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The Josephson current between sawave and a spin-triplet superconductonL,u0O, (SRO is studied
theoretically. In spin-singlet/spin-triplet superconductor junctions, there is no Josephson current proportional to
sing in the absence of the spin-flip scattering near junction interfaces, whéea phase difference across
junctions. Thus, a dominant term of the Josephson current is proportional tg sifi2 spin-orbit scattering
at the interfaces gives rise to the Josephson current proportional {9 wdsch is a direct consequence of the
chiral paring symmetry in SRO.
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l. INTRODUCTION tor.>1~3®pecause the wave function of the two superconduct-

ing condensates are in orbital and spin part orthogonal to

The quantum transport through junctions to unconveneach other. In this case, the second-order contribution with

tional superconductors has attracted much attention in recefiie Josephson current proportional to sini leading. The

years, in particular, in view of various recently discoveredpresence of spin-flip scattering and the breaking of parity at

compounds belonging probably to these class of systemghe interface between different materials, would invalidate
such as SRuO, (Ref. 1) (SRO, UGe,,* ZrZn,,® URhGE,  this simple-minded argumentation. A magnetically active in-

Celn; and CePgSi,.” In such systems, zero-energy stétes terface yielding spin-flip contributions occurs in the presence
(ZES formed at interfaces affect crucially the transportof spin-orbit coupling. Obviously, spin-orbit coupling yields

properties through junctions. In normal-metal/hifih- new selection rules, because spin and orbital “angular mo-

superconductrjunctions, for instance, a large peak due tomenta” need not to be conserved independently, but rather
ZES is observed in the conductance at the zero—bia§n|y the “total angu|ar momentum” has to remain un-

voltage?™'* The resonant tunneling via ZES enhances thechanged in the tunneling process. Then the lowest-order cou-
Andreev I’eﬂeCtiOH',6 which leads to the |OW-temperature p||ng’ ‘]1 and/o”li can be finiteg’ll32'36l2650 that Spin-orbit
anomaly in the Josephson current, e.g., betweendwave  coupling modifies the current-phase relation of the Josephson
superconductorS.”?® The low-temperature anomaly in the effect between singlet and triplet superconductors qualita-
Josephson current is a rather common phenomenon for ugiyely.
conventional superconductors including those with spin- |n this paper, we study the effect of spin-orbit coupling on
triplet pairing?®*’ The possibility of a logarithmic tempera- the Josephson effect for the example of the chiatave
ture dependence of the critical Josephson current was als@ate which is most likely realized in SR®.% This state
predicted for junctions between two SRO sampfes? breaks time reversal symmetry with an angular momentum
The Josephson current-phase relation can be decomposg@ng thec-axis and has inplane equal spin pairifigso far
into a series of contributions of different order the transport properties in junctions consisting of SRO and
s-wave superconductors or normal metals have been studied
in both theorie®>8 and experiment¥’ %2 The effect of
spin-orbit coupling, where it had been taken into account,
was introduced in the form of effective matrix elements only
where ¢ is the phase difference across junctions. The coefwithout the care of a detailed microscopic model for their
ficientsl, vanish for alln as long as time reversal symmetry origin. Here, we will consider a model that explicitly intro-
is conserved, since in this case;~ — ¢ impliesJ— —J. As  duces spin-orbit coupling as an interface effect and allows us
we will deal in the following with a superconducting phaseto study the symmetry related issues of the interface by di-
which break time reversal symmetry, we will keep theserect variation of coupling parameters. Our model ignores the
terms. In the most simple approach, the lowest-order contrispin-orbit coupling effects in the bulk of the two supercon-
bution J; vanishes, for a junction of the composition spin- ductors for the reason that details of the ionic lattice and the
singlet superconductor/insulator/spin-triplet superconducband structure would play an essential role, both of which

J= 2 (Jpsinnep+1,cosng), (1)
n=1
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Yy - . R h2v? R A
spin-singlet spin-triplet W ho(r)=[— T +V(r)| oo+ V(r)- o, (4)
(s-wave) (SRO)

X x=0 L .
(@) A id(r,)- oo, for X>L
AR )= - (5)
A |d0(rr)0'2 for Xc<05
A I 1
My Vo P where R=(X.,Y.)=(r+r")/2, rr:r—rA’. The Aunit matrix
Y (b) and the Pauli matrices are denotedasand o;, respec-

tively, with j=1, 2 and 3. The energy is measured from the
chemical potential withu= g for x<L and pp for x>L,
whereL is the thickness of the insulator as shown in Fig.

