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Zero-bias anomalies in high-T, -superconductor tunnel junctions
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The zero-bias conductance peak that is often found in the tunneling characteristics of high-
temperature-superconductor (HTS) junctions is analyzed in the framework of the Anderson-Appelbaum
model for electron magnetic interaction. We have found that when the anomaly develops at T )T„ its
temperature behavior is determined by the superconducting properties of the HTS, while, when it devel-

ops at T (T„ the presence of normal or semiconducting surface regions can be supposed. A giant resis-
tance peak seems to indicate interdiffusion of the counterelectrode into the base material.

Anomalous behavior centered at zero voltage has often
been observed in the tunneling characteristics of high-
temperature-superconductor (HTS) junctions. Both con-
ductance peak and dip have been reported and different
hypotheses on their origin have been made. ' Particu-
larly puzzling appears the temperature behavior of such
features that can develop both above and below the T, of
the HTS. Recently, these anomalies have received much
more attention, and the first detailed reports have ap-
peared in the literature. ' Particularly notable is the con-
tribution of Ref. 7 in which the problem has been ana-
lyzed in terms of the phase diffusion that occurs when the
thermal energy k~ T is comparable to the Josephson cou-
pling energy of the junction. However, there is at least
another class of zero-bias anomalies (ZBA) that often ap-
pear in HTS junctions in which the existence of a super-
current can be ruled out.

In this paper we report a systematic study of anomalies
for which a magnetic origin can be hypothesized. Our
analysis collects the results we obtained in studying more
than 300 tunneling characteristics of different HTS's. All
the junctions had natural barriers formed by a short ex-
position ( = 30 min) of chemically etched (1% Br by
volume in methanol) single crystals to the ambient atmo-
sphere and were completed by evaporating a thin-film
counterelectrode. The nature of this barrier is unknown,
however, it is likely that the HTS surface layer is contrib-
uting to its formation. The nonanomalous behavior of
this kind of junction was discussed in Refs. 8 —12. The
present study has been realized on the 90-K and the
oxygen-deficient 60-K YBa2Cu307 s (YBCO) phases, on
Fe-doped YBCO systems and on the Bi2Sr2Ca, Cu208
(BSCCO) 2:2:1:2phase.

An example of the first type of ZBA is shown in Fig.
1(a), in which the diff'erential conductance vs voltage of
an Fe-doped YBCO/Pb junction with T, (p= )=075K, is
reported at T=60 K. We notice that the anomaly ap-
pears as a quite asymmetric conductance peak at zero
bias, superimposed to a parabolic background.

Similar kinds of ZBA have been extensively studied in
the past and have been found in transition-metal based
(Nb, Ta) junctions, ' ' with thermally grown oxides, in
metal-semiconducting junctions' ' and in Al/Al and
Al/Ag junctions with magnetic impurities in the insulat-
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FIG. 1. (a) Conductance vs voltage for an Fe-doped
YBCO/Pb junction at T=60 K; (b) the even conductance vs
voltage has been computed. The solid line shows the extrapo-
lated background parabola.

ing barrier. '

This normal-state effect was modeled by the Appel-
baum' and Anderson' theory in which localized mag-
netic states near a side of the barrier provide a "new tun-
nel channel, "which is described by adding an extra term
to the conventional tunneling Hamiltonian. According
to this model, the total conductance around zero bias is
expressed as a sum of three contributions: the first in-
cludes no magnetic interactions, the second takes into ac-
count spin exchange between electrons and impurities,
and the third describes a Kondo-type scattering:

G( V, T)=N[K, +Kz+K3ln(Eo/(e ~ V~ Ink~ T))], (1)

and the excess conductance, defined as the difference be-
tween the total conductance and the normal background,
is written as

b G( V, T) =NK3ln [ED/[e ~ V~ + nkvd T] I
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where K$ p 3 are constants that include the normal densi-
ty of state of the counterelectrode, the matrix elements
for tunneling electrons, with the two last terms contain-
ing the impurity density and spin, and the strength of the
magnetic interaction. In the formula, n is a numerical
factor close to unity, Eo is a cutoff energy, and we have
kept the base-electrode normal density of states near the
Fermi level, N, as a prefactor.

