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density of states observed on tantalum- and niobium-based

tunneling junctions
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From a large number of T—T-oxide —Ag tunneling junctions, with T=Ta and Nb, an

empirical correlation was observed between the slope S of the normal conductance-
versus-voltage characteristics and the strength of the phonon-induced features of the su-

perconductor density of states. This correlation allows for a tentative extrapolation to the
bulk tantalum density of states which, when inverted according to the Rowell-McMillan

scheme, leads to parameters (A, =0.80, p*=0.15) which deviate markedly from values ac-
cepted hitherto and stronger high-energy (longitudinal phonon) contributions to a F(co).
For niobium, high-energy contributions to a F(co) stronger than recently assumed are
highly probable. The slope S is governed by a zero-bias conductance dip. This anomaly

as well as the nonideal features of the tunneling density of states in the superconducting
state are attributed to a metal-semiconductor transition layer between the superconductor
and its oxide with spatial extent of 3 —10 A., and at least 10 A. in the tantalum and niobi-

um cases, respectively.

I. INTRODUCTION

Experimental results on the tunneling density of
states of superconductors often deviate from
theoretical expectation, leading to unreasonably low
or even negative values of the Coulomb pseudopo-
tential is* when formally evaluated by inverting the
Eliashberg gap equations' according to the numeri-
cal program developed by McMillan and Rowell.
Particularly, this is true for niobium and high-

T, niobium compounds, e.g., Nb3Sn.
Several authors recently have accounted for

these deviations in terms of a proximity theory
developed by Arnold. ' While in some of these
cases a normal metallic proximity layer was as-
sumed to lie on the superconducting metal surface
beneath the insulating oxide, in other cases thin Al
overlayers were deliberately evaporated and partly
oxidized, a thin metallic Al proximity layer
remaining beneath the oxide.

Here we report measurements on a large number
of Nb —Nb-oxide —Ag and Ta —Ta-oxide —Ag
tunneling junctions from which we obtained a
broad variety of results on the tunneling density of
states corresponding to varying degrees of devia-
tion from ideal behavior. In Sec. IV A we shall
discuss the tantalum results in terms of the Arnold
theory. Our main interest, however, is in a correla-
tion we observed between the strength of the pho-

non structures and the slope S of the normal
conductance-versus-voltage characteristics at low
voltage (about 20 mV). In Sec. II we present ob-
servations indicating that this slope is largely
determined by a zero-bias anomaly consisting of a
broad conductance dip. While this correlation is in
itself an important result (to be discussed in Sec.
IV B), in the following sections, S is used as a
strictly phenomenological quantity to qualify the
nonideality of junctions and to extrapolate to an
"ideal" junction in the tantalum case.

II. SAMPLES AND PREVIOUS RESULTS

In this investigation we are concerned with the
low-bias normal and superconducting properties of
a great number of junctions. These are the same
junctions the high-voltage background conductance
of which was described in a previous paper, " here-
after referred to as paper I. Hence we refer to this
paper for details of the junction preparation, and
here only mention that the tunneling junctions
were built up on ultrahigh vacuum (UHV) molten
spheres of niobium and tantalum, oxidized either
thermally in air or in an 02 plasma, and counter-
contacted with silver.

In the course of another parallel investigation, '

part of the niobium samples were deliberately
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FIG. 1. {a) Conductance vs voltage for two different
Nb-oxide-Ag junctions at 1.5 K. Superconductivity
suppressed by magnetic field. A represents the "high-
quality" junction, showing asymmetric conductance and
the "zero-bias anomaly" consisting in a conductance dip
below 50 mV. The small conductance peak in the mil-
livolts regime constitutes another "zero-bias anomaly"
which is due to magnetic impurity scattering and is not
discussed in this paper. B represents the "low-quality"
junction. Scale shifted upwards by +0.3 units. (b) Dif-
ferential resistance in the normal and superconducting
state of junction A. T=1.5 K.

doped at temperatures of some hundred degrees
Celsius, with oxygen doses in the 3—7 langmuir
range, before air oxidation at room temperature
was performed.

