
PHYSICAL REVIEW B VOLUME 45, NUMBER 1 1 JANUARY 1992-I

Origin of the linear tunneling conductance background
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Tunnel junctions often have conductances that are linear in voltage over wide voltage ranges. Al-

though this linear conductance background has received much attention recently in connection with the
high-T, superconductors, it is found in many systems. Previous work has shown that the discontinuity
in slope of the linear conductance background at zero bias is thermally smeared by —SkT, consistent
with inelastic tunneling from a broad, fiat continuum of states. In this paper we concentrate on a partic-
ular system, junctions with Cr&03 in the barrier region, in which the size of the effect can be adjusted by
changing the barrier composition. Careful analysis of the Pb strong-coupling phonon structure in A1-

Cr203-Pb junctions is consistent with the inelastic-tunneling hypothesis, and inconsistent with a voltage-

dependent matrix-element explanation for this effect. Suppression of the A1 gap signature, as we11 as
Zeeman splitting of the conductance background near zero bias, indicates that strong spin interactions
occur in the barrier region in these junctions. We present Monte Carlo simulations of multiple-

scattering strong inelastic tunneling to explain the very wide voltage range over which the linear back-
ground occurs. We argue that the same basic mechanism is probably responsible for the linear back-
ground in junctions involving high-T, junctions as for the junctions studied in detail here.

Tunneling measurements of the high-T, superconduc-
tors often show conductance backgrounds that increase
linearly in voltage over hundreds of millivolts. ' Al-
though this linear background in tunneling into the high-
T, superconductors has been interpreted in several
different ways, much emphasis has been placed on models
in which this background reflects the density of states of
the bulk of the high-T, material. Anderson and Zou in-

terpreted the tunneling data in terms of the resonating-
valence-band (RVB) model. In this picture, the tunneling
carriers excite both charge and spin degrees of freedom in
the high-T, superconductor. Integration over one of
these degrees of freedom leads to conduction linear in
voltage. karma et al. interpreted the linear conductance
background using a model in which strong inelastic
scattering modified the effective tunneling density of
states. Phillips attributed the linear conduction back-
ground to tunneling into localized states. In an earlier
paper, two of the present authors observed that the
linear conduction background actually occurs in many
different kinds of junctions, and showed that, for several
of these, including junctions involving high-T, supercon-
ductors, the discontinuity in slope at zero bias is thermal-
ly smeared by -5kT, consistent with inelastic tunneling
from a broad continuum of states. ' They proposed a
particular microscopic mechanism for this inelastic
scattering suitable for the cuprate high-T, superconduc-
tors; strong inelastic scattering from spin fluctuations. In
this paper, we present additional experimental data on
the linear conduction background, concentrating on pla-

nar junctions with Crz03 in the barrier region. Unlike

junctions involving high-T, materials, these junctions
offer well-defined, reproducible, variable composition
tunneling barriers. Suppression of the Al gap signature
by small quantities of Crz03 in the barrier region of Al-
Alz03-Pb junctions indicates that there is strong spin-
dependent scattering in these samples. The inclusion of
Crz03 in the barrier region of Al-Alz03-Pb junctions can
increase the size of the linear conduction background by
orders of magnitude, indicating that the presence of a
linear conductance background does not necessarily im-

ply unusual properties of the bulk of the electrodes mak-

ing up the junction. A careful analysis of the strong-
coupling Pb phonon structure in Al-Alz03-Crz03-Pb
junctions is consistent with the inelastic hypothesis, and
inconsistent with the conventional analysis, which is only
appropriate if the conduction background is due to
voltage-dependent matrix-element effects. The magnetic
field dependence of the linear conduction background in
Cr-Crz03-Pb junctions exhibits Zeeman splitting with an

energy scale consistent with accepted g factors for Crz03.
We compare our measurements with the predictions of
the inelastic-tunneling model, using antiferromagnetic
magnons as the energy-loss mechanism, and find reason-
able agreement. Finally, the wide voltage range over
which the linear conduction background extends —wider
than might be expected from such energy-loss mecha-
nisms as acoustic phonons or antiferromagnetic
magnons —may be an indication of emission of multiple
elementary excitations in the tunneling process. We
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FIG. 1. Normalized dynamic conductance-voltage curves for
a thin-film Al-A1203-Pb junction, a thin-film Cr-Cr203-Pb junc-
tion, and a La& „Sr„Cu04-In pressed contact junction. Al-
though the size of the linear conduction background varies by
nearly 3 orders of magnitude, when scaled the data appear quite
similar. The voltages displayed are the Pb voltages for the
thin-film junctions, and the La& „Sr„Cu04 voltage for the
pressed contact junction.
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present here Monte Carlo calculations of conductance-
voltage characteristics in the presence of strong inelastic
tunneling with multiple-magnon emission. These calcula-
tions show nearly linear conduction backgrounds for
sufficiently strong inelastic scattering. These calculations
also exhibit asymmetry of the conductance background
with respect to voltage with properties similar to experi-
mental observations. Although we concentrate in this
paper on junctions with Cr203 in the barrier region, the
size of the effect reported here spans the range observed
for tunneling into the high-T, cuprate superconductors,
the thermal smearing is identical within experimental er-
ror for the two systems, and there is good reason to be-
lieve that there are antiferromagnetic interactions in the
barrier region in both cases. We argue that these results
are therefore relevant to tunneling measurements of the
high-T, superconductors.

