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Phase-coherent charge transport in superconducting heterocontacts
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Motivated by recent tunneling experiments for high-temperature superconductors, we have examined the
effect of a near interface pair potential suppression on the corresponding transport characteristics. Our model
structure consists of a tunnel junction between a normal injector and a normal conductor-superconductor
bilayer with an interface of a finite transmittance. To study conductance spectra of mesoscopic heterostruc-
tures, a simple approach to the coherent charge transport through a double-barrier system proposed by Bu¨ttiker
has been generalized to the case of an anisotropic superconducting order parameter. The impact of local
fluctuations of the normal interlayer thickness on Andreev bound states, as well as the magnetic-field effect
have been studied. Numerical calculations were carried out fors- and d-wave order parameters. The model
provides a clear physical understanding of the near zero-bias conductance features in such heterostructures. It
is shown that zero- and finite-bias anomalous conductance peaks in oxide superconductors often interpreted in
terms of surface bound states associated withd-wave pairing could be also explained within thes-wave
scenario. Some criteria to distinguish between two types of the pairing symmetry are proposed.
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I. INTRODUCTION

The pairing mechanism and the symmetry of the or
parameter remain key questions for the physics of hi
temperature superconductors~HTSC!. During the last few
years, a series of experimental techniques have been d
oped to test the orbital symmetry of the Cooper pair wa
function and a great amount of evidences supporting
d-wave character of superconductivity in HTSC compoun
has appeared.1 At the same time, some results have be
explained within thes-wave scenario. Because of the contr
versial situation,2 new phase-sensitive approaches capabl
identify experimentally the order parameter symmetry
HTSC are needed and their results have to be analyzed
the viewpoint of the realistic structure of high-Tc oxides.

Recently, the appearance of zero-bias conductance p
~ZBCP! in the ab-plane tunneling spectra of HTSC was i
terpreted as a consequence of the angle dependent
change of ad-wave order parameter on the Fermi surfa
~the so-called surface midgap states!.3 Such anomalies hav
been repeatedly displayed in the conductance spectra
variety of HTSC-based junctions with a normal~N! injector
and a number of explanations were proposed before.4 Now
these features@at least, those that are developing just at
superconducting critical temperatureTc ~Ref. 5!# are usually
attributed to thed-wave state and thus the appearance
ZBCP is considered as a direct confirmation of the nons-
wave character of the pairing potential.3,6,7 Unfortunately,
PRB 590163-1829/99/59~14!/9617~10!/$15.00
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from the realistic viewpoint the situation is not so simp
because of the unusually complicated structure of the obj
investigated. In particular, in many cases the HTSC surf
is covered by a thin surface layer that can be semiconduc
like the BiO plane in Bi2212, or a superconductor with r
duced critical temperature, or even a normal conductor a
is discussed for the CuO-chain plane in the YBC
compound.8,9 The problem relates also to degradation p
cesses in the upper atomic layers forming an oxygen de
tion layer on the cuprate surface10 and thus greatly influenc
ing the contact properties of HTSC interfaces.11 With the aim
to form HTSC-based tunnel junctions, a significant part
the investigation uses just this degraded surface layer as
native insulating~I! barrier. Because of the complicated n
ture of both interface layers and barrier properties,12 at the
moment the presence of spatially inhomogeneous~and in
many cases heterogeneous! interfaces seems to be unavoi
able for HTSC junctions used in spectroscopic investi
tions. In this context, as it was emphasized in Ref. 9
would be of interest to know how the tunneling spectrum~in
particular, its inner-gap region! for an ideal metal-insulator-
superconductor (N-I -S) junction is changed when a supe
conducting bulk has a thin nonuniform normal (N8) covering
on its surface. The corresponding analysis of such a sys
is just the main goal of this work.

The outline of the paper is as follows. We start with
brief description of existing theoretical approaches to
ZBCP problem in normal-metal–superconductor heteroc
9617 ©1999 The American Physical Society
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tacts ~Sec. II! and present our model based on the realis
structure of an HTSC-based junction that includes a
graded near-surface layer@Fig. 1~a!#. In Sec. III a method of
calculating the differential conductance of a ballistic norm
metal–superconductor contact is given. We repeat the m
lines of previous papers on this subject and generalize t
to the case of an anisotropic superconducting order par
eter. To illustrate the effect of realistic factors on the subg
features in tunneling curves and to present a simple un
standing of some results obtained before, we apply the c
ductance formula to the case of anN-I -N8/S structure with
ans-wave superconductor and present numerical data for
ferent situations~Sec. IV!. We try to find out the main fea
tures of the anomalies caused by the formation of Andr
bound states in the middleN8 layer that have to be rejecte
before the conclusion about thed-wave origin of HTSC ox-
ides is made. It has to be emphasized that such analysis
be applied in all cases when a superconductor is covere
a normal coating, e.g., to niobium-based junctions with s
cific barrier properties~see Refs. 13,14, and referenc
therein! or to the high-current injection inN/S point
contacts.15 In Sec. IV we also deal with ad-wave gap sym-
metry and derive some conclusions relating the influence
thin normal layer near thed-wave superconductor surface o
the tunneling curves. Finally, the last section provides
conclusions and presents some simple criteria to disting
between two types of pairing symmetry.

