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We discuss the dependence of conductance on voltage for metal-insulator-metal junctions for the bias
range from 0-1 V. The dependence is roughly parabolic but the minimum conductance need not occur at
V'=0. Small deviations from this parabolic conductance behavior are described. These are due to inter-
actions of the tunneling electrons with impurities in the oxide, the oxide itself, or the surface layers of the
metal electrodes. These emission processes are studied by calculating the even conductance and its deriva-
tive. This derivative, at low voltages, is a crude measure of the phonon density in the normal-metal electrode.
We show that self-energy effects in the normal metal can be conveniently displayed by calculating the odd
conductance. Such experimental effects are presented for normal Pb, and are in good agreement with the

self-energy calculated from superconducting tunneling.

I. INTRODUCTION

HE possibility that a tunnel current may flow
between metals separated by an insulating layer
was first considered by Frenkel! in 1930. Interest in this
phenomenon increased markedly following the investi-
gations carried out in 1960 by Fisher and Giaever? when
they showed that the insulating layer could be made
fairly simply by the thermal oxidation of freshly
evaporated Al films. In order to show that the current
flow was indeed due to tunneling, Giaever? substituted a
superconducting film (Pb) on one side of the insulator
and observed dramatic changes in the characteristic of
the current I versus voltage V below the transition
temperature. This result not only convincingly proved
the existence of the tunneling mechanism but also
fascinated further investigators to such an extent that
tunneling between normal metals in the low-voltage
region (S1 V) was largely forgotten. In the high-
voltage range (eV>¢, the barrier height, typically
2 V), where the current increases exponentially with
voltage, work continued in an attempt to deduce
barrier parameters from the /-V characteristic.*
Interest in normal-metal tunneling has increased
during the past two years owing to the discovery of
new phenomena as derivative techniques (measurement
of d1/9V and 9*I/dV? versus V), widely exploited in
superconductor tunneling, have been applied more
critically to normal-metal junction characteristics. For
example, the “zero-bias tunneling anomaly,” previously
observed in semiconductor diodes,”® was found by
Wyatt® to occur in junctions using transition-metal
oxides as the insulating layer. More recently, Jaklevic
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and Lambe” showed that the tunneling electrons
interact with vibrational modes of impurity molecules
trapped in the insulating oxide layer. The excitation of
such a mode gives rise to an increase in conductance
(dI/dV) and thus the frequency of the modes can be
determined from the tunneling characteristic. We ob-
served not only such impurity vibrations but also
realized that the tunneling electron excited phonons of
the oxide layer itself and of the surfaces of the metal
films adjacent to the oxide.® Later Duke et al.® invoked
these barrier excitations as a possible explanation of
the conductance dip near zero bias in ITI-V diodes.® As
we investigated such interactions in a number of thin-
film junctions using different metals and various oxides,
we realized that very little was known about normal-
metal tunneling; in fact, even the over-all shape of
conductance versus voltage for —1 V<V <41 V had
not been reported in the literature.!® In this paper we
will first present our measurements of the gross features
of tunneling behavior in this low-voltage region. The
small structures, due to excitation processes, which are
superimposed on this behavior, will be presented for a
variety of junctions. We will reach two interesting con-
clusions; first, that the conductance can be roughly
described by G=a+28V+3yV? a parabolic depend-
ence but with the parabola offset from ¥V'=0. Second,
we show how an analysis of the data into ‘‘odd” and
“even’ conductances is a way to separate effects due to
direct emission processes (even terms) and self-energy
corrections (odd terms).

II. EXPERIMENTAL

All the tunnel junctions to be discussed below were
prepared by the conventional techniques®! of thin-film
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by Matthew Kuhn [thesis, University of Waterloo, Waterloo,
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evaporation to produce the metal electrodes and thermal
oxidation to produce the tunneling barrier. Aluminum
oxide was prepared by exposure of the freshly evapor-
ated aluminum film to laboratory air for ~1 min, lead
oxide by heating the lead film to ~50°C in dry oxygen,
and tin oxide by heating the tin film to ~100°C in air
or oxygen.

In order to discuss the measurements confidently,
one must confirm that tunneling is the dominant trans-
port mechanism in the junctions. As all the junctions
involve two films which can be made superconducting,
this can be done conclusively for low voltages. For
example, in an Al-7-Sn junction at 0.95°K, the tunneling
current for V<<A is proportional to the number of
thermally excited quasiparticles, Igs~Iyye282/*T,
where Iyy is the current at the same voltage with
both films normal. As Ag,~1.76kT (T .=3.7°K),
I3s~10~%I yn. Thus, one simply measures the ratio of
the currents at low voltages at 0.95 and 4.2°K. If this
ratio were 10~2 instead of the expected 10—3 we would
say that 19, of the current in the junction is not a
tunneling current. This may not appear serious, but if
this current is carried by a metallic bridge, it may lead
to completely spurious structures in the derivative
curves where we are interested in changes which are
often <1%,. In this paper we will only discuss those
junctions in which, as far as we could tell, tunneling
was the only current mechanism.

As the measurements of interest in this paper were
obtained with both films of the junction in the normal
state, it was necessary to either apply a magnetic field
to the junction or work above the transition tempera-
ture T'.. As thermal smearing of the tunneling character-
istic is ~3k7 (1 meV at 4.2°K), we generally applied a
magnetic field to the junction held at 1°K. This had the
disadvantage of introducing some noise into the deriva-
tive measurement which we believe is because of vibra-
tion of the junction relative to the field.

