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Disordered Josephson junctions ofi-wave superconductors
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We study the Josephson effect between weakly cougledve superconductors within the quasiclassical
theory, in particular, the influence of interface roughness on the current-phase relation and the critical current
of mirror junctions and 45° asymmetric junctions. For mirror junctions the temperature dependence of the
critical current is nonmonotonic in the limit of low roughness, but monotonic for very rough interfaces. For 45°
asymmetric junctions with a linear dimension much larger than the superconducting coherence length we find
a sin(2p)-like current-phase relation, whereas for contacts on the scale of the coherence length or smaller the
usual sing-like behavior is observed. Our results compare well with recent experimental observations.
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I. INTRODUCTION previous studies interface roughness was modeled by a thin
dirty layer next to a specular interfaté®°We use an alter-

It is commonly believed that higii; superconductors are native approach which allows us to study, at least in prin-
described by an order parameter which dominantly exhibitgiple, also individual realizations of the disorder; this might
d-wave symmetry. This was especially established bybe of importance for mesoscopically small junctions.
SQUID-like experiments, e.g., the corner-SQUID experi- For the calculations we will use the quasiclassical theory
ments by Wollmanret all or the tricrystal experiment by of superconductivit§??* which is valid for spatial variations
Tsueiet al,” which provide a phase-sensitive test of the or-on scales which are large compared to the Fermi wave length
der parameter. This observation was followed by numeroug_: this is marginally fulfilled in the Cu@planes of high¥,
theoretical studies of the Josephson effect betw@r@ave  materials asé&,/Ng~5 (&, superconducting coherence

superconductors with rather unexpected results; a review C3Bngth at zero temperature in the Culane$. Near inter-
be found in Refs. 3—-5. faces the quasiclassical theory must be supplemented by

For instance, a mirror junction, where the order paramE’tef)oundary conditions. A specular interface can be described

on the left- and right-hand sides is rotated by the same anglgy Zaitsev'$? boundary conditions. We use a more general
but in opposite directions, should exhibit a nonmonotonic

temperature dependence of the critical curfént;this be- scheme_ as SqueSt.ed by Shel_ankov_ and OZatfis ap- .
havior is related to a transition to &-junction state at low proach IS _extended in order to fmq suitable bpundary condi-
temperatures. For the 45° asymmetric junction, in which thd'ons for interfaces. The proper.t|es of the interface, €.9.
order parameter is rotated only on one side by 45°, 6{oug_hness or transparency, are mcorporated by a scattering
sin(2¢)-like current-phase relation was predicfeds the matrix. To desc_rlbe an interface without regul_ar structure we
leading contribution to the tunnel current vanishes due tdhenomenologically choose random scattering matrices. A
symmetry. Experimentally, the temperature dependence oc;lmllqr approach. has.already been successfully applied to
the critical currerft*° and the current-phase relatidn*®of ~ €xamine tunnel junctions between a normal metal and a
artificially produced grain boundaries with a well-defined lat-d-wave superconductdf.*®
tice orientation were determined. For mirror junctions the The paper is arranged as follows. In the next section we
predicted nonmonotonic behavior of the temperaturebriefly introduce the quasiclassical theory. We then describe
dependent critical current was found by Ilichet al,'®  in detail the boundary conditions used in this work, and dis-
whereas in other cases a monotonic behavior as in usualiss our choice of the scattering matrix and its properties. In
s-wave superconductors was reported In the experiment  Sec. Il we first present our results for mirror junction: We
on an asymmetric junctidfnot all samples showed the pre- study the temperature dependent critical current for inter-
dicted sin(2)-like current-phase relation. faces with varying roughness and make a quantitative com-
As the d-wave order parameter is sensitive to disorderparison with experimental data. We furthermore examine the
scattering it is believed that the origin for these differing transition to aw-junction, where a spontaneous current par-
results is interface roughness: One possibility is the existencallel to the junction is present. Secondly we present the re-
of facets with spatially varying orientation which occur at the sults for 45° asymmetric junctions, where additionally to the
interfaces on aum scale**®This kind of disorder can theo- average quantities also statistical fluctuations of the critical
retically be described by a model consisting of randomlycurrent are examined. In both cases we discuss in detail the
oriented mirrors®” On the other hand, roughness on theinfluence of interface roughness, which might lead to clear
atomic scale is present as well. In theoretical studies this is modifications of the results for the clean case. Concluding
nontrivial problem which we will tackle in this work. In remarks are given in Sec. IV.