Linear conductance backgrounds over wide voltage
ranges have previously been observed in a wide variety of
tunneling systems, including Cr-Cr203-Ag junctions, '
Al-A1203-Pb junctions, both undoped and doped with
Cr, "Cu, ' Ti, ' and organic materials' in the barrier re-
gion, junctions with iron oxide in the barrier re-
gion, ' Al-A1203-Ge& Au, junctions, ' and GaAs-
Al„Ga& As-GaAs heterojunction tunnel junctions. '

Figure 1 demonstrates several remarkable aspects of this
effect. First, the tunneling conductance can be linear
over hundreds of meV's. Second, the slope of the linear
conduction background can be large. Third, there is a
discontinuity in the slope of the conductance at zero bias
that can be sharp at low temperatures. Fourth, the slope
of the linear conductance background is often
significantly different for opposite voltage biases. Finally,
the linear conductance background appears in junctions
with very different electrode compositions. As shown in
Fig. 1, although the size of the effect changes by several
orders of magnitude from system to system, when scaled
the data appear very similar.

A number of explanations for the linear conductance
background in tunneling into the high-T, superconduc-
tors have been proposed. The simplest such explanation
involves the voltage dependence of the elastic-tunneling
matrix elements. ' *' Good fits of point-contact tunneling
data into the high-T, superconductors can be made using
conventional tunneling theory with a trapezoidal model
for the tunneling barrier potential. However, there are
three difficulties with this simple explanation. First, ex-
tremely low effective tunneling barrier heights (less than
100 mV) are required to fit the data. Second, it is very
difficult to reproduce the sharpness of the experimentally
observed discontinuities in the slope of the conductance
at zero voltage (see Fig. 1) using this model. Third, the
experimentally observed thermal smearing of the "kink"
in conductance at zero bias is larger than predicted by a
simple elastic-tunneling model.

A second possible mechanism for the linear conduc-
tance background is charging effects in the tunneling bar-
rier. ' Zeller and Giaever ' showed that such effects
give linear conduction backgrounds for a distribution of
effective capacitances in the tunneling region. There are
two drawbacks to this explanation. First, extremely
small capacitances are required to explain the large volt-
age range over which the linear conductance occurs.
Second, the effect occurs for systems in which it appears
unlikely that isolated metallic regions are included in the
barrier region. It should be pointed out, however, that
the thermal smearing of the linear conductance back-
ground is consistent with a charging model.

A third possible model for the linear conductance
background is a modification of the effective tunneling
density of states. This explanation does not appear to
be sufficiently general to apply to the broad variety of sys-
tems in which the linear conductance background occurs.
For example, it is difficult to understand how correlation
effects in the electrodes can be important in the Al-
Alz03-Cr203-Pb junctions described below. (For con-
venience, we will refer to the oxide of aluminum as A1203
and that of Cr as Cr203. It is commonly believed that
these are the predominant stoichiometries of the oxides
formed on these metals under the conditions we used:
the precise chemical composition of the tunneling bar-
riers is unimportant to the thrust of this paper. ) In addi-
tion, in junctions with Cr203 in the barrier region the size
of the linear conduction background is controlled by
variations in the composition of the tunneling barrier, as
opposed to variations in the electrode composition.
These experiments make it clear that the presence of a
linear tunneling conduction background does not neces-
sarily indicate unusual properties intrinsic to the elec-
trodes.

The fourth possible mechanism for the linear conduc-
tance background, which we wish to explore in this pa-
per, in inelastic tunneling from a broad, flat distribution
of inelastic modes in the barrier region. For discrete
modes in the tunneling barrier there is a sharp increase in
the tunneling conductance each time the energy eV
gained by an electron in traversing the tunneling region
exceeds a characteristic loss energy fico. If there are
broadband energy-loss modes in the barrier region, in-
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FIG. 2. Dynamic derivative of the conductance for the Al-

Alz03-Pb junction of Fig. 1 for the two opposite voltage polari-
ties. There are small peaks associated with distinct vibrational
modes in the barrier, but also an asymmetric offset to these
curves which we associate with a broad continuum of states.

elastic tunneling will result in a continuous increase in
conductance: at zero temperature, for normal metal elec-
trodes, and if we ignore the dependence of the inelastic
tunneling matrix elements on initial and final electron
momenta, the inelastic contribution to the conductance is
given by

dI, ( V)/d V- f d(hco)F(co),
0

where F(co) is the spectral distribution of inelastic-
scattering modes in the barrier region. Inelastic-
tunneling processes with energy loss to broadband excita-
tions have been suggested as a cause of voltage-dependent
conductance backgrounds. In our model, the linear
conduction background is indicative of a Aat distribution
of inelastic-scattering states. Given the striking diversity
of tunneling systems in which the linear conduction back-
ground is observed, it is unlikely that a single microscop-
ic inelastic-scattering mechanism is responsible. This is
in analogy with 1/f noise in metals. Dutta, Dimon, and
Horn showed that noise with a spectral distribution
roughly inversely proportional to frequency results from
a Hat distribution of trap activation energies. Different
systems can have different trap mechanisms: the com-
mon factor is the flat distribution of trap energies.

