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Observation of quasiparticle Andreev bound states using YBa2Cu3O72y /Ag ramp-edge junctions
with different interface geometries

Wan Wang, Masashi Yamazaki, Kiejin Lee, and Ienari Iguchi
Department of Applied Physics, Tokyo Institute of Technology and CREST, Japan Science and Technology Corporation

2-12-1 Oh-okayama, Meguro-ku, 152-8551 Tokyo, Japan
~Received 25 February 1999!

We present measurements on quasiparticle tunneling using YBa2Cu3O72y ~YBCO!/Ag ramp-edge junctions.
The tunnel direction was toward the CuO2 planes. Two junctions with different tilted angles between thea axis
of YBCO and the junction boundary were fabricated on the same substrate simultaneously. For the junctions
with the tilted angle of 45°, the zero-bias conductance peak~ZBCP! was observed. On the contrary, for those
fabricated with the tilted angle of 0°, a dip structure around zero bias was mostly observed. The results are
consistent with the recent studies on the Andreev reflection between adx22y2-wave superconductor and a
normal metal. The dependencies of ZBCP on temperature and magnetic field are also presented.
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It is generally accepted that the high-Tc superconductors
might have thedx22y2-wave pairing symmetry. Such a pai
ing state gives rise to an anisotropic energy gap which is z
along the nodes of an essentially cylindrical Fermi surface
sign change of the pair potential exists in orthogonalk direc-
tions, implying ap-phase shift of the wave function at th
nodes of the pair potential in the~110! direction. The phase
sensitive measurements using planar or corner formed
sephson junctions made between a high-Tc superconductor
and a BCS low-Tc superconductor demonstrated that the
existed such a phase difference and gave a strong evid
for a d-wave pairing.1,2 So the behavior of the order param
eter near the interface boundary has become conside
attention. Recent theoretical works show that the Andr
reflection at a normal-metal–superconductor~NS! interface
can be also phase sensitive, and might give useful infor
tion to the symmetry of the order parameter.3–7 In particular,
the Andreev reflection8 caused by the rotation of the intern
state of an excitation fromparticle-type to hole-type~and
vice versa! will lead to the Andreev bound states at ze
energy on the Fermi surface. It was pointed out that
Andreev bound states formed at the interface are a ro
feature of the spectrum depending only on the sign chang
the order parameter.4 It will not occur if the superconducto
is s-wave, whether it is isotropic or anisotropic; hence,
may be taken as a clear evidence for thed-wave pairing
symmetry.

The Andreev bound states have many observable co
quences, one of them is that they can give rise to a zero
conductance peak~ZBCP! when the tunnel boundary i
formed at the~110! surface of adx22y2-wave supercon-
ductor. In a series of works, Tanaka and co-workers sho
that ZBCP was observable at any ideal surface when tha
axis of thed-wave superconductors was deviated from
direction normal to the surface.5,6 ZBCP takes its maximum
value at the~110! surface, and changes from the maximu
value to zero continuously according as a continuous cha
of the boundary surface from~110! to ~100! or ~010! for the
dx22y2-pairing symmetry. In contrast, for thedxy symmetry,
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the maximum ZBCP is observable for the~100! interface,
and for thes-wave symmetry, such a ZBCP would not a
pear at any interface orientation. So the observation of
interface orientation dependence of ZBCP will give defin
evidence for the order parameter changing sign on the Fe
surface.

ZBCP has been observed in many quasiparticle tunne
experiments performed using either planarS/I /N junctions
or scanning tunneling microscope~STM!.9–23 The planar
junction fabricated by vacuum evaporation of a metal la
directly on the surface of high-temperature supercondu
~HTSC! proved to be the simplest and most direct way
observe the tunneling spectra. When a single crystal
used, only the junctions made on the~001! surface were
usually possible because of the fabrication difficulties. So
groups reported the observation of ZBCP on the~001! sur-
face of YBCO and BSCCO,9,10 but the other groups ob
served only a dip structure in the tunneling spectra in
similar case.11,12An improved technique for growing epitax
ial HTSC thin films with different crystal orientation made
possible to fabricate the planar junction on the~001!, ~100!,
and ~110! surfaces of YBCO. Many early experiments r
ported the observation of ZBCP on the~001! surface of
YBCO thin film,13–15 while only a few groups reported
ZBCP on the~100! and ~110! surfaces but not on the~001!
surface.16 Most of the early experiments explained th
ZBCP was due to inelastic magnetic spin-flip scattering
electrons tunneling through the barrier using Anders
Appelbaum model~AA model!.24 But it was pointed out later
that the nonlinear dependence of ZBCP on magnetic fi
could not be explained using the AA model.3

