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Gaplike structures superimposed on different background behaviors are observed in the tunneling
characteristics of Bi-Sr-Ca-Cu-0-based planar junctions. In the case of constant background, the con-
ductance curves are quantitatively modeled by assuming a modified BCS density of states for the high-T,
material from which 6=20+2 meV is inferred. In the case of linear backgrounds, we have studied the
influence that increasing slopes have on the Bi-Sr-Ca-Cu-0 superconducting structures. For extremely
anomalous backgrounds, we have analyzed the effect that a zero-bias conductance peak, depending on its
voltage amplitude, has on the superconducting structures of both the high-T, material and the conven-
tional counterelectrode.

I. INTRODUCTION

Anomalous high-bias (background) conductances are
often observed in the tunneling characteristics of high-T,
superconductors (HTS). ' Increasing linear back-
grounds or, in some cases, a decreasing conductance
dependence with voltage ' have been reported. On the
other hand, only few examples of constant and, for much
higher energies, parabolic behavior, as in conventional
junctions, can be found in the literature.

It is well known that in a tunnel junction at low tem-
peratures the conductance is proportional both to the
tunnel probability P(E) and to the electrode densities of
states (DOS) N(E). However, in a good quality conven-
tional junction the range of variations of these quantities
is quite different. The DOS study is indeed of interest in
characterizing the superconducting state which is de-
scribed in terms of Ns(E) variations at low energies (few

meV), for which P(E) can be considered constant. The
P(E) analysis is instead carried out at higher biases (hun-
dreds of meV), for which normal DOS Nz are involved
that vary slowly for conventional metal electrodes.

Unfortunately, for HTS-based junctions it is difficult to
separate the two contributions and anomalous conduc-
tances at high bias cannot be unambiguously related to
barrier or to DOS effects. In particular, explanations in
terms of P(E) have been given in which inelastic tunnel-

ing processes are responsible for linear backgrounds. "
Alternatively, anomalous normal DOS have been pro-
posed. Anderson and Zou' have modeled the linear
term from the spectrum of holon and spinon excitations
in a bidimensional resonating-valence-bond state. Varma
et al. ' have formulated the marginal Fermi-liquid
theory in which strong correlation effects are developed
near the metal-insulator transition. Phillips' separates
the DOS in two different terms responsible for the super-
conducting and normal properties.

In lack of a final answer, through a different approach
to the problem, in this paper we analyze the different
backgrounds of Bi-Sr-Ca-Cu-0 based junctions and their
inhuence on the tunneling characteristics of the high-T,

material. We present data on the 2-2-1-2 Bi-Sr-Ca-Cu-0
system, for which, in spite of the numerous tunneling
studies, there is still a wide uncertainty about the value of
the energy gap. Indeed 2b, (0)Iks T, values ranging from
3 to 14 have been reported. ' Among the possible reasons
responsible for the spreading of the experimental data, we
have focused our attention on the conductance back-
grounds that these junctions show and on the supercon-
ducting double structure that is not always well resolved
in the tunneling spectra of the Bi-Sr-Ca-Cu-0 system so
adding even more arbitrariness in the determination of
the "true" value of the energy gap.

II. EXPERIMENTS

Our analysis includes more than 100 tunneling charac-
teristics. All the junctions were fabricated on liquid
etched (l% Br in methanol, by volume) Bi2Sr2CaCu20,
single crystals with resistive T, 80 K and AT, 3 K.
The use of a chemical etching bath has given reproduci-
ble conductance curves on YBaCuO single crystals and
films' and it has been demonstrated that it is also
effective at removing nonsuperconducting species from
Bi-Sr-Ca-Cu-0 thin-film surfaces. '

After a short air exposition ( =30 min) of the etched
crystals, cross-type junctions were completed by thermal-
ly evaporating thin-film counterelectrodes. Pb, Pb-Bi,
and Au have been used to check the reproducibility of
the data independently from the nature of the used coun-
terelectrode. Differential resistances were measured by a
standard low-frequency lock-in technique.

A. Constant backgrounds

Flat background conductances are often observed in
the tunneling characteristics of Bi-Sr-Ca-Cu-0 based
junctions, ' ' but they are not routinely found among
the cuprate superconductors. In this sense, they seem to
be quite peculiar of the Bi-Sr-Ca-Cu-0 system. We have
found them in about 60%%uo of the measured junctions.