- _I_ky_ ‘/(?\ 5 1(b). The potential of the insulator is given by
A &/
F © V(r)=Vo[O(X)—0(x—-L)], (6)

FIG. 1. Thes-wave superconductor/SRO junction is schemati-a&nd is in our model also the source of the spin-orbit scatter-
cally illustrated in(a). In (b), the broken line indicates the chemical ing described by the Hamiltonian
potential of the junction. Ir(c), we illustrate the Fermi surface in
the two superconductors, whegeand ¢, are incident angles of a (
—I

quasiparticle insswave superconductor and in SRO, respectively. Heo=

ho\%.
m:) o-[VVy(r)XV]. !
are not easy to implement in a simple model of an uncon- ) o . .
ventional superconductor. Furthermore, we aim here also &nus, the spin-dependent potential in &4).is described as
effects of the ZES on the Josephson current in connection
with the spin-orbit coupling. We note that the spin-orbit cou-

pling affects the direction af vectors in trplet superconduct- V(r)-o=— ivozas[ﬁ(x) —o(x— L)]i(}g, (8)
ors. Thus, effects of the spin-orbit scattering in bulk super- ke %
conductor is taken into account through the directiondof
vectors. ke 2

This paper is organized as follows. In Sec. I, we explain ag= (e_':> ; 9)
a theoretical model. The Josephson current is derived in Sec. 2

[ll. The conclusion is given in Sec. IV.
wherel is the Compton wavelength akgd = v2mug/A© is
Il. ANDREEV REFLECTION COEFFICIENTS the Fermi wave number in thewave superconductor. The
amplitude of the spin-orbit scattering is characterized by the
We consider here a junction as shown in Fig. 1 betweemlimensionless coupling constanat, which is about 103

ans-wave superconductdteft hand sidg and ap-wave su- ~10 “in ordinary metals. Throughout this papeyis fixed
perconductofright hand sidewhere the latter shall be in the at 10 3. We assume that all potentials are uniform in super-
chiral p-wave state conductors. Therefore, the BdG equation can be expressed in

the momentum space,
d(p)=z(px*ipy) 2

as proposed for SRO. The geometry is chosen so that the Uk —E Uk
current flows in thex direction and thec axis of SRO is in Uk Uk
the z direction parallel to the junction interface. Periodic

boundary conditions are assumed in thdirection and the fx At _
width of the junction iswW, while the system is taken homo- where we .n.ote that A% =A,. Ir) the superconductor W'th
geneous along the direction. The junction is described by unitary pairing states, the amplitudes of the wave function

&0 Ay

,\ R , (10
—AY —&op

the Bogoliubov-de Genng®dG) equatior’® are given by
J G| ARGy Ay ) el | oo
r’ ” ~ ~ + ~
—A*(rr’y = s(r—rHRE) o) {Ae]= AT (12)
v N
- R N
u(r)
=El. |, ©)

v(r) in the electron branch and
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A conductor®s(r) and in thep-wave superconductoW®(r)
ﬂi U+ |D_| can be represented by Eq&3)—(24). In the presence of the
| = A = (12 spin-orbit scattering, as shown in E®), the wave functions
Vs U. oy in the two superconductors are connected with the wave

function in the insulatoN®(r) via the boundary conditions,
in the hole branch. In the-wave superconductor, the pair
potential and the amplitudes of the wave function in Egs.
(11) and(12) are defined by

WO(0y)="w0y), (26)

d d _ .
A - PR ‘ =—Wx,y)|  +Voask,SW(0y),
R.=idge®, ay  act O] S| Voadky Swey)
(27)
1/ Q.
Us=Ug= z 1+— s (14) qyb(L'y):q’s(L'y)' (28)
wWn
L s i‘I"’(X y) =E\Pp(x V)| +Voask,SsWP(L,y)
UV+=Ug™ E 1__), (15) dx ! B dx ' B 0ttshy ’ ’
Wn x=L x=L
(29
Q= +AZ (16) - 0
v g3
= - 30
|Dt|:As: (17) (0 _0_3> ( )