II. MODELS OF THE SUPERCONDUCTING
HETEROSTRUCTURES

As it was noted before, the features we are dealing w
are near-zero-voltage anomalies in the conductanceG versus
voltage V characteristics of superconducting heterostr
tures. Earlier work has found the widespread presence
ZBCP in the ab-plane tunneling curves for HTSC-base
junctions4 and some evidences for finite-bias peaks ha
been obtained as well.16,17 In principle, such features wer
registered and studied extensively long before the discov
of high-Tc cuprates. First observations concerned tunne
junctions with transition metals as contact electrodes,18 or
with paramagnetic impurities in the insulating layer.19 These
findings were interpreted within a theory taking into accou
an exchange-scattering interaction between tunneling e
trons and localized magnetic moments20 ~resonant tunneling
through discrete energy levels in small quantum dots co
lead to similar anomalies as well21!. But in some cases it wa
not clear whether a ZBCP is caused by the presence of m
netic moments in the barrier, or it appears as a resul
specific metal/insulator interface conditions~a situation simi-
lar to that in HTSC materials!. For example, conductanc
anomalies observed in niobium oxide junctions were con
erably decreased when a thin aluminum layer was adde
the Nb surface before oxidation.22

An interest in zero-bias features was revived in the ea
1990s after the experiments for mesosco
superconductor/semiconductor23,24 and superconductor
normal-metal25 heterocontacts where a large conductance
hancement atV50 was found. This effect for conventiona
s-wave superconductors was interpreted in a number of
oretical works.26–33 In Refs. 26–29 the authors started fro
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the clean metal case and took into account the elastic s
tering in the normal side of the contact treated in terms of
transmission matrices across the junction. In t
publications30,31 the scattering-matrix method was applied
the ballistic N-I -N-I -S system and the similarity betwee
the conductance spectra of a double-barrier structure and
of a disorderedN/S junction was emphasized. Another a
proach to the problem32,33 is based on the quasiclassical fo
mulation of superconductivity in dirty inhomogeneous sy
tems where the impurity average has already been done
where the mean free path in the normal layer is much l
than its length, as well as the effective coherence length. B
as it was stated by Yip,33 most of the experiments mad
before may not satisfy this condition and for them the cor
sponding results have to be regarded only as qualitative o

Motivated by the problem of ZBCP in HTSC tunnelin
characteristics, we present here a model that is very sim
fied but nevertheless reflects the main properties of the
responding junctions. It originates from a physically insigh
ful approach to the phase-coherent charge transport
double-barrier normal metallic structure proposed by Bu¨tt-
iker in Ref. 34 and generalized below to the case of an
isotropic superconducting order parameter. To take into
count the inhomogeneity of the superconducting b
electrode, we approximate it by introducing anN8/S bilayer
as, for example, it was already done by Di Chiaraet al.35

@Fig. 1~a!#. But on the contrary to Ref. 35 where the streng
of the coupling between the bilayer slabs was assumed t
weak and the main aim was to investigate the proximi
induced superconductivity in the normal film, we focus
the wave interference pattern in the middleN8 interlayer. We
shall remain within the steplike approximation for the sup
conducting order parameter36,37 and consider Andreev
retroreflected processes at theN8/S boundary, as well as
normal scattering events of any strength, although the s
consistency of the spatial variation of the pair potential w
be ignored. A similar program~but only for a clean interface!
was realized in Ref. 38 for a normal-metal–s-wave supercon-
ductor junction and in Ref. 7 for ad-wave symmetry. But in
the case of a clean interface, normal reflections are not ta
into account, which is not true for HTSC materials where t
characteristics of the surface degraded layer do radically
fer from those of the superconducting bulk11 and their inter-
face acts as an elastic scatterer. Below we consider anN8/S
interface of an arbitrary transmittance. The next step towa
more sophisticated treatment of the HTSC electrode non
mogeneity is an account of the local variations of theN8
layer thickness and their impact on the corresponding c
ductance curves. Recently the same model but for the s
plest one-channel approximation was successfully applied
Poirier et al.39 to interpret their results for the subgap co
ductance of superconductor-GaAs junctions at very low te
peratures. For the first time, they observed experiment
the crossover from a high-temperature peak atV50 to finite-
voltage low-temperature anomalies and the restoration
ZBCP under the magnetic-field application. To understa
the influence of a magnetic field on the inner-gap tunnel
spectra of superconducting heterostructures is one of
aims of this paper. In the following we do not claim a
exhaustive study of the charge transport in the heterost
tures but intend rather to provide a clear physical interpre
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tion of near-zero-bias conductance anomalies for realistic
homogeneous superconducting structures.

III. FORMALISM

Let us consider a normal-metal–superconductor junc
in the quasi-one-dimensional geometry withM propagating
transverse modes and thex axis as the interface normal. A
specular-scattering nonsuperconductingN8 part of the sys-
tem (0,x, l ) is connected to a normal-metal reservoir. T
superconductor (x. l ) with the pair potential depending o
the direction of the traveling quasiparticle, as well as on
energy is connected to a superconducting reservoir. Fur
we shall neglect the energy dependence of the pair pote
and thus restrict ourselves to the weak-coupling theory w
the wave vector is fixed on the Fermi surface. For a sup
conducting order parameter the usual step-funct
approximation36,37 will be assumed and the self-consisten
of its spatial variation will be ignored. The Fermi wave num
berskF and other electronic parameters will be equal in
normal and superconducting regions of the mesoscopic
tem. The normal reflections at theN8/S interface are taking
into account and only ballistic transport limited to specu
scattering by theN8 region will be considered.