In Fig. 1 the I-V characteristic and the normalized
diff'erential conductance vs voltage (full lines) of a Bi-Sr-
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FIG. 1. I-V and normalized conductance characteristics of a
Bi-Sr-Ca-Cu-0/Pb junction at T =4.2 K (full lines). The dotted
line is the theoretical fitting obtained from expression (1) with
5=20 meV, I =6 meV. 6»= 1.3 meV has been used.

Ca-Cu-0/Pb junction at T =4.2 K are shown. The main
features observed in the figure are: a Hat background, a
double structure at about +25 mV and +40 mV and a
well-defined Pb gap structure at low voltages. Due to the
presence of the double structure, there is some ambiguity
in extracting the energy gap value from the experiments.

Similar double features are often observed in the tun-
neling characteristics of Bi-Sr-Ca-Cu-0 (Refs. 17—21) as
well as in other HTS-based junctions. "' In earlier indi-
cations they have been associated to different phases with
different T, in the junction area ' but recent advances in
fabricating good quality single phase crystals and films

play against this explanation. In some cases, the lower-
energy structure has been associated to the Bi-Sr-Ca-Cu-
0 energy gap and the secondary peak to the HTS phonon
modes. However, in conventional junctions, pho-
non structures are symmetric in voltage, and appear as
few percent conductance variations that never exceed the
DOS peaks. Other authors' consider the possibility that
the lower-energy structure is an inner gap as that pro-
duced by interlayering pairing in models of layered me-
tallic systems, but also in this case no quantitative
agreement with theory has been found. Gap anisotropy
has also been considered, ' with reported values close
to those found in our measurements. Since no definite
conclusion can be drawn from this scenario, we decided
to extract the gap value from the most satisfactory fitting
of the experimental data.

As is well known, the superconducting structures of
the two electrodes are not individually observed in the
tunneling characteristics of traditional S-I-S junctions.
However, they are often seen in tunneling experiments in
HTS-I-S junctions. ' ' ' The appearance in Fig. 1 of
the Pb superconducting structures can be understood if a
finite DOS at the Fermi level of the HTS is supposed. In
this case, in fact, at low energies, the high-T, material
behaves as normal and we expect conductance charac-
teristics similar to those of N-I-Pb junctions.

By using a standard procedure, ' ' ' we have intro-
duced a phenomenological smearing parameter I in the
BCS expression for the Bi-Sr-Ca-Cu-0 DOS:

Ns(E, T) =N~ Re
IE+~l

I

(E+iI ) —b(T)

The I parameter has been firstly introduced by Dynes,
Narayanamurti, and Garno to describe the effect of life-
tirne broadening for Cooper pairs. With a suitable choice
of the I /b, ratio, a nonzero DOS at the Fermi level is
simulated. The use of expression (1) for the density of
states of HTS may be justified by stoichiometric varia-
tions or by the important role that spin fluctuations play
in these materials.

The dotted line in Fig. 1 has been obtained by intro-
ducing expression (1) in the conductance expression of a
HTS-I-Pb junction at 4.2 K. The values 5=20 meV,
I =6 rneV, and hp~=1. 3 meV have been used in this
fitting while no satisfactory agreement has been found
when trying to model the secondary structure at higher
energies.

We notice that, by using two fitting parameters, the
peak voltage position is reproduced quite well by several
choices of the 6 and I under the condition that 6+ I is
kept constant. This is observed in Fig. 2 which also indi-
cates that the I /5 ratio is responsible for the amplitude
of the HTS structure and for the overall G( V) shape. In
the figure, b, +I =26 meV and I /b =0.1, 0.3, and 0.8
have been supposed. We remark that to obtain a quanti-
tative fitting of the experiments, as in Fig. 1, variations of
only a few percent of the b and I parameters are al-
lowed. In fact, by increasing the I /b, value, in Fig. 2, a
progressive reduction and smearing of the Bi-Sr-Ca-Cu-0
superconducting structure is observed. At the same time
the Pb superconducting features appear more pro-
nounced.

