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Josephson effect test for triplet pairing symmetry
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The critical current modulation and the spontaneous flux of the vortex states in corner Josephson junctions
between SiRuQ, and a conventionad-wave superconductor are calculated as a function of the crystal orien-
tation and the magnetic field. For,®u0, we assume two nodelegswave pairing states. Also we use the
nodalf-wave state®,, X E, andB,yX E,, and one specigl-wave state having line nodes. It is seen that the
critical current depends solely on the topology of the gap.
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[. INTRODUCTION ing an extra relative phase in one part of this junction. The
spontaneous flux and the critical current modulation of the
During recent years, a renewed interest has been realizertex states with the junction orientation are calculated by
for unconventional superconductivity in RuQ, (SRO.!  solving numerically the $|ne-G9(don equation. For SRO we
This material has a layered structure and is a two-shall assume three possible pairing states of two-dimensional
dimensional Fermi liquid, with similarities to*He, that Order parameters, having line nodes within the Rplne,
showsp-wave superfluidity. Knight-shift measurements sug-that fbreak the time-reversal symmetry. The f||rslt2 t‘r’]"o are the
gest that unconventional superconductivity with pairing inéD’ -évave dsétatesEproposed by Hasegai?taa_r.,h ‘1\"”9
the triplet channel is realiz€dThe time-reversal symmetry 19X” laat?] 29?; u symm?trty, resgehctwiy. e other %”g
is violated for this state. This is consistent with the discover))sa%?neet a < nv?thtr’éWt?]\ée sa?riﬁ anoter?tsial T]eans Ft)rr]%p?os& y
of internal magnetic fields in the superconducting phase b R P i 9,9
SR measurementAlso specific-heat measurements sup- — 202 Sinka)+isinka)]. This pairing symmetry has nodes
port the scenario of line nodes within the superconductin%s.'.” theB,y X E, case. Also we will consider wo nodeless
gap as in the hight, cuprate superconductdtsMoreover airing states. One is the isotrogevave state and the other

thermal-conductivity measurements indicate the presence & € nodelesp-wave state initially proposed by Miyake
horizontal lines of node3The argument for unconventional and Narikiyo, “both breaking the time-reversal symmetry. In

rconductivity in SRO is further rted by the vari addition we examine briefly several three-dimensional order
superconductivity IS Turther supported by the va a'parameters with horizontal lines of nodes.
tion of T, with nonmagnetic impuritie$.

For each pairing state we derive simple arguments that

The  tunneling  effect in  ferromagnet-triplet- ¢q,|q pe used to characterize it. For example the junction
superconductor junctions can be used to determine the nodgfientation where theb axes point towards the junction

structure of the pair potential and to distinguish the proposeshterface will give finite critical currents only for the isotro-
pairing states. When the interface is normal toalteplane,  pic p-wave, B,; X E, states and zeros for the other states.
for two-dimensional order parameters, tunneling peaks argurthermore the suppression of the critical currents of the
formed due to bound states that depend both on the surfaggdal stateB,, X E, near the nodes can be used to distin-
orientation and the quasiparticle trajectory ar?gl'ear three-  guish it from the nodeless isotropjewave state. Also the
dimensional order parameters the tunneling spectra is sensiodulation of the Josephson critical current with the polar
tive to the orientation of the interfade. angleg, within theac plane, will probe the horizontal nodes
The Josephson effect has been observed experimentally far hypothetical three-dimensional order-parameter symme-
bilayer junctions Pb/SRuQ,/Pb, where a sharp drop of the tries. The rest of the paper is organized as follows. In Sec. Il
critical currentl; is observed below the transition tempera-We discuss the Josephson effect between a superconductor
ture of SpRUQ,.° This anomalous effect originates from the breaking time-reversal symmetry and a conventicratve
competition between the positive Josephson couplin superconductor. In Sec. Ill the geometry of the corner junc-

strength between the two singlet superconductors and thHén is discussed. In Sec. IV we present the magnetic fqu for
negative one due to the singlet-/triplet—superconductthe spontaneous vortex states. In Sec. V the modulation of

coupling® Also in Ref. 11 it is argued that the Josephsonthe magnetic flux and the critical currents with the orienta-

coupling between a conventionsvave superconductor In tion are presented. In_ Sec. VI several three-dimensic_)nal order
and SgRuQ, is allowed in the in-plane direction, but not in parameters are considered. In Sec. VII the modulation of the

thec axis. The conclusion is that the pairing state in that cas ortex states With the magnetic _field i; discussed.. In Sec.
has to be a nodelegswave state. Il a connection with the experiment is made. Finally, a

In order to distinguish the pairing states with a two- summary and discussion are presented in the last section.

dimensional order parameter, in the present paper we study
the static properties of a two-dimensional corner junction
between SRO and a conventionalvave superconductor.
This is done by mapping the two-dimensioif2D) junction We consider the junction shown in Fig(al, between a
into two single junctions, connected in parallel, by introduc-superconductorA with a two-component order parameter

