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An unusual technique utilizing the two-dimensional junction configuration is introduced to study the pairing
symmetry of a YBaCu;0;_, cuprate superconductor. The zero bias conductance peak due to the Andreev
bound states was measured for the YBa&O;_,/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 thad,,_,,-wave pairing symmetry predominates in this cuprate.

Considerable evidence exists showing that the hole-doped To clarify this situation, it is of vital importance to com-
high-T cuprate superconductors haug_.-wave pairing pare the ZBCP of high quality junctions with different angles
symmetry'~* The order parameter is anisotropic, becomesa fabricated under the same conditions. In this paper, we
zero along the nodes of a cylindrical Fermi surface, andghow the angle-resolved ZBCP measurement of the ramp-
changes sign in the orthogonlaldirections. When an elec- edge type YBCO/I/Ag junctions with various anglesfab-
tron in the normal metal tunnels into an anisotropic supersicated on the same chip, as shown in Fig&) Jand Xc).
conductor, the injected quasiparticle experiences a differerithe ramp-edge junctiGf?! has been considered to be the
pair potential depending on the anglebetween the crystal most promising junction for the application to superconduct-
orientation(e.g.,a axis) of the superconductor and the inter- ing electronics, such as rapid single flux quant(RSFQ
face boundarysee Fig. 13)]. Due to the sign change of the circuits??> The ramp-edge technique allows us to fabricate
d-wave order parameter, the quasiparticles form the bounthe junctions at any arbitrary angte The preliminary mea-
states at the interface boundary, i.e., Andreev bound statesirement yielded a reasonable result for the 0° and 45° ramp-
(ABS).> The ABS appears as a zero bias conductance peadge junctions, but not for arbitrary angiebecause of the
(ZBCP) in the tunnel conductance curve of a
superconductor/insulator/normal met&f1/N) junction® The (2)
ZBCP height depends on the angle becoming the maxi- d N
mum ata=45° and zero atv=0°. Here we show an angle- A
resolved measurement on ABS using the YB&O; % CeO £
(YBCO)/I/Ag junctions with different anglex fabricated on YBCO
the same chip simultaneously. Our results strongly suppor Subsirets
the predominand,2_>-wave symmetry.

The ZBCP for anisotropic higfi;, superconductors has
attracted considerable attention because it contains the infor
mation on the superconducting phase, similar to the Joseph(c)
son effect. The experimental data provided a variety of re-
sults for ZBCP for the facet€l00) («=0°), (110 (a=45°),
and (001) (c axis using STM techniques or planar
junctions’ 1" For example, ZBCP has been observed for the
(110 surface in almost all the measurements, while there are
very few reports on its absence on tfE00) surface. To
explain the presence of ZBCP on tli#00) surface, some

people evoked the-wave symmetry at mlcroscpplc faceting FIG. 1. (a) Schematic of a-wave superconductor/normal metal
of the boundary due to the broken time reversal

11718 . . “junction, wherew is the angle between the crystal orientation of a
symmetry% ~"""In the case of a planar junction, the contri- g perconductor and the line normal to the interface boundy.
bution of the different facets due to the rough surface morcross-sectional view of a ramp-edge junction geometry. The cur-

phology might be naturally expected. No reports exist for anent| flows from an Ag metal into theb plane of a YBCO super-
intermediate angle of G2a<45°. For 0%<a<45°, the conductor(c) Top view of the sample with six ramp-edge junctions
monotonic increase of ZBCP with the increase of the angle with different angles. Note that the YBCO electrode is common to
should be observed, according to the recent theories of tural junctions. (d) Atomic force microscopgAFM) image of the
nel conductance for the,z_,2 symmetry pairind:*° ramp-edge surface.

(b)

(d)
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lack of a careful fabrication technique of the junctions of
high quality?®

In the present measurements, we have fabricated six
ramp-edge junctions b situ deposition of YBCO and Ag
films, photolithography, and Ar ion milling techniques on an
MgO substrate, as described belpkig. 1(b)]. High quality
YBCO thin films were deposited by a pulsed laser deposition
model. TheT.'s of the films were about 90 K with the tran-
sition width less than 3 K, and the thickness was 200 nm.
The x-ray diffraction (XRD) pattern showed only pro-
nouncedc-axis (001)-oriented peaks. For the investigation of
the perfection of the in-planab orientation, we employed
the x-ray pole figure measurements. The pole figures were

Normalized Conductance

obtained by scanning the tilted angle of beam/detector from 60 <40 =20 0 20 40 60
0° to 90°. With fixing the detector angledzat 32.84°, only (a) Voltage(mV)

four peaks corresponding to the reflection(d®3) were ob-
servable. When 2was fixed at 58.20°, 12 peaks correspond-
ing to 12 equivalent reflections qfL16) for (100-oriented
YBCO were observable. The results confirm that the depos-
ited YBCO film has an almost perfect in-plane orientation
with the substrate crystal.

