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We have measured the magnetic field dependence of the maximum dc Josephson current
for square Pb-PbO,~Pb Josephson junctions, with the ratio of junction width w to Josephson
penetration depth A; as a parameter that was systematically varied. For wide Josephson
junctions, the maximum dc Josephson current in zero external magnetic, field I; is limited
by the current-induced self-field, while for very narrow Josephson junctions, I; is limited
by thermal noise. However, we have shown that for square Pb-Pb Josephson junctions with
1.00>w/r;>0.22, the self-field as well as thermal noise is negligible. For these junctions,
our experimental results are in consistent agreement with the theoretical prediction of Fulton
and McCumber, who have shown that strong-coupling effects will reduce I, to 78. 8% of the

weak-coupling prediction for Pb-Pb junctions.

We present evidence for the uniformity of

our PbO, tunneling barrier layers, and a model for the formation of our PbO, layers.

I. INTRODUCTION

For a uniform narrow Josephson junction,
i.e., a junction whose dimensions are small with
respect to the Josephson penetration depth, the
magnetic field dependence of the maximum tun-
neling supercurrent I, ,, will be given by the sim-
ple expression’

sin(n1®/d,) (1)

®/®,
Here & is the magnetic flux in the junction, &, is
the quantum unit of magnetic flux, and I; is the
maximum tunneling supercurrent in zero magnetic
field. For a junction fabricated from a single
superconducting material, that is a BCS or weak-
coupling superconductor in which the gap param-
eter A is a real constant, Ij is directly related to
the normal tunneling resistance Ry of the junc-
tion, the energy gap A(T), and the temperature?

T

Imax = IO‘

10,(T) = [A(T)/2eRyz ] tanh [A(T)/2kT], (2)

where the subscript w indicates the weak-coupling
limit. Lead, however, is a strong-coupling super
conductor, and Eq. (2) is not necessarily applica-
ble to Pb-PbO,-Pb junctions.

A general expression for I(T), that is suffi-
ciently general to apply to superconductors with
strong eléctron—phonon coupling, was first de-
rived by Ambegaokar and Baratoff.? For an iden-
tical superconductor junction it can be put in the
form?

Ine(T) = (mAy/2eRyr)[tanh (Ay/2RT)]/[1 = A{(Ay)]

©
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Here the energy-gap parameter A (w) is a com-

2

plex function of the phonon energy E (or phonon
frequency w = E/),

AW) =4y (w) +i8; (w), Af () = ddy(w)/dw,

A, is that value of w for which w = A;(w), and

the subscript s indicates the strong-coupling lim-
it. Recently, Fulton and McCumber® have numeri-
cally evaluated Eq. (3) for Pb-Pb and for Sn-Sn
junctions at T=0. Using published experimental
data for A(w), and defining A, as the midpoint of
the rise in tunneling current, they find that strong-
coupling effects reduce I, to 78. 8% of the weak-
coupling prediction for lead:

Ios = 0.788 Io,, (4)

for Pb-Pb junctions. This relation is strictly
valid only at T = 0. But the deviation of the tem-
perature dependence of the gap parameter for
lead from the BCS expression is less than 2%,
and within this limitation Eq. (4) may be assumed
to be valid for all temperatures below the super-
conducting transition temperature of lead.

Most of the experimental data for I that have
been reported previously are far below the theo-
retically predicted value®8;, a value of approxi-
mately 0. 8 I, has been reported only once.® This
may be explained by the influence of thermal noise.
Even if all external effects that may reduce I ,,
are excluded, a finite tunneling supercurrent can
be observed only if the coupling energy associated
with that current is largerthankT.°In zero mag-
netic field, the coupling energy E,; of the junction
that is associated with the tunneling supercurrent

4r5

I, is bio1
E; =~ (7i/2e) I, cos@,, (5)
I;=ILsing,, (8)

where ¢, is the difference of the quantum phases
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of the gap functions onthetwo sides of the barrier.
As E; -~ 0 when I;—~ I, the experimentally mea-
sured [ ,, in zero magnetic field, I,,,, is not equal
to, but less than I, and is given by the condition
that

Iy~ Iy, when |E;| = | Ep | >FT. (7)

Eventually, when I; becomes less than 2ekT /7,
no phase coherence can be established at all.

