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PbA/YBCO tunnel junctions have been fabricated cab'edge” surfaces of YBCO single crystaihe “ab
edge” surface is parallel to axis and normal t@ or b axis). The characteristics of theseé junctions were
compared to those af-axis junctions. In addition, STM studies were carried outceaxis YBCO surfaces
(studying exposedb planes. We conclude from the combined results that the tunneling current in our
previously studiea-axis junctions is along the direction and is the result a-axis coupling.c-axis Joseph-
son coupling between a conventional superconductor and YBCO provides strong evidence for the existence of
ans-wave component in the YBCO order paramef&0163-182806)01233-1

I. INTRODUCTION successfully fabricated ten RBYBCO (I being the insulat-

. . ing barriey Josephson tunnel junctions on the crystal edges,
Despm_a evidence that the order parameter_of Fighou- Wi%h tunneling inpthe directionJ of thab planes. C}rllaracterg-
prates might possess,z_y2 symmetry, including several gicg of these junctions were studied. Further, modulation of
phase-f_esnsmve experiments  recently performed  Ofne josephson current with applied magnetic field for these

YBCO," Josephson coupling has been repeatedly observedyy, junctions” leads directly to a determination of the
between conventional superconducté®®, Sn and YBCO  ¢_axis penetration deptk, . Meanwhile, we have carried out
along thec axis. c-axis Josephson tunneling has been ob-sTM studies of the sample surfaces of YBCO crystals that
served with YBCO in the form of single crystaltwinned  were used to fabricate ograxis junctions. In particular, we
and untwinnegland thin films*=" While thec-axis tunneling  have quantitatively investigated the steps on ¢haxis sur-
experiments do not rule outdxwave component in the pair face of YBCO single crystals either as grown or caused by
wave function of YBCO, they do provide clear evidence forour etching technique, and obtained an estimate of the step
a significants-wave component. wall area after successive etchings. We conclude that the step
Several explanations have been proposed to resolve apsall area is extremely small compared to #hexis surface
parent contradictions in the various experiments. One possirea, and saturates after significant etching. The STM surface
bility is that a state of mixed andd symmetry could occur Characterization is presented in Sec. Ill. In Sec. IV, we dis-
in h|gh.'|'C Superconductors as a consequence of th&Uss the implications of thab jUnCtion and STM Studies,
orthorhombicity? In a second explanation, it is noted that @d demonstrate that the supercurrent observed in our
there are Cu-O chains in YBCO in addition to the GuO C-axis Pbl/YBCO junctions do_e_s not originate from tunnel-
planes and there is growing evidence that the chains contrid?d through step walls. In addition, we find a dependence on
ute to the superconductivif®L°If the pair condensate of the twin density in the Josep_hson coupling between con_ventlonal
chains has a component sfwave symmetry, it provides a superconductors and-axis YBCO. These systematics and

channel for conventional superconductors to .Josephso'ih18Ir implications are also discussed in Sec. IV.

couple into YBCO, even along the-axis direction. This

explanation is specific to the material YBCO. Il. FABRICATION AND CHARACTERIZATION
A recurrent suggestion to explain theaxis Josephson OF ab JUNCTIONS

tunne_ling experiments i_s that the YBCO_pIanar surface is not The YBCO crystals used in theb junction studies were
atomically flat. A bromlne-alcohol etch is used to clegn thegrown at Argonne National Laboratory. The crystals were
surface, and this cleaning agent produces steps which prerown in gold crucibles using the conventional self-flux
vide potential tunneling channels along tie direction(the  method! Powders of Y,03, BaCO;, and CuO were mixed
a andb directions are mixed because of twinnjngf is ar-  in the proportions to give the ratios Y:Ba:Cu of 5:27:68; the
gued that suclab tunneling could give rise to the apparent mixture was heated to 980 °C and cooled at rates 0.1-1
c-axis tunneling supercurrent. °C/h. Oxygen stoichiometries were fixed in subsequent heat
To address these issues, we have prepared junctions oreatments. Typically the samples were held fo4 days at
“optimally doped” single-crystal YBCO samples with tun- 480 °C and~ 5 days at 420 °C in flowing @ The resulting
neling directions along both the axis and in theab-plane  samples were highly twinned. For these crystals, contamina-
direction (normal to thec axis). This paper reports our tun- tion from the gold crucibles results in 2—3 % of the Cu sites
neling results as well as characterization studies of the subeing substituted by Au atoms, with substitutions occurring
faces on which junctions are fabricated. To date, we haven chain Cu site¥*!® Superconducting transition tempera-
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Sample thicknesses ranged from 300 to 500 micrometers,
with flat rectangular edge surfaces large enough for the fab-
rication of ab edge junctions.

