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Josephson effect test for triplet pairing symmetry
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~Received 9 August 2001; published 24 January 2002!

The critical current modulation and the spontaneous flux of the vortex states in corner Josephson junctions
between Sr2RuO4 and a conventionals-wave superconductor are calculated as a function of the crystal orien-
tation and the magnetic field. For Sr2RuO4 we assume two nodelessp-wave pairing states. Also we use the
nodalf-wave statesB1g3Eu andB2g3Eu , and one specialp-wave state having line nodes. It is seen that the
critical current depends solely on the topology of the gap.
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I. INTRODUCTION

During recent years, a renewed interest has been rea
for unconventional superconductivity in Sr2RuO4 ~SRO!.1

This material has a layered structure and is a tw
dimensional Fermi liquid, with similarities to3He, that
showsp-wave superfluidity. Knight-shift measurements su
gest that unconventional superconductivity with pairing
the triplet channel is realized.2 The time-reversal symmetr
is violated for this state. This is consistent with the discov
of internal magnetic fields in the superconducting phase
mSR measurement.3 Also specific-heat measurements su
port the scenario of line nodes within the superconduct
gap as in the high-Tc cuprate superconductors.4 Moreover
thermal-conductivity measurements indicate the presenc
horizontal lines of nodes.5 The argument for unconventiona
superconductivity in SRO is further supported by the var
tion of Tc with nonmagnetic impurities.6

The tunneling effect in ferromagnet-triple
superconductor junctions can be used to determine the n
structure of the pair potential and to distinguish the propo
pairing states. When the interface is normal to theab plane,
for two-dimensional order parameters, tunneling peaks
formed due to bound states that depend both on the sur
orientation and the quasiparticle trajectory angle.7 For three-
dimensional order parameters the tunneling spectra is se
tive to the orientation of the interface.8

The Josephson effect has been observed experimenta
bilayer junctions Pb/Sr2RuO4 /Pb, where a sharp drop of th
critical currentI c is observed below the transition temper
ture of Sr2RuO4.9 This anomalous effect originates from th
competition between the positive Josephson coup
strength between the two singlet superconductors and
negative one due to the singlet-/triplet-superconduc
coupling.10 Also in Ref. 11 it is argued that the Josephs
coupling between a conventionals-wave superconductor In
and Sr2RuO4 is allowed in the in-plane direction, but not i
thec axis. The conclusion is that the pairing state in that c
has to be a nodelessp-wave state.

In order to distinguish the pairing states with a tw
dimensional order parameter, in the present paper we s
the static properties of a two-dimensional corner junct
between SRO and a conventionals-wave superconductor
This is done by mapping the two-dimensional~2D! junction
into two single junctions, connected in parallel, by introdu
0163-1829/2002/65~6!/064533~10!/$20.00 65 0645
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ing an extra relative phase in one part of this junction. T
spontaneous flux and the critical current modulation of
vortex states with the junction orientation are calculated
solving numerically the sine-Gordon equation. For SRO
shall assume three possible pairing states of two-dimensi
order parameters, having line nodes within the RuO2 plane,
that break the time-reversal symmetry. The first two are
2D, f-wave states proposed by Hasegawaet al.,12 having
B1g3Eu andB2g3Eu symmetry, respectively. The other on
is called the nodalp-wave state and has been proposed
Dahm et al.,13 where the pairing potential has the formd
5D0ẑ@sin(kxa)1i sin(kya)#. This pairing symmetry has node
as in theB2g3Eu case. Also we will consider two nodeles
pairing states. One is the isotropicp-wave state and the othe
is the nodelessp-wave state initially proposed by Miyak
and Narikiyo,14 both breaking the time-reversal symmetry.
addition we examine briefly several three-dimensional or
parameters with horizontal lines of nodes.

For each pairing state we derive simple arguments
could be used to characterize it. For example the junct
orientation where thea,b axes point towards the junctio
interface will give finite critical currents only for the isotro
pic p-wave, B1g3Eu states and zeros for the other state
Furthermore the suppression of the critical currents of
nodal stateB1g3Eu near the nodes can be used to dist
guish it from the nodeless isotropicp-wave state. Also the
modulation of the Josephson critical current with the po
angleb, within theac plane, will probe the horizontal node
for hypothetical three-dimensional order-parameter symm
tries. The rest of the paper is organized as follows. In Sec
we discuss the Josephson effect between a supercond
breaking time-reversal symmetry and a conventionals-wave
superconductor. In Sec. III the geometry of the corner ju
tion is discussed. In Sec. IV we present the magnetic flux
the spontaneous vortex states. In Sec. V the modulatio
the magnetic flux and the critical currents with the orien
tion are presented. In Sec. VI several three-dimensional o
parameters are considered. In Sec. VII the modulation of
vortex states with the magnetic field is discussed. In S
VIII a connection with the experiment is made. Finally,
summary and discussion are presented in the last sectio