It is the purpose of the present study to experi-
mentally determine the true value of I, for Pb-Pb
Josephson junctions. We have measured the mag-
netic field dependence of I, ,, for narrow square
Pb-PbO,-Pb Josephson junctions, with the ratio
of junction width wto Josephson penetration depth
Ay as a parameter that was systematically varied.
We shall show that between junctions that are too
wide (I, reduced by self-field) and junctions that
are too narrow (I, reduced by thermal noise) there
is a range of junctions in the I versus w/x;rep-
resentation for which the self-field as well as
the thermal noise can be neglected. From these
junctions, the true value of I, can be determined.
As the quality of the junctions and the noise seen
by the junctions depend on the junction preparation
and measurement techniques, respectively, these
techniques will be described in some detail.

II. EFFECTS INFLUENCING MAXIMUM dc
JOSEPHSON CURRENT

There are several effects that may modify the
maximum tunneling supercurrents and that
havetobe avoided inorder to measure the true I;:

(a) Tiny superconducting shorts will increase
I ax by the current necessary to drive the shorts
normal. These shorts can be identified by a con-
stant current superimposed on the magnetic field
dependence pattern for narrow junctions.

(b) Stray magnetic and rf fields will reduce
Iy, and so will trapped flux. The junction there-
fore has to be carefully shielded, during opera-
tion as well as during the transition from the nor-
mal to the superconducting state. Also, the
tunneling barrier layer must be uniform in order
to prevent flux trapping in the junction whenever
the current is reduced below I ,,.

(c) I, will also be reduced by tunneling tran-
sitions accompanied by spin reversal during the
transition, caused, for example, by paramagnetic
impurities in the tunneling barrier layer.?

(d) Assuming thatallthe above effects are elim-
inated, the junction still operates in the presence
of the junction current, which may reduce I, by
a current-induced magnetic self-field, !* or by
thermal noise. These effects cannot be elimina-
ted for a given junction; they can only be made

-negligible by a proper choice of the junction. We

My

=

FIG. 1. Schematic drawing of a cross-type square
Josephson junction. The arrows indicate the direction
of the current in the film strips, and the direction of the
externally applied magnetic field H,.

will discuss these effects for the junction geometry
shown in Fig. 1.

A. Magnetic Self-Field

For the geometry shown in Fig. 1, the ratio of
junction width w to the Josephson penetration
depth 2, is

w/A\y = (81redIoS/7'Icz)% (8)

and the magnetic flux ® in the junction due to an
externally applied magnetic field H, is

q)e,y = Hwd . (9)

Here d = 2 A + £, X is the superconducting pene-
tration depth of lead, and ¢ is the barrier layer
thickness.

Superimposed on the magnetic flux due to an
externally applied magnetic field will be the mag-
netic flux due to the current-induced self-field.

If we restrict our discussion to narrow junctions,
the tunneling supercurrent density j, can be as-
sumed to be constant throughout the junction area.
In this case, the current-induced magnetic self-
field is

Hgois, 4(2) = = (4n/c) (I,/w)
= (47/¢)(Ipar/w)(2/w + %) , (10a)
Hself, z(y) = - (4'"'/0)(Iy/w)

—(41/¢)(Ipax/w)y/w +5) . (10b)

By integrating over the cross section of the junc-
tion the magnetic flux due to the self-field is
obtained:

Bsare,, = (2m/c) d Iy , (11a)
Pz, = 21/c) d Iy - (11b)

By including the current-induced self-field, Eq.
(1) will therefore be modified to *''*

Sin(ﬂ q’solf z/‘I’o)