When the theory of Andreev bound states for thed-wave
superconductor at the interface boundary comes into at
tion, the tunneling experiments have been considered b
different insight again. Many measurements were perform
and discussed in terms of thed-wave scenario. In the recen
experiments,17–22 the mutual agreement has been obtain
for the fact that ZBCP was produced by tunneling into theab
plane.23 It has been reported that, in the planar juncti
experiments17,18 and STM experiments,19,20 the ~001!-
4272 ©1999 The American Physical Society



r

il

n
,

lt

st

e
a

s.
we
ta

o
u

in

io
i

nd

ge
-
st
ar
is
er

ub-

g
en a
s-
i-
les
e of
be
n
he

of 5

is
in-

was
ctor
le

am/
g to

e-

g-
ub-

s

-

c-
rate
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oriented tunneling yielded a dip conductance around ze
bias voltage which was qualitatively different from theab-
plane tunneling. So it is instructive to see how the ZBCP w
change when the crystal orientation angle in theab plane is
varied. Reference 17 reported that the tunneling conducta
was the same for all non-c-axis planar tunnel junctions
while Refs. 19 and 20 tended to support that the maximum
ZBCP appeared for the tunneling through~110!-oriented sur-
face of YBCO single crystal. Such controversial resu
might be caused by the roughness effects.25–28 It is well
known that the naturally grown surface of thin film mu
contain considerable amount of grains and the non-~001! sur-
faces of single crystal were always produced by the proc
of mechanical polishing, which makes it difficult to obtain
homogeneous surface necessary for these measurement
also emphasized here that the measurements until now
performed using individual samples with different crys
orientations. There is no report on the direct comparison
the tunnel conductance between the junctions fabricated
der the same condition.

Here we report a quasiparticle tunneling experiment us
ramp-edgeS/N junctions. A ramp-edge junction29–31 has
very small junction area and an easily controllable junct
structure. Using a ramp-edge junction, the tunnel direction
theab plane can be easily controlled by changing the bou
ary angle relative to the sample crystal orientation~i.e., a
axis!, and it will provide an only possible method to chan
the tunnel direction in theab plane continuously to demon
strate the predicted dependence of the Andreev bound-
spectral weight on the relative orientation of the bound
interface. Note that, using planar junctions or STM, it
impossible to observe the interface property with the int
mediate tilted orientation angle from thea axis other than 0°

FIG. 1. ~a! XRD pattern of the YBCO thin film grown on
SrTiO3 substrate.~b!, ~c!: Pole figure of the YBCO thin film ob-
served at the detection angles 2u of 32.84° and 58.20°, respec
tively.
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or 45°. In this experiment, two ramp-edgeS/N junctions
with different tilted angles are fabricated on the same s
strate simultaneously and compared.

High quality epitaxial films are necessary for fabricatin
the ramp-edge junctions used in our measurements. Wh
YBCO film is grown on a substrate with large crystal mi
match like MgO, or when the film is not completely epitax
ally grown on the substrate, the grains with titled ang
other than 90° may be usually observable. The existenc
such grains will affect the tunneling result, hence should
avoided. We prepared high quality YBCO thin films o
SrTiO3 ~STO! substrates by pulsed laser deposition. T
films were grown at 750 °C at 0.2 Torr O2 atmosphere with
the laser beam power of 300 mJ and the deposition rate
nm/s. The film thickness was 200 nm.Tc of the films was
about 90 K with the transition width less than 3 K.

