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A stationary Josephson effect in point contacts between triplet superconductors is analyzed
theoretically for the most-probable models of the order parameter ig &Rt SyRuQ,. The
consequence of misorientation of the crystals in the superconducting banks on this effect

is considered. We show that different models for the order parameter lead to quite different current-
phase relations. For certain angles of misorientation a boundary between superconductors

can generate a spontaneous current parallel to the surface. In a number of cases the state with a
zero Josephson current and minimum of the free energy corresponds to a spontaneous

phase difference. This phase difference depends on the misorientation angle and may possess any
value. We conclude that experimental investigations of the current-phase relations of small
junctions can be used for determination of the order parameter symmetry in the superconductors
mentioned above. ©002 American Institute of Physic§DOI: 10.1063/1.1468521

1. INTRODUCTION and belong to the even unitary representafigg. In uncon-
ventional superconductors this symmetry is broken. The par-
ity of a superconductor with inversion symmetry can be

compound URtmore than ten years agé.Recently, a novel specififed using tt]e.PauIi principlg. Because for tripI?t pairing
triplet superconductor SRuO, was found® In these com-  the spin part ofA is a symmetric second-rank spinor, the
pounds, the triplet pairing can be reliably determined, fororbital part has to belong to an odd representation. In the
example, by Knight shift experiment$, but the identifica- ~9eneral case the triplet pairing is described by an order pa-
tion of the symmetry of the order parameter is a much morgameter of the formA(k) =id(k) 66, where the vectoir
difficult task. A large number of experimental and theoretical=(6,0,,03), anda; are Pauli matrices in the spin space. A
investigations done on UPand SgRuO, are concerned with  vectord(k) = — d(— k) in spin space is frequently referred to
different thermodynamic and transport properties, but theys an order parameter or a gap vector of the triplet supercon-
precise order-parameter symmetry still remains to be workegyctor. This vector defines the axis along which the Cooper
out (See, for eXampIe, Refs. 7, 10—12, and Ol’iginal referenceﬁairs have zero Spin projection_ tf is Comp|ex’ the Spin

Triplet superconductivity, which is an analog of super-
fluidity in 3He, was first discovered in the heavy-fermion

therein. o components of the order parameter spontaneously break
Calculations of the order paramet&(k) in UPt and  time-reversal symmetry.
SKL,RUO, as a function of the momentum directiémon the Symmetry considerations reserve for the order parameter

Fermi surface is a very complex problem. Some general inconsiderable freedom in the selection of irreducible represen-
formation aboutA (k) can be obtained from the symmetry of tation and its basis functions. Therefore in many pafees,

the normal stateG gpin.orie< 7X U (1), whereGgpin orbit Fepre- for example, Refs. 7, 10—-12, 149l&uthors consider differ-
sents the point group with inversion,is the time-inversion €nt modelgso-called scenarigp®f superconductivity in URt
operator, andJ(1) is a gauge transformation group. A su- and SgRuQ,, which are based on possible representations of
perconducting state breaks one or more symmetries. In pagrystallographic point groups. The subsequent comparison of
ticular, a transition to the superconducting state implies théheoretical results with experimental data makes it possible
appearance of a phase coherence corresponding to breakitigdraw conclusions about the symmetry of the order param-
of the gauge symmetry. According to the Landau th&boj  eter.

second-order phase transitions, the order parameter trans- In real crystalline superconductors there is no classifica-
forms only according to irreducible representations of thetion of Cooper pairing by angular momentuis-wave,
symmetry group of the normal state. Conventional supercong-wave,d-wave,f-wave pairing, etg. However, these terms
ducting states have the total point symmetry of the crystahre often used for unconventional superconductors in the
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meaning that the point symmetry of the order parameter is C1 z Co

the same as that for the corresponding representation of the

SO; symmetry group of an isotropic conductor. In this ter- (i) bo
minology conventional superconductors can be referred to as by , T-Vs
swave. For example, g-wave” pairing corresponds to the a /d
odd two-dimensional representati@n, of the point group :
D¢, or the E, representation of the point group,,. The \
order parameter for these representations has the same sym- Ny
metry as for the superconducting state with angular momen- (ii) by
tum =1 of Cooper pairs in an isotropic conductor. If the e

symmetry ofA cannot be formally related to any irreducible a,

representation of the SQyroup, these states are usually re-

ferred to as hybrid states. FIG. 1. Scheme of a contact in the form of an orifice between two super-
Apparently, in crystalline triplet superconductors the or-Conducting banks, which are misorientated by an angle

