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Some improved geometries for Josephson-junction investigations
of the order-parameter symmetry in high-Tc superconductors
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Materials Science Division, Argonne National Laboratory, Argonne, Illinois 60439

~Received 19 July 1996!

We propose two new geometries for Josephson junction experiments between the edge of an orthorhombic,
untwinned single-crystal high-Tc superconductor, assumed to have an order parameter of the mixed
s6dx22y2 variety, and a conventional,s-wave superconductor. The first geometry is a straight-edge Josephson
junction cut at an anglef0 with respect to thea-axis edge of a high-Tc crystal. We studied the effects of a
regular array ofa/b steps comprising the edge upon theI c(B) pattern for differentf0 values. Varyingf0 can
elucidate the locations of any purported order-parameter nodes. The second geometry is a disk cut from a high-
Tc single crystal, with a Josephson junction formed on the edge, centered atf0, with an angular width of
Df. The caseDf5p is nearly free of systematic flux trapping problems, and is shown to be particularly
important in quantifying the precise amount ofs/d order-parameter mixing. SmallerDf values can also be
useful in locating the purported order-parameter nodes.@S0163-1829~97!01105-3#
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I. INTRODUCTION

Recently, there have been a number of experiments
porting to determine the orbital symmetry of the superc
ducting order parameter in high-Tc superconductors
~HTCS’s!. There are several classes of such experiments
those which have generally been regarded as being the
definitive all fall in the class of Josephson-junction expe
ments on YBa2Cu3O72d ~YBCO!.1–12

These experiments have focused upon Josephson-jun
interferometry, which is rather sensitive to phase change
the superconducting order parameter. A number of YBC
YBCO grain boundary experiments7,8 and YBCO/Pb inter-
ferometry experiments,9–12 if taken at face value, apparentl
give evidence for an order parameter containing both p
and minus signs, as might be expected if the order param
had thedx22y2 form Ddcos(2f). Other grain boundary ex
periments were consistent with purelys-wave,
superconductivity,6 with a constant order parameterDs .

In addition, single c-axis and ab-plane Josephson
junction experiments between YBCO and Pb have giv
strong evidence that the order parameter is eithers wave or a
mixture of s and d waves, with at least a very substanti
s-wave component.1–5 Whether thiss-wave component is
larger or smaller than the purportedd-wave componentDd
has not been established in any systematic way.

Unfortunately, all of the experiments claiming to provid
evidence ford-wave superconductivity are flawed by geom
etry, magnetic impurities due to oxygen stoichiometry inh
mogeneities at the grain boundaries, self-field extrapola
problems, and/or flux trapping problems, etc. In particu
the early experiments of Refs. 10 and 11 were flawed
possible corner flux-trapping effects,13 and have since bee
shown experimentally14 to be ambiguous, the observed pha
shifts being completely indistinguishable from those o
tained from the usual self-field effects.15 In addition, the ob-
servation of anomalously large faceting of the YBCO-YBC
grain boundary junctions16–18 and the associated larg
550163-1829/97/55~5!/3249~9!/$10.00
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amount of oxygen stoichiometry and critical curre
variations16,19of the particular type used in the tricrystal rin
experiments involving YBCO~Ref. 7! have raised many
questions regarding the reliability of those experiments20

Until very recently, the experiment thought by many to
the most reliable evidence ford-wave superconductivity was
the YBCO/Pb superconducting quantum interference dev
~SQUID! experiments,9 in which reversing the currents an
fields also gave strong evidence for a time-reversal-invar
state, eliminating suchs/d mixings as thes1 id state, which
breaks time-reversal invariance. In more recent experime
by the same group,20 however, it was shown that while th
time reversibility was always maintained, thes or d-wave
nature of the results was unreliable, with the new resu
actually being completely consistent with an order parame
that wasoddunderp rotations, such as for thep-wave polar
state, andinconsistentwith any other order parameter. Th
most likely explanation of these experiments is that th
were some serious, as yet unexplained problems with
Ar-ion milling angles used to prepare the YBCO/Pb SQU
junctions.

