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Angle-resolved Andreev bound states in anisotropicd-wave high-Tc

YBa2Cu3O7Ày superconductors
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An unusual technique utilizing the two-dimensional junction configuration is introduced to study the pairing
symmetry of a YBa2Cu3O72y cuprate superconductor. The zero bias conductance peak due to the Andreev
bound states was measured for the YBa2Cu3O72y /I/Ag ramp-edge tunnel junctions with different crystal-
interface boundary angles fabricated on the same chip. It was found to develop monotonically as the angle was
increased and became a maximum at 45°. Two gaplike structures were also found at the intermediate angle of
30°. The result implies thatdx22y2-wave pairing symmetry predominates in this cuprate.
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Considerable evidence exists showing that the hole-do
high-Tc cuprate superconductors havedx22y2-wave pairing
symmetry.1–4 The order parameter is anisotropic, becom
zero along the nodes of a cylindrical Fermi surface, a
changes sign in the orthogonalk directions. When an elec
tron in the normal metal tunnels into an anisotropic sup
conductor, the injected quasiparticle experiences a diffe
pair potential depending on the anglea between the crysta
orientation~e.g.,a axis! of the superconductor and the inte
face boundary@see Fig. 1~a!#. Due to the sign change of th
d-wave order parameter, the quasiparticles form the bo
states at the interface boundary, i.e., Andreev bound st
~ABS!.5 The ABS appears as a zero bias conductance p
~ZBCP! in the tunnel conductance curve of
superconductor/insulator/normal metal~S/I/N! junction.6 The
ZBCP height depends on the anglea, becoming the maxi-
mum ata545° and zero ata50°. Here we show an angle
resolved measurement on ABS using the YBa2Cu3O72y

~YBCO!/I/Ag junctions with different anglea fabricated on
the same chip simultaneously. Our results strongly sup
the predominantdx22y2-wave symmetry.

The ZBCP for anisotropic high-Tc superconductors ha
attracted considerable attention because it contains the in
mation on the superconducting phase, similar to the Jos
son effect. The experimental data provided a variety of
sults for ZBCP for the facets~100! ~a50°!, ~110! ~a545°!,
and ~001! ~c axis! using STM techniques or plana
junctions.7–17 For example, ZBCP has been observed for
~110! surface in almost all the measurements, while there
very few reports on its absence on the~100! surface. To
explain the presence of ZBCP on the~100! surface, some
people evoked thes-wave symmetry at microscopic facetin
of the boundary due to the broken time rever
symmetry.11,17,18In the case of a planar junction, the cont
bution of the different facets due to the rough surface m
phology might be naturally expected. No reports exist for
intermediate angle of 0°,a,45°. For 0°,a,45°, the
monotonic increase of ZBCP with the increase of the angla
should be observed, according to the recent theories of
nel conductance for thedx22y2 symmetry pairing.6,19
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To clarify this situation, it is of vital importance to com
pare the ZBCP of high quality junctions with different angl
a fabricated under the same conditions. In this paper,
show the angle-resolved ZBCP measurement of the ra
edge type YBCO/I/Ag junctions with various anglesa fab-
ricated on the same chip, as shown in Figs. 1~b! and 1~c!.
The ramp-edge junction20,21 has been considered to be th
most promising junction for the application to supercondu
ing electronics, such as rapid single flux quantum~RSFQ!
circuits.22 The ramp-edge technique allows us to fabrica
the junctions at any arbitrary anglea. The preliminary mea-
surement yielded a reasonable result for the 0° and 45° ra
edge junctions, but not for arbitrary anglea because of the

FIG. 1. ~a! Schematic of ad-wave superconductor/normal met
junction, wherea is the angle between the crystal orientation of
superconductor and the line normal to the interface boundary.~b!
Cross-sectional view of a ramp-edge junction geometry. The c
rent I flows from an Ag metal into theab plane of a YBCO super-
conductor.~c! Top view of the sample with six ramp-edge junction
with different angles. Note that the YBCO electrode is common
all junctions. ~d! Atomic force microscope~AFM! image of the
ramp-edge surface.
R6131 ©2000 The American Physical Society
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lack of a careful fabrication technique of the junctions
high quality.23

In the present measurements, we have fabricated
ramp-edge junctions byin situ deposition of YBCO and Ag
films, photolithography, and Ar ion milling techniques on
MgO substrate, as described below@Fig. 1~b!#. High quality
YBCO thin films were deposited by a pulsed laser deposit
model. TheTc’s of the films were about 90 K with the tran
sition width less than 3 K, and the thickness was 200 n
The x-ray diffraction ~XRD! pattern showed only pro
nouncedc-axis ~001!-oriented peaks. For the investigation
the perfection of the in-planeab orientation, we employed
the x-ray pole figure measurements. The pole figures w
obtained by scanning the tilted angle of beam/detector fr
0° to 90°. With fixing the detector angle 2u at 32.84°, only
four peaks corresponding to the reflection of~103! were ob-
servable. When 2u was fixed at 58.20°, 12 peaks correspon
ing to 12 equivalent reflections of~116! for ~100!-oriented
YBCO were observable. The results confirm that the dep
ited YBCO film has an almost perfect in-plane orientati
with the substrate crystal.