der parameter has a more complex dependen(feiorcom—
parison with the well-knowm-wave order parameter for su-
perfluid phases ofHe. The heavy-fermion superconductor full set of equations. In Sec. 3 the current density in the
UPt; belongs to the hexagonal crystallographic point grougunction plane is calculated analytically for a non-self-
(Dgpn), and it is most likely that the pairing state belongs toconsistent model of the order parameter. In Sec. 4 the
the E,, (“f-wave” state representation. The layered perov- current-phase relations for the most-likely models df *
skite material SIRuQ, belongs to the tetragonal crystallo- wave” superconductivity in URtand SgRuQ, are analyzed
graphic point group D,4). Initially the simplest ‘p-wave”  for different mutual orientations of the banks. We end in Sec.
model based on thE, representation was proposed for the 5 with some conclusions.

superconducting state in this compodtfdHowever, this

model was inconsistent with available experimental data, and

latert®! other “f-wave” models of the pairing state were

2. MODEL OF THE CONTACT AND FORMULATION OF THE

proposed. PROBLEM
Theoretical studies of the specific heat, thermal conduc-
tivity, and ultrasound absorption for different models of trip- We consider a model of a ballistic point contact as an

let superconductivity show considerable quantitative differ-orifice of diameter in a partition impenetrable to electrons,
ences between calculated dependedc®sl® The  between two superconducting half spac¢Ea. 1). We as-
Josephson effect is much more sensitive to dependenge of Sume that the contact diametdris much larger than the
on the momentum direction on the Fermi surface. One of thé&ermi wavelength and use the quasiclassical approach. In
possibilities for forming a Josephson junction is to create @rder to calculate the stationary Josephson current in point
point contact between two massive superconductors. A micontact we use “transport-like” equations fdrintegrated
croscopic theory of the stationary Josephson effect in ballisGreen functiongy(k,r,e,,) (Ref. 23
tic point contacts between conventional superconductors was . . . __ . ~__
developed in Ref. 17. Later this theory was generalized fora  L1em7s—4A,8]+ivekVg=0, @
pinhole model in®He (Refs. 18 and 1Pand for point con- and the normalization condition
tacts between d-wave” high-T, superconductor&?! It was .
shown that current-phase relations for the Josephson current 99=-1. 2
in such systems are quite different from those of convenHeree,,=#T(2m+1) are discrete Matsubara energieg,
tional superconductors, and states with a spontaneous phaigethe Fermi velocityk is a unit vector along the electron
dn‘ferenge becomeT possmle_. Theorenc_al and experimental INjelocity, and7s=7®1; 7 (i=1, 2, 3 are Pauli matrices in
vestlgatlons.of thls_effect in novel triplet sypgrco_nductorsa particle-hole space.
seem to be m_terestmg and enable one tq distinguish among’ The Matsubara propagatdj can be written in the
different candidates for the superconducting state. form:24

In Ref. 22 the authors study the interfacial Andreev
bound states and their influence on the Josephson current . [ 911010 (G921 0202)i0
between clean f‘wave” super-conductors both self- n 102(03+030)  O4— 620,50
consistently(numerically and non-self-consistentlanalyti- . . .
cally). The temperature dependence of the critical current &S can be done.for an arbitrary N:ambu matrix. Matn).( struc-
presented. However, in that paper there is no detailed analjure of the off-diagonal self-energy in Nambu space is
sis of the current-phase relations for different orientations of 0 idoo,
the crystals in the superconducting banks. A= ( AN )

In this paper we theoretically investigate the stationary lood* o 0
Josephson effect in a small ballistic junction between twoBelow we consider so-called unitary states, for whi¢h
bulk triplet superconductors with different orientations of the X d* =0.
crystallographic axes with respect to the junction normal. In  The gap vectod has to be determined from the self-
Sec. 2 we describe our model of the junction and present theonsistency equation:

; ©)
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- <o . In a ballistic case the system of 16 equations for func-
d(k,r)=7TTN(0)§n: (V(k,K)ga(K',1,em)), (®)  tionsg; andg can be decomposed into independent blocks
of equations. The set of equations which enables us to find

whereV(k,k') is a pairing interaction potentia(;.) stands the Green functiory, is

for averaging over directions of an electron momentum on

: P _ *\—(-
the Fermi surfaceN(0) is the electron density of states. 10ekV 01+ (gsd —g,d") =0; ©
Solutions of Eqs(1), (5) must satisfy the conditions for . . * _n-
the Green functions and vectdrin the banks of supercon- lpkVg.- +2i(dx gyt d™ x6p)=0; (10
ductors far from the orifice: ivekVgs— 2iemgs— 29,d* —id* Xg_=0; (11)
<o _ lemrs— A1, ivkV g+ 2ie g+ 2g,d—idX g =0: (12)

