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A stationary Josephson effect in the ballistic contact of tiwvave superconductors with

different orientation of the axes and with transport current in the banks is considered theoretically.
The influence of the transport current on the current—phase relation of the Josephson and
tangential currents at the interface is studied. It is demonstrated that the spontaneous surface
current at the interface depends on the transport current in the banks due to the

interference of the angle-dependent condensate wave functions of the two

superconductors. @004 American Institute of Physic§DOI: 10.1063/1.1645180

1. INTRODUCTION equations are solved analytically in Sec. 3. Then in Sec. 4 we

study the influence of the transport current on the Josephson
It has been shown that in the ground state of the contaaturrent andvice versaat the interface. In the Appendix the

of two d-wave superconductors with different orientation of order parameter and the current density in the homogeneous

the axes there is a current tangential to the bountidrfor  situation are considered.

the particularly interesting case af/4 misorientation the

ground state is twofold degenerate: there are the tangential

currents in opposite directions @t= + /2 in the absence of 2- MODEL AND BASIC EQUATIONS

Josephson current. The probabilities of finding the contactin - \ye consider a model of the Josephson junction as an
one of the two states are equal, and the corresponding tafgeg) plane between two singléin particular,d-wave su-
gential current is referred to as the spontaneous one. It h?%rconductors with different orientation of the axese Fig.
been proposed to_usellsuph two-state quantum systems f@j The pair breaking and the scattering at the junction as
quantum computatiofi.** It is of interest to study the possi- yel| as the electron scattering in the bulk of the metals are
bility of controlling this system by the external transport cur-ignored. We did not take into account the possibility of the
rent, which is the motivation for the present work. generation of a subdominant order parameter, which results

In the above-described problem of the Josephson contag{ decreasing of the current amplituli@he ¢ axes of both
of two d-wave superconductors with transport current in thesyperconductors are parallel to the interface. Thaxis di-
banks, the resulting tangential current is not a sum of theection is chosen as tieaxis. Thea andb axes are situated
spontaneous and transport current. In Ref. 12 we studied th@ thexy plane. In the banks of the contact a uniform current
simpler case of the contact of twewave superconductors flows with a superconducting velocity,. We consider the
with a transport current flowing in the banks. It was shownsuperfluid velocityv, in the left(L) and right(R) supercon-
that the presence of magnetic fiéftf'® of transport super- ducting half-spaces to be parallel to each othgivsr and to
conducting current? or of current in the normal lay&r*€in
a mesoscopic Josephson junction can significantly influence
the current—phase characteristics, current distribution, etc.

In the present problem the Josephson current is deter- b b a
mined by the interference of the angle-dependent condensate 4
wave functions of the two superconductors. There are two R
factors of anisotropy which determine the angle dependence
of the order parameter: the pairing anisotropy and the trans-
port current. Thus it is natural to expect that the resulting — 1 5
interference currenfwhich has both normal and tangential
componentsis parametrized by the external phase difference
¢ and by the value of the transport curréat by the super-
fluid velocity v). The presence of these two controlling pa- T T

. L . %1 %R

rameters can be useful in the applications of Josephson junc-
tions of highT . superconductors.

In Sec. 2 we d§r|ve ,baSIC equat,lons to des_crlbe a baIIIStIEIG. 1. Geometry of the contact of two superconductors with different
planar Josephson junction of two differently orientbave  grientation of the axes and different transport currésterfluid velocities
superconductors with uniform current in the banks. Thesey, g) in the banks.
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the boundary; we choose tlyeaxis alongv, and thex axis 3. ANALYTICAL SOLUTION OF THE EILENBERGER
perpendicular to the boundary=0 is the boundary plane. EQUATION

We describe the coherent current state in the supercon-
ducting ballistic structure in the quasiclassical approximatio
by the Eilenberger equatioh®

In this paper we consider the problem non-self-
Ttonsistently: we assume the superconducting velogitis
uniform and that the order parametkrs constant in the two

J half-spaces:
Ve GH[@73+4,G]=0, oy v Yo x<0 A A expliol2), x<0
5 , S vgr, x>0 | Agexp—i@l2), x>0
wherem=w,+ipg-Vs, w,=7T(2n+1) are the Matsubara ’ (10)

. ) _ Ja _ g f . _.
frequenciesG =G, (ve,r) = (f- —9) is the energy-integrated As was shown in Refs. 7, the self-consistent consider-

. ~ 0 A .
Green function, andA=(y«,). Equation (1) should be  ation of a Josephson junction aFwave superconductors
supplemented by the equation for the order param@her  yoes not differ qualitatively from the non-self-consistent

self-consistency equatign treatment. In Ref. 7 the self-consistent solution is compared
numerically with the non-self-consistent one. The self-
A(Vg ,r)ZWNoTE (V(Ve VO F(VE 1)), 2) consistency of the solution allows one to take into account

© F

the suppression of the order parameter at the interface; the
. . . major effect of this is a reduction in the currént.

