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NEW PHENOMENON IN SEMIMETALS AND SEMICONDUCTORS

L. Esaki and P. J. Stiles

IBM Watson Research Center, Yorktown Heights, New York
(Received 14 June 1965)

We have found and investigated an unusual
property which exists at low temperatures when
a current flows through an extremely small
ohmic contact (area -10 'o cm~) between a nor-
mal metal and a single crystal of Bi, Sb, or
semiconducting BiSb alloys. We propose as
a tentative explanation for this that the region
of the single crystal in ohmic contact with the
metal becomes superconducting.

The effect is simply demonstrated in the cur-
rent-voltage curves of Fig. 1. As the current
is increased to a current I~, the resistance
of the sample switches from a low resistance
RL at low currents to a high resistance R~.
The effect has no polarity with respect to bias
voltage. Under certain conditions, when the
current is decreased from a value &I, the tran-
sition from R& to R& occurs at a current I '

&I~, causing a hysteresis as seen in the figure.
A portion of the hysteresis seems somewhat
dependent on the sweeping speed.

The small contact areas are derived by evap-
orating a metal through a pinhole in an oxide
layer on the cleaved surface of a single crystal
of Bi, Sb, or BiSb alloys. The substrate is
kept near room temperature to avoid any alloy
formation during the evaporation. Al and In,
at temperatures where they were nonsupercon-
ducting, and Ag were used as the counter elec-
trode. The effect was seen with slightly differ-
ent characteristics, dependent on the metal
used. The data presented here are, for the

most part, of Al on Sb, because with this com-
bination the phenomenon is easiest to observe.

The effect is strongly dependent on the tem-
perature, as can be seen for Sb in Fig. 1. How-
ever, there exist differences between samples.
For example, the aforementioned hysteresis,
which depends on temperature, was not always
present and is not understood at this time.
Moreover, the units were very sensitive to
"electrostatic shocks" causing the hysteresis
to change or disappear as well as changes in

RI and RB to occur. Some data were taken
on samples which exhibited no hysteresis and
had a rounded transition around I~ as the curve
at 4.20'K shows in Fig. 1. The temperature
dependence of I~ for one sample is shown in
Fig. 2.

The effect is also strongly dependent on the
magnitude of the magnetic field. The general
shape of the I-V curve is the same independent
of the direction of the magnetic field relative
to the current direction. However, the struc-
ture at currents -I~ is slightly different, but
we treat this as of secondary importance and
will not say more of this at the present time.
All data reported here were for H perpendicu-
lar to the interface. It should be noted that for
Sb as opposed to Bi, RL and R~ were not strong-
ly dependent on magnetic field in the range
studied here.
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FIG. 1. Plots of I vs V for Al on Sb for different
temperatures and a plot of I vs V for Al on Bi at 4.2'K.

I'IG. 2. I~ and Iq' (open circles) with &=0, vs ~, and

&~ vs 1' (closed circles) for one Al on Sb sample. One
point (triangle) of B vs I for another Al on Sb sample.
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FIG. 3. A plot of dV jdI vs I for Al on Sb for differ-
ent magnetic fields. The zero level of dV jdI was
shifted for each curve.

Figure 3 is a plot of dV/dI vs I for different
magnetic fields at a given temperature. The
existence of multiple peaks in dV/dI vs I at
currents near I indicate that the current flows
through more than one pinhole. It is found that
Iz is linearly dependent on magnetic field and

I~ falls to zero at H~. It is also found that there
is a temperature dependence of the slope of
I vs H such that H increases faster as T is
lowered than Ic(H = 0) does. Measurements
of H~ for different temperatures are plotted
in Fig. 2 for the same sample that the temper-
ature dependence of I~ is plotted.

Figure 2 indicates that H~ and I~ will prob-
ably fall to zero at some temperature T~, in
excess of 4.5'K. The general character of the
phenomenon is therefore very similar to hav-
ing a piece of superconductor some place in
the sample. The fact that the phenomenon exists
with Ag as a counter electrode eliminates the
possibility of the metal being the superconduc-
tor. The dependence on magnetic field and tem-
perature rules out a tunneling effect, ' and hence
the oxide cannot be involved. It is well known

that the normal phases of Bi, Sb, and BiSb are
not superconducting, and it appears that the
possible strains involved are not large enough
to cause phase transitions to high-pressure
superconducting metallic phases. ' Our case
is probably different from the situation of
Yntema et al. 's composite superconductor of
compressed Bi and TiO, powders which was
reasonably well explained on the basis of mount-
ing thermal stress between both materials. '
Also, it should be mentioned that Bi forms a
number of alloy superconducting phases, and
Sb too. It, however, is unlikely to have such
alloys at the interface without further heat treat-
ment. Our fabrication process is a rather gen-
tle vacuum evaporation of a metal such as In,
Ag, or Al on a room-temperature substrate
of single-crystal Bi, Sb, or BiSb alloys. The
lack of structure in the d V/dI vs I curve around
I= 0 rules out effects due to induced supercon-
ductivity due to plasma pinch or high current
densities. '

