VOLUME 80, NUMBER 6 PHYSICAL REVIEW LETTERS 9 EBRUARY 1998

Zero Bias Conductance Peak Enhancement iBi;Sr,CaCu,;0g/Pb Tunneling Junctions

Saion Sinha and K.-W. Ng

Department of Physics and Astronomy, University of Kentucky, Lexington, Kentucky 40506-0055
(Received 3 April 199y

We found strong zero bias conductance peak enhancement,®,8aCyOg by tunneling in
the ab-plane direction. Our results are consistent with the recent studies on Andreev reflection
between ad-wave superconductor and normal metal. We have also observed exotic behaviors of the
conductance peak if the counter electrode is a conventional superconductor. If these characteristics
are better understood, they can be very useful in studying the pairing properties inThigh
superconductors. [S0031-9007(98)05312-5]

PACS numbers: 73.40.Gk, 74.50.+r, 74.80.Fp

Recently, there is a tremendous amount of interest illso Pb getting oxygen from BSCCO surface (which
the zero bias conductance peak (ZBCP) observed in tuns later replenished by oxygen from bulk BSCCO) can
neling spectra of highf. superconductors because severaimake a good oxide barrier. However, our /BSCCO
theories have been proposed in extending the Blondejunctions also show similar tunneling behavior, making
Tinkham, and Klapwijk (BTK) theory [1] tal-wave su- the surface barrier idea more likely. The sample forms
perconductors [2—5]. According to the conventional BTKa natural barrier of the tunneling junction. It is in
theory, low energy electron&(< A) can be Andreev re-
flected as holes at a normal metal-superconduc{oisy
interface. This produces the ZBCP because of the elec-(a)
tron pairs formed at the superconducting side, and hence
the peak height cannot exceed 2 times the normal con-
ductance. In the extended theories fiowave supercon-
ductors, the ZBCP will increase dramatically in small
gap directions because of the interference between the
electronlike and holelike tunneling quasiparticles. In this
Letter, we are presenting experimental results that are con-
sistent with these theories. We will also report findings
that have not been addressed by previous theories, in the
hope of further refining the model.

Samples of BiSL,CaCuQOg (BSCCO) single crystals
were grown by the self-flux method, witlf,. of
about 85 K. Proper stoichiometry was ensured by
microprobe analysis. For junctions afb-plane tun-
neling, one BSCCO single crystal of approximate size (b)
0.3 cm X 0.3 cm X 0.05 mm was molded into a block
of epoxy. The block of epoxy was polished to expose
the sample edge, and the final roughness of the surface
was about 3000 A. Though we can fit some of our data
by assuming tunneling in a single direction, the tunneling
direction is not controlled in the present stage of the
experiment. The surface smoothness and cleanliness o
some controlled samples were monitored with scanning
electron microscope [Fig. 1(a)]. A strip of PB tnm in
width) was then evaporated across the edge of the BSCCC
single crystal on the top surface. For tunneling along the
c-axis direction, the BSCCO single crystal was glued flat
on the top of a glass substrate. It was cleaved and then , o ] )
coated with collodion, with a strip opening of abdumm FIG. 1. (a) The diagonal strip in the scanning electron mi-

. . croscopy (SEM) picture is therb-plane edge. The flakes
in width. Pb electrode was then evaporated to form the, 2" the side are the epoxy surface. (b) SEM picture of

junction. As in many other tunneling experiments [6], the c-axis surface. Surface steps are selected for better contrast
the surface of the BSCCO forms a good natural barrierof the smooth surface. Both pictures are at theum scale.
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general difficult to characterize the surface conditions
at the junction area. However, the internal consistency
in all of the data we have accumulated, including the W
Ag/BSCCO junctions, clearly demonstrates the validity

of the present experiment. Most of our junctions have S
resistance betweef0 ) to 500 k). Though we have 6 4 2 0 2 4 8
no precise control on junction resistance, the junction Bias Voltage (mV)

resistance is an effective parameter in categorizing thEIG. 2. Conductance curve for tunneling éraxis direction.

junction_ behavior [7]. The .junctions were measureq _byThis is the curve with the most pronounced ZBCP from all of
four point measurement, with a constant current drivingoyr ¢-axis tunneling data.

