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Systematic study of anisotropic Josephson coupling between YRau;0,_, and Pbin
using in-plane aligneda-axis films

|. Takeuchi* Y. Gim, F. C. Wellstood, C. J. Lobb, Z. Trajanovic, and T. Venkatésan
Center for Superconductivity Research, Department of Physics, University of Maryland, College Park, Maryland 20742
(Received 30 March 1998

We have fabricated YB&u;0,_, (YBCO)/Au/Ag/Pbin edge junctions using in-plane alignaéxis ori-
ented films in order to study the anisotropic coupling between YBCO and Pbin. Seven junctions were made in
different directions spanning thie-c plane of YBCO on each chip. Current-voltage characteristics show a
systematic change as a function of the angle of the junction direction relative to the YBCO crystal axes. We
analyze the results using a superconductor—insulator—normal-metal interface model with anisotropic
YBCO/Au interface resistance and discuss implications for measuring the out-of{lai@® order parameter
of YBCO. [S0163-182€09)01410-1

Previously, researchers have studied the anisotropic coulirectior? (where 6 is measured from the planeThis is
pling between YBsgCu;0,_, (YBCO) and Nb or Pb in ver- shown in the upper inset of Fig.(%olid line). But the highly
tical superconductor—normal-metal—superconductor ($NS two-dimensional nature of the cuprates might lead to a dis-
geometries using YBCO thin films of various orientationstortion of the order parameter in tikg direction resulting in
including (001), (100), (103, and(110) with noble metals as @ faster suppression of the order parametep ascreases.
the N layer! In these early studies the consensus was thathe dashed line in the upper inset of Fig. 1 shows, for ex-
there was no coupling in the direction of YBCO. Even ample, the order parameter in thgdirection with compres-
when critical currents were observed in junctions vétaxis ~ Sion by a factor of 3. Some cuprates such as the Bi-Sr-Ca-
oriented films? the common interpretation was that the cou- CU-O compounds are more two dimensional than others, and
pling is in the laterakCuQ, plane direction through lattice it is expected that this is reflected in the order parameter in

steps resulting from screw dislocations or other defécts. the out-of-Cu@ plane ) direction. Also, orthorhombicity

This interpretation was consistent with overwhelming evi-" YBCO might prowde an additional dependence depend-
: " ing on the amplitude ratio af ands components.
dence from experiments sensitive to the phase of the order

parameter, which show the existencedgf 2 pairing sym-

metry in YBCO?* Conventional metallic superconductors 61
such as Nb and Pb have isotrogievave symmetry. When a
pures-wave superconductor is brought to contact with a pure 4r

d-wave superconductor, the symmetry dictates that Joseph-
son coupling should disappear only in specific directions;
along thek, direction, one does not expect to observe any
Josephson coupling.

In direct contrast to these results are some recent tunnel-

I(mA)
=3

ing studies into the direction of YBCO? In single crystals 2t
and films, using Pb as the counterelectrode, clear Fraunhofer

diffraction patterns have been observed indicating that the 4r
current flow is uniform across the junction in tbairection.

This has been attributed to existence of mixe@nds-wave 67
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pairing in YBCO arising from its orthorhombicifyBut it
remains to be explained why such results are observed in
heavily twinned samples where contribution from theave V (mV)
order parameter should candébr order parameter compo-

b L P P FIG. 1. Current-voltage characteristics of sevemaxis

nentsAy>A,).’ jaras O )
While many experiments have probed the in-plane aniso](BaZCu307,X/Au/Ag/PbIn edge junctions facing different direc-

tropic order parameter svmmetrv of YBCS it is also of tions on a single chip at 4.2 K. Note the systematic decrease in the
pi P Yy y A ritical current and increase in the junction resistance as a function

great interest to investigate the order parameter in the out-ofs; the junction direction. The upper inset is tHavave supercon-