To fabricate the ramp-edge junction, we took special c
for forming flat ramp-edge surfaces. After depositing t
150-nm-thick CeO2 layer, the sample was set on a wate
cooled rotatable holder and etched by Ar ion milling of
relatively small acceleration voltage of 250 V. During th
ion milling process, the sample holder was rotated at the
of 10 rpm, which was necessary for obtaining the junct
uniformity suitable for the angle-resolved measurement.24 To
define the sharp edge structure, a photoresist treatment
also developed. After removal of photoresist, the surface
again cleaned by ion milling at 150 V. With this process
highly flat edge with a slope angle of about 30° was form
as shown in Fig. 1~d!. In situ deposition of Ag after cleaning
followed, and the sample was finally patterned to give
junction geometry, as shown in Fig. 1~b!. Six junctions with
different tilt anglesa510°, 15°, 24°, 30°, 45°, and 90° an
the width of either 20mm or 50mm were fabricated simul-
taneously on the same substrate. The insulating barrier
natively grown. In most cases, the resistances of six ju
tions were about the same, typically of the order of 1025

V cm2. The measurements of the conductance vs volt
curves were carried out by the standard four-terminal met
utilizing a lock-in amplifier.

The top figure in Fig. 2 shows the results on the ang
resolved conductance measurements fora50°, 15°, 24°, 30°,
and 45° at 4.2 K. Noticeably, ZBCP grew continuously
the anglea was increased with its maximum height at 45
For the a590° junction, the ZBCP became considerab
small again, similar to that ofa50°. The appearance of ver
small ZBCP ata50° and 90° might be attributed to possib
crystal defects or a roughness effect on the edge surface
bottom figure plotted the normalized ZBCP height~ZBCP
height after background subtraction divided by the aver
gap-edge conductance! as a function of anglea together with
the curve expected for thedx22y2-wave symmetry. The data
point at 45° indicates the corrected value after some fac
are taken into account, as shown below. The agreemen
tween the experiment and the theory is quite reasonable.
the dxy symmetry, with increasinga, the peak height is ex
pected to decrease from its maximum value ata50° to zero
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at a545°. In the case in which thes-wave component is
involved in the surface pairing symmetry, such asdx22y2

1is symmetry, the different behavior should b
expected.18,25 For the extendeds-wave symmetry, the ZBCP
height becomes zero ata50° and 45°, and takes the max
mum value for the anglesa in between.26 These predictions
are inconsistent with our experimental observations.

The peak height at 45° appeared pronouncedly and
additional shoulder structures were observed. We inter
this in the following way. The theory predicts that the ZBC
height strongly depends on the magnitude of junction re
tance and becomes greater for larger resistance. In
sample, the average junction resistances at the gap vo
for the junctions from 0° to 30° were almost the same, bu
was about four times greater for the 45° junction, hence la
ZBCP was observed. The flat conductance for the 45° ju
tion is generally expected for the junctions with high res
tance. The shoulder structures might be produced by
damage, probably due to the Ar ion milling process, creat
some local oxygen nonstoichiometric region in the junctio
Then we may deal with the two channel model, one intrin
to the d-wave symmetry, the other characteristic of diso
dered crystal. The shoulders disappeared by applying a m
netic field of 1 T. Incidentally, the ZBCP height was reduc
by 20% of that of the original peak. By considering th

FIG. 2. Top: tunnel conductance curves as a function of junct
voltage for the junctions with different orientation anglesa50°,
15°, 24°, 30°, and 45°. For an eye guide, each conductance c
was shifted by a certain amount vertically. Bottom: normaliz
ZBCP height as a function of anglea, together with the theoretica
prediction. It is clearly observable that the zero bias conducta
peak ~ZBCP! increased from 0°@~100! orientation# to 45° @~110!
orientation# continuously, as predicted by the tunneling calculati
based on thedx22y2-wave theory~Ref. 19!.
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above factors, the normalized ZBCP height at 45° becom
comparable to the other ZBCP height, as shown in Fig
With increasing temperature, all ZBCP’s at various ang
became smaller, approximately described by the 1/T rule as
given in Ref. 28.