From the background conductance as given in

paper I, high asymmetric barriers were deduced for
the thermally air-oxidized samples while the
plasma-oxidized samples, according to their back-
ground conductance, obviously developed low

poor-quality tunneling barriers. Corresponding ob-
servations of "high" and "low" quality also result
for the tunneling characteristics in the supercon-
ducting state as will be seen in the following.

As stated in paper I, for high-quality junctions,
a rather symmetric zero-bias anomaly was observed
below 50 mV, consisting of a 10—25% conduc-
tivity dip, generally larger for niobium than for
tantalum. In Fig. 1(a), curve A, an example is
given for niobium along with the low-bias charac-
teristics of the same sample in the superconducting
state [Fig. 1(b)]. Despite its relatively small contri-
bution to the normalized conductance in the nor-

mal state,

(U)
dJ

(U =0)dJ

n

the zero-bias anomaly constitutes the main contri-
bution to the slope,

dG
(2)

at, say, 20—30 mV, on account of its strong varia-
tion with voltage. Hence, the quantity S, evaluated
in this voltage range, seems a suitable empirical
measure of the zero-bias anomaly.

On the other hand, poor-quality junctions
showed strong variations of normalized conduc-
tance with voltage over the whole measurable
range of voltage (in most cases only 200—500 mV)
and a separation into "background" and "zero-
bias-anomaly" contributions was no longer possi-
ble. In particular, variation at a bias below 50 mV
was appreciably stronger than the variation, due to
the zero-bias anomaly for the high-quality junc-
tions.

An example for a "low-quality" characteristic
obtained on a niobium junction is also given in
Fig. 1(a) (curve 8). In comparing curves A and B
one is intuitively tempted to attribute all of the
low-quality-junction conductance to a "giant"
zero-bias anomaly. Postponing a discussion of the
physics underlying the zero-bias anomaly to Sec.
IV B, in the following we use the easily measurable
quantity S as a parameter to represent the charac-
teristic superconducting phonon structures and
shall show, as a main result, that phonon struc-
tures are weakened with increasing S.

Before presenting and discussing results some re-
marks should be made concerning the way these
results were obtained. In fact, they were not
planned to be presented in this form, but rather the
results were to constitute a by-product of two dif-
ferent investigations, one concerning the high-field
gapless density of states of pure and dirty niobium
in the vortex phase, ' and one concerning back-
ground conductance and barrier shape (paper I and
Ref. 13). Although interest was mainly in the gap
region in the former case and in the normal back-
ground conductance on the 1-V scale in the latter
case, phonon structures in the superconducting
state characteristics in many cases were routinely
recorded for completeness. Workers in the field
will recognize that there was some hope behind
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these investigations to improve a F(co), A, , and p'
values for niobium, for which even the best values

deviated markedly from theoretical expectation as
inentioned before.

While a drastic improvement of phonon struc-
tures was not achieved, we obtained a very large
number of results on different samples in this
manner, showing a correspondingly broad variation
between "good" and "poor" results with respect to
theoretical expectation. In contrast with most
other investigations on tunneling junctions
representing only one or a few samples, we have at
our disposal results on more than 50 samples
which enable us to look for systematic variations
beyond statistical scattering.

The results presented here are somewhat incom-

plete, however, in one respect: In most cases,
phonon-induced structures were measured only for
positive bias in the tantalum case and only for
negative bias in the niobium case, the reason sim-

ply being that different experimentalists worked
with niobium and tantalum (here, by convention,
we refer to the polarity of the Ta or Nb electrode
relative to that of the Ag electrode). Since the
slope S of the normal conductance was obtained
from the same measurements, S contains a small
background contribution So which is positive for
Ta and negative for Nb-based junctions. This fact
will be considered later in discussing Figs. 3—5.

60——0.72 meV,

with this value given by Shen, ' and also cor-
responding to values obtained in this laboratory. '"

In Fig. 2, nT(E) curves are given as measured on
three different junctions corresponding to different
values of the slope S (20 mV) of the normal
conductance-versus-voltage curve, defined in Eq.
(2} and taken at U=20 mV.