II. JOSEPHSON EFFECT BETWEEN SRO AND A
CONVENTIONAL S-WAVE SUPERCONDUCTOR

We consider the junction shown in Fig. 1~a!, between a
superconductorA with a two-component order paramet
©2002 The American Physical Society33-1
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N. STEFANAKIS PHYSICAL REVIEW B 65 064533
nA , and a superconductorB with order parameternB . The
two superconductors are separated by an intermediate l
The bulk order parametersnA andnB , near the interface, ca
be written as

nA5H ñAx
eifAx,

ñAy
eifAy

~1!

and

nB5ñBeifB , ~2!

wherefAx
,fAy

are the phases of the components of the or

parameternA , andfB is the phase of the superconductorB.

FIG. 1. ~a! A single Josephson junction between a triplet sup
conductorA with broken time-reversal pairing symmetry andB,
with s-wave symmetry. The angle between the crystallinea axis of
A and the junction interface isa. ~b! The geometry of the corne
junction between superconductors SRO ands wave. ~c! The map-
ping of the corner junction geometry into the one-dimensional a
of length L. For 0,x,L/2 the angle between thea axis and the
interface isa while for L/2,x,L the corresponding angle isp/2
2a.
06453
er.
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ñAx
, ñAy

are the magnitudes of the components of the or

parameternA . Then the supercurrent density can be writt
as

J5JBAx
sin~fB2fAx

!1JBAy
sin~fB2fAy

!, ~3!

where

JBAx
;ñAx

ñB ,

JBAy
;ñAy

ñB . ~4!

We have to comment here that the coupling between a tri
and a singlet superconductor is forbidden by the orthogo
ity of the spin part of their wave functions. However, in o
situation there exists a finite overlap due to spin-or
coupling.15 In the presence of spin-orbit coupling the Coop
pairs of different parities will be mixed at the interface b
tween the singlet and the triplet superconductor resulting
direct Josephson coupling between them.16 We define f
5fB2fAx

as the relative phase difference between two
perconductors. We consider the case where the intrin
phase difference within superconductorA is fAy

2fAx

5p/2. In this case the order parameter is complex a
breaks the time-reversal symmetry. Then the supercur
density can be written as17

J~f!5 J̃csin~f1fc!, ~5!

with

fc55 tan21
2JBAy

JBAx

JBAx
.0,

p1tan21
2JBAy

JBAx

JBAx
,0,

~6!

and

J̃c5AJBAy

2 1JBAx

2 . ~7!

We consider the following cases for the pairing state of S
having line nodes.

~a! In the first 2Df-wave stateB1g3Eu , the magnitudes
of the order parametersñAx

andñAy
in Eq. ~4! are defined as

ñAx
5cos(2a)cos(a), ñAy

5cos(2a)sin(a). In these formulas

a denotes the angle between the interface and thea axis of
the crystal. This state has nodes at the same points as in
dx22y2-wave case.

~b! For the second 2Df-wave state,B2g3Eu , ñAx

5sin(2a)cos(a), ñAy
5sin(2a)sin(a). This state has nodes a

0, p/2, p, and 3p/2, and has also been studied by Graf a
Balatsky.18

~c! This is the case of a nodalp-wave superconductor
ñAx

51/sMsin@pcos(a)#, ñAy
51/sMsin@p sin(a)#. We use here

the same normalization proposed by Dahmet al.,13 sM

5A2sin(p/A2)51.125, where the Fermi wave vector is ch
sen askFa5p, in order to have a node of the order param

-
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JOSEPHSON EFFECT TEST FOR TRIPLET PAIRING . . . PHYSICAL REVIEW B65 064533
eter in the Fermi surface. This state has nodes as in
B2g3Eu state. The corresponding nodeless form was
tially proposed by Miyake and Narikiyo14 and will be con-
sidered as a separate case. Also we will examine the foll
ing two pairing symmetries, which are nodeless.

~d! In the case of a nodelessp-wave superconductor, pro
posed by Miyake and Narikiyo,14 ñAx

51/sMsin@Rp cos(a)#,

ñAy
51/sMsin@Rp sin(a)#, sM5A2sin(p/A2)51.125, andR

50.9. This state does not have nodes.
~e! In the isotropic p-wave case, ñAx

5cos(a), ñAy

5sin(a). This pairing state does not have nodes either.