The ab junctions were made using techniques similar to
those used for the fabrication ofaxis junctions First, each  about 30 K, helium exchange gas was put into the insert to
crystal was mounted on a glass substrate, and then etché@ol the sample to 4.2 K. It is our experience that this slow
with a solution of 1% bromine in methanol for several min- cooling procedure is essential for reliable Josephson mea-
utes(the etch rate is about 250 A/minA small amount of Surements. It min_imi_zes the amount of trapped flux and al-
5-min epoxy was spread along the bottom of the sampldows for reproducibility of the measurements. _
covering part of theab edge to provide a ramp for the later !N Fig. 2, we show the -V characteristics of a typical
evaporation of a continuous Pb filtsee Fig. 1 After the &P PPI/YBCO junction taken at 1.3 K. The Pb energy gap is
epoxy was cured with a 1/2 h bake at 90 °C in air, theclearly visible. There is very little leakage current below the

sample was put into an evaporation chamber, and 100 A o'?ﬁ gap and th_isl attests _tg) the quali;ly of the T'unnel junction.

’ ” e quasiparticle contribution to the tunneling current is
Ge was evaporated at an angle to cover the b IS strikingly different from that observed inc-axis Pb/
surface of the crystal, but not the crystal edge. A Pb cros

. . YBCO junctions. As shown in Fig. 2, there is enhanced
stripe was then deposited across the edge surface to comple: neling current in the voltage range from the edge of the

Fhe j.unction.. An iIIustra.tio.n of t.he resulting ;ample is shown py, energy gap up to about 5 mV. This corresponds to a
in Fig. 1. Like thec-axis junctions, a thin silver layer was conductance peak in the YBCO tunneling spectrum at zero
deposited prior to the Pb deposition to reduce interdiffusiomyias, which is opposite to what is observed in the tunneling
at the YBCO/Pb interface. ThIS interdiffusion causes an Unspectrum Ot_axis Pby/YBCO junctions_ In th&_axis case,
desired increase in the junction resistance. For thesg conductance dip is observ&t® The zero-bias conduc-
ab-axis junctions, a thicker silver layé40 A as compared to tance peak has been previously reported onl/PBCO
20 A for c-axis junctiong was necessary for the reproducible junctions made ora-axis [(100)] films.*® In that work, the
fabrication of low resistance junctions. We think this is dueconductance peak was attributed to a spin-flip and Kondo-
to either increased roughness of the edge surfaces of YBC@pe scattering caused by the presence of magnetic impuri-
crystals, as revealed by STM images, or possible faster irties in, or near, the barrier. We consistently observe the zero-
terdiffusion along theab axis. bias conductance peak in theab junctions. Furthermore,
After the Ag and Pb evaporations, the junction wasconductance versus bias voltage curves also show that these
mounted on a sample stage, with leads attached for foumb junctions do not have the higher bias structuf®8—50
point measurements. The sample holder was then evacuate®/) characteristic  of c-axis Pbl/YBCO tunnel
and quickly cooled to liquid-nitrogen temperature with ex-junctions***°
change gas. The time period between evaporation and We find that the Josephson current at zero-bias voltage
cooldown to 77 K was less than 1/2 h. The sample was helstaries in magnitude depending on the junction resistance, but
at liguid-nitrogen temperature before and between measurés always present for low resistance junctions. For high re-
ments in order to minimize degradation of the tunneling barsistance junctions, the Josephson binding energy is less than
rier with time. At higher temperatures, degradation, resultindkT and the Josephson current is suppressed by thermal
from interdiffusion at the YBCO/Pb interface, causes thefluctuationst’ The IR, products for the terab junctions
junction resistance to increase with time. prepared in this study are listed in Table I. Values fall in the
Before making measurements, the insert containing theange 0.2—1.2 mVc-axis tunneling measurements from the
sample was again evacuated. Using a heater mounted nextsame highly twinned, Au-doped samples in this study yield
the sample stage, the sample was heated to about 120 K, wélR,, values falling in the range 0.1-0.3 mV. The largest
above the YBCO transition temperature. The experimentateportedc-axis | ;R,, values were obtained from detwinned
insert was then put into a liquid-helium cryostat and shieldedsamples grown in zirconia cruciblésThese values ranged
with u metal. The sample was cooled slowlE{ K/min)  from 0.5 to 1.6 mV with a median value of 1 mV. Thus,
through the YBCO transition temperature via a weak thermal (R,, products for ourab-axis junctions fall in the same
link. After approximately 2 h, when the sample reachedrange as the R, products forc-axis Pbl/YBCO junc-

