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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 propotieiby Bu
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 ous-fand 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 withave pairing could be also explained within tkevave
scenario. Some criteria to distinguish between two types of the pairing symmetry are proposed.
[S0163-182699)11013-0

[. INTRODUCTION from the realistic viewpoint the situation is not so simple
because of the unusually complicated structure of the objects

The pairing mechanism and the symmetry of the ordeinvestigated. In particular, in many cases the HTSC surface
parameter remain key questions for the physics of highis covered by a thin surface layer that can be semiconducting
temperature superconductofidTSC). During the last few like the BiO plane in Bi2212, or a superconductor with re-
years, a series of experimental techniques have been develtced critical temperature, or even a normal conductor as it
oped to test the orbital symmetry of the Cooper pair wavdas discussed for the CuO-chain plane in the YBCO
function and a great amount of evidences supporting theompound® The problem relates also to degradation pro-
d-wave character of superconductivity in HTSC compoundsesses in the upper atomic layers forming an oxygen deple-
has appearetl At the same time, some results have beertion layer on the cuprate surfaCeand thus greatly influenc-
explained within theswave scenario. Because of the contro-ing the contact properties of HTSC interfacé#Vith the aim
versial situatiorf,new phase-sensitive approaches capable tto form HTSC-based tunnel junctions, a significant part of
identify experimentally the order parameter symmetry ofthe investigation uses just this degraded surface layer as the
HTSC are needed and their results have to be analyzed fromative insulating(l) barrier. Because of the complicated na-
the viewpoint of the realistic structure of high-oxides. ture of both interface layers and barrier propertfeat the

Recently, the appearance of zero-bias conductance peaksoment the presence of spatially inhomogenerd in
(ZBCP) in the ab-plane tunneling spectra of HTSC was in- many cases heterogenepisterfaces seems to be unavoid-
terpreted as a consequence of the angle dependent sighle for HTSC junctions used in spectroscopic investiga-
change of ad-wave order parameter on the Fermi surfacetions. In this context, as it was emphasized in Ref. 9, it
(the so-called surface midgap statdSuch anomalies have would be of interest to know how the tunneling spectrgim
been repeatedly displayed in the conductance spectra of garticular, its inner-gap regigrior an ideal metal-insulator-
variety of HTSC-based junctions with a norm@l) injector  superconductorN-1-S) junction is changed when a super-
and a number of explanations were proposed béfddew  conducting bulk has a thin nonuniform normal’() covering
these featurefat least, those that are developing just at theon its surface. The corresponding analysis of such a system
superconducting critical temperatufg (Ref. 5] are usually s just the main goal of this work.
attributed to thed-wave state and thus the appearance of The outline of the paper is as follows. We start with a
ZBCP is considered as a direct confirmation of the son- brief description of existing theoretical approaches to the
wave character of the pairing potenti&l’ Unfortunately, ~ZBCP problem in normal-metal—superconductor heterocon-
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tacts(Sec. I) and present our model based on the realistiche clean metal case and took into account the elastic scat-
structure of an HTSC-based junction that includes a detering in the normal side of the contact treated in terms of the
graded near-surface laygfig. 1(a)]. In Sec. Ill a method of transmission matrices across the junction. In the
calculating the differential conductance of a ballistic normal-publicationg®3' the scattering-matrix method was applied to
metal—superconductor contact is given. We repeat the maighe ballistic N-1-N-1-S system and the similarity between
lines of previous papers on this subject and generalize thefhe conductance spectra of a double-barrier structure and that
to the case of an anisotropic superconducting order paranys 5 disordered\/S junction was emphasized. Another ap-
eter. To |!Iustrate 'ghe effect of realistic factors on the SUbganroach to the proble#33is based on the quasiclassical for-
features in tunneling curves and to present a simple undefyjation of superconductivity in dirty inhomogeneous sys-
standing of some results obtained befo,re, we apply the cofgmg where the impurity average has already been done and
ductance formula to the case of Bl-N'/S structure with _where the mean free path in the normal layer is much less
ans-wave superconductor and present numerical data for difg,5 its length, as well as the effective coherence length. But,
ferent situations(Sec.. V). We try to find out the main fea- 55 it was stated by YiB® most of the experiments made
tures of the anomalies caused by the formation of Andreeyetore may not satisfy this condition and for them the corre-
bound states in the middle’ layer that have to be rejected gn4nding results have to be regarded only as qualitative ones.
befor_e the conclusion about tlnb\Naye origin of HTSC ox- Motivated by the problem of ZBCP in HTSC tunneling
ides is made. It has to be emphasized that such analysis CaRaracteristics, we present here a model that is very simpli-
be applied in all cases when a superconductor is covered Ryaq pyt nevertheless reflects the main properties of the cor-
a normal coating, .g., to niobium-based junctions with speregponding junctions. It originates from a physically insight-
cific barrier properties(see Refs. 13,14, and referencesfy| approach to the phase-coherent charge transport in a
therein or to the high-current injection inN/S point  gouple-barrier normal metallic structure proposed bittBu
contacts® In Sec. IV we also deal with d-wave gap sym- jker in Ref. 34 and generalized below to the case of an an-
metry and derive some conclusions relating the influence of fotropic superconducting order parameter. To take into ac-
thin normal layer near thé-wave superconductor surface on cqunt the inhomogeneity of the superconducting base
the tunneling curves. Finally, the last section provides oUkecirode, we approximate it by introducing BIV'S bilayer
conclusions and presents some simple criteria to dlStIﬂgUISQS, for example, it was already done by Di Chiatzal 3
between two types of pairing symmetry. [Fig. 1(a)]. But on the contrary to Ref. 35 where the strength
of the coupling between the bilayer slabs was assumed to be
weak and the main aim was to investigate the proximity-
induced superconductivity in the normal film, we focus on
the wave interference pattern in the midtilé interlayer. We