III. THE JUNCTION GEOMETRY

We consider the corner junction shown in Fig. 1~b! be-
tween a triplet superconductor breaking the time-reve
symmetry and ans-wave superconductor. In the followin
the Josephson coupling is restricted in theab plane since we
assume 2D order parameters. If the angle of thea axis with
the interface in thex direction isa, then the corresponding
angle in they direction will bep/22a. Using this constraint
we map the two segments of this corner junction, each
length L/2, into a one-dimensional axis shown in Fig. 1~c!.
In this case the two-dimensional junction can be conside
as being made of two one-dimensional junctions describe
Sec. II connected in parallel. The characteristic phases o
two parts of the one-dimensional junctionfc1 and fc2 de-
pend upon the anglea. We call this junction frustrated sinc
the two segments have different characteristic phasesfc1
and fc2. The fabrication details of corner junctions o
SQUID’s, between sample faces at different angles, can
found in Refs. 19 and 20.

The superconducting phase differencef across the junc-
tion is then the solution of the sine-Gordon equation

d2f~x!

dx2
5 J̃csin@f~x!1fc~x!#2I ov, ~8!

with the boundary conditions

df

dx U
x50,L

5H, ~9!

wherefc(x)5fc1(fc2) in the left ~right! part of the junc-
tion, andI ov is the bias current in the overlap geometry. T
lengthx is scaled in units of the Josephson penetration de
given by

lJ5A \c2

8pedJc0
,

whered is the sum of thes-wave, and mixed wave, in-plan
penetration depths plus the thickness of the insulator la
The different solutions obtained from Eq.~8! are classified
with their magnetic-flux content

F5
1

2p
~fR2fL!, ~10!
06453
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wherefR(L) is the value off at the right~left! edge of the
junction, in units of the flux quantumF05hc/2e.

To check the stability of solutions we consider small p
turbationsu(x,t)5u(x)est on the static solutionf(x), and
linearize the time-dependent sine-Gordon~s-G! equation to
obtain

d2v~x!

dx2
1 J̃ccos@f~x!1fc~x!#v~x!5lv~x!, ~11!

wherel52s2, with the boundary conditions

dv
dxU

x50,L

50. ~12!

It is seen that if the eigenvalue equation has a negative
genvalue the static solutionf(x) is unstable.

IV. SPONTANEOUS VORTEX STATES

First let us consider the case where the two o
dimensional junctions between a triplet superconduc
breaking the time-reversal symmetry and ans-wave super-
conductor, each of lengthL/2, described in Sec. II, are un
coupled. Then for 0,x,L/2 the stable solutions for the s-G
equation are f(x)52fc112n1p, where n150,61,
62, . . . , while for L/2,x,L the stable solutions for the
s-G equation aref(x)52fc212n2p, where n250,61,
62, . . . , andfc1 , fc2 are the relative phases in each part
the junction due to different orientations. When the frustra
junction is formed, and we consider the above junctions
parallel, the phasef is forced to change aroundx5L/2 to
connect these stable solutions. This variation of the phasf
along the junction describes the Josephson vortices. The
content of these states~in units of F0) is21

F5@f~L !2f~0!#/2p5~2fc21fc112np!/2p,
~13!

where the n value (n5n12n250,61,62, . . . ) distin-
guishes between solutions with different flux content. W
will concentrate on solutions called modes with a minimu
flux content, i.e.,n50,1,21. Their magnetic flux in terms o
fc1 ,fc2 is shown in Table I. Generally the flux content
fractional, i.e., is neither integer nor half-integer, as a con
quence of the broken time-reversal symmetry of the proble

TABLE I. The magnetic flux (F) in terms offc1 , fc2 for the
spontaneous solutions that exist in a corner junction between a
let superconductor with time-reversal broken symmetry and
s-wave superconductor (fc1 ,fc2 is the extra phase difference in th
two edges of the corner junction due to the different orientations
the a axis of the triplet superconductor!. We present only the mini-
mum flux statesn50,21,1.

Vortex state Magnetic flux (F)

0 (2fc21fc1)/2p
1 (2fc21fc112p)/2p

21 (2fc21fc122p)/2p
3-3
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N. STEFANAKIS PHYSICAL REVIEW B 65 064533
V. SPONTANEOUS MAGNETIC FLUX AND CRITICAL
CURRENTS

In this section we will consider the magnetic flux an
critical current modulation with the azimuthal anglea, for
the various two-dimensional pairing states for the SRO.
general the flux quantization and the critical currents are
fluenced by the nodal structure of the order parameter.
critical currentI c

ov which depends mainly on the magnitud
of the order parameter vanishes at the nodes of the o
parameter. The magnetic flux is determined fromfc1 ,fc2,
and has almost the same structure in the isotropicp-wave,
B1g3Eu andB2g3Eu pairing states, while it is different in
the nodalp-wave and the nodelessp-wave cases.