In Fig. 3 we present the I-V and the normalized
differential conductance characteristics of a Bi-Sr-Ca-
Cu-0/Au junction at T=4.2 K. In this case, the I V-
curve shows multiple switches and hysteresis that disap-
pear at temperature between 70 and 80 K. These
features, due to internal grain boundary junctions, have
been often found in Bi-Sr-Ca-Cu-0 based junc-

ons &8, 2s, 3&, 3z Such discontinuities in the I-V curves
produce peaks in the conductance spectra that can be
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FIG. 2. Normalized conductance characteristics at T=4.2
K of an HTS-I-Pb junction obtained from expression (1) with (1)
6=24 meV, I =2 meV, (2) 5=20 meV, I =6 meV, and (3)
5=14meV, I =12 meV. 6»=1.3 meV has been used.
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FIG. 3. I-V and normalized conductance characteristics of a
Bi-Sr-Ca-Cu-0/Au junction at T =4.2 K (full lines). The dot-
ted line is the theoretical fitting obtained from expression (1)
with 5=25 meV, I =12 meV.

gaplike structure at about +25 mV and a second struc-
ture at about +40 mV.

In effect, the double structure appears much more evi-

dent in fully oxygenated Y-Ba-Cu-0 junctions, and we
have observed that, for this material, the structure ampli-
tude is reduced by inducing oxygen deficiency at the sur-

face. It seems plausible to extend these considerations
also to the Bi-Sr-Ca-Cu-0 junctions and speculate that, in

comparison with Fig. 1, in Figs. 3 and 4(a) some non-

stoichiometric oxygens at the surface could be responsi-
ble for the reduction of the secondary structure.

In the insets of Figs. 4(a) and 4(b), the low-bias I V-
characteristics are shown for the same junctions. The full
lines in the insets are the theoretical fittings obtained
from the expression for the current Bowing through a
N-I-S junction at 4.2 K. In these calculations the HTS
have been considered as normal since both show finite
conductance in the studied energy range. The values

Apb B
= 1.6 meV and hp&= 1.3 meV for the Pb-Bi and Pb

easily confused with the HTS gaplike structures.
To avoid this problem, the G( V) vs V curve of Fig. 3

has been numerically computed from the I-V continuous
curve. For this junction, a single peak is observed at
about +30 mV. The dotted line in the figure has been ob-
tained by introducing the modified BCS density of states,
expression (1), in the conductance expression for a HTS-
I-N junction. The values 6=26 meV and I =12 meV
have been used. The I'/6 ratio here is higher than that
used to fit the data in Fig. 1. However, the single peak
reproduces the envelope of the maxima of Fig. 1 quite
well. This fact seems to indicate that, due to a more
effective smearing, the double structure is not resolved in

the Bi-Sr-Ca-Cu-0/Au junction. More quantitative
analysis seems inappropriate at the moment but we re-
mark here that, in our junctions, the appearance of the
double structure is not related to the nature of the used
counterelectrode.
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B. Linear backgrounds

One remarkable feature of the HTS-based tunnel junc-
tions is the linear dependence of the background conduc-
tances with voltages until few hundreds of meV. This
peculiarity is routinely found in junctions fabricated on
Y-Ba-Cu-0 (Refs. 4, 5, and 27), La-Sr-Cu-0 (Ref. 11),
and Tl-Ba-Ca-Cu-0 (Ref. 31) as well as on the bismuth
oxides Ba-Pb-Bi-0 (Ref. 33) and Ba-K-Bi-0 (Refs. 33 and

34). We have found it in about 40% of the Bi-Sr-Ca-Cu-
0 measured junctions.

In Fig. 4(a), as an example, the G( V) vs V of a Bi-Sr-
Ca-Cu-0/Pb-Bi junction is reported at 4.2 K. The Bi-
Sr-Ca-Cu-0 double structure appears more smeared than
in the data shown in Fig. 1 with a broad relative max-
imum around +25 mV.

In Fig. 4(b), for comparison, the G(V) vs V charac-
teristic of a Y-Ba-Cu-0/Pb junction with T, =87 K is re-

ported at 4.2 K. The same fabrication technique has
been used for this junction. A striking similarity in the
overall shape of the experimental data is observed in Figs.
4(a) and (b) with the Y-Ba-Cu-0 junction presenting a
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FIG. 4. Conductance characteristics vs voltage, at T =4.2 I(,
of a Bi-Sr-Ca-Cu-0/Pb-Bi (curve a), and an Y-Ba-Cu-0/Pb
junction (curve b). Insets: low-bias I-V characteristics for the

same junctions; the full lines are the theoretical fittings for the

current flowing through an S-I-N junction at the same tempera-
ture.
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counterelectrodes have been used. The satisfactory
agreement between experiments and theory indicates
negligible leakage currents and the barriers are so proven
to be continuous and pin hole free in both junctions.
This fact seems to indicate that, at least at low energies,
the mechanism responsible for the linear background is
not due to spurious effects in the tunnel barrier.

