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Tunneling experiments have been performed into the tin side of aluminum-tin proximity
sandwiches evaporated at room temperature onto an oxidized aluminum electrode B. The
coupling between the aluminum and tin films in proximity was made weak by allowing slight
oxidation of the tin to occur at the interface. Using the McMillan model of the proximity
structure, values of the electron-transmission probability a at the interface may be derived
from the experiments. The @ value is related to the critical temperature of the sandwich
and also to the positions of peaks in the McMillan density of states. These peaks are re-
flected in the tunneling currents when the electrode B is superconducting. Values of & de-
rived from these two kinds of measurements are found to be consistent and, qualitatively, to
vary as expected with the oxidation conditions. Although the calculated curves of tunneling
conductance as a function of applied voltage, when B is superconducting, exhibit sharper
structure than the experimental curves, they are otherwise in good agreement. In contrast
to tunneling from the aluminum side of the proximity sandwich, the tunneling characteristics
into the tin side, when B is in the normal state, are similar to those into a BCS superconduc-
tor. On the whole, the experimental results are in good agreement with the predictions of

the McMillan model.

INTRODUCTION

In recent papers!'? tunneling experiments into the
aluminum side of aluminum-tin proximity sand-
wiches, when the aluminum thickness dy was less
than the tin thickness dg, were reported. The oc-
currence of double-peaked structure was correlated
with the predictions of the McMillan® tunneling
model of the proximity effect and substantial quan-
titative agreement was obtained.

In a continuation of this work, measurements of
the tunneling currents into the tin side of alumi-
num-tin proximity sandwiches with d,<d y havebeen
performed. The electron coupling between the
metals was made weak by allowing slight oxidation
of the tin to occur before the aluminum was de-
posited. The electron-transmission probability a
at the proximity interface may be crudely controlled
with the oxidation conditions and is qualitatively
similar to that obtained by oxidation of aluminum. ?
The tunnel characteristics from a normal-state metal
look like those into a BCS superconductor and do
not offer any information about the properties of the
sandwich. This is in contrast to the situation when

tunneling into the aluminum side of the sandwich.
The tunneling currents between a superconductor
and the tin side of the proximity sandwich, on the
other hand, exhibit a double-peaked structure over
a considerable range of tin thickness. Again, in
this investigation the experimental results are
compared with calculations based on the McMillan
model.

CALCULATIONS FOR TIN-ALUMINUM SANDWICHES

All the equations necessary for computer calcu-
lations with the McMillan model are presented in
Ref. 1. Here, we present graphically the results
of calculations with the McMillan model when
dy>ds. An analysis of the tunneling density of
states in the tin film is given. Again, we refer to
aluminum as the normal-state metal (even when it
is superconducting) and tin as the superconductor.

The double-peaked density of states seen in the
aluminum side also exists in the tin side of the
sandwich when a is sufficiently small. The exact
shape and energy position of the peaks depend on
the parameters I's, Ty, A%, and A¥. The behavior
is illustrated in Fig. 1 for three different values of
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FIG. 1. McMillan normalized
density of states in the S side of an
aluminum-tin proximity sandwich at
fixed values of the potentials AP
=1.0 meV, A =0.1 meV, and By
=Bg=2, vpy=vpg=108cm secl.
Also d =175 A for all curves; dy
=7.5 A for curve a, dy="175 Aforb
and d, dy=750 A forc, e, and g,
and dy="7500 A for f and h. @=0.002
for a, b, andc; @=0.02 ford, e,
and f; and ®=0.2 for g and h. At a
given value of o the shape of the
peak structure is almost insensitive
to the actual thickness of the films.
For clarity the origin Ng=0 is dis-
placed for different curves.

E (meV)

a and for fixed values A%'=1 meV, A¥=0.1 meV.
The various parameters in each film are corre-
lated by the equations'’

Rvpy

Ropya _fopsa
4Bydy

Ty= and I'g= 4B,d; (1)
where vg is the Fermi velocity and B is a function
of the mean free path and thickness. For extremely
weak coupling (curves a, b, and c), the peak P2 in
the density of states is sharp and peak P1 is very
small. When the coupling is increased (larger «),
the peak P2 becomes broader, while P1 grows in
magnitude. For strong coupling (curves g and h),
P2 disappears and P1 alone remains, but its mag-

nitude is relatively small.