When the changes in conductance of the junction
were relatively large (>15%) we used the conven-
tional method of measuring derivatives of the tun-
neling characteristicc. We modulated the slowly vary-
ing dc voltage with an ac signal (constant current,
500 cps) and detected the generated ac voltage (typi-
cally <60 uV rms) with a phase-sensitive detector. This
detector output is essentially dV/dI, which could be
recorded on an X-Y recorder or on punched paper tape.
The conductance (dI/dV), which is the measurement
of interest, was taken from tables or calculated by com-
puter if a large number of data points was involved. In
most of the measurements of normal-state tunneling,
especially at low voltages (<50 mV), the changes in
conductance are rather small and increases in conduc-
tance K19, are significant, as will be shown below. Often
we wanted to study these conductance changes in
detail for both bias directions, and drift in the direct
measurement of dV/dI could lead to large errors. To
avoid this we used a bridge circuit designed by
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F16. 1. Schematic of ac bridge circuit used to measure very small
resistance changes. The bridge is operated at 500 cps.

Thomas and shown in Fig. 1. Rearrangement of the
components shows that this is essentially an ac Wheat-
stone bridge with the 100-kQ resistors as fixed arms. The
linearity and resolution of the bridge were checked
initially using two resistance boxes. Our linearity re-
quirements confine the use of the bridge to +159%,
changes in resistance. The resolution approaches 1
part in 10% with modulation signals <100 uV rms, but
was reduced in the experiments described here by the
noise from the magnetic field. The drift over a period
of 1 h was comparable to the resolution.

In a typical measurement (say that of Fig. 8) the
junction (immersed in liquid helium) was cooled to
~0.95°K, which is the limit of the pumping system.
A transverse magnetic field was applied and increased
until the resistance-versus-voltage plot near zero bias
showed no evidence of the superconducting energy gap.
In some junctions (especially those using Al films) our
maximum field of 4.5 kG was not sufficient to quench a
small trace of the gap characteristic which presumably
arises from the edges of the film. These junctions were
either measured at 2°K (where this gap disappears) or
rejected. Having satisfied ourselves that the junction
was completely normal the bridge was balanced at the
point of maximum resistance, which was found by
inspection of a resistance-versus-voltage plot taken on
the X-Y recorder. The off-balance signal of the bridge is
proportional to the resistance change in the junction
produced by varying the bias. This signal, as the dc
output from the lock-in amplifier, was integrated using
a digital voltmeter with 10-sec time constant. The time
constant of the lock-in amplifier was kept short, 10 or
30 msec. The dc voltage on the junction was swept very
slowly from —27.5 to +27.5 mV, and the count of the
digital voltmeter punched onto paper tape every
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F16. 2. Conductance versus voltage for an Al-/-Sn junction at
4.2°K. The open circles are measured points and the solid line is
drawn through them. Note that the conductance changes by a
factor of 5.

10 sec. Thus, approximately 220 readings of junction
resistance were recorded (in about 37 min) across the
55-mV voltage range. Voltage calibration was obtained
by noting the voltage and corresponding count at
approximately 5-mV intervals. The voltage sweep rate
has, of course, to be accurately constant and this is
achieved by driving a potentiometer with a synchronous
motor fed from an oscillator and power amplifier.
Changing the oscillator frequency is a convenient way
of adjusting the sweep rate. The advantage of the
digital voltmeter is that it provides a true 10-sec inte-
gration of noise and is relatively insensitive to transient
signals (because the lock-in amplifier is used with short
time constant). The resistance readings, punched on
the paper tape, were read onto IBM cards, and a com-
puter calculation of the following parameters was made:
(1) the conductance for the positive [G(+V)] and
negative [G(—V)] biases, (2) the odd conductance
G (V)=3%[G(+V)—G(—V)], (3) the even conductance
GE(V)=%G(+V)+G(—V)], and (4) the derivative of
the even conductance dG%(V)/dV, called the ‘“barrier
phonon density of states.” This derivative corresponds
roughly to d?I/dV?, which could be measured directly
from the junction, but we found it more convenient to
generate it from the first-derivative measurement. The
technique used was to calculate the slope of G#(V)
versus V at each datum point by averaging the slope
with a straight line through 27 neighboring points.
Usually =1 was sufficient to give good signal-to-noise
ratio; #=3 was the maximum ever used. In Fig. 9 the
voltage grid was 250 uV, so averaging over the 2n+1
points with #=1 corresponds to finding d*I/dV* with a
750-uV sensing signal. The success of this “‘generated”
second derivative is obviously due to the good signal-
to-noise ratio obtained in the first-derivative measure-
ment, which in turn is largely a result of using the
10-sec integration time at each datum point. An alterna-
tive approach to obtain detailed first derivatives would
be to use a multichannel pulse-height analyzer, sweep
the voltage relatively rapidly, and average the resis-
tance at each datum point over many sweeps. (This

McMILLAN, AND FELDMANN

180

alternative was rejected, as the recording system is also
used for superconducting studies,’? and would lead to
problems in normalization of the superconducting con-
ductance to the normal conductance.)

