phonon
~ = 0.13.coupling constant X for the assumption that p

02-

tion of p,
* difficult.

The determination of the electron-phonon cou-
pling constant, & = f 2a'(u&)F(~) d&u/~, is much less
difficult. Because p, * and X are additive and X is
larger than p. * by a factor of 10, the percentage
error in X is about 10 times smaller. The solid
sym osbols of Fig. 9 also show the sensitivity of &

entto the choice of b,. On the basis of our presen
understanding of the Coulomb term, we feel that
it '

unlikely that p* changes radically between
bulk Pb and a 33 A thick Pb proximity film and
suggest that p* might be nearly constant at p, *
=0.13. If this is indeed true, it is interesting to
note that X is also very nearly constant at 1.5 as
shown in Fig. 10.

Changes in the spectral function calculated with
the modified unfolding program and p. = . or*=0.13 for
various thicknesses shown in Fig. . p11. The osi-
tion of the two main peaks does not change very
much but there is a small diminution of the peak
heights and a filling in at 6 to 7 meV. The Van
Hove singularity at 4 meV is clearly apparent in
the 670-A sample but it is largely gone in the 330-
A sample. Indeed, the 330-A sample has a much
reduced amplitude between 3 and 4 meV and a
much enhanced amplitude between 5 and 7 meV.
The primary uncertainty in deriving these
n'(&u)F(co) curves arises from the lack of a self-
consistent unfolding procedure and the difficulty of
determining bo. After experimenting with several
procedures, we feel that the curves shown are ac-
curate to about 15%.

An extremely important conclusion is evident
from Fig. 11. As the value of d~ diminishes, T,
and the pair potential can drop sharply even
though A. and p* are essentially constant. The
main contribution to the reduction of the pair po-
tential is due to proximity-induced effects which

I I I0 0 2 4 6 8
w (me V)

IG. 11. Calculations of o.2(co)E(~) using the modified
renormalization factor Z =Zo+i I'& {re-
suming p ~ = 0.13.
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are accounted for in the lifetime-broadening term
in the pair potential.

IV. CONCLUSIONS

The central result of this work is that the pho-
non-induced structure in the tunneling density of
states for Pb-Cd proximity samples retains es-
sentially the same shape and character as bulk
Pb for Pb thicknesses down to 330 A. The dimin-
ution in amplitude of the structure scales wiith T'.

Near the gap edge, the tunneling density of states
for both the Pb-Cd and the Cd-Pb samples repro-
duce all the major features of the McMillan tunnel-
ing model except the low-energy shoulder in the
Pb-Cd samples which is supposed to arise from
the Cd density of states. Quantitative differences
between the model and the data are on the order
of 10%. If one assumes that p, ~ does not change
with decreasing film thickness and modifies the
renormalization factor within the spirit of the
McMillan model, then one finds that the funda-
mental electron-phonon parameter X does not
change appreciably as d~ decreases. Rather the
decrease in T, and 6 arise from the lifetime-
broadening term of the renormalization factor.

Finally, it is important to observe that tunnel-
ing into the Cd side of the junction gave a much
larger energy gap than we anticipated. A 1200 A
thick Cd layer backed with 650 A of Pb has an en-
ergy gap 0 which is 25% of bulk Pb. A further
study of the dependence of 0 on d~ for Cd-Pb
samples would be very useful.
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