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Abstract—Theoretical model of a rough interface in a super-
conductor with d-wave symmetry of the order parameter is pro-
posed. The surface roughness is introduced by means of a sur-
face layer with small electronic mean free path. The proximity
effect between such a layer and a bulk d-wave superconductor is
studied theoretically in the framework of the quasiclassical
Eilenberger theory. It is shown that as a result of strong scat-
tering in the interlayer the d-wave component of the order pa-
rameter near the interface is reduced while the s-wave compo-
nent localized near the interface is generated. Angular and spa-
tial structure of the pair potential and the electronic density of
states near the interface is calculated. The interplay of the zero-
energy (midgap) and finite-energy bound states leads to peculi-
arities in the energy dependence of the angle-averaged density of
states. We argue that the model is relevant for the description of
rough interfaces in high 7, superconductors. In the framework
of the present approach we calculate the Josephson critical cur-
rent for several types of junctions with rough interfaces.

1. INTRODUCTION

There is accumulating experimental evidence that the be-
havior of high temperature superconductors (HTS) can be
understood in terms of the d-wave pairing scenario rather than
in the conventional s-wave picture. On the other hand it is
well known that the d-wave order parameter is strongly re-
duced by electron scattering at impurities and therefore can
be formed only in clean materials. However, the condition of
clean limit is not fulfilled in the vicinity of the grain bounda-
ries or other HTS interfaces even if these materials are clean
in the bulk. There are at least two reasons for that. The first is
that quasiparticle reflection from realistic interfaces is diffu-
sive rather than specular, thus providing isotropization in
momentum space and suppression of the d-wave component
of the order parameter. The second reason is the contamina-
tion of the material near interfaces as a result of fabrication
process or electromigration in large scale application devices.
Therefore the formation of a thin disordered layer near a HTS
surfaces and interfaces is highly probable. An important
question is whether or not superconducting correlations van-
ish in such a layer in the limit of small mean free path and
what is the orbital structure of the superconducting state in
the interface region.
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Surface peculiarities in d-wave superconductors were ex-
tensively discussed in the framework of the theoretical mod-
els based on specular quasiparticle reflection from clean inter-
faces [1]-[4]. Zero- and finite-bias anomalies predicted in
these papers were recently observed experimentally in (5],
[6]. In this paper we focus on the problem of the anomalous
proximity effect between a d-wave superconductor and a thin
disordered layer in the limit of strong disorder. It is shown
that an isotropic order parameter is nucleated in such a layer
even in the absence of the subdominant pairing interaction in
the s-wave channel. The spatially-resolved quasiparticle den-
sity of states is calculated. It is shown that zero- and finite-
energy peaks are present in the surface density of states in the
d-wave region. Zero-energy peaks are fully smeared out in the
disordered layer, which is'in a peculiar gapless supercon-
ducting state. '

II. THE MODEL

Two approaches to the study of surface roughness effects in
unconventional superconductors were used previously. In the
first one it is assumed that the interface consists of facets with
random orientations compared to the crystallographic axes of
the material [4]. According to the second approach, both
sides of an ideal interface are coated by a so-called Ovchin-
nikov's thin disordered layer [3], {7, [8]. In the latter case the
degree of disorder (or interface roughness) is measured by the
ratio of the layer thickness d to the quasiparticle mean free
path in the layer /. Up to now both approaches were used to
study the smearing of Andreev surface bound states by weak
disorder. Here we will concentrate on the regime of strong
disorder. We consider the surface or a weakly transparent
barrier in a d-wave superconductor oriented normal to the
crystallographic ab plane. We assume that the crossover from
the clean to the dirty limit takes place in a thin layer near the

surface with mean free path / and thickness d < ./&! , where

&, is the coherence length of the bulk material.

To study the proximity effect at the interface we use the
quasiclassical Eilenberger equations [9] with impurity scat-
tering taken in the Born limit. As is shown in [10], the prob-
lem is reduced to the solution of the Eilenberger equations
within the clean d-wave superconductor (x>0)

kZCD:L -®,=-Ag/w, k =v|cos@|/2w

. ¢))
g'=-AD, /w
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with the condition in the bulk of a superconductor

D, (x =o0,0) = A,,(@)/,/wz +A%, (),

2
A(x,8) = V2A(x ) cos(2(6 - @) @

and with the boundary condition at x=0 derived in [10]

k(g ()@’ (0) = @, (0)- (@, (0)

(@) =12, @)".