In the case of a linear background we have studied the
effect that this has on the superconducting structures of
the high-T, material. In a recent paper the HTS densi-

ty of states has been expressed by adding a BCS-like con-
tribution to a linear one. Consequently, the conductance
characteristics of a HTS-I-N junction can be written as

1/2

G(V, T)=a f Re
'df (E +e V)

BV
(E+i I')

(E+iI ) —b,(T)

1 2 3
eV/'h,

FIG. 5. Normalized conductance characteristics of HTS-I-N
junctions with different linear backgrounds. Expression (2) has
been used with 5=20 meV, I =6 meV and (1) a=7X10
meV ', o.=0.4 and (2) a=7X10 meV ', 0.=0.4.

conducting structures of both electrodes can take place.
The study of the anomaly behavior has been the object

of another paper and it has been found that, in the case
of logarithmic dependence on both energy and tempera-
ture, the excess conductance peak is due to a Kondo-type
scattering that accounts for electron magnetic interac-
tions at the barrier interface. Here we want to focus
on the inhuence that, depending on their voltage ampli-
tude, these anomalies have on the superconducting struc-
tures of both the high-T, material and the Pb coun-
terelectrode.

In Fig. 6(a} we have plotted the low-bias conductance
data of a BSCCO/Pb junction, at 4.2 K. The curve re-
veals narrow maxima at about +2 mV together with
some oscillations at higher biases. Even though they ap-
pear anomalous, these features seem to be related to the
Pb gap and phonon structures, present at the same tem-
perature.

In these cases more insight can be achieved from the
analysis of the conductance temperature behavior. As
shown in Fig. 6(b), at T =10 K, with the Pb in the nor-
mal state, a conductance peak centered at zero bias is
present in the G(V} vs V curve for the same junction.
The anomaly is about 10% of the background conduc-
tance (dotted line) with a voltage amplitude of about k6
mV. We have found that the peak appears at about 50 K
and, for T& T pb=7. 2 K, logarithmically increases for
decreasing temperatures. For temperatures below 7.2
K, the Pb superconducting structures start to merge, and
at T =4.2 K, these completely mask the zero-bias anom-
aly.

In conventional junctions the anomaly develops above
the junction T, and its temperature and voltage behavior
at low temperatures is studied in (low} magnetic fields
with both electrodes in the normal state. ' The mea-
sured N-I-N' conductance is written as

xdE+a f "~E~ '
dE (2) G( V, T)=GO( V, T)+6 G( V, T), (3)

with 0. and a representing the conductance intercept at
V=O and the conductance slope as inferred from the
high-bias data at low temperatures.

The curves in Fig. 5 have been obtained from expres-
sion (2) with 6=20 meV and I'=6 meV while the
coefficient of the linear term a has been changed by one
order of magnitude. It is so clear that a progressive
reduction of the superconducting structure of the HTS is
produced and only a change of slope is observed for
steeper backgrounds.

C. Zero-bias anomalies

Let us consider now another kind of anomalous
behavior that we have found in the tunneling characteris-
tics of about 30% of the measured junctions independent-
ly from the presence of constant or linear backgrounds.
In fact, a conductance peak centered at zero bias is often
observed in the tunneling spectra of high-T, materi-
als. ' ' Recently, detailed reports on this topic have
appeared in the literature. ' Even if the anomaly de-
velops around V =0, in some cases its amplitude reaches
several tens of mV. We have included it in the present
background analysis since interference with the super-

where Go( V, T) is the background conductance and
b, G(V, T) is the excess conductance defined as the
difference between the total and background conduc-
tance:
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FIG. 6. Conductance characteristics vs voltage at low bias
for a Bi-Sr-Ca-Cu-0/Pb junction, at T =4.2 K (curve a) and at
T = 10 K (curve b). The dotted line shows the extrapolated par-
abolic background.
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Eo
b, G ( V, T) ~ NL Nz ln

(el Vl+ nkvd T)
(4)

0. 78

where NI and Nz are the normal DOS of the left and
right electrodes, Eo is a cutoff energy, n is a numerical
factor close to unity, and kz is the Boltzman constant.