At low temperatures, in conventional junctions, the
effect is studied by applying a low magnetic field to
quench the superconductivity of both electrodes. This is
not possible for HTS's for which, at T & T„due to the
high H, z values, the energy and temperature dependence
of the superconducting density of states has to be taken
into account.

To better compare experiments and theory, in the case
of an asymmetric background, the even conductance
G ( V) = —,'[G(+ V)+ G( —V)] is computed, ' as reported
in Fig. 1(b). By this procedure the background is well ap-
proximated by a least-squares best-fit parabola
Go( V)=GO+3y V (full line), which is inferred from the
high-bias data. From the Go and y values, at T=4.2 K,
an average barrier height of 0.5 eV, and thickness of 30 A
have been deduced. We consider these values only in-
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dicative of a low tunnel barrier, since the presence of Fe
ions in the barrier can decrease the effective barrier size
for those electrons that tunnel across the junction by
means of localized states.

Figure 2(a) shows the normalized even excess conduc-
tance vs normalized voltage, at T=60 K, for the junction
of Fig. 1 (stars), and for another Fe-doped YBCO/Pb
junction with T, =57 K, which, at the same temperature,
develops a 28% amplitude ZBA (open circles). It can be
noticed that the logarithmic energy dependence of ex-
pression (1) (full lines), is found at eV )k~ T for both sam-
ples, while, at low energy, because of thermal smearing,
the conductance drops below the linear logarithmic plot.

Figure 2(b) shows the temperature dependence of the
normalized even zero-bias excess conductance for the
same junctions. The anomalies develop and disappear at
different temperatures, however, the logarithmic depen-
dence of expression (1) (full lines) is quite well observed
for T & T, . The data show inversion around 57 K, while
for T & T, the behavior is determined by the decreasing
temperature dependence of the superconducting density
of states of the HTS. In the figure the extrapolated lines
for T (T„b,G "(0)IGO(0), represent the expected tem-
perature dependence of the anomalies if the HTS were
kept in the normal state.

To clarify this point, in Fig. 3(a) a schematic drawing
of the conductance characteristic at T & T, is shown. In
the figure, Go(V) is the background parabola that de-
scribes the junction normal state, G ( V) is the depressed
unknown value of the conductance due to the appearance
of the superconductivity in the high-T, material, GM( V)
is the measured conductance, and G "( V) is the extrapo-
lated value of the conductance if the HTS is kept normal.

Let us assume an arbitrary temperature dependence,
1 I'(T), for t—he fraction of electrons that condense in
the superconducting state. For any T & T„Nz+N& =N,
with the N and S subscripts referring to the normal and
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FICx. 2. (a) Energy dependence of the normalized even excess
conductance at T=60 K for the same junction as Fig. 1, stars,
and for another Fe-doped YBCO/Pb junction, open circles; (b)
temperature dependence of the same quantity at V =0.
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FIG. 3. (a) Schematic drawing of the ZBA at T & T, . The in-
dicated quantities are defined in the text; (b) even conductance
vs voltage at T =40 K for the same junction as Fig. 1.
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superconducting electrons, respectively. As a first ap-
proximation, by supposing that the two-electron systems
do not interact, as the temperature is lowered, we can as-
sume that both expressions (1) and (2) are reduced by a
factor F(T), that is by the amount of which the normal
electron density is reduced. By these assumptions,
hG (0)=0 when G (0)=Go(0), as is observed in Fig.
3(b), which refers to the same junction of Fig. 1 at T =40
K, and G (0)/G "(0)=F(T). The temperature depen-
dence of this quantity is reported in Fig. 4 for both junc-
tions of Fig. 2. The triangles in the figure represent the
quantity G (0)/Go(0) directly measured on the junction
in which the anomaly disappears at T =40 K. The corn-
parison of this behavior with the gap opening measure-
ments of Refs. 8 —11 reveals that this kind of ZBA is very
sensitive to the superconducting properties of the HTS.

As a second example of ZBA, in Fig. 5, the tempera-
ture dependence of the normalized zero-bias even con-
ductance of a 2:2:1:2BSCCO/Pb-Bi junction is reported.
The T, of the BSCCO single crystal was of 85 K. As
shown in the left inset, also in this case, at T =10 K, the
anomaly appears as a conductance peak at zero bias, and
we have found that it exhibits the logarithmic depen-
dence on energy, right inset, and on temperature as pre-
dicted by expression (2).