Here the order parameter

3

D, =(f(O)+f(6+7)/2,
wheref (8) is the Eilenberger function at the angle 6 between
the surface normal and quasiparticle trajectory, v if the Fermi
velocity, @ =7nT(2n+1) are the Matsubara frequencies, x is
the coordinate in the direction of the surface normal, « is the
misorientation angle between the crystallographic a axis and
the surface normal, and angle brackets denote angle averag-
ing. Spatial dependence of the pair-potential A is found from
the selfconsistency equation.

III. RESULTS AND DISCUSSION

The boundary value problem (1) - (3) was solved numeri-
cally. The results of calculations of the angular structure of
the order parameter @, (x,0) are shown in Fig.1 for two
different orientations o, of the crystallographic a axis with
respect to the interface normal. In both cases far from the
interface the angular distribution is typical for a d-wave su-
perconductor. However, the nucleation of a nonzero s-wave
component of the order parameter @, (x,0) takes place near
the interface.

Indeed, as is seen from Fig.1, at x =& the positive lobe
(horizontal) is suppressed stronger than the negative one
(vertical), since the characteristic length k(6) in the direction
perpendicular to the interface is small compared to k(8) in
the direction parallel to the interface. Hence at x = &, nega-

tive lobes of @, (x,0) practically reach the local value

Y(x)=A/Vo? +A> while positive ones still do not. This
difference leads to the appearance of the surface-induced s-
wave component of the order parameter ((IJ " (x,@)) , which is
shown in Fig.2. In the vicinity of the interface (x < 03&;) the
situation is just the opposite. Due to the angular dependence
of k()<< |cos 9| the negative lobes are suppressed stronger
than the positive ones, the function (dJ +(x, 9)) changes sign
to positive and reaches its maximum at x=0.

Note that the solution @, (x,0) would have pure d-wave

symmetry if the pair potential A was spatially independent.
The reason is that the characteristic length k(6) cancels out
from the solution for @, (x,0) because the factor £(60) is

3445

(1) <®>(x=0) ‘
2) ®(8,x=0)
3) 0(6,)(:{0)
(4) ¥(6,0>8)

;

=
0N
m‘\s?;/’ 2
TCROD
V%
Q&gﬁ?

00+ 180

0.1+

{1) <d>(x=0)

%0 (2) ®(8,x=0)

0.6 120 (3) ®(6,x=E,)

05 ‘h ~ 4) @(0,x>>%)
: /4{%"25“
| (@ﬁ@“ﬂ@»?‘)‘
XS
AR
SR
R

300

270

Fig.1. Angular dependence of ®.(x,0)/nT, at various distances from the

interface at T=0.7T, for misorientation angle 0=0 and o = 50,

present both in (1) and in the boundary condition (3). How-
ever, since the pair potential is spatially-dependent, the above
cancellation is incomplete and the s-wave component

((D +(x 6)) nucleates at the interface.

As suggested in [4], [11] an s-wave component of the order
parameter may nucleate at the surface of a d-wave supercon-
ductor if there is a subdominant bulk pairing interaction in the
s-wave channel. It is shown above that the nonzero s-wave
component is localized near the rough interface even if the
bulk interaction is purely d-wave.

Fig.3 shows the spatial variations of A(8) for different
values of the angle o. As follows from the (1) - (3) the solu-
tion for @, (x,0) in the interface region has a contribution

proportional to |cos 0| c0s(2(0 — @)) . This in turn leads to the

result that the amplitude of the s-wave component induced
into the disordered layer scales with misorientation angle o as

<¢'+ 0,a= 0) cos(2ct) . At oo =7 /4 the superconducting
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Fig.2. Spatial dependencies of the surface-induced s-wave order
parameter component (®,(x)/7nT,. Inset: the pair potential

A(x)/ T, near the interface.

correlations in the disordered layer vanish, i.e. <(I> +(0) =0.

Further increase of o leads to a sigh change of the s-wave
component.

As is seen from Fig.3 these qualitative considerations are in
a good agreement with the results of exact numerical calcula-
tions. In particular, for the d,, case (o =7/ 4) it follows that

(CD + (O)> = 0. At the same time it is worth mentioning that the
pair potential at the interface, A(0,ox =7 /4), is nonzero, in

contrast to the case of a specular reflecting boundary when A
at o =m/4 vanishes. The difference is that in the present
case of diffusive scattering from the interface there is no
symmetry requirement that the function &, (0,a=7/4)

must vanish.
In the whole temperature range the amplitude of the s-wave

component (CD +) induced into the disordered layer (see

Fig.2) is an order of magnitude smaller compared to the am-
plitude of the order parameter in the bulk superconductor.