FIG. 2. Typical I-V characteristics aftb PbA/YBCO Josephson
tunnel junctions taken at 1.3 K.
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TABLE |. Measured values of various characteristics of &adnPbl/YBCO Josephson tunnel junctions,
together with corresponding values @fxis junctions; the numbers in colunthcan be taken as measured
values of\. for YBCO because\ pp+t<<\..

¢ (MA) R, (Q) IR, (MV) Ao+ Apptt (um) A (cm?) I./A (Alem?) R,A ( cm?)

1 0.17 7.04 1.20

2 0.019 27.0 0.51 3.8 17.2E-4 0.011 464E-4
3 0.17 6.00 1.02 2.8 14.4E-4 0.12 87.6E-4
4 0.022  8.00 0.17 0.91 2.12E-4 0.10 17.0E-4
5 0.0825 11.4 0.94 0.24 1.27E-4 0.65 14.5E-4
6 0.65 0.90 0.59

7 0.50 1.80 0.90 0.58 0.96E-4 5.2 1.73E-4
8 0.107 3.30 0.35 1.3 0.69E-4 1.6 2.28E-4
9 0.014 125 0.18 1.7 3.75E-4 0.037 46.9E-4
10 0.516  2.35 1.21 0.39 5.00E-4 1.0 11.8E-4
Untwinned

c-axis junctions 0.5-1.6 1.0 0.5-1.6 5.0E-4 1-3.2 5 .0E-4
Twinned

c-axis junctions 0.1-0.9 1.0 0.1-0.9 5.0E-4 0.2-1.8 5.0E-4

tions prepared on single crystals. Note that small®®, respond to two different length scales of the current distribu-
products(0.01-0.1 mV were obtained from junctions pre- tion. The smaller period B, corresponds to the distande
pared on heavily twinned thin filnfs. between the two current peak®,/AB;=d(ApytAysco

We now consider the magnetic field dependencké.afn  +t), while the larger period\B, corresponds to the width
theab-axis junctions. We apply the magnetic field parallel tow of each current peakb,/AB,=wW(\py+ Aygcott). If we
the ab plane(parallel to the sample edgand perpendicular assume thatl is approximately the geometric width of the
to the direction of tunneling, so the screening supercurrent ifunction, we can get an estimate of the value \qf for
YBCO is flowing primarily in thec-axis direction. For a YBCO. This yields a value af; on the order of lum. If we
conventional uniform junction in the small junction limit now impose the condition thahf,+\ +t)=1 um, we can
with no trapped flux, thé.(B) curve is a Fraunhofer pattern, calculatew for each of the junctions. This should give a
L= lo|(SinT®/ Do)/ (w®/Dy)|, wherel, is the maximum measure of the actual width of the current distribution, from
Josephson currerd) is the flux quantum, and is the flux  which we can calculate the Josephson current density of the
enclosed in the area defined pyw(\py+ Ayscott)]. With  ab junctions in the region where the current is flowing.
known values of barrier thicknesé~20 A), junction width  Characteristics of the measured junctions are listed in
w and the penetration depthp, of Pb, we can obtain Table I. We caution that rough assumptions were made in
Myeco- Because the dominant screening current in YBCO isdetermining these junction properties; the derived numbers
flowing along thec axis with negligible corrections,vgcois  in Table | should be regarded as order of magnitude esti-
the c-axis penetration depti, . mates.

