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The influence of electron reflection on dc Josephson effect in a ballistic point contact with transport current
in the banks is considered theoretically. The effect of finite transparency on the vortexlike currents near the
contact and at the phase differenge= 77, which has been predicted recenflyu. A. Kolesnichenko, A. N.
Omelyanchouk, and S. N. Shevchenko, Phys. Re%7BL72504(2003], is investigated. We show that at low
temperatures even a small reflection on the contact destroys the mentioned vortexlike current states, which can
be restored by increasing the temperature.
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[. INTRODUCTION currents results in the appearance of two vortexlike current

states in vicinity of the contact, when the external phase

The investigation of Josephson effect manifestations irdifference is¢p~a. The Josephson current through super-

different systems is continuing because of its importance foeonducting weak link is a result of quantum interference be-

both basic science and industry. A point contact between twéveen order parameters with phase differegiceObviously,

massive Superconductors_(;_s junction) is one of the pos- the finite reflectionrR=1—D of electrons from the Joseph-

sible Josephson weak links. A microscopic theory of the staSON junction suppresses this interference and it must influ-

tionary Josephson effect in ballistic point contacts betweel$nce the vortexlike current states, which are predicted in Ref.

conventional superconductors was developed in Ref. 113 In this paper we study the effect of finite transparency on
Later, this theory was generalized for a pinhole model in"€ current-phase dependence and distribution of the super-
3He 23 for point contacts betweend:wave,"S and triplet conducting current near the ballistic point contact in the pres-
' - ... ence of homogeneous current states far from the contact. We
rcon Th hson effect is the phase-sensitiv .
superconductorSThe Josephson effect is the phase-sensit e;how that at low temperature$ - 0) the electron reflection

instrument for the analysis of an order parameter in nove : .
. destroys the mentioned vortexlike current states even for a
(unconventional superconductors, where current-phase de-

: ) . . very small value of reflection coefficieR<1. On the other
pendencies,(4) may differ essentially from those in con- hand we have found that as the temperature increases the
ventional superconductofs® In some cases the model with

! ) vortices are restored and they exist for transparency as low as
total transparency of the point contact does not quite adD:% in the limit of T—T,. The organization of the rest of

equately correspond to the experiment, and the electron rgne paper is as follows. In Sec. Il we describe the model of
flection should be taken into account. The influence of elecihe point contact, quasiclassical equations for Green’s func-
tron reflection on the Josephson current in ballistic pointjons, and boundary conditions. The analytical formulas for
contacts was first considered by Zait$ée had shown that the Green functions are derived for a ballistic point contact
reflection from the contact not only changes the critical valugyith arbitrary transparency. In Sec. Il we apply them to
of current, but also the current-phase dependen€e) analyze a current state in the ballistic point contact. The in-
~sin(¢/2) at low temperature which has been predicted influence of the transport current on the Josephson current and
Ref. 1. The current-phase dependence for small values @fice versa at the contact plane is considered. In Sec. IV we
transparencyD<1, is transformed to thd;(¢)~sin$,  present the numerical results for the distribution of the cur-
similar to the planar tunnel junction. The effect of transpar-rent in the vicinity of the contact. We end in Sec. V with
ency for point contact between unconventiordgiwave su-  some conclusions.

perconductors is studied in Refs. 8—10. The nonlocality of

Josephson current in point contacts was investigated in Ref. Il. FORMALISM AND BASIC EQUATIONS