The existence of a continuum of inelastic loss modes in
typical tunneling barriers, in addition to the discrete
modes first identified by Jaklevic and Lambe, is made
plausible by Fig. 2, which shows the second derivative of
the current-voltage characteristic d I/d V from the
same planar Al-Alz03-Pb junction as in Fig. 1. The
curves in this figure are not shifted vertically for clarity:
the zero in d I/d V is well below any smooth curve that
can be drawn through the data, and there is significant
asymmetry in the curves with respect to reversal of the
voltage polarity. In Fig. 2 there is no applied magnetic
field, so that the very large structures at low voltages due
to the Pb superconducting gap and Pb electron-phonon
strong-coupling modifications of the Pb density of states
are apparent. The structures at —100 meV are due to in-
elastic scattering from Alz03 phonons and hydroxyl ions
in the barrier region. The features at -350 meV are

from CH stretching modes, and the features at -450
meV are from OH stretching modes, from residual hy-
drocarbons, and hydroxyl ions in the barrier. Although
there are clear indications of impurities in the barrier re-
gion of this junction from the discrete inelastic electron
tunneling features, the size of these features indicates that
there is less than a monolayer of such impurities. As
can be seen in Fig. 1, the conductance of this junction in-
creases nearly linearly in voltage below -200 mV, with a
discontinuity in slope at V=O. Part of this increase can
be attributed to conductance steps from discrete vibra-
tional modes in the barrier region. An estimate of their
relative contribution can be made by integrating the area
between the data in Fig. 2 and a smooth background
curve, indicated by the dashed lines in Fig. 2. Part of the
conductance increase at high biases is due to the lowering
of the effective tunneling barrier by the applied bias.
However, the total change in conductance with voltage at
low biases ( (200 meV) is an order of magnitude larger
than can be attributed to the indentifiable discrete inelas-
tic energy-loss features, or barrier effects. We suggest
that this additional contribution to the background con-
ductance is due to inelastic scattering from a broad con-
tinuum of states.

One distinction that can be drawn between the
inelastic-tunneling model and the density-of-states mod-
els is that the size of the background might be expected
to be dependent only on changes in the composition of
the electrode material for the density-of-states model,
whereas the size of the background might be expected to
be most strongly dependent on changes in the composi-
tion of the tunneling barrier in the inelastic model. Tun-
neling junctions of the form Al-Alz03-Crz03-Pb make a
particularly attractive system for testing this distinction.
Large linear conduction backgrounds in Cr-Crz03-Pb
junctions were first noted by Shen and Rowell. Rochlin
and Hansma' attempted to determine whether this back-
ground was due to the Cr metal electrode or due to oxi-
dized chromium in the barrier region by forming Al-
Crz03-Sn junctions. They found that junctions formed by

0

oxidizing a 60-A overlay of chromium on Al films
showed the same backgrounds as samples formed simply
by oxidizing Cr thin films. Rochlin and Hansma' argued
that there was no unoxidized chrome in the barrier re-
gion of their hybrid junctions. In order to ensure that
this is indeed true in our samples, we have repeated these
measurements for a series of thicknesses of Cr overlays.
Our samples were fabricated by evaporating a series of
200-A-thick, 1-mm-wide Al thin films through a mechan-
ica1 mask onto glass slides in a cryopumped vacuum eva-
porator at 10 torr. Without breaking vacuum, varying
thicknesses of Cr were evaporated onto successive A1

stripes by moving a shutter. The films were then oxidized
in air at 200 C for 20 min and then returned to the eva-
porator for a cross stripe of Pb 1-mm-wide and 2000-A
thick.

Figure 3 shows conductance-voltage characteristics
from such Al-Alz03-Crz03-Pb junctions for a series of
different barrier compositions. The labels correspond to
thicknesses of Cr deposited on the Al fibn before oxida-
tion, as measured with a quartz crystal microbalance. It
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FIG. 3. Normalized dynamic conductance curves for a set of
Al-A1203-Cr203-Pb junctions with diferent mass thicknesses of
Cr evaporated on the Al thin 61ms before oxidation. The size of
the linear conduction background changes by nearly 3 orders of
magnitude upon inclusion of Crz03 in the barrier region.
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FIG. 4. Dependence of the slope of the linear conduction
background for a particular set of Al-A1203-Cr203-Pb junctions,
as a function of the mass thickness of Cr evaporated on the Al
before oxidation. For all of the sets we studied, the slope
peaked sharply at a Cr mass thickness of about 10 A.

is unlikely that the coverage of Cr on the Al films is com-
plete for our thinnest Cr samples. However, the resis-
tance of these samples with Cr deposited on them are an
order of magnitude smaller than without Cr. This indi-
cates that the Cr tends to limit tunneling barrier growth
in the Al so that current tends to flow more strongly in
the areas with Cr on them. It is unlikely that regions of
unoxidized Cr metal exist for the thinnest Cr samples,
since Cr films are estimated to form oxide films 50-A
thick under the conditions we used. ' We tested for pos-
sible effects due to unoxidized Cr in our samples by reor-
dering the sample fabrication procedure: the Al films
were oxidized in air at 200'C for 20 min, varying
thicknesses of Cr were evaporated, and the composite
films were exposed to room temperature air for an hour
before being returned to the vacuum evaporator for com-
pletion with a Pb electrode. For these partially oxidized
Cr samples, steps in conductance periodic in voltage, in-
dicative of charging effects from small metallic particles
in the barrier region, were clearly discernible, and the
conductance background increased with voltage much
faster than linearly. The absence of these effects in our
fully oxidized Cr samples indicate that there is no unoxi-
dized Cr in the barrier region.