In the following, in order to represent the gross
features of characteristics like those represented in

Fig. 2, we use the nr(E} values, nT(10) and

nT(15), occurring, respectively, at E=eU= 10 and
15 meV, and the minimum value nT'" of nT(E),
occurring at slightly varying energies E, slightly
below 19 meV. The nT(10) and nT(15} values are
characteristic of the nearly horizontal portions of
the nr(E) curves preceding the first and second
steep descents, these descents resulting from the
transverse and longitudinal phonon density-of-
states peaks, respectively. The amplitudes of these
descents,

5nr""' nT(10——) nq(15—),
5nT'"s nr(15) ———nr '",

are also used in the following to represent different
strengths of the phonon-induced structures for dif-
ferent samples.

III. RESULTS

To represent the results on Ta —Ta-oxide —Ag
tunneling junctions, we determined, from the meas-
ured conductance in the superconducting (s) and in
the normal (n) state, the normalized tunneling den-

sity of states,

NT(E) =

dU

O
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and the BCS-normalized tunneling density of
states,

nz'(E) =NT(E)/NT (E), (4)

-6-
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with

E=eU,
Bcs

NT (E}=
2 z in(E —&,)
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FIG. 2. BCS-normalized tunneling density of states,
at T=1.5 K, for three different Ta-oxide —Ag junctions
with different S=S(20 mV).
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For the best Nb-oxide —Ag junctions the BCS-
normalized density of states is similar to that given
previously by Gartner and one of us, and later on
discussed in terms of a proximity layer by Arnold
et al. ' Here only 51Vz""' and 5NT'" values are
represented in the following, defined as the ampli-
tudes of the descents of NT (not nT) over an energy
interval of 3 meV around the energies of steepest
descent, dNrldE; these energies roughly being
given by E=eU=18 and 25.5 meV for transverse
and longitudinal phonons, respectively.

The characteristic data nT(10), nr(15), and nT'"
for Ta-based junctions are given as functions of
S (20 mV) in Fig. 3. Samples oxidized in air and
masked with Formvar outside the vacuum chamber
before counter contacting (see paper I) are marked
by crosses while the dots represent samples plasma
oxidized in pure oxygen and in situ counter con-
tacted. The 5nz. and AT values, representing the
strength of phonon features, are given in Fig. 4 for
Ta, and in Fig. 5 for Nb-based junctions as func-
tions of the slope S (evaluated for niobium junc-
tions at U= —25 mV). As may be seen from these
figures, these structures continuously get weaker
for increasing S values. The weakening of struc-
ture is much stronger for the longitudinal than the
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FIG. 3. BCS-normalized conductance for 23 Ta-
oxide —Ag junctions at three characteristic energies
represented vs S(20 mV). Crosses represent samples ox-
idized in air. Dots represent samples plasma-oxidized
and in situ counter contacted. Encircled symbols
represent the three junctions represented in Fig. 2. For
So defined at the end of Sec. III, a value 1+0.5 V ' was
obtained from the asymmetric background conductance
of several junctions, examples of which are given in pa-
per I.
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FIG. 4. The amplitudes, 5nT""' and 5nT'", of the
steep descent vs S(20 mV) for the Ta-oxide —Ag junc-
tions of Fig. 3. Dots, crosses, and circles as in Fig. 3.
For extrapolation to S=So here and in Fig. 3, see Sec.
IV.
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FIG. 5. The amplitudes 5N~'"' and 5XT'"~ vs S{—25
mV) for Nb-oxide —Ag junctions. Crosses and dots as
in Fig. 3. Encircled symbols represent the two junctions
represented in Fig. 1. The rough value So———1+0.5
V is obtained as indicated in Fig. 1.

transverse phonon structure in both the Ta and Nb
cases. For niobium, the longitudinal phonon struc-
ture is no longer observable for samples plasma ox-
idized in pure oxygen and in situ counter contact-
ed. These samples, in general, show very large S
values, i.e., the strongly non-Ohmic behavior of the
normal conductance.