A. Isotropic p wave

For the isotropicp-wave case we present in Fig. 2~a! the
variation offc1 ,fc2, with the interface orientation anglea.
The magnetic flux can be calculated analytically for t
spontaneous vortex states 0,21,1. The corresponding expre
sions are seen in Table II. The spontaneous magnetic flu

FIG. 2. ~a! The variation offc1 , fc2 with the anglea. For each
value of a there exist three vortex solutions.~b! The spontaneous
magnetic fluxF as a function of the anglea, for the 0-,21-,1-
mode solutions as solid, dashed, and long-dashed lines, res
tively. ~c! The lowest eigenvaluel1 as a function of the anglea, for
the 0-,21-,1- mode solutions.~d! Overlap critical current density
I c

ov versus the anglea for a junction of lengthL510. The pairing
symmetry of the triplet superconductor is isotropicp wave.

TABLE II. The magnetic flux (F) in terms ofa for the spon-
taneous vortex states that exist in a corner junction between a tr
superconductor with isotropicp-wave symmetry and ans-wave su-
perconductor.

Vortex state Magnetic flux (F)

0 0.252a/p
1 1.252a/p

21 20.752a/p
06453
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a function of the anglea is presented in Fig. 2~b!. At a50
we have the existence of three possible spontaneous vo
states. As we change the anglea, the magnetic flux changes
keeping the distance between the modes at a constant v
equal to a single flux quantum. The modes fora50 are
displaced to quadratic values@i.e., (1/41n)F0# of the mag-
netic flux in contrast to thes-wave case where the flux i
quantized in integer values 0,21,1.22

In particular the vortex solution in then50 mode~solid
line! contains 1/4 of a fluxon fora50, and as we increas
the anglea towardsp/4 it continuously reduces its flux, i.e
it becomes flat exactly ata5p/4 and then it reverses its sig
and becomes an antivortex with exactly opposite flux cont
at a5p/2 from that ata50. In addition we have plotted in
Fig. 3~a! the phase distributions for the moden50 in differ-
ent orientationsa50,p/4,p/2. The transition from the vor-
tex to the antivortex mode as the orientation changes
clearly seen in this figure. Note that the solutions in th
mode remain stable for all junction orientations. This is se
in Fig. 2~c! where we plot the lowest eigenvalue (l1) of the
linearized eigenvalue problem as a function of the anglea.
We see thatl1.0, denoting stability for all values of the
anglea in this mode.

Let as now examine the solution in then521 mode
@dashed line in Fig. 2~b!#. We see that ata50 it has negative
flux, equal to20.75, and is stable. As we increase the an
a it decreases its flux to a full antifluxon when the orien

ec-

let

FIG. 3. The phase distribution of the vortex solutions~a! n50,
~b! n521, and~c! n51, ata50, p/4, p/2; for a corner junction
of isotropic p-wave ands-wave superconductors, with lengthL
510, and zero overlap external currentI ov50.
3-4
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JOSEPHSON EFFECT TEST FOR TRIPLET PAIRING . . . PHYSICAL REVIEW B65 064533
tion is p/4 and then to flux of21.25 whena reachesp/2.
As seen in Fig. 2~c! this solution becomes unstable ata
5p/4 where a full antifluxon enters the junction. The pha
distribution at this point is seen in Fig. 3~b! ~dotted line!.

Finally the solution in then51 mode@long-dashed line in
Fig. 2~b!# contains 1.25 in flux ata50 and is clearly un-
stable. It becomes stable ata5p/4 @see Fig. 2~c! ~long-
dashed line!#, where a full fluxon enters the junction, as se
in Fig. 3~c! ~dotted line!. At a5p/2 it contains 0.75 in flux.

In Fig. 2~d! we plot the overlap critical current per un
length I c

ov as a function of the anglea, at H50, for then
50-,21-, 1-mode solutions. The Josephson critical curr
density is kept constant with the orientationJ̃c51. Let us
consider the situation where the junction contains a solu
in the moden50, at a50, when the net current is max
mum. The spatial variation off is described by a fractiona
vortex displaced from the corresponding distribution at z
current which is aroundp/4 @see Fig. 3~a!#. The current-
density distribution as seen in Fig. 4~a! ~solid line! corre-
sponds to a positive fluxon, and at the maximum curren
flat, close to unity, and has a small variation around the ju
tion center giving rise to the large value of the net curre
seen in Fig. 2~d!. At a5p/4 the flat phase distribution cor
responding to then50 solution seen in Fig. 3~a! at zero
current is displaced towards the value 3p/4 at the maximum
current. The current-density distribution as seen in Fig. 4~a!

FIG. 4. The current-density distributionJ(x) of the vortex so-
lutions ~a! n50, ~b! n521, and~c! n51, ata50, p/4, p/2; for
a corner junction of isotropicp-wave ands-wave superconductors
with lengthL510, and maximum overlap external currentI ov.
06453
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~dotted line! is flat, giving a net current equal to 1 which
the maximum value over the range 0,a,p/2.