II. JOSEPHSON EFFECT BETWEEN SRO AND A
CONVENTIONAL S‘WAVE SUPERCONDUCTOR
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N, N,y are the magnitudes of the components of the order
X y

parametemn, . Then the supercurrent density can be written
as
J=JgaSIN(¢g— dp )+ I SIN(Ps— Pa ), )

where

Jga~ nAXﬁB '

JBAy~F]AyF]B : (4)
We have to comment here that the coupling between a triplet
and a singlet superconductor is forbidden by the orthogonal-

ity of the spin part of their wave functions. However, in our
situation there exists a finite overlap due to spin-orbit

SRO coupling?® In the presence of spin-orbit coupling the Cooper
pairs of different parities will be mixed at the interface be-
a b tween the singlet and the triplet superconductor resulting in a
o direct Josephson coupling between th€mVe define ¢
=¢p—Pa as the relative phase difference between two su-
perconductors. We consider the case where the intrinsic
s—wave phase dlffer_ence within superconductér |e ¢Ay— ba,
=/2. In this case the order parameter is complex and
breaks the time-reversal symmetry. Then the supercurrent
(©) density can be written &5
SRO I -
LI I($)=Tcsin( p+ bo), (5
1 T 2—O
% with
x=0 x=L/2 x=L ~Jga,
s—wave tan* Jea >0,
JBAX
) ) ) ) b= —]J (6)
FIG. 1. (a) A single Josephson junction between a triplet super- _ BA,
: : - m+tan ! Jga <0,
conductorA with broken time-reversal pairing symmetry al EA X
with swave symmetry. The angle between the crystalraxis of X
A and the junction interface ia. (b) The geometry of the corner and
junction between superconductors SRO anslave. (c) The map-
ping of the corner junction geometry into the one-dimensional axis jcz \ /JZBAer ‘JZBAX' @)

of lengthL. For 0<x<L/2 the angle between the axis and the
interface isa while for L/2<x<L the corresponding angle is/2
— .

n,, and a superconduct® with order parameteng. The

We consider the following cases for the pairing state of SRO
having line nodes.
(@ In the first 2Df-wave stateBng E,., the magnitudes

of the order parametersA andnA in Eq. (4) are defined as

two superconductors are separated by an intermediate IayeT —cos(ZJz)cos(a) nA —cos(Zx)sm(a) In these formulas

The bulk order parameters, andng, near the interface, can
be written as

. nAer ¢AX1 1
Na= = et (1)
Ay y
and
nB:ﬁBei¢B= (2)

a denotes the angle between the interface andcatheis of
the crystal. This state has nodes at the same points as in the
dy2_,2-wave case.

(b) For the second 2Df-wave state,B,qXE,, ﬁAX
=sin(2x)cos(), FlAy=sin(2a)sin(a). This state has nodes at
0, w/2, =, and 37/2, and has also been studied by Graf and

Balatsky*®
(c) This is the case of a nodg-wave superconductor,

N = Lsysinmcos@)], ﬁAy= 1/sysin 7 sin(a)]. We use here

the same normalization proposed by Dalenal,™

whereg, , ¢ are the phases of the components of the ordet |/2sin(r/\/2) = 1.125, where the Fermi wave vector is cho-

parameten,, and ¢y is the phase of the superconducBr

sen akga=m, in order to have a node of the order param-
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eter in the Fermi surface. This state has nodes as in the TABLE I. The magnetic flux @) in terms of¢;, ¢, for the

B,y X E, state. The corresponding nodeless form was ini-spontaneous solutions that exist in a corner junction between a trip-

tially proposed by Miyake and Nariki% and will be con- let superconductor with time-reversal broken symmetry and an

sidered as a separate case. Also we will examine the followsWwave superconductoki, , ¢, is the extra phase difference in the

ing two pairing symmetries, which are nodeless. two edg.es of the corner junction due to the different orientations, of
(d) In the case of a nodelegswave superconductor, pro- the a axis of the triplet superconducjoiVe present only the mini-

posed by Miyake and Narikiyt' ﬁsz 1/sysinfRwcos@)], mum flux states=0,~1.1.

ﬁAy= 1/sysinRmsin(a)], sy=2sin@/\2)=1.125, andR  Vortex state Magnetic fluxd)

=0.9. This state does not have nodes.~ ~ 0 (= oo+ dey) 27
(e) In the isotropic p-wave case,na =cos), Na, 1 (= pept 1 +2m) 27

=sin(a). This pairing state does not have nodes either. -1 (= oo+ ey —2m) 127

Ill. THE JUNCTION GEOMETRY . .
where ¢ is the value of¢ at the right(left) edge of the