No is the density of states at the Fermi level ahd),_ Equation(1), taken together with Eq¢3)—(5) and (10),
denotes averaging over directionswgf; V(vg,vg) is a pair- yields for the left and right superconductors:

ing attractive potential. For the butk-wave superconductor 21x] )

it is usually assumed that\(8)=Ay(T,vs)cosd and ) = wL’R+C exp{——ﬂ
V(Vg ,VE) =V cos Hcos ¥, where the angl@ defines a di- 9ur() Q g SR lv,| "R
rection of the velocityvg. Solutions of Eqs(1), (2) must

satisfy the conditions for the Green functions and gap func-  f (x)= ALr g soiel2_c ngr(x) 7O RT OLR

(11)

tion in the banks far from the interface: QR ALr
2|x| ) .
_ wL,R X ex — _Q e_SgI’(X)I(p/Z’ 12
g(Fo)= o 3) F{ [o,] LR (12
' where »=sgng,). Making use of the continuity condition,
_ A(F») we obtain the expression for tlgefunction at the interface:
f(F)=—g— (@)
L.R QLwR+QRwL—i ﬂALAR S'n(P
: 9(0)= O, Qg+ +A Agcosp (13
A(Fx)=A_ rexp£ie/2). (5) LERT WLWRT ALARLOSE

. . Equations(9) and(13) allow us to calculate the Joseph-
Here | g=wn+ipe-Vs L R, QLr=VOLrTALR €IS son currentj,=j,(x=0) and the tangential currerjt,(x
the phase difference between the left and right superconduct: g) 4t the interface. We emphasize that these equations are
ors, which parametrizes the Josephson current state. TRgjid for describing the current at the interface of two singlet
anglesy, r define the orientation of the crystal ax@andb  syperconductors with different orientation of the axes and
in the left and right half-spacesee Fig. 1 The angle be- it different transport currents in the banks. The contact of
tween the axes of the right and left superconductth®  conventional superconductors was considered in Ref. 12, and

misorientation angleis ox=xr— Xt - A in the present paper we study the contactlefiave super-
Provided we know the Green functi@, we can calcu-  conductors, for which the order parameter i r6

late the current density: =Ao(T, Vs r)COS 20— x R). The treatment presented here
can be also used to consider the contag-efave supercon-
(= —27TieN0TZ (Veg(Ve J))vF- (6) ductors or ars—wa_veu—wave contact, etc. .
® As we restrict ourselves to the non-self-consistent

. o model, we should calculate the order parametks
For singlet superconductors it is usually assumed that A (T v,) in the bulkd-wave superconductor. That is the
A(—=vg)=A(vg), and we therefore have: subject of the Appendix.

7) In the particular case considered in detail below, we have
Ve =Vgr=Vs and denote @=w,+ipg-vs, Qg
=@+ A{ g; in this case we obtain

f+((l),_V|:):f+(_(!),VF):f*(C!),VF),

g((l),_v;:):_g(_ﬂ),VF):g*(w,VF). (8)

Mak fE E =
aking use of Eq(8), we can rewrite Eq(6) as g(0) 0.0t %2+ D, Apcose

(14)

In the absence of the transport current=t 0) in this expres-
sion: = w, (Ref. 7).

We should also clarify the sign of the square root in
jo=4m|e|N(0)veT,. (99 Q_g. To make the solutior11) convergent, we must re-

.
i0=jor 2 (% M)y,
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FIG. 2. Josephson current density through the interfgceersus phase

(xL=0,xr=7/4,T=0.1T); Agy=Ao(T=0p=0)=2.14T,.
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FIG. 3. Fig. 3. Tangential current density at the interfacgersus phase
(x.=0,xg=m/4,T=0.1T ).

quire ReQ) x>0, which fixes the sign of the square root in fluences the spontaneous curréire., the tangential current
Qg to be sgn@pe- Vs, r). Moreover, this requirement, as ate= /2 ande = —/2) is shown in Fig. 4. The shift of the
can be shown, provides a supplementary condition og:Re two values of the current for small values of (in the ap-

sgn(Reg)=sgn).