Figure 1 shows an x-ray-diffraction pattern~XRD! of the
YBCO thin film, in which only ~001!-orientation YBCO
phase can be observable. The result shows that YBCO
epitaxially grown on a STO substrate. To investigate the
plane orientation relationship between thec-axis thin film
and the substrate, the x-ray pole figure measurement
used. Two pole figures were measured by fixing the dete
at 2 u position of 32.84° and 58.20°, respectively. The po
figures were obtained by scanning the tilted angle of be
detector plane from 0°–90°, only the peaks correspondin
the reflection of~013! @which is ~013!, ~103!, ~01̄3!, ~1̄03!#
from the ~001!-oriented YBCO was observed when the d
tection angle 2u was 32.84°. When 2u was fixed at 58.20°,
12 peaks corresponding to 12 equivalent reflection of~116!
for ~100!-oriented YBCO were observed. The two pole fi
ures are exactly the same with the pole figures of the s
strate measured at the reflection corresponding to~110! and
~112! of ~100!-oriented STO crystal, showing that YBCO ha

FIG. 2. ~a! Schematic cross-sectional view of ramp-edge jun
tion. ~b! Two ramp-edge junctions fabricated on one STO subst
with tilted angles of 45° and 0° against thea axis of YBCO film.
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an almost perfect orientation relationship with the substr
so no grains in theab plane with possible titled angles othe
than 90° were present.

To fabricate the junction, a 150-nm CeO2 was deposited
on the YBCO film as an insulating layer and patterned
photolithography and ion-milling processes. The sample w
set on a water-cooled rotatable holder and etched by
milling. The sample rotation was done to make the interfa
boundary much more smoothing after etching. The accel
tor voltage was 250 V, and the etching rate was 25 nm/m
for YBCO and 10 nm/min for CeO2. As observed by atomic
force microscopy, a highly flat edge with an angle of abo
30° was obtained. After etching, photoresist was removed
acetone, then etched by ion milling again at an acceler
voltage of 150 V to clean the edge surface. An evapora
source built in the same chamber with the ion gun mad
possible to deposit a 200-nm-thick Ag layerin situ after
cleaning and then the sample was patterned again by
milling to form the junction geometry. Two junctions wit
the tilted angles of 45° and 0° against thea axis of YBCO
film and the width of 20mm were fabricated on the sam
substrate simultaneously as shown in Fig. 2, and they
mentioned as~110! and~100! junctions, respectively, in this
article.

We have measured more than ten samples with e
sample containing two junctions. The resistance of the ju
tions was around 131024 V cm2; in most cases, the~100!
junctions showed slightly larger resistance than the~110!
junctions fabricated on the same substrate. The meas
ments on the conductance vs voltage curves were perfor

FIG. 3. Typical conductance vs voltage curve for the~110! and
~100! junction fabricated on the same substrate.
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by a standard four-terminal method using a lock-in amplifi
Figure 3~a! shows typical conductance results for th
samples measured. ZBCP was observed for all the~110!
junctions, showing that the clean junction interface was
tained after the processes of ion milling andin situ evapora-
tion of Ag electrodes. In some of the~100! junctions, very
weak ZBCP as compared to the~110! junctions was visible,
but strikingV-type curve with clear gap structure around
mV was also often observable as shown in Fig. 3~b!. It is
clearly seen that the two junctions fabricated in the sa
substrate simultaneously gave qualitatively different res
and large ZBCP was specially obtained for the junctions w
the ~110! interface.

The temperature dependence of ZBCP versus voltage
the ~110! junction was shown in Fig. 4. ZBCP took a max
mum value at 4.2 K and disappeared at about 60 K. T
changes of zero conductance peak height as a functio
temperature was shown in the inset of Fig. 4. It increa
nonlinearly as bath temperature was reduced. Alffet al. re-
ported a 1/T dependent of ZBCP using bicrystal junctions32

and our results had a similar tendency against tempera
The tunneling spectra showed asymmetric background c
ductance against the junction voltage, which is usually
pected for the tunneling junction fabricated with differe
electrode materials.

The effect of magnetic field on the tunneling conductan
is shown in Fig. 5. The magnetic field~H! was applied par-
allel to the~110! junction boundary in thea-axis direction.
As the magnetic field was increased from 0–5 T with 1
steps, the conductance at zero bias decreased, while th
3–10 mV voltage range increased. It is more easily s
when theG(H,V)-G(0,V) vs voltage curve is plotted out, a
shown in the inset of Fig. 5. The ZBCP was slightly broa
ened whenH was increased.