III. TUNNELING BEHAVIOR FOR —1V<V<K1V

The work of Giaever? showed that for a tunnel
junction with average barrier height @, the 7-V charac-
teristic could be easily understood in two limiting
voltage ranges. In the high-voltage range (eV> @) the
electrons tunnel through a progressively thinner barrier
as V increases, and I increases exponentially with
voltage. At low voltages (eV<<@) the barrier shape is
assumed to be independent of applied bias and the
tunneling characteristic is Ohmic (£« V). While this
description of the low-voltage behavior is adequate to
analyze I-V measurements, we would like to stress here
(and substantiate later), that if measurements of con-
ductance (G=dI/dV) are made to an accuracy of
>19%, then the “Ohmic region” does not exist in any
tunnel junction except over surprisingly small voltage
ranges (possibly 10 mV). In addition, these ranges of
approximately constant conductance need not occur
exactly at V=0. Having disposed of an Ohmic low-
voltage region, we must therefore consider in more detail
what might be called the ‘““intermediate-voltage range”
(eV<%:@, say—typically 1 V). A simple approach,?
which seems to be an adequate description of the
experimental data in this region, is to assume that the
current can be expanded in powers of V and that
progressively higher orders in V' become important as
the voltage increases. Thus, we write

I=aV+BV V3oVt - - 1)
or
= a 28V 3y V245V - @)

A dependence of the form I=aV+vV? was deduced by
Knauss and Breslow! simply from /-V measurements.
It was pointed out by Simmons!® that these low-order
terms could be obtained quite simply from the usual
tunneling expressions.!'® However, Simmons makes the
simplification that the barrier can be approximated by
a symmetrical rectangular potential @. Thus he obtains
the even conductance terms, G=a+3yV?4---. It has
been shown!”!® that if a more realistic asymmetrical
potential barrier is assumed then the odd terms,
G=28V+46V34---, are nonzero and become larger
as the barrier asymmetry increases. Thus, in the inter-
mediate range, the conductance appears roughly as a

2 W. L. McMillan and J. M. Rowell, Treatise on Superconduc-
thty, edited by R. Parks (Marcel Dekker New York, 1969).

M. Rowell, in Tunneling Phenomena in Saluls edited by

E. B)urstem and S. Lundqvist (Plenum Press, Inc., New York,
1969).

14 H. P. Knauss and R. A. Breslow, Proc. IRE 50, 1834 (1962).

16 John G. Simmons, J. Appl. Phys 34, 238 (1963)
( 16 J())hn G. Simmons, J. Appl. Phys. 34 1793 (1963); 34, 2581
1963).

17 R. Stratton, J. Phys. Chem. Solids 23, 1177 (1962).
18T, E. Hartman, J. Appl. Phys. 35, 3283 (1964).
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parabola (G=a+3yV?), which is offset from zero bias
by a voltage 3/3v. It is our experience that many tunnel
junctions (Al-I-Pb, Al-I-Sn, Al-I-In, and Pb-I-Pb)
exhibit this type of parabolic behavior, and the parabola
is always offset from zero voltage, implying asym-
metrical barriers.. Very recently, detailed calculations
of conductance versus voltage have been made! for
trapezoidal barriers and the results agree very well with
the experimental “‘offset parabolas” if rather large
junction asymmetries are used.

We present in Fig. 2 the measurement of conductance
versus voltage for an Al-I-Sn junction at 4.2°K. The
parabolic dependence is apparent, as is the offset from
zero bias. We find that in Al-7-Pb and Al-/-In junctions
as well, the offset is always in the Al negative-bias
direction. There is a slight departure from the smooth
conductance variation at low voltages due to the excita-
tion processes which will be discussed below.

IV. EXCITATION OF IMPURITY MOLECULES

Having established what we believe are the gross
features of tunneling in the intermediate-voltage range,
we can now study deviations from this behavior. In
most cases these deviations are observed as rather
abrupt increases in conductance at voltages correspond-
ing to the excitation energies of vibrational modes in
the oxide. These modes may be due to impurities in the
oxide, the oxide itself, or the films adjacent to the oxide.
The excitation of impurities has been studied in great
detail by Jaklevic and Lambe,” who introduced organic
contaminants into ‘“clean” oxides produced by glow-
discharge oxidation. The technique has been extended
to impurities on a semiconductor surface-barrier junc-
tion by Thompson?; the elimination of unwanted
impurities on a semiconductor would again appear to be
a difficult problem unless the surface is cleaved in
vacuum. As pointed out by Jaklevic and Lambe,
organic contaminants (and water molecules) are always
present in oxide junctions made in the conventional way.
The results are usually shown in d2I/dV?-versus-V
plots; it is helpful also to see the conductance behavior
in order to appreciate the order of magnitude of the
excitation effects compared to the over-all tunneling
behavior of Fig. 2. We show in Fig. 3 a detailed con-
ductance measurement for an Al-7-Sn junction, which
was prepared in an oil-diffusion-pump evaporation
station (evaporation pressure ~10~% Torr) and oxidized
by exposure of the Al film to laboratory air for ~1 min.
It can be seen that the conductance up to 400 mV is in
fact dominated by the excitation processes and the only
evidence for the general behavior discussed above is
the decrease in conductance out to 270 mV. The arrows
in Fig. 3 mark the positions of the most pronounced
maxima in d2I/dV? obtained by Lambe and Jaklevic