For the fully oxidized Cr junctions of Fig. 3, the back-
ground is small for the control junction, but extremely
small quantities of Cr203 in the tunneling region cause
large changes in the slope of the linear conductance back-
ground. A plot of this slope, measured with the Al elec-
trode 25-mV positive relative to the Pb electrode, versus
mass thickness of Cr deposited, for one such set of junc-
tions is shown in Fig. 4. We have made several such sets
of junctions. Our control of Cr thickness is poor on the
scale of a few A, so that the mass thickness that gave the
largest slope varied by a few A from run to run, and the
peak slope also varied from run to run, but the qualitative
features shown here were reproduced. The slope starts at
=0.03%/mV for the control sample, rises rapidly with
Cr thickness to a maximum of =15%/mV at about 10 A,

and then falls off with increasing thickness to a limiting
value of =2%/mV. This limiting value at large Cr
thicknesses is in agreement with the value obtained for
junctions made by oxidizing thin films composed only of
chromium.

It could be argued that the linear conduction back-
ground in the Al-A1203-Cr203-Pb junctions is due to
diffusion of Cr into the Al. There are several indications
that significant quantities of Cr have not diffused into the
Al film under our junction fabrication conditions. First,
the saturation concentration of Cr in Al is only 0.3
at. %. Second, very small concentrations of Cr in Al
depress its superconducting critical temperature
significantly. The resistive transitions of the Al films
making up one set of junctions were measured in the
same cooldowns as for the current-voltage measurements:
no significant difference between the resistance transi-
tions of these films with and without Cr evaporated on
them was observed. The third piece of evidence for
minimal Cr incorporation in the Al films is displayed in
Fig. 5. Figure 5(a) shows conductance-voltage charac-
teristics for a set of junctions with very thin deposits of
Cr on them. The control junction with no Cr evaporated
on it shows a high-quality superconductor-insulator-
superconductor characteristic with conductance peaks at
the sum of the gap voltages for Al and Pb. However, su-
perimposed on the expected conductance characteristics
are small periodic peaks in conductance. Figure 5(b)
shows a Fourier transform of the conductance-voltage
characteristics in Fig. 5(a), excluding the gap region from
—2 to +2 mV. The first peak in these transforms corre-
sponds to voltage spacings of -0.15 rneV —the Al gap
voltage. We interpret these peaks as due to charging
effects between individual grains in the Al films. The im-
portant feature of this data for our purposes is that the
spacing of these peaks does not change when Cr is includ-
ed in the barrier region —further indication that there is
not significant diffusion of the Cr into the Al films.

However, as can be seen in Fig. 5(a), extremely small
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quantities of Cr in the barrier region reduce the size of
the gap in conductance due to tunneling between the Al
and Pb by about the Al gap value. We interpret this as
an indication that magnetic interactions suSciently
strong to suppress the Al gap signature are occurring in
tunneling through the Cr203. '

It is striking that the slope of the linear conductance
background in these junctions peaks so sharply at a Cr
mass thickness of about 10 A. Unusual magnetic effects
have been predicted and observed ' for ultrathin lay-
ers of magnetic materials on metallic substrates. In-
dependent of the origin of this peak in slope with Cr203
thickness, these experiments show that there is a strong
linear conductance background in the Al-A1203 Crp03-
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FIG. 5. Low-voltage dynamic conductance curves for a set of
Al-A1203-Cr2O, -Pb junctions with mass thicknesses of 0, 3, 6,

0
and 9 A of Cr on them, respectively. Each successive curve has
been offset by 1 unit for clarity. The inclusion of Cr203 in the
barrier region suppresses the Al gap signature in tunneling be-
tween the Al and Pb, but has little influence on the small period-
ic structures which we associate with transport between grains
in the Al films themselves. {b) Fourier transforms of the data of
{a),excluding the regions between +2 mV. The peak at about 6
mV and its harmonics correspond to the small periodic struc-
tures visible in {a). They have a spacing of approximately 0.15
mV, the Al gap value. The position and amplitude of these
peaks are relatively unchanged by inclusion of Cr&03 in the bar-
rier region, which we interpret to mean that the bulk supercon-
ductivity of the Al films is unaffected.

Pb junctions under conditions where it is unlikely that
there is significant modification of the composition of the
counterelectrodes. This is a strong argument that inelas-
tic tunnehng with excitations of modes in the barrier re-
gion is responsible for this effect, at least in these samples.

One concern regarding our interpretation of the linear
conductance background is that inelastic tunneling might
be expected to broaden in energy or reduce in intensity
such elastic features as the peak in conductance at the su-
perconducting energy gap voltage, or the fine structure
due to strong-coupling electron-phonon interactions in
Pb. This concern has an historical basis, since the study
of the linear conduction background in Cr-Cr203-Pb
junctions by Shen and Rowell reported significantly re-
duced Pb phonon-feature amplitudes in these junctions
compared with Pb-I-Pb junctions. In contrast, Rochlin
and Hansma reported no significant reduction in the size
of these features in their Cr-Cr203-Pb junctions. ' We
have made a quantitative study of this question by com-
paring the conductance-voltage characteristics of Al-
A1203-Pb junctions with and without Crz03 in the barrier
region. Figure 6(a) shows the conductance-voltage
characteristic for a function with a Cr mass thickness of 8
A. This sample was chosen for detailed analysis because
it shows one of the largest conductance backgrounds we
have studied, and should therefore provide a stringent
test of our modeling.