We now examine the details of the I-V char-
acteristics. Table I gives the results. From
the fact that the resistances are rather insen-
sitive to temperature we can calculate, using
values of p at room temperature, an equivalent
diameter for a circular contact having the same
spreading resistance. In all cases the diam-
eter is -10 ' cm and the critical current den-
sity Jc is -10' A/cm' for Bi and Sb and -10'
A/cm' for BiSb alloys. The similarity of RH/
Rl -1.5 to the ratio of the spreading resistance
for a, flat to hemispherical contact of v/2 leads
us to believe that a small portion of the non-
metal under the contact point becomes super-
condueting.

We would like to propose a possible explana-
tion to account for the superconductivity. There
exists an electric dipole layer at the junction
due to a difference in the contact potential AV
=qNd je. Here qN, d, and e are the charge of
the dipole, the Debye length, and the permit-

Table I. Experimental parameters.

Sb
Bi

Bi-Sb alloy
(87-13%)

0.5
2.0
80

0.75
r 3 0

130

300'K

1 2
5 10

da
(cm)

-1.5 x 10
-1.5 x10
-2.0 x 10

~c
(A/cm2)

1x10
2x10
3x 10

aAssuming the specific resistivity p=2.2x10 0-cm for Sb, 6x10 0-cm for Bi, and 3x10 0-cm for Bi-Sb
alloy.
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tivity. Assuming AV=1 V, 4=3~10 ' cm, and
e =10 pF/cm (dielectric constant -100), N be-
comes 2 x 10'R/cm', and therefore N/d approaches
10"/cm'. It is possible that these excess car-
riers, either electrons or holes, make the semi-
metal or the semiconductor become supercon-
ducting. Our proposal is different from Qinz-
burg's two-dimensional surface superconduc-
tivity. ' %e are continuing to investigate this
and other possible explanations.
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DEPENDENCE OF SUPERCONDUCTING ENERGY GAP ON TRANSPORT CURRENT
BY THE METHOD OF ELECTRON TUNNELING

James L. Levine

IBM Watson Laboratory, Columbia University, New York, New York
(Received 25 June 1965)

The variation of the superconducting energy
gap with transport current has been studied
by electron tunneling. Thin films and a com-
pensated geometry were used to minimize dia-
magnetic effects. The measurements were
made near the transition temperature of the
films, and are in qualitative agreement with
the predictions of the Ginzburg-Landau equa-
tions. '

Tunneling junctions' were made by deposit-
ing a strip of aluminum onto a standard glass
microscope slide in a conventional evaporator,
oxidizing in air for -1 h, and then depositing
a. cross strip of superconductor (tin or indium).
The substrates were cooled to -150'K during
the latter deposition to reduce agglomeration.
At the temperature of the measurements, the
aluminum was in the normal state. The geom-
etry is shown in Fig. 1. By interposing a suit-
able shutter into the vapor stream during de-
position, the superconductor was made thick-
er as well as wider in the region of the con-
tacts in order to reduce the current density
at these points. SiO insulation and a lead
ground plane (not shown) were added to force
a uniform current distribution across the width
of the film. ~ Since the films were somewhat
thinner than their effective penetration depths
at the operating temperatures, the current
distribution was expected to be approximate-

ly uniform in the thickness direction as well.
Under these conditions, the diamagnetic cur-
rent density was expected to be a small frac-
tion of the total current density at any point
in the film, except perhaps very close to the
film edges.

The differential tunneling conductance (dI/
dV) was measured by applying a small (=50
p, V) ac voltage across the junction and mea-
suring the ac current with a phase-sensitive
detector. A feedback loop held the junction
voltage constant against changes in the (low)
junction impedance. The energy gap was ob-
tained from the value of dI/dV at zero dc bias
using a formula given by Qiaever and Megerle. '
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FIG. 1. Geometry of tunneling junction. Tunneling
measurements are made between the normal metal
and the superconductor while a transport current is
passed between terminals 1 and 2.
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