19W. F. Brinkman, R. C. Dynes, and J. M. Rowell (to be
published).
20 William A. Thompson, Phys. Rev. Letters 20, 1085 (1968).
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Fi1c. 3. Conductance versus voltage for an Al-Z-Sn junction at
1°K with magnetic field applied to quench superconductivity.
Only the Sn positive bias is shown. The arrows mark the position
of second-derivative peaks in an Al-Z-Pb junction (see Fig. 14 of
Ref. 7). Note that in contrast to Fig. 2, the conductance changes

by only 49%,.

for an Al-I-Pb junction made by exposure to air (Fig. 14
of Ref. 7). The agreement between the positions of the
arrows and points of maximum positive slope of the
conductance in Fig. 3 is remarkable. This suggests that
both laboratories are equally and identically polluted.
One naturally suspects that this impurity is the diffu-
sioh-pump oil, but Lambe and Jaklevic have pointed
out that solvents used in the laboratory are a more likely
cause. They, in fact, showed that relatively ‘“‘clean”
oxides could be produced in a conventional diffusion-
pump system as long as a glow discharge in pure
oxygen, rather than thermal oxidation, was used to
produce the oxide. The junction of Fig. 3 shows that
the excitation of the C—H stretching mode at 360 mV
gives rise to a 29, increase in conductance. This is the
largest effect we have observed; generally these in-
creases are <19, and are not so striking on a conduc-
tance plot as those of Fig. 2. We have shown the result
only for the Al negative bias because (see Fig. 2) the
over-all conductance rises much faster for the Al positive
bias and the small excitation increases are correspond-
ingly harder to observe. However, these excitations do
occur symmetrically about V'=0.

V. EXCITATION OF OXIDE PHONONS

The energies of the impurity vibrations described
above cover the range 100-450 mV, and harmonics
have been observed to approximately 1 V. At energies
<100 mV we have observed similar conductance in-
creases which we ascribed to excitations of the oxide
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F16. 4. Conductance versus voltage for a Pb-I-Pb junction
at 1°K. A magnetic field was applied to produce the normal
state.

itself.®* Whether one considers these vibrations to be
““phonons” (in an oxide 15 A thick?) or vibrations of the
oxide molecules themselves seem unimportant. These
oxide vibrations were first observed in Pb-7-Pb junc-
tions,®2! where they are particularly well defined, and
later in aluminum oxide junctions, where, for reasons
which are not understood, the effects are relatively
weak.?? Recently, Giaever® has identified such barrier
emission processes in thermally grown zinc, magnesium,
and cadmium oxides, in evaporated insulators of zinc
and cadmium sulphides, and in amorphous germanium.

The conductance-versus-voltage plot for a Pb-I-Pb
junction is shown in Fig. 4. The distinction between the
parabolic conductance for ¥>65 mV and the excitation
region <65 mV is particularly striking in this figure.
In fact, the logical way to regard this behavior is as a
sum of two conductances—the barrier dependence
(shown as the dashed line), and the excitation con-
ductance, which increases with a complex series of
steps from V=0 to 65 mV and is then a constant con-
tribution for higher voltages. The conductance for
V'>65 mV is in fact described very well by a parabola
offset to ~100 mV, but it is the lower-voltage range
which is of greater interest here. This is shown in detail
in Fig. 5, and it is apparent that there are two voltage
ranges where the conductance increases most rapidly:
that from 0 to 18 mV, where the conductance increase is
~2.59%,, and that from 30 to 60 mV, where the increase
is 79%.

Because of the asymmetry of the background con-
ductance about V=0 [arising from the 28V term in

21 Similar structures were reported by S. M. Marcus, Phys.
Letters 23, 28 (1966), but were not interpreted as excitation
effects.

2 J, Lambe and R. C. Jaklevic (private communication).

2 1. Giaever and H. R. Zeller, Phys. Rev. Letters 21, 1385
(1968).
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Eq. (2)], it is difficult to decide from Fig. 4 whether the
excitation processes are exactly symmetrical about
V=0. A convenient analysis of the data can be carried
out by calculating the even and odd conductances
(GE and G°). These are defined as GE=1i[G(+V)
+G(—=V)]and *=3[G(+V)—G(— V)], where G(+V)
is the conductance at positive voltage ¥ and G(—V)
the conductance at the same negative voltage. In this
analysis, all symmetrical processes should appear only
in G¥, whereas any asymmetrical processes (for example,
an increase in conductance occurring only for one bias
direction) will also appear in G¥ but more obviously in
G°. At first sight the only asymmetrical term we expect
is 28V +46V34-- - - odd terms from Eq. (2). Thus, the
calculation of G¥ is a convenient way to move the
parabolic 3yV? term back to V=0 and display excita-
tion processes which we expect to be symmetrical. This
even conductance, calculated directly from the data of
Fig. 5, is shown in Fig. 6. It has been shown by
McMillan!®? and by Scalapino and Marcus? that the
spectral density of excitations in the barrier region is
proportional to dG¥/dV, which is roughly @2I/dV? of
the original characteristic. [To be strictly correct,
dG¥/dV contains the terms 6yV+--- from Eq. (2).
This gives a linear background which should not be
regarded as due to excitations but simply as a barrier-
shape term.] This derivative, generated from the G¥
plot of Fig. 6, is shown in Fig. 7. (Perhaps we should
again stress that this “second derivative” is not mea-
sured directly but is calculated by taking the slope of
Fig. 6 at each datum point and calculating the slope by
averaging over the two neighboring points, as outlined
in Sec. II. This calculation, and that of G¥ and GY, is
done by computer, as the “‘raw data” of Fig. 5 includes
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F16. 5. Detailed measurement of conductance versus voltage
for a Pb-I-Pb junction in the normal states at 1°K. G(—V) and
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#W. L. McMillan. (unpublished).
2 D. J. Scalapino and S. M. Marcus, Phys. Rev. Letters 18,
459 (1967).
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300 derivative measurements over the energy range
—75 to 475 mV.) This “barrier phonon density” of
Fig. 7 shows very clearly a series of peaks in the energy
range 30-60 mV. These, we believe, are due to excita-
tions of the lead oxide. An exact comparison with
optical spectra is not possible, as the composition of our
insulating layer is unknown. It is probably a mixture of
the various oxides, for which optical measurements?
show a series of absorption lines from 56-73 mV (mea-
surements were not made at energies less than 51 meV).
These are somewhat higher than our tunneling peaks,
but the general agreement seems reasonable.