Observing the empirical correlation between the
strength of phonon-induced structures and the
quantity S, one might ask which value of S
corresponds to an ideal superconductor surface.
Since, according to paper I, asymmetric back-
ground conductance is observed for the high-
quality (low S, strong phonon features) junctions,
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the value So for an "ideal" junction is given by the
slope of this background conductance, a rough
value of which is indicated in Figs. 3—5. Accord-
ing to the comment concluding Sec. II, So is posi-
tive for Ta and negative for Nb-based junctions.

IV. DISCUSSION

We first discuss the experimental data in terms
of proximity theory, thereby treating the parameter
S as a strictly phenomenological quantity which is
empirically correlated with the shortcomings of su-

perconducting characteristics. Then, an attempt is
made to understand the physics of this correlation.

A. Discussion of data in terms
of proximity theory

The BCS-normalized density of states as ob-

tained for the lowest S, tantalum-based junctions is
comparable with the data obtained previously by
Shen, ' and by Gartner and one of us, and, ac-
cording to these investigations, is roughly con-
sistent with the strong-coupling theory, leading

typically to p values slightly above 0.1 and A, be-
tween 0.7 and 0.8. The phonon structures of the
lowest-S niobium junctions are also comparable in
strength with the strongest structure data con-
tained in the literature ' ' and obtained on dif-
ferent systems, including aluminum-oxide barriers
and metallic aluminum proximity layers. As is
well known now, and was stated in one of the first
papers on the subject, any direct attempt to invert
such data according to the McMillan and Rowells
numerical program leads to unsatisfactory results;
these shortcomings resulting, at least in some cases,
from a normal proximity layer on the surface of
the superconductor.

Examining Figs. 3 —5 and, ad hoc, using S—So
as a measure of the influence of the proximity
layer, the appreciably higher S—So values for the
niobium as compared with the tantalum junctions
should be noted.

One could attempt to extrapolate phonon-
induced structures to S=SO in order to obtain the
characteristics of an ideal superconductor
representing bulk properties. While this extrapola-
tion seems hopeless in the niobium case (see Fig.
5), we have attempted to extrapolate the tantalum
data as indicated by the curves in Figs. 3 and 4.
The nT(10), nT(15), and nT'" data (and, according-
ly, the 5nT""' and 5nT'"s data) are extrapolated,

ambiguously postulating vanishing slopes at S=So.
Moreover, we extrapolated (and partly interpolated)
the entire nT(E) curve to S=So, the result being
given in Fig. 6(a). Here, we again emphasize the
ambiguity of this extraplation. In particular, we
have no theoretical argument postulating monoton-
ic behavior and vanishing slope at S=So of
nT (E=const) as a function of S.

However, we claim that the (more or less) ambi-

guously extrapolated nr(E) of Fig. 6(a) represents
a better approximation to the true bulk tantalum
BCS-normalized density of states than do any of
the directly measured nonideal nT(E) curves with
S & 3 V, including those given in the literature.
This view is supported by the following analysis on
the basis of Arnold's proximity theory' which,
starting from the data of Fig. 6, leads to the ob-
served nonideal behavior with reasonable values ob-
tained for the thickness of the postulated proximity
surface layer.

Figure 6(b) represents a E(co), the phonon densi-

ty of states weighted by the electron-phonon in-
teraction strength, as obtained from the proposed
nT(E) by the Hubin numerical program'9 of the
Rowell-McMillan inversion scheme. A, and p
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FIG. 6. BCS-normalized density of states nT(E), ex-
trapolated to S=SO, and a I'(co) corresponding to nT(E)
for tantalum (A, =0.80, p, =0.15).
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with
4d

f1'
(10)

values were 0.80 and 0.15, and the calculated tran-
sition temperature was T, =5.04 K. In fact, Fig.
6(a) represents just the theoretical nT(E) cor-
responding strictly to a F(co) and p'. This
theoretical nT(E) deviates only very slightly from
the extrapolated empirical curve. It is just a F(co),
p*, and the resulting energy renormalization, gap,
and tunneling density of states functions Z (E),
b(E), and nT(E) that we take as the model of
tantalum's bulk superconducting properties in the
following analysis.