For the21 solution ata50 the phase represents an a
tifluxon which is being displaced at the maximum curre
from the corresponding distribution at zero current seen
Fig. 3~b!. The corresponding current density represents
antifluxon, and has a characteristic variation along the ju
tion, taking positive and negative values, as seen in Fig. 4~b!
~solid line!, so that the net current is suppressed compare
the 0 mode. Ata5p/4 just one antifluxon enters the junc
tion and the current distribution is symmetric aroundx
5L/2, as seen in Fig. 4~b! ~dotted line!, leading to zero total
current at this angle.

The critical currentI c
ov for the 0 mode is finite for each

orientationa due to the nodeless form of the order para
eter. This is in marked contrast to what we see in the sin
pairing states that describe the high-Tc cuprates where the
critical currentI c

ov for the different modes is suppressed ne
a5p/4 following a similar variation to the Josephson cri
cal current densityJ̃c(a).23 Also the fractional values of the
magnetic flux are originated from the two-component ord
parameter that breaks the time-reversal symmetry.

B. B1gÃEu

In the B1g3Eu-wave pairing state thefc1 ,fc2 and also
the magnetic flux seen in Fig. 5~a! and Fig. 5~b!, respec-
tively, have the same form as in the isotropicp-wave case.
This happens because the relative phasefc in Eq. ~6! de-
pends on the ratio of the real and imaginary parts of
order-parameter magnitude in superconductor SRO. TheB1g
component cos 2a multiplies both parts and is canceled ou
On the contrary only theB1g part of the order paramete
contributes to the Josephson critical current densityJ̃c ,
which varies asucos(2a)u as seen in Fig. 5~a! ~dashed line!,
while theEu part is canceled. It has nodes ata56p/4. For
this reason we choose the interval2p/4,a,p/4 to study
the B1g3Eu pairing state.

FIG. 5. The same as in Fig. 2. The pairing symmetry of t
triplet superconductor isB1g3Eu .
3-5
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N. STEFANAKIS PHYSICAL REVIEW B 65 064533
For a50 the moden50 contains negative magnetic flu
of 20.25 as seen in Fig. 5~b!, the mode 1 contains positiv
magnetic flux equal to 0.75 and is stable, while the mo
21 has21.25 in flux and is unstable. The variation of th
phase of the vortex solutions at zero current and the co
sponding current density at maximum current fora50 are
seen in Fig. 6. Differently from the isotropicp-wave case,
the mode 0 with negative magnetic flux corresponds to
highest critical current.

Close to6p/4 the variation of the magnetic flux for th

modes 0,21,1 is influenced from the suppression of theJ̃c

which goes to zero at6p/4 and the magnetic flux acquire
some curvature at these points as seen in Fig. 5~b!. Due to
this abrupt variation the numerical procedure to follo
modes21,1 stops at the point where the flux changes m
rapidly. This is the reason why the magnetic flux for t

modes 21,1 does not reach the nodes of theJ̃c at a
56p/4.

Also the critical currents are influenced by theJ̃c . The
critical current for the mode 0 vanishes ata56p/4 where
the order parameter has nodes. Also the maximum of

critical current tends to move towardsa50 whereJ̃c has its
maximum value. On the other hand the phase prefers
orientationa52p/4 where it is flat. These two competitiv
factors shift the maximum current forn50 to the left ofa
50. The critical currents for the other two modes are s
pressed close toa56p/4 where the order parameter h
nodes. In particular for mode 1 the magnetic flux is sma
compared to mode21 and as a consequence the critic
current is higher. In the interval we study, mode21 is un-
stable while modes 1,0 are stable as seen in Fig. 5~c!, where
the lowest eigenvaluel1 versusa is plotted.

FIG. 6. ~a! The phase distribution of the vortex solutions ata
50, for a junction with lengthL510, and zero external curren
I ov50. ~b! The corresponding current density at the maximum
ternal current. The pairing symmetry of the triplet superconducto
B1g3Eu .
06453
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C. B2gÃEu

In the B2g3Eu case thefc1 ,fc2 seen in Fig. 7~a! have
the same form as in the isotropicp-wave case. Here theB2g
factor of the order parameter sin 2a is canceled out in the
calculation of the relative phasefc(x). The B2g part of the
order parameter influences the Josephson critical currentJ̃c ,
which varies asusin(2a)u as seen in Fig. 7~a! ~dashed line!
and has nodes at 0,p/2. Due to this form of theJ̃c we have
nodes at the critical currentI c

ov versusa at the points 0,p/2,
as seen in Fig. 7~d!. The modes 1,21 have zero critical
current at the anglea5p/4 where a full fluxon or antifluxon
enters into the junction. In addition they become zero clo
to 0 or p/2 due to the vanishing ofJ̃c at these angles. Note
that close to 0 orp/2 the form of J̃c influences also the
magnetic flux at zero current which acquires a small cur
ture at these points. The mode 0 has its maximum clos
a50 in theB1g3Eu state while inB2g3Eu the critical cur-
rent ata50 becomes zero. In the isotropicp-wave case the
critical current is finite ata50 since the order parameter fo
this state is nodeless.