0163-1829/2003/687)/17452410)/$20.00 68 174524-1 ©2003 The American Physical Society



LUCK, SCHWAB, ECKERN, AND SHELANKOV PHYSICAL REVIEW B68, 174524 (2003

Il. METHOD with the angle-resolved DOS

In this section we introduce the main ingredients for our 1 L
phenomenological model of rough superconducting contacts: ME,pg.1r)= ENORe{Tr[ 739(E+i0, ,pe;0)]}. (9
The superconducting state is described by the quasiclassical
theory, which is supplemented by boundary conditions tdn order to solve the Eilenberger equation it is useful to pa-
take into account interface scattering. We first recall the basicametrize the Green’s function as suggested in Refs. 23,26,27
formalism.
1 1+ab —2a

A. Theory of quasiclassical Green’s functions 9= 1-ab\ 2b —(1+ab)/’ (10

The qgasiclassical mat_rix Gre_en’s_function is det_e_rm_ined\lote that the normalization condition is fulfilled by construc-
by the Eilenberger equation which in thermal equilibriumtion. The ansatZ10) yields Riccati-type equations for the

reads amplitudesa(E,pg;r) andb(E,pg;r):
[T3E+ergVe- A(r) +iA(pe.r),9(E.pe;ir)] Ve-dra=A*a’+2i(E+eve-A)a—A, (11)
+ivg-3,9(E,pg;r)=0. (1) Ve-d;b=Ab%—2i(E+eve-A)b—A*. (12)

Here 7, are the Pauli matrices in Nambu space. The physit € (numerical evaluation of these amplitudes along classi-

cally relevant solution is fixed by the normalization condi- €@l trajectories (\) =rqo+\Ve /vg is more convenient than
solving the Eilenberger Eq1) together with the normaliza-

ton tion condition (2). In the case IfE]>0, i.e., for the re-
[9(E,pe;r)]?=1. (2) tarded Green’s function or the Matsubara Green’s function

o ) with E,,>0, the integration of Eq(11) is stable in positive

The (spin-singlet order parameter has the matrix form v direction, and Egq.(12) is stable in the negative

0 A(pe ) ve-direction; the directions must be reversed foif Ep<<0.

’ (3)  Inthe cases considered here the trajectories start and end in
A*(pg.r) 0 the bulk (\ = = =) where the order parameter has no spatial
dependence; then Eq4.l) and(12) yield the homogeneous
solutions ¢,a=0, d,b=0)

A(pF 1r):(

and must be determined self-consistently via

A(pe,r)=—7NoT 2 (V(Pe ,PE)G(E N, PET))prs —iA_(pg)
IEnl<Ec a(E,pg N ——®)= > =, (13
4 E+VE*~|A_(pg)|
whereE,==7T(2n+1) are the Matsubara energies= kg -
=1) and\ is the density of state®OS) at the Fermi level b(E, pe \— +20) = 1A% (Pr) (14

in the normal state. For convenience we assume a cylindrical
Fermi surface(- - - ),_ denotes the Fermi surface average. In
the BCS approximation the pairing interaction is given by its
strengthV, its cutoff energyE,, and its direction dependence
which can be expanded fordawave order parameter as fol-

E+VEZ—]A, (pp)[*’

whereA . (pg) is the order parameter for— +. Starting
from these initial value$11) and(12) must be integrated in
positive and negative directions, respectively. It is then pos-
sible to construct the Green’s function on the trajectory via

lows: Eqg. (10).
" / In the following subsection we show that this parametri-
V(pe,pp)=V 5 o ; : : .
(Pe..Pe) =V 7(Pe) 7(Pr) 2 zation is a good starting point for implementing boundary
with conditions which are necessary to study interfaces.
7(Pg) :(przz,x_ pﬁ,y)/pﬁ . (6) B. Boundary conditions
For a homogeneous system and temperatu® one finds The amplitudes with pg pointing towards the interface
A(pe.r)=T1A¢7(PE), With Ag~2.14T,. (in-direction can be calculated by integrating E41) with

Having solved these equations for the Green’s functionthe initial value in the bulk given by Ed13); analogously
various observables can be calculated. In this work the cuthe b’s with pg pointing away from the interfacéout-
rent density(in thermal equilibrium is of particular interest:  direction can be calculated via Eq$12) and (14). The

boundary conditions provide thas in the out-direction and
. ) - N the b’s in the in direction directly at the interface; starting
j(rn= —|e77/\/0Tn:2oc Trlrs(Veg(En.peiN)p ). () iith these values the integration of Eq41) and (12), re-
spectively, yields tha's in the out- and thé’s in the in-
Another important quantity is the DOS which is given by  direction.
For simplicity we consider only a finite numbarof tra-
ME, 1) =(ME.Pe.0))p. ® jectories on each side of the junction, i.B&ou— PEmout

[
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y T8
pFout pFouf/ 2 [J (E me _J (E pFout)]
¥, N
@ =2, [I"(Eprowd ~T"(EPED], (23
P P where the contribution of each direction is given by

FIG. 1. At an specular interface the Green’s functions on the
four trajectories with the same parallel momentpp), are coupled
coherently.

