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then suggest that the final state of the inter-
stitials produced by radiation at room tempera-
ture is different from that produced by irradia-
tion at lower temperatures. '
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a strain field.
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For white light the I "IR No. 2" tungsten lamp of the
Cary 14R spectrophotometer was used. This is the
source normally used for infrared scans where the
light is analyzed after it passes through the sample.

8H. Hersch has observed E-center bleaching effects
in KI similar to those we report here. Moreover, he
observed a V band at 3.7 eV after irradiation at dry-
ice and warming to room temperature. This band is
easily bleached with E light. Room-temperature ir-
radiation, on the other hand, produces absorption at
shorter wavelengths which is difficult to bleach. We
would like to thank H. Hersch for communicating his
unpublished results.

STUDY OF ELECTRONIC BAND STRUCTURES BY TUNNELING SPECTROSCOPY: BISMUTH
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Vfe have observed prominent structure in the
conductance (dI/dV) versus voltage plot of the
tunneling current between single-crystal Bi
and an evaporated Al film. It appears that de-
spite pessimistic forecasts, ' electron tunnel-
ing can be used as an effective tool for the study
of energy band structures of semimetals.

The sample was constructed of an A1203 film
several tens of angstroms thick on a cleaved
surface (trigonal plane) of Bi with a counter
electrode of active area about 10 4 cm' of Al
deposited over the oxide. The experiments
were carried out at temperatures where the
Al film was always a normal metal.

Figure 1 is a plot of the conductance of such
a sample plotted versus voltage at 2'K (solid
line). A positive voltage has the Al electrode
at a higher potential than the Bi, and hence
the electronic structure below the Fermi level
in the Bi shows up. A negative voltage shows
electronic structure above the Fermi level.
There was very little change in the curve in
the temperature range 2 to O'K. At tempera-
tures in the range 80'K, the fine structure was

absent while the general "w" shape of the curve
was retained. As an approach toward interpret-
ing the structure in Fig. 1, the curve was treat-
ed as a sum of the conductances from many
hole- and electron-band edges. ' Figure 2 is
an illustration of this method. Here is plotted
the conductance of the peak occurring at -+37
mV. This is roughly arrived at by subtracting
the actual conductance from a continuation of
the "background conductance. " Also in Fig. 2
is a reconstructed plot of the tunneling current
versus voltage for this band.

In the above-mentioned framework we have
constructed the conductance for a series of
band edges which generally fit the observed
conductance curve in Fig. 3. For a given sam-
ple the ratio of the peak value of the conductance
to the value in the plateau is different for dif-
ferent bands. It was also noted that for differ-
ent samples the ratio is different for the same
band although the peak occurs at substantially
the same voltage.

Because, at the present time, there is some
uncertainty as to where to assign the band edge
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FIG. 1. dI/dV versus applied voltage for experiment.

relative to the individual conductance curve,
we have arbitrarily chosen a position on the
shoulder of the peak as is shown in Figs. 1 and
3. %e feel that the uncertainty associated with
this arbitrariness of choice is within +5 mV.

In Fig. 3, we show the four conduction and
four valence bands we have observed. It is
possible that there are other bands present
in this energy range but they are not distinguish-
able at the present time. The positions of bands

A, B, and C are fairly mell known, and the
values we assign are in fairly good agreement
with previous estimates as summarized in Ta-
ble I. From the fact that the magnitude of the
conductance of band D is comparable to that
of band C and that me believe the magnitude
is related to the effective mass, we have ten-
tatively assigned band D as being the conduc-
tion band associated with valence band C.

For tunneling between simple normal metals,
one mould expect to see no dependence on the
density of states from the independent-particle
point of view in the %KB approximation. Also,
from this point of view, one would expect a
generally smooth curve with minor fluctuations
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FIG. 2. Both tunneling current and its conductance
versus applied voltage for a particular band. Note an
anomaly near the band edge.
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FIG. 3. A schematic illustration of each component
of conductance and its related band.

903



VOLUME 14, NUMBER 22 PHYSICAL RE VIE%" LETTERS 31 Mwv 1965

Table I. Band energies in Bismuth.

References For holes

Fermi energy
(meV)

For electrons

Energy gap
(meV)

For electron band For hole band

e
Present work

25 ~ ~ ~

~ ~ ~ 12
27.6 11

27 for sum of both
15 15

24
15

15.3

20 15
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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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Res. Develop. 8, 215 (1964). The authors find from
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bands to be located in a small energy range near the
Fermi energy.
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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

904