It is diScult to make a quantitative comparison of the
gap structures of junctions with and without Cr because
of the shifting of the tunneling conductance peak by the
Al gap voltage with the addition of Cr. Nevertheless, it is
clear from Fig. 5(a) that even the junctions with large
linear backgrounds have high-quality characteristics in
the gap region. As we will show below, this is as expected
from the inelastic-tunneling model.

In the T=O limit, and neglecting the momentum
dependence of the tunneling matrix elements, the inelas-
tic contribution to the total tunneling conductance is
given by

I, ( V) =(aGo/e)

X f I'(co)d(Ace)

X f N, (E)Nt(E+eV Ace)dE, —

d I„
X ( V=fico/e),

dV
(3)

where d I„/dV is the second derivative of the junction
current-voltage characteristic in the normal state. The
dotted curve in Fig. 6(a) is the conductance of the junc-

~here a is a constant, 60 is the zero-bias conductance of
the junction in the normal state, and N, and Nz are the
effective tunneling densities of states of the first and
second metal electrodes, respectively. Using Eqs. (1) and
(2), and assuming N2(E)=1 (and thereby ignoring small
Coulomb effects at very low temperatures which we will
discuss later), the total conductance can be written as

dI( V) 1
=GaN, (eV)+ —f d(fico)Nt(eV %co)—
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FIG. 6. (a) Dynamic conductance of a thin-film Al-
0

A1203-Cr203-Pb junction with 8 A of Cr evaporated on Al be-
fore oxidation. The solid line is the data taken at 0 field and a
temperature of 0.5 K. The dotted curve is with a field of 1 T ap-
plied normal to the plane of the junction to suppress the Pb su-

perconductivity. The dashed curve is the inelastic component
of the total conductance, inferred as described in the text. The
dot-dashed curve is the elastic component of the conductance,
obtained by subtracting the inelastic background from the total
conductance. (b) Comparison of the results of two different nor-
malization schemes on the conductance-voltage characteristics
of Al-A120&-Pb junctions in the voltage region of the strong-
coupling Pb phonons. The solid line is from a control sample
with no Cr203 in the barrier regien, which has a very small
linear conductance background. The open circles are the data
from the junction of (a), with the large linear inelastic-tunneling
background subtracted out. The agreement between the control
sample and the sample with the large background subtracted
out is excellent. The dashed curve shows that the conventional
normalization, taking the ratio of the conductance in the super-
conducting to the normal states, is a much worse approxima-
tion.

tion with a field of 1 T, sufficient to suppress the super-
conductivity of the Pb. We can infer I'(ro), the spectral
density of inelastic excitations from this data through Eq.
(1). The superconducting density of states of the Pb is in-
ferred in the conventional way from a control junction
with no Cr203 in the barrier region:

The dashed line in Fig. 6(a) is the inelastic contribution to
the total conductance in this junction obtained by numer-
ically integrating the second term in Eq. (3) using (1)
F(hru) obtained from the 8 A Cr (sample) junction in the
normal state, (2) N&(E) from the 0 A Cr (control) junc-
tion, and (3) taking Nz(E) = 1. Note that the scaling fac-
tor of the inelastic contribution is uniquely determined in
this procedure, given the ratio of zero-bias conductances
of the sample and control junctions in the normal state.
The dot-dashed curve in Fig. 6(a) shows I, ( V}, the elastic
component of the conductance for this junction, obtained
by subtracting the inelastic component from the total
conductance. Figure 6(b} compares this inferred elastic
conductance for our sample junction (solid line) with the
measured conductance of the control sample (open cir-
cles} in the region of the Pb phonon features. The agree-
ment is remarkably good, indicating no broadening or
reduction in intensity of these features by the inelastic-
tunneling background. It is clear from Fig. 6(a} why the
inelastic-tunneling conductance neither contributes to
modification of the gap features, nor to smearing of the
phonon density-of-states features. Since the inelastic-
tunneling contribution is an integral over a broad,
featureless continuum, the background to be subtracted
has no structure to interfere with the phonon density-of-
states features. In addition, since the integral is zero at
the gap-edge voltage, no modification of the gap structure
results. The dashed line in Fig. 6(b) shows comparable
results if the "standard" procedure, dividing the sample
junction conductance in the superconducting state by
that in the normal state, is used. This is the procedure
that Shen and Rowell used in analyzing their data and
gives reduced apparent sizes for the phonon features for
the junction with Cr in the barrier region as opposed to
that without. This procedure is appropriate if the con-
ductance background is due to a reduction of the effective
tunneling barrier height by applied bias. Clearly the
analysis using the inelastic-tunneling hypothesis, and sub-
tracting out the background conductance, gives better
agreement between the sample and control junctions than
the "standard" procedure of normalizing by the normal-
state conductance.