A second series of peaks occurs for V<20 mV; we
believe that most of these are due to excitation of
phonons in the surface layers of the metal. This will be
discussed in more detail below.

VI. EXCITATION OF THE METAL FILMS

It is well known that in tunneling in semiconductor
p-n junctions the emission of phonons in the junction
region can be observed easily even in the I-V character-
istic.’ This is particularly so in the case of the indirect
semiconductors, where the tunneling electron must emit
a phonon in order to conserve momentum as it tunnels
from the conduction to valence bands. As the insulating
barrier is simply the depletion region of the semicon-
ductor used, the energy of the phonon can be found from
the dispersion curves at the momentum difference be-
tween valence and conduction bands. Such arguments
do not apply directly to metal-film tunnel junctions,
and the emission processes outlined in this paper are of
course orders of magnitude weaker than those in semi-
conductor junctions. However, it is true that the elec-
tron injected into a metal by tunneling relaxes from this
excited state to the Fermi level by phonon emission
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F16. 6. The even conductance versus voltage calculated for the
Pb-I-Pb junction of Fig. 5.

26 F. Vratny, M. Dilling, F. Gugliotta, and C. N. R. Rao,
J. Sci. Ind. Res. (India) 20B, 590 (1961).
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(and electron-electron interactions). If this process
occurs in the bulk of the metal it will not affect the
tunneling probability ; if it occurs near the surface (and
we cannot claim that the metal-oxide interface is an
abrupt one), we might hope that such phonon emission,
typical of the surfaces of the metal films, would be
observed in the conductance-versus-voltage character-
istic. That this seems to be occurring is evident from
Fig. 7, where we note that the peaks at 5 and 9 mV are
very close to the transverse and longitudinal phonon
peaks in bulk lead, which are known from both super-
conducting tunneling'*?” and neutron scattering.?® One
could claim, however, that the low-energy peaks of
Fig. 7 are also due to oxide interactions. This is easily
checked by changing the oxide but not the Pb film,
i.e., by making an Al-7-Pb junction. This is compared to
the Pb-7-Pb junctions in Fig. 7, where three features
are worth noting:

(1) The peaks from 30-60 mV in Pb-I-Pb are not
present in the Al-7-Pb junction, supporting our claim
that these are due to lead oxide.

(2) The low-energy peaks (<10 mV) are present in
both junctions and must be due to the Pb film.

(3) The single peak at 16 mV is present only in the
Pb-7-Pb junction. We must suppose that this is a
low-frequency mode of the lead oxide molecules (pos-
sibly the vibration of the heavy lead atom as opposed to
that of the light oxygen atoms at higher frequencies).

The low-energy range has been studied in more
detail by measuring the conductance from —27.5 to

27 J. M. Rowell, P. W. Anderson, and D. E. Thomas, Phys. Rev.
Letters 10, 334 (1963); W. L. McMillan and J. M. Rowell, zbid.
14, 108 (1965).

28 B, N. Brockhouse, E. D. Hallmann, and S. C. Ng, in Mag-
netic and Inelastic Scattering of Neutrons by Metals, edited by
T. J. Rowland and P. A. Beck (Gordon and Breach, Science
Publishers, Inc., New York, 1969); R. Stedman, L. Almgqpvist,
and G. Nilsson, Phys. Rev. 162, 549 (1967).
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Fic. 8. Dependence of conductance on voltage for two polarities
of the bias for a Pb-I-Pb junction at 1°K. A field was applied to
quench superconductivity. The figure was photographed from
computer output (see text) and is not smoothed.