T5(E,pg) = Tr[ 730°%(E,pg ;0)1. (24)

On the other hand, we impose current conservation perpen-

(i=1,...n, s=I/r: leftright); we choose the numbering of dicular to the junctiorjsee Eq.(7)]
the directions such thdsee Fig. 1

, _ | . Ve 1 (E.PEin) =T (E.PEowd Dol
Phny=Plhuy=Pihy=Prbay- (19 el (EPen) ~IE Peow Dl

We denote the amplitudgon theith in/out-trajectory on the =(0r [ T"(EPrin) =1 (E.PRoud Dpr - (25)
side s of the junction byaS,,,. and b}, analogously. To

formulate the boundary conditions we follow Ref. 28 by in- Note that the dlrect|oon,n andpﬁ'i,ut are related by Eq15),

troducing the determinar®® as follows: see Fig. 1. To ensure current conservation perpendicular to
the junction, we construct the grid of the discrete directions

= —~S.a.S'p) , :
D({aj; }{b ‘})_de“ S-a-S'-b); (16) so that the termvg,=vepE «/Pr is already taken into ac-
the 2nx2n diagonal matrices andb read count. This is guaranteed by choosing the grid as
a=diad {ay}.{a};'}], (7 . (cosﬁi> <_Cosﬂi)
. . p in ™ pF H ) me pF . . I}
b=diag {bt}y,{b5id]. (18 S S
where thea’s andb’s are the amplitudes at the interface ( cosd: cosd:
=0). The unitary 21X 2n scattering matrixS, which con- phl = DF( _ '), pLl = pF( _ ')
tains the physical properties of the interface, has the block sind; sind;
structure
st s Sind=———1, i=1,...n (26
S:(S“ S”)’ (19 T
where the elements arex n matrices. As described in detail In other words this grid takes into account that the rate of
in Ref. 28 we define the quantities scattering events at the interface decreases with smaller
angles of incidence.
A . 9D The probablhty of scattering from the directign), into
AY'=Dlgsi—g, AY'=—1 , (20 | i+1 — d
in T an mterva[pFout,pFout 1(s,s r) reads
| > Poro( 05— ) A0 =| S} 9% (27)
By =Dl BY=— (21)
outl psi =0 with Ad;=39;—9;_,. Using the nonequidistant grid as de-

i ) fined in Eq.(26) for a large number of scattering channels,
The boundary conditions yield the unknown values@ind .1 we find

b at the interface via

s,i S,i
i Br s A (22 Py — D)= cosﬁ|$$,5| (28

out

B(S)’i ' in .ASI :

To apply these boundary conditions to interfaces, we musin the next step one has to find the appropriate scattering
ensure current conservation across the junction. As discussediatrices for a given physical realization. In the following

in Ref. 28 the above boundary conditions yield the followingsubsection we study the case of a specular and an irregular
conservation law: rough interface.
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C. Scattering matrix 1 T T T T T T T
The most simple case is a specular interface where only 0.8 F i
trajectories with the same parallel momentum are coupled.
Then the block matrices that form the scattering matrix in = 0.6 I- T
Eqg. (19) have diagonal form S 04t 4
S'=—-S"=R=diad V1-T( )], 0.2} -
. 1 1 1 1 ]
S'=8"=T=diad VT(9)]; (29 %0 05 1 15 2 25 3 35 4
in particular, for as-like boundary potential the direction- T
dependent transparency re#ds FIG. 2. The weight for specular scatterig|?, decreases with

growing 7; for 7=3 specular scattering is almost completely sup-
Tocosy pressed |u]2<1).

G ey

Toe[0,1]. (30)
— 2 — 2
For a normal metal this leads to the resistance of the tunnel W=Vl To(Dl=(1Vi#1D S
barrier to describe the average scattering probability; due to the uni-
tarity it follows that |u|+(n—1)|v|=1. Obviously for 7
_1_4A62N0UFT =0 we find|u(7)|=1, whereas for increasingositive T,
NT3p O we obtain a reduced valya(7)|<1 as can be seen in Fig. 2.

