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Directional in-plane tunneling in oxygen-deficient YBgCuzOg ¢/ YBa,CU, 54-€ 480,/ YBa,Cu304 6
edge junctions
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In-plane tunneling measurements of superconductor-insulator-supercon@siSptype oxygen-deficient
edge junctions made of YB&u;Og g as the superconductor and Yf&ay, 55, 450, as the barrier are reported.
Two types of junctions were prepared in which transport is either alongl0@ or the (110 direction. The
dynamic conductancel/dV shows a gaplike structure in thd00 junctions, while a zero-bias peak is
observed in th€110) junctions. At energies below 2.5A the results were found to be consistent with the
Blonder, Tinkham, and Klapwijk model, extended by Tanaka and Kashiwaya to the cake ¢f-wave
superconductivity. At higher energies the behavior of the dynamic conductance is explained as due to a
self-heating effect inside the junctiof50163-182@09)04745-1

In the past few years there has been an extensive effort twess, such as the barrier thickness and the edge gl
make tunneling measurements with Y,Ba;0,_; (YBCO), the SNS-type edge junctions we were able to measure geo-
in order to find the density of states, and to clarify the quesmetrical resonances resulting from interference of quasipar-
tion of the symmetry of the pair potential in this material. ticles in the normal N barrier (McMillan-Rowell
Results of many tunneling experiments seem to show a preascillations,* and in the superconductir§electrode(Tom-
dominantd,2_,2-wave symmetry of the pair potential. This asch oscillation M The ability to observe these interference
leads to a change of sign in the phase of the order parametgffécts indicates that the interfaces in our junctions are quite

. N smooth and flat. In this study we focus on SIS-type edge
eagh time the(llO) or (1.10) directions are crossed. Theo- junctions, with interfaces normal to either tk®00 or the
retical studies of tunneling spectra based on the Blonde

"110) directions. Th dd [ ductashidel vV
Tinkham, and Klapwijk(BTK) model ford,2_,2>-wave su- (110 directions. The measured dynamic conduc

, =" of the (100) oriented junctions showed a gaplike structure,
perconductors predict a gap structure along the prmmpa\%h

. . ile a ZBCP was observed in tli@10) oriented junctions.
(100 and (010 axes, while a zero-bias conductance peal.(These results are consistent with the BTK formalism with a

(ZBCP) caused by Andreev-bound states on the surface 'Bredominantd,z_,>-wave symmetry of the order parameter
expected along the110) and (110) directions:™®In orderto  at energies below-2.51,. At higher energies however, a
check these prediCtionS, directional tunneling measuremenmonotonous decrease of the dynamic conductance was ob-
in the a-b plane were made between normal metals anderved, which resulted from self-heating effects in the junc-
YBCO using scanning tunnel microscof§TM), and point-  tions at the higher bias currents.

contact junctioné:® The conductance results of these mea- Oxygen-deficient edge junctions with YB2U,Og 6 (T
surements show the expected spectra of a superconductargg K) as the superconductor, and YiBah, =&, 4p as

with a predominant,_2-wave order parameter. In these the barrier were prepared, as described in detail béfoke.
experiments there is no clear separation between the varioéghematic diagram of the junction is shown in Fig. 1. Briefly,
transport directions. For instance, the STM measuremenie hase electrode and the insulator were deposited onto a
show a strong ZBCP in th€l00) direction, and a weak gap (100) SrTiO; (STO) wafer of 1x1 cn? area by laser abla-
structure In the(llO) direction that indicates mixed contri- tion deposition_ Then using a waterless deep uv photo"tho_
butions to the conductivity from various directions. Tunnel-graphic process, we prepared the edge by Ar ion milling at
ing experiments in planar SIS junctions made of thin filmsan angle «=36°, with excess milling into the substrate

had also been done, with the transport current along eithfown to d,,=70 nm. After this, a second deposition run
thec axis®’ or thea-b plane®® The dynamic conductance of