Further evidence for strong inelastic scattering in the
barrier region of the Cr-Crz03-Pb junctions comes from
an analysis of the magnetic field dependence of the linear
conduction background. Figure 7(a) shows the low volt-
age conductance of a Cr-Crz03-Pb junction at T=10 mK
in fields of 1 and 14.8 T, with the Geld oriented normal to
the plane of the junction. Very similar results were ob-
tained with the field parallel to the plane of the junction.
A field of 1 T was applied for the "baseline" characteris-
tic to suppress features due to superconductivity of the
Pb. The 6( V) characteristic at 1 T had a discontinuity in
the slope of the conductance limited in sharpness only by
thermal 5.4kT smearing down on temperatures of =0.5
K. Below this temperature an additional small decrease
in conductance about 0.2 mV wide appeared. This
feature, which is just visible in the data of Fig. 7(a), had a
temperature dependence much different from that of the
linear conductance background, and was unafFected by
the application of fields up to 15 T. Similar features have
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FIG. 7. (a) Dependence of the conductance on magnetic field
of a thin-film Cx-Cr203-Pb junction at a temperature of 10 mK.
(b) Difference curves of the conductance of the junction of (a) at
various fields minus the conductance at a field of 1 T.

been attributed to Coulomb effects. Subtraction of the
6( V) characteristics with different applied fields almost
completely eliminated this zero-bias feature.

Figure 7(a) shows that the application of a large field to
the Cr-Cr203-Pb junction caused a slight increase in con-
ductance at zero bias, accompanied by a slight decrease
in conductance at intermediate biases. The conductance
at high bias was unaffected by an applied magnetic Geld.
Previous attempts to measure the magnetic field depen-
dence of the conductance in these types of junctions '
were not made at suSciently high fields and low tempera-
tures to observe the effects reported here. The influence
of magnetic field on the conductance is made more clear
by subtracting the conductance-voltage characteristics at
various fields from that at 1 T. The results are shown in
Fig. 7(b). The difference curves show peaks that become
progressively stronger and wider with larger applied field,
with voltage widths -4p~B. The presence of structure
in the conductance-voltage characteristics with this ener-

gy scale is suggestive of Zeeman splitting. Both this mag-
netic field dependence and the suppression of the Al gap
signature by addition of very small quantities of Cr to the
interface lead us to explore the possibility that the source
of the broadband inelastic scattering is antiferromagnetic
magnons.

In the limit T =0 in two dimensions, the antiferromag-
netic magnon spectral density can be written as

F(co)= g 6(co—ai(q) ),2ZJ
co(q)

40

30—

)
E

20—
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r0—
0.0
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FIG. 8. Representative calculated dispersion curves for the
spin-waves of an antiferromagnet with an exchange energy of 40
meV, an anisotropy energy of 0.6 meV, and a g factor of 1.96.
The dashed lines in the inset show the splitting of the low-

energy part of the two branches of the dispersion curve upon
application of a 15-T field.

where Z is the number of nearest neighbors, J is the anti-
ferromagnetic coupling strength, and the sum is over in-
plane wave vectors q and the two branches of the disper-
sion curves. The use of the two-dimensional form for the
spectral density is justified at low energies for our thin
Cr203 Glms because the higher branches associated with
nonzero wave vectors in the direction normal to the plane
of the junction are close to the zone edge energy —=40
meV in Cr203. %e will discuss the linear conduction
background at high-voltage biases below. The expected
dispersion relation co(q) for antiferromagnetic magnons is
illustrated in Fig. 8. For this figure we have taken an
exchange energy of 40 meV, an anisotropy gap of 0.6
meV, and a g factor of 1.97, suitable for Cr203 In
zero field the dispersion curve (solid line in Fig. 8) is
linear above the anisotropy gap energy until it ap-
proaches the exchange energy value at the zone edge. At
finite fields (dashed curves in Fig. 8), the dispersion
curves split by +gp~H until the lower branch crosses
zero energy at the "spin-flop" field. In Crz03 this field is
about 6 T. Above the spin-flop Geld, dispersion curves
like the dashed lines in the insert of Fig. 8 result. Above
the spin-flop field the dispersion curves are split by gp&H
at q=0.

The existence of a gap in the spin-wave excitation spec-
trum at low energies might be expected to cause a flatten-
ing of the linear conduction background at low voltages.
We see no indications of such a flattening in our Cr-
Cr203-Pb junctions down to voltages of 1 mV. However,
simple modeling indicates that a spin-wave coherence
length of about 100 lattice constants would be required to
observe this effect. It is unlikely that our amorphous ox-
ides support coherent spin waves over such large dis-
tances.

The magnetic field dependences of the linear conduc-
tion background displayed in Fig. 7 show a slight in-
crease in conductance near zero bias when a field is ap-
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plied. The fact that this is just opposite to the magnetic
field behavior noted for junctions with strong zero-bias
anomalies make us believe that the effect described here
involves a different physical mechanism. Standard treat-
ments of inelastic tunneling ' ' ' add the inelastic con-
ductance to a constant elastic conductance. In our case
this would imply no change in conductance at zero bias
with magnetic field, since the conductance at zero bias is
completely elastic. However, Persson has shown that
inelastic tunneling can take conductance away from the
elastic channel. He considers a harmonic oscillator in the
barrier region interacting with a tunneling electron. The
probability P„(g) of the oscillator finishing in the nth ex-
cited state as a function of the strength of the interaction

g is given by

P„(g)=P
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FIG. 9. Predictions of our model for the low-voltage conduc-
tance background due to inelastic electron tunneling with exci-
tation of spin waves, at fields of 1 and 14.8 T and temperatures
of 0 K. The bottom half of the figure shows the difference
curves for the same fields as displayed in the experimental
curves in Fig. 7{b).

In the limit of small interaction strength g, the elastic
component is proportional to Pa(g)=1 —g, and the in-
elastic component is proportional to P, (g)=g. There is
then a "sum rule" where, in our case, the conductance
lost in inelastic scattering due to the opening of the gap
by application of a magnetic field is compensated by a
gain in conductance in the elastic channel. This has the
effect that our predicted conductance-voltage curves at
different fields overlap at high voltages, in agreement
with experiment.