We consider the corner junction shown in Fighjlbe-  junction, in units of the flux quanturd®,=hc/2e.
tween a triplet superconductor breaking the time-reversal To check the stability of solutions we consider small per-
symmetry and ars-wave superconductor. In the following turbationsu(x,t) =u(x)e®' on the static solutionp(x), and
the Josephson coupling is restricted in #teplane since we linearize the time-dependent sine-Gorde@nG) equation to
assume 2D order parameters. If the angle ofalaxis with  obtain
the interface in thes direction is«, then the corresponding
angle in they direction will be 7/2— «. Using this constraint d?v(x) -~
we map the two segments of this corner junction, each of W+Jcco$¢(x)+ P(X)Jv(x)=Av(x), (1)
lengthL/2, into a one-dimensional axis shown in Figc)l
In this case the two-dimensional junction can be consideredherex = —s?, with the boundary conditions
as being made of two one-dimensional junctions described in
Sec. Il connected in parallel. The characteristic phases of the d_v
two parts of the one-dimensional juncti@t,,; and ¢, de- dx| _
pend upon the angle. We call this junction frustrated since
the two segments have different characteristic phaggs It is seen that if the eigenvalue equation has a negative ei-
and ¢.,. The fabrication details of corner junctions or genvalue the static solutiog(x) is unstable.
SQUID’s, between sample faces at different angles, can be
found in Refs. 19 and 20. IV. SPONTANEOUS VORTEX STATES

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

—0. (12)
oL

First let us consider the case where the two one-
dimensional junctions between a triplet superconductor

2h(x) ~ breaking the time-reversal symmetry and awave super-
=3I d(X) + pe(x)]— 17, (8)  conductor, each of length/2, described in Sec. Il, are un-
dx? coupled. Then for 82x<L/2 the stable solutions for the s-G
: - equation are ¢(X)=— ¢ +2n,7, where n;=0,t1,
with the boundary conditions +2,...,while for L/2<x<L the stable solutions for the
de¢ s-G equation arep(x)= — ¢¢o+2n,7, where n,=0,+1,
dx =H, 9 +2,...,andd.1, ¢, are the relative phases in each part of
x=0L the junction due to different orientations. When the frustrated

_ i ; ; junction is formed, and we consider the above junctions in
where ¢.(X) = ¢o1(be) in the left (right) part of the junc-  JUNC ' &
tion, and|® is the bias current in the overlap geometry. TheParallel, the phase is forced to change around=L/2 to

lengthx is scaled in units of the Josephson penetration deptfCNNECt these stable solutions. This variation of the pgase
given by along the junction describes the Josephson vortices. The flux

content of these statém units of ®,) is*

h—cz, P=[p(L) = #(0)]2m=(~ ¢cot Py + 2n7)/127,
87Ted\]co (13)

whered is the sum of thes-wave, and mixed wave, in-plane where the n value (=n;—n,=0,+1,+2,...) distin-
penetration depths plus the thickness of the insulator layeguishes between solutions with different flux content. We
The different solutions obtained from E(B) are classified  will concentrate on solutions called modes with a minimum
with their magnetic-flux content flux content, i.e.n=0,1,— 1. Their magnetic flux in terms of
de1, P2 1S shown in Table |. Generally the flux content is
fractional, i.e., is neither integer nor half-integer, as a conse-
guence of the broken time-reversal symmetry of the problem.

)\J:

1
b=5_(¢r=d0), (10
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FIG. 2. (8 The variation ofc;, ¢, with the anglex. For each 0.00 I
value of « there exist three vortex solutiond) The spontaneous Rl
magnetic fluxd as a function of the angle, for the 0-—1-,1- _2.00
mode solutions as solid, dashed, and long-dashed lines, respec-
tively. (c) The lowest eigenvaluk; as a function of the angle, for —400 |
the 0-—1-,1- mode solutions(d) Overlap critical current density ~6.00
IV versus the angle: for a junction of lengthL=10. The pairing I
mmetry of the tripl rcon r is isotropigvave. B e —
symmetry of the triplet superconductor is isotropigvave oo 20 40 60 80 700

V. SPONTANEOUS MAGNETIC FLUX AND CRITICAL
CURRENTS FIG. 3. The phase distribution of the vortex solutigasn=0,
(b) n=-1, and(c) n=1, ata=0, /4, w/2; for a corner junction
In this section we will consider the magnetic flux and of isotropic p-wave andswave superconductors, with length
critical current modulation with the azimuthal angle for =10, and zero overlap external curréfit=0.
the various two-dimensional pairing states for the SRO. In
general the flux quantization and the critical currents are ina function of the angler is presented in Fig.(®). At =0
fluenced by the nodal structure of the order parameter. Th@e have the existence of three possible spontaneous vortex
critical currentl2” which depends mainly on the magnitude states. As we change the anglethe magnetic flux changes,
of the order parameter vanishes at the nodes of the ordé&eeping the distance between the modes at a constant value
parameter. The magnetic flux is determined frém ,é.,, equal to a single flux quantum. The modes to+=0 are
and has almost the same structure in the isotrppicave, displaced to quadratic valugse., (1/4+n)®d,] of the mag-
B1gX Ey and B,y X E, pairing states, while it is different in netic flux in contrast to the-wave case where the flux is
the nodalp-wave and the nodelegswave cases. quantized in integer values-9],122
In particular the vortex solution in the=0 mode(solid
line) contains 1/4 of a fluxon for=0, and as we increase
_ _ o the anglea towards/4 it continuously reduces its flux, i.e.,
For the isotropicp-wave case we present in FiglaRthe it pecomes flat exactly at= /4 and then it reverses its sign
variation of ¢b¢1, dco, With the interface orientation angte.  and becomes an antivortex with exactly opposite flux content
The magnetic flux can be calculated analytically for theat o= /2 from that ata=0. In addition we have plotted in
spontaneous vortex states-Q,,1. The corresponding expres- rig. 3a) the phase distributions for the mode=0 in differ-
sions are seen in Table Il. The spontaneous magnetic flux gt orientationsy=0,7/4,7/2. The transition from the vor-
tex to the antivortex mode as the orientation changes is
TABLE II. The magnetic flux () in terms ofa for the spon-  clearly seen in this figure. Note that the solutions in this
taneous vortex states that exist in a corner junction between a triplgt,o e remain stable for all junction orientations. This is seen
superconductor with isotropje-wave symmetry and agwave su- Fig. 2(c) where we plot the lowest eigenvalug,) of the