More recently, the corner Josephson-junction expe
ments12 have been shown to give the magnetic inductionB
dependences of the critical currentI c that are indistinguish-
able from those expected from a monopole flux trapped
the sample corners, the center of the junction, and lying
the ab plane.21 Corner effects such as this are we
known,22–24and were shown to give spuriousp periodicities
with d-wave-likep/2 subharmonicities in transverse magn
tization experiments on samples with corners.24,25Such spu-
rious behaviors are completely absent in disk-sha
samples.24,26 They are the most likely explanation24 of the
magnetothermal resistance anisotropy observed in sq
YBCO samples.27

Although many scientists favoring thed-wave model
claimed to be able to explain thec-axis Josephson-junction
experiments1–5 by tunneling into theab plane at etch pits,
such oversimplified notions are really incorrect, as th
would certainly not lead to the observed near-perfect Fra
3249 © 1997 The American Physical Society
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3250 55R. A. KLEMM
hofer diffraction patterns with nodal spacings precisely tun
to the measured penetration depth of the YBCO, as obser
Although thes1 id state appears to be strongly at odds w
the experiments of the Maryland group,9,14,20it also has great
difficulty in explaining the extremely narrow widths of th
Fiske modes observed inc-axis YBCO/Pb Josephso
junctions.1,4 Hence, thesec-axis Josephson-junction exper
ments really must be taken seriously. These experiments
vide very strong evidence that there is indeed ans-wave
component to the order parameter. In view of the most rec
experiments on the thec-axis face of untwinned single crys
tals of YBCO and on theab edges of highly twinned single
crystals of YBCO,2,3,5 it is now evident that thes-wave com-
ponent comprises asubstantial fraction of the total order
parameter. Using comparisons with theSIS8 BCS-theory-
based calculation of Ambegaokar and Baratoff,28 these ex-
periments strongly suggest that thelower limit upon the
s-wave component of the order parameter is 30% of the to
In addition, the nonobservation of anyp/2 periodicitiy in
transverse magnetization experiments24 also provides evi-
dence for anabsenceof any nodes of the order parameter,
that thes-wave component would have to be larger than
purportedd-wave component. Since the first YBCO-YBC
grain boundary experiments6 gave strong evidence for purel
s-wave superconductivity, the question of whether there
nodes of the order parameter has not been settled. In
event, there has to date been no reliable experiment tha
actuallymeasurethe relative amounts of the purporteds- and
d-wave order parameters. In this paper, we propose two s
experiments.

We thus propose two classes of experiments, which
designed to be as free as possible from systematic fl
trapping problems associated with the sample geometry,
do not involve uncontrolled grain boundary faceting. The
involve Josephson junctions between a single-crystalline,
twinned HTCS and a conventional superconductor~CS!,
such as Pb. We presume an orthorhombic HTCS, suc
YBCO, is studied. For tetragonal systems, it is genera
thought that symmetry considerations prevent the order
rameter from being a mixeds1d state, forcing it to be eithe
s or d. In the first set of experiments, the HTCS is cut alo
a plane parallel to thec axis, and perpendicular to an ang
f0 relative to thea axis. The Josephson junction is the
formed with Pb deposited upon the freshly cut edge surfa
presumably after depositing a thin interstitial layer of a m
terial such as Ag.3 In the second set of experiments, th
HTCS is cut and polished in the precise shape of a circ
disk of radiusr 0, and the Pb forms a Josephson-juncti
centered at an anglef0 relative to thea axis, and covers an
azimuthal arcr 0Df. In both cases, a scheme is presented
counteracting the large, problematic demagnetization cor
tions associated with the magnetic field perpendicular to
thin superconducting samples. By varyingf0 with appropri-
ate choices ofDf, a quantitative measure of the amount
s- and d-wave mixing of the order parameter can be p
cisely determined.

II. HTCS SINGLE CRYSTALS CLEAVED
PERPENDICULAR TO THE ab PLANE

In this section, we consider the first proposed experim
tal modification of the Josephson junction experiment of R
d
d.
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12. In this case, we suppose that it is possible to prep
samples of an untwinned HTCS cleaved in a plane cont
ing thec axis, with the normal to the cleave plane making
anglef0 with respect to the crystala axis, as pictured in Fig.
1. We label the CS and the HTCS as superconductors 1
2, respectively. We first consider the junction prepared
this cleave plane to be perfect, and then we consider the m
effects of facets on this cleave plane.