Figure 9 shows the prediction of simple spin-wave
theory for the field dependence of the linear conduction
background, which we obtain by integrating the spectral

distribution function F(co) of Eq. (5) following Eq. (1),
and using the "sum rule*' discussed above. The disper-
sion curves used were calculated following Jones et al. ,
within an exchange energy of 40 meV, and an anisotropy
energy of 0. Using finite anisotropy gap energies in these
calculations puts additional structure into the predicted
difference curves, but does not change them qualitatively.
Note first that the zero-field conductance curves are pre-
dicted to be linear at low voltage, in agreement with ex-
periment. This results from the linearity of the disper-
sion curves at low energies, combined with the cancella-
tion of the factor of q obtained by integrating over the
two-dimensional density-of-states factor, by the
co '-q ' factor in Eq. (5). The magnetic field depen-
dence of the linear conduction background predicted by
simple spin-wave theory agrees qualitatively with experi-
ment. The voltage widths of the changes in conductance
are in good agreement with experiment, but the absolute
magnitude of the peak to dip change in conductance with
applied field is about a factor of 3.5 smaller than predict-
ed by our model. Modeling shows that reduced spin-
wave coherence lengths tend to reduce the predicted am-
plitudes, in better agreement with experiment. The
characteristic undershoots seen in experiment, which
might be expected to be present in the modeling from the
form of the magnetic field induced gap seen in Fig. 8,
tend to be suppressed by the co

' factor in Eq. (5). Nev-
ertheless, the qualitative agreement between theory and
experiment lends support to the notion that spin excita-
tions are involved in the linear conduction background in
these junctions.

One difficulty in ascribing the broadband inelastic tun-
neling observed in our Cr-Cr203-Pb junctions to excita-
tions of spin waves is that the linear conduction back-
ground extends out to at least 200 mV, higher than the
maximum spin-wave energy in Cr203. This is a general
problem: the linear conduction background extends to en-
ergies' beyond those of the elementary excitations, e.g.,
phonons, magnons, charge-density waves, that might be
excited in the inelastic scattering. Similar difficulties are
experienced in understanding the broad scattering back-
ground often observed in Raman scattering from the
high-T, superconductors. This may imply that multiple
emission processes are involved in both cases. Kirtley
and Soven, in multiple-scattering calculations of inelas-
tic tunneling from CO molecules included in the barrier
region of planar tunnel junctions, showed that the
inelastic-tunneling cross sections can become extremely
large when the tunneling electron energy matches a
bound-state energy of the included molecules. They also
showed that, at least in the absence of strong coupling be-
tween the included molecules and one of the rneta1 elec-
trodes, emission of multiple excitations becomes likely
when the resonance condition is met. These resonances
are not necessarily narrow: for CO the lowest-lying reso-
nance in the inelastic-tunneling cross section is calculated
to be of order 1 eV wide. Resonance inelastic tunneling
can therefore explain two puzzling features in the linear
conduction background; the extremely large size of the
effect and the wide voltage range over which it occurs.

The calculation of the linear conduction background
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due to multiple inelastic tunneling with the emission of
spin waves is a formidable challenge. For this paper we
take the simplest possible approach to see what qualita-
tive features emerge. To this end we make several simpli-
fying assumptions. We assume that the magnon scatter-
ing occurs only in a plane a distance 5 A from one of the

0
sides of a square potential barrier 2 eV high and 20 A
wide. The initial and final wave functions are taken to be
of the standard decaying plane wave WKB form ' on op-
posite sides of the barrier. We take the spatial depen-
dence of the interaction Hamiltonian to be given by 5
functions localized at the nuclear spin sites. This results
in inelastic-tunneling matrix elements which are propor-
tional to the product of the amplitudes of the initial and
final wave functions, with appropriate energy and
momentum-conserving 5 functions. We take the proba-
bility P„(() for excitation of n magnons to be given by
Eq. (6), and use Monte Carlo techniques to sum the ma-
trix elements over all possible initial electron, final elec-
tron, and magnon momenta, preserving energy and mo-
menta in the scattering processes. Qualitatively similar
results are obtained if momentum is not assumed to be
conserved in the scattering process (incoherent scatter-
ing ). Typical results, summed out to fifth order in the
magnon emission, are presented in Fig. 10. The top part
of the figure shows P(E), the relative probability that a
tunneling electron with zero initial energy relative to the
left-hand Fermi energy will finish with final energy —E
on the right-hand side of the tunneling barrier, for vari-
ous values of the interaction strength g. Each curve sums
the results of 120000 trials. Zero energy loss corresponds
to elastic tunneling. These probabilities are normalized
by the probability for tunneling with no loss. There are
several features of interest in these scattering distribu-
tions. At low interaction strengths the energy losses are
dominated by first-order scattering, and there is a sharp
peak at the magnon zone boundary energy of 40 meV.
As the interaction strength g increases, higher-order pro-
cesses gain weight, and the distribution function starts to
look relatively Hat. The peaks at multiples of 40 meV be-
come less distinct for higher-order scattering.