Let us suppose that, in an HTS-I-Pb junction, Cu iso-
lated moments are responsible for the conductance peak
at zero bias. At low voltages and for T=O K, as a first
approximation, both Go and hG include the conventional
electrode superconducting DOS so that the normalized
conductance can be written as

G( V)
leV+ i

+(eV+ib') b, —

%0.58

—80 —60 0 60 80
v (~v)

X Aln +1
(el V + nkvd T)

(5)

FIG. 8. Conductance characteristics vs voltage, at different

temperatures, of a Bi-Sr-Ca-Cu-0/Pb tunnel junction; the verti-
cal axis has been shifted for clarity.
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FIG. 7. Full lines: the Pb density of state and a 20% ZBA.

Dotted line: normalized conductance characteristic at T=0 K
obtained from expression (5).

where A takes into account the intensity of the zero-bias
anomaly (ZBA) and, by an usual procedure, the b,

' pa-
rameter has been introduced to eliminate the divergence
of the Pb density of state at T =0 K.

In Fig. 7 the full lines represent the two bracketed
terms in expression (5), i.e., the Pb density of state with
b, =1.3 meV and 5'=0. 1 meV and a 20% ZBA with a
cutoff energy ED=10 meV. The dotted line in the figure
is the full expression (5) that reproduces the main experi-
mental features observed in Fig. 6(a) at T=4.2 K. In
fact, the voltage at which the Pb gap structures appear is
not greatly affected by the presence of the ZBA; however,
these features have a higher intensity and a wider voltage
amplitude. We remark that, by this first approximation
analysis, due to the ZBA voltage amplitude (reflected in
the cutoff energy ED= 10 meV) the Bi-Sr-Ca-Cu-0 super-
conducting structures at higher energy are not affected.
In fact, we have experimentally observed the HTS gaplike
structures at about +25 meV in the junction of Fig. 6(a).

We have found a completely anomalous behavior in
the case of another Bi-Sr-Ca-Cu-0/Pb junction whose
tunneling characteristics at different temperatures are re-
ported in Fig. 8. At T =20 K, a conductance maximum

at zero bias is observed together with a pronounced
structure that develops between +20 mV and +40 mV
and a decreasing background at high biases. Once again,
the temperature behavior reveals that a zero-bias anoma-
ly appears at about 55 K. The anomaly is superimposed
to a highly asymmetric background that, for higher tem-
peratures, shows the traditional parabolic behavior.
This giant conductance peak shows a logarithmic depen-
dence on energy and temperature with an intensity of
=50% with respect to the background and a voltage am-
plitude of about +50 mV at low temperatures. In this
voltage range, interference of the anomaly with the Bi-
Sr-Ca-Cu-0 superconducting structures is to be expected.
In the past, similar extremely anomalous behaviors have
been found in semiconductor-metal junctions.

Let us assume that both semiconducting regions, re-
sponsible for the Kondo effect, and superconducting re-
gions are present at the Bi-Sr-Ca-Cu-0 surface. In this
case, by keeping the conventional counterelectrode in the
normal state, as a first approximation, at T=0 K, expres-
sion (3) can be written as

G( V) =(1—P) Re
+(eV+iI ) —A

Eo

(el vl+«, T)

where )33 takes into account the percentage of semicon-
ducting regions in the junction area.

In Fig. 9 the full lines represent the bracketed terms in
expression (6), i.e., the Bi-Sr-Ca-Cu-0 density of states
with 6=20 meV and I = 10 meV and a 50%%uo ZBA with a
cutoff energy E0 =60 meV, respectively. The dotted line

in the figure represents the full expression (6) in which
80%%uo semiconducting regions have been supposed. One
can observe that it satisfactorily reproduces the main ex-
perimental behavior at lower temperatures, that is, the
inversion of the overa11 conductance shape, that, even in

case of 20% superconducting regions, sti11 shows the sig-
nature of the Bi-Sr-Ca-Cu-0 superconducting structures.
These are shifted in energy and superimposed to a slight-

ly decreasing background.