D. Nodal p wave

For the nodalp-wave case thefc1 ,fc2 are interchanged
compared to the isotropicp-wave andB1g3Eu cases and
also their linear form is lost. As a result the slope of t
magnetic flux versusa seen in Fig. 8~b! has changed from
negative in the isotropicp-wave andB2g3Eu cases to posi-
tive here. Now mode 1 is stable in the interval 0,a,p/4
and mode21 is stable in the intervalp/4,a,p/2, con-
trary to the isotropicp-wave case as seen in Fig. 8~c!. The
Josephson critical current densityJ̃c has the same nodal form
as in theB2g3Eu case, with nodes at 0,p/2, as seen in Fig.
8~a!, since the nodal form of the order parameter is the sa
The critical current for mode 0 versusa follows the same
form as in theB2g3Eu case and it is zero at 0,p/2 and
maximum ata5p/4, where the phase is uniform. Also th
variation of the flux versusa seen in Fig. 8~b! is quite close
to zero for mode 0, and as a consequence theI c

ov vs a for

-
is

FIG. 7. The same as in Fig. 2. The pairing symmetry of t
triplet superconductor isB2g3Eu .
3-6
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mode 0 is more broadened compared to the correspon
mode in theB2g3Eu case. The mode21(1) becomes zero
at a5p/4 where a full antifluxon~fluxon! enters the junc-
tion. Fora,p/4, mode 1 has less magnetic flux in absolu
value than does mode21 and its critical currentI c

ov is
higher. On the other hand fora.p/4, mode 1 has more
magnetic flux in absolute value than does mode21 and its
critical current I c

ov is lower. Note that modes21,1 stop
abruptly at the angle where the variation of the flux is mo
abrupt

E. Nodelessp wave

For the nodelessp-wave case the variation offc1 ,fc2 is
more complex. It is similar to the nodalp-wave case excep
at values close to 0,p/2 where it changes slope. As a resu
the magnetic flux versusa varies more closely to intege
values and is almost flat as seen in Fig. 9~b!. Also within the

FIG. 8. The same as in Fig. 2 The pairing symmetry of t
triplet superconductor is nodalp wave.

FIG. 9. The same as in Fig. 2. The pairing symmetry of
triplet superconductor is nodelessp wave.
06453
ng

e

interval 0,a,p/2 modes21,1 change from stable to un
stable for more than one time as seen in Fig. 9~c! while mode
0 is stable for all values ofa. The J̃c has a nodeless form a
seen in Fig. 9~a!, i.e., it has no zero values. As a consequen
the critical current for mode 0 is finite over the anglesa and
has its maximum values ata5p/4 where the phase is uni
form. At this point a full fluxon or antifluxon enters the junc
tion and the critical current for modes21,1 is zero. Also the
magnetic flux for modes21,1 varies close to values21,1
and as a consequence their critical currents are almost c
cident.

VI. 3D ORDER PARAMETERS WITH HORIZONTAL
LINES OF NODES

In the preceding sections we considered purely tw
dimensional order parameters. In this section we consider
case where the order parameter is three dimensional. Re
measurement of thermal conductivity under a rotating
plane magnetic field by Izawaet al.5 has shown a fourfold
pattern with a minimum whenHi@110# and suggests that th
nodes of the gap are on the line withkz5const as discusse
in Ref. 12. So the question arises as to whether the res
obtained in the present paper remain valid for such parin

Several three-dimensional order parameters h
been proposed in the literature: Hasegawaet al.12 have
proposed the pairing states with order parame
d5D0ẑ(kx1 iky)cos(ckz) and d5D0ẑ@sin(akx/2)
1 isin(aky/2)#cos(ckz/2) with c being the lattice constan
along thec axis. These states have horizontal lines of nod
at kz56p/2c and kz56p/c, respectively, and break th
time-reversal symmetry. Also Won and Maki24 have
proposed anf-wave model with a superconducting order p
rameterd5D0ẑ(kx1 iky)

2kz . This state has horizontal line
of nodes where the basal planekz50 intersects the Ferm
surface.

In all the above pairing states the Josephson cur
within the ab plane is canceled, since the order parame
changes sign in thekz direction symmetrically around zero
However it is possible to have finite Josephson current w
the Fermi surface is not exactly cylindrical but is corrugat
as observed by the angle dependence of the de Haas
Alphen effect.25 In that case the cancellation would not b
complete. Another possibility to have finite Josephson c
rent within theab plane is to have a three-dimensional ord
parameter that is mixed with a two-dimensional one as s
gested also in Ref. 12. Then for the Josephson effect wi
the ab plane, discussed in preceding sections, the quasi
ticles will experience an effective order parameter that
quasi-two-dimensional and the modulation of the critical c
rent and magnetic flux with the misorientation angle with
theab plane will show the nodal profile of the order param
eter within theab plane discussed previously.