CuO,-plane direction. In this paper, we report on the experi-ducting order parameter in momentum space in thek;) plane.
mental attempt to systematically probe the in-Gylane  the solid line is the isotropic-wave, and the dashed line is the
versus out-of-Cu@plane coupling of YBCO with a conven-  g.wave compressed in the direction by a factor of 3. The lower
tional superconductor Pblfd wt. % In). inset is a schematittop view) of the chip. Junction directions span

The simplest three-dimensional form ofdj2_,2 state  the b-c plane, 15° away from each other. The top surface of
contains a cdsd dependence of the order parameter inkhe  YBa,Cu,0,_, is covered with Si@and SrTiQ.
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In studying in-plane versus out-of-plane properties of Wrr—T—T—Tr"—T 71T T T 1T T T T T
YBCO, it is necessary to compare results from samples of 2 = }
different orientations. Although single crystals provide good sl Y | ]
surfaces for fabricating junctions, it is difficult to create mul- ] s 5
tiple angle junctions on a single sample. Since junctions _ ;éf | B "‘...
made with YBCO in general suffer from a certain degree of 2 |, L °*f " -
irreproducibility and device parameter spread, it is desirable L= 0 Lut™ . - Nl

. . . . . . . -400 -200 0 200 400
to directly compare different junctions made in different di- B(Gauss) '
rections on a single chip. To do this we used in-plane aligned 50 = . -
a-axis oriented YBCO films to fabricate edge junctions in  fe—e== r-———g=" " -
different directions relative to the crystallographic axes of 3 -
YBCO. This configuration allows single-chip measurements L — 4'0 *
of the Josephson coupling in different directions. /b 6 (deg)

The a-axis films used here are fabricated by pulsed laser
deposition on(100) LaSrGaQ substrates using a modified FIG. 2. Junction resistance versus angle. Data points are from
template method® These films provide a unique configura- two chips. The lines are their fit to Eql). Inset is a magnetic
tion in which in-CuQ-plane versus out-of-Cu@plane prop-  diffraction data from eb-direction junction(4.2 K).
erties of YBCO can be studied in the substrate pf&ré.

6-26 x-ray diffraction scans of the films show better than  The critical currents of the junctions were completely sup-
99%a-axis orientation¢ scans of th€102) planes of YBCO  pressible by magnetic field. The inset to Fig. 2 shows the
display a complete twofold symmetry indicating total in- magnetic field dependence obadirection junction with the
plane separation of theandc axes of YBCO. Planar trans- field applied parallel to the substrate and from the side of the
mission electron microscopy indicates that less than 2% ojfunction. The period of the critical current modulation calcu-
the grains are in-plane misalignéd. lated using\ ,,~2000A (at 4.2 K) is in good agreement
The lower inset of Fig. 1 shows a schematic of our edgewith the observed magnetic field dependence.
junctions. Seven junctions were fabricated spanning the sub- In junctions that contain YBCO—noble-metal interfaces,
strate plane from thé andc directions of YBCO with 15° the normal resistance of the junctions is often dominated by
between each junction. In fabricating the devices, we deposthe contact resistance of the interfdce Reasonable electri-
500 A of SrTiQ; on top of 2300 A YBCO above a 400 A cal contacts to YBCO can be obtained inysitu deposition
PrBaCu,0,_, template layer. The transition temperature ofOf & noble metal following the deposition of YBCO or an-
the a-axis YBCO is typically 88 K before patterniid.3500  nealing the contact in oxygen, as done hérd@he lowest
A SiO, is deposited and patterned by lift-off in order to repo[tsed exp_%nmental values obt_a;med are typically.,
provide a sharp-edged ion milling mask for the multilayer. A =10 ° t0 10°Q cn? and p; .~10"" to 10" °Q cn?, for
500 eV Ar beam is directed normal to the substrate for jorfONacts into the Cupplane direction and the direction,
milling. The resulting edge profile is measured by atomicreSpectively’? The theoretical lower limits to the interface
force microscopy, and the edge angle was typically 60° tgesistivities taking into account the m_lsignatch in the Fermi
70° from the substrate plane. No difference in the edge pro\/e'C’C'tl'{as of thl‘j materials arg; o5~10 *Q cn?* and p ¢
file for edges facing different directions was observed, and~ 10" "€ cm?.** The discrepancy between theory and ex-
we concluded that the edge milling was uniform for differentPeriment comes from residual interface reactivity and oxy-
angles. It is desirable to have the edge as sharp as possiklgn deficiency at the interfac&These factors probably also
here, and our angles compare favorably with the commonlgive rise to the anlsotrlgplc interface resistivity with a typical
observed angles of 30° or less for standard edge junctiod&ti0 pic/pi,ap Of ~10. o
milled with a photoresist mask. After milling, 1000 A of Au  In our junctions, the contact resistivity increases as the
is evaporated, followed by annealing at 350 °C for an hour irRngle goes from 0° to 90°. The junction resistances corre-
flowing oxygen to form good electrical contacts at the edgeSPond to contact resistivities ¢f, ,<<10 °Q cn?* and p;
junction faces. Ag/PbIrf500 A/2000 A layers are then de- <210 7 Q cn? for junctions in theb and thec directions,
posited and patterned to complete the devices. Evaporatidigspectively, and they are among the lowest values reported.
of Au and Ag/Pbin are performed with the chip at an angle The YBCO-noble-metal contacts used here can be mod-
and rotating in order to provide equal deposition to the edgé&led as superconductor—insulator—normal-megéN) inter-
surfaces for all seven junctions. Finally Pbin/Ag/Au layersfaces, and the transparency of the insulating barrier strongly