The voltageV applied to the barrier shifts the chemic
potentials in both reservoirs and causes the currentI in re-
sponse toV. At zero temperature, the differential condu
tance G(V)5dI(V)/dV is given by the well-known
Landauer-type formula40,41

G~V!5
2e2

h (
n51

M

@12uRn
ee~«!u21uRn

he~«!u2#u«5eV ,

~3.1!

whereRn
he(«) is the scattering amplitude for an electron

the nth mode with an energy« incident from left in the
normal region and reflected back as a hole,Rn

ee(«) is the
corresponding amplitude for its reflection as an electron;
low the minimal value of the superconducting energy gap
relationuRn

ee(«)u21uRn
he(«)u251 is valid for any fixed value

of «. In our model the Andreev reflection at the turnin
points 1 and 2@Fig. 1~b!# and the normal scattering at th
N8/S boundary (x5 l ) are separated spatially. The corr
sponding distance of the order of the superconducting co
ence length is very small for oxide superconductors in co
parison with the width of the degraded layer and thus
effect may be ignored in the calculations.

In this section we shall express the scattering amplitu
in terms of the reflectionr and transmissiont characteristics
of the nonsuperconducting transitional region and the su
conducting surface. In the first case an electron is scatt
always only in electron states. On the contrary, at the A
dreev reflection it can be retroreflected also as a hole with
same mode index that will be characterized further by
wave-vectork. In the Andreev approximation36 the corre-
sponding characteristics for an electron scattered into a
and vice versa are equal to

r he~eh!~k,«!5r ~k,«!exp@7 iw~k!1 ic~k!#. ~3.2!

In Eqs. ~3.2! and ~3.3! r (k,«)5@«2sgn(«)A«22D2(k)#/«,
w~k! is the direction-dependent phase of the order parame
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andc~k! describes the effect of a surface current in a sup
conductor. Below the minimal value of the superconduct
energy gap we have the following relations:37

r he~eh!~k,«!5exp$2 i arccos@«/uD~k!u#7 iw~k!1 ic~k!%.
~3.3!

Usually c(k)[0 but if a stationary magnetic fieldB is ap-
plied parallel to the interface along thez axis the formula
~3.2! and~3.3! provide the boundary conditions for a nonlin
ear differential equation determining the phase shift after
Andreev-like scattering.13,14 Because in any case in the re
experimental conditions the near-surface behavior of the
perconducting properties is unknown we shall try only
estimate the corresponding value. For the field penetra
depth l much greater than the superconducting cohere
length j~k!, as it is in HTSC compounds, the width of th
layer with a depressed pair potential is of the order ofj~k! in
the direction considered. Inside the superconductor the v
tor potential that can be chosen to be perpendicular to
interface normal as well as to the field direction equals
A(x)52Bl exp@(l2x)/l#(x.l). Then the additional
magnetic-field dependent part of the phase shift occurring
a charge after scattering from the superconductor is given
the following relation:

c~B!5E @6eA~r !/\#ds52pB/B0~k!sin~Qk!, ~3.4!

whereB0(k)5F0 /@lj(k)#, F0[h/2e, Qk is the injection
angle@see Fig. 1~b!#, the sign of the phase shift~3.4! depends
on the field orientation.

Let us now discuss the charge transport in the whole h
erostructure shown in Fig. 1. An electron incident from t
left reservoir with an energy« and a wave vectorke after
transferring the normal transitional region with the transm

FIG. 1. Schematic view of the simulated model:~a! realistic
structure of an HTSC-based junction including the degradedN8
near-surface layer;~b! N-I -N8/S geometry used in the calculations
Points 1 and 2 are the turning points for the Andreev-like ba
scattering of the excitations penetrating into a superconducto
distances of the order of the superconducting coherence length.
numerical results presented below are obtained by averaging
fluctuations of the normal interlayer widthl with a uniform distri-
bution between two finite values.
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sion coefficientte(ke ,«) will be reflected from the supercon
ductor as a hole with the amplituder he(ke ,«). The hole goes
back along the path of the incoming electron with a wa
vectorkh and then may get out of theN8 region @the corre-
sponding transmission amplitude is equal toth(kh ,«)# or
could be reflected from it with a wave-vectorkh8 . The hole
will be then retroreflected from theN8/S interface as an elec
tron with an amplituder eh(kh8 ,«) and will travel back with a
ns

e

c-
re
f

oin
e

wave-vectorke8 . Again, the electron will leave theN8 region
or its wave vector will be transformed intoke after normal
scattering. These processes are schematically shown in
1~b! ~see also Fig. 7 in Ref. 15!. The scattering events de
scribed above together with multiple reflections from t
middle N8 layer @their amplitudes are equal tor h(kh ,«) and
r e(ke8 ,«)# determineRhe(ke ,«) and Ree(ke ,«) scattering
amplitudes. Taking into account all possible paths of
quasiparticle excitations, we obtain
l
normal
Rhe~ke ,«!5
th~kh ,«!r he~ke ,«!te~ke ,«!