Ioog =1,
max 0 m <I)seu’,z (I)O
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Sin[n(q’e,y + ¢self.y)/{I)O] l (12)
Tr(q)e,y + ‘I)self.y)/(io

for narrow junctions. The maximum of the I ,,

versus H, curve will no longer be at H, = 0, but

at a negative H, that is given by the condition

= ®,, 5= D5a1¢,5- The maximum tunneling super-

current in zero externally applied magnetic field

will then be®*

x|

_ ; ( sin(2medl,,/lic?) \ 2
Tom IO( 2nedl,,,/fic? ) (13)

From this equation, and using Eq. (8), one can
obtain the relation

I sin(w/21,)? 1°®
1 ngm' 2[ (1/0/2)\.7-)2 ], (14)

from which the upper limit of the reduction of
Iy, due to the self-field can be estimated, as a
function of w/A;. For w/A;= 1, I, will be
0.981, < Iy, < I,, and the deviation of I, from I,
will decrease with decreasing w/X;. For w/\j
= 0.50, Iy, will be 0.999 I, < I,,, < I,.

Thus for junctions with w/x; <1, Eq. (1) will
represent the magnetic field dependence with an
error of less than 2% if one considers the mag-
netic flux due to an externally applied magnetic
field only.

B. Thermal Noise

When the coupling energy E; of the junction is
not | E,; l > kT, then thermal fluctuations can
disrupt the phase coherence across the barrier
layer, ° and the dc Josephson current will acquire
a noise voltage with a nonzero average value. This
noise voltage has recently been analyzed theoreti-
cally'™ ! and experimentally.'” For low tempera-
tures, however, where the junction resistance R
for voltages V < A is R; > Ry, these theories do
not apply. For this case quantitative data for
Iy, with respect to I, can be obtained by defining an
effective noise temperature T, so that

Iy~ Ioy, when | By |~ [Epy | = kT, .  (15)
Then | oS @o, min | = 2¢kT, /I, (16)
and Iy, = [If - (2ekT, /5) 1V/2 . (17)

The noise temperature is not necessarily the junc-
tion temperature since thermal noise is trans-
mitted to the junction down the leads to the cryostat
from room-temperature circuitry. Also, T,is

not strictly a temperature, but a parameter that

is defined by Eq. (15), and that also depends on

the junction resistance, inductance, and capacitance.
Nevertheless, this parameter T, will serve the
purpose to obtain an estimate of the reduction of
I,,, due to thermal noise. If we assume T, to be

| D

300°K, then I, will be I, > 0.98 I, for w/A;

> 0.16, and Iy,> 0.999 I, for w/\;> 0.33. For
the unlikely high noise temperature of T,=1000 °K,
the corresponding data would be I, > 0.98 I, for
w/\;=0.28, and Iy, > 0.999 I, for w/A;> 0. 60.

An upper limit for T, for the actual experimental
situation can be obtained from a plot of experi-
mentally obtained I,,-versus-w/\; data by find-
ing the best fit of Eq. (17) to the experimental
data.

C. True Maximum dc Josephson Current

From the above considerations it follows that
even for the unlikely high noise temperature of
1000 °K, there still is the range 1.0 > (w/Xr;)
> 0.3 in the Iy-versus-w/\; representation, in
which the measured maximum tunneling super-
current I, will agree with the theoretical value
I, to better than 2%. The range 1.0 > (w/A;)
> 0.3 approximately corresponds to the junction
resistance range 0.6 @ < Ryp < 6.4 Q. This re-
sistance range is large enough to unambiguously
measure the “true” I,

II. EXPERIMENTAL TECHNIQUES

A. Junction Preparation

Our Josephson junctions consisted of a lead-
oxide barrier layer sandwiched between crossed
perpendicular strips of lead films that were about
2000 A thick and 0.30 mm wide, thus forming a
square junction area (Fig. 1). Three parallel
junctions were usually preparedon a 1-in. square
substrate of Corning 7059 glass (Fig. 2) by first
condensing three parallel bottom lead strips in a
conventional diffusion-pumped vacuum system,
oxidizing these strips to form the tunneling-bar-
rier layers, and completing the junction by con-

