Fizika Nizkikh Temperatur, 2004, v. 30, No. 3, p. 288-294

Josephson and spontaneous currents at the interface
between two d-wave superconductors with transport
current in the banks
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A stationary Josephson effect in the ballistic contact of two d-wave superconductors with dif-
ferent orientation of the axes and with transport current in the banks is considered theoretically.
We study the influence of the transport current on the current—phase relation of the Josephson and
tangential currents at the interface. 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-de-
pendent condensate wave functions of the two superconductors.
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1. Introduction

It was shown that in the ground state of the contact
of two d-wave superconductors with different orienta-
tion of the axes there is a current tangential to the
boundary [1—8]. For the particularly interesting case
of n/4 misorientation the ground state is twofold de-
generate: there are the tangential currents in opposite
directions at ¢ = +r/2 in the absence of Josephson cur-
rent. The probabilities of finding the contact in one of
the two states are equal and the corresponding tangen-
tial current is referred to as the spontaneous one. It
was proposed to use such two-state quantum systems
for quantum computation [9—11]. It is of interest to
study the possibility of controlling this system by the
external transport current, which is the motivation of
the present work.

In the described problem of the Josephson contact
of two d-wave superconductors with transport current
in the banks the resulting tangential current is not a
sum of the spontaneous and transport current. In the
paper [12] we have studied the simpler case of the con-
tact of two s-wave superconductors with a transport
current flowing in the banks. It was shown that the
presence of magnetic field [13—16], of transport super-
conducting current [12], or of the current in normal

layer [17,18] in a mesoscopic Josephson junction can
significantly influence the current—phase characteris-
tics, current distribution etc.

In the present problem the Josephson current is de-
fined by the interference of the angle-dependent con-
densate wave functions of the two superconductors.
There are two factors of anisotropy which define the
angle dependence of the order parameter: the pairing
anisotropy and the transport current. Thus, it is natu-
ral to expect that the resulting interference current
(which has both normal and tangential components)
is parametrized by the external phase difference ¢ and
by the value of the transport current (or by the
superfluid velocity vy). The presence of these two con-
trolling parameters can be useful in the applications of
Josephson junctions of high-T,. superconductors.

In Sec. 2 we derive basic equations to describe the
ballistic planar Josephson junction of two differently
orientated d-wave superconductors with homogeneous
current in the banks. These equations are solved ana-
lytically in Sec. 3. Then we study in Sec. 4 the influ-
ence of the transport current on the Josephson current
and vice versa at the interface. In the Appendix the or-
der parameter and the current density in the homoge-
neous situation are considered.
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2. Model and basic equations

We consider a model of the Josephson junction as
an ideal plane between two singlet (particularly,
d-wave) superconductors with different orientation of
the axes (see Fig. 1). The pair breaking and the scat-
tering at the junction as well as the electron scattering
in the bulk of metals are ignored. We did not take into
account the possibility of the generation of a sub-
dominant order parameter, which results in decreasing
of the amplitude of the current [7]. The ¢ axes of both
superconductors are parallel to the interface. The ¢
axis direction is chosen as the z axis. The ¢ and b axes
are situated in the xy plane. In the banks of the con-
tact a homogeneous current flows with a supercon-
ducting velocity v,. We consider the superfluid veloc-
ity v, in the left (L) and right (R) superconducting
half-spaces to be parallel to each other v v,z and to
the boundary; we choose the y axis along v, and the x
axis perpendicular to the boundary; x = 0 is the
boundary plane.

We describe the coherent current state in the super-
conducting ballistic structure in the quasiclassical ap-
proximation by the Eilenberger equation [19,20]

vF§G+[a)%3+A,G]:0, 1)
r

where ® =0, +ippvy, ©, =nT(2n +1) are the

Matsubara frequencies, G =G, (V,r) = [ngr f j is
-9
the energy-integrated Green function, and A =

0 A
= (A* 0} Equation (1) should be supplemented by

Fig. 1. Geometry of the contact of two superconductors
with different orientation of the axes and different trans-
port currents (superfluid velocities v,.; g) in the banks.
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the equation for the order parameter (the self-con-
sistency equation):

A(VF,r):nNOTZ(V(vF,V’F)f(v’F,r))VrF, (2)