12r he~ke ,«!r e~ke8 ,«!r eh~kh8 ,«!r h~kh ,«!
; ~3.5!

Ree~ke ,«!5r e~ke ,«!1
te~ke8 ,«!r eh~kh8 ,«!r h~kh ,«!r he~ke ,«!te~ke ,«!

12r eh~kh8 ,«!r h~kh ,«!r he~ke ,«!r e~ke8 ,«!
. ~3.6!

Here the amplitudeste(h) and r e(h) include all phase shifts obtained during electron~hole! traveling through the norma
transitional region. The scattering from the normal region assumed to be specular changes only the sign of the
componentkx , whereas the Andreev reflection transforms the electron withkx

e into a hole ofkx
h , wherekx

e2kx
h52«/\vFx , vFx

is thex component of the Fermi velocity, the energy is conserved in all scattering processes.
To study the voltage region nearV50 we substitute the corresponding relations~3.3! into ~3.5! and~3.6!. For a given mode

with a wave-vectork we obtain

G~k,V!5
4e2

h

ute~ke ,«!u2uth~kh8 ,«!u2

11ur e~ke ,«!u2ur h~kh ,«!u222 Re$eifr e~ke8 ,«!r h~kh ,«!%
U

«5eV

~3.7!
al-
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f52arccos@«/uD~ke!u#2arccos@«/uD~kh8!u#1w~kh8!

2w~ke!1c~kh8!1c~ke! ~3.8!

@compare with Eq.~16! in Ref. 31#. In the quasi-one-
dimensional approximation the summation over the tra
verse modes can be replaced by an integration over the
jection angle Qk , and for the normalized conductanc
spectrum we arrive at

s~V!5
G~V!

g~V!
5

*dVG~k,V!cosQk

*dVg~k,V!cosQk
~3.9!

with the normal-state value

g~k,V!5
2e2

h
ute~k,eV!u2. ~3.10!

For an isotropics-wave superconductor where the effe
tive pair potential does not depend on the wave-vector di
tion D(k)5Ds5const,w(kh8)5w(ke) and in the absence o
magnetic fieldf is equal to2p at «50. Taking into account
that at the Fermi energy electron and hole excitations c
cide we obtain the following expression:

Gs~k,0!5
4e2

h

ute~kF,0!u4

@11ur e~kF,0!u2#2 5
4e2

h

ute~kF,0!u4

@22ute~kF,0!u2#2

~3.11!
-
in-

c-

-

@see Eq.~5! in Ref. 28#. From Eq.~3.11! it follows that for
any ballistic normal-superconducting junction the norm
ized zero-bias conductance heightss(0) cannot exceed the
value of two that is reached only for an ideal situation wh
ute(kF,0)u251 and g(0)52e2M /h. For anisotropic super-
conductors the situation changes dramatically. Let us ill
trate it for adx22y2-wave superconductor with a~110! ori-
ented surface when the most pronounced anomalies in
conductance spectrum have been predicted.3,6,7 In this case
f(kh8)2f(ke)5p for any ke and without magnetic fields
f50 for «50. Then from Eq.~3.7! for any interface be-
tween a normal injector and ad-wave superconductor we
find that

Gd~k,0!5
4e2

h

ute~k,0!u4

~12ur e~k,0!u2!2 5
4e2

h
. ~3.12!

The formula looks like an expression for a normal-metal–s-
wave superconductor junction with a clean interface and
be regarded as an example of a giant backscattering pea
superconducting heterostructures.42 Because all modes bring
in the same contribution, the zero-bias value of the differ
tial conductance is equal toGd(0)54e2M /h whereas the
normal-state conductanceg(0) can be very small for smal
transmission coefficientsute(k,0)u2 and thus a giant zero-bia
value sd(0) appears for a~110! surface. Similar anomalies
take place for other superconductor orientations, except
$100% tunneling direction. We have to emphasize that in t
case of anisotropic superconductors this result strongly
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pends on the nature of the quasiparticle reflection from
N8 region and any disorder will radically suppress t
anomalous ZBCP.43

IV. CONDUCTANCE ANOMALIES IN N-I -N8/S
JUNCTIONS

Now we shall specify the nature of the transitionalN8
layer. To make it closer to real HTSC experiments we ha
to take into account that:~i! the ab-plane tunneling usually
studied is two-dimensional;~ii ! the widthl of the mediateN8
layer has to be greatly nonuniform;~iii ! l is known to be
greater than the coherence length;~iv! the coherence length
is two orders smaller than theab-plane magnetic field pen
etration depthl. The normalN8 region will be described as
a well between an electrostatic barrier and the scatte
N8/S interface. Rough surfaces are assumed to have par
plain regions of sizes more greater than the distance betw
them. A distribution of the last value is considered to
uniform between two finite values. Even if the surface
gions are slightly nonparallel in real conditions it will no
have any great effect because a finite mean free path o
perconducting fluctuations in theN8 region will prevent a
charge to scatter many times from the interlayer boundar

The effect of the elastic scattering at the interface ax
5 l , as well as that of the electrostatic barrier atx50 will be
accounted by introducing repulsive potentialsVL,R(x) of a
delta-functional form~the main distinction between thes
two scattering planes is that the whole voltage bias is app
to the barrier but not to theN8/S boundary because of th
shortenings in the interface!. The corresponding reflectio
and transmission amplitudes do not depend on the en
and are given by40

r L,R
e ~k!5~r L,R

h ~k!!* 52ZL,R /~ZL,R2 i cosQk!; ~4.1!

tL,R
e ~k!5~ tL,R

h ~k!!* 52cosQk /~ZL,R2 i cosQk!,
~4.2!

whereZL,R5*VL,R(x)dx/\vFx is the dimensionless barrie
strength,L andR denote the characteristics of the left (I -N8)
and right (N8/S) boundaries of theN8 layer, respectively.