0SCILLOSCOPE

DECADE
BOX

AUDIO
GENERATOR

FIG. 2. Circuit for measuring the I-V characteristics,
and substrate (to scale) with three Josephson junctions.
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densing one common top lead strip perpendicular
to the bottom strips. The vacuum during evapo-
ration was in the low 10°®-Torr range, and the
evaporation rate was about 75 R/sec. Solderable
contacts were provided by condensing silver-man-
ganese dots!® onto the substrate prior to preparing
the junctions. A mask-substrate changer was
employed to avoid substrate exposure to the at-
mosphere between preparation steps.

The preparation of satisfactory lead-oxide tun-
neling-barrier layers is made difficult by the in-
herent properties of thin lead-oxide films. The
reaction of oxygen with evaporated films of lead
results in an orthorhombic lead-monoxide layer, **
which is an oxygen-deficiency (n-type) semicon-
ductor.® % In contact with oxygen pressures
larger thanabout 10" Torr, the surface of the lead-
oxide layer will become p type,'®?° and a n-p con-
tact barrier is formed.?® From this model one
would expect that it will be difficultto modify the
width of the effective barrier layer and that one is
limited in the range of junction resistivities when
the oxidation of the bottom lead strips is done by
thermal oxidation. We, therefore, used the fol-
lowing precedure for oxidizing the bottom lead
strips, which gave us most satisfactory results.
The bottom lead strips were first exposed to 20
m Torr O, for about 10 min; the substrate was
left at room temperature. During this exposure,
an about 30-A-thick saturation layer of n-type
lead monoxide should be formed. '* Subsequently,
a glow discharge between the substrate holder and
a disk-shaped aluminum cathode was maintained
in the same O, ambient for 20 to 30 sec. The
glow current density was about 10°° A/cm?, and
the duration of the glow determined the junction
resistance. This technique is usually referredtoas
“plasma anodization.”® However, even if we as-
sume an ion yield of 2, i.e., each electron reach-
ing the Pb/PbO, film will give rise to one PbO
molecule, the increasein junction resistance with
glow time cannot be explained by an increasein
oxide layer thickness alone. We, therefore, assume
that the glow discharge serves mainly to dope the
existing oxide layer with oxygen. This doping will
increasethe spacingbetweenthe Fermilevel and
the conductionband, and will therefore increase the
barrier height.

It should be noted that this model is applicable
only for the very conditions under which our oxida-
tion was carried out. For different conditions,
like higher oxygen pressure or higher tempera-
ture, the situation may be different, as the stoi-
chiometry of thin lead-oxide films depends strongly
on the ambient oxygen pressure and on tempera-
ture.? For example, Schroen? has reported
barrier layers, formed on lead films by a glow
discharge oxidation technique, which could be

stored at room temperature for several months,
whereas our junctions would deteriorate within a
few days when stored at room temperature. There-
fore, we had to cool our junctions down to liquid -
helium temperature immediately after preparation.
But this inconvenience was more than compensated
by the advantages of our technique. We have been
able to prepare junctions with resistance values
ranging from < 107 © to > 100 €, and with very

low “excess currents.”®

B. Measurements

The substrate was mounted on a nylon sample
holder at the end of a stainluss-steel tube and in
the center of a 4-in. -long solenoid that produced
a magnetic field, parallel to the bottom lead strips.
The solenoid was surrounded by a Mu-metal can,
which reduced the ambient magnetic field to less
than 1072 Oe. The tunneling-current — versus — volt-
age characteristics were displayed on an X-Y
oscilloscope; the circuitry is shown in Fig. 2.
The major advantage of this technique over a dc
technique is that current fluctuations can be seen
directly on the scope. The frequency of the
audio generator was chosen so that the junction
and circuit stray inductance was equal to the
capacitance. This frequency was typically be-
tween 800 and 1200 Hz. The maximum tunneling-
supercurrent - versus — magnetic-field curves
were obtained by increasing the magnetic field
in steps of 5 X 10 Qe, each time reading the
maximum tunneling supercurrent on the X-Y
scope. The normal tunneling resistance Ry; was
taken as the limiting large voltage resistance
when the lead films were superconducting, and
was usually measured at V = 20 mV.