DIFFERENT BACKGROUND CONDUCTANCES IN THE. . . 1313

Q 1.2
C)

O. B

o 0. 6—E'CI

I

—2CI 20 Eio

III. CONCLUSIONS

We have analyzed the difFerent conductance back-
grounds of tunneling spectra of the 2-2-1-2 Bi-Sr-Ca-Cu-
0 system. In the case of traditional constant behavior at
high biases, we have focused on the superconducting dou-
ble structure which is very similar to that observed for
the 1-2-3 Y-Ba-Cu-0 system. We think that the origin of
this feature is an important key for the understanding of
the mechanism responsible for the superconductivity in
the HTS and that the wide spreading of the Bi-Sr-Ca-Cu-
0 energy gap values reported in the literature is mainly
due to the fact that, in the experiments, the structure is
not always well resolved.

Excluding cases with a high degree of smearing
(I') 0.3b, ), the whole set of experimental data has been
fitted by a modified BCS DOS from which an average
6=20 meV+2 meV, corresponding to 2h/k+T, =5.8, is
inferred. These values are close to those found in experi-
ments carried out on Y-Ba-Cu-0 based tunnel junc-
tions. ' Since the role of the Cu0z superconducting
planes is of primary importance in the cuprate oxides, we
conjecture that the main structure at about 20 meV is
confined in these planes in both the Y-Ba-Cu-0 and Bi-
Sr-Ca-Cu-0 systems. Flat backgrounds may be also re-
lated to the Cu02 superconducting layers. Their more
frequent observation in the Bi-Sr-Ca-Cu-0 compound
with respect to other HTS can be reconciled with the fact

v(mv)
FIG. 9. Full lines: the Bi-Sr-Ca-Cu-0 density of state with

6=20 meV and a 50 k ZBA. Dotted line: conductance charac-
teristic at T=O K obtained from expression (5). An 80%%uo per-
centage of semiconducting surface regions has been supposed.

that the CuOz planes are spatially well separated with
weak interplane coupling in this material. '

As we have already mentioned, in order to reproduce
the experimental conductances, a phenomenological I
parameter has been introduced in the BCS expression for
the DOS of the high-7; material. The analysis of the
tunneling characteristics of HTS-I-S junctions has then
revealed that the counterelectrode superconducting
structures are evidentiated for increasing values of the
I /5 ratio. At the moment, it seems quite arbitrary to
place too much significance on the physical origin of this
smearing factor, since sample inhomogeneities, such as
oxygen not perfect stoichiornetry, may still be limiting
the reproducibility of the experimental results.

Linear conductance backgrounds are perhaps the most
fundamental empirical difference between the high-T,
materials and traditional superconductors. The origin of
this linear term is matter of an intense debate. Our ex-
periments are not able to give more insight about this to-
pic; however, we clearly show that for increasing slopes
of the background conductance, the superconducting
features of the HTS are progressively smeared and re-
duced in amplitude. This fact adds more indetermination
in inferring the energy gap values from the experiments.

We remark that, if the linear term is intrinsic, it may
still have substantial variations from one material to
another. In this respect, specific heat measurements also
indicate that the linear term is not present in the Bi-Sr-
Ca-Cu-0 compound or is at least one order of magnitude
smaller than that observed for the 1-2-3 Y-Ba-Cu-0 sys-
tern.

Finally, we have studied the effects that a zero-bias
conductance peak has on the tunneling characteristics of
the HTS. The behavior of these anomalies is explained in
terms of electron magnetic interactions at the tunnel bar-
rier. Depending on their voltage amplitude, isolated Cu
moments at the interface or, in case of highly asymmetric
backgrounds, semiconducting surface regions can be sup-
posed. From a closer analysis of the conductance curves,
clear interferences with the superconducting structures of
both the conventional counterelectrode and the high-T,
material are observed.

In conclusion, we think that anomalous backgrounds
contribute to the uncertainty in the determination of the
high-T, superconducting parameters and a great care has
to be taken for a better diagnostics on the tunneling spec-
tra of these materials.

For a recent review, see T. Hasegawa, H. Ikuta, and K. Kita-
zawa, in Physical Properties of High T, Superconductors -III,
edited by D. M. Ginsberg (World Scientific, Singapore, 1992).
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