+27.5 mV, as shown in Fig. 8. The symmetry of the
increases in conductance about V=0 is readily observed
in this figure. The even conductance was calculated as
before and is shown in Fig. 9. Its derivative, the barrier
phonon density of states, is shown in Fig. 10. For com-
parison, we also show the same measurement for an
Al-I-Pb junction and the o?(w)F(w) [(coupling con-
stant)2X phonon density] obtained from supercon-
ductor tunneling.’>* The peaks obtained from the
normal tunneling appear to be slightly higher in energy
than the phonon peaks in o?(w)F(w). The supercon-
ducting measurement is essentially a determination of
bulk properties of the Pb film; the normal-metal result
reflects the properties of the surface. It is known that
the interatomic forces in Pb are quite long range, and
the disturbance of the surface may in fact extend a
number of atomic layers into the film. Both the normal-
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F16. 9. The even conductance versus voltage for the
Pb-I-Pb junction of Fig. 8.
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metal barrier phonon densities in Fig. 9 show a peak at
2 mV. This could possibly be due to a hint of the super-
conducting energy gap remaining in the tunneling
characteristic or could be a surface mode of vibration of
the film. The surface of the film is not free as in a single
film, however, but is adjacent (and probably diffused
into) the lead oxide. At first sight, the normal-metal
spectra of Fig. 9 bear a striking resemblance to the
phonon spectrum calculated by Dickey and Paskin®
for small, thin, disklike particles of metal. However,
their calculations were made for a particle with free
surfaces, and the low-energy mode they obtain is
associated with the edge of the particle. The edges of our
junctions are a negligible fraction of the total junction
area, but if the films have a very rough surface such
edge modes might be enhanced. It is also interesting to
note that the main phonon peaks calculated for the
free particles are at slightly lower energies than in the
bulk. The normal-metal peaks of Fig. 9 move to slightly
higher energies than the bulk, and one can speculate
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Fi1c. 10. The upper two plots are the barrier phonon density for
Al-I-Pb and Pb-I-Pb junctions. The Pb-I-Pb result is the deriva-
tive of Fig. 9. The units of the vertical scale are (mV)~1. The lower
plot is (coupling constant)?Xphonon density for Pb from super-
conducting tunneling. The scale for o?(w)F (w) is dimensionless.

( 2 ) M. Dickey and Arthur Paskin, Phys. Rev. Letters 21, 1441
1968).
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Fic. 11. Barrier phonon density versus voltage for an Al-7-In
junction compared with o?(w)F(w) for In from superconducting
tunneling. Units of the left scale are (mV)™.

whether a surface adjacent to a stiffer material (oxide)
rather than softer material (vacuum) would show such
an effect.®

We have extended this measurement of G¥, G°, and
dGE/dV to a number of other junctions. We will not
present the conductance data, as it is similar to the
low-energy range of Fig. 8 except for shifts in the posi-
tions of the broad conductance increases. The barrier
phonon density dG¥/dV contains the significant in-
formation and is shown in Fig. 11 for an Al-I-In junction
and Fig. 12 for an Al-I-Sn junction. In both cases we
have also plotted o?F (w) determined from superconduc-
tor tunneling.!? Although dGF/dV is a much less de-
tailed probe of the phonon density (partly due to the
fact that normal-metal tunneling is always smeared by
~3kT) the agreement in the position of peaks in
dG¥/dV and regions of high phonon density in o?F(w)
convinces us that the phonons of the metal films are
indeed coupled into the tunneling process.

We can also measure a second type of junction in-
volving tin films, namely, Sn-I-Sn. The derivative of
the even conductance is shown in Fig. 13 and compared
to that for an Al-7-Sn junction. Both seem to show a
peak at ~25 meV, which is well above the maximum
frequency of phonons in bulk tin. One possible explana-
tion is that this is due to a 2-phonon process but this
does not seem to occur for any other metals. The
derivative for the Sn-I-Sn junction has a negative peak
at ~1 mV. This is due to a small conductance-peak
zero-bias anomaly (~0.29,), which we always observe in
this type of junction.’ The Al-I-Sn junction (and other
aluinmum junctions) hasweak structure from 30-40 mV,
which corresponds to the energy of the longitudinal
phonon peak in Al32

Measurements of metal phonon densities using the
derivative of the even conductance are not confined to
materials which become superconducting. We show in

30 We are indebted to the authors of Ref. 29 for a very interesting
discussion of their work and its relevance to our data.

8 J. M. Rowell and L. Y. L. Shen, Phys. Rev. Letters 17, 15
(1966); L. Y. L. Shen and J. M. Rowell, Phys. Rev. 165, 566
(1968).

8 G, Gilat and R. M. Nicklow, Phys. Rev. 143, 487 (1966).
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tunneling. Units of the left scale are (mV)™.

Fig. 14 results for an Al-7-Bi junction at 2°K. The bis-
muth film was evaporated onto a substrate at room
temperature in a vacuum ~ 1076 Torr. The majority of
our Al-I-Bi junctions and those of others® show a strong
dip in conductance at low voltages, with a minimum
conductance at V'=0. This dip is strong enough to
obscure the phonon emission processes. The origin of
this dip is not understood (it might arise from a charge
depletion layer at the Bi surface), but its strength varies
from sample to sample, and the junction of Fig. 14 had a
relatively slowly changing conductance at low voltages.
The derivative dG#/dV shows clearly two peaks at 3.5
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F1c. 13. Comparison of the barrier phonon density versus
voltage obtained for Al-I-Sn with that for a Sn-7-Sn junction.
Units of the vertical scales are (mV)™, and the zeros are offset.