If the normal transitional region may be simulated by
single potential barrier with a strengthZ then thet’s andr’s
in Eq. ~3.7! are replaced by Eqs.~4.1! and~4.2!, respectively,
and the voltage behavior ofG(k,V) is determined exclu-
sively by the energy dependence off ~3.8!. As it follows
from Eq. ~3.7!, for ans-wave conductance spectrum there
a local minimum atV50 that produces a zero-bias dip in th
tunneling characteristics of conventional superconductor44

For one-dimensional geometry we obtain the well-known
pression of Blonder-Tinkham-Klapwijk~BTK! theory~Table
II in Ref. 40!

Gs~V!5
4e2

h

Ds
2

Ds
2~2Z211!224e2Z2~Z211!V2 ,

ueVu,Ds . ~4.3!

For a finite value ofl and specular scattering interfac
reflection and transmission amplitudes describing the ef
of the intermediate normal layer are given by
e

e

g
llel
en

-

u-

s.

d

gy

-

ct

r e~h!~ke~h! ,«!

5r L
e~h!~ke~h!!

1
@ tL

e~h!~ke~h!!#
2r R

e~h!~ke~h!!exp@2ixe~h!~ke~h!!#

12r L
e~h!~ke~h!!r R

e~h!~ke~h!!exp@2ixe~h!~ke~h!!#
;

~4.4!

te~h!~ke~h! ,«!

5
tL
e~h!~ke~h!!tR

e~h!~ke~h!!exp@ ixe~h!~ke~h!!#

12r L
e~h!~ke~h!!r R

e~h!~ke~h!!exp@2ixe~h!~ke~h!!#
,

~4.5!

wherexe(h) is the phase shift acquired by an electron~hole!
traveling between two interlayer boundaries. Without ma
netic fieldsxe(h)(ke(h))5kx

e(h)l . A stationary magnetic field
parallel to theN8/S interface enters the amplitudes~4.4! and
~4.5! via its penetration into theN8 interlayer. For 0,x
, lA(x)52Bl@11( l 2x)/l# and we easily find the corre
sponding magnetic-field dependent part of the phase shi

xe~h!
~B! 5pBl2/@B0~k!lj~k!#tan~Qk!, ~4.6!

that is proportional to the magnetic flux entering the norm
interlayer and thus is gauge invariant. Together with the
pact of superconducting screening currents taking into
count by Eq.~3.4! it determines the field effect on the inte
ference pattern.

A. s-wave superconductors

We shall start with the case of ans-wave superconducto
whereD(k)[Ds . If r and t characteristics of the intermed
ate normal region are energy independent we again obta
zero-bias dip38 with a values~0! that is independent onl.
The last result follows from the fact that at the Fermi ener
electron and hole excitations coincide and the phase shift
to the electron traveling along the region of the widthl is
canceled by the corresponding quantity for a hole state
which the electron was transformed. If scattering charac
istics of the normal region have a strong dependence on
energy, the conductance spectrum displays usually a s
fine structure and changes from a peak atV50 to a dip by
small variations of the junction parameters~see, for example,
the numerical simulations31 for anN-I -N-I -S double-barrier
junction!. This behavior seems unrealistic and does not c
respond to experimental findings that are, as a rule, smo
curves repeatedly reproduced in certain experimental co
tions. In our opinion, the discrepancy can be removed if
take into account the real conditions mentioned above, e
cially, the nonuniformity of the intermediate normal lay
width. The results of the averaging over fluctuations ofl do
not maintain any unusual sharp features and are show
Fig. 2. It demonstrates how strongly the near-zero-bias
ture depends on the interrelation between theN8/S interface
scattering strength and the potential barrier height that ca
a cause of dissimilar results obtained by different groups
the same objects. Really, with increasing the barrier he
the subgap behavior of the conductance spectrum transfo
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from an ideal tunneling curve for a conventional superc
ductor to a ZBCP and after that to a finite-bias peak neaV
50.