are patterned by ion-milling, leaving a junction width of 100 affects the Josephson coupling of the device. A recent study
um of such interfaces has shown evidence of tunneling transport

Figure 1 shows current-voltage-{/) characteristics of through a barrier even in contacts with interface resistivities
the seven junctions at 4.2 K. The characteristics show a strikas low as~10"°Q cn?.*® The barrier causes a discontinu-
ing systematic change with angle. The critical current de-ous depression of the order parameter of YBCO at the SIN
creases, and the normal resistance increases as the junctiferface. Kupriyanov and Likharev have calculated how this
angle goes from 0° to 90%Where the angle is measured from affects the IR, products of junctions containing such
the direction parallel to thé direction. We also note that interfaces’® They showed that:R, should scale ap; * to
the junctions displayed good microwave response, with ane"z depending on the value qf; and the details of the
clear ac Josephson effect being observed. geometry of the deviceR,, is effectivelyp; times the area of
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1.2 P, suggesting that the junctions here are not made up of mi-
’ . or 1] crosteps. This is consistent with the fact that usually such
i 5wl . . microstepped edges result only after a relatively high tem-
. 08F = " 11 perature(>700 °Q process causing the edge surfaces to un-
< ] i\ ol—t—te ] ] dergo a regrowth, whereas the edge interfaces in our devices
= 06t N @ were annealed at only 350°C following ion milling and
C% 04 F D\,‘ C\ deposition of Au. This temperature is too low to cause re-
= ; . e growth.
02F T We now consider an alternative model fi(6) which
0 i . L uses Eq(1) for R,(0) and then find$ . by using the Kupriy-
0 20 40 60 80 90 anov and Likharev approach. UsingR,=R;*,*® we plot

the angular dependence lof<R;, %(¢) as curve B in Fig. 3.

B ~ Although it produces the overall decrease in the critical cur-

FIG. 3. Critical current versus angle of the junction direction rent with angle, the fit is quite poor: despite scatter, the data