. . A detailed discussion can be found in Ref. 25.
whereA is the area of the contatt.In the superconducting

case the boundary conditions for a specular interface can b Using Eq.(28) we find the average transmission probabil-
solved for each direction individually, with the regit° 1y density for scattering from the directiqu;, on one side

of the junction top$! , on the other side,

(31

a T(1—aj b3l +aj Ri(1—aj b3

o= Y — , (32 _ cosd; 5 )
T(1-ad'bsh)+Ri(1—albsl (Ped 9= 99)=—5—{n|u[*T(9) &; + x(1~[ul)
o DoUTi(1— a3 + b3iRi(1—ay bl - +ul(1=[uD[ 7)) + T(97) (1 — &)},
T T(-agbgy+Ri(1-agbyy) (38
— ith
where s=1/r, s=r/l, respectively, andl;=7(%;), Ri=1 w
-7. _ _ 1 Tol2  for 7T,<1,
A rough surface, on the other hand, is described by a K=o > M) — 1 for T=1 (39
0_ .

scattering matrix that not only depends on the transparency !
but also on a roughness parameter. Our starting point to Cofythermore the reflection probabilitié®.y) can easily be

struct such a unitary scattering matrix’is obtained by substituting— (1—7) and x— (1— ) in Eq.
] U, 0\/T R\(Us O , (38). The continuum limit of Eq(38) reads
= 4
0 U,)\R —=T/\0 U,)’ (34 ) o ) cosd’ 5
_ o _ _ _ (Ped 9—=0"))=|u[*T(9") 8(9' = 9) + ——{x(1~[u])

with R and T as defined in Eq(29), which contain the in-
formation on the transparency. The unitary matritgsde- Hul(L= [uD[ T + TN} (40)
scribe the interface roughness; fdg=1 the scattering ma-
trix for a specular interface obviously is recovered. note that the weight of specular scattering is determined by

We will focus on interfaces without regular structure. To the quantity|u|?: For a specular interfacer&0) it is |u|?
take into account the statistical character of rough interfaces 1, whereas in the very rough limitr&1) we find |u|?

we choose théJ, to be unitary random matric&s?® —0 (see Fig. 2
. So far we discussed the boundary conditions at a single
Ui=exp{iH}, (35 point of an interface for a discrete number of directiprs

A real interface will have a finite cross section and the direc-
tions will be continuous. Therefore the question arises how
these boundary conditions can be applied to real interfaces.
T First we consider the discretization of the Fermi surface.
(Hiii)=0, (HijHi,irj)= 5-6ii ) S - (36) A finite numbern sets the typical angley.~m/n, over
which the scattering probability can vary. For smé|l the
Here(- - -) denotes the disorder average. In the following wefluctuations of the scattering probability with varying direc-
use the abbreviations tions are averaged out more effectively by the Fermi surface

where eachH, is a random matrix with Gaussian correla-
tions
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FIG. 3. For mirror junctions the order param-
eter on the left- and the right-hand side of the
junction are rotated by the same anglebut in
opposite directions. For specular scattering the
order parameters on both in trajectories and out
trajectories, respectively, are equal.

average that must be taken to evaluate observables such as [ll. RESULTS AND DISCUSSION
the current or the order parameter. Therefore the self-
averaging character of the physical quantities increases Witgi
decreasingd,; i.e., the statistical fluctuations of physical
guantities are diminished for a smal.. It is important to
note that only the statistical fluctuations of physical quanti-
ties depend on the value &f;, but that the mean values are

:QSV?r?eT:(;IecnutI:t%r;sa\‘/'vsek::r;goc?izcjg - Throughout the fol- We recall the general expansion of the current-phase rela-
Y : . .__tion between two superconductors
Second we comment on the number of different realiza-

tions of the scattering matrix that must be taken into account. L (T, @) =11(T)sing+1,(T)sin(2¢) + - - - (42)
In the original formulation of boundary conditions by . _
Shelankov and Ozaffathe spatial resolution is limited by With the superconducting phase differengebetween the
the Fermi wave |ength ﬂ)[:, therefore the number of differ- left- and right-hand sides. It is also worth mentioning that the
ent realizations should be of the ordep?, whereA is the ~ current-phase relation can be obtained from the free energy
area of the contact. On the other hand, we expect that qua®f the junction via
tities like the current density or the order parameter, which P
are of interest to us, vary on the scale of the coherence length L (T, 0)=2|e| —FAT, ). (43)
&o- Therefore we choose one effective scattering méria de

: 2
describe an areg; of the whole contact. As the order pa- |, aqdition to their temperature dependence, the contribu-
rameter relaxes on the coherence length it is reasonable {@ns|, scale as

s . . . k

treat each of these areas individually neglecting the influence
from other part of the contact; this approximation consider- |ko<743 (44)
ably simplifies the self-consistent treatment of the quasiclas-

sical theory. Finally the current perpendicular to a junction offof Small transparencies. Farwave superconductors and
areaA is calculated via small enouglZ, only the linear term in the transparenty,

is relevant. In the following we will show that this needs not
be the case fod-wave superconductors.