11. The authors of Ref. 11 concentrated on the influence of

magnetic field on the zero voltage supercurrent through the We consider the Josephson weak link as a microbridge
junction. They found a periodic behavior in terms of mag-between thin superconducting films of thickneds The
netic flux and demonstrated that this anomalous behavior is l@ngthL and width 2a of the microbridge are assumed to be
result of a nonlocality supercurrent in the junction. This ob-less than the coherence length. On the other hand, we
servation was explained theoretically in Ref. 12. Recently amssume thatt and 2a are much larger than the Fermi wave-
influence of transport supercurrent, which flows in the condength A\ and use the quasiclassical approach. There is a
tacted banks and is parallel to the interface, to the Josephsqotential barrier in the contact, resulting in a finite probabil-
effect in point contacts has been analyzed theoretitally. ity for the electron that is to be reflected back. In the banks of
was found that a nonlocal mixing of two superconductingsuperconductors a homogeneous current with a supercon-
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parameter is constant in the two half-spackép,vs,T)

1"

3 =A(vs, T)exdsani) (i ¢/2)] (¢ is the phase difference be-
tween superconductgrean be used. In the same approxima-
tion the velocity vg does not depend on the coordinates.
Equation(4) enables us to calculate a spatial distribution of
the order parameteX(p) in the next order approximation in
terms of the parametaa/¢,. Solutions of Eqs(3) should
satisfy Zaitsev’s boundary conditiofRef. 7) across the con-

"" tact x=0,]y|<a and specular reflection condition for
=0Jy|=a. In addition, far from the contact, solutions
should coincide with the bulk solutions. The Zaitsev bound-
ary conditions at the contact can be writted8g°

FIG. 1. Model of the contact as a slit in the thin insulating d=d'=d, (5)
partition.

. . . D d)~ 5| as

ducting velocityv flows parallel to the partition. We choose 5D 1+ > s',s' [=ds'?, (6)
they axis alongvs and thex axis perpendicular to the bound-
ary; x=0 is the boundary planésee Fig. L If the film  where
thicknessd< &, then in the main approximation in terms of
the parameted/ &, the superconducting current depends on s'=G" (Vg ,x=0)+G' (v¢',x=0), (7)
the coordinates in the plane of the filon=(x,y) only. The
superconducting current in the quasiclassical approximation, ar:é;(vF ,x:O)—é[U(vF’,x=0), @)

with v’ being the reflection of with respect to the bound-
ary andD is the transparency coefficient of point contact.

) ) ) , ) Indices| andr denote that the Green functions are taken at
is defined by the energy-integrated Green'’s function the left (x=—0) or right (x=-+0) hand from the barrier.

g f ) Similar relations also hold fas' andd'. In generalD can be

i(pv)=—2meN(O)TX (Ved(Ve,pVe)y,, (D)

(2 momentum dependent. For simplicity in our calculations we
assumed thab is independent of the Fermi velocity direc-

which in the ballistic case satisfies the Eilenberger equatioHon-
of the form*1®

GZG(wn,VF,p,V5)=(f+ -g

IIl. CURRENT-PHASE DEPENDENCIES FOR JOSEPHSON

0 A  ~nA A oa
Ve- a—G+[w7'3+A,G]=O, 3) AND TANGENTIAL CURRENTS

p Making use of the solution of Eilenberger equatidBy
with normalization conditiong®+ ffT=1. HereN(0) is the ~ we obtain the following expression for the current denéljy

density of states at the Fermi level=w,+ipg-Vs, ve and  at the slit:
pe are the electron velocity and momentum on the Fermi

surfacew,=(2n+1)xT are the Matsubara frequenciess icon=i(x=0Jy|<a,$,vo)=4meN(0)veT >
an integer numbekns is the superfluid velocity and is the >0
temperature, b &
Q) —iyDA? sin— cos—
i ( 0 A oo 2 2
= vim 2 ’
*
AT 0 Qz—AZD(sing) )