The temperature variation of the peak positions
and of the potentials AZ and A} can be calculated
from the self-consistent conditions [Eq. (2) of Ref. 1].
For aluminum and tin, the bulk values Ay =0.171,
w¥=32.21meV, Ag=0.246, and w_ = 16. 78 meV were
used; alsoT's/Ty=5.0, By=Bg=2, vpy=vps=1%x10°
cm/sec; and the values dy="750 A, and a=0.001,
0.01, and 0.1 were chosen for the computations.

It can be seen from Fig. 2 that for weak coupling
between the films (case a), the higher-energy peak
P2a=~ A¥, follows closely the BCS temperature
variation of the tin gap, while the lower-energy
peak Pla= A}, follows the BCS temperature depen-

0.6 -

E (meV)

TC,c 2
T (°K])

ph
Ny om A5 % P2a

n FIG. 2. Temperature variation of
the peaks P1 and P2 in the density of
states in the tin side of an aluminum-
tin proximity sandwich and the poten-
tials A and ARP when dy>dg. Bulk
values w¥ =32.21 meV, Ay=0.171
were used for aluminum; wf =16.78
meV, Ag=0.246 for tin. I'g/Ty=5
for all curves, I's=0.005 meV for

a, ['g=0.05 meV for b, and F's=0.5
meV for c. BCS variation of the tin
gap is indistinguishable from A%,
T.=3.80°K for a, T,=3.42°K for b,
and T,=1.78°K for c. The dashed
curve represents BCS variation of
the aluminum gap.
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FIG. 3. Critical temperature T,
of an aluminum-tin proximity sand-
wich versus I'y. The parameter is
I's/Ty. The solid curve represents
direct calculation. M A 0,0 : esti-
mate from plots similar to Fig. 2;
@®,A,0O: estimate using BCS ap-
proximation. For further identifica-
tion of the symbols see Fig. 4.
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FIG. 4. Self-consistent calculations of the McMillan
model for an aluminum-tin sandwich when dy>dg. (a)
Values of potentials A¥ and AR as a function of I' at
1.4°K. (b) Peak positions in the S side as a function of
Fsat1.4°K. A, I'g/Ty=1, O, ['y/Ty=5, ¢, Ts/Ty
=10, and O, I'g/Ty=50.

dence for the aluminum gap at low temperatures,
but deviates progressively as the temperature is
raised, and only approaches zero at T, of the over-
all sandwich. For strong coupling (case c), the
peaks are no longer separated.

Also, as the coupling is increased, in contrast
to the case dy<ds (see Ref. 1), the critical temper-
ature of the proximity sandwich is markedly re-
duced. The critical temperature of proximity sand-
wiches according to the McMillan model may be ob-
tained from the intersection of the A% or P2 curves
in Fig. 2 with the zero-energy axis. However, this
method is not too reliable because the computer
calculation converges slowly in this region. A pro-
cedure for direct calculation of T, from the
McMillan equations is described in the Appendix. *
In Fig. 3, the critical temperature T, of proximity
sandwiches is plotted as a function of I'y. The
solid lines are calculated using the direct method;
the various symbols show the values of T, estimated
from extrapolation of curves similar to Fig. 2.
Taking into account the inaccuracy of extrapolation,
the agreement is quite satisfactory. For I's/T'y
<0.5, the critical temperature calculated using the
direct method also agrees within 2% with the criti-
cal temperature estimated using the BCS relation

24 (T=0)/kT,~3.5.

In Fig. 4, the self-consistent values of A% and
AR and of the peak positions at 1.4 °K are plotted
against I's for different ratios of I'g/T"y. The values of
AR and the position of peak P2 are almost independent
of 'y (and therefore of By or dy) over a wide range of I.
The values of A% and peak P1 are slightly dependent on
I'y. However, if AY and A" or the peak positions
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were plotted versus T'y for different ratios of I's /
I'y, the much stronger dependence of these prop-
erties on I's would be emphasized. This is to be
contrasted with the strong dependence of these prop-
erties on I'y and weak dependence on I's in the N
side of the sandwich (see Fig. 3 of Ref. 1).