9(F*)= Ty (6)
emt[dy whereg_ =g; —g,. Equationg9)—(12) can be solved by in-
A i tegrating over ballistic trajectories of electrons in the right
d(Ioo):dlyz(k)ex%I?), (7) and left half spaces. The general solution satisfying the
boundary conditiong6) at infinity is

where ¢ is the external phase difference. Equatidbsand e
(5) have to be supplemented by the boundary continuity con- g(1”)=— +iC,exp(—2sQ,t); (13

ditions at the contact plane and conditions of reflection at the @
inFer_face betvx_/een superconductors. Below we assume th_at g"=C, exp(— 250, 1) (14)
this interface is smooth and that electron scattering is negli-
gible. 2C.d,—d,xC d
(n__“-~Znn “n7"~n — __n.
0> _ZSnQnJrszexr( 250 ,t) 0, (15
3. CALCULATION OF THE CURRENT DENSITY (m_ _ 2Cady +d7 XCy " exp( — 250 - o dy 16
9 2snQ,+2¢ep, ’

The solution of Eqs(1) and (5) allows us to calculate
the current density: where t is the time of flight along the trajectory, sdh(
=sgn@)=s, 7=5sgnp,); 1 =e2+|d,|% By matching the
solutions(13)—(16) at the orifice planetE0), we find the
constantsC,, andC,,. Indexn numbers the leftrif=1) and
right (n= 2) half spaces. The functiog;(0)=g{"(-0)
We consider the simple model of a constant order param= 9(2)(+0) which determines the current density in the
eter up to the surface. The pair breaking and the scattering aébntact, is
the partition and in the junction are ignored. This model can
be rigorously found for calculations of the current den&gy ien(Q1+Q,)cosl+ 77(8%14- 0,Q5)sing
in ballistic point contacts between conventional supercongl( = 5 ) R
ductors in the zero approximation in the small parameter K185+ (e Q10p)c08 —iemn(Qy+Q;)sing
d/ &, (&, is the coherence length’ In anisotropically paired (17
superconductors the order parameter changes at distances|®fformula (17) we have taken into account that for unitary
the order of&, even near a specular surfdcé® Thus for  states the vectors, , can be written as
calculations of the currer®) in the leading approximation '
in the parameted/ &, it is necessary to solve E¢p) near the dn=5n expi i, , (18
surface of a semi-infinite superconductor. It can be done only
numerically and will be the subject of our future investiga- WhereA , are real vectors.
tions. Below we assume that the order parameter does not Knowing the functiong;(0), one carcalculate the cur-
depend on coordinates and in each half space is equal to itgnt density at the orifice plarj¢0):
value (7) far from the point contact. For this non-self- ©
consistent model the current-phase relation of a Josephson i(0)=4meN O)UFTE dkk Reg,(0), (19
junction can be calculated analytically. This makes it pos-
sible to analyze the main features of the current-phase rela-
tions for different scenarios off*wave” superconductivity. where
We believe that under this strong assumption our results des
. . ) o o 01(0)
scribe the real situation qualitatively, as has been justified for

i(n=2meToeN(0) 2, (kgy(k,r,em). 8)

point cpgtacg betweend‘wave” s_uperconducto?gand pin- [A2A2 cos§+(82 +0,0,)A,4,]sing

holes in"He.~" It was also shown in Ref. 22 that for a contact =

between f-wave” superconductors there is also good quali- [A1A2+(s +Qlﬂz)cos§]2+s (Q1+Q,)2%sif ¢
tative agreement between the self-consistent and non-self- (20)

consistent solutiongalthough, of course, quantitative dis-
tinctions are present or, alternatively,
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AA, sin({ = ) ___axal
R = 0.2} “ Iy
©010) =" 2 00,5 A8, 00875 0) /;’ | = - o jplener
(21 0.1} /, ) J
S a5 A ~ ~ = -
where 6 is defined byA,(k)A,(k)=A;(k)A,(k)cose, and ~ 0 :’,’ : %
L(R) = o(K) = 91 (K) + b, oql i
Misorientation of the crystals would generally result in ' ! //
the appearance of current along the interffc€,as can be -0.2f -

calculated by projecting the vectpron the corresponding L L L L
direction. 0 02 04 06 08 1.0