We consider two kinds of Josephson junctions. First we
scuss so-called mirror junctions where the order parameter
on both sides is rotated by the same anglbut in opposite
directions(see Fig. 3. Second we examine the 45° asym-
metric junction where the order parameter is rotated only on
the right hand sidésee Fig. 4.

AE
= LdAjX(r)%gSE Jxis (4D A. Mirror junction

In this section we will consider mirror junctions, which
where eaclj, ; is evaluated for one particular realization of are schematically illustrated in Fig. 3. For a junction with
the scattering matrix. For large junction&%$ gg) the current  purely specular scattering, a particular symmetry is present,
is given by the average over many scattering matrices; fowhich reads
smaller junctions A of the order ofgg or even smaller

- . lrnl ) —
statistical fluctuations become relevant. A'(PEin) =A"(PEin),
SC I SC
Yy
plFiu ;‘in
FIG. 4. For a 45° asymmetric junction the
== == 7 order parameter is tilted on one side only.
plFout rFout

]
Prou P Fin
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A (P ou) = A" (PFou)- (45) 0.15
This means that for a given incoming trajectory the order g 0-1F
parameter is identical for the transmitted and the reflected > 005
guasiparticle. All directions can therefore be divided into two A
classes(i) For some directions the sign of the order param- [ 0
eter is the same for all involved trajectories © 0.05
[A'(pEi)A'(PEouw) >11. The behavior of these directions is o1
similar to that of usuak-wave superconductors: Their con- 0 0.2 0.4 0.6 0.8 1
tribution to |1 is positive and finite folT<T,. (ii) For the T/T,
other directions the sign for the in- compared to the out- N S _
trajectories ChangeﬁAl(pLin)AI(pI;:our)<0]- This has two FIG. 5. Critical current for a mirror junction wittl,=0.01 and

crucial consequences: These directions have a negative cofi= 22>+ Negative values indicate a-junction state. Neaf
=T, the plotted curves make a jump from a positive to a negative

tribution tol; which moreover diverges in the tunnel limit as o L
1T for T—0. The reason for this divergence is the existenc value and hence the critical current stays finite. Due to the small
: . the j i t visible in this plot but in Fig. 6.
of Andreev bound states near zero energy at the interface asoparency the Jump is not visbie in this plot butin g
the reflected quasi-particles acquire a sign change of the or- o _ ) )
der paramete??® the divergence is cutoff by a finite trans- 10N 12 remains finite, whereds vanishes. In Fig. 5 the jump
parency, which leads to a shift of the bound state to finitdn the current al =T, is too small to be visible; the reason
energies, and by disorder, which leads to a broadening of thi§ the tiny transparencyZy=0.01) we used in this calcula-
level. tion. Moreover it can be seen in Fig. 6 that the current-phase
Altogether the swave-like contributions dominate for relation atT. is sin(2p)-like, which is related to the degen-
high temperatures, which, for a fixed phase difference (fracy of the ground state. The ground state exhibits a non-
<e<, leads to a positive current, whereas for low tem-trivial phase differencep=7/2,37/2 which leads to a cur-
perature the anomalous contributions are enhanced, whidi§nt parallel to the interface; notice that the anisotropy of the
results in a negative current. In other words, the ground stat@fder parameter also plays a crucial role such that the con-
of the junction shifts frome=0 (O-junction to ¢= (- tributions with oppositey-component do not cancel each
junction) when decreasing the temperature. This transitiorPther. The parallel current is presented in Fig. 7, where we
occurs at the temperatufle, , where both contributions can- US€ jo=2&NougAo as a unit for the current density. We
cel: at this temperature, the leading gHike contribution should mention that the current scales with the transparency
vanishes [;=0) and the junction is dominated by higher of the contactl,. For other orientations of the order param-
order terms. As the amount of directions preferring a®ler@<22.5°, the same qualitative behavior should be ob-

ar-junction increases with a growing angke also the tem- served but with a reduced, . S _
peratureT . increases withw Obviously, roughness suppresses th@inction behavior
In the following we will discuss the influence of interface (S€€ Fig. $. With increasingr, the temperaturg, decreases