One can hypothesize a magnetic origin for this anoma-
ly, consistently with the important role that spin Auctua-
tions have in the cuprate superconductors. However, in
this kind of junction, the ZBA develops below the T, of
the HTS and reaches its maximum amplitude at low tem-
peratures. This seems to indicate that the density of
states prefactor of expression (2) does not vary or varies
slowly with temperature, and that normal or semicon-
ducting regions at the junction interface are present.

The behavior of the third kind of ZBA is reported in
Fig. 6, which refers to a 2:2:1:2BSCCO/Pb junction with
T, =83 K. As seen in the left inset, in this case at T =10
K, a rapid resistance change, R(0)/R(100 mV) =18, is
observed, while the conductance characteristic shows a
linear dependence on voltage, as is observed in the right
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FIG. 5. Temperature dependence of the normalized even ex-
cess conductance for a BSCCO/Pb-Bi junction. Left inset: con-
ductance vs voltage at T=10 K. Right inset: energy depen-
dence of the normalized even excess conductance at T = 10 K.

inset. In this type of junction, at T=4.2 K, the super-
conducting structures of both electrodes were highly
smeared and in some cases were completely lost, indicat-
ing that the whole current Aowing through the barrier is
anomalous.

This "giant resistance peak" has been studied in the
past' and there are some experimental evidences about
the magnetic origin of this feature. ' Possible interpreta-
tions in terms of a depression of the electron density of
states near an impurity layer at the interface, or in
terms of the effect of the capacitance of small ag-
glomerates of nonmagnetic particles in the barrier, have
been given. None of these hypotheses has been unam-
biguously confirmed. In particular, the last model indi-
cated a G(0) linear dependence on temperature, while we
have found G(0) ~ T , as can be s'een in Fig. 6.

In conclusion, we have analyzed three different types of
ZBA in HTS junctions. The first one develops at T & T,
and appears as a conductance peak at zero bias. The be-
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FIG. 4. G (0)/G "(0) vs temperature for the junctions of
Fig. 2. Triangles refer to the G (0)/Go(0) quantity directly
measured on the junction.

FIG. 6. Temperature dependence of the zero-bias conduc-
tance for a BSCCO/Pb junction. Right inset: dV/dI vs V at
T=10 K. Left inset: dl/dVvs Vat T=10 K.
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havior of this anomaly is well described by the
Anderson-Appelbaum model for magnetic interaction of
the tunneling electrons at the interface. In HTS junctions
that show this anomaly, evidence of electron condensa-
tion in the superconducting state is observed. We have
found this ZBA in about 20% of YBCO/Pb junctions
with Fe-doping concentrations of 3 —5% and in about
10% of 60-K-phase and oxygen-deficient YBCO/Pb junc-
tions. In these systems Fe impurities and/or Cu mo-
ments associated to physical defects can be easily respon-
sible for excitation processes near or in the barrier. As
demonstrated for conventional junctions, the position of
the impurities in the barrier and the fabrication condi-
tions of the interface, are very critical, ' so that a statisti-
cal observation of this effect in HTS junctions is not
surprising.

The second kind of anomaly seems to be consistent
with the magnetic origin supposed for the first one.
However, it develops at T & T, so that normal or semi-
conducting regions at the junction interface can be sup-
posed. We have found this anomaly in about 10% of
2:2:1:2 BSCCO-based junctions with Pb, Pb-Bi and Au

counterelectrodes and in S%%uo of 60-K-phase YBCO/Pb
junctions, indicating a "real" possibility of a nonsuper-
conducting surface, or surface regions, in these systems.

Unfortunately, the origin of the third giant resistance
peak is not well understood in conventional junctions,
making more difticult the interpretation of this effect in
HTS's. We have found this type of anomaly in about
10% of 2:2:1:2 BSCCO/Pb and in 90-K-phase YBCO-
based junctions with Al or Ag counterelectrodes. " For
these junctions, from photoemission measurements,
interdiffusion and/or agglomeration of the first evaporat-
ed layers of the thin-film counterelectrode can be sup-
posed, and it seems to us that no definitive elements exist
so far to confirm a magnetic origin of this feature.
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