We consider a rotatioiR only in the right-hand super- ¢/2m
conductor(see Fig. }, (i.e., d,(k) =Rd,(R'k)). Thecaxis  FIG. 2. Josephson current densities versus phese axial (22 and planar
in the left half space is chosen along the partition betwee?3 states in the geometry); misorientation anglex=/4; the current is
superconductorgalong thez axis in Fig. 1. To illustrate ~ 9"Ven in units ofjo=(m/2)eN(0)urA(0).
results obtained by computing E4.9), we plot the current-
phase relation for different below-mentioned scenariosfof *
wave” superconductivity for two different geometries corre-
sponding to different orientations of the crystals to the righ
and to the left at the interfadsee Fig. L

(i) The basahb plane to the right is rotated about the
axis by an angley; ¢,lI¢,.

(i) The c axis to the right is rotated about the contact
axis (y axis in Fig. 3 by an angle; b,lb,.

Further calculations require a certain model of the vecto
order parameted.

under the rotation of the basab plane to the righfthe
tgeometry(i)]. For simplicity we use a spherical model of the
Fermi surface. For the axial state the current-phase relation is
just a slanted sinusoid and for the planar state it shows a “
state.” The appearance of thestate at low temperatures is
due to the fact that different quasiparticle trajectories contrib-
ute to the current with different effective phase differences

rg(lz) [see Eqs(19) and(21)].2° Such a different behavior can
be a criterion for distinguishing between the axial and the
planar states, taking advantage of the phase-sensitive Joseph-
son effect. Note that for the axial model the Josephson cur-
4. CURRENT-PHASE RELATION FOR DIFFERENT rent formally does not equal zero &t=0. This state is un-
SCENARIOS OF “ F-WAVE” SUPERCONDUCTIVITY stable(does not correspond to a minimum of the Josephson
energy, and a state with a spontaneous phase difference
The model which has been successful to explain properyajue ¢, in Fig. 2), which depends on the misorientation
ties of the superconducting phases in YJRtbased on the anglea, is realized.
odd-parity E,, representation of the hexagonal point group  The remarkable influence of the misorientation angle
Den for strong spin-orbital coupling with vectat locked  on the current-phase relation is shown in Fig. 3 for the axial
along thec axis of the lattice® d=Ao2[ Y1+ 72Y2],  state in the geometriii). For some values of (in Fig. 3 it
whereY; =k, (ki —kZ) andY,=2Kk.k/k, are the basis func- s o= r/3) there are more than one state, which correspond
tion of the representatiol.The coordinate axes y, z rlere to minima of the Josephson energy=0 anddj,/d¢>0).
and below are chosen along the crystallographic axdés ¢ The calculatec andz componentgwhich are parallel to
as at the left in Fig. 1. This model describes the hexagonahe surfacg of the current (¢) are shown in Fig. 4 for the
analog of spin-triplet f-wave” pairing. For the high- same axial state in the geomefiy). Note that the current
temperatureA-phase ¢,=0) the order parameter has an tangential to the surface as a functiongdfs not zero when
equatorial line node and two longitudinal line nodes. In thethe Josephson curre(fig. 3) is zero. This spontaneous tan-
low-temperatureB phase {,=i) or the axial state gential currenfsee also Ref. 22is due to a specific “prox-
d=A02kz(kx+iky)2 22) imity effect” similar to the spontaneous current in contacts

between ‘td-wave” superconductor®:? The total current is
the longitudinal line nodes are closed and there is a pair of

point nodes. Th& phase(22) breaks the time-reversal sym-
metry. The functiomnA,=Ay(T) in Eqg. (22) and below de- 0.10

. o=7/3
scribes the dependence of the order paranttar tempera- RS _———q 4;4
'Elyieo')l' (in carrying out numerical calculations we assume 005F . el a=7/6
Other candidates for describing the orbital states, which -2 0 AL ’,_\\\ /\
imply that the effective spin-orbital coupling in UPis = \/ N L ~_ 7
weak, are the unitary planar state VT p
-0.05} S~
d= Aok [R(KZ—k2)+92kek, ] (23 oo
[or d=Ay(Y,Y,,0)] and the non-unitary bipolar state -0.10 2 L L
=Ao(Y1,iY,,0).” In Fig. 2 we plot the Josephson current- 0 02 04 06 08 10
phase relation ;(¢) =j,(y=0) calculated from Eq(19) for ¢/2m