8 J. J. Hauser and L. R. Testardi, Phys. Rev. Letters 20, 12
(1968); Y. Sawatari and M. Arai, J. Appl. Phys. (Japan) 7, 560
(1968); L. Esaki, L. L. Chang, P. J. Stiles, D. F. O’Kane, and
N. Wiser, Phys. Rev. 167, 687 (1968).
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Fic. 14. Conductance (solid line), barrier phonon density
(dashed line), and odd conductance (dotted) versus voltage for an
Al-I-Bi junction at 2°K. Units of the right vertical scale are
(mV)™1,

and 12 mV, which correlate reasonably well with regions
of high transverse and longitudinal phonon density in Bi
deduced from neutron scattering experiments.® It is
very interesting to note that the energy of this longi-
tudinal phonon peak found from neutron scattering and
normal-metal tunneling is appreciably higher than that
which can be deduced at 9 meV from superconducting
tunneling measurements of amorphous bismuth con-
densed at low temperatures.?>:*¢ This seems to suggest
that the phonon spectrum of the amorphous phase is
appreciably different from that of the bulk semimetal.

We also notice in Fig. 14 that the low-energy peak
(~2 meV), which was resolved in Pb [there also seems
to be structure at this energy in In (Fig. 11) and Sn
(Fig. 12), but it is a shoulder in dGE/dV rather than a
peak], is very marked in Bi. This was present even at
4.2°K and cannot be due to traces of superconductivity
in the Al or Bi films (unless the Bi was contaminated
with a small amount of Pb, but this seems unlikely).
It is also possible that this peak is associated with the
dip in conductance at zero bias, which is usually strong
in Al-7-Bi junctions. The odd conductance is also shown
in Fig. 14 and also shows structure near 2 mV, with a

3¢ J. L. Yarnell, J. L. Warren, R. G. Wenzel, and S. H. Koenig,
IBM ]J. Res. Develop. 8, 234 (1964).

35 N. V. Zavaritskii, Zh. Eksperim. i Teor. Fiz. Pis’'ma v Redakt-
siyu 5, 434 (1967) [English trans.: Soviet Phys.—JETP Letters
5352 (1967) 7.

3 J. T. Chen, T. T. Chen, J. D. Leslie, and H. J. T. Smith,
Phys. Letters 25A, 679 (1967).
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very weak kink at 10 meV. This plot of the odd con-
ductance should be a very sensitive way of locating
band-edge structure in bismuth, and we conclude that
this is not being observed in our polycrystalline films
at low energies.

The magnitudes of the phonon emission peaks in the
various metals (Figs. 10-12 and 14) is of interest. First,
we note that, as should be expected, the peaks are
approximately twice as large for symmetrical junctions
(Pb-I-Pb and Sn-I-Sn) as they are for asymmetrical
junctions (Al-Z-Pb and Al-7-Sn). Confining ourselves
to the junctions using aluminum, if we subtract the
magnitude of dG¥/dV at energies ~509, greater than
the longitudinal peak from its maximum value at the
longitudinal peak, we obtain for the strength of the
emission processes in Bi ~0.013 mV~!, in Pb ~0.007
mV-L in In ~0.0032 mV~, and in Sn ~0.0027 mV—L.
It is clear that these magnitudes scale roughly with the
electron-phonon coupling strength for the superconduct-
ing materials. One would also expect the strength to
scale with the skin depth of the metal, in that this is a
measure of the volume of electrode that can be affected
by the electric field set up by an electron as it tunnels.
This factor probably accounts for the strong effect in
bismuth.

VII. ODD TERM G°

As we pointed out earlier, the odd term G° is a con-
venient way to study processes which are asymmetrical
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F16. 15. Odd conductance versus voltage for a Pb-/-Pb junction
in the normal state at 1°K. (From the data of Fig. 5.)
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F16. 16. Energy dependence of the renormalization function
Zn(w) for Pb as calculated from superconducting tunneling. The
upper and lower plots are the real and imaginary parts, respec-
tively. The self-energy is [ReZy (w) —1]E.

in conductance about V'=0. We also expected only the
small odd terms from the barrier background conduc-
tance to contribute to this term. The odd conduc-
tance, calculated from the data of Fig. 5, is shown in
Fig. 15. The first encouraging feature is that the excita-
tion processes from 30-60 mV are completely absent
from this plot, showing they are exactly symmetrical
about V'=0. However, there is a weak structure in the
odd term which extends over the range of energy corre-
sponding to high phonon density in Pb (0-10 mV).

As we have mentioned before,® we believe this arises
from a weak reflection of the self-energy of the electrons
in Pb in the tunneling characteristic. Such a mechanism
has been considered independently by Hermann and
Schmid.®” Summarizing their calculation, they point
out that there are two assumptions normally made in
calculations of tunneling currents which should be
reexamined. The most serious of these appears to be
that the tunneling matrix element does not depend on
momentum |7(p1,p.’)|2=T2 (p1 is the momentum of
an electron in metal 1, .’ that in metal 2.) They show
that for electrons near the Fermi level,

[T (pup:) = | T 14-al (epFep)/ul} 3)

where €, is the free-electron energy in metal 2, u is
the Fermi energy, and

a=bdpr/(u/ @)2~30,

pr being the Fermi momentum.