A. Perfect straight junctions

In Fig. 1, we illustrate the configuration of the cleave.
Josephson junction is presumed to be prepared upon
cleave face, by depositing a thin layer of thicknesst of some
‘‘junction material’’ such as Ag, and then a thick layer of
CS, such as Pb. The length of the junction prepared on
cleaved face is then taken to bel , and the total effective
field penetration into theSIS8 junction ~and hence the effec
tive width of the junction! is d(f0) given by

d~f!5t1l11l2ab~f!, ~1!

l2ab~f!5
l2a

@sin2f1~l2a /l2b!
2cos2f#1/2

, ~2!

as pictured in Fig. 1. This is a generalization of the tunnel
into the a or b axes considered previously,29 which was
shown to be independent of the particular electronic struc
of the HTCS and the CS. In this configuration, it is importa
that all of the junction be located sufficiently far from th
HTCS corners resulting from the cleave, in order to elim
nate spurious trapped flux and inhomogenous current di
bution problems. Ordinarily, one would suppose that t
would imply that the end of the junction should be at lea
several HTCS penetration depthsl2ab(f0) from the corners,
but this number probably depends upon the HTCS sam
thickness; so it is a good idea to place it yet further from
corners. While it is still possible for magnetic flux to b
trapped in the junctions or in the HTCS adjacent to the ju
tion, the particular locations for trapped flux in the junctio
region are then effectivelyrandom, rather than nonrandom
as would necessarily occur if the junction were too close t
corner.

FIG. 1. Schematic top view of a Josephson junction, indica
by the thick bold line, of effective thicknessd and lengthl be-
tween a CS~1! placed on a cleave plane normal to the anglef0

relative to thea axis of a HTSC~2!.
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55 3251SOME IMPROVED GEOMETRIES FOR JOSEPHSON- . . .
We assume the applied magnetic fieldHuuĉ. Of course,
the actual magnetic inductionB will not be parallel toH at
the junction, due to the strong demagnetization effects a
ciated with the sample shape, unless one could make
sample effectively very thick. In the Meissner state,B is
everywhere parallel to the sample surface, asB•n̂50. For
untwinned YBCO, however, the samples are generally m
wider than thick, and so demagnetization effects are v
strong, andB is strongly varying in direction over the junc
tion, being essentially normal to the junction at the top a
bottom edges of the HTCS sample, and parallel to the ju
tion over the central portion of it.

In Sec. IV, we shall propose an experimental configu
tion which may prove useful in greatly reducing the stro
demagnetization effects, so as to allow for much more qu
titative comparisons between theory and experiment.
thus assume that the sample is thick enough so that to ze
order one can treatBuuĉ over most of the junction. For this
idealized straight, perfect junction, it is then straightforwa
to calculate the flux dependence of the critical currentI c in
terms of the normal state resistanceRn . We find29

eIcRn5uG~f0!u, ~3!

G~f![
FAB~f!sin@pF~f!/F0#

pF~f!/F0
, ~4!

F~f!5Bl ~f!d~f!, ~5!

l ~f!5l cos~f02f!, ~6!

FAB~f!5
2D1D2~f!

uD1u1uD2~f!u
KF zuD1u2uD2~f!uz

uD1u1uD2~f!u G , ~7!

wheree is the electronic charge,F05hc/2e is the flux quan-
tum, andK(z) is a complete elliptic integral.

We remark that in preparing the junction, one must
careful to keep the lengthl (f) of the junction less than the
Josephson lengthlJ ,

30 or else the critical current distribu
tion will be very nonuniform in the junction, decaying exp
nentially overlJ from the junction ends. In this geometr
we havelJ5@8ped(f)Jc#

21/2, whereJc is the critical cur-
rent density for junctions from the CS into theab plane of
the HTCS.30 Assuming an extremely highJc value of 107

A/cm2, and takingd(f);200 nm, we estimatelJ to be 1
mm. SmallerJc values lead to correspondingly largerlJ
values. Thus, we requirel (f),lJ'1 mm.