For a further discussion of the experimental
curves in terms of a nonsuperconducting metallic
surface layer we made use of the high-energy
(E»

~

b,
~

) limit of the Arnold proximity theory'
for vanishing pair potential in the proximity layer,
which gives for the tunneling density of states

2 2
~& —~2 -xZ, Ey

1S1T(E) 1= — (e ' cos(xZ~Ey) )
2E

~1~2 —xz2Ey .
(e ' sin(xZ~Ey) ),g2

(9)

layer, which, when separately noted in formula (9),
leads to an additional energy-independent factor—xz2Eye, where the remaining term e ', now
describes quasiparticle damping solely by phonon
excitation. I is the mean free path in the proximity
layer.

An application of the full theory eventually
seems possible in cases where the energy renormali-
zation function Z of the normal layer is indepen-
dently known as is assumed to be the case with
thin aluminum overlayers on, e.g., Nb. ' ' In our
case of a disturbed metallic transition layer be-
tween the superconductor and its oxide, the proper-
ties of this layer are neither well known nor is this
layer expected to be homogeneous as postulated by
theory. Instead, as will be discussed in Sec. IV B,
we think of this layer as a gradual transition re-

gion of some spatial extent, between the metal and
the dielectric oxide, having a gradual change of
properties.

Hence, rather than making any attempt of so-
phisticated parameter fitting, we study the predic-
tions from theory in three limiting cases, the physi-
cal meaning of which is quite simple, and compare
these predictions with experimental findings.

Case (A). Only energy-independent impurity
scattering is assumed, formally described by

where Uz is the Fermi velocity, and d is the thick-
ness of the proximity layer. We have

5=A)+i 62

as the pair potential in the superconductor, and

d/vF~O, d/1 finite. (14)

This leads to an energy-independent damping of
structures in 1t(r(E):

2 2

~r(E) —1= (e " ~')6)—b2

2E
(15)

Z =Z& +LZ2 (12)

as the energy renormalization function in the prox-
imity layer.

Finally

x = (cos5)

and ( ) indicates taking the mean value over the
angle 5 between quasiparticle moment and surface
normal direction with suitable weighting of dif-
ferent 0 according to the tunneling probability.

In the form given above, the theory was applied
to experimental data by several authors. (Sm Refs.
7, 9, and 16—18, and additional papers quoted
therein. ) Occasionally, the effect of nonvanishing
pair potential in the proximity layer was also in-
cluded. ' In any case, an energy-independent,
purely imaginary additive contribution was as-
sumed in the normal self energy [1 Z(E)]Eon-
account of impurity scattering in the proximity

Case (8). Any damping of quasiparticle excita-
tions in the proximity layer is neglected, formally,

d/1~0, Z= 1 .

In this case only the phase shift over the proximity
layer is effective, represented by the cosine and sine
terms in Eq. (9), while damping not only by impur-
ity scattering but also by real phonon excitations is
neglected.

Case (C). While case (B) is certainly an underes-
timate of electron-phonon interaction in the prox-
imity layer, an upper limit should be given by as-

suming for the proximity layer, the full strength of
electron-phonon interaction of the bulk tantalum
metal. This is our procedure in the third model
calculation, case (C), given by:

d/1~0, Z=ZT, .

Case (A) was assumed by Wolf et a1.' in the
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aforementioned analysis of the data of Ref. 4. In
contrast in t&, in the very first discussions of tunneling
into transition metals, ' '" th b ede o served shortcom-
ings have been blamed on the quasiparticle damp-

ing by phonon emission, described by
exp( —xZzEy) as in case (C). As will be seen, the
analysis of the tantalum data will give some
answer to the uestionq

'
whether energy-independent

[case A)] or energy-dependent effects [cases (B)
and (C)] dominate.

In the m o el calculations, a random distrib
over the half-sphere was assumed in taking

the mean value in Eq. (9} since the k k-
~ ' ~

nce e „, z-conserv-

el
ing selection rules are not expect d t 1 fe o appy or the
e ectron transition from the metal to the amor-

phous oxide constituting the barrier.
Results are represented in Figs. 7 and S. The

BCS-normalized tunneling density of states, as cal-

va ues of the parameter y, is given in Fig. 7(b) for
Z =1 [case (B)], and in Fig. 7(c) for Z =Z
[case (C)].&&. y values were chosen in order to

or

that, with suitably fitted y values the th
suited to represent the chara t ' t'

e eory is
arac eristic variations

of nr(E} when passing from high- to low- ua it
junctions. This i

'
ns. is is true for both assumptions Z =1

and Z=Z T„with the y values and henc
it la er
'

y ayer thickness d, being smaller in the latter
case.