N, is the density of states at the Fermi level and (...) -
denotes averaging over directions of v g ; V(v g,v'r ) isa
pairing attractive potential. For the bulk d-wave su-
perconductor it is usually assumed that A(0) =
=Ao(T,v;)cos20, V(vp,vF)=V, cos20cos20 ,
where the angle 0 defines a direction of the velocity
v r. Solutions of Egs. (1), (2) must satisfy the condi-
tions for the Green functions and gap function in the
banks far from the interface:

OLR
(F0) = i 3
9(F O (3)
F(go0) = A(:Loo), @
LR
A(F0) = A 1 g exp(£i@/2). (5)

. 2 2 .
Here o p =, +iprvgrr, QLR =\OLR + ALR;

¢ is the phase difference between the left and right
superconductors, which parametrizes the Josephson
current state. The angles y ; g define the orientation
of the crystal axes a and b in the left and right
half-spaces (see Fig. 1). The angle between the axes
of the right and left superconductors (the
misorientation angle) is &y =y r — % 1.

Provided we know the Green function G, we can
calculate the current density:

(0 = =2mieN T Y (Vg Dy, (6)

()

For singlet superconductors it is usually assumed
that A(=v ) = A(v ), and we therefore have:

[love)=("Cov)=(ovr), (7)

go~ve)=-g-o,vr)=g"(ovF). (8)
Making use of Eq. (8), we can rewrite Eq. ( 6) as

i =0 2 > @p Img(Dhy,,

¢ >0

Jo =4n|lef N(O)opT,.

(9)
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3. Analytical solution of the Eilenberger
equation

In this paper we consider the problem non-self-con-
sistently: we assume the superconducting velocity v
is homogeneous and that the order parameter A is con-
stant in the two half-spaces:

v. () :{VS?L’ <0 @ ={

Veg, x>0

A explio/2), x<0

(10)

As was shown in the papers [7], the self-consistent
consideration of a Josephson junction of d-wave su-
perconductors does not differ qualitatively from the
non-self-consistent one. In the paper [7] the authors
compare numerically the self-consistent solution with
the non-self-consistent one. The self-consistency of the
solution allows one to take into account the suppres-
sion of the order parameter at the interface; the major
effect of this is the reduction of the current [7].

Equation (1) together with Egs. (3)=(5) and (10)
yields for the left and right superconductors:

Agexp(—ig/2), x>0

ok 2
gr(®) = +Crrexp ——— Qg |
QLR EN (11)
ALr : sen(ONQ 1 + 1R
frr(x) = _ 8 emsen(0ie)2 ~Crr
QLr Arn
x exp[—lﬂan LYRJG—Sgﬂ(x)iq)p’ (12)
Ux

where n =sgn(v,) . Making use of the continuity con-
dition, we obtain the expression for the ¢g function at
the interface:

Qrorp +Qro; —iT]ALARSiIl(p

g(0) = (13)

QLQR +O;OR +ALAR COS @ ’

Equations (9) and (13) allow us to calculate the
Josephson current j; =j,(x =0) and the tangential
current j, (x =0) at the interface. We emphasize that
these equations are valid for describing the current at
the interface of two singlet superconductors with dif-
ferent orientation of the axes and with different trans-
port currents in the banks. The contact of conven-
tional superconductors was considered in [12] and in
the present paper we study the contact of d-wave
superconductors, for which the order parameter is
Apr(0) =A¢(T, v r)cos2(0 -y r). The consi-
deration presented here can be also used to consider
the contact of g¢g-wave superconductors or an
s-wave /d-wave contact, etc.
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As we restrict ourselves to the non-self-consistent
model we should calculate the order parameter
Ay =Ay(T,v,) in the bulk d-wave superconductor.

That is the subject of the Appendix.
In the particular case considered below in detail we
have vy =vger =v, and denote ® =0, +ippvy,

Qr =402 + AzL,R§ in this case we obtain

Q7 +Qg) —iMA[Agsine

g(0) = (14)

QLQR + 2 +ALARCOS([)

In the absence of the transport current (v =0) in
this expression: ® =w, [7].

We should also clarify the sign of the square root in
Q; g. To make the solution (11) convergent, we must
require ReQ; > 0, which fixes the sign of the square
root in Q ; g to be sgn (op £V 51 g ). Moreover, this re-
quirement, as can be shown, provides the supplemen-
tary condition on Re g: sgn(Re g) = sgn(w).

4. Influence of the transport current on the
Josephson and spontaneous
currents at the interface

Further we study the Josephson contact for the de-
finite case: vy =vg =v andy; =0andy p =n/4.