In addition, we have assumed that the critical current d
sity Jc is independent of position along the junction. If
were to vary strongly in position, as can happen wh
trapped flux is present, Eq.~4! would be modified as in Ref
31, leading to

G~f!→U E
2l ~f!/2

l ~f!/2 dx

l ~f!
FAB~f,x!

3exp$2p ixF~f!/@ l ~f!F0#%U. ~8!

Thus, one has to be very careful to have a constant crit
current distribution, or else in analyzing the data, one w
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have to try to guess the current distribution and the or
parameter symmetry, and then generate the predi
I cRn(B) patterns. This procedure is unfortunately n
unique.

We assume the HTCS order parameterD2(f) has
s6dx22y2 symmetry, which may be written as

D2~f!5D20@a6~12a!cos~2f!#, ~9!

where 0<a<1 is the fraction of the maximum HTCS orde
parameter amplitude that arises froms-wave superconductiv-
ity. For simplicity, we assume the CS order parame
D151 meV andD20510 meV throughout this manuscript.

In Fig. 2, we have plottedFAB(f) from Eq.~7!, for a50,
1/3, 1/2, and 1. For clarity, we have included both signs
Eq. ~9!, corresponding to theDs6Dd states expected to b
present in a twinned, orthorhombic crystal. In an untwinn

FIG. 2. Plots ofFAB(f) @Eq. ~7!# for Ds6Dd , with D151
meV, D20510 meV, anda50 ~solid curves!, 1/3 ~dotted curves!,
1/2 ~dashed curves!, and 1~dot-dashed line!.

FIG. 3. ~a! Schematic view of an idealized single (N51) facet
appropriate for the junction on the cleave plane normal to the an
f0 relative to thea axis, as in Fig. 1.~b! Blowup of the facet,
illustrating the different effective field penetrationsd(0) and
d(p/2). ~c! Schematic view of four equal facets.
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3252 55R. A. KLEMM
crystal, only one of these states is expected, but the choi
arbitrary, based upon the ‘‘conventional wisdom.’’

B. Jagged cleave edges

In real layered materials, it is much easier to cleave
samples with a cleave plane normal to the samplec axis than
to do so in any other direction. Nevertheless, samples
YBCO thin enough to allow for detwinning can be cut wi
the cleave plane normal to theab plane, as assumed abov
Thus, one can choose the anglef0, the normal to the cleave
plane makes with the samplea axis, to be essentially arbi
trary. Unfortunately, such cleave planes are usually face
forming many steps ofa- and b-axis microdomain cleave
planes. Upon cleaveage, the local structure of such mi
faceting is not well controlled, and may be somewhat r
dom. In Fig. 3~a!, we have illustrated an idealized sing
facet obtained for a cleave plane normal tof0, with effective
length l , and effective domain edgesl cosf0 and l sinf0,
respectively. Fortunately, it appears possible to control
local variation of these microdomains by therm
annealing.32 In the annealing process, the facets tend to
comeregular, with a periodic ladder structure of microface
shown in Fig. 3~c!. We thus treat theoretically the case of
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regular array of microfacets. In addition, we assume the c
cal current between the CS and HTCS materials depe
only upon the relative orientation of the order paramet
with the cleave plane. This assumption may be particula
suspicious, as it is quite possible that the critical current m
be different in thea and b directions in orthorhombic
samples for reasons other than the order-parameter an
ropy. Some experiments suggest that oxygen deficiency
be different along different sample surface directions,19,33

and such oxygen deficiency could lead to magnetic imp
ties at the sample surfaces, accounting for the observed z
bias conductance peaks fora-axis YBCO/Pb junctions,
which split in a magnetic field, but not for the zero-bia
conductancedips in the c-axis YBCO/Pb junctions.33 Such
paramagnetic impurities at particulara-axis junction sites
can lead to the associated changes in sign of the crit
current in the Josephson junction at those locations, wh
would be completely unrelated to the order-parameter s
metry. For pedagogic purposes, however, we presently
glect both these and the spurious trapped flux complicatio
focusing upon the idealized situation.