bias. Both! andV were measured and recorded, and the
conductancel/l /dV was calculated numerically. always produces electronlike and holelike quasiparticles
As a control measurement for comparison purpose, weymmetrically in opposite directions with no sign differ-
have measured junctions of similar structures betweeence in the order parameter. However, we should not
conventional superconductors (Pb) and normal metal (Algnore the possibility of surface defects (such as atomic
foils). All junctions exhibit conventional BTK behavior steps) at the junction interface. The small peak can then
[8]. The Andreev reflection peak occurs at temperaturebe attributed as a result ab-plane tunneling by the sur-
below theT, of Pb, and the peak height increases withface steps. Some of these steps can be seen in Fig. 1(b).
decreasing temperature. The normalized peak height This will be consistent with the observation by some au-
(peak height divided by the background conductance) ighors that the ZBCP cannot be seen alongdfeis [12].
always significantly less than 2 at all temperatures down In this Letter, we want to focus our discussion on the
to 4.2 K [9]. The width of the peak is always slightly behavior of the ZBCP when the tunneling is in thé-
larger (because of thermal smearing), but of the samplane direction, because it has many interesting features
order of the energy gap of Pb. There are experimentahat cannot be explained by conventional approaches. For
concerns that the ZBCP can be due to local heating anstance, most of the ZBCP in this direction are distinct
current depairing effects. They are unlikely for the presenand have a peak height several times larger than the
experiment because of several reasons. First, local heatitigckground resistance. In Fig. 3(a) we show ancurve
will cause hysteresis in the-V curves between forward and the ZBCP in the conductance curve for a typical
and reverse swings of bias voltage. We have measured glinction. The dramatic difference between these curves
data in both forward and reverse swing directions. Nonend those from the-axis junctions leads us to conclude
of them show signs of this hysteresis effect. Second, if théhat the major component of the tunneling current is
ZBCP is due to local heating, there should be a correlatioindeed in theab-plane direction. Since the Pb counter
between the peak height and the junction resistance. lelectrode is normal at that temperature, and also the finite
all the junctions with ZBCP enhancement that we haveconductance near zero bias, we can rule out the possibility
studied, we find that the peak height is quite independeraf Josephson tunneling in these junctions. The solid
of the junction resistance. Finally, if there is local heatingline in Fig. 3(b) is a theoretical curve [2] generated by
effect, thel-V curve has to return to the normal curve assumingd-wave Andreev reflection witlA = 13 meV,
(pass through the origin) at higher bias. This will actuallybarrier strengthZz = 2 [a dimensionless quantity equals
produce a dip next to the zero bias peak, and this willH /Avp, if the tunneling potential is defined &6 (x)],
not affect the results of this paper [10]. If the ZBCP isand the angle between tunneling direction and maximum
caused by any critical current effect, then there must bgap directione = 21. It should be noted thak is just
some superconducting linkage between the two sides d fitting parameter, and it is not measured experimentally.
Pb/BSCCO junction after Pb becomes a superconductoiThe curve has been smeared with a Gaussian distribution
This will produce a sudden surge of supercurrent. Oufunction of half width equal@Il’ = 3.08 meV to account
observation below’. of Pb ignores such a possibility. for the limited lifetime of quasiparticles [13]. As a
Besides the edge junctions described above, we hawmple modell’ includes thermal smearing and all other
also studied junctions in the-axis direction. These junc- depairing mechanisms. We should also note #fatis
tions have smaller resistance because of the larger tunnehuch smaller tham3.08 meV. A is smaller than the
ing area. The conductance curves of all these junctionsommonly quoted values because the model we used here
show linear rising background [11]. ZBCP is observed inallows electrons to tunnel in all directions with equal
some junctions, but none of them is very pronounced. Irprobability. Experimentally this is not the case since
Fig. 2 we show a typical ZBCP in the-axis direction, at electrons are more likely to tunnel in the forward direction
8 K. The ZBCP is small with: = 1.14 and can be eas- [14]. This results in a lesser gap as the ZBCP is more
ily accounted for by the conventional BTK theory. This is enhanced in the small gap direction.
reasonable even from the viewpoint dfwave supercon- We have also studied the behavior of ZBCP at tempera-
ductivity, since Andreev reflection in theaxis direction tures belowT,. of Pb. None of our junctions has small
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counterelectrode becomes superconducting. For the junction at
9 K, background resistance is5 k(, 4 is 1.38, and the rati®