these junctions show similar tunneling spectra in both direc-
tions, possibly because of the rough interfaces in these junc
tions. _ Barrier (YBa,Cu, o,Fe,,,0,)
To overcome these problems we decided to study tunnel-

ing junctions with an edge geometry in which the electrodes Cover (YBa,Cu,0,,)
are made of oxygen-deficient YBau;Og 5. These junctions —  \ /S /Y -——--
have a larger coherence lengtf) and smooth flat interfaces /33?9-(-\(-382(3"30") #—I
that can be made at any desired direction with respect to the
crystalline axes in th@-b plane. Recently, we showed that

Insulator (SrTiO,)

these junctions can have either superconductor-normal Ha
superconductofSNS or SIS properties, depending on the fodmmmmenen-
specific junction parameters used in their preparation pro- FIG. 1. A schematic diagram of an edge junction.
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T T T sign of the pair potential if the angle between the crystalline
axes and the normal to the interface is not zero. As a result,
zero-energy bound states can be formed near the interface,
and give rise to a zero-bias peak in the conductivity. These
ZBCP have maximum intensity when the transport is along
the (110 direction of the nodes in the gap, and the angle
between the principal axes of the superconductor and the
normal to the interface is/4. We calculated firsN(E) the

DOS of the superconductor near the interface using the
Tanaka and Kashiwaya model for the scattering processes

al 110} -

Normalaized conductance dif/dV
w

3.0 described above. Then we used it to calculate the conductiv-
2 ity of the SIS junctions as follows:
3 25
: UNNdfwdENENE f(E f(E
] e — — —
., o= qv| AEN(E)N(E-eV)[f(E-eV)-f(E)],
g (1)
3
% 1.5 whereoyy is the conductance of an NIN junction, af(E)
3 is the Fermi-Dirac distribution functionry is given by
1956 40 30 20 -10 0 10 20 30 40 50 1 fw/z g 4 cog6
J— 0—,
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FIG. 2. Dynamic conductance datd/dV of oxygen-deficient \yhereZ represents the barrier strendtithe exact expres-
YBa,Cu;0q 6/ YBa,Cly sF& 450,/ YBa,CusOg ¢ €dge  junction

-2 i 66 sion for N(E) is given by Eq.(52) in Ref. 3. In order to fit
with interfaces perpendicular to th@10) direction (a), and the our results to Eq(1), we had to use a lifetime broadening
(100 direction (b). '

parametel’ that was first introduced by Dynes, as an imagi-
nary part added to the ener@y*? The best fits to our data

was carried out, in which a barrier, a cover electrode, andre shown by the dashed curves in Fig. 3. From these fits we
gold contact layers were prepared. The sample was theobtained a barrier strength &=1, Ag=5 meV, and a
cooled down in flowing oxygen at 40 mTorr to obtain the 60broadening ratio of /Ay=0.3. In Fig. 3b) one can see that
K phase. Finally, the sample was patterned into 10 junctionghe calculated conductance above about 30 meV is constant,
each of 5 um width. The thicknesses of the base, barrier,while in our measurements the conductance is decreasing
and cover layers were 70, 20—30, and 70 nm, respectively monotonously with the bias voltage. We attribute this effect