A. Isotropic p wave

perconductor. linearized eigenvalue problem as a function of the angle
) We see thaft\;>0, denoting stability for all values of the
Vortex state Magnetic flux®) anglea in this mode.
0 0.25- al Let as now examine the solution in the=—1 mode
1 1.25- alw [dashed line in Fig. @)]. We see that a=0 it has negative
—1 —0.75 alw flux, equal to—0.75, and is stable. As we increase the angle

« it decreases its flux to a full antifluxon when the orienta-
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FIG. 5. The same as in Fig. 2. The pairing symmetry of the
0.50 triplet superconductor iB,4XE,.
0.00 (dotted ling is flat, giving a net current equal to 1 which is
the maximum value over the range<@ < /2.
-0.50 For the—1 solution ata=0 the phase represents an an-
L tifluxon which is being displaced at the maximum current
‘1'000,0 20 40 60 80 100 from the corresponding distribution at zero current seen in

X Fig. 3(b). The corresponding current density represents an
antifluxon, and has a characteristic variation along the junc-
tion, taking positive and negative values, as seen in Riy. 4
(solid line), so that the net current is suppressed compared to
the 0 mode. Ate= /4 just one antifluxon enters the junc-
tion and the current distribution is symmetric arourd

o =L/2, as seen in Fig.(#) (dotted ling, leading to zero total
tion is /4 and then to flux of-1.25 whena reachesm/2.  cyrrent at this angle.

FIG. 4. The current-density distributial(x) of the vortex so-
lutions (@) n=0, (b) n=—1, and(c) n=1, ata=0, w/4, 7/2; for
a corner junction of isotropip-wave ands-wave superconductors,
with lengthL =10, and maximum overlap external curréft.

As seen in Fig. @) this solution becomes unstable at The critical current” for the 0 mode is finite for each
= /4 where a full antifluxon enters the junction. The phaseprientationa due to the nodeless form of the order param-
distribution at this point is seen in Fig(l8 (dotted ling. eter. This is in marked contrast to what we see in the singlet

Finally the solution in thev=1 mode[long-dashed line in  pairing states that describe the hiip-cuprates where the
Fig. 2(b)] contains 1.25 in flux atv=0 and is clearly un- critical currentl2” for the different modes is suppressed near
stable. It becomes stable at=/4 [see Fig. Z) (long-  «==/4 following a similar variation to the Josephson criti-
dashed lingl, where a full fluxon enters the junction, as seencg| current density.(«).% Also the fractional values of the
in Fig. 3(c) (dotted ling. At a= /2 it contains 0.75 in flux. magnetic flux are originated from the two-component order

In Fig. 2d) we plot the overlap critical current per unit parameter that breaks the time-reversal symmetry.
length 1" as a function of the angle, at H=0, for then

=0-,—1-, 1-mode solutions. The Josephson critical current

density is kept constant with the orientatidp=1. Let us -
consider the situation where the junction contains a solution In the BigX E-wave pairing state the;;, ¢, and also

in the moden=0, at =0, when the net current is maxi- the magnetic flux seen in Fig.(® and Fig. $b), respec-
mum. The spatial variation ap is described by a fractional fively, have the same form as in the isotropiavave case.
vortex displaced from the corresponding distribution at zerolhis happens because the relative phagen Eq. (6) de-
current which is aroundr/4 [see Fig. 8)]. The current- pends on the ratio of'the rgal and imaginary parts of the
density distribution as seen in Fig(a} (solid line) corre-  order-parameter magnitude in superconductor SRO Bige
sponds to a positive fluxon, and at the maximum current iomponent cos@ multiplies both parts and is canceled out.
flat, close to unity, and has a small variation around the juncOn the contrary only the8,4 part of the order parameter
tion center giving rise to the large value of the net currentcontributes to the Josephson critical current dendity
seen in Fig. &). At a= /4 the flat phase distribution cor- which varies agcos(2v)| as seen in Fig. &) (dashed ling
responding to then=0 solution seen in Fig. (@) at zero  while theE, part is canceled. It has nodesat + 7/4. For
current is displaced towards the value/ad at the maximum this reason we choose the intervalr/4<a<<w/4 to study
current. The current-density distribution as seen in Fig) 4 the B,4XE, pairing state.