To fabricate the ramp-edge junction, we took special care
for forming flat ramp-edge surfaces. After depositing the
150-nm-thick Ce@ layer, the sample was set on a water- . s : s

. . 0 20 40
cooled rotatable holder and etched by Ar ion milling of a (b) Angle(degree)
relatively small acceleration voltage of 250 V. During the
ion m||||ng process, the Samp|e holder was rotated at the rate FIG. 2. TOpZ tunnel conductance curves as a function ofjunction
of 10 rpm, which was necessary for obtaining the junctionV0|tage for the junctions with different orientation angles-0°,
uniformity suitable for the angle-resolved measureniéiio ~ 15°, 24°, 30°, and 45°. For an eye guide, each conductance curve
define the sharp edge structure, a photoresist treatment w4&s shifted by a certain amount vertically. Bottom: normalized
also developed. After removal of photoresist, the surface wa§BCP height as a function of angle together with the theoretical
again cleaned by ion milling at 150 V. With this process, gPrediction. It is clearly observable that .the zero bias Sonductance
highly flat edge with a slope angle of about 30° was formedPeak (ZBCP) increased from 01(100 orientatior] to 45°[(110
as shown in Fig. ). In situ deposition of Ag after cleaning grlen(tjatlor] r(]:;ntlnuously, e;]s pre(gctfed1 by the tunneling calculation
followed, and the sample was finally patterned to give the ased on thel,2j>-wave theory(Ref. 19.
junction geometry, as shown in Fig(k). Six junctions with
different tilt anglesa=10°, 15°, 24°, 30°, 45°, and 90° and at «=45°. In the case in which the-wave component is
the width of either 2Qum or 50 um were fabricated simul- involved in the surface pairing symmetry, such g2
taneously on the same substrate. The insulating barrier wasis symmetry, the different behavior should be
natively grown. In most cases, the resistances of six juncexpected®?® For the extended-wave symmetry, the ZBCP
tions were about the same, typically of the order of 10 height becomes zero at=0° and 45°, and takes the maxi-

Q cn?. The measurements of the conductance vs voltagenum value for the angles in betweerf® These predictions
curves were carried out by the standard four-terminal methodre inconsistent with our experimental observations.
utilizing a lock-in amplifier. The peak height at 45° appeared pronouncedly and the

The top figure in Fig. 2 shows the results on the angle-additional shoulder structures were observed. We interpret
resolved conductance measurementsfe0°, 15°, 24°, 30°, this in the following way. The theory predicts that the ZBCP
and 45° at 4.2 K. Noticeably, ZBCP grew continuously asheight strongly depends on the magnitude of junction resis-
the anglea was increased with its maximum height at 45°. tance and becomes greater for larger resistance. In this
For the @=90° junction, the ZBCP became considerably sample, the average junction resistances at the gap voltage
small again, similar to that af=0°. The appearance of very for the junctions from 0° to 30° were almost the same, but it
small ZBCP ata=0° and 90° might be attributed to possible was about four times greater for the 45° junction, hence large
crystal defects or a roughness effect on the edge surface. TZBCP was observed. The flat conductance for the 45° junc-
bottom figure plotted the normalized ZBCP heid@BCP  tion is generally expected for the junctions with high resis-
height after background subtraction divided by the averagéance. The shoulder structures might be produced by the
gap-edge conductancas a function of angle together with  damage, probably due to the Ar ion milling process, creating
the curve expected for th2_,2-wave symmetry. The data some local oxygen nonstoichiometric region in the junction.
point at 45° indicates the corrected value after some factor§hen we may deal with the two channel model, one intrinsic
are taken into account, as shown below. The agreement b& the d-wave symmetry, the other characteristic of disor-
tween the experiment and the theory is quite reasonable. Faered crystal. The shoulders disappeared by applying a mag-
the d,, symmetry, with increasing, the peak height is ex- netic field of 1 T. Incidentally, the ZBCP height was reduced
pected to decrease from its maximum valuevat0® to zero by 20% of that of the original peak. By considering the
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o FIG. 4. Tunnel conductance curves for two junctions with0°
E 0.2 and «=30° for which the gap structures appear rather clearly, to-
% 4.9K gether with the calculated results for the same angles based on the
R~ dy2_y2-wave theory. For a guide to the eye, two conductance curves

o

1'00 10' 10? were shifted vertically with each other. Note that while one smeared
gap-edge structure was observable for the 0° junction, two gaplike
structures were observable for the 30° junction, suggesting the gen-