is the order parameter matrix, ang is the Pauli matrix.
Equations(3) should be supplemented by the equation for 9
the superconducting order parameter
P J P ot where, Q= \Vw?+A2, v=Vg/vg is the unit vector, andy
=sgn(,). We should require Ré>0, which fixes the sign
A(p’VS’T):zTr)‘TwEO UCCAR) @ of the square root to be sgu{vy). In the casev#0 the
) n_ o ) ) current(9) has bothj; andj, components. The tangential
whereN is the constant of pairing interaction aqd - ),_ is currentj, depends on the order parameter phase differences
the averaging over directions @f . As it was shown in Ref. ¢ and is not equal to the transport currgppn the banks. In
1 in the zero approximation in terms of the small parameteother words the total current is not equal to the vector sum of
al&y<<1 for a self-consistent solution of the problem it is not Josephson and transport currents. For the vgs®, at the
necessary to consider E@). The model in which the order contact the tangential current is zero and the normal compo-
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FIG. 2. Josephson current vs phase¢ for T/T,=0.1, q FIG. 3. Tangential current, vs phase¢ for T/T,=0.1 andq
=0.5, andj,=47|€e|N(0)veT,. =0.5.

nent, i.e., the Josephson current, is as found for the finitéhat when the transport current is absent. However, when
transparent contact in Ref. 7. Detaching explicitly the Jo-tends tor, for the highly transparent contadd & 1,0.9) the
sephson curren and the spatially homogeneo(sansport  tangential current becomes antiparallel to the bulk current.
currentjt that is produced by the superfluid velocity, we  But for D=0.7 the interference current is strongly sup-
can write the current as the sum of three terjgs:;j+, and  pressed and the tangential current flows parallel to the bulk

the “interference” curreni;,; . Also we have current. In Fig. 4, we plo}y(D)=j+]in at ¢= for dif-
. . ) ) ferent temperatures. These plots show that by increasing the
Jeont=13(#,D,Ve) +]1(Ve) +]int(#,D,Vy). (100 temperature a counterflojy(D)<O0 exists in a wider inter-

o nt
The interference current takes place in the vicinity of theV@! Of transparencP(T) <D<1 andD(T—T,)— ;. This
numerical result coincides with analytical resu{i®?) and

contact, where both coherent currepjsp) andj(vy) exist
(see also the following sectiprAt first we consider the cur- (13).

rent density(9) for temperatures close to the critical tempera-
ture (T.—T<T.). From Eqs.(9) at the contact we obtain IV. SPATIAL DISTRIBUTION OF THE CURRENT NEAR
THE CONTACT

j3(¢,D,vg9)=3AD si 11 . : : e
Jo(¢:D.v9 =3 sinée, (D In this section we consider the spatial distribution of the
; __1 current near the orifice. The superconducting curf&ntan

Jrlvg == 5Akey, (12 be written as

jint(#,D,v9)=3AkD(1-cos¢)e,, (13

T “
where A= o(A%/T2), k=[14s(3)/7%](vepe /T,), ande (P9 ==Jog- 2 (VImG(p.vo):, (14
is the unit vector in thé direction. This consideration shows
how the current is affected by the interplay of Josephson an@here jo=4m|€[N(0)veT.. We should note that although
transport currents. At the contact the interference cugrgnt  the current(14) depends only on the coordinates in the film
is antiparallel toj; and if the phase differencé=m, | plane, the integration over velocity directionss carried out
= —2Djt. When there is no phase differen@ ¢#=0), we

obtainj;,,=0. So at transparency valuBsup to 3 the total 0.2
tangential current at the contact flows in the opposite direc- —_— T/T=0.1
tion to the transport current. Thus, for subhin the vicinity oo %ﬁczg'gs

of the contact, two vortices should exist. At arbitrary tem-

peraturesT <T, the current-phase relations can be analyzed

numerically. In our calculations we define the paramgter

whichq=prvs/AgandAy=A(T=0ps=0). The value ofy

can be in the range<0q<q. and it’s critical valueq, cor-

responds to the critical current in the homogeneous current

state’® At T=0, q.=1 and the gap does not depend ap

In Figs. 2 and 3, we plot the Josephson and tangential cur-

rents at the contact as functionsgfat temperatures far from - ,

the critical (namely, T=0.1T;) and forq=0.5 and different 0.25 0.5 0.75
. D

values of transparencp. Far from ¢=m, the tangential

current is not disturbed by the contact, it tends to its value on  FIG. 4. Tangential currerit, vs the transparendy at ¢= 7 and

the bank. The Josephson current-phase relation is the samegs0.5.