B. By XE,

064533-5



N. STEFANAKIS PHYSICAL REVIEW B 65 064533

0.0 4.0 T T T T 2.0 T T T T
(b) —0
R et T i I
-20 | . 101 - ol
e . N
= W 1 20 | 4 s00pF T 4
£ 40| A n ;
H \ 1.0 F A
\
—B.0 oo \ =
N\ 2.0 P S R | 1
| N .
.o 00 01 02 03 04 05
-80 PR R R U Bl wedlen
1.0 T T T TST ~F————]
4N \ T T T T
_\{ \ 14 @ —0 ]
\ L 4
05 |- ,’ \ . 1.2 |
S AN 10 ——— 1 ]
= 1t ~od - L ]
X 00T th = < 5,08
- S thy e 0.6 - p
AN N 04| ]
-0.5 \ - L 1
(b ] 7 0.2 . .
\ ! 7 1 0.5 I 1 1 1 0.0 o) B e et i
1ol Y 00 01 02 03 04 05 00 01 02 03 04 05
00 20 40 60 80 100 o/m o/n

FIG. 7. The same as in Fig. 2. The pairing symmetry of the
FIG. 6. (a) The phase distribution of the vortex solutionsaat  triplet superconductor iB,g < E,, .

=0, for a junction with lengthL =10, and zero external current

1°°=0. (b) The corresponding current density at the maximum ex- C. BogXEy

ternal current. The pairing symmetry of the triplet superconductor is  In the B,4 X E,, case thep.;, ¢, seen in Fig. 7@ have

BigXEy. the same form as in the isotropewave case. Here th,,

factor of the order parameter sinds canceled out in the

For =0 the moden=0 contains negative magnetic flux calculation of thg relative phasg:(x). The BZ@,F’a” of~the

of —0.25 as seen in Fig.(B), the mode 1 contains positive Order parameter influences the Josephson critical cudeent

magnetic flux equal to 0.75 and is stable, while the modeWhICh varies agsin(2q)| as seen. in Fig. @ (d~ashed ling

—1 has—1.25 in flux and is unstable. The variation of the @1d has nodes at#/2. Due to this form of the). we have

.. ) .
phase of the vortex solutions at zero current and the corrd10des at the critical currenf” versusa at the points 07/2,

sponding current density at maximum current for0 are as seen in Fig. (d). The modes 1;1 have zero prltlcal
current at the angle= /4 where a full fluxon or antifluxon

seen in Fig. 6. Differently from the isotropjswave case, enters into the junction. In addition they become zero close

the mode O with negative magnetic flux corresponds to th D
highest critical current. ?0 0 or /2 due to the vanishing af.. at these angles. Note

Close to /4 the variation of the magnetic flux for the that close to 0 orm/2 the form of J. influences also the
o . ~ magnetic flux at zero current which acquires a small curva-
modes 0r1,1 is influenced from the suppression of the e at these points. The mode 0 has its maximum close to
which goes to zero at w/4 a_nd the magnetic flux acquires 4=0 in theBy4X E, state while inB,,x E, the critical cur-
some curvature at these points as seen in Figl. Bue to  rent ata=0 becomes zero. In the isotrogewave case the
this abrupt variation the numerical procedure to follow critical current is finite aiv=0 since the order parameter for
modes— 1,1 stops at the point where the flux changes morghis state is nodeless.

rapidly. This is the reason why the magnetic flux for the

modes —1,1 does not reach the nodes of thg at «

=+ 7/4,
Also the critical currents are influenced by the. The compare_d to the Isotropip-wave andBy, < E, cases and
also their linear form is lost. As a result the slope of the

critical current for the mode O vanishes @t + /4 where ; o
the order parameter has nodes. Also the maximum of th:e]nagn_enc_flux versus: seen in Fig ) has changed fror_n

- - _ egative in the isotropip-wave andB,, X E, cases to posi-
critical current tends to move towards=0 whereJ. has itS  tjye here. Now mode 1 is stable in the intervat @< w/4
maximum value. On the other hand the phase prefers thgnd mode—1 is stable in the intervak/4<a< /2, con-
orientationa= — /4 where it is flat. These two competitive trary to the isotropigp-wave case as seen in Figicg The
factors shift the maximum current for=0 to the left ofa  jp5ephson critical current densityhas the same nodal form
=0. The critical currents for the other two modes are sups in theB,, X E, case, with nodes at 8/2, as seen in Fig.
pressed close ta=* /4 where the order parameter has g(g), since the nodal form of the order parameter is the same.
nodes. In particular for mode 1 the magnetic flux is smallerthe critical current for mode 0 versus follows the same
compared to mode-1 and as a consequence the criticalform as in theB,y, X E, case and it is zero at Oz/2 and
current is higher. In the interval we study, model is un-  maximum ata= 7/4, where the phase is uniform. Also the
stable while modes 1,0 are stable as seen in Kig, &here  variation of the flux versua seen in Fig. &) is quite close
the lowest eigenvalug; versuse is plotted. to zero for mode 0, and as a consequencel fhers « for