In an alternative geometry, the modulation of the critic
current and spontaneous flux with the polar misorientat
angle within theac plane, i.e., when the azimuthal angle
set to zeroa50, would reveal the angular anisotropy of th
order parameter along thec axis. In that case the effectiv
order parameter felt by the quasiparticles is two dimensio
3-7
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Moreover for that orientation the two-component order p
rameter is reduced to a one-component one which has a
change but does not break time-reversal symmetry.

For example we consider the three-dimensional order
rameterd5D0ẑ(kx1 iky)cos(ckz). For a spherical Fermi sur
face anda50, it is reduced to the two-dimensional ord
parameterd5D0ẑsinb cos(p cosb). We plot in Fig. 10~a!
the order parameter for adjacent crystal edges versus the
lar angleb. It is seen that the order parameter changes s
in a restricted angle regime, at adjacent faces of the cry
Also the characteristic phasesfc1 ,fc2 differ by p as seen in
Fig. 10~b!. That would, for example, lead to half-intege
spontaneous flux states. Note that the Josephson critical
rent densities as seen in Fig. 10~c! are not equal for adjacen
junction edges. However the asymmetry in the current d
sities will not affect that spontaneous flux. The modulation
the current with the polar angle within theac plane will be
highly anisotropic for the three-dimensional order para
eters. It will be suppressed forckz5p/2 for the pairing state
D} cosckz.

Since all states considered here havedi ẑ, the Josephson

FIG. 10. ~a! The effective two-dimensional order parameterd
5 ẑsinb cos(p cosb) versus the polar angleb for adjacent junction
edges as solid and dashed lines.~b! The characteristic phasefc1

(fc2) as a solid~dashed! line. ~c! The Josephson critical curren

densitiesJ̃c1 , J̃c2 for adjacent junction edges as solid and dash
lines.
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current along thec axis between the singlet and triplet supe
conductors is not allowed.16 In fact the spin-orbit coupling
strength of the triplet superconductor would give rise to
orientational dependent Josephson coupling between
SRO and the conventionals-wave superconductor which
completely vanishes along thec axis. However the Joseph
son coupling is possible when thed vector is not exactly
parallel to the current. In that case we restrict to the cor
junction in theac plane where thec axis is tilted within the
ac plane for certain polar angles. For the pairing stateD
}kz the singlet-superconductor/triplet-superconduct
singlet-superconductor junction along a direction sligh
different from thec axis can be used to probe the pairin
symmetry from the sign change of the Josephson curren
opposite faces of the junction.26

VII. MAGNETIC FIELD

We now examine the influence of the magnetic field
the spontaneous vortices, for theab-plane Josephson effec
for fixed junction orientationa50, where most experiment
on corner junctions have been performed. The critical curr
is finite, ata50 for the pairing states isotropicp wave and
B1g3Eu , while it is zero or very suppressed for the oth
pairing states. Hence we will restrict ourselves only to t
isotropic p wave andB1g3Eu at a50 in this section. The
modes extend to a large interval of the magnetic field, wh
is almost the same. The instability at the extremum value
the magnetic field is due to the interaction of the flux ente
from the edges with the intrinsic flux. The separation of t
modes in magnetic flux is kept constantly equal toF0 as in
the s-wave case, but is displaced compared to thes-wave
case by an amount that is equal to the intrinsic flux.

We plot in Fig. 11~a! the overlap critical currentI c
ov ver-

d

FIG. 11. ~a! The variation of the overlapI c
ov critical current with

the magnetic fieldH for the three vortex solutionsn50,1,21. ~b!
The spontaneous magnetic fluxF as a function of the magnetic
field H, for the 0-,21-,1- mode solutions, for a junction of lengt
L510, and the anglea50. The pairing symmetry of the triple
superconductor is isotropicp wave.
3-8
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sus the magnetic fieldH, for a junction with lengthL510,
for anglea50, and for the isotropicp-wave case. The mod
0, at H50, contains positive fluxF50.25 and has greate
critical current than mode21, which atH50 contains nega-
tive magnetic flux and is equal to20.75. So the mode with
positive magnetic flux corresponds to the highest critical c
rent. The maximumI c

ov for mode 0 occurs to the right o
H50. Note that the displacement of modes 0,21,1 in F
from their positions in thes-wave case is small and thus th
I c

ov vs H diagram is similar to thes-wave case.
In Figs. 12~a! and 12~b!, the overlap critical currentI c

ov

versus the magnetic fieldH and the spontaneous flux vs ma
netic field is plotted for theB1g3Eu case. The mode 0, a
H50, contains negative fluxF520.25 and has greate
critical current than mode 1, which atH50 contains positive
magnetic flux and is equal to 0.75. So differently from t
isotropicp-wave case, the mode with negative magnetic fl
corresponds to the highest critical current.