IV. EXPERIMENTAL RESULTS
A. 1-V Characteristics and Magnetic Field
Dependence

Figure 3 shows typical current-versus-voltage
characteristics at two different temperatures for
the same junction. [The magnetic field dependence
of the same junction is shown in Fig. 4(b)]. With-
in the resolution of our circuitry, we have never
been able to see in the I-V characteristics the
step at ¥V =A which has been associated with multi-
particle tunneling.? Subharmonic structures were
seen in the I-V characteristics for some junctions,
and the maxima in the magnetic field dependence
for these junctions would decrease at a slower
rate than predicted by Eq. (1). We take this as a
further evidence that the subharmonic structure
is associated with non-uniform tunneling-barrier
layers.? 2t However, in the final analysis of
the “true”I,, we will include only junctions for
which the magnetic field dependence followed a
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FIG. 3. Typical I-V characteristics of a Pb-PbhO,~Pb
Josephson junction in zero externally applied magnetic
field.

Fraunhofer diffraction pattern strictly. In the
latter case, the tunneling barrier layer can be
assumed to be uniform.

Figure 4 shows the magnetic field dependence
of the maximum tunneling supercurrent I ,, for
two different junctions. In Fig. 4 (a), w/}; = 1.10,
and the maximum of the I, ,,-versus-H, curve has
been shifted from H, = 0 to a small negative value
of H, due to the current-induced self-field. In
Fig. 4(b), the“pinching-off” of the I, ., -versus-H,

peculiarities of lead-oxide films, however, this
larger value seems reasonable.

Once d is known, the relation between w/\; and
Ryr can be calculated, using Eqgs. (8), (4), and (2):

L
2

w/xy = 0.810/[Ryr ()7 at1.4°K,
1
w/hy= 0.779/[Ryr(D]?  at 4,.2°K,

for square Pb-PbO,-Pb Josephson junctions, re-
gardless of width w.

1

B. Effective Noise Temperature T},

To determine the effective noise temperature
T,, we have measured I, for a series of junctions
for which the junction resistance Ryr was system-
atically varied. The results are shown in Fig. 5,
where I, is plotted versus Ryr in a logarithmic
representation. The effective noise temperature
T, is optained by fitting Eq. (17) to the experimen-
tal data. For our experimental conditions, T,
turns out to be in the range 450 — 600 °K. Using

curve near the minima is caused by thermal

noise.

From the periodicity of the I, ,,-versus-H, curve,
d= 2\ +1{ can be calculated. I,,, goes to zero
whenever & = wdH, is a multiple of &,. From the
periodicity shown in Fig. 4, and w = 0.30 mm,
it follows that '

d =1030 + 104, at 1.4 °K.

The theoretical value for the penetration depth

of lead at T = 0 is A(Pb, T=0) = 480A.%° Using
this value, we have to assume the thickness of
the lead-oxide layer to be #=70+10A. This
value is larger than the 10— 20 A that is usually
assumed for the thickness of the tunneling barrier
layer in Josephson junctions. Considering the
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FIG. 4. The dependence of the maximum tunneling
supercurrent I, on the externally applied magnetic
field H,.
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the upper limit 7, = 600 °K, the measured Iy, will
then be I, = 0.98 I, for w/\; = 0.22, and will be
Iy, = 0.999 I, for w/X\; = 0.46 if the reduction

of the maximum tunneling supercurrent caused by
thermal noise only is considered.