D. Nodal p wave
For the nodalp-wave case theb.;, ¢, are interchanged
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4.0 T 20 interval 0<a<w/2 modes—1,1 change from stable to un-
2.0 oo (0) i i i
ol Tt N stable for more than one time as seen in Fig) %hile mode
0.0 T 0 is stable for all values of. TheJ, has a nodeless form as
-20 - 1 800 — 3 seen in Fig. 89), i.e., it has no zero values. As a consequence
-4.0 P | the critical current for mode O is finite over the angteand
6.0 frrrr S~ T has its maximum values at= 7/4 where the phase is uni-
0t 20 e fprm. At this pqipt a full fluxon or antifluxon enters the junc-
tion and the critical current for modes1,1 is zero. Also the
15 E— magnetic flux for modes-1,1 varies close to values 1,1
1: F— °1 d | and as a consequence their critical currents are almost coin-
1.0 o k-1 ] cident.
< 05 5 081 ]
o6 [ ] VI. 3D ORDER PARAMETERS WITH HORIZONTAL
0.0 04 [ ] LINES OF NODES
.2 |- . 1
05 L 00 T N T T In the preceding sections we considered purely two-

0. !
00 01 02 03 04 05 00 01 02 03 04 05

wn i dimensional order parameters. In this section we consider the

case where the order parameter is three dimensional. Recent
FIG. 8. The same as in Fig. 2 The pairing symmetry of themeasurement of thermal conductivity under a rotating in-

triplet superconductor is nodalwave. plane magnetic field by Izawet al® has shown a fourfold

pattern with a minimum wheHi||[ 110] and suggests that the
mode O is more broadened compared to the correspondingbdes of the gap are on the line wih= const as discussed
mode in theB, X E, case. The mode-1(1) becomes zero in Ref. 12. So the question arises as to whether the results
at a=m/4 where a full antifluxon(fluxon) enters the junc- obtained in the present paper remain valid for such parings.
tion. Fora</4, mode 1 has less magnetic flux in absolute  Several three-dimensional order parameters have
value than does mode-1 and its critical currenie’ is  been proposed in the literature: Hasegawizall? have
higher. On the other hand fat>m/4, mode 1 has more proposed the pairing states with order parameter
magnetic flux in absolute value than does medg and its d:Aoi(kXJriky)cos(:kz) and d=A,Z sin@k/2)

critical currentl’ is lower. Note that modes-1,1 stop +isin(k/2)]cosgk/2) with ¢ being the lattice constant
abruptly at the angle where the variation of the flux is morealong thec axis. These states have horizontal lines of nodes
abrupt at k,=+ m/2c and k,= * =r/c, respectively, and break the
time-reversal symmetry. Also Won and Mé&ki have
E. Nodelessp wave proposed ari-wave model with a superconducting order pa-

rameterdoni(kariky)sz. This state has horizontal lines
of nodes where the basal plakg=0 intersects the Fermi
surface.

In all the above pairing states the Josephson current
within the ab plane is canceled, since the order parameter
changes sign in thk, direction symmetrically around zero.

40 R 20 e However it is possible to have finite Josephson current when
—0 (b) the Fermi surface is not exactly cylindrical but is corrugated
K B e ~] as observed by the angle dependence of the de Haas—van
Alphen effect?® In that case the cancellation would not be
complete. Another possibility to have finite Josephson cur-
BN R AU —— rent within theab plane is to have a three-dimensional order
parameter that is mixed with a two-dimensional one as sug-
gested also in Ref. 12. Then for the Josephson effect within
the ab plane, discussed in preceding sections, the quasipar-
ticles will experience an effective order parameter that is
quasi-two-dimensional and the modulation of the critical cur-
rent and magnetic flux with the misorientation angle within

For the nodelesp-wave case the variation @b;q, ¢, IS
more complex. It is similar to the nodplwave case except
at values close to &/2 where it changes slope. As a result
the magnetic flux versug varies more closely to integer
values and is almost flat as seen in Fig)9Also within the

20 |
0.0
-20 1 800 P
40

60 P

-8.0 PR R | I
00 01 02 03 04 05

1.5

1.0

< 05 3, the ab plane will show the nodal profile of the order param-
- eter within theab plane discussed previously.
00 In an alternative geometry, the modulation of the critical
05 L 0.0 LamEmmmn s current and spontaneous flux with the polar misorientation

00 01 °-2m°-3 04 05 00 0.1 0-20/”0-3 04 05 angle within theac plane, i.e., when the azimuthal angle is

set to zerow =0, would reveal the angular anisotropy of the

FIG. 9. The same as in Fig. 2. The pairing symmetry of theorder parameter along theaxis. In that case the effective
triplet superconductor is nodelepsvave. order parameter felt by the quasiparticles is two dimensional.