(see text) i0.65 mV~'. (b) The ZBCP decreases when the Pb
counterelectrode becomes superconducting (below 7.2 K). For
the junction at 8 K, background resistance andre 0.8 k()

and 4.3, respectively. The rat® is 2.04 mV~!. The vertical
scales of (a) and (b) are for the lowest curve in each graph.
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Bias Voltage (mV) to occur even for a normal counter electrode (Cu), they
FIG. 3. (a) Typical/-V curve showing ZBCP enhancement attribute this effect to broken time reversal symmetry due

for tunneling in theab-plane direction. Upper inset: Schematic to a subdominans-wave surface at the top ,Of the high
for our junction structure. Lower inset: Possible outcomes of al « Superconductor [18]. The. of the subdominant layer
tunneling electron from normal metal #wave superconduc- is actually quite close to the PR., making the model a

tor. (b) Derivative of the top curve. Solid line is a theoretical possible candidate in explaining our results. However, we
curve based on the extended BTK theory. want to point out that we have also prepared BSGA®
junctions in this course of study on ZBCP. So far
enough resistance for observable Josephson tunnelinge see no splitting in any ZBCP of these junctions at
to occur. Some junctions showed periodic structuresemperatures down 2 K.
that resemble features from multiple Andreev reflection The other interesting behavior is that the ZBCP will be-
[15]. In this Letter, we want to focus on the responsecome shorter as Pb becomes superconducting. In general,
of the ZBCP to the superconductivity of Pb. All our this feature occurs for the sharper ZBCPs. Experimen-
junctions with ZBCP fall into one of these two categories,tally, whether the ZBCP is sharp or broad can be clearly
depending on the general appearance of the ZBCP. Falefined by calculating the ratik] of peak height to the
broader ZBCPs, a gaplike feature will develop as Pb idull width at half maximum for the conductance curve at
becoming superconducting. As a result, it seems tha K. All ZBCPs that split haver less than0.8 mv~!,
the ZBCP is being split at temperatures below Bb  while ZBCPs that decrease in height always h&varger
It is possible that the portion of the high, surface thanl1.1 mV~! [19]. Typical data for the latter case is
at the junction area is actually normal, and there willpresented in Fig. 4(b). At around PK., the height of
be zero bias conductance depression for tunneling dahe ZBCP decreases as the temperature is lowered. This
this area as the Pb gap is opening up. However, thisituation reflects the interaction between the superconduc-
possibility is unlikely because the gaplike feature intivity of BSCCO and Pb, due to the incompatibility of
some of these junctions is so distinct that the originabpairing symmetries. We believe that whether the ZBCP
ZBCP is completely depressed4? K [for example, see splits or decreases in height depends on the junction con-
Fig. 4(a)]. There are other more plausible explanationglition and barrier quality. If the barrier strength is weak,
to elucidate why splitting occurs. For instance, theit is likely that the Pb will induce the-wave component
splitting can be considered as a convolution between thim the high T. superconductor by proximity effect and
ZBCP and the Pb quasiparticle density of states [16]will depress the peak height. Otherwise, the tunneling
More interestingly, similar splitting is also observed by will be more quasiparticlelike and cause splitting of the
Covingtonet al. [17] for YBa,Cu;O;—, (YBCO)/Cu and ZBCP. Again, none of our BSCG@g junctions demon-
YBCO/Pb junctions. Since they observe the splittingstrates similar behavior, where the ZBCP increases as
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~~ resistance, showing the feature to be intrinsic to High

- |- E superconductivity. While the theories successfully predict
"g'b 4 1, T4 the ZBCP enhancement, none of them foresees the exotic
] . Teel, @ behaviors of the ZBCP we have observed (especially in
= . * ., § the presence of a conventional superconductor). More
% 3 . . IER careful study of these behaviors will certainly help in
o ’ @ understanding the interaction between highand other
- EH _ g
= 2l . 1, & conventional superconductors, and to comprehend the
@ —tee ey, . = pairing characteristics in high. superconductors.
o= C e . g We want to thank S. Datta, Y. De Wilde, M. Fogel-
g 1l LN > 11 E strom, A. Gupta, C.R. Hu, M. Samanta, and E. L. Wolf
= : éﬂ for helpful discussions, and M. Covington and L. Greene
7 ) for their preprints. This work is supported by the National

0 : . ' : : : 0 ;‘3 Science Foundation, Grant No. DMR 96-23842.

0 10 20 30 40 50 60 70

Note added—We have studied magnetic field depen-
Temperature (K) dence (up tc5 T) of the PYBSCCO junctions and have

observed the low temperature split of the ZBCP to disap-
¢ pear when the applied field is greater than Heof Pb.
ohhis will be published in a subsequent paper.

FIG. 5. Upper curve is the plot of vs temperature for the
junction shown in Fig. 4(b). The lower curve is the plot o
background resistance vs temperature for the same juncti
with the axis on the right.
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