where g5 is a phase of the pair potential in tisavave su-  Sinceq, is a small value, we calculate the Andreev reflection
perconductorw,=(2n+1)7kgT is the fermionic Matsub-  coefficients within the first order ofrs. From Egs.(26)—
ara frequencykg is the Boltzmann constant, arillis the  (29), the Andreev reflection coefficients of a quasiparticle
temperature. For the chirptwave superconductor, we define incident from as-wave superconductor are calculated as

now
L | e[ O D) a1
d(k)=Ap(pgtipy)€rz :(ps+ip, symmetry, 8 “Lrhen) 0 '
where ¢, is the order-parameter phasp,=p,/ps, P o 0 re(r, 1)
- P ~ . ; Y re"=\ en , (32
=py/pe, andpg= J2mup /%2 is the Fermi wavenumber on re 1,1 0
the right-hand side. The amplitudes of the wave function in
Egs.(11) and(12) are given by he X ~
r (l,T)=:—[—USUS+Upvpf1], (33
_u = /R[4 19 -
Ui_up_ E +w_n ’ ( ) o X ~
r (T:l)::_[_usvs_upvpfl]l (34)
=1 20
vi_up_ E _n ’ ( ) b X _
r (T’l):?[usvs+upvpfl]i (35
Qp=wi+AZ, (21)
X ~
A.=id.- 60, (22) reh(l,T)Z:—_[Usvs—Upvpff], (36)
do=Ap(+Py+ip,) €9z, (23 ~ Wwith
ID+|=Ap. (24) vp=vpe ', (37)
A condition for the formation of ZES at the surface of un- flzugeiﬁﬁ’_vge_iﬁo' (38)
conventional superconductors is giverfby
_ 2
d_d, <0. (25) X=4kpd, (39
In the p-wave superconductor, E(R5) is satisfied only when E.=Z.(uj+v})(ui—0vd)
a quasiparticle is incident perpendicular to the junction inter- sy ~p o o~ .
face (i.e., p,=0). For other momentum directions, subgap + X[ugus—vpus—2iuguusvssing],  (40)
states at finite energy appear forming a gapless chiral quasi- .
particle spectrum. The wave function in tkevave super- Z. =70+ XFVyaqsingsinh(2qkgL) Su, (41
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FIG. 2. The Josephson currentstwave superconductor/SRO is FIG. 3. The Josephson currentstwave superconductor/SRO is
plotted as a function of a phase difference across junctions for seplotted as a function of for several choices of temperatureq &),
eral choices of temperatures (@, wherezo=0.0, andA;=A,. In whereV,=5.0, 5u=0.5, andk:L=0.6. In (b), the maximum Jo-
(b), the maximum Josephson current is plotted as a function oephson current is plotted as a function of temperatures.
temperatures.

o Josephson current as a function of where §u=0, kgL

Zo=Vo(Vo— du)sintP(qkeL) +(k—p)?g?, (42) =0 and the integration with respect &in Eq. (47) is car-

B — B ried out numerically. For simplicity, we assumg=A, and
wheree=¢s— @y, Vo=Vo/us anddu=(us—mp)/ns- IN gescribe the temperature dependence of the pair potential by
what follows, we measure the energy in unitsiaf and the  sing the BCS theory. The pair potential&at 0 is denoted
length in umts of . The wavenumbers in thedirection by Ao. In this caseg,=1 and there is no spin-orbit scatter-
are normalized as ing at the junctions. The Josephson current is proportional to

_ _ sin 2p for high temperatures such a¢7.=0.2~0.8 in Fig.
k=ku/kg=cos6 (s-wave), “3) 2(a). In a very low temperaturél/T,=0.01 proportional to
= . sin 4, slightly modifies the phase-current relationship. The
q=0y/ke= Vo —cosd (insulatoy, (44) maximumg ar¥1plitude of thg Josephson current in(F:)reases
monotonically with decreasing temperatures as shown in Fig.

p=p,/ke=+cog—Su (SRO. 45 o).
The incident angle of a quasiparticle in thgvave supercon- Since electronic structures mwave superconductor are
ductor is # and in the p-wave Superconductorgp different from those in SRO, Complete transparency of the
=arctank,/p,) as depicted in Fig(t). interface is unrealistic for real junctions. Moreover, we con-
sider an insulating layer between the two superconductors.
ll. THE JOSEPHSON CURRENT The calculated results are shown in Fig. 3, whege=5.0,

] ) keL=0.6. We introduce a finite difference of the chemical
The Josephson current is expressed in terms of the Arjgtentials on both sides of the junctiofiu=0.5. This is

: i 64

dreev reflection coefficierfts necessary to break the symmetry of the junction, otherwise
e the orbital parts of different parities would still be orthogo-

J= ﬁTE I (46)  nal. With these parameters, the transmission probability is

calculated to bey;=~0.1. The phase-current relationship is
almost described by sin 2p, even in the presence of the
spin-orbit scattering. Sinceg is a small constant, effects of
the spin-orbit scattering are still negligible in Fig. 3.