That means that ( g(0)> is close to unity for all temperatures.
Thus, taking into account that (g(O)) is independent of the
Matsubara frequencies and that &3;(0) = ®(0), we obtain

from the boundary condition (3) that at low temperature and
at @ <A the function (CI)+ (0)) o< @, while for @ > A the

function (<I> +(0)) e<1/w?*. The density of states is given by
N (€)=N (0)Re{(g (0,& = i))}, where N(0) is the normal

state density of states. Therefore it follows that at zero energy
N (e=0)/N (0)=1, i.e. the gapless superconducting state is
induced in the disordered layer. This fact is due to the de-
structive interference along different quasiparticle trajectories
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Fig.3. Behavior of the pair potential near the interface for different misori-
entation angles o . Inset: dependence of <(I>+ (0) on «.

at £=0. The averaging over the incoming trajectories yields
complete vanishing of (CI) +(0)>. Indeed, at €=0 the magni-

tudes of f{0,6) are equal for all incoming trajectories due to
infinitely large coherence length & =hv /2¢, while their

phases alternate due to the d-wave angular structure. Thus

(©,(0))=0 and N (¢) =Rem=1.

To demonstrate this behavior explicitly we have calculated
the density of states in the disordered layer by numerical inte-
gration of (1) - (3) on the real energy axis with the substitu-
tion @ = —i¢ in these equations. The results of calculations of
the normalized density of states for a=0 are presented in
Fig.4. It is seen that the density of states in the disordered
layer is gapless and has a number of singularities at energies
below the maximum bulk pair potential. These peaks are sig-
natures of the Andreev bound states at finite energies which
are due to quasiparticles trapped in the surface region with the
reduced pair potential A(x).

Note that in the present case of extreme surface roughness
there is no midgap (zero-energy) peak in the density of states
in the disordered layer since incoming and outgoing trajecto-
ries are completely uncorrelated. However this peak develops
for a#0 with the decrease of the degree of roughness r
(Fig.4). In general the quasiparticle reflection from the inter-
face may be treated in terms of the diffusive, r, and the
specular, /-r, components. The details of the calculations will
be presented elsewhere. The limit /=0 corresponds to the case
of specular interface when zero-bias peak in the density of
states develops for certain values of & and 0 (see [2], [3]).

The present model can be applied to the calculation of the
Josephson supercurrent in the junctions based on d-wave su-
perconductors (D) with rough interfaces. Let us consider
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Fig.4. The density of states in the disordered layer at T = 05T . The arrow
shows the maximum value of the bulk gap.

two cases: tunnel DID junction and microconstriction DcD,
where the D-layers on both sides of the weak link have rough
surfaces. The critical currents in DID and DcD junctions are
given by the microscopic expression in which the bulk
Green’s functions of the superconducting electrodes are re-
placed by the corresponding angle-averaged functions

<<I>Jr (0)) and ( g(O)) in the disordered layers on both sides of
the barrier
2
D, (0)) si
1, @R, =4—”T2 - ( +( 2)) sing ; . 4)
e o u-1+{g(0) +(®,(0))" coso
Here ¢ is the barrier transmission coefficient and R, is the

normal state junction resistance. The limits # - 0 and 7 =1
correspond to the DID and DcD junctions respectively.

The results of calculations are shown in Fig.5. In contrast to
the conventional s-wave case both DID and DcD junctions
have sinusoidal current-phase relations in the whole tem-
perature range and equal I.R, products because of small

values of order parameters (lb +(0)> induced in the surface

layers. We note two interesting features: (a) the IR, prod-

ucts are two orders of magnitude smaller than the Ambegao-
kar-Baratoff result for SIS junctions, IR, /27T, = 044 ; (b)
the behavior of /. (T') is nonmonotonous. The latter property
of d-wave junctions was predicted earlier in [12], [13] for the

case of specular interfaces when it occurs for some misorien-
tation angles ¢ , . The result shown in Fig.5 corresponds to

the limit of extremely strong surface roughness and does not
depend on misorientation ¢, , .

IV. CONCLUSIONS

The effects of surface roughness in d-wave superconductors
are described theoretically by introduction of a surface layer
with small electronic mean free path. It is shown that the iso-
tropic superconducting state is realized in such a layer. The
surface density of states is gapless and exhibits a number
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Fig.5. The temperature dependence of the critical current in DID and DcD
Josephson junctions with rough interfaces.

of finite bias peaks, while the midgap peak appears only at
smaller roughness parameter. The nonmonotonous tempera-
ture dependence of the critical current in DID and DcD Jo-
sephson junctions with rough interfaces is predicted.
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