FIG. 3. Top left: tunnel conductance curves for the ramp-edgeeration of an inner gap state or another Andreev bound state, in
junctions with different widths. All data were taken from one spe-good qualitative agreement with the theoretical prediction. The tem-
cific ramp-edge junction originally having the width of 36n and  perature dependence of the gaplike structures exhibited a BCS-like
by reducing its width down to um by a focused ion beam tech- behavior, as shown in the right inset.
nique, subsequently, as shown in the right figure. Bottom: relative
ZBCP height as a function of the junction width. height divided by the average gap-edge conductance after

background subtractigras a function of the junction width.
above factors, the normalized ZBCP height at 45° becomeAs the width was reduced, the ZBCP height decreased, indi-
comparable to the other ZBCP height, as shown in Fig. 2cating that it becomes difficult for the Andreev reflection to
With increasing temperature, all ZBCP’s at various angleoccur. The result is consistent with the statement that the
became smaller, approximately described by the tble as  Andreev reflection will be completely suppressed in the limit
given in Ref. 28. of quantum wiré?’

While the junctions are considered to have high quality Figure 4 shows the example of a different sample for
due to our careful fabrication technique, one should checkvhich the gap characteristics appeared more closely. Two
whether the junctions are indeed quite uniform or not. Toconductance curves correspond to the junctions witf0°
investigate this, we performed the following experiment.and «=30°. While one gap-edge structure is observable for
First, we measured the conductance characteristic of a junthe @=0° junction, two gaplike structures are visible for the
tion of 50 um wide at 4.2 K. Next, using a focused-ion beam «=30° junction, one a¥=25 mV, the other a¥=15 mV.
technique, we reduced its width to 1@m and thereafter The detailed calculations on tlilewave conductance curves
performed the measurement at 4.2 K. We repeated this prat the intermediate angleshave been performed by Barash
cess from the width of 5:m down to 1um. Such results et al?® and Buchholtzt al,?® for the case in which the bar-
are depicted in the top left figure of Fig. 3. The ZBCP ob-rier height is very high. Because of a small barrier height in
served for the junction of 5@m wide as also observable for our samples, we have recalculated the conductance charac-
the junction of 1um wide. The conductance spectra ap-teristics from Ref. 6 by taking the spatial dependent effect
peared almost similar except that their absolute valuento account. The inset shows such calculated results for
changed two orders of magnitude due to the reduction of thee=0° and 30°. While only one gap edge structure is present
junction width, demonstrating that the junctions were indeedor a=0°, two gaplike structures are visible far=30°. This
quite uniform. Moreover, the measurements showed that thmeans that the second inner gap state or another ABS ap-
fabricated junctions were quite stable even under the iopears for this angle. The experimental results are generally in
beam irradiation and after several thermal cycles. The botgood qualitative agreement with the calculated ones, al-
tom figure in Fig. 3 shows the relative ZBCP heigdABCP  though more fine structures are seen. The temperature depen-

Junction width (x m)
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dence of the two gaplike structures for the-30° junction is  looking at Fig. 2 and Fig. 4, it seems probable that the sur-
also given in the right inset, showing the good agreementace of an individual sample depends on the details of the
with the BCS curve. Theoretically, two gaplike structuresmicrofabrication process or electromigration or contamina-
appear for the angle from about 30° to just below 45°, alsdion. In some cases, th& component is possibly induced.
consistent with our observations. On the other hand, GolThe smeared gap edges are common to almost all YBCO
ubov and Kupriyano¥ recently calculated the effect of junctions reported previously, which may be probably asso-
rough interfaces because the quasiparticle reflection from thgiated with the short quasiparticle lifetime or the impurities
realistic interfaces is diffusive rather than specular. In thidn YBCO material. The appearance of slight ZBCPwat0°
case, due to strong scattering in the interlayer, dheave might be again due to some crystal defect or the roughness

: ; ffect.
component is reduced and tkavave component is gener- e . .
ated, resulting in the appearance of modulated structures in The angle-resolved measurement of ZBCP using the high

. quality YBCO/I/Ag ramp-edge junctions fabricated on the
the_ density of state;. The calculated results also show qua_lljsame chip simultaneously vyielded clear evidence of
tative agreement with the observed conductance curves, iny

cluding the Andreev bound states at finite voltages and thexz,yz-wave symmetry for a YBCO superconductor.

additional fine structures, although some parameangle This work has been supported by CRE&Jore Research
«, temperatureTl) of the calculated results do not directly for Evolutional Science and Technologgf the Japan Sci-
correspond to those of experimental observation. Howevegnce and Technology Corporati@#ST).
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