] Next we consider the Josephson effect in the limigef
where 6p=arccosgu) and Nc=Wkg/ is the number of <1 The results in such junctions are shown in Fig. 4, where
propagating channels on the Fermi surface. In what foIIowW —5.0 andSu=0.5. The thickness of the insulatégL

we take the units of =kg=1. The transmission probability =01 72’ is mucl; Iaréér than that in Fig. 3 ang is about

of the junction @) is given by 0.001. In Fig. 4a), the phase-current relationship deviates
% substantially from sin@ because of the spin-orbit scattering.
gjzf dhcosoTy, (48) At the zero temperature, the Josephson current can be
0 roughly expressed by

N 1o o
|=7° Zdacoseﬂ—sTr[Asr“e—Alre“], (47)
—Y

X 6
Th= Zg+ X’ (49) J~— fo °d6 cosd[ SuasTycose+TZsin2¢],  (50)

and GJ=RJ’1=(2e2/h)NCgJ is the normal conductance of _

the junction. whereTy~X/z, because of,~VZ2exp(2JVoLke)>X. The
We first consider the Josephson effect in the absence dirst term is coming from the spin-orbit scattering and is

the potential barriefi.e., z;=0). In Fig. 2a), we show the proportional to cog. In Eq.(1), J; andl are proportional to
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FIG. 4. The Josephson currentsiwave superconductor/SRO is
plotted as a function af for several choices of temperatureq @),
where V(=5.0, §u=0.5, andkeL=1.72. In (b), the maximum

Josephson current is plotted as a function of temperatures. -1.0 -05 0.0 05 1o
o/n
Ty, therefore they are proportional ¢g because a quasipar-
ticle travels twice across the junction to contributeJtoor FIG. 5. The energy O.f the Junctions is eSt'mat.ed by using t.he
. . . . phase-current relationship. We omit the contribution of the spin-

I,. A quasiparticle goes across the barrier four times to con: - - ; . S

- . . orbit scattering in the solid line. The spin-orbit scattering is taken
tribute to the Josephson current proportional to ginthus,

: s into accout in the broken line.
the second term of E¢50) is proportional toTﬁ. Generally

speakingJ, andl, are proportional tary andgj. Inorder  Thys, in the absence of the Josephson current, the phase
to observe the first term in experiments, the transmissiojifference of junction is considerd to be either/2 or
probability of the junction must be small enough to satisfy a— /2. In experiments, the effects of the spin-orbit scattering
relation may be measured from the difference in the critical Joseph-
_ son current starting from two different energy minima. An
5,uasexp(2\/v_oLkF)~1. (51) alternative method to confirm the effects of the spin-orbit

) ) o . scattering is the measurement of the Shapiro step in I-V
The left-hand side of Eq51) is 0.007 in Fig. 3 and 1.1in cyrye |tis also possible to observe directly the phase-current
Fig. 4. To compare with experiments, E§1) should be put relationship?®
in another way, To understand more clearly the relation between fhe
+ip, symmetry and the phase-current relationship, we have

Je - —10-3 also calculated the Josephson current iswave
<as~1077, (52 ; X A

(mAo/2eRy) superconductop-wave superconductor junctions with other

. " " . pairing symmetries such as
whereJ.. is the critical Josephson current. In addition to thls,p gy

the first term becomes more dominant at temperatures close
to T, as shown in Fig(4)(a). In this junction, there are ZES
states. However, there is no anomalous behavior of the J&nd
sephson current even in low temperatures as shown in Fig. -
(4)(b). As we see shortly, this aspect can be attributed to the d.=App,e'rz :(p, symmetry. (54)

fact that it is thep, (the transverse component of the pair | the case of,-wave symmetry, the Josephson current in
wave function, which yields the coupling to thewave su- low transparent junctions is shown Fig. 6, whe7@= 5.0,