4. INFLUENCE OF THE TRANSPORT CURRENT ON THE
JOSEPHSON AND SPONTANEOUS CURRENTS AT

THE INTERFACE

Below we study the Josephson contact for the particula

case whervg =vsg=Vs andy, =0

For small values obg (in the approximation linear in
prvs/T;) we can state the following approximate relations

andyr= /4.

(which are valid for values o in the vicinity of = 77/2):

Ja(—Vs,0)=]4(Vs, ),

jy(_VS,QD):_jy(Vs,_<P),

and for the differencedj=j(vy) —j(vs=0):
Ojs(—@)==0j,(¢), Siy(—@)=0jy(e),

while atvg=0

Ja—e)=—]js(e), jy(—@)=—]y(®).

In the linear approximation the shift curredf, is an
even function ofe, in contrast toj,(vs=0). For the sponta-
neous currentat ¢ = = 7/2) the shift currentsj, are equal:

jWe==m2)=]stdjy.

(19

js(—m2)=—j(m2), 8j,(—mwl2)=25],(wI2).

In a nonlinear treatment these shift currents are different

for the two cases and are discussed below.

In Figs. 2 and 3 we plot the norma&losephsonand
tangential components of the current densities at the plane of
the interface as functions of the phase differegcat low
temperature. In the absence of the transport cur(Bntis an
odd function ofg; (ii) the normal component of the current
(Josephson currenis m-periodic; (iii) in the equilibrium
state atp=*7/2: j;=0, j,(* m/2)=]s=F|jg|. This being
the case, the tangential current exists in the absence of the
Josephson current; for that reason it is referred to as the
spontaneous current. The presence of the transport curreqt; , 1.,

proximation linear inpgvs/T,) is equal[see Eq(15)]; how-
ever, at values s~ 0.2A o/ pg the shift currenti.e., the dif-
ferencej,(vs) —js(vs=0)) is of different sign for the two
currents and in the directions oppositejtn

We also note the following relations fer#0: 1) j;(¢
F 7)=—]3(¢=0)#0 (the presence of the transport current
induces a nonzero Josephson current in the absence of an
external phase differenge2) j;(¢==*m/2)=0, dj;/de
X (¢==*m/2)>0 (the transport current does not change the
values of the equilibrium phase difference, @t 7/2); 3
Jy(p=m) =], (¢=0)+#0. This last relation concerns the in-
teresting phenomena studied in Ref. 12: for some values of
the phase differencéhere in the vicinity of¢=0,7) the
interference of the angle-dependent condensate wave func-
tions results in the appearance of an additional tangential
current with the direction opposite to the transport current in
the banks. We emphasize that the resulting tangential current
is not the sum of the spontaneous current and the transport
current'? Thus, the transport current drastically influences
both the tangentialspontaneoysand Josephson currents.

We can write down explicitly an expression for the cur-

0.10

io=/2)

e 0= -12)

01057792 0.8

L
0.4 0.6

PeVs /Ao

gential current density at the interfggefor two values of the

breaks the symmetry relatiortg—(iii). There is a Nnonzero ppase differencdspontaneous currenversus superfluid velocity . (x,

Josephson current gt=0,7. How the transport current in-

=0,xr=7/4,T=0.1T,).



216 Low Temp. Phys. 30 (3), March 2004

rent for temperatures close to the critic@o close that
Ag,Prvs<T,). From Eq.(14) we have:

1 PrVs

Img(0)=A_ Ag —n=—Sing+ —5 COSgp
2wy, wp,
3 AL AA
+77—(pF 43) sing+ 7 L 4Rsin2<p . (16
2 o, 8wy
At x. =0 andyr= /4 this results in the following:
i=istist], 17
_ 1A 8
10= ~ 3542z SIn 20~ &,
Y 30247072
. 1 AG o
is=~ goglogzsine-8, (19
~_ 3 Af(proy)?
= o=z sing- g . (20
56071972~ T2 &