We discuss our results in terms of the Andreev bou
states model based on thed-wave pairing symmetry. In this
model, the Andreev reflection can sense the phase or the
change of a superconducting order parameter, and the s
zero energy bound states will be formed at the surface or
interface of a high-Tc superconductor if the Andreev scatte

FIG. 4. Conductance vs voltage curves measured at diffe
bath temperatures. The inset shows the temperature dependen
the zero-bias peak height for a~110! junction.
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ing induces a sign change of the order parameter. For
d-wave symmetry, such a sign change is possible at the
terface where the lobe directions are not perpendicular to
boundary. These Andreev bound states can give rise to
observable ZBCP in quasiparticle tunneling experimen
According to the theories, ZBCP depends on both temp
ture and magnetic field.5,26,28 It will be reduced when bath
temperature is increased, and it will be broadened and
when a magnetic field is applied. ZBCP will be also depe
dent on the interface orientation angle, and the maximum
ZBCP will be given at~110! or ~100! interface fordx22y2 or
dxy pairing symmetry, respectively.4 In our experiment,
stable temperature dependent ZBCP was observed for
~110! junctions as predicted, but the~100! junctions showed
slightly deviated behavior. For the latter, in some case
very weak ZBCP was observable, while in other cases, c
plete V-shape conductance with appreciable gap struc
and no ZBCP was traced out. The appearance of very w
zero bias anomaly may be attributed to either the slight m
alignment of the boundary angle against the crystal orie
tion of the YBCO film or the possible boundary roughne
effect. For the misalignment problem, it is very likely sin
the zero bias anomaly reveals at any finite angle other t

FIG. 5. Magnetic-field dependence of the conductance fo
~110! junction at 4.2 K. The inset shows the relationship betwe
G(V,H)-G(V,0) and bias voltageV.
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0° or 90° according to Ref. 27. Considering the roughnes
the boundary, if the interfaces are not perfectly flat, the c
tributions from different interface orientations should
taken into account. One may argue that how thec-axis tun-
neling affects the observed characteristics because the
sible existence of microstructures in the ramp-edge junc
will permit a c-axis tunneling component certainly. We co
sider that if thec-axis tunneling is assumed not to produ
ZBCP ~as reported in most of the experiments!, it will surely
not contribute to ZBCP appeared in the ramp-edge junc
conductance because it is in a parallel path to theab-plane
tunneling. In our experiment, the junctions fabricated w
~110! and ~100! boundary gave clearly different behavio
enough to discriminate the two junction conditions. ZBC
observed at the~100! junctions were strongly reduced a
compared to the~110! junction, so using the Andreev bound
state model, adx22y2 pairing symmetry, not adxy pairing
symmetry, is supported. The predicted splitting of the ZB
in an applied magnetic field was not observed in our exp
ment. Hu discussed that a possible screening effect may
vent the applied magnetic field from reaching the gra
boundary inside a superconductor, and made the magn
field effect too weak to be observed,3 while Alff et al. in a
recent article argued that the faceting of the grain-bound
plane together with impurity scattering might be the reas
for the suppression of field splitting of ZBCP.32 Until now,
the magnet field splitting effect has been reported only b
few groups.16,18 To clarify this issue, further experimenta
and theoretical works are needed.

In conclusion, the quasiparticle tunneling experiment h
been carried out using the ramp-edge junctions fabricate
different boundary interface geometries. Two tunnel jun
tions with different tilted orientation angles of 45° and
from thea axis of YBCO film were fabricated on the sam
substrate simultaneously by photolithography technique
stable ZBCP with relatively large density was observed
the ~110! junctions and very weak or no ZBCP was observ
for the ~100! junctions. The results give strong evidence f
thedx22y2 pairing symmetry which leads to the formation
Andreev bound states and the observable maximum ZBC
the ~110!-oriented interface. Our experiments show that it
possible to study the tunneling spectrum at any crystal
entation angle in the CuO2 plane in HTSC superconductor
using ramp-edge tunnel junctions.
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