For small values of v (in the approximation linear
in pro S/TC ) we can state the following approximate
relations (which are valid for values of ¢ in the vicin-
ity of +m/2):

Jr(vs,0) =j;(vy,0),

]'y (_Vs ,(P) = _].y (VSy_(P)y

and for the difference §j = j(v) — j(v,=0):

875 (=) ~ =587, (9), &, () ~ 38/, (9,

while at v, =0

710 ==7; (@), j, (-0)=-j, (o).
In the linear approximation the shift current 87, is an
even function of @, in contrast to j, (v =0). For the
spontaneous current (at ¢ =+n/2) the shift currents
dj, are equal:

(15)

Js(n/2) =—js(n/2), 8, (~n/2) =8],(n/2).

In a nonlinear treatment these shift currents are dif-
ferent for the two cases and are discussed below.

In Figs. 2, 3 we plot the normal (Josephson) and
tangential components of the current densities at the
interface plane as functions of the phase difference

Jylo=xm/2) =js +3],.
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v,=0
L — = pv/Agp=0.2
0.04 . DFVS/A00:0-4

0 02 04 06 08 1.0
®/2n

Fig. 2. Josephson current density through the interface j;
versus phase ¢ (. =0, xr =n/4, T =01T;); Ao =
= Ag(T = 0,05 =0) = 214T,.

¢ at low temperature. In the absence of the transport
current: (i) j is an odd function of ¢; (ii) the normal
component of the current (Josephson current) is -pe-
riodic; (iii) in the equilibrium state at ¢ = +m/2:
77 =0,7,(£n/2) =jg =Fjs| In the latter 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
current breaks the symmetry relations (i)—(iii). There
is a nonzero Josephson current at ¢ =0, n. How the
transport current influences the spontaneous current
(i.e., the tangential current at ¢ = n/2 and ¢ = —n/2) is
shown in Fig. 4. The shift of the two values of the cur-
rent for small values of v (in the linear in pro; /T,
approximation) is equal (see Eq. (15)); however, at
valueso; ~ 0.2 Aoo/pp the shift current (i.e., the dif-
ference j, (v) — js (v =0)) is of different sign for
the two currents and in the directions opposite to j g .

004‘* Vs:0 i
\\ - = pFVs/AOO_o 2 :
0.02F8.1 =" PVs/Ago=0.4 | b
SN
\ 1 : 1
. 1 / I
2 oft :.
=7 : | :
-0.02 i i E
-0.04 | g |
L \ '\L' f i i
~0.06F N\ | :
: : :

N

0 02 04 06 08 10

Fig. 3. Tangential current density at the interface j, ver-
sus phase (1 =0,y g =n/4, T =01T,).
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Fig. 4. Tangential current density at the interface j, for

two values of the phase difference (spontaneous current)
versus superfluid velocity oy (x 1 =0,x g =n/4, T =01T,).

We also note the following relations forvg = 0:
Dj;j@=n)=—7;(@=0) %0 (the presence of the
transport current induces a nonzero Josephson current
in the absence of an external phase difference);

dj
2)j; ((P = inj =0, J((p = igj >0 (the transport

2 do
current does not change the values of equilibrium
phase difference, at ¢=%m/2); 3)j,(p=n)=

=7, (@ =0) # 0. This last relation concerns the intere-
sting phenomena studied in [12]: for some values of
phase difference (here in the vicinity of ¢ =0, ©) the
interference of the angle-dependent condensate wave
functions 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 spon-
taneous current and the transport current [12]. Thus,
the transport current drastically influences both the
tangential (spontaneous) and Josephson currents.

We can write down explicitly an expression for the
current for temperatures close to the critical (so close
that Ag,pros << T.). From Eq. (14) we have:

1 PFrVs
Img(0) ~ A Ag|—N 5 SINQ + ———cosg +
203, ),
2
3(prvs)® ALAgR
+n5Tsm(p+n . sin2 . (16)
n n

Aty =0andy g = n/4 this results in the following:

i=is +is +1i (17)
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i = L A% sin2¢ -e

3 =" 3004n " T © €y, (18)
g = &sin e
1S 7 Th0n 02 (19

3 . Ai%(ppvsﬂ
56()75] Tc2 T2

C

j= sing - e, (20)

Here Ay = Ay (T,v,) and is defined by Eq. (25). In
particular, at v, =0 this gives:

2
iy =-17-10"%4, (1 - ]T] sin 2¢, 21)

Cc

js =66 .102]'0(1 —TT]simp. (22)
2
We note that j =—%Mj5 . It follows that

T2
the effect of transport current on the spontaneous
tangential current at T ~ T, is to reduce its value by
a small shift. Tt is remarkable that the current tan-
gential to the boundary contains only corrections of
the second order in the parameter prog /TC JOIf
xr =0 and yr =8y = n/4, the integration of the
second term in Eq. (16) would give us the factor
ncos® 8y — m/2, which is zero for 8y = n/4; this term
at 8y =0 and ¢ =0 gives the homogeneous current
density (Eq. (26)).