For the idealized single facet pictured in Fig. 3~b!, it is
straightforward to obtain
eIcRnuN515
„Z2~0!1Z2~p/2!12Z~0!Z~p/2!cos$p@F~0!1F~p/2!#/F0%…

1/2

l ~0!1l ~p/2!
, ~10!
cu-
ly
-

rn

but

n

c-
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whereZ(f)5G(f)l (f) is given by Eqs.~4! and~6!. This
particular case is relevant to the uncleaved corner junct
with a built-in asymmetry of the junction width
l (0)/l (p/2), such as was discussed by Ref. 12. Howev
for untwinned samples, there is an additional complicat
feature of the inequivalence of the penetration depths al
the two sample surfaces, which greatly complicates
I cRn(B) pattern. This is shown by the solid curve in Fi
4~a!. We note that the curve is quite complicated, aris
from the difference of the penetration depths along the
sides of the facet. Of course, the problem of flux pinned
the corners is notorious for this geometry, and can give s
rious phase changes ofp at the corners. Nevertheless, o
can learn some interesting information from such a sim
geometry on untwinned rectangular single crystals, by fo
ing asymmetric junctions, such as pictured by the so
curves in Figs. 4 and 5, around two or more corners on
same sample, so that the relative sign of thes/d mixing of
the supposed HTCS order parameter would be fixed. T
would be most useful if thed-wave component of the orde
parameter were to be larger than thes-wave component~i.e.,
a,1/2), such as in Fig. 5.

We now consider that the junction consists of a perio
array ofN>1 facets, such as pictured in Fig. 3~c!. Assuming
the magnetic vector potential is well behaved at the fa
corners~i.e., that there is no trapped flux, for instance!, we
find
n,

r,
g
g
e

o
t
u-

e
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d
e

is

c

t

eIcRnuN5eIcRnuN51U sin$Np@F~0!1F~p/2!#/F0%

Nsin$p@F~0!1F~p/2!#/F0%
U.
~11!

In Fig. 4, we have shown the resultingI cRn for the d-wave
casea50, at junction anglesf05p/4 andp/8, forN51, 3,
10, and 30, respectively. Similar plots for theDs1Dd state
with a51/3 andf05p/8 are shown in Fig. 5~b!. From these
plots, one can readily observe that it does not take a parti
larly large number of regularly spaced facets to complete
modify I cRn(B) from the single facet behavior. Quite gener
ally, we find that for N>30, the pattern obtained
closely resembles the Fraunhofer diffraction patte
I cRn}usin@pF/F0#/@pF/F0#u, as in Eq.~4!.

Hence, one should always obtain the standard pattern,
the amplitude will depend upon the anglef0 and the
s-wave order-parameter fractiona. For instance, from Fig.
4~a!, I cRn→0, as expected from the perfect, straight junctio
formula, Eq.~4!. Generally, the amplitude atB50 differs
from the smooth, perfect junction formed by a constant fa
tor, equal to the ratio of the lengths of the junctions in th
perfect and faceted cases. In short, all of the unusual beh
iors predicted for theN51 cases are washed out in the pe
riodic array ofN facets, as long asN>30.

III. DISK-SHAPED SINGLE CRYSTALS

We now assume the HTCS can be formed into a circu
disk of radiusr 0 and thicknesst0, with the crystalc axis
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55 3253SOME IMPROVED GEOMETRIES FOR JOSEPHSON- . . .
normal to the disk face. At the present, two techniques
the formation of HTCS disks have already been attemp
by grinding26 and by laser cutting.24 We assume that im
proved techniques will eventually be able to make ne
perfect disks, withab faceting mainly on an atomic scale. I
the previous section, we showed that regular faceting of

FIG. 4. Plots ofI cRn vs N@F(0)1F(p/2)#/F0 from Eqs.~9!
and ~10! for the d-wave casea50 with N51 ~solid line!, 3
~dashed line!, 10 ~dotted line!, and 30~dash-dotted line!. See text.
~a! f05p/4. ~b! f05p/8.

FIG. 5. Plots ofI cRn vsN@F(0)1F(p/2)#/F0 for a51/3, and
f05p/8. ~a! N51. Solid curve: Ds1Dd . Dashed curve:
Ds2Dd . ~b! Ds1Dd only, butN51 ~solid line!, 3 ~dashed line!, 10
~dotted line!, and 30~dash-dotted line!.
r
d,

r-

e

Josephson junction is not qualitatively different from pe
fectly smooth straight junctions. In the disk-shaped case,
facets produced after annealing are expected to vary
systematic fashion with the minimum height of a facet be
a unit cell parameter (a or b).