In the limit where the barrier height is much higher
than both the energy losses and the voltage bias, P(E) is
proportional to the spectral distribution function F(fico).
At T =0, Eq (1) hold. s and the tunneling conductance is
proportional to the integral of P (E). This is shown in the
bottom half of Fig. 10. The sharp steps in conductance in
these curves arise from the sharp peaks in our assumed
spin-wave density of states at the zone edges. Anisotro-
py, spatial inhomogeneities, finite-lifetime effects, and
magnon-magnon interactions are expected to broaden
these features. Aside from these steps, the predicted con-
ductance appears relatively linear for large interaction
strengths. These calculations therefore make it plausible
that the linear conduction background at high voltages
comes from multiple-scattering processes.

An additional feature of the Monte Carlo simulations
in Fig. 10 is that they are asymmetric. The sense of the
asymmetry is such that the conductance is larger for elec-
trons tunneling in a direction where the scattering centers
are closest to the final metal electrode. An interesting

property of this asymmetry is that the conductance-
voltage curves for opposite biases overlap well when a
constant scaling factor is used: the asymmetry is not
strongly voltage dependent. This is consistent with what
is observed experimentally in the linear conduction back-
ground (see, for example, Fig. 1). This is in contrast to
the asymmetry observed in discrete mode IETS, where
the ratio of peak heights for the two opposite bias direc-
tions depends nearly linearly on the voltage, and ap-
proaches unity at zero voltage. ' In discrete mode IETS,
the source of the asymmetry is the difference in the bar-
rier penetration probabilities before and after scattering
due to the energy loss upon scattering. If the scattering
centers are closer to one barrier than the other, there will
be asymmetry in the size of the IETS peaks.

The source of the asymmetry in our Monte Carlo simu-
lations of broadband inelastic tunneling is similar to that
for discrete mode IETS, but with a subtle difference. The
magnon emission processes included in our simulation
are dominated by large momentum transfer scattering.
Therefore, electrons are less likely to tunnel if they
scatter before penetrating most of the barrier than if they
scatter after penetrating most of the barrier. This
difference in the barrier penetration probabilities is rela-
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FIG. 10. The results of the Monte Carlo calculations for in-

elastic tunneling with multiple excitation of spin waves. The
upper figure shows the distribution of energy losses of the tun-
neling electrons, for interaction strengths /= 1, 2, 3, 4, and 5.
Larger interaction strengths result in stronger scattering at
higher energy losses. The lower part of the curve shows the re-
sulting conductance curves, normalized to the elastic tunneling.
Aside from sharp steps in conductance resulting from the singu-

larities in our assumed spin-wave density of states, the conduc-
tances are fairly linear at high-voltage biases for large interac-
tion strengths. The predicted curves are also asymmetric with

respect to the tunneling direction. This asymmetry has some of
the unusual properties of the asymmetry observed experimental-
ly.
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tively independent of the energy loss, and therefore the
asymmetry ratio for opposite voltage biases will be rela-
tively voltage independent. For discrete mode IETS, the
scattering is dominated by long-range dipole interactions
which transfer relatively little transverse momentum to
the tunneling electron, and so the major source of
differences in the barrier penetration probabilities is due
to the energy loss, and the asymmetry ratio is voltage
dependent.

Unfortunately, the sign of the asymmetry predicted by
our Monte Carlo calculations is just opposite to that
which is most plausible from our limited experimental
evidence. Consider the data from the Al-A1203-Cr203-Pb
junctions presented in Fig. 3. Here the sign of the asym-
metry is such that the conductance is higher when elec-
trons tunnel into the Al electrode from the Pb. From the
order in which the metals were evaporated it appears
most plausible that the scattering centers in the Cr203 are
closest to the Pb electrode, so the experimentally pre-
ferred tunneling direction has the electrons penetrating
the majority of the tunneling barrier after scattering.
This implies that there is something wrong with our
reasoning —either the positioning of the scattering
centers is not as we think, or our simple calculation does
not have the scattering quite right. Note, however, that
in the more rigorous multiple-scattering calculations of
Kirtley and Soven for inelastic vibrational mode tunnel-
ing through CO, either sign of the asymmetry is possi-
ble, depending on the energy of the tunneling electron
relative to the resonance energy (see Fig. 2 of Kirtley and
Soven ). Therefore, it should not be too disappointing
that our simple modeling does not get the sign of the

asymmetry correct in the present case.
In conclusion, we have presented evidence in support

of the view that the linear conduction background is due
to inelastic electron tunneling from a broad distribution
of loss modes. The evidence is particularly compelling
when junctions with Cr203 in the barrier region are stud-
ied in detail: the temperature dependence, and an
analysis of strong-coupling Pb phonon features are con-
sistent with this interpretation: the dependence of the
strength of the effect on barrier composition argues
strongly in favor of this interpretation. The suppression
of the Al gap feature in tunneling, and the magnetic field
dependence of the linear background, indicate that spin
interactions are involved in the tunneling process in junc-
tions with Crz03 in the barrier region. Monte Carlo
simulations make it plausible that the background con-
ductance at large biases involves multiple emission pro-
cesses, and provides an explanation for the unusual asym-
metry in the linear conduction background with opposite
voltage biases.

We have concentrated in this paper on junctions with
Cr203 in the tunneling barrier, but tunneling into the
high-T, superconductor shows absolute magnitudes for
the size of the conductance background in the same range
as those displayed here, and the same smearing of the
discontinuity in conductance at zero bias with tempera-
ture. It appears likely that strong broadband inelastic
electron tunneling is active in these cases as well.
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