roughness on the temperature dependence of the critical cufDtil the transition disappears for very rough interfaces. This
rent. We calculate the current contributionsand|, as de-  ¢an be understood as follows: The negative current contribu-

fined in Eq.(42); higher order contributiond,, k>2, can  tions are carried by Andreev bound states wiif0;° as
be neglected as we consider only small transparencies. W€y are broadened by disoréfetheir negative current con-
determine the critical current,, from the absolute maxi- triPution is partially canceled by those bound states Vth
mum of the current phase relation. In the graphsjanction =0. Due to this suppression of thejunction contribution
behavior is indicated by a negative value. It should be men-

tioned that in experiments the absolute valllg| is mea- 0.002 T T T .
sured, thus a minimum in the temperature dependent critical
current is observed al=T,. We focus on the case o 0.001
=22.5°; for the presented results the transparency is set to a
7,=0.01. The average current is evaluated by using 20 real- = 0
izations of the scattering matrix; the statistical error is less ~
than 10%. -0.001

First, we concentrate on the clean case. There, as men-
tioned above, the directions preferring 7&junction and -0.002 ! . ' !
those preferring a O-junction compete: From the temperature 0 02 04 06 08 1
dependence of the critical current, as shown in Fig. 5, we el

find a 7-junction behavior belowl ;~0.36T., whereas for g1, 6. current phase relation of a mirror junction without
high temperatures the O-junction state is favored. Recalllngoughnessr(o:o.m' a=22.5°) near the temperature where it be-
Eq. (43), the shift of the ground state from=0 t0 ¢=7  comes am-junction (T=T,=k-10 3T,, k=0,1,2,3, increasing
can be seen in the current-phase relation for decreasing teffiom bottom to top. The asterisks mark the points which define the
perature neafl ;. (see Fig. §. In particular a finite critical critical current. Note that the critical current remains finiteTat
current can be observed even for T, since the contribu- =T, due to the sin()-like contribution.
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TABLE |. Comparison of experimental results f&yl. with

4e-05 calculated values. The transparency in the experir@@fitis esti-
26-05 mated via Eq(31) leading to the value8 Ry given in the table, and
2 ve=4.34x10° cmis, Np=2.13x10%%cmP eV (Ref. 40. For the
> (0] calculations we used,=0.01 (tunnel limit), T=0.05T,, and 7
5 -~ =4,
-2e-05
a AR (Qcn?) TP Ryl(mV)  Ryl(mV)
-4e-05 Ref. 9 Ref. 9 calculated
$ 6 4 2 0 2 4 6 8 12° 54<10°°  0.024 1.3 36
/o 18° 1.5x10°8 0.008 0.75 2.6
22.5° 1.2<10°8 0.011 0.13 1.9

FIG. 7. Ground state current in tlyedirection at a mirror junc-
tion with «=22.5° and7,=0.01 atT=T,, i.e., op~m/2. The cur-

rent density is increasing with the roughness of the interface.  has been reported earlier for alternative models of interface
roughnes&:*® In the following, we will compare our results
at rough interfaces, the normal O-junction contributionfor the critical current with the experimental data of Refs.
becomes dominant also for lower temperatures; this contrig 9,14,32. There a monotonic temperature dependence of the
bution is more stable against roughness as is carried bsatio |(T)/1(0.05T,) has been reported, in agreement with
bound states aE=—|A|.> For large enough disorder we our observations for very rough interfaces. The quantitative
finally find I ;>0 in the whole temperature range. When fur- agreement of these results with the data reported in Ref. 9 for
ther increasing the roughness the critical current is enhancedBCO junctions is reasonable for small angles whereas
until the negative contributions vanish completely. Then, thdor larger angles it is quite poor; this can be seen when com-
temperature dependence of the critical current, i.e.paring the values dRyl. atT=4.2 K~0.05T (see Table)l
1.(T)/1,(0.05T,), has a monotonic shape almost as in theThe dls_crepancy between our results and the experimental
swave case. For a very rough interface the quantitydata might be related to facets on tpem scale at the
1.(T)/1.(0.05T,) depends only weakly on the orientation Inteérface;”* which have an increasing influence for larger
(see Fig. 8 angles «, as more facets vyield a negative current

Also with disorder the ground state &t=T .. (as long as contribution®® An average over all facet orientations then

T,>0) exhibits a finite phase difference, which leads to ale"’ldS to a diminished total current.