On the edge of the disk, anSIS8 junction is prepared with
a CS, such as Pb, as pictured in Fig. 6. The thickness of
junction is taken to bet, with total effective field penetration
thicknessDr (f) given byd(f) in Eq. ~1!. It is straightfor-
ward to derive Eq.~2!, by assuming the field is normal to th
disk ~which is strictly speaking only true in certain exper
mental configurations, as discussed in the following!. In cy-
lindrical coordinates, the effective area of the junction is t
area enclosed by an integration path consisting of~1! the
circular arc of radiusr 01t1l1 inside the CS outside the
disk, ~2! the inward radial path across the junction,~3! the
~elliptical! path a distancer 02l2ab(f) from the center of
the HTCS disk, and~4! the outward radial path from the dis
to the CS. Note that the path inside the disk is circular
l2a5l2b , but is otherwise elliptical for untwinned, ortho
rhombic single crystals, as pictured in Fig. 6~b!. In addition,
thef dependence ofl2ab(f) is as given in Eq.~2!, since the
integration paths are essentially perpendicular to the ra
direction. We have derived Eq.~2! for this disk by solving
either for the field or current distribution in a long cylinder
cylindrical coordinates, and by assumingr 0@l2ab(f). In
this limit, the field and screening currents decay expon
tially in from the disk edge, with decay length precise
given by Eq.~2!.

For heavily twinned disks, or for tetragonal single cry
tals, one can assumeDr independent off. Otherwise, for
orthorhombic, untwinned single crystals,l2ab(f) is as given
by Eq. ~2!. The junction is assumed to be centered at
anglef0 relative to thea axis, and extends along the dis
edge between the anglesf02Df/2 andf01Df/2, relative
to the HTCSa axis, as shown in Fig. 6~a!. In cylindrical
coordinates, the magnetic induction at the junction is tak

FIG. 6. ~a! Schematic top view of the Josephson junction
angular arcDf centered atf0 relative toâ, formed on the edge of
an HTCS disk of radiusr 0. ~b! Schematic diagram of the effectiv
junction thicknessd(f) from Eq. ~11!.
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3254 55R. A. KLEMM
to beB5Bẑ, and the magnetic vector potential at the rad

r can be taken to beA5 1
2 Brf̂. The fluxF(f) in the junc-

tion is then

F~f!5Br0d~f!Df, ~12!

with d(f) given by Eq.~1!. The critical current in the junc-
tion is then given by

eIcRn5U E
f02Df/2

f01Df/2df

Df
FAB~f!exp@2ipF~f!f/~DfF0!#U,

~13!

whereFAB(f) is given by Eq.~7!, andF(f) is given by Eq.
~12!. As for the straight cleave, the junction should be d
signed so thatr 0Df,lJ'1 mm. We have also assumed
critical current distribution that varies over the junction on
because of the angular dependence of the order param
according toFAB(f) in Eq. ~7!. Any additional variation in
the critical current density arising from trapped flux, chem
cal inhomogeneities, etc., will modify the form ofFAB(f) in
Eq. ~13!.

In Figs. 7, 8, and 9, we have presented plots of deta
calculations based upon Eq.~13!. In these figures, we
have chosenD151 meV, D20510 meV, l2a /l2b5A2,
l2a50.75d(p/2), Df5p, and thes-wave fractiona50,
1/3, 1/2, and 1. These values are consistent with YBCO
junctions. The only differences between Figs. 7, 8, and 9
the signs of the mixing,Ds6Dd , and the locations of the
centers of the junction, which are atf050, p/4, andp/2,
respectively. Note that we have assumed anuntwinned
single-crystal disk withl2aÞl2b , so that the effective
‘‘flux’’ F(f) depends uponf. For f050, p/2, thef de-
pendence ofF(f) is symmetric aboutf0, so thatI cRn van-
ishes at specific flux values. Forf05p/4, however, this is
not the caseevenfor the purelys-wave casea51, due to the
anisotropy in the penetration depth. For comparision p
poses, we choose to plot these figures as functions
pF(0)/F0.

