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Table I. Band energies in Bismuth.
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when tunneling into a semimetal. However,
the observed structure is quite large. It is
felt that the %KB approximation is not appli-
cable for semimetals and degenerate semicon-
ductors as the electron and hole wavelengths
are larger than the junction width. In fact,
at a band edge, the wavelengths are extreme-
ly large in any material, and one would ex-
pect a complete breakdown of the VfKB approx-
imation at this point.

One possible explanation for the observed
structure is that proposed by Harrison' for
the case of the sha. rp boundary which illustrates
a dependence of tunneling current on the one-
dimensional density of states,

In this study we have detected many bands
in Bi, most of which have never been seen with
other experimental methods. This demonstrates

that this technique of tunneling spectroscopy
has great potential for band-structure studies
in semimetals and degenerate semiconductors
and, in particular, in the study of the Bi Sb&
alloy system.

The authors wish to thank P. J. Price, J. J.
Hall, and %. E. Howard, Jr., for helpful dis-
cussions, D. F. O'Kane for material prepara-
tion, and L. Alexander for assistance in the
experiments.
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Josephson' made two startling predictions
in 1962 of effects which have become known as
the ac and dc Josephson effects. The dc effect,
which allows supercurrent to flow between the
ground state of two superconductors in an elec-
tron tunneling experiment, ' is now well estab-
lished experimentally. ' The ac effect, which
allows current flow between the ground states
of two superconductors when there is a small

potential difference ~ between them, has found
only indirect experimental support. This
current flow is accompanied by photon emis-
sion; the frequency v of the photons is given
by A. v=2eV where h is Plancks constant, e the
electronic charge, and V the potential differ-
ence between the two superconductors. The
frequency is related to twice the electronic
charge as the two superconductors exchange
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Cooper pairs' rather than single electrons.
For some time it has been the ambition of

many to detect the electromagnetic fields in
a tunnel junction operating in the ac Josephson
mode. The frequency range is in the far infra-
red, and the junction offers some promise as
a tunable infrared source. So far, to my knowl-

edge, all attempts to get the electromagnetic
fields out of the junction and into a convention-
al detector have failed, presumably because
of the bad impedance match between the junc-
tion and free space. In the experiment I shall
describe, I have succeeded in detecting the
electromagnetic fields, using a highly uncon-
ventional spectrum analyzer. Dayem and Mar-
tin' showed that when a conventional tunnel junc-
tion of two equal superconductors is subjected
to a microwave field, current steps occur at
voltages given by (1/e)(2b +nhv), where v is
the frequency of the microwave field and 2&

is the energy gap of the superconductors. Thus
a superconducting tunnel junction is indeed a
crude spectrum analyzer.

Now consider the following experimental ar-
rangement shown schematically in Fig. 1. First
a Sn film (marked 1 in the figure) is evapora-
ted onto a microscope glass slide. This film
is oxidized in the laboratory air overnight to
form a thick oxide. Second, another Sn film (2)
is evaporated over the first one, forming a T-
like structure. This film is oxidized from 5
to 30 min to form a thin oxide layer, and final-
ly a third Sn film (3) is evaporated on top of
the other two films. The films (1) and (2) are
separated by an oxide layer thick enough to

OXIDE LAYER

CROSS SECTION

I

I
I

I

I

TOP VIEW

FIG. 1. Schematic drawing of the experimental ar-
rangement. All films are made of Sn, and the oxide
layers between them are thought of as cavities for the
radiation.
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quench out most, if not all, Josephson effects.
These two films comprise the detector. Films
(2) and (3) are separated by a thin oxide and
exhibit the Josephson effects. These two films
act as the generator of the microwaves. There
also is a "sneak path" between films (3) and

(1); however, the area of this junction can be
made small enough so that it does not interfere
appreciably with the dc measurements. This
overlap of film (3) on film (1) is necessary to
obtain a tight coupling between the two cavities,
represented by the oxide layers between films
(1) and (2) and films (2) and (3).

By applying a voltage V» across the films (2)
and (3), a microwave field of frequency h v
= 2e V» is produced. Then by measuring the
current-voltage characteristic of the junction
between films (2) and (1), current steps are
obtained at voltages V» = (1/e)(2b + nh v) = (1/e)
x (2b, + n2eV») in a precisely similar fashion
to what happened in the experiment carried
out by Dayem and Martin. One of the better
samples is shown in Fig. 2, where steps can
be seen at least to n=3. There can be two rea-
sons for the steps which occur for n & 1; eith-
er they are due to multiple photon absorption
(emission), or they are due to higher harmon-
ics in the Josephson ac effect.

Figure 3 shows a different sample with vari-
ous voltages applied to the generator junction.
Figure 4 shows this same sample in a slight-
ly different magnetic field, but this time, at
one specific voltage across the generator, a
subharmonic of the Josephson ac frequency is
present. No definitive reason for this subhar-

FIG. 2. This figure shows the current-voltage char-
acteristic of the detector, with no voltage and with a
voltage V&& applied across the generator junction.

905



VOLUME 14, NUMBER 22 PHYSICAL REVIEW LETTERS 31 MAY 1965

I 50

l50—

50— GENERATOR
~ IOO

GENERATOR

0
0 .5

MILLIVOLTS

I.O

50—

00
I

.5
MILLIVOLTS

I

I.O

Cf)
CL

2

DETECTOR

0
.5

MILLIVOLTS

I.O 00 .5
MILLI VOLTS

I

I.O

FIG. 3. Current-voltage characteristics of the gen-
erator as well as the detector. Three different char-
acteristics are shown for the detector depending upon
the bias applied to the generator, as indicated.

FIG. 4. This is the same sample as in Fig. 3; how-
ever, now a small magnetic field is applied. Note the
appearance of a subharmonic when the generator is bi-
ased to point c.

monic can be given at this time; however, it
is believed that it may be due to nonlinear ef-
fects present in the Josephson equations when
these are solved taking proper care of bound-
ary conditions in the cavity. Subharmonics of
3 of the Josephson frequency have also been
observed.

No attempt has been made to shield out the
earth's magnetic field in these experiments.
The characteristics do depend upon the mag-
netic field present, but apparently not in any

simple way. When the magnetic field gets suf-
ficiently large, the current-voltage character-
istic of the detector does not depend apprecia-
bly on the voltage applied across the generator.
When the resistance of the detector is sufficient-
ly small to allow some Josephson effect in the
detector as well, it is possible to detect the
ac field produced by the generator by the inverse
Josephson effect on the detector. This is com-
pletely analogous to the experiment done by
Shapiro, which first established the existence

of the ac effect.
In summary, this experiment helps confirm

the Josephson ac effect. An appreciable amount
of ac power is produced when a junction is put
in this mode; to date the order of 10 '% have
been extracted from the generator without af-
fecting it to any appreciable degree.

It is a pleasure for me to acknowledge many
helpful discussions with M. D. Fiske.
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