In Figs. 8(c) and 8(d) we represent, as functions
of y, calculated values of nr(10), nr(15), and nT'"

for cases (B) and (C), respectively. For compari-

son, in Fig. 8(a), the experimental data of Fig. 4
are repeated. In comparing these data with the
theoretical results Figs. 8(c) and 8(d} on
remember tha

an one must

I with
er that S cannot be expected t I'o vary inear

y
'

y (that is, the proximity layer thickness,
but instead must be assumed
1

0

mear monotonically increasing function oing unction o y.

7(a), 7(c an
ce, e i erent curvatures of curves

' F'
), and 7(d) are meaningless and all that can

es in igs.

be concluded is that tha he theory well represents the
general tendency of experimental findin

ig - to ow-quality junctions as indicated b
increasing parameter S. In
e nT =n (15—

particular, the calculat-

r ) —n T value decreases more
quickly than 5nTn"' nT(10)——nr(1—5), in accor-
dance with experimental findings

Assuming case (A), we obtain a quite different

trans ~

result which is represented
' Fin ig. 8(b). Here,

wi increasingnT is reduced more quickly with
'

parameter (dll), rr than 5n"" ' ' d'ar, ff an nz is, in disagreement
with experimental findings. Here (d t
fined b

~ ele j )off is de-

( 2xdyi)
—2(dll), ff (18)

In facact, disregarding the details of th h
'

s o e t eoretical
o e, e experimental result is characterized by a

strongly energy-dependent weakening of pho p onon

structur
tures, the high-energy (ion itudi 1gi u ina phonon)

s ructure being more drastically reduced ty r uc than the
rgy s ructure. As a consequence th

sit
0 extrapolation to an idealized t'z unne ing den-

si y of states has led to an a I'( )
' F' .co in ig. 6, whose

marke
ongitudinal-to-transverse peak hei hta eig t ratio is

mar edly larger than previously obtained ' ' and

2.
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I
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neglect of long-wavelength transverse phonons in
his model phonon density of states for niobium. '

While in case (C) the weakening of phonon struc-
tures at high energy is due to both phase shift and
damping effects, in case (B) only phase-shift effects
occur. These effects play a more essential role in
reducing the longitudinal phonon structure than in
previous applications of the Arnold theory, because
here random instead of specular transmission is as-
sumed. This leads to destructive interference on
account of different path lengths d/cos4 of quasi-
particles across the proximity layer. Experimental-
ly, cases (B) and (C) cannot be distinguished on the
basis of the available material.

Assuming a value for the Fermi velocity, vF, in
the proximity layer, we obtain an interval of d
values from the y values representing the experi-
mental spectrum of characteristics. In taking
vF 0.24X 1——0 cm/s typical for bulk tantalum,
we obtain from Eq. (10) for case (B):

-10
0.02

Y(meV )

-10
0.04 0 0.01 0.02

Y(meV )

0.01 (meV) ' &y&0.03 (meV)

4 A&d &12 A,

and for case (C):
FIG. 8. BCS-normalized density of states at charac-

teristic energies for Ta-based junctions. (a) Experimen-
tal results plotted versus S(20 mV). (b) Theoretical re-
sults for case (A) plotted vs 2(d/l)d~. (c) Theoretical re-
sults for case (B) plotted vs y. (d) Theoretical results for
case (C) plotted vs y.

hence more closely resembles the F(co) results ob-
tained from inelastic-neutron-scattering experi-
ments. Hence, the experimental result on tan-
talum gives confirmation to the very first discus-
sions ' of the shortcomings of tunneling results
into transition-metal superconductors in terms of
an energy-dependent damping.