We have examined the range of behaviors expected
the disk, by varyingf0 andDf for a50, 1/3, 1/2, and 1.
For small Df values, one generally obtains the standa
Fraunhofer diffraction pattern I cRn}usin@pF(f)/F0#/
@pF(f)/F0#u.The only difference between curves aris
from the amplitude of such patterns, which becomes van
ingly small at the positions of possible nodes. This situat
is thus very similar to that obtained for the straight clea
discussed in Sec. II. However, for smallDf, it might be
experimentally difficult to distinguish between a small sign
arising from a node and that arising from a bad junction
the disk were not perfectly uniform in junction-forming c
pability, such problems of interpretation might be difficult
overcome for smallDf junction values.

For largerDf values, one has to be sure that the junct
really is formed over the entire edge region assumed to
within Df. As Df increases, one will need to take increa
ing amounts of experimental care to assure such uniform
However, the payoff is that theI cRn(B) patterns become
increasing distinctive, at least for small magnetic fie
strengths. Let us consider ad-wave superconductor with
Df5p/2. In this case, with the order-parameter amplitu
s
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maxima positioned along thea andb directions, one obtains
a large Fraunhofer signal forf050, p/2, but a vanishing
signal forf05p/4, a nodal position. One could do a larg
number of experiments with such a configuration, perfor
ing detailed fits to the calculations obtained by evaluat
Eq. ~13!. From a significant number of such junctions,
ought to be possible to determine the symmetry of the or
parameter.

FIG. 7. Plots ofI cRn vs pF(0)/F0 from Eq. ~12! for the disk
junction with Df5p, f050, anda50 ~solid line!, 1/3 ~dashed
line!, 1/2 ~dotted line!, and 1 ~dash-dotted line!. ~a! Ds1Dd .~b!
Ds2Dd .

FIG. 8. Same plots as for Fig. 7, exceptf05p/4. ~a!
Ds1Dd . ~b! Ds2Dd .



fo
,

a-

in
e
x
n
io

d
to

u
e

te
th

e
isk

a
et

the
le

.
of
lly
f
d
sed
sed
died

p-
lly
n

or

as
mal

osi-
he
cal,
the

s
ion
o
ond,
nc-

n
ter
un-
by
ed
tain
arly

of
t

rse
li-
lec-
cu-
le
tes
et
the

a-
ials
f

e of
Al-

tals

55 3255SOME IMPROVED GEOMETRIES FOR JOSEPHSON- . . .
By far the most reliable method, however, occurs
Df5p, as pictured in Figs. 7, 8, and 9. For these figures
is readily seen that the behavior at smallF(0)/F0 is both
distinctivefor differents-wave fractionsa, and also remark-
ably insensitiveto the central location anglef0 of the junc-
tion. The pured-wave casea50 alwaysexhibits a node at
F50, independent off0, and the largest maxima are adj
cent to the central node atB50. For the casea51/3 of a
predominatelyd-wave superconductor,I cRn(B) exhibits two
types of behavior. In the first case, it exhibits a nonvanish
dip at B50, with the largest maxima on either side of th
dip. In the second type of behavior, there is a central ma
mum, followed by adjacent nodes or very small minima, a
subsequently followed by the largest maxima. This behav
is most prominent for theDs1Dd state atf05p/2, and for
the Ds2Dd state nearf050. In contrast, the pure- an
predominately-s-wave superconductor junctions give rise
low-F(0) behavior ofI cRn that is also fairly insensitive to
f0. These cases always give rise to the largest maxim
being atB50, and the ratio of the central maximum to th
adjacent maxima increases with increasinga.

On the other hand, the large-F behavior of each of the
curves appears to depend strongly upon all of the parame
Such details can be useful in an accurate fitting of
I cRn(B) patterns, provided that the material parametersD1,
D20, l1, l2a , andl2b are all accurately known. Thus, if th
experimenter could prepare a series of untwinned d
shaped junctions centered at differentf0 values, he or she
should be able to determine the relative amount ofs/d mix-
ing of the order parameter in the orthorhombic HTCS.