ifiy =
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FIG. 5. Vector plot of the current fop=m, q=0.5, T/T, FIG. 7. Vector plot of the current fop=, q=0.5, D=0.7,
=0.1, andD =0.95. Axes are marked in units of the contact size andT/T,=0.85.

over all of the Fermi sphere as in a bulk sample. This metho@t the largeD=0.95 the current is disturbed in such a way
of calculation is correct only for specular reflection from the that there are two antisymmetric vortices close to the orifice
film surfaces when there is no backscattering after electrofS€€ Fig. 3 For such temperature Bt=0.7 the vortices are
interaction with them. At a poinp=(x,y) all ballistic tra- absent in Fig. 6. Near the critical temperatutié {,=0.85)

jectories can be categorized as transit and nontransit traje{fe vortexlike currents are restored f0r=0.7 (see Fig. 7.

tories (see, Fig. 1 For the transit trajectories “1ttheir re- & from the orifice(at the distanceb~£,>a) the Joseph-
. N son current is spread out and the current is equal to its value

flected counterparts marked by “3”in Fig) & projectionv| 4t infinity. Considering the current distributions and current-

of the vectow to the film plane belongs to the angle at which phase diagrams, we observed tlia} for fixed values of

the slit is seen from the point, ‘A’H e a(p), and for nontransit temperature and superfluid velocity, by decreasing the trans-

PP - Lo ; the vortexlike current disappear®at D,(T); 0.5
marked by “2” in Fig. 1) v ¢ a(p). For transit trajectories parency . . c
ESreen’s fu)rllctions sagtisfy)/ bH()un(SIQZy conditions onjboth bankSDC(T)<1 and(2) for intermediate values of transparency

and at the contact. The nontransit trajectories should satis [Do(T)<D<1], by increasing the temperature the vor-

th | flocti ditigor Zaitsev's bound xlike currents, which were destroyed by the effect of elec-
1€ Specular refiection conditigor zaitsev's boundary Con- ., reflection at the contact, may be restored. It is clear that
ditions (5) and (6) for D=0 atx=0,]y|=a]. Then for the

both Josephson and interference currents are the result of the

current atT.—T<T, we obtain an analytical formula quantum interference between two coherent states. By de-
. . creasing the transparency the interference effect will be

J(p,,D,Vg) =] cD(sin¢vsgnv,) + k(1—COSH)Vvy ) c o weaker and these two currents will decrease, while the trans-
port current will remain constant. On the other hand, the

—jck<\78y);,, (15  presence of vortices depends on the result of competition

between transport and interference current. Thus, by decreas-
where, j(T,v) =[ 7|€|[N(0)v/B][A*(T,vs)/Tc]. To illus-  ing the transparency the tunneling and consequently the in-
trate how the current flows near the contact, we plot Figs. Berference current will decrease and vortices may be de-
and 6, for¢= 7 and temperatures much smaller than criticalstroyed Egs.(12) and(13)]. Similar to the cas® =1 in Ref.
(T/T,=0.1), and for different values of transparency. At 13, at high values of transparency, the interference current
such value of the phasg there is no Josephson current andcan dominate the transport current and tangential current can