The region in which the double peak may be ex-
perimentally observed from the tin (S) side is esti-
mated to be

0.001L I's £1.0 meV. (2)

The lower limit is determined by the magnitude of
P1, which becomes smaller as I's is decreased,
while the upper limit is approximately the point
where the two peaks merge, as may be determined
from Fig. 4(b). Using Eq. (1) with vps=10%cm/
sec and Bg =2, Eq. (2) becomes

108 5 a/ds £ 1073,

where ds is expressed in A. The range of o and of
I's/Ty over which the double peak may be observed
is greater in the S side than in the N side of the
proximity sandwich.

EXPERIMENTS

The experimental procedures have already been
described in Ref. 1. The only change for the ex-
periments described here was in the preparation of
the decoupling barrier between the metals in prox-
imity. Because tin oxidizes more slowly than alu-
minum does, higher pressures (up to 0.2 Torr) and
longer oxidation times (up to 1000 sec) were used
in order to produce the desired values of a.

We have also attempted to control a by oxidation
of the tin in a glow discharge or by evaporation of
a thin layer of SiO on its surface before the alumi-
num was deposited. The glow-discharge-assisted
oxidation was carried out for 60 sec in an atmo-
sphere of dry oxygen at a pressure of 0.2 Torr
with a glow current of 1 mA. This procedure pro-
duced a thick oxide (extremely small «), so that the
double peak in the McMillan density of states could
not be resolved. Although, in the experiments with
SiO, the layers of average thickness from 4 to 18
A were evaporated from a distance of about 45 cm,
the results were those that might be expected for
a very nonuniform decoupling barrier, and there-
fore we infer that SiO is not suitable for this pur-
pose.

TUNNELING INTO S SIDE OF PROXIMITY SANDWICH

The experimental tunneling conductance is com-
pared with the calculated conductance using the tun-
neling integral and the density of states for the alu-
minum electrode B as described in Ref. 1 [Eq. (8)].
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Tunneling from Normal-State Metal

In contrast to tunneling into the N side of a prox-
imity sandwich, tunneling from a normal-state
metal into the S side of a sandwich does not offer
any information that will aid in the identification
of the parameters of the proximity sandwich. The
dependence®of 1 - 6(0) on 1 — T/ T, calculated for the
McMillan model is very close to the BCS depen-
dence. This result is to be expected because in the
S side of the proximity sandwich the peak P2 in the
density of states is dominant. For all «, the tem-
perature dependence of this peak, shown in Fig. 3,
resembles the temperature dependence of the gap
in a BCS superconductor, and therefore the behav-
ior of the proximity sandwich must be BCS-like.

The experimental observations agree quite well
with the theoretical predictions. A plot of the ex-
perimental dependence for three junctions with dif-
ferent « is presented in Fig. 5. The slopes are
very close to unity but in some cases the lines are
shifted toward smaller values of 1 —o(0). The
largest shift was observed for junction 30 shown
in Fig. 5. The shift could be caused by a back-
ground conductance (zero bias anomaly) that varies
with temperature, or by variation of o over the
sample area, or by a combination of both effects.
A variation of a could affect the plot in the following
way: The measured critical temperature 7', will
correspond to the part of the junction with the
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FIG. 5. Experimental dependence of 1—o(V=0) on

1-T/T,. o(V=0) is the normalized tunneling conduc-
tance atzero bias between a normal-state metal and the
S side of an aluminum-tin proximity structure.
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FIG. 6.
peak structure in the tunneling conductance between an
ordinary superconductor and the S side of an aluminum-

Ilustration of the occurrence of multiple

tin proximity sandwich. (a) Normalized density of states
in the superconducting aluminum, N,, (characterized by
Ap;=0.24 meV, 64;=0.013), and proximity sandwich,
Nyox (characterized by I'g=0.05 meV, I'y=0.01 meV,
A®=0,539 meV, and A=0.141 meV). When voltage

is applied the densities of states shift on the energy scale.
(b) Resulting calculated tunneling conductance at 1.1°K
is shown by the solid line. Expected structures at Pl
+A and P2 +A are indicated by arrows. For compari-
son, the tunneling conductance between a normal-state
metal and the same proximity sandwich at the same tem-
perature is shown by the dashed line.

smaller o and therefore 1 — 7/7T, will have a high
value, while o(0) will be equal to that for the major-
ity of the junction area.