The critical current versus applied magnetic fidlg(B), For most of ourab junctions, thel .(B) curves were re-
curves that we obtain on thea® junctions do not follow the  producible after thermal cycling following the slow cooling
typical Fraunhofer pattern that we observe deaxis tunnel-  procedure. In general, however they are not fully symmetric
ing. They vary markedly from junction to junction. Some in B. In particular, in junctions that showed SQUID-like be-
junctions, such as shown in Figs(aB and 3b), showed a havior, the central peak was significantly displaced from zero
double periodicity in the .(B) curves. Other junctions, such field, as is evident in Fig.(8). In an extreme case, as shown
as that pictured in Fig.(8), showl(B) curves which more in Fig. 4, thel;(B) curve is close to a relative minimum at
closely resemble the shape of the conventional Fraunhoferero field. Figure 4 is a close up view of Fig(bB around
pattern. However, the periodicity obtained from Figc)3 zero bias. The minimum at zero bias corresponds to a phase
would correspond to a junction width smaller than that de-shift of = between the two arms of the SQUID. This is due
fined by geometry, taking previously reported values ofto the effect of trapped flux in the loop defined by two dif-
A 18t ferent current paths.

Unlike c-axis junctions, theb junctions typically do not We can demonstrate the effect of trapped fluxchaxis
have a uniform current distribution throughout the apparen®bA/YBCO junctions with the flux intentionally trapped in
junction area. This can be determined sinceltliB) pattern the Pb. Figure 5 shows thie(B) pattern of ac-axis Pb/
corresponds to the Fourier transform of the current distribut/YBCO junction cooled through the Pb transition tempera-
tion inside the junction. A Fourier analysis reveals that theture in an applied magnetic field to produce trapped flux.
double periodicity in Figs. @) and 3b) was caused by a Also shown in Fig. 5 is thé (B) pattern of thesame junc-
SQUID-like current distribution within the junction arésee  tion after thermal cycling through the Pb transition tempera-
inset of Figs. 8 and 3b)]. For SQUID-like junctions, the ture in zero field. The trapped flux was expelled and a
two different periodicities observed in thg(B) pattern cor-  Fraunhofer-likel .(B) pattern was observed. Fab junc-
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FIG. 3. 1,(B) curves of threeab PbA/YBCO Josephson tunnel
junctions, taken at 4.2 K. The insets @) and (b) show simple
current distributions that may give rise to the correspondy(&)
patterns.

tions, however, flux was trapped in the YBCO, and we found

much greater difficulty in preparing junctions that were free
of trapped flux than in the case afaxis tunneling. The
relatively good reproducibility of theab edge junction
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FIG. 4. Close up view of Fig.®) around zero fieldl is close
to a minimum in zero field, an indication of trapped flux.

this trapping is related to the nature of the edge surface.
Trapping could originate from magnetic impurities in or near
the barrier, which has been shown to exisaimjunctions*®

or it could be due to the possibility that different CuO or
CuO, layers might have slightly differeni.’s, and, as the
sample is cooled down, layers with low&g's might trap
some of the magnetic flux expelled out of the nearby super-
conducting layers. While we could eliminate trapped flux in
our c-axis junctions, we found it difficult, if not impossible,

in our ab junctions.

While trapped flux complicates most Josephson measure-
ments(ours and otheps our order of magnitude estimate of
. and other quantities in Table | should not be greatly af-
fected by its presence. Reasonably good reproducibility was
achieved in measurements from these junctions.

Ill. SURFACE MORPHOLOGY
OF SINGLE-CRYSTAL YBCO

In the previous section, we demonstrated thatthgunc-
tions show |-V characteristics that are very different from
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FIG. 5. 1.(B) curves of ac-axis PblI/YBCO Josephson tunnel

I.(B) curves suggests that flux is very easily trapped injunction. Upper curve: with flux trapped in the Pb, and offseyin

YBCO parallel to theab planes of the YBCO crystal and

by 1.8. Lower curve: without trapped flux.
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FIG. 6. STM images of ac-axis YBCO
single-crystal surface. The crystal was etched in
0.5% bromine in methanol with various etch
times.