064533-7



N. STEFANAKIS PHYSICAL REVIEW B 65 064533

1 1 [ T T T 0‘ ]
08 - (@ -1 A
0.5 06 <!
g L 4
04+ .
0 02 L/ ~~__ T\
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05 LK, g
0 0102030405
4 1 ('b)l L L B
3 ———— g
I S
o | | |
I I
1L | i
I I
O . \_Al | I N S
0 0102030405 FIG. 11.(a) The variation of the overlaff" critical current with
1 N T T T T the magnetic fielH for the three vortex solutions=0,1,—1. (b)
0.8 I \ (c) | The spontaneous magnetic fldx as a function of the magnetic
LN i field H, for the 0-—1-,1- mode solutions, for a junction of length
06 - \ n L=10, and the angler=0. The pairing symmetry of the triplet
0.4 r \ N 7 superconductor is isotropjc wave.
Tl / i
0.2 + \\ / \\— current along the axis between the singlet and triplet super-
0 /. .\,/l VN conductors is not allowetf. In fact the spin-orbit coupling
strength of the triplet superconductor would give rise to the
0 0102030405 orientational dependent Josephson coupling between the
B/m SRO and the conventionadwave superconductor which

completely vanishes along thleeaxis. However the Joseph-
son coupling is possible when the vector is not exactly
parallel to the current. In that case we restrict to the corner

FIG. 10. (a) The effective two-dimensional order parameter
=7sin B cos(m cospB) versus the polar angle for adjacent junction
edges as solid and dashed linéis) The characteristic phasc,  jynction in theac plane where the axis is tilted within the

(¢cz) as a solid(dashedtline. () The Josephson critical current 5o hane for certain polar angles. For the pairing state
(_jensmechl, J.» for adjacent junction edges as solid and dashed,, k, the singlet-superconductor/triplet-superconductor/
lines. singlet-superconductor junction along a direction slightly

Moreover for that orientation the two-component order pa_d|fferent from thec axis can be used to probe the pairing

: . .SI)(mmetry from the sign change of the Josephson current at
rameter is reduced to a one-component one which has a sigl osite faces of the unctich
change but does not break time-reversal symmetry. PP J '

For example we consider the three-dimensional order pa-

rameterd= A,z(k, + ik,) cosEk,). For a spherical Fermi sur- VIl. MAGNETIC FIELD

face anda=0, it is reduced to the two-dimensional order  \ye now examine the influence of the magnetic field on
parameterd= Ayzsin 8 cos@rcosB). We plot in Fig. 10a) the spontaneous vortices, for tab-plane Josephson effect,
the order parameter for adjacent crystal edges versus the pfor fixed junction orientationv=0, where most experiments
lar angleg. It is seen that the order parameter changes sigron corner junctions have been performed. The critical current
in a restricted angle regime, at adjacent faces of the crystajs finite, ata=0 for the pairing states isotropjz wave and
Also the characteristic phaseg, , ¢, differ by = as seenin B, X E,, while it is zero or very suppressed for the other
Fig. 1Qb). That would, for example, lead to half-integer pairing states. Hence we will restrict ourselves only to the
spontaneous flux states. Note that the Josephson critical cUsotropic p wave andB;4 X E, at @=0 in this section. The
rent densities as seen in Fig.(tPare not equal for adjacent modes extend to a large interval of the magnetic field, which
junction edges. However the asymmetry in the current denis almost the same. The instability at the extremum values of
sities will not affect that spontaneous flux. The modulation ofthe magnetic field is due to the interaction of the flux entered
the current with the polar angle within tleee plane will be  from the edges with the intrinsic flux. The separation of the
highly anisotropic for the three-dimensional order param-modes in magnetic flux is kept constantly equatftg as in
eters. It will be suppressed fak,= /2 for the pairing state the s-wave case, but is displaced compared to sheave
A cosck,. case by an amount that is equal to the intrinsic flux.

Since all states considered here halje, the Josephson We plot in Fig. 11a) the overlap critical currentd” ver-
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1 —— finite value for the critical current?” for the pairing states
08 - ] B,y X E, or the nodab wave since the value=0 is a node
: of the order parameter for these symmetries. For the nodeless
0.6 p-wave case the Josephson critical current density is small at
3 r . .. .
- 0.4 a=0 and so is the critical current. So the observation of
I finite critical currentl?” in corner junctions at=0 would
0.2 be an indication for isotropip-wave or B,4XE, pairing
Q states where the value=0 is not a node. Furthermore the