On the other hand, more recent discussions of
the proximity effect in niobium-based junctions
lead to a drastically different result, stating that
dnrldE and, correspondingly, a F, as obtained by
the McMillan program without considering prox-
imity effects, are essentially reduced in amplitude,
their general shape being not much affected. ' '
As a consequence, a (co) would be assumed to be a
monotonically decreasing function.

At least for thermally oxidized tantalum, our ex-
perimental result indicates different behavior. As
is shown by Fig. 6, even a vanishing contribution
of low-energy phonons is compatible with experi-
ments. This would correspond to McMillan's

0.003 (meV) '&y&0.0125 (meV)

1.2 A. &d &5 A.

As mentioned above, cases (B) and (C) are extreme
assumptions and hence, some intermediate d values
seem most probable. Hence we conclude that the
tantalum-oxide-Ag junctions obtained by us have
normal proximity layers between 3 and 10 L thick,
the lower value being valid for high-quality junc-
tions. Since this is only a single monolayer we
conclude that there is no chance to prepare junc-
tions with a tunneling density of states coming
closer to bulk tantalum properties than those re-
ported up to now' ' and in the present investiga-
tion.

In comparing Figs. 4 and 5, one intuitively
might guess from the S—So values that the best
niobium junctions correspond to the lowest-quality
tantalum junctions. Hence, a proximity layer of

0
about 10-A spatial extent may be assumed for the
highest-quality niobium junctions. An extrapola-
tion to bulk properties seems difficult. The extra-
polations which have been made until now in
terms of Arnold's theory seem to depend strongly
on the assumption of specular tunneling. Aban-
doning this assumption in favor of random tunnel-
ing might lead to markedly different results. Par-
ticularly, according to the above model calculation
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for tantalum, we should expect an enhancement of
the longitudinal peak in a F(co) in this case. In
any case, direct experimental results are highly
desirable on junctions with a more abrupt transi-
tion from the undisturbed metal to an insulating
barrier.

B. Zero-bias anomaly

The correlation observed between the slope S of
the normal conductance-versus-voltage characteris-
tics, and weakening of phonon structures, does not .

seem unexpected. Large slope, i.e., strong non-
Ohmic behavior of normal conductance, generally
means a low mean-oxide barrier height. However,
for a low barrier the transition between bulk metal-
lic properties and dielectric properties of the oxide
must be expected to be more gradual than for a
high barrier where this transition may occur
abruptly, typically within one atomic distance.
The correlation under question has been extensively
discussed along these lines in paper I and we refer
to this discussion instead of repeating it here.

The question remains, why does the low-bias,
non-Ohmic behavior manifest itself as a conduc-
tance dip which is well separated from the back-
ground conductance? [Examples are given in Fig.
1(a) of this paper and Fig. 4 of paper I.]

As a preliminary interpretation we attribute this
anomaly to tunneling into the same degenerate
metal-semiconductor transition layer between the
tantalum or niobium metal and its oxide, which is
responsible for the weakening of phonon struc-
tures. Zero-bias conductance dips of generally
much higher amplitude than those observed here

have often been reported for tunneling through
Schottky barriers into a degenerate semiconductor
near a Mott transition. More recently, similar re-
sults have been reported for tunneling into amor-
phous metallic systems close to the Anderson lo-
calization limit and interpreted in terms of a
density-of-states minimum. ' Although the
corresponding theory is not yet developed for the
spatially inhomogeneous case of a transition region
between a pure metal and its amorphous oxide, the
assumption seems reasonable that a weak version
of the conductance minimum is also observed in
this case. Assuming this, one must expect the in-
tensity of the zero-bias anomaly, as measured by
the slope S —So to be correlated with the spatial
extension of the transition region.

Preliminary results on the temperature depen-
dence of the conductance dip between 1.5 and 290
K clearly exclude an alternative explanation in
terms of inelastic-tunneling contributions which
lead to conductance minima in other cases. In
particular, the temperature dependence is too
strong to be accounted for by thermal smearing of
the Fermi distribution function. While such strong
temperature dependence has been observed in the
semiconductor case, both experimental and
theoretical analysis of the temperature dependence
is lacking in the amorphous metal case. Hence,
the problem needs closer examination in the future.
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