110 sec 180 sec 330 sec

870 sec 2670 sec 5070 sec

those ofc-axis junctions. In this section, we investigate the IV. DISCUSSION

surface morphology of crystals on whickaxis junctions are We have repeatedly observed Josephson tunneling, as

fgblricated to (_)btain aﬁiditional informatior;] about any pfos'characterized by a well-defined Fraunhofer pattern in
sible contribution to the observed Josephson current rorrpC(B), in PbA/YBCO junctions with tunneling in the

ab-edge tunneling that might inadvertently occur from top- ¢ ayis direction of YBCO. We have determined that this tun-
surface steps. In selecting crystals for §i@xis junctions, pejing current cannot be attributed a-plane tunneling re-
we chose ones with flat surfaces free of steps as determineghjting from exposed steps on the sample surface. It is true
using a Nomarski microscope, which is capable of detectinghat steps, approximately one unit cell in height, are intro-
step heights down to DOA . A detailed study of surface duced on the sample surface by the etchant used for prepar-
roughening caused by the bromine etch was then carried oifig the surface. However, such steps constitute less than 1%
using scanning tunneling microscop8TM). Single-crystal  of the exposed surface area. Since tunneling current density
YBCO samples were scanned by STM and then successivefpr both c-axis and edge junctions are of a similar magni-
etched and remeasured. Figure 6 shows STM pictures of de, any contribution oab-plane tunneling from the steps
crystal surface after successive etchings. There are largm the €-axis) sample surface must be insignificant. Further,
atomically flat areas separated by steps. The steps on tleéch pits, typically a few tens of microns across and several
surface revealed in these pictures were found to be a singlundred angstroms deep, are commonly observed. The pits
unit cell in depth(approximately 11 A Further etching re- can also be ruled out as a significant source of
moves layers without increasing roughness. In other wordg2b-tunneling current since sample surfaces can occasionally
further etching results in the steps merging into one anotheR€ prepared free of such pits and the usual Fraunhofer pattern
apparently, the material predominantly etches layer by layel® observed. Furthermore, the tunneling current does not
for the etch condition we use. We have quantitatively ana-
lyzed these pictures by determining, for a series of etches,
the total area of edge exposeah(edge exposed due to the
step$ as a function of etch time. This analysis is shown in
Fig. 7 where we plot the ratio of exposad surface area to
the exposedc surface area. After extended etching, the
amount of exposed edge area saturates; we estimate that on
0.8% of the surface area lies in tab edge of these steps.
The bromine etch sometimes also leaves “etch pits” on
the c-axis YBCO crystal surface. These etch pits, visible
under the Nomarski microscope, have a square geometryo
Generally, they are a few tens of micrometers across and
several hundred Angstroms in depth. They scatter across the
c-axis surface and cluster at certain locations. The number of 0 800 1000 1300 3000, 2°00 8000 3500
such etch pits varied considerably in junctions made on dif-
ferent crystals, from none to approximately ten over a junc- g, 7. The variation of exposedb edge surface area on

tion area of about 0.5 mnx0.2 mm. Consequently, they c-axis surface as a function of etch time with a 0.5% bromine in
contribute very little additionahb surface area. methanol etch.
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0.6
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ercent a-b EdgelArea Exposed
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scale with the number of etch pits, and it is hard to believe a TABLE Il. For d+s pairing, the components of the order pa-
few scattered pits can produce a uniform current distributiorfameter that contribute to the-axis andab-plane tunneling for
as evidenced by the Fraunhofe(B) pattern. Also, like the —untwinned and ideally twinned crystals.

surface steps, the contribution of thb-plane area from etch

pits is too small to significantly contribute to the tunneling c-axis ab-plang
Samples tunneling tunneling Comments
current.

An additional observation supporting the conclusion thatuntwinned s-wave b axis:d+s Stronga-b anisotropy
c-axis tunneling is not significantly influenced by spurious component a axis:d—s if d~s. Isotropic if
ab-plane tunneling is provided by measurements of quasi- d>s or s>d
particle (or resistive tunneling coming from the finite volt- Twinned None d-wave Isotropic inab plane
age characteristics. The quasiparticle tunneling shows veryith d>s component
different behavior in the-axis andab junctions. The tun-  Twinned s-wave s-wave Isotropic in all
neling spectrum of YBCO shows a conductance dip at zeravith s>d  component component directions

bias in c-axis junctions, but in the case afb junctions, a
zero-bias conductance peak results. This result is in agree-