Tunneling from Superconductor

The normalized conductance for tunneling from a
superconductor into the S side of a weakly coupled
proximity sandwich exhibits the multiple-peaked
structure shown in Fig. 6(b). The curve was con-
structed for tunneling at 1.1 °K between the density
of states for aluminum and the McMillan density of
states shown in Fig. 6(a). The expected positions
of the structure are indicated by arrows at P1+ A
and P2+ A. One can see very poor coincidence be-
tween the expected energy of the structure and ac-
tual energy of the peak maxima. Also, in certain
cases, a peak appears in the normalized tunneling
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conductance associated with a dip in the McMillan
density of states so that extra peaks sometimes ap-
pear. These effects make final interpretation of the
tunneling conductance curves quite difficult.

In Fig. 7, an experimental curve at 1.4 °K for
junction 022 is compared with a calculated curve
using I's=0.03 meV and I'y=0.012 meV. The value
for I's was found by fitting the peak position to Fig.
4 and T’y was found from the condition I's/Ty=dy/
dg, obtained by assuming By =Bgsand vpy=vps. The
peak positions agree quite well, but the structure on
the calculated curve is sharper than the experimental
structure. However, the experimental curve may
be a combination of different McMillan curves, such
as would be obtained if the transmission probability
o was not constant over the area of the junction. A
double-peaked structure in the density of states on
the S side of a Cu-Pb proximity sandwich has also
been observed by Freake and Adkins® in a tunneling
experiment from a normal-state metal at 7'=0. 06
°K, but a quantitative correlation to the parame-
ters of the McMillan model was not attempted.

The temperature dependence of P1+ A and P2+ A
should arise from the combination of the tempera-

S-SIDE

a(V)

——— EXPERIMENT
=== CALCULATION

FIG. 7. Comparison of experimental and theoretical
normalized conductance for tunneling from superconduct-
ing aluminum into the S side of aluminum-tin proximity
sandwich. Solid line: experiment 022, T=1.4°K, dy;
=2790 A, dg,=1015 A; dashed line: calculated with I'g
=0.03 meV, Ty=0.012 meV, A®=0.55 meV, ARF=0.10
meV. Aluminum electrode from which the tunneling was
done is characterized by 44;=0.12 meV, and 6=0.013.
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FIG. 8. Experimental temperature dependence of the
peak positions. @ : experimental points corresponding
toA—Pl, P1+A, P2-A, and P2 +A, junction 022; O :
calculated values using the experimental points (note
the consistency of the results for A—P1); ll: P1,0: P2,
positions calculated from experimental points. In the
lower graph the gap of the aluminum electrode from
which tunneling into the proximity structure was per-
formed is shown (O) as calculated from the experimental
points in the upper part. For comparison the solid line
shows the BCS temperature variation of a gap with
T,=1.6°K.
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tures and reconstruct the position of the fourth, or
check the consistency of the method where all four
structures are resolved. The values of Pl and P2
calculated from the experimental values of P1+A
and P2+ A are compared with the theoretical values
(dashed line). Also A, the gap of the aluminum
electrode, can be compared with the temperature
variation of a BCS gap with T.=1.6 °K, as has been
done in the lower part of Fig. 8. Remarkably good
agreement is obtained.

Dependence of Data on «

In Tables I and II, the I's values determined from
the experimental data, and the transmission prob-
abilities o calculated from them, are presented.
The T values were determined by two different
methods: first by comparison of the experimental
critical temperature T, with Fig. 3, and second by
comparison of the experimental values of peak po-
sitions with Fig. 4. The a values were determined
using Eq. (1) and putting Bg =2.

The results for the junctions in which the trans-
mission probability ¢ was controlled by different
amounts of thermal oxidation of the tin layer are
presented in Table I. It is clear that o decreases
systematically as the amount of oxidation at the in-
terface increases, being in about the ratio200:30:1
for the samples of Secs. I, II, and III, respective-
ly, of Table I. This range of o values was achieved
by creating the following conditions during the time
interval At between the evaporation of tin and alu-
minum: Sec. I: pressure ~5x10°7 Torr, At=60
sec; Sec. II: pressure ~ 0.2 Torr of oxygen dried
in a liquid-nitrogen trap, Af=~ 100 sec; and Sec.
III: pressure ~ 0.2 Torr of dry oxygen , Af=1000
sec. When Sec. I of Table I is compared with Sec.