For the rest of the pairing states the junction orientat
a50 gives zero or relatively small values for the Joseph
critical current densityJc(a), which means that the critica
current the junction can carry will be zero or very suppres
compared to the previous cases. For theac-plane Josephson
effect for three-dimensional order parameters it is possibl
have a sign change of the order parameter at adjacent f
of the corner junction that would, for example, lead to an
nomalous Fraunhofer pattern with a ‘‘dip’’ at zero magne
field. The asymmetry in the Josephson critical current de
ties will only cause the ‘‘dip’’ to be shallow and will main
tain the symmetry of the pattern.

VIII. EXPERIMENTAL RELEVANCE

For the ab-plane Josephson effect for two-dimension
order parameters, the measurement of the magnetic inte
ence pattern ata50 where thea andb crystallographic axes
are perpendicular to the junction’s faces will not give a

FIG. 12. The same as in Fig. 10. The pairing symmetry of
triplet superconductor isB1g3Eu .
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finite value for the critical currentI c
ov for the pairing states

B2g3Eu or the nodalp wave since the valuea50 is a node
of the order parameter for these symmetries. For the node
p-wave case the Josephson critical current density is sma
a50 and so is the critical current. So the observation
finite critical currentI c

ov in corner junctions ata50 would
be an indication for isotropicp-wave or B1g3Eu pairing
states where the valuea50 is not a node. Furthermore th
suppression of the critical currents of the nodal stateB1g
3Eu near the nodes, i.e., ata56p/4, can be used to dis
tinguish it from the nodeless isotropicp-wave state, for
which the critical current for no-flux mode 0 does not b
come zero.

On the other hand for theac-plane tunneling, the orien
tation whereckz5p/2 will suppress the Josephson critic
current for the pairing stateD} cosckz since it is a node for
the order parameter. Also the singlet/triplet/singlet juncti
along the direction slightly different from thec axis will
probe the pairing stateD}kz from the sign change of the
Josephson current at opposite sides of the junction.

Another experiment that we propose here to discrimin
between the candidate’s pairing states consists of a SQ
between a Sr2RuO4 thin film patterned into a circle with a
series of Nb-Au-Sr2RuO4 edge junctions spaced at a fixe
angle step. The tunneling directions can be defined lit
graphically and patterned by ion milling of ac-axis-oriented
film to study theab-plane Josephson effect or ab-axis-
oriented film to study theac-plane Josephson effect. Th
measurement of the critical current versus the anglea, which
mainly probes the magnitude of the order parameter, is
pected to show large anisotropy with the anglea. An analo-
gous experiment has already been performed in the SQ
geometry for YBa2Cu3O7 thin films.20

A number of complicating factors are involved in the i
terpretation of the experiments with corner junctions th
could modify the anticipated results. These include the as
metry in the Josephson critical current densities, the fl
trapping, and the sample geometry. Also the study of
direction-dependent Josephson effect will be influenced
the roughness of the interface due to the existence of
lamellas, and also by the difficulty in cleaning and polishi
a crystal at angles different than 0 andp/2. However these
effects are not sufficiently large enough to change the qu
tative picture of the experiments.

IX. CONCLUSIONS

We followed the modulation of the vortices that are spo
taneously formed in a corner junction between a triplet
perconductor breaking time-reversal symmetry and
s-wave superconductor with the junction orientation ang
The nodal structure of the order parameter is reflected in
Josephson critical current density, and influences the crit
current versusa diagram and the magnetic flux of the spo
taneous vortex states that are formed at the corner junc
The critical current vanishes at the angles where the o
parameter has nodes. In addition it becomes zero at
angles where a full fluxon or antifluxon enters the junctio
For the nodeless pairing state mode 0 does not vanish,

e

3-9
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has the nodal profile of the corresponding order parame
The presence of spontaneous magnetic flux can be use
distinguish between different symmetry states.

The external magnetic field for the junction orientati
a50 where thea axis points towards the junction edge w
only influence the states in which their order paramete
finite ata50, i.e., isotropicp wave andB1g3Eu . The criti-
cal current and the effect of the magnetic field will be zero
very suppressed for the other cases. For three-dimens
order parameters the Josephson critical current modula
which mainly probes the magnitude of the order parame
.J

.

,
.

ki
y

r-

.

Jp
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with the polar angle, is expected to be highly anisotropic
the ac-plane Josephson effect.

In corner junctions with broken time-reversal symmet
the spontaneus flux and the magnetic interference patt
even in the short junction limit, are influenced by the ma
nitude of the order parameter and also the difference in
intrinsic phasesfc1 andfc2, at adjacent junction edges. Th
difference uniquely characterizes the pairing symmetry a
can be used without any ambiguity to probe anisotropic p
ing states with a sign change of the order parameter betw
orthogonal directions ink space.
.
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