ment with previousa-axis thin-film studies?® provide a measure of the in-plane anisotrdpy° Since the
From the combination of observation&) well-defined  observed anisotropy is substantial, it is reasonable to expect
and reproducibld ;(B) Fraunhofer patterns af-axis junc-  significant mixing of components withandd,2_,2 symme-
tions that are inconsistent withb-edge tunneling(2) I.R,  try in the pairing order parameter. The tunneling measure-
products, and more importantly, /A (A being the junction ments confirm the presence of atwave component in the
area and R,A of comparable magnitudes far-axis and pair wave function, which appears to be a significant fraction
ab-plane tunneling;(3) quantitative measurements of the of the pair wave function in YBCO.
small relative area ohb (edge surface exposed by etching ~ Additional information about the order-parameter symme-
on thec-axis surfaces; an@) dissimilar behavior of zero- try can be obtained frorab-plane anc:-axis tunneling mea-
bias conductance foab and c-axis junctions, we conclude Surements on twinned and untwinned samples. Let us sup-
that c-axis Josephson pair tunneling is indeed measured if0se that, within an untwinned region, the order parameter
the observedc-axis 1.(B) Fraunhofer patterns. Thab  has the linear combinatiod+s or Ajcos20+As, where
“sidewise” tunneling cannot account for the observedAq4 andAs are thed- ands-wave parts of the order param-
1(B). eter, respectively, and co82 (ki—k?)/k?. Along the
The Josephson tunneling is directly related to the quasic-axis direction, thed-wave part is orthogonal to the
particle tunneling. Indeed, it is the case that kg, product ~ s-wave conventional superconductor, e.g., Pb. Hence,
in conventional Josephson tunneling is well understood and-axis tunneling on untwinned samples will give no contri-
in the absence of complicating circumstanc¢ssif-field ef-  bution from Ay, but a regular contribution fromg. Tun-
fects, gaplessnesss, pair breaking, trapped flux, strong theneling in theab-axis directions will have contributions from
mal fluctuations, etg, thel R, product is measured to be in both Ay andA4 and will reflect, in theab plane, the anisot-
agreement with the Ambegaokar-Baratoff lifflit does not  ropy of the resultant wave function.
exceed this value. If YBCO were an isotrogavave super- If we assume that the order parameter is given by a su-
conductor obeying the BCS weak-coupling relationperposition ofd- and s-wave functions, then we expect the
A=1.7&gT., the | R, product for Pb//YBCO Josephson conditions given in Table Il for twinned and untwinned
tunnel junctions should be about 5.2 mV. However, manysamples. We assume, for simplicity, that a twinned sample
observation¥ suggest that YBCO is a gapless superconduchas equal areas in each twin domain orientation.

tor. Even if the symmetry were strictly wave, we would We have noted, that, for untwinned samplesaxis tun-
expect a reducetl.R, product(relative to the Ambegaokar- neling measures thewave componentab-plane tunneling
Baratoff limit) as a result of the gaplessnéss. will be sensitive to bothd- and s-wave components. We

For all of our junctions, in botlt-axis andab-plane con- expect the anisotropicd(+ s)-wave function to be aligned
figurations, | R, products are less than the Ambegaokar-with respect to an in-plane crystallographic agésg., large
Baratoff value. Nonetheless, tleaxis | R, product for de- lobes along thé axis). Thus, tunneling along thisb(direc-
twinned crystals is substantial, about 0.5—-1.6 mV suggestintjon) will measure the .R,, product for thed+s sum. The
a significants-wave component in the pairing order param-d lobes are of opposite sign enandb directions, tunneling
eter. Recall that, if YBCO were strictly d,2_,2 supercon- in thea direction will measure thé:R, product for|d—s|.
ductor, we would expect the.R, product to be zerdi.e., Thus, if s andd components are of comparable magnitude,
[.=0). tunneling supercurrent will be highly anisotropic in the