While the junctions are considered to have high qua
due to our careful fabrication technique, one should ch
whether the junctions are indeed quite uniform or not.
investigate this, we performed the following experime
First, we measured the conductance characteristic of a j
tion of 50mm wide at 4.2 K. Next, using a focused-ion bea
technique, we reduced its width to 10mm and thereafter
performed the measurement at 4.2 K. We repeated this
cess from the width of 50mm down to 1mm. Such results
are depicted in the top left figure of Fig. 3. The ZBCP o
served for the junction of 50mm wide as also observable fo
the junction of 1mm wide. The conductance spectra a
peared almost similar except that their absolute va
changed two orders of magnitude due to the reduction of
junction width, demonstrating that the junctions were inde
quite uniform. Moreover, the measurements showed that
fabricated junctions were quite stable even under the
beam irradiation and after several thermal cycles. The b
tom figure in Fig. 3 shows the relative ZBCP height~ZBCP

FIG. 3. Top left: tunnel conductance curves for the ramp-e
junctions with different widths. All data were taken from one sp
cific ramp-edge junction originally having the width of 50mm and
by reducing its width down to 1mm by a focused ion beam tech
nique, subsequently, as shown in the right figure. Bottom: rela
ZBCP height as a function of the junction width.
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height divided by the average gap-edge conductance a
background subtraction! as a function of the junction width
As the width was reduced, the ZBCP height decreased, i
cating that it becomes difficult for the Andreev reflection
occur. The result is consistent with the statement that
Andreev reflection will be completely suppressed in the lim
of quantum wire.27

Figure 4 shows the example of a different sample
which the gap characteristics appeared more closely. T
conductance curves correspond to the junctions witha50°
anda530°. While one gap-edge structure is observable
the a50° junction, two gaplike structures are visible for th
a530° junction, one atV525 mV, the other atV515 mV.
The detailed calculations on thed-wave conductance curve
at the intermediate anglesa have been performed by Baras
et al.28 and Buchholtzet al.,29 for the case in which the bar
rier height is very high. Because of a small barrier height
our samples, we have recalculated the conductance cha
teristics from Ref. 6 by taking the spatial dependent eff
into account. The inset shows such calculated results
a50° and 30°. While only one gap edge structure is pres
for a50°, two gaplike structures are visible fora530°. This
means that the second inner gap state or another ABS
pears for this angle. The experimental results are general
good qualitative agreement with the calculated ones,
though more fine structures are seen. The temperature de

e
-

e

FIG. 4. Tunnel conductance curves for two junctions witha50°
and a530° for which the gap structures appear rather clearly,
gether with the calculated results for the same angles based o
dx22y2-wave theory. For a guide to the eye, two conductance cur
were shifted vertically with each other. Note that while one smea
gap-edge structure was observable for the 0° junction, two gap
structures were observable for the 30° junction, suggesting the
eration of an inner gap state or another Andreev bound state
good qualitative agreement with the theoretical prediction. The te
perature dependence of the gaplike structures exhibited a BCS
behavior, as shown in the right inset.
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dence of the two gaplike structures for thea530° junction is
also given in the right inset, showing the good agreem
with the BCS curve. Theoretically, two gaplike structur
appear for the angle from about 30° to just below 45°, a
consistent with our observations. On the other hand, G
ubov and Kupriyanov30 recently calculated the effect o
rough interfaces because the quasiparticle reflection from
realistic interfaces is diffusive rather than specular. In t
case, due to strong scattering in the interlayer, thed-wave
component is reduced and thes-wave component is gener
ated, resulting in the appearance of modulated structure
the density of states. The calculated results also show q
tative agreement with the observed conductance curves
cluding the Andreev bound states at finite voltages and
additional fine structures, although some parameters~angle
a, temperatureT! of the calculated results do not direct
correspond to those of experimental observation. Howe
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looking at Fig. 2 and Fig. 4, it seems probable that the s
face of an individual sample depends on the details of
microfabrication process or electromigration or contamin
tion. In some cases, thes component is possibly induced
The smeared gap edges are common to almost all YB
junctions reported previously, which may be probably as
ciated with the short quasiparticle lifetime or the impuriti
in YBCO material. The appearance of slight ZBCP ata50°
might be again due to some crystal defect or the roughn
effect.

The angle-resolved measurement of ZBCP using the h
quality YBCO/I/Ag ramp-edge junctions fabricated on th
same chip simultaneously yielded clear evidence
dx22y2-wave symmetry for a YBCO superconductor.

This work has been supported by CREST~Core Research
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