be antiparallel to the transport current, thus the vortices ap-

1.5 TTTr T 7T pear. But for low transparency the tangential current will be
YRR (NN Y parallel to the transport current and the vortices disappear.
A4 444 404000044040 The second point is an anomalous temperature behavior of
x 1{ 1{ 1; t : : 1 : : : : 1{ 1: 1: 1: the effect. The vortices are the result of the coherent current
OSERAAAMAA oAb dband mixing. Qne could expect that by increasing_ the temperature
A4 4440000404414 the vortices would disappear whereas, for intermediate val-
OF4 4444400040 04441414 ues of transparency, by increasing the temperature the vorti-
1{ 1{ 1{ K : : : : : : : : 1: 1{ 1{ 1{ ces will be restored. As considered in Figs. 6 and 7 for the
OSEAAAA MM AN A4 A transparencyD =0.7 the vortices at low temperature are ab-
TN S S S N | (SR R N S W | sent but at high temperature they are present. In the plots for
AF 1: 1{ 1{ j{ t : : : : : : t 1{ x x x tangential current versus transparency, Fig. 4, we can ob-
VY YYYY YYR R serve this phenomendiappearance of the counterflow near
-1.5E - bk ‘0‘ deded s the contact at high temperatuye$)sually superconducting

currents are monotonic and descendant functions of tempera-
FIG. 6. Vector plot of the current fov=a, q=0.5, T/T,  ture. Josephson and transport currents have this property, but
=0.1, andD=0.7. about the tangential currepy, the situation is totally differ-
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and in addition the tangential current has the same direction
as the transport current for any temperatlire T, .

Gt v

V. CONCLUSION

ooov
nane
n

We have studied theoretically the stationary Josephson ef-
fect in the ballistic point contact with transport current on the
banks in the mode$-c-S taking into account the reflection
of electrons from the contact. The contact is subject to two
external factors: the phase differengeand the transport
current tangential to the boundary of the contact. As it was
shown in Ref. 13, in the contact with direct conductivity at
, , ¢=m and near the orifice the tangential current flows in the
0.2 0.4 0.6 0.8 opposite direction to the transport current, and there are two

TT, antisymmetric vortexlike structures. The transparency effect
on the vortexlike currents has a central role in our paper. By
decreasing the transparen®,<D<1, the vortexlike cur-
rent is destroyed. The critical value bf=D(T) depends on

1
ent. At high values of transparengyhas similar behavior to the temperaturd” and Do(T—0)—1, D(T—Tc)—3, so
the two other currents, but at low and intermediate values ofat vlve can never find a vortex for transparency values Iqwer
thans . This anomalous temperature behavior of the vortices

transparency a$= 7 it has a nonmonotonic dependence on. . .
the temperature and this is the origin of the anomalous temS the result of nonmonotonic dependence of the interference

perature behavior of vortices. As the temperature increasegur:_entt_On tr}eﬂt]emperatéjre.d'l'hir pr;n_mpal p055|b_|l|ty (?[f the
the tangential current first increases and then decreases. Eﬁama lon Of thé considered elfect in an experiment was

Fig. 8 we plotted the tangential currdiriterferencet trans- e|§c(;ibed .i?] E?fl'( 13: AfsEperc?d;uI:Juctinr? IoEg ghin-walled
port current versus the temperature for different values of &YIIN er (with thickness of the wald less than London pen-

transparency. We observed that for intermediate values tration depthwith two cuts, such as the distance between

transparency 08D <1, at low temperatures anfi= the them is smaller than coherence lendt is placed in mag-

tangential current has anomalous dependence on the terg(-atiC field, which is parallel to the cyI_inder axis. A space
perature. The reason for this dependence is that the interfe etween the cuts plays a role of the point contact. The phase

ence current flows in the opposite direction to the transportiTerencee is governed by the external magnetic flux. The
flows through two large contacts at the

current. This current is suppressed by the reflection, but witffansport curre_an
increasing temperature it decreases slower than the transp&ds Of the cylinder.
current. As a consequence of that, with increadsirtge tan-
gential current can change its sign and vortices can appear.
We found that for low values of transparency<D<0.5, We would like to thank M. Zareyan and S.N. Shevchenko
the interference current cannot dominate the transport curreifibr their helpful discussions.

) W) P,

FIG. 8. Tangential currerjt, vs the temperatur€ at ¢ =7 and
q=0.5.
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