The second assumption is that the self-energy is also
independent of momentum, Z(p,E)=2(E). They con-
sider that the momentum-dependent part of 2 will
also be of order e,/u but will not involve such a large

37 Helmut Hermann and Albert Schmid, Z. Physik 211, 313
(1968).
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coefficient as a~30. Calculating the tunneling con-
ductance at T=0 with Z(E) independent of momentum
but with | T'(p1,p2')|? given by (3), they obtain

G=Go[1—aZ{(eV)/u—aZy(—eV)/u], (4)

where G is the conductance neglecting the momentum
dependence of | T'|? and Z,'(eV) is the real part of the
self-energy for the electron in metal 1. The bias de-
pendence of Gy is ignored. To evaluate (4) for normal-
metal tunneling, we can use the self-energy determined
from superconducting tunneling.’? We have

Z=[Zy(E)—-1]E, )

where Zy(E) is the renormalization function which is
shown in Fig. 16 for Pb. The self-energy Z is an odd
function of energy about the Fermi level. If we mea-
sured a tunnel junction M-I-Pb with M a metal with
negligible self-energy effects (very weak electron-
phonon coupling—Al, say), then we would have

GH(V)=G[1—aZp, (eV)/u],
G- (V)=G[1—aZw,'(—eV)/u],

and the odd conductance

GV =3[G*(V)=G=(V)]= (Goa/w)Zry (V). (6)
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F1c. 17. Odd conductance versus voltage for a Pb-Z-Pb junction
at 1°K (points). (From the data of Fig. 8.) The straight line is an
estimate of the odd conductance in the absence of self-energy
effects.
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Thus, within the approximation mentioned above, the
odd conductance reflects directly the energy depend-
ence of the self-energy.

As pointed out by Hermann and Schmid, for a
Pb-I-Pb junction the self-energy effects should dis-
appear as aZ; (eV)=—aZ, (—eV). However, we have
shown (Fig. 4) that Pb-I-Pb junctions have G-versus-V
plots, which are asymmetrical about V'=0. This leads?*
to a modification of the expression (4) to

G=G[1—a1Z/ (eV)/u—a:Zy (—eV)/u], (7)
with a;#as. Thus, the odd conductance is
G (V)= (Go/u) (az—ar)[Z'(eV)]
= (Go/w)(@x—a){[Zx(E)—1]E}. (8)

Returning to Fig. 15, we can see that it is only the
deviations from a linear odd conductance which can be
explained by self-energy corrections, the much larger
linear term being a contribution from the asymmetrical
barrier shape. This low-energy region is shown in more
detail in Fig. 17, where the straight line represents an
estimate of the odd term in the absence of self-
energy effects. The difference in measured conductance
from this straight line should be proportional to
[Zx(E)—1]E. This difference in conductance is com-
pared with the calculated self-energy in Fig. 18. The
agreement is obviously better than one has any right to
expect. In particular, the superconducting measure-
ment essentially determines Zy (E) for the bulk material,
whereas the normal tunneling is affected by only the
first few layers of atoms at the oxide-lead interface. The
agreement of Fig. 18 is ““adjustable’ to some extent by
the choice of the straight line in Fig. 17. To estimate
a;—ay we note that at 6 mV we have G°(V)/Go=0.0021,
u~10 V, [Zy(E)—1]E=8.6 meV, which gives ay—a;
~2.5. In view of this rather small effective value for «,
the neglect of the momentum-dependent part of =
should possibly be reexamined. Our measurements of
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Al-I-Pb junctions give an odd term of similar shape,
with G°(V)/Gy=0.007 at 6 mV, or a~1, again apprec-
iably smaller than estimated by Hermann and Schmid.

VIII. SUMMARY

In this paper we have outlined the conductance-
versus-voltage behavior for junctions which may be
regarded as typical of those prepared by thermal
oxidation. We have purposely avoided any discussion of
junctions which exhibit zero-bias anomalies®*! or those
where intentional doping is added to the oxide layer.®s

We have shown that the ideal behavior in the inter-
mediate-voltage range appears to be a roughly para-
bolic dependence of G on V, with the parabola offset
from V'=0. This in itself is an uninteresting result but
when one considers the effort expended recently on
‘“‘anomalous” tunneling® 7818838 it js surprising that it
has been possible to ignore any understanding of the
“nonanomalous” conductance for so long. It appears to
us that the appearance of this parabolic dependence is
reasonable evidence for the presence of tunneling up to
reasonably large voltages, especially when combined
with a check of the superconducting energy gap near
V=0. It also implies that junctions showing very
different behavior, for example, G« | V| for chromium
oxide and doped junctions,*® must be first suspected
of having a large nontunneling current. The super-
conducting density of states can be used to establish
the predominance of tunneling, at least for low voltages,
but at higher voltages (30 mV-1 V) the claim to be
observing tunneling is based on weak inference rather
than proof.

We have reported that rather small (~19,) devia-
tions from the parabolic conductance behavior are the
result of interactions of the tunneling electron with
impurities in the oxide, the oxide itself, or the surface
layers of the metal films adjacent to the oxide. These
emission processes can be studied conveniently by
calculating the even conductance and its derivative.
This derivative, at low voltages, is a crude measure-
ment of the phonon density on the normal metal, but
the value of this determination is overshadowed by the
superconducting technique,'*? which is a much more
sensitive probe of normal-metal properties. Our most
important result is that the odd conductance is inde-
pendent of emission processes but does reflect self-
energy effects in the normal metal. This offers fascinat-
ing possibilities when applied to metals where the elec-
tron has strong interactions with excitations other than

phonons.
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