TABLE I. Transmission probability @ and I'g as a function of the oxidation conditions for Sn-Al proximity sandwiches.
Peaks P1 and P2 are measured at 1.4 °K, unless otherwise stated.
Critical temperature T, Peak positions P1 and P2
ds d Is dy T, T, o P1 P2 T, !
Section  Junction? A) (K) Ty dg (°K) (meV) (B=2) (meV) (meV) (meV) (B=2)
M17 457 2405 5.27 2.16 0.26 0.15 0.31 0.7 0.40
N19 688 2200 3.20 1.90 0.35 0.30 0.30 0.6 0.52
I 021 822 1679 2.04 2.19 0.41 0.42 0.25 0.4 0.41
P27 578 1176 2.03 2.35 0.26 0.19 0.39° 0.9 0.65
P28 918 1053 1.15 2.59 0.35 0.39 0.35° 0.6 0.69
I 022 1015 2790 2.75 3.49 0.036 0. 045 0.09 0.56 0.04 0.050
Q30 617 767 1.24 3.42 0.043 0.035 0.22° 0.56° 0.04 0.031
R32 995 1105 1.11 3.10 0.060 0.049
III Q29 575 732 1.27 3.76 <0.0073 <0.01 0.11* 0.60" 0.002 0.0014
R31 532 680 1.28 3.76 <0.0070 <0.01 ~0.02 0.58 0.001 0.0008

2Junctions designated by the same letter were prepared
at the same time on the same substrate.

PThese values were measured at 1.1°K.



I >

TUNNELING INTO WEAKLY-COUPLED FILMS...

93

TABLE II. Transmission probability @ for barriers formed by the evaporation of SiO or glow-discharge oxidation.
Peaks P1 and P2 were measured at 1.4 °K.

Critical temperature T,

Peak positions P1 and P2

Forma- dg d Tg_dy T, Ts a P1 P2 Tg a
Junction® tion of @ &) (1{,) Ty dg (°K) (meV) (Bs=2) (meV) (meV) (meV) (Bg=2)

K12 4 A sio 992 1680 1.69 3.49 0.034 0. 042 0.158 0.458 0.30 0.57
K11 8 A sio 470 1620 3.44 3.67 0.021 0.012 0.158 0.481 0.20 0.12
L13 12 A sio 536 1673 3.12 3.70 0.013 0.0084 0.09 0.60 0.05 0.034
L14 18 & si0 970 1731 1.79 3.79 <0.0054 <0.0065 0.08 0.585 0.04 0.049
I4 Glow

Dischargeb 1015 56 0.055 0.61 <0.05 <0.0063
J6 Glow

Discharge® 630 920 1.46 0.62 <0.05 <0.0039

2Junctions designated by the same letter were pre-
pared at the same time on the same substrate.

II of Table I of Ref. 1, in which the oxidation con-
ditions are about the same, one can immediately
see that the o value obtained by the oxidation of al-
uminum is much smaller than that obtained by ox-
idation of tin, which is to be expected because alu-
minum oxidizes more readily than does tin.

The a values derived from the critical tempera-
ture are smaller than those derived from the peak
positions. The difference may arise from slight
nonuniformity of the oxide layer which forms the
barrier between the films in proximity. Regions
with thicker oxide will have a smaller value of o
and a higher value of 7,. In the experiments we
will detect the highest T, in the sample, thus ob-
taining a smaller value of a than the average value
which is measured by the peak positions. Thediscrep-
ancybetween the a values determined by the two meth-
ods is most remarkable in Sec. I. This probablyarises
from the fact that the McMillan model is valid only
for a <1, while the values of « in this section range
from 0. 15 to 0.70.