spontaneous current parallel to the interface. As shown in. zgegfngy’n;%rm%n%r?oﬂcjutr;ﬂgg\r'gﬂe Odgger?])devxgz ‘éf the
Fig. 7 the current dens'lty increases rapidly with grow"_]gcritical current has been reportédwhich, as already dis-
interface roughness. This can be understood as follows: |

s . . : Eussed, appears due to the transition te-mnction for low
the clegn case the Q|rect|on§ preferring a O-Junct|o_n and tho mperatures. The minimum of the critical current was found
preferring asr-junction contribute to the current with oppo-

Lo ! i ) for T,=12K=0.13T.. The transparency is quite high, as
site sign; this leads to a partial cancellation also of the parga, pe seen from the largig contribution. The measurement

allel current. As discussed before, roughness suppresses thejn qualitative agreement with results obtained from our

m-junction behavior; as a consequence the cancellation qfyodel for 7,=0.2 and7=0.4. It is also worth mentioning

the current contributions is less effective, hence the currenthat this transition was observed for some of the samples

increases with roughness. It should be mentioned that for thignly, which might be due to the sensitivity of mesoscopic

type of junction @=22.5°) the modification of the order junctions to fluctuations of the interface properties. Note that

parameter is small and plays only a minor role. here facets are of minor importance, as the width of the
The suppression of the-junction behavior by disorder junction is comparable to the typical facet size; so it is pos-

sible to have junctions with well-defined orientation.

1 Eo-t--. T T T In summary, we showed that the behavior of mirror junc-
=3 R s tions can be modified drastically by interface roughness: If
= 0.8k the roughness is weak and the anglas large enough, a
P transition to asr-junction at low temperatures can be ob-
= 06 served; near the transition temperature, the junction has
< 04k a sin(2p)-like current-phase relation. For larger roughness
[ the m-junction behavior is destroyed and the quantity
= 02F I.(T)/1.(0.05T;) depends only weakly on the orientatian
=~ When comparing with experimental data, we find qualitative

00 agreement with our theory. However, especially the influence

of large facets has to be taken into account to determine the
absolute value of the critical current correctly.

FIG. 8. Critical current of mirror junction with different orien-
tation for very rough interfacesr&4). The temperature depen-
dence ofl ((T)/1.(0.05T.) is monotonic(within the numerical er- For a clean 45° asymmetric junction, the particular geo-
ror) and its angle dependence is only weak. metric symmetry is responsible for a vanishing leading cur-

B. 45° asymmetric junction

174524-7
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FIG. 9. Average currenit, for an asymmetric junction witlT, FIG. 10. Average ground statee. ¢~ m/2) current density in
=0.01 and varying strength of the roughness; interface roughnesse y-direction at an asymmetric junction witfy=0.01.
suppresses the curreit
the parallel current since the bound states are broadened, and
rent contributionl;: The symmetry operatiop— —y leads  their current contributions tend to cancel each other. Only in
to a phase shifip— ¢+, while on the other hand, the a narrow region on the right hand side of the interface, of the
current in thex-direction must be invariant. We therefore find order of the coherence length, the parallel current is en-
the following condition for the current: hanced, which is related to the considerable increase of the
tilted order parameter at a rough interf&ce.

L(e)=h{etm)=ly1=0, kel (46) The average critical current of 45° asymmetric junctions
and the current-phase relation takes the form was considered before for the cléd@h®” as well as for the
rough case using the thin dirty layer mod®The results are
I (@)=1,SiN(2¢) +1,48iN(4g)+ - - . (47) similar to ours. The spontaneous parallel current was studied

) _ ) for the clean cas¥. Roughness was also considered for a
This means that in the absence of disorder the current igompletely transparent interfat®where a reduction of the
dominated by the contributiohysin(Zp). Asymmetric junc-  parallel current was found for increasing roughness. The
tions therefore have two degenerate ground stateg at sjn(2y)-like behavior has been observed in an experiment
=/2,37/2. For this reason such junctions are discussed agith a YBCO-junction by Ilichevet al?
possible realizations of quantum bifs® So far we assumed that the junction is well described by

Considering rough interfaces we will first examine thethe average values of the current, but when considering a
average values ofy andl,; later we will also discuss the particular realization of the disorddi.e., of the scattering
statistical fluctuations and their relevance for physical realmatrix) the symmetry stated in Eq46) is no longer valid,
izations. We present data for a tunnel junctiafy£0.01).  and a finite contribution; is expected. To confirm this as-
Moreover in our approach the statistical fluctuations depengertion we consider the Current_phase relation for one par-
on the angled. which is set tod.~ /40 (i.e.,n=40 direc-  tjcular scattering matrix at the temperatufe=0.1T,; the
tions were taken into accoynt result is shown in Fig. 11. The sing behavior, observable