C. True Maximum dc Josephson Current I,

In the preceding sections, we have shown that
for our experimental conditions, the measured
maximum tunneling supercurrent in zero external
magnetic field I,, will agree with the theoretical
value I, to within better than 2% in the range
1.0 > w/\; >0.22, and in the range 0.50 > w/A;
> 0.46the agreement will even be better than 0. 1%.
We have also shown that our junctions can reason-
ably be assumed to be uniform. Therefore, we
are now able to determine the “true”I; from our
experimental data.

We have measured I, and calculated Iy,/Io,,
for 16 junctions in the range 1.1 > w/x; > 0.2 at
4.2 °K; and for seven of them also at 1.4 °K.
The results are shown in Fig. 6. The maximum
experimental error has been calculated by error-
propagation theory from the maximum experi-
mental errors in measuring I,,, Ry, &(T), and
T. (For the sake of graphical clarity, we show
in Fig. 6 the maximum experimental error for
one data point only; it is representative for all
of the Iy, /Iy, data points.) As an average, we
obtain I,,, /Iy, =0. 794 +0. 005 at 4. 2°K and
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Iom/Tow = 0.779 £ 0.005 at 1.4 °K. We have also
calculated the “true” I, corresponding to each
Iy, using Eq. (17) in the form :

Iy=[15, + (2ekT,/R)*]V2, (18)

with T, =600 °K, to correct for the reduction of
I,,, due to thermal noise for the range w/); < 0.46;
and using Eq. (14) in the form

I=Im3(1+a)x3(a-1)], (19)
- ( (w/27;)? )2
" \sin(w/2x;) )

to correct for the reduction of Iy, due to the cur-
rent-induced magnetic self-field for the range
w/Ay; >0.50. The results are also shown in

Fig. 6. We obtain as an average

Ip=(0.789 £ 0.004) I, at 4.2°K,
I, = (0.784 £0.006) I, at 1.4°K.

As the difference of the energy gaps at 7 = 0 °K
and T = 1.4 °K is negligible, the value at 1.4 °K
can be considered as representing the case T=0.
Within the limits of experimental error, this
value is in excellent agreement with the strong-
coupling prediction, Iy, =0.788 Iy,. For the value
at 4.2 °K, we have to consider that the BCS tem-
perature dependence of the energy gap has been
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FIG. 6. I;,/I, (open circles) and Iy/Iy, (full circles)
versus w/Ay at 4.2 and at 1.4°K. The w/A; axes are
scaled so that for each junction the 1.4 °K data point lies
exactly below the 4. 2 °K data point. The dashed line re-
presents (Io,/IpyYay, 2nd the full line represents (Iy/
Iy aye The arrowed bar indicates the maximum limit
of experimental error, and is representative for all of
the data points. The T bars indicate the error limits
according to Eq. (19). (a) and (b) indicate those junctions
for which the magnetic field dependence is shown in Figs.
4 (a) and 4 (b).
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assumed, whereas for lead there are deviations
from the BCS temperature dependence of maxi-
mum 2%.

V. CONCLUSIONS

We have measured the magnetic field dependence
of the maximum tunneling supercurrent I, for
narrow square Pb-PbO,-Pb Josephson junctions,
with the ratio of junction width w to the Josephson
penetration depth A, as a parameter that was sys-
tematically varied. We show that for our experi-
mental conditions, the measured maximum tun-
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(%)

neling supercurrent in zero external magnetic

field I, will agree with the theoretical value I

to within better than 2% in the range 1.0 > w/A,

> 0.22. From measurements of I, in this range
we obtain that Iy=(0.784 +0.006) Iy, at 1.4°K,
where I, is the weak-coupling prediction for I,
Io,=718/2eRyy at 1. 4°K, This result is in excel-
lent agreement with the theoretical prediction of
Fulton and McCumber, who have shown that strong-
coupling effects will reduce I, to 78. 8% of the weak-
coupling prediction for Pb-Pb junctions.
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