We have also attempted to control a by other
means. The results of these experiments are col-
lected in Table II. A thin layer of SiO was evapo-
rated in between the aluminum and tin in junctions
K and L. The thickness of SiO was calculated from
the density p=2.165 g/cm® and known mass sen-
sitivity of the frequency of the quartz-crystal thick-
ness monitor. ' The sandwiches produced in this way
usually exhibited more peaks in the conductance
curve than predicted by the McMillan model. When
the peaks were plotted against temperature, it
looked as if peaks from different junctions were
drawn onto the same sheet of paper. We attributed
this behavior to the inhomogeneity of the SiO layer,
which probably condenses in islands. The resulting
effect is equivalent to two junctions in parallel, one
with a high value of o and the other one with a
small value of o. Also a very large discrepancy
between a determined from T, and from the peak

bThe glow-discharge current was 1 mA for 60 sec in
0.15 Torr of dry O,.

positions (the strongest peaks were chosen) speaks
for a large variation of a. The glow-discharge
method was employed to control the value of o in
junctions I and J. The method produced very thick
oxide and resulted in very weak coupling between
the films.

CONCLUSION

The tunneling characteristics of junctions between
aluminum base layers and the tin side of proximity
sandwiches formed by evaporated films of aluminum
and tin have been measured. The coupling of the
proximity films has been limited by allowing slight
oxidation at the interface. The transmission prob-
ability of the oxidized interface was related both to
the critical temperature of the sandwich and to the
peak positions in the McMillan density of states.

When the aluminum base layer was superconduct-
ing, a multipeaked conductance curve was ob-
served. The position of the peaks and their varia-
tion with temperature, as well as their dependence
on the proximity film coupling, have all been com-
pared with the McMillan theory with good agree-
ment. The McMillan theory predicts sharper peaks
than are observed, which probably arises, at least
partly, from lack of uniformity of the decoupling
barrier in the specimens.

Taken together with earlier results from tunnel-
ing experiments into the aluminum side of similar
proximity sandwiches, these investigations demon-
strate that the McMillan model of the proximity ef-
fectdescribes the tunneling properties of aluminum-
tin evaporated films very well.
ture dependence of the McMillan peak structure
(see Fig. 2) and the BCS temperature dependence
of the gap edge in the aluminum electrode. The re-
sults of a typical experiment are plotted in Fig. 8.
Since there are four structures and only three un-
knowns, P1, P2, and 4, it is possible to calculate
the unknowns at each temperature from three struc-
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APPENDIX: CALCULATION OF CRITICAL
TEMPERATURE OF McMILLAN MODEL

The method utilizes the factthat A% goes to zero
when T goes to T..
First, new variables x, y, and vy are defined by

(A1)

The new variables are introduced into Eqs. (1)
and (2) of Ref. 1 and the equations are calculated
in the limit A%~ 0, giving

iTg\ _ ils_
x<1+E> Y =L

xﬂ—y(1+zr”)=—7’

Ac=x ARD A,=vy AW AP!I:Y Aph.
s S N=Y BF, N s

(A2)
E E

and

wN E
y = x,,f ¢ Re(%) tanh—dE,
0
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wd X E
1= / Re(— )tanh—-—dE.
A E 2T

Equations (A2) can be solved for x and y and the re-
sults put into Eqs. (A3). When eliminating ¥ from
Eqs. (A3), after substitution of x and y, we get

(A3)

F= A sTyTsly I
1=yl /(Ts+Ty) =2yTsly
2l rer-1-0, (A9)
T+, stnls )
where

N N
1= [° D(E)dE, I,= [ E* D(E)dE,

s wS
I= [ D(E)dE, 14=f0 ¢ E2 D(E)dE,

and

__, Ty+Ts 1 E
D(E)—E—r———1+(r”+rs EtanhzT.

The temperature for which F =0 is the critical tem-
perature of the McMillan model. This equation has
more than one root, but the one of physical interest
lies in the temperature interval between 1. 2 and
3.8°K.
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The exchange energy of an electron gas is calculated in the zero-temperature limit.

In high

magnetic fields, it is shown that the exchange energy dominates the independent-particle en-

ergy, but in low and intermediate fields becomes much less important.

Modifications due to

band structure and application to the de Haas—van Alphen effect are discussed briefly.

I. INTRODUCTION
The free energy of a dense electron gas, which
forms a basis for studying the thermodynamic
properties of metals, is assumed to have a con-

vergent expression in powers of the parameter de-
scribing the electron-electron Coulomb interac-
tion. (This parameter is customarily related to
the mean interelectron spacing 7,.) The leading