Since the crystallographic structure of YBCO is ortho- a-axis andb-axis directions. Id ands magnitudes are equal,
rhombic, the pairing order parameter can have mixednd  pair tunneling will be maximum in one directiob @xis) and
d-wave symmetry. For a superconductor with a small orthozero in the otherg axis) direction. Tunneling will be isotro-
rhombic distortion, as appears in YBCO, one would generpic in thea andb directions if pairing is pures wave or pure
ally expect a relatively pure symmetry state. However, if thed wave.
electronic properties display substantial in-plane anisotropy, For twinned samples, we must consider the behavior of
a more evenly mixed + s state might occur. Measurements the wave function across twin boundaries. Af>A (d
of A, and\, performed on untwinned YBCO single crystals >s), thed-wave part of the order parameter does not change
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d+s d-s
(b) b Q&b‘é' a
. L O L
Sbf\" a a S0 b

k4
d+s d-s FIG. 9. A sketch of thel,>_> ands mixing with s>d. (a) The
d,2_,2 ands-wave functions as well as the combinati@sd and

FIG. 8. A sketch ofdy2_y2 and s mixing with d>s. (a) The s—d. (b) Proper orientation of the mixed wave function across a

dyz_y2 ands-wave functions as well as the combinatiahss and  twin boundary.
d—s. (b) Proper orientation of the mixed wave function across a
twin boundary.
We note that the assumption of statistical distribution of

twinning domains may not always be suitable. When a
sign across a twin boundaf§ the order parameter thus has unijaxial stress is applied to a twinned single crystal along its
the form Ajcos29+ A and Agcos29—Ag in adjacent do-  ab direction, domains of one orientation grow in size while
mains. Figure &) shows thed- and s-wave functions as domains of the other orientation shrink, until they finally
well as the combinationd+s andd—s for the case when disappear. Thus, for intermediate levels of stress, a very large
d>s. Figure 8b) shows two adjacent twin domains. The imbalance in+ and — domains might occur, even for high
andb axes are interchanged at the twin boundary. Lobes ofwin densities. Since it is not known under what conditions
the same sign point in a given direction across the crystajwins from in the crystals, we cannot be assured that increas-
while the axes of the large lobes point in the respective crysing the twin density will tend toward equal areas-6fand
tallographic directions. If equal areas ¢fand — twins ap-  — twin domains. If areas are unequal, observgR,, prod-
pear within the junction, theg-axis tunneling will vanish ucts in twinned junctions will be appropriate for a mixed
identically since thes-wave contribution is now canceled; as twinned and untwinned sample. In this case, withs, the
usual, thec-axis d-wave contribution sums to zero. Further, c-axis tunneling will not fall to zero and will not scale as
the ab-plane tunneling will be purelgl-wave and isotropic  1/,/N. Further studies with measurements of relative areas of
in the ab plane. Anyc-axis tunneling current must result + and — domains are necessary
from an unequal distribution oft and — twin domains. It must also be realized that tunneling results come from
Thus, we would expect the-axis tunneling current to de- both thin-film and single-crystal samples which could have
crease as twin density increases; on average, the unbalancsignificant property differences in addition to the differences
domain area should decrease agNl/ whereN is the num-  in twin density. We do not know if the properties of YBCO
ber of twin domains. Correspondingly, fab-edge junc- might differ from bulk properties in the vicinity of twin
tions, the tunneling will become more nearly parevave as  boundaries. Such effects might significantly alter the inter-
the twin density increases. pretation of the tunneling measurements. Nonetheless, a sys-

For twinned samples wite>d, the wave function will be tematic dependence on twin density is clearly observed.
nodeless and+d ands—d are equivalent, as shown in Fig. These systematics might provide important information for
9(a). Figure 9b) shows the pair functions for two twin do- quantitatively understanding the order-parameter symmetry.
mains. Josephson tunneling will be purslyave in all crys-  Present results establish that the order parameter in YBCO
tallographic directions. contains a substantial componentsafvave character.

We think it is premature to conclude from our Josephson
tunneling measurements whether the YBCO pairing order
parameter is a mixture of andd, and if it is, which com-
ponent is more dominant. However, we do make two obser- We have carried out a series of experiments to determine
vations. First, thd .R,, product ofab junctions on twinned the direction of the tunneling current maxis Pbf/YBCO
crystals appears to fall between those of twinned and untunnel junctions to address the concern that the observed
twinned c-axis junctions. Second, for the-axis junctions, c-axis|.(B) Josephson tunneling current might result from
the reduction of tunneling current with increasing twin den-ab-edge steps on the sample surface. We have fabricated
sity appears to be less rapid than the/N/statistical distri- bothab edge anct-axis junctions on YBCO single crystals
bution prediction. and characterized both the quasiparticle and the Josephson
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