Existence of two characteristic types of the conducta
spectra observed in Fig. 2 can be understood by analy
the initial curves. According to Eq.~3.7! there are two fac-
tors governing the conductance spectra of theN-I -N8/S sys-
tem: the nominator and the denominator.31 The first one is
important when the main normal scattering occurs at
N8/S interface and the total transmittance of the system
not too high. For a quasi-one-dimensional situation near
Fermi energy we obtainuth(kh8 ,«)u25ute(ke ,2«)u2 and the
nominator that is a product of these two functions ha
maximum atV50 as a result of the electron-hole symmet
The peak survives after the averaging procedure~Fig. 2! and
even more, as it follows from Fig. 3~a! the averaging overl
supports the existence of a zero-bias conductance enha
ment. The denominator plays the main role in Eq.~3.7! for a
weakly transparent barrier and for great distancesl between
the barrier and theN8/S interface. It results in appearance
bound states in the intermediate normal layer and, as a
quence, a system of conductance peaks with a dip pinne
zero voltage inG(k,V) @Fig. 3~b!#. Positions of the state
inside the energy gap depend on the thicknessl and thus vary
from point to point in our model. The most insensitive pe
with respect to the value ofl is the first one and just i
remains after the averaging procedure together with a di
V50 @Fig. 3~b!#. The higher harmonics are smeared out o
least are not as prominent as the maximum nearest tV
50. For temperatureskBT comparable with the first bound
state energy~about several K for a contact with a norm
interlayer width l of about 10j0 and ans-wave supercon-
ductor with Tc near 100 K! the dip atV50 will disappear
and a ZBCP will be detected in the experimental curves
Ref. 39 wherel was estimated to be about 100 nm the c
responding temperatures were an order less. When the
perature increases further, a nonmonotonous behavior
zero-voltage conductance should be observed with a m

FIG. 2. The normalized conductance versus voltage for
N-I -N8/S junction with ans-wave superconductor. The width o
the N8 layer is uniformly distributed within the intervall
5(1.5– 4.5)j0 and l 5(5 – 15)j0 ~the inset!. The scattering charac
teristics of theN8/S interface and the barrier areZR51.0 andZL

50.1 ~solid line!, 0.5 ~dashed line!, 1.0 ~dotted line!, and 2.0
~dashed-dotted line!, respectively;kF51010 m21, j05\vF /pDs .
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mum at finite temperature in accordance with the data
Refs. 39 and 45 for mesoscopic structures based on con
tional superconductors.

Our model gives also clear physical insight into the ph
nomenon of reflectionless tunneling that was observed
perimentally in semiconductor/superconductor23,24 and
normal-metal/superconductor25 heterostructures. In Ref. 26
was explained within a semiclassical description taking i
account the presence of scatterers in the normal side
deterministically deflect electrons and holes. The auth
found that the reduction in current caused by the scatterin
the interface with a superconductor is compensated by
current increase due to multiple reflections in the disorde
region ~see also more correct results within the scatteri
matrix approach obtained for a disorderedN-I -S junction in
Refs. 28 and 29!. Within our approach the deterministic sca
tering back to theN8/S interface means that the strength
the tunneling barrierI is extremely great. In such case b
doubling the value ofl the system considered may be co
ventionally transformed into theS/N8/S structure with two
identical N8/S interfaces. The interference inside theN8
layer yields striking Fabry-Perot-like resonances46,47 inde-
pendently on the scattering conditions at the interfaces.
just the case of the reflectionless tunneling discussed in
26 with the only difference concerning positions of the res
nances. Because of missing the additional phase cha
~3.8! connected with the Andreev reflection a ZBCP w
predicted in Ref. 26 whereas we obtain finite-voltage fe
tures ~of course, for a great width of the disordered regi
they should appear near toV50 and can be overlooked a
sufficiently great temperatures!.

n

FIG. 3. The normalized conductance versus voltage for a o
dimensionalN-I -N8/S junction with an s-wave superconducto
~solid line!, the multichannel two-dimensional system~dashed line!,
and the result of the averaging over the middle normal layer wi
~dotted line!: ZR51.0 andZL50.5, l 5(1065)j0 ~a!, ZR51.0 and
ZL52.0, l 5(361.5)j0 ~b!; kF51010 m21, j05\vF /pDs .
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As it was established in Refs. 30 and 31 the differen
conductance for a ballistic double-barrierN-I -N-I -S struc-
ture exhibits features similar to those obtained for a dis
deredN-S contact with a potential barrier at the interfac
Our model even more resembles the last system becaus
averaging over different realizations of the impurity potent
is modeled in our case by averaging over different distan
l. In accordance with our simulations, Fig. 2 in Ref.
shows that for a highN-S interface resistance the condu
tance vs voltage curve has a peak atV50 that is transformed
into a minimum with a relative enhancement at finite vo
ages by increasing theN-S interface transparency~similar
results were obtained by Yip33 within the quasiclassica
Green’s-function approach!.

The effect of low magnetic fields shown in Fig. 4 is go
erned by two factors~3.4! and~4.6! with the relative impact
depending on the ratiol 2/(lj). Although the formal struc-
tures of Eqs.~3.4! and ~4.6! coincide, for thes-wave sym-
metry the additional term equal to2p appears in Eq.~3.8!
and the phase shifts~3.4! and~4.6! provide opposite effects
Whereas the screening current enlarges the near-zero
conductance it diminishes under the influence of the fi
penetration into the intermediateN8 region. Forl 2!lj, as it
is in HTSC compounds, the low-field effect consists main
in increasing the conductance value atV50 ~Fig. 4!. The
interplay between two factors resulting in a plateau in
s~0! vs B dependence can be clearly seen in Fig. 4~b!. A
significant effect ins-wave superconductors is achieved
fields aboveB0 that can be as great as 10 T or even more
s-wave superconductors with parameters typical for HT
compounds. For ordinary superconductors with a small fi
penetration depthl must be replaced withl 1j0 and for great