perconductor through spin-orbit scattering. According to_Eq.&L:O.S, andkeL=1.72. The analytical expression &t
(25), however, only thep, component generates ZES, which ~0 is given by

couples in higher order only. A similar behavior can be found
in Josephson effects in SRO/I/SRO junctions, where the two

d.==+ Ap'E)xei‘PpZ :(Px symmetry, (53

1
superconductors are belonging to the different chir&fit. J~— _-sgn(¢)cose. (55)
The energy of the junction can be calculated from the 0
current-phase relationship by using a relatibaed ,E(¢). In this case, the spin-orbit scattering gives neithgnor | ;.

In Fig. 5, we schematically illustrate the energy as a functionAt very low temperatures, the Josephson current deviates
of ¢. When the contribution of the spin-orbit scattering is from sin 2p because higher harmonids,, with n=2 in Eq.
negligible, there are two energy minima at=*=/2 as (1) contributes to the Josephson current as shown in Fig.
shown with the solid line. These bistable states may be use6{a). Because the condition in Eq25) is fulfilled for all

as a base of the quantum computing devfc&he spin-orbit  incident angles of a quasiparticle, the ZES are formed at the
scattering breaks the bistability as shown with the brokerinterface. As a consequence, the Josephson current shows the
line, where energy ap= /2 is slightly smaller than that at low-temperature anomaly and increases in proportional to

¢=—m/2. The energy minima do not shift away from  1/T with decreasing temperatures as shown in Fig.
=+ 7/2, even in the presence of the spin-orbit scattering6(b).1"1822
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FIG. 6. The Josephson current igwave superconductor/ FIG. 7. The Josephson current iswave superconductor/

px-wave superconductor junctions is plotted as a functiop é6r py,-wave superconductor junctions is plotted as a functiog ébr
several choices of temperatures (&, whereV,=5.0, s =0.5, several choices of temperatures (&, whereVy=5.0, u=0.5,
andkgL=1.72. In(b), the maximum Josephson current is plotted asandk:L =1.72. In(b), the maximum Josephson current is plotted as
a function of temperatures. a function of temperatures.

In py,-wave symmetry, the Josep_hson current is plotted aﬁ)r:(r)nnéglﬁtl?héhiitgr?gggh\sl\?; af;grﬁgé E;S\‘;":VS: s;hrﬁmiltzri are
a function of in Fig. 7(a), whereV,=5.0, 5u=0.5, and 5 effects of the spin-orbit scattering on the Josephson cur-

keL=1.72. The corresponding analytical resultTat0 is  rent are absent. It is obvious that spin-orbit coupling is asso-

given by ciated with the transverse componemnt, which does not
% induce a ZES at the interface and consequently does not
J~—f d6 cosb] — SuasTy sing+ T3 sin 2¢]. display the anomalous low-temperature behavior of the
0 maximal Josephson current. Thus, the current-phase relation

(56) of the junction is connected with the order-parameter phase

In this case, the spin-orbit scattering gives rise to the Josepl@f the transverse component. This in the case of(&4), ¢,
son current proportional to sipwhich becomes dominant in- andep+ /2 for Eq.(23), since for the latter the, compo-
high temperatures as shown in Figa)z Because the condi- nent is multiplied byi in our definition. This finding of the
tion in Eq. (25) is not satisfied, there is no low-temperature coupling is entirely in agreement with the qualitative state-

anomaly in the Josephson current as shown in Fig). 7 ments of previous discussions of the Josephson effect of this
kind, mediated via spin-orbit couplifg—>° Furthermore,

from Eqgs.(50) and (56) we can conclude that beyond the
finite spin-orbit coupling represented by the coupling con-
Finally, we summarize the results in this paper. We calcustant ag, the broken parity at the interface, i.&u#0 is

lated the Josephson current srwave superconductor/SRO also essential for a finite contribution through this channel.
by assuming the pair potential in E23) and compare the We have focused on dc Josephson effect in spin-singlet/
results with another pairing symmetries as shown in Eqsspin triplet junctions in this paper. The ac Josephson effect
(53) and (54). When the triplet superconductors are de-and dinamics of such junctions are intersting future
scribed byp,-wave symmetry, we find the low-temperature problems?®-68

IV. CONCLUSION
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