The dynamic conductaneH/dV of the junctions at 4.2 K to self-heating in the junction, which is caused by the high
was measured bylirect differentiationof the |-V curves, bias current. In the next paragraph we shall elaborate on how
using ac modulationil, and a lock-in amplifier for the de- this heating leads to a decay ofversusV that affects our
tection ofdV. Typical results of the measured dynamic con-data. In fact, we shall have to multiply the calculated con-
ductance in our junctions are shown in Fig. 2. In Fig)2he  ductance by a factor dfc/(c+V)]'>, wherec is an empiri-
interface of the junction is normal to th@10 direction, cal parameter, an¥ is the bias voltage. But before doing
while in Fig. 2b) the interface of the junction is normal to that we note that in Fig.(8) at energies of 1-3 meV, and in
the (100 direction. One can see that the conductance in FigFig. 3(b), at energies of 10—25 meV the calculated conduc-
2(a) has a clear ZBCP, while in Fig.(®) it has a gaplike tance given by the dashed curves underestimats the experi-
structure with maxima at energies of abaub meV. Spec- mental results. These discrepancies between the calculations
tra similar to those of Fig. 2 were observed before in STMand our experimental results seem to suggest that in our cal-
experiments, where the tunneling conductance between culations we should have added an additional conducting
metallic tip and a YBCO single crystal was measutéd. channel in parallel to the original one, with conductivity
However, unlike the previous results, the present data doe®nd pair potentiall; that is larger thamy. Such a situation
not show mixing of orientations. Along th@g00) direction in which o=aoy(Ag)+boy(A;) wherea and b are con-
there is only a gap structure without a ZBCP, and along thetants, can arise if we assume that in our junctions conduc-
(110 direction we see the ZBCP without any gap structuretion occurs via two different kinds of parallel channels. A
This results from the flatness of the interfaces in our junc-dominant one with oxygen-deficient electrodes andgap,

tions. and a subdominant one with locally well-oxygenated elec-
In order to analyze these results, we used the BTKrodes andA; gap. In the fits of our data we thus usAg
formalism? which was extended to includd,2_y>-wave =5 meV, A;=20 meV, b/a=1/6, and included also the

symmetry by Tanaka and Kashiwa$a.n a de2_,2-wave  self-heating factor. The results of these fits are plotted by the
superconductor the density of state¥0S) near the interface solid curves in Fig. 3. Clearly, these fits are satisfactory, and
is affected by Andreev scattering of electronlike quasipartiin good agreement with the experimental data. We attribute
cles and holelike quasiparticles. In this process the pair pothe small value ofAq;=5 meV to the fact that the cover

tential can change sign, thus an electronlike quasiparticle thaectrode, which grows on the inclined part of the edge with
is injected or reflected at the interface might feel a differentexposeda-b planes on the opposite side to the barrier, suf-
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FIG. 3. Dynamic conductance datd/dV of oxygen-deficient
YBa,Cu;04 6/ YBa,Cly 56 450y / YBa,CUzOg
with interfaces perpendicular to th@10) direction (a), and the
(100 direction(b) (open circleg Best fits using the extended BTK
model with ad,2_ 2-wave symmetry of the order parametéashed
lines), and with an additional component Af, =20 meV, and the
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withoutover milling into the substrate. Unlike the case of the
previous junctions, in these junctions the active part of the
cover electrode is protected, and has no expasbdplanes
that lead to the lower gap valuk,.

A typical result of the dynamic conductance of((00)
oriented junction withdg,,=0 (see Fig. 1 is shown by the
open circles in Fig. 4. One can see that,a >-wave sym-
metry is consistent with it below 50 meV, with=1, A,
=20 meV, and’/A;=0.3. Therefore, when tha-b planes
of the cover electrode are well protected, we see only the
well-developed ga@\;=20 meV. Above 50 meV the cal-
culated conductance becomes constant, while our measured
conductance is decreasing monotonically with the bias volt-
age. We attribute this behavior of the dynamic conductance,
to thermal heating of the junction. The heat developed in the
resistive part of the junction as a result of the current through
it can be dissipated by conduction mainly via the YBCO
electrodes. This is so because the electrodes have the largest
contact area with the junction, and the largest heat conduc-
tance as compared to that of the STO substrate, and the am-
bient He gas. Therefore we can assume that to a first approxi-
mation, the heat conduction in the junction is one
dimensional, and along the current path. This leads to a
steady-state equation for the heat conduction in the junction
at any given bias voltag¥, which is given by