suppression of the critical currents of the nodal staig
X E, near the nodes, i.e., at=* 7/4, can be used to dis-
tinguish it from the nodeless isotropig-wave state, for
which the critical current for no-flux mode 0 does not be-
come zero.
On the other hand for thac-plane tunneling, the orien-
. ] tation whereck,= 7/2 will suppress the Josephson critical
-3 ' : — current for the pairing stat&« cosck, since it is a node for
H the order parameter. Also the singlet/triplet/singlet junction
along the direction slightly different from the axis will
FIG. 12. The same as in Fig. 10. The pairing symmetry of theprobe the pairing statd «<k, from the sign change of the
triplet superconductor iB;4XE, . Josephson current at opposite sides of the junction.
Another experiment that we propose here to discriminate
sus the magnetic fiel#i, for a junction with lengthL = 10, between the candidate’s pairing states consists of a SQUID
for anglea=0, and for the isotropip-wave case. The mode between a SRuQ, thin film patterned into a circle with a
0, atH=0, contains positive fluxb=0.25 and has greater series of Nb-Au-S$RuQ, edge junctions spaced at a fixed
critical current than mode- 1, which atH=0 contains nega- angle step. The tunneling directions can be defined litho-
tive magnetic flux and is equal te 0.75. So the mode with graphically and patterned by ion milling ofcaaxis-oriented
positive magnetic flux corresponds to the highest critical curfilm to study theab-plane Josephson effect or axis-
rent. The maximum ¢ for mode O occurs to the right of oriented film to study theac-plane Josephson effect. The
H=0. Note that the displacement of modes-Q,1 in &  Measurement of the critical current versus the anglehich
from their positions in the-wave case is small and thus the Mainly probes the magnitude of the order parameter, is ex-
19 vs H diagram is similar to the-wave case. pected to show large anisotropy with the angleAn analo-
In Figs. 12a) and 12b), the overlap critical current®” gous experiment has alrez_ady. beezfg) performed in the SQUID
versus the magnetic field and the spontaneous flux vs mag- 960metry for YBaCusO; thin films:

netic field is plotted for theB,4 X E, case. The mode 0, at ‘ A nturtr)ber ?cft(;]ompllcatl_ng fa:ctor_sthare mvoned 'tn the tqut
H=0, contains negative fluxb=-0.25 and has greater erpretation of the experiments with corner junctions tha

critical current than mode 1, which Bit=0 contains positive could modify the anticipated results. These include the asym-

magnetic flux and is equal to 0.75. So differently from themetry in the Josephson critical current densities, the flux

isotropicp-wave case, the mode with negative magnetic fluxraPping, and the sample geometry. Also the study of the

corresponds to the highest critical current. direction-dependent Josephson effect will be influenced by

For the rest of the pairing states the junction orientatio the roughness of the mter_fa_ce du_e to th? eX|stence_ Of Ru
a=0 gives zero or relatively small values for the Josephso amellas, and also by. the difficulty in cleaning and polishing
critical current densityd.(«), which means that the critical aﬁcrytstalratnar:gle?ﬁ dilﬁr?trler}t :hanr(]) anﬁ2t. H%Wﬁvertthhese i
current the junction can carry will be zero or very suppresse ects are not sutticiently farge enough to change the quall-

compared to the previous cases. For dfteplane Josephson ative picture of the experiments.
effect for three-dimensional order parameters it is possible to
have a sign change of the order parameter at adjacent faces IX. CONCLUSIONS

of thel corn'?r ]unﬁt']?n the}é WouI(.:it,hfor“((ajga,mpt)Ie, lead to ar;a- We followed the modulation of the vortices that are spon-
nomarous Fraunnoter pattern with a -dip’ at zero magne 'C.taneously formed in a corner junction between a triplet su-

field. The asymmetry in the Josephson critical current dens'berconductor breaking time-reversal symmetry and an

ties will only cause the “dip” to be shallow and will main- swave superconductor with the junction orientation angle.
tain the symmetry of the pattern. The nodal structure of the order parameter is reflected in the
Josephson critical current density, and influences the critical

VIIl. EXPERIMENTAL RELEVANCE current versusgy diagram and the magnetic flux of the.spor.l—
taneous vortex states that are formed at the corner junction.
For the ab-plane Josephson effect for two-dimensional The critical current vanishes at the angles where the order
order parameters, the measurement of the magnetic interfgparameter has nodes. In addition it becomes zero at the

ence pattern ak=0 where thea andb crystallographic axes angles where a full fluxon or antifluxon enters the junction.
are perpendicular to the junction’s faces will not give anyFor the nodeless pairing state mode 0 does not vanish, and
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has the nodal profile of the corresponding order parametewith the polar angle, is expected to be highly anisotropic for
The presence of spontaneous magnetic flux can be used tioe ac-plane Josephson effect.
distinguish between different symmetry states. In corner junctions with broken time-reversal symmetry,
The external magnetic field for the junction orientationthe spontaneus flux and the magnetic interference pattern,
a=0 where thea axis points towards the junction edge will even in the short junction limit, are influenced by the mag-
only influence the states in which their order parameter isitude of the order parameter and also the difference in the
finite ata=0, i.e., isotropicp wave andB,4 X E,. The criti-  intrinsic phasesgp.; and¢,, at adjacent junction edges. This
cal current and the effect of the magnetic field will be zero ordifference uniquely characterizes the pairing symmetry and
very suppressed for the other cases. For three-dimensione&n be used without any ambiguity to probe anisotropic pair-
order parameters the Josephson critical current modulatioing states with a sign change of the order parameter between
which mainly probes the magnitude of the order parameteorthogonal directions ik space.
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