both the aXiaI[With the order parameter given by E@Z)] FIG. 3. Josephson current versus phaséor the axial (22) state in the
and the planafEq. (23)] states for a particular value @f  geometry(ii) for different a.
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a " . o=r/3 0.3l
0.02f ﬁ, .\\———G=7t/4 -
0.01 /, "\"' a=n/6 0.2r 'o
- B I . “ ’
. ; \ o O .
c— ~ .
:( 0 '_ﬁ 0 ',
-0.1},°
-0.01
-0.2f
- 002 i [ ) I 1 - 03 [ 1 1 1 )
0 02 04 06 08 1.0 0 02 04 06 08 10
¢/2m ¢/2m
0.08F — v FIG. 5. Josephson current versus phaséor hybrid “f-wave” and “p-
: b SN o=7/3 wave” states in the geometry); a= /4.
,' _“.———oc=7r/4
0.04} ,/’ Sy----a=n/6
° ),//'\"QL ent misorientation angles (for the “p-wave” model it
"\“N 0 ~ ™y equals zerp Just as in Fig. 2 for thef*wave” order param-
- /,/.‘ '\\ eter(22), in Fig. 6 for the hybrid f-wave” model (25) the
_o.04l - RN steady state of the junction with zero Josephson current cor-
.- Ty, responds to a nonzero spontaneous phase difference if the
misorientation anglex# 0.
- 0.08 C. 1 1 1 1
0 02 04 06 08 10
¢/2m CONCLUSION

FIG. 4. Thex (a) andz (b) components of the tangential current versus We have considered the stationary Josephson effect in
phase¢ for the axial state22) in the geometryii) for different a. point contacts between triplet superconductors. Our analysis
is based on models withf‘wave” symmetry of the order
. . . parameter belonging to the two-dimensional representations
determined by the Green function, which depends on they yhe crystallographic symmetry groups. It is shown that the
order parameters in both superconductors. As a result of th'%urrent-phase relations are quite different for different mod-
for nonzero misorientation angles a current parallel to thgyis of the order parameter. Because the order parameter
surface can be generated. In the geoméiryhe tangential 456 depends on the momentum direction on the Fermi sur-
current for both the axial and planar state3'at0 is absent.  ¢y06 misorientation of the superconductors leads to a spon-
The first candidate for the superconducting state ifyne6us phase difference that corresponds to zero Josephson
SrRuO, was the ‘p-wave” modef current and to the minimum of the weak-link energy. This

doni(R +iky). (24) phase difference depends on the misorientation angle and can
112-X Y . ) possess any values. We have found that in contrast to the
Recently**?it was shown that the pairing state in,BUO,  «p.wave” model, in the f-wave” models the spontaneous

most likely has lines of nodes. It was suggested that this cagyrrent may be generated in a direction which is tangential to
occur if the spin-triplet state belongs to a nontrivial realiza-the orifice plane. Generally speaking this current is not equal
tion of the E, representation of the group,y,, with either {5 zero in the absence of the Josephson current. We demon-
B2g®E, (Ref. 19 or B;y®E, (Ref. 1) symmetry: strate that the study of the current-phase relation of a small
AL DD il . Josephson junction for different crystallographic orientations
d=Ayzk,k,(k,+ik,), for B,,®E, symmetry; (25 o .
o2kt (ke tky) 299" SY v (29 of the banks enables one to assess the applicability of differ-

d=Ag2(k3- Ri)(ﬁﬁ iIZy), for Byy®E, symmetry. ent models to the triplet superconductors Y&td SyRuO,.
(26)
Note that model$24)—(26) of the order parameter spontane- — =0
ously break time-reversal symmetry. 0.6} 2oV - - a=n/12
Taking into account a quasi-two-dimensional electron Z : ce--a=m/6
energy spectrum in SRuQ,, we calculate the curreriL9) 0.3f ',’ vy | a=T/Aa
numerically using the model of a cylindrical Fermi surface. o ,’ ! vl /./" A
The Josephson current for the hybritiwave” model of the = 0 ’,/" ‘ . : P 54
order parameter E@26) is compared to the g-wave” model -03L 1 // ol
(Eqg. (24)) in Fig. 5 (for = 7r/4). Note that the critical cur- {7
rent for the f-wave” model is several times smalléfor the -0.6} L~
same value ofA ;) than for the ‘p-wave” model. This differ- ; ) 1 :
ent character of the current-phase relations enables us to dis- 0 0.2 0.4 0.6 0.8 1.0
tinguish between the two states. ¢/2m

In F_igS. 6 and 7 we presen'F the Josephson curre_nt and theg. 6. Josephson current versus phaster the hybrid “-wave” state in
tangential current for the hybridf*wave” model for differ-  the geometry(i) for different .
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