IV. DISCUSSION

Trapped flux can be a major concern in these and
previous experiments purporting to determine the symm

FIG. 9. Same plots as for Figs. 7 and 8, exceptf05p/2. ~a!
Ds1Dd . ~b! Ds2Dd .
r
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of the order parameter. In recent junctions formed along
ab edges of thick single crystals of YBCO, the unreliab
I c(B) patterns obtained withB' ĉ indicated that trapped flux
lying in the ab planes was nearly impossible to remove3

More recently, Kirtley made SQUID microscope studies
the edge of a nearly detwinned single crystal of nomina
zero-field-cooled YBCO.34 He found a large amount o
trapped flux lying in theab plane. We thus expect trappe
flux to complicate the analysis of the experiments propo
here. However, the experimental configurations propo
here are different, and in some ways superior to those stu
previously.

The corner junctions of Ref. 12 are particularly susce
tible to problems of trapped flux, since flux is preferentia
pinned at the corners,21 which are the junction centers. Whe
the flux is trapped in the junction center, theI c(B) pattern
can vanish atB50. For example, this has been shown f
monopole vortices35 pinned in the centers ofSNS
junctions,36 and for one or more flux quanta37 trapped in an
annular Josephson junction.38 It was also shown for a
c-axis YBCO/Pb junction, when a single flux quantum w
trapped in the junction and subsequently removed by ther
cycling.3

For the geometries considered here, however, the p
tions of the trapped flux will generally not be dictated by t
sample geometry, and are thus expected to arise from lo
random, chemical, and/or physical disorder. Thus,
trapped flux will primarily modify the large-B behavior of
I cRn , not the small-B behavior. The experimenter then ha
at least two options. First, he or she can cycle the junct
through theTc of the HTCS a number of times, in order t
see if the results on the same junction are reliable. Sec
he or she can make a number of nominally identical ju
tions.

If the behavior atB50 is consistent, the experimenter ca
probably rely on the results. Otherwise, the experimen
may have to make further attempts to either remove or
derstand the effects of the trapped flux. In any event,
performing the experiment on a number of such untwinn
disk samples, the experimenter should be able to ob
rather good statistics, which can be used to offset the ne
random occurrences of trapped flux. Hence, thisDf5p ge-
ometry allows the experimenter to eliminate the effects
trapped fluxexperimentally, not merely by guessing what i
will do in some~but not all! circumstances.

The theoretical analysis presented here is of cou
greatly simplified. For example, real HTCS’s are comp
cated materials. In some samples such as YBCO, the e
tronic properties involve both chains and planes. In parti
lar, surface states39 have been shown to give a possib
explanation of the gapless single-particle density-of-sta
curves reproducibly obtained in tunneling data. It is not y
understood how such surface states might affect
Josephson-junctionI cRn values, but their role could be
significant.29 In addition, there appear to be significant m
terials problems in forming Josephson junctions on mater
other than YBCO, and actualSIS8 junctions on the edges o
YBCO have only very recently been produced.3 Neverthe-
less, the geometry we have proposed here is about as fre
trapped flux problems as can reasonably be expected.
though corner experiments on untwinned single crys
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could also be employed to study thes-wave fractiona, such
junctions are inherently subject to flux trapping at the sta
tically nonrandom corner locations.

FIG. 10. Schematic diagram of proposed method to reduce
magnetization effects of the disk in a perpendicular field. The d
is sandwiched between two thin insulators and conventional su
conducting cylinders with cross sections identical to the HTCS d
s
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.

-

Finally, we propose that the measurements on the d
and/or straight cleave junctions be carried out in the exp
mental configuration pictured schematically in Fig. 10 for t
disk. Both on top of and below the HTCS sample are plac
large CS objects of the same geometrical cross sect
These CS materials are separated from the HTCS by ins
tors, which are thick enough to eliminate any Josephson
neling between them and the HTCS~which has now been
firmly established to occur along thec axis!, but not too
thick to allow for significant magnetic field penetration in
the insulating regions. Thus, the insulators should be roug
on the order of but slightly less than a CS penetration de
in thickness. For this configuration, the magnetic field will
nearly parallel to the Josephson junctions under study, a
more accurate fit of the data to the theory can be made.
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