The integration of the first term in Eq. (16) gives
us the factor cos28y for the x component of the cur-
rent and sin 28y for the y component. In the case of
8y, = m/4 this term gives only the tangential component.
As a consequence jg >> j; (see Egs. (21), (22)).

It was discussed above that the terms linear in
vaS/TC result in a uniform shift of j 5. We can see
that nonlinear terms result in a shift of different sign,
and in both cases in the direction opposite to js (see
Eq. (20)). This in part explains the nonmonotonic be-
havior of j, (see Fig. 4). The fact that the presence of
the transport current significantly changes the tangen-
tial (spontaneous) currents might be used for its con-
trol, which is important in view of their possible appli-
cation for quantum computation [9—11].

FUs A}

There is also a term with the factor P —
T. 4
C TC

¢ =+n/2.

*
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5. Conclusion

We have studied influence of the transport current,
which flows in the banks, on the stationary Josephson
effect in the contact of two d-wave superconductors.
We have derived equations which allow general con-
sideration of the contact of two singlet superconduc-
tors with different orientation of the axes and with
different transport currents in the banks. In particu-
lar, we have studied the planar contact of two d-wave
superconductors in the case of n/4 misorientation with
equal transport currents in the banks. It was demon-
strated that the current—phase relation drastically de-
pends upon the value of the transport current. The
ground state degeneracy in the absence of transport
current (at ¢ =+n/2) is lifted at o5 # 0. The depend-
ence of the shift current (which is the difference of the
tangential current and the spontaneous one) on vy is
shown to be nonlinear. It is proposed to use the trans-
port current for the control of qubits based on the con-
tact of two d-wave superconductors.
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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 superconductor (see also in
[21]). We note that the order parameter A is a func-
tion of temperature T, superfluid velocity v, and the
angle . between the crystallographic axis ¢ and the
direction of the superfluid velocity v ;. For that we
should solve Eqs. (2) and (9) with ¢ and f given by
Egs. (3) and (4):

Here 7\':N0de a):(ﬂn+ipFVS , Q= 6)2+A2’
A@) =Ao(T,v,)cos2(0 —y).

which is neglected here. This term results in equal shifts of js for
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For T = 0 (replacing nT ¥, by the integral | do) we
obtain the equations for the order parameter A, and
the current density j:

2
Ao 2 A(D) ‘VspF‘
IH[AOJ—J"G(AOJ " e

(23)
here Agg = Ay (T =0, v, :O)zémce_z/x,§:4e_1/2,

]' _ _ivspF +

jo 4m T,

2 2
1 viPr | [ AO)
+ﬁj‘d9|cose| [ T, J (T j (24)

c

In Egs. (23) and (24) the integration is performed in
the region where A(0)? < (VSpF)Z for 6 € (—g,gj

In Figs. 5 we plot the order parameter Ao (T,v)
and the current density versus the superfluid velocity
v, for different angles y at low temperature. For com-
parison we also plot the curves for the s-wave super-
conductor. A numerical analysis at low temperature
shows that in spite of the strong anisotropy of the
pairing potential, the order parameter A, the critical
velocity o§', and the critical current j, depend
weakly on the angle y between v ; and the crystallo-
graphic a axis (see Figs. 5 and in Ref. 21). Namely,
the respective difference is maximal for y =0 and
x = /4 and does not exceed 0.1. For small values of
the superfluid velocity, i.e., in the approximation lin-
ear in the parameter v pr /TC, both Ay and j are
independent of .

For a temperature close toT. :B(oce_z/ b=
=0.47A o9, where B =(2/n)e® (C is the Euler con-
stant), both the gap function Ay and current density j
are independent of the angle y:

3273 T) 4
AZO :21€7(t3) TCZ(1 —TJ_S(,DFUS )2: (25)

C

Jo_76(3) Ap PFUs

jo o 33T T (26)

The temperature dependence of critical velocity 0§

cr 2
follows from Eq. (25): PEvs _ | 8r 1 —T—.
T, 7¢(3) T,
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