FIG. 4. Magnetic low-field effect on the normalized condu
tance spectrum for anN-I -N8/S junction with ans-wave supercon-
ductor.B/B050 ~solid line!, 0.2 ~dashed line!, 0.3 ~dotted line!, 0.4
~dashed-dotted line!; B05F0 /(lj0); ZR51.0, ZL50.5, l 5(10
65)j0 ~a!, and ZR51.0, ZL52.0, l 5(361.5)j0 ~b!; kF

51010 m21, l5100 nm,j05\vF /pDs . The insets show zero-bia
conductance behavior.
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values of the coherence length the fields needed can be
duced up to several hundreds of Tesla. The main impac
higher fields is to suppress as constructive, as destruc
interference in the system and thus the conductance sp
become featureless that results in a peak in the field de
dence ofs~0!. It corresponds to the results obtained by Yip33

who studied the transport through a heterogeneous super
ducting system with paramagnetic impurities on the norm
side within the quasiclassical Green’s-function technique
those of Marmorkoset al.29 for a disorderedN-S junction.
They obtained that for some ‘‘large’’ voltages the different
conductance of the high-resistance barrier junction increa
with increasing pair breaking. The simulations29 also demon-
strate the existence of a peak at a finite field value for app
priate parameters. The same results follow from our mo
They are not presented in this paper because such fields
to be unattainable in HTSC experiments although the p
can be observed for conventional superconductors~see the
experimental data of Ref. 39 for a semiconducto
superconductor junction where a ZBCP observed below
K was transformed into finite-voltage peaks at lower te
peratures and then restored at intermediate magnetic fie!.

B. d-wave superconductors

Our numerical calculations for adx22y2-wave supercon-
ductor whereD(k)5Dd cos(2Qk) ~the angleQk is measured
relative to the crystalline axis along which thed-wave order
parameter reaches maximum! demonstrate the peak at zer
bias voltage in all cases except the~100! oriented surfaces
The ZBCP is maximal for the~110! oriented surface and
equals toGd(0)54e2M /h for M different transport channel
~Fig. 5!. The effect appears because of:~i! the phase conju-
gation between electrons and holes at the Fermi energy~ii !
the fact that the Andreev-reflected hole always traces b
the path of the incoming electron,~iii ! zero phase difference
between electron and Andreev-scattered hole excitation
the Fermi energy for the nodal tunneling direction@see Eq.
~3.8! for c(kh8)5c(ke)50#, and~iv! the specular reflection
from the normal region assumed above. The last restrictio
crucial just for ad-wave state. As it follows from Eq.~3.8! a
ZBCP appears when the states belonging to the neighbo
lobes with thep phase shift are involved in the scatterin
process. If the surface roughness mixes thekh andkh8 states
from the same lobe then even in the$110% tunneling direction

FIG. 5. The normalized conductance versus voltage for
N-I -N8/S junction with a ~110! orientedd-wave superconductor
ZR51.0 andZL50.1 ~solid line!, 0.5 ~dashed line!, 1.0 ~dotted
line!, and 2.0 ~dashed-dotted line!, respectively,l 5(361.5)j0 ;
kF51010 m21, j05\vF /pDd .
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an s-wave component will appear as well as a ZBCP
~100! oriented surfaces. Corresponding discussion within
framework of the quasiclassical Eilenberger equations
given in Refs. 43 and 48.

The well-known results3,6 for d-wave superconductor
without an intermediate normal region are changed if
scattering characteristics of the normal transitional part of
system strongly depend on the energy~as it was shown for
the case of a cleanN8/S interface in Ref. 7!. The existing
ZBCP becomes narrower with increasing the strength of
potential barrier~Fig. 5! and with increasingl ~not shown
here!. At the appropriate conditions, two dips on both sid
of the central huge peak appear. According to Cucolo5 a
simultaneous presence of these features in experime
curves is an intrinsic feature of ZBCP anomalies develo
at T5Tc and thus can be considered as an indication of
unusual nature of superconductivity in HTSC oxides. As
Refs. 3 and 6 the only orientation for which the conductan
voltage curve has no peak atV50 corresponds to the$100%
tunneling direction. Its dependence on the parameters
well as the magnetic-field effect is similar to that for a
s-wave superconductor. On the contrary, for~110! oriented
specimens the ZBCP always decreases with the magn
field, and its fall is dramatic already at smallB ~Fig. 6!. It is
so because in thed-wave case there is nop factor in the
phase shift~3.8! and on the contrary to thes-pairing situation
both field effects~3.4! and~4.6! act in the same direction an
greatly reduce the conductance value atV50. The charac-
teric fields are near 0.1B0 or about 1 T for the cuprate pa-
rameters. Together with decreasing the zero-bias con
tance value finite-bias peaks appear in thed-wave
conductance spectrum and shift to higher voltages with
creasing fields~see also Ref. 48!.

V. CONCLUSIONS

We have examined systematically the influence of a t
normal covering on the inner-gap conductance spectrum
superconductors. The circumstances introduced in a sim
approach34 describing coherent tunneling through a doub
barrier structure include local variations of the intermedi
N8 layer width, the anisotropy of the superconducting ord
parameter, and the magnetic-field effect.