V2

dvidi

ATkA
L 1

[(V)V= (2

whereV is the bias voltage on the junctio,T is the tem-
perature gradient between the junction and the liquid-He
bath AT=Tjynction—4.2 K), « is the thermal conductance
of YBCO [1.5 W/cmK (Refs. 16 and 1)4, A is the cross-
sectional area of the junction, andis the length of the
electrodes. At 50 mV the current is 5 mA, thus the electric

fers from defects and microcracks as was observed by othe@wer in the junction is 0.25 mW. In our junctiomsis 5

in many TEM studies®~*®These defects can serve as chan-x10 ° cn?, andL is 5 wm. Substituting these parameters
nels for oxygen migration out of the YBCO layer, which in Eq. (2), we obtain a temperature increase/of=17 K
reduces the gap parameter of the cover electrode near tla¢ 50 mV. We measured the dynamic conductahideV of
active area of the junction. In order to understand the origirour junctions as a function of temperature, and found that
of the larger gapA;, and to demonstrate the self-heating above 50 meVdl/dV~(AT) ™" at constanV (~75 mV),
effect in our junctions, we shall analyze next the dynamicwheren varies between 2 to 3. A typical result is shown in
conductance of another set of junctions that were prepareithe inset to Fig. 4, where one can see thaAflaof 17 K leads

4
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FIG. 4. Dynamic conductance
data dI/dV of oxygen-deficient YBsCuzOg ¢/
YBa,Cu, 56 450, / YBa,CuzOg ¢ €dge junction
with interfaces perpendicular to tH&00) direc-
tion, andds,g=0 (open circles Best fits accord-
ing to the extended BTK model withwave sym-
metry (dashed ling dy2_y2-wave symmetry
(dotted ling, and with d,2_,2-wave symmetry
and the self-heating effectsolid ling). Inset:
dl/dV at constantvoltage as a function of the
temperature difference between the junction and
the bath at 4.2 KAT) on a log-log scale.
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to a significant reduction in the dynamic conductadt& V. Thus the present data does not support but also does not rule

Substituting the relatiod |/dVec (AT) " in Eq. (2) yields out eitherd+s or d+is symmetries of the order parameter.
In summary, we studied oxygen-deficient SIS-type edge
di dl -n junctions with YBaCu;Og ¢ electrodes. ZBCP was observed
d_\/oc<d_\/vz) (3)  in the dynamic conductance of tfi&10) oriented junctions,

while a gap structure was observed in t#0 oriented
junctions. These results were found to be consistent with the
extended BTK theory with a&,2_,>-wave symmetry of the

di/dVer(V)™, we find thatm=—2n/(1+ n), and forn=3 order parameter. Our data supports two parallel conducting
; -15 2 i .
one obtaingl1/dVe« (V) ~*> Thus the self-heating effect can channels of the type=ace(Ag) +bay(A,), one withAq

be included in our calculations of the dynamic conductance_5 meV and another one with. =20 meV in one case
by multiplying the conductance of Edql) by the factor 1 '

[c/(c+ V)] wherecis a constant. Using this model and a and a pureA=A, in another case. We also found that a
pure d.o_o-wave order parameter with,=20 meV, we self-heating effect caused by the electric power dissipated in
x2—y2” 1= '

found that the best fit to our data is given by the solid Curveoeur:tjsunctlons, affects the measurdé/dV at high bias cur-

in Fig. 4 (c=35 mV). From the solid curves in Figs(l8
and 4, one can see that the use of the self-heating effect is We wish to thank E. Polturak for useful discussions, and
justified, as it describes well the behaviordifdV at higher S. Hoida and M. Ayalon for technical assistance. This re-
bias voltages. We also checked the effect of possible addsearch was supported in part by the Heinrich Hertz Minerva
tional s or is symmetry components in the order parameterCenter for HTSC, the Israel Science Foundation, and the
up to 0.25 ofA 4, and found no significant changes in our fits. Fund for the Promotion of Research at the Technion.

Assuming a power-law solution for E@3) in the form of
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