Since, in our model for rough interfaces, the symmetryin the clean case, is clearly modified by the roughness and a
y— —y is still present on average, it follows thelt;)=0;  strong sinp part additionally occurs; for=0.4 the current-
i.e., on average the tunnel current exhibits a siMiike  phase relation is already dominated by this contribution. In
current-phase relation. order to study the statistical properties of the current more

The temperature dependencebf) is shown in Fig. 9 for  systematically we consider the standard deviation of the con-

various roughness parameters. In the clean cas@ofer0  tribution |4, namely((Al4)?)Y? its temperature dependence
and T—0, we find1,x<1/T due to the zero energy bound

state at the interface; this state occurs as a result of the sign 0.016 " — .
change of the order parameter for reflected quasiparticles on T TN

the right-hand side. But finite roughness also leads to a sup- ~ _ 00121 o N 1
pression of this contribution and the average valug de- o008t i N
creases with growing interface roughness. Ag)=0 the Q:Z S \
ground state of the junction has a nontrivial phase difference & 0.004f 7 e T NG
¢=/2,37w/2, and hence the time-reversal symmetry is bro- © 0k
ken. Thus a current parallel to the interface exisese Fig.

10) whereas no current in thedirection is present; as in the -0.004 1 L L L
previous case the parallel current scales with transparency. 0 02 04 06 08 1
The parallel current is carried by bound statesEatO, o/m

which exist on both sides of the interface due to the finite  F|G. 11. Current-phase relation for single realizations of the

transparency;the bound states witk=0 would contribute

disorder for an asymmetric junction with=0.1T.. The transpar-

to the current in opposite direction, but they are not occuency is7,=0.01 and the roughness is given by the same parameters
pied. Interface roughness generally leads to a suppression efas in Fig. 9.
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0.007 T LAY T T IV. CONCLUSION
J 0.006 | N T=008 - ithi
> 0005k N TZos L ) To describe a contact between two superconductors within
é ) = Nr=2 - the quasiclassical theory, we adapted the boundary condi-
& 0.004 [ "\.\ ] tions suggested in Ref. 23. For numerical calculations the
3 0.003 |- . ] choice of a discrete grid of directions: is of particular
= 0.002F e Tl N ] importance; we have shown how this grid must be chosen in
¢ 0.001F T el e e ] order to guarantee current conservation perpendicular to the
0 | R, SV . . . .
0 0.2 04 0.6 0.8 1 interface for an arbitrary scattering matrix. Thereafter we
' ' TIT ) ' proposed a phenomenological random scattering matrix in

order to describe microscopically rough interfaces without
regular structure.

In Sec. lll we applied our model to mirror junctions and
45° asymmetric junctions with interface roughness. At first
we studied the evolution of the temperature-dependent criti-
cal current for mirror junctions when increasing the interface

is shown in Fig. 12. Even for small roughness the quantity

((A1,)®Y2 may already be of the same order of magnituderoughness: We found that the nonmonotonic behavior for a

as(l,), in particular for higher temperaturésompare Figs. specular interfaqe turns to a monotonic temperature depgn—

9 and 12. The reason for this is the different dependence Orpencg for rough mterfaces. Therefgre interface roughness is a

the transparency of both contributiohs: 7, and |, 72, S0 possible explanation for.the gxperlmental results.

that for o<1 the contribution; dominates as soon as itis T °f (he asymmetric junction we calculated the average

allowed by symmetry. cur;ent-pha}se relatpn, whlch 'descnbes. large contaéts (
Recalling the physical meaning of the averaging process” o). We find a leading sin(@)-like behavior of the current

(see Sec. Il Cwe conclude that the statistical fluctuations phase relation. This is in agreement with experimental

should be relevant for small junctioné (of the order ofé3 findings? as discussed in Sec. Il B. On the other hand, we

or even smallér and a sinp-like current phase relation also showed that in small enough junctions a dominating

should be observable. On the other hand, for large junctionsin ¢-like contribution might be present. It would be interest-

(A>£5) the statistical fluctuations become irrelevant, anding to check this effect experimentally.

the behavior should be governed by the sis)(Bke contri- In conclusion our results explain several aspects of the

bution. As already mentioned above a sipflike current- experimental data. In order to improve the theoretical de-

phase relation has been observed in experitfeBut only  scription, a detailed description of the interface is necessary

some of the samples showed this behavior; statistical flucin the first place. For example facets, or a modified electronic

tuations as discussed here can be ruled out as a reason, hastructure near the interface, should be taken into account in a

ever, because the contact in the experiment is quite largmore realistic theory?

compared to the coherence length of YBC&~15 A: A

~1 umx100 nm. A reasonable explanation might be a
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