HereAy,=Aq(T,vs) and is defined by Eq25). In particular,
atvs=0 this gives:

T 2
j;=—1.7x 10‘2j0(1— T—) sin 2¢,

C

(21)

-
js=—6.6x 10—2j0(1—T—)sin¢. (22
C

We note thaf = — 5 (prvs) /T2 ]js. It follows that the ef-
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particular, we have studied the planar contact of tkwave
superconductors in the case@® misorientation with equal
transport currents in the banks. It was demonstrated that the
current—phase relation depends drastically on the value of
the transport current. The ground state degeneracy in the
absence of transport curretdt ¢=* 7/2) is lifted atvq

#0. The dependence of the shift curréwhich is the differ-
ence of the tangential current and the spontaneousame,

is shown to be nonlinear. It is proposed to use the transport
current for the control of qubits based on the contact of two
d-wave superconductors.

We acknowledge support from D-Wave Systems, Inc.
(Vancouvey.
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6. APPENDIX. ORDER PARAMETER IN THE HOMOGENEOUS
CURRENT STATE

In this Section we study the homogeneous current state
in the bulk d-wave superconductdisee also Ref. 21 We
note that the order parametgy is a function of temperature
T, superfluid velocityw, and the anglg between the crys-

fect of transport current on the spontaneous tangential cur-
rent atT~T,. is to reduce its value by a small shift. It is
remarkable that the current tangential to the boundary con-
tains only corrections of the second order in the parameter
Prvs/Te. Y If x =0 and yg= Sx# /4, the integration of
the second term in Eq(16) would give us the factor

7 cog Sy— 12, which is zero foréy=w/4; this term at
Sx=0 and ¢=0 gives the uniform current densit{Eq.
(26)).

The integration of the first term in E¢L6) gives us the
factor cos 2y for thex component of the current and sify
for the y component. In the caséy= m/4 this term gives
only the tangential component. As a consequgrgej ; [see
Egs.(21), (22)].

It was discussed above that the terms lineapdng/T,
result in a uniform shift ofjs. We can see that nonlinear
terms result in a shift of different sign, and in both cases in
the direction opposite tgg [see Eq.(20)]. This in part ex-
plains the nonmonotonic behavior jgf (see Fig. 4 The fact
that the presence of the transport current significantly
changes the tangenti@@pontaneoyscurrents might be used
for its control, which is important in view of their possible
application for quantum computatidn'*

5. CONCLUSION

We have studied influence of the transport current, which
flows in the banks, on the stationary Josephson effect in the
contact of twod-wave superconductors. We have derived

equations which allow general consideration of the contact, = o ger parametes
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vs) (@) and current densityb) in a bulk

of two singlet S_Upe!'condUCtorS with diﬁerent_orientaﬁon Of g-wave superconductor versus superfluid veloeityfor different anglesy
the axes and with different transport currents in the banks. letweenv, and thea axis (T=0).
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tallographic axisa and the direction of the superfluid veloc- ) 323 5 T\ 4 )
ity vs. For that we must solve Eq&2) and(9) with g and f Ag= Tel 1= == 3(Prvs)”, (25
. 214(3) T, 3
given by Eqs.(3) and (4):
| 74(3) A§ pro
1 w2 A%(6)/A2 1__ PrUs
oot doRe— 0 T BT T, (26)
A @>0 J—mp2 Q c
. _ The temperature dependence of the critical veloaify
I T f’ﬁz d69, im2 follows from Eq.(25): pev /T, =8m?/7¢(3)\1— T/T..
Jo 7TTc 0w>0 J—7/2 Q
Here \=NgVy, ®=w,+ipe-Vs, Q=\0’+A% A(6)
=Ay(T,vs)Cos 20— x). *E-mail: omelyanchouk@ilt.kharkov.ua

. . 1) H : 44 . .
For T=0 (replacmg TS, by the mtegralfdw) we There is .also aterm Wlth the factqo.f(us./TC)(AolTC), which is neglected
obtain the equations for the order parametgrand the cur- ~ e'®: This term results in equal shifts jaffor ¢ == /2.
rent densityj:
2
Ago| 2 A(0) Vs* P|
In|—|=—| dé& In
Ao/ 7 Ay A(9)| 1S, Yip, Phys. Rev. B52, 3087(1995.
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5T. Lofwander, V. S. Shumeiko, and G. Wendin, Phys. Re62BR14653
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