FIG. 6. Magnetic low-field effect on the normalized condu
tance spectrum of anN-I -N8/S junction with a ~110! oriented
d-wave superconductor.B/B050 ~solid line!, 0.1 ~dashed line!, 0.2
~dotted line!, 0.3 ~dashed-dotted line!; B05F0 /(lj0); ZR51.0,
ZL52.0, l 5(361.5)j0 ; kF51010 m21, l5100 nm, j05\vF /
pDd . The inset shows zero-bias conductance behavior.
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A general formula for the spectral conductance of t
N-I -N8/S junction was analyzed for a superconductor ins-
andd-wave cases. It was shown that in thes-wave state the
averaging curves always reveal a ZBCP or two symmetr
maxima aroundV50 divided by a dip centered at zero-bia
voltage. These peaks are fingerprints of the first bound st
in the initial ~nonaveraged! characteristics. If the experiment
are made at sufficiently great temperatures the fine struc
will be smeared out and as in Ref. 39 the resulting char
teristic will reveal a peak atV50. For dx22y2-wave super-
conductors in all cases~except the tunneling in the$100%
direction! a ZBCP with robustness to the changes of t
system parameters was obtained. If Andreev bound state
formed in the normal interlayer two symmetrical dips at
nite voltages appear in accordance with the experime
results.5 The ZBCP for ad-wave superconductor dramat
cally decreases and splits for magnetic fields below 1 T as it
can be estimated for high-temperature cuprates. In real c
ditions the field values to reveal the effect discussed mus
significantly lower because all conclusions made above
valid only below the first critical field.

We would like to point out that although the sel
consistency of the order parameter49 has been ignored
strictly speaking, the conductance spectrum nearV50 will
not be modified significantly because the zero-bias va
does not depend on the distancel and hence on the spatia
behavior of the superconducting pair potential. This sta
ment is more adequate to the case of a normal-metal/s-wave
superconductor bilayer with a small-transmissivity scatter
plane~see the corresponding simulations in Ref. 50!. Calcu-
lations for d-wave superconductors made within the qua
classical formalism51 also demonstrate that main modific
tions arising due to the account of the self-consistency oc
near the energy gap value. In thed-wave case more impor
tant simplification seems to be the near-parallel elas
scattering planes bounded the degraded near-surface lay
this sense our results for a ZBCP have to be considered
as extremal values achieved for ideal structures. In any c
the model presented cannot claim on quantitative results
as we hope, it gives a clear physical understanding of
results obtained by more sophisticated methods, as wel
of the experimental data for heterostructures made from c
ventional superconductors.39 It can be also easily generalize
to more complicated situations as the point-contact spect
copy when the translational symmetry is removed, inela
events and phase randomization,34 or a superconducting
counter electrode~see corresponding experimental results
Ref. 52!.

Concerning HTSC-based junctions, it is necessary to e
phasize that an appearance of a ZBCP itself is insufficient
proving the unconventional nature of the pair potential sy
metry in HTSC because unusual aspects of the conduct
spectra for superconducting oxides could be in principle
produced within the framework of the realistic model taki
into account the presence of a randomly distributed nor
layer between normal ands-wave superconducting bulks
Moreover, in Ref. 53 the authors have proved experiment
a correlation between the anomaly atV50 in YBCO films
and existence of a degraded surface layer in this material
make a final conclusion about the order parameter symme
we need more sophisticated criteria to distinguish betw
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two types of pairing symmetries. Below we propose su
criteria for a ZBCP easily verified experimentally witho
any detailed comparison with the curves theoretically p
dicted:

~i! The amplitude of the ZBCP.As it was emphasized in
Sec. III, the normalized conductances~0! for an s-wave su-
perconductor cannot exceed the factor of two and this va
is realized only for an idealN/S contact when the width of a
near-zero-bias enhancement is of the order of the super
ducting energy gap. A narrower and higher ZBCP with
greater height can serve as a first indication of thed-wave
scenario. This result is of general character and does
relate directly to the original BTK theory.40

~ii ! The angular dependence of the ZBCP.The next check
on the unconventional pairing relates to the drastic effec
the tunneling direction on the ZBCP for ad-wave situation.
First of all, it must be observed only forab-tunneling curves
and, if so, the most prominent anomaly has to appear for
misorientation anglea of the crystallinex axis equal to 45°.
Of course, in a realistic situation it is difficult to be sure th
the main tunneling direction coincides with the normal to t
injector/superconductor interface. Thus it would be suffici
to deal with the highest zero-bias peak.

~iii ! The ZBCP dependence on the barrier parametersIn
Sec. III it was shown that for ad-wave orbital symmetry the
zero-bias value for the misorientation angle equal to 45
not influenced by modification of scattering properties of
insulating layer. On the contrary, in thes-wave case the con
ar
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ductance spectrum strongly depends on the barrier stren
This test can be realized, e.g., in scanning tunnel microsc
spectroscopic experiments by changing the tip-specimen
tance.

~iv! The magnetic field effect on the ZBCP.Because of the
two-dimensional character of the charge transport in ox
superconductors the conductance spectrum has to mo
radically for magnetic fields rotating in the plane perpendic
lar to the ab-plane. Any strong dependence upon the fie
orientation is not expected for thes-wave symmetry. The
next check originates from the different impact of the fiel
in two kinds of superconductors that was discussed in S
IV. For low fields ~they must be an order greater fors-wave
materials than for thed-wave ones! it results in a ZBCP
enhancement for ans-wave material~Fig. 4! and in a ZBCP
suppression in thed-wave state accompanied with splittin
into two symmetrical peaks~Fig. 6!.
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