(4.2 K). Data points are normalized critical currents from two chips.show a faster reduction of, with angle
. . 72 . .
Curve A is Icxcosf. Curve B is lcxR, °(6). Curve C isle To understand what might be causing the rapid suppres-
R, “(#) combined with the isotropid-wave model. Curve D is  gjon, we note that the characteristic of each junction should
lc=R, () combined with a “compressed'(by a factor of 3 5 qlve the magnitude of the order parameter in the out-of-
d-v_vave model. The inset shows theR, products from the two CuO,plane direction “averaged” nea#. In the present
chips. junction system,l ;R (AppirAyeco) Y28 In principle, the
anisotropic interface resistivity can be combined with a func-
a2 : ) - i tional form of thek, direction order parameter to fully de-
to R, 7. Reduction factors ificR, obtained fron; their cal- - geripe the angular dependencel of With this in mind, Fig.
culation are typically on the order of 161t0 10°°. Thisis 3 shows the functional form dt.(6) expected from isotropic
consistent W|t_h the expenmenﬂa,IRnw_AfOMV _observed here dy2_y2 (curve Q and that fromd,_,> compressed in thi,
in the b direction at 4.2 K in comparison with the expected jirection by a factor of 3curve D) for YBCO, combined
maX|rrr:]111£nlcRn~5 mV for a YBCO-normal-Pbin junction  yith the R;?(¢) factor. More data are needed in order to
systen. vze th | . o identify the exact functional form of the out-of-plane order
__To analyze the angular dependence of lthé character-  arameter, but the data are qualitatively suggestive that in-
istics, we start by considering the junction resistance. For g hqration of such decreasing functionséamight account
junction with angleé from the b direction, we consider a for the . reduction
simple model in which the interface resistivity consists of Finallcy we note t.hat in an ideal tunnel junctiogR, is the
n

two parallel CO”ta_Ct resistivity compionents mf, and pi . main parameter of interest in probing the order parameter
sca_led by appropriate areas determined by the afiglhe 5. the strength of the Josephson coupling. The inset of Fig.
resistance is then given by 3 plots thel R, from the two chips without normalization.
Although we find a systematic angular dependence in the
|-V characteristics, there is a significant scattdr.R, . This
prevents us from closely studying the angular dependence. A
() SIS ,
larger number of junctions would be needed to provide data
that will allow better analysis of the amplitude QiR, .
) ) L o In conclusion, we have fabricated anisotropic YBCO/Au/
Here, A is the area of the junc_tlon interface, which is the Ag/Pbin edge junctions using in-plane alignedwxis films.
same for all seven junctions. Figure 2 shows data from W@y comparing the characteristics of the junctions made along
chips and their fit tdR(6) (solid and broken lingsDespite gitferent directions on single chips, we demonstrated the fea-
scatter in the data, Eql) qualitatively describes the angular sibility of measuring the anisotropic angular dependence of
trend observed here. A particularly good fit was obtained fog,o out-of-plane order parameter in YBCO. Although kb
one of the chips as seen in the lower curve in the figure. cnaracteristics are dominated by interface resistivity, the
Next we consider the critical current. Figure 3 shows criti- .(0) data are indicative that YBCO has an order parameter
cal currents of junctions from the two chips, normalized byt gets suppressed as the angle away from the, PleDe
the critical currents of the junctions 8t=0°. There is scat- g jncreased. In particular, the data do not appear consistent
ter in the data, but both chips clearly show that the criticaliih the isotropics wave, but thed-wave models provide
current decreases as a function of the angle. _ suppression of the order parameter that is consistent. De-
If edge profiles in thd-c plane in our junctions consisted pending on the degree of anisotropy in such a symmetry, the
of microscopic steps with interfaces parallel and perpendicUa ger parameter can also show a significant reduction in the
lar to the CuQ planes(as seen in high resolution transmis- | girection. In the future, junctions with even lower contact
sion electron microscopy studies of high-edge junctions registivity or tunnel junctions with a larger number of de-

made with standard-axis oriented filmS), one would ex- yices per chip should provide a better probe of the out-of-
pect to see a casdependence of the critical current arising cyo,-plane order parameter.

from the net area facing thk direction in each junction.
Curve A in the figure shows the angular dependehce This project was supported by ONR Grant No. N0O0014-
«cosf. This dependence is clearly not observed in our data96-C-2008.

the junction interface, and this leadsItdr,, scaling asR,j1

Pi,bPi,c
(pi pSINO+p; . COSH)’

Ru(6)= %
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