As it was noted before, the features we are dealing witrshall remain within the steplike approximation for the super-
are near-zero-voltage anomalies in the conduct@wersus conducting order parameféf’ and consider Andreev-
voltage V characteristics of superconducting heterostruc+etroreflected processes at th&/S boundary, as well as
tures. Earlier work has found the widespread presence aformal scattering events of any strength, although the self-
ZBCP in the ab-plane tunneling curves for HTSC-based consistency of the spatial variation of the pair potential will
junctiond and some evidences for finite-bias peaks havede ignored. A similar progrartbut only for a clean interfage
been obtained as weéff:*’ In principle, such features were was realized in Ref. 38 for a normal-metalwave supercon-
registered and studied extensively long before the discovergtuctor junction and in Ref. 7 for dwave symmetry. But in
of high-T. cuprates. First observations concerned tunnelinghe case of a clean interface, normal reflections are not taken
junctions with transition metals as contact electroesy into account, which is not true for HTSC materials where the
with paramagnetic impurities in the insulating layéThese  characteristics of the surface degraded layer do radically dif-
findings were interpreted within a theory taking into accountfer from those of the superconducting btilland their inter-
an exchange-scattering interaction between tunneling eledace acts as an elastic scatterer. Below we considét’a8
trons and localized magnetic moméefitg@esonant tunneling interface of an arbitrary transmittance. The next step towards
through discrete energy levels in small quantum dots couldnore sophisticated treatment of the HTSC electrode nonho-
lead to similar anomalies as w&)l. But in some cases it was mogeneity is an account of the local variations of the
not clear whether a ZBCP is caused by the presence of magdayer thickness and their impact on the corresponding con-
netic moments in the barrier, or it appears as a result ofluctance curves. Recently the same model but for the sim-
specific metal/insulator interface conditiof@ssituation simi-  plest one-channel approximation was successfully applied by
lar to that in HTSC materia)s For example, conductance Poirier et al3 to interpret their results for the subgap con-
anomalies observed in niobium oxide junctions were considductance of superconductor-GaAs junctions at very low tem-
erably decreased when a thin aluminum layer was added foeratures. For the first time, they observed experimentally
the Nb surface before oxidatidA. the crossover from a high-temperature peal(=&t0 to finite-

An interest in zero-bias features was revived in the earlwoltage low-temperature anomalies and the restoration of
1990s after the experiments for mesoscopicZBCP under the magnetic-field application. To understand
superconductor/semiconductd?* and  superconductor/ the influence of a magnetic field on the inner-gap tunneling
normal-meta® heterocontacts where a large conductance enspectra of superconducting heterostructures is one of the
hancement at/=0 was found. This effect for conventional aims of this paper. In the following we do not claim an
s-wave superconductors was interpreted in a number of theexhaustive study of the charge transport in the heterostruc-
oretical works?®=33In Refs. 26—29 the authors started from tures but intend rather to provide a clear physical interpreta-

Il. MODELS OF THE SUPERCONDUCTING
HETEROSTRUCTURES
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tion of near-zero-bias conductance anomalies for realistic in-
homogeneous superconducting structures.

Ill. FORMALISM

Let us consider a normal-metal—superconductor junction
in the quasi-one-dimensional geometry with propagating
transverse modes and tleaxis as the interface normal. A
specular-scattering nonsuperconducthg part of the sys-
tem (0<x<l) is connected to a normal-metal reservoir. The
superconductorx>1) with the pair potential depending on
the direction of the traveling quasiparticle, as well as on its
energy is connected to a superconducting reservoir. Further
we shall neglect the energy dependence of the pair potential
and thus restrict ourselves to the weak-coupling theory when
the wave vector is fixed on the Fermi surface. For a super-

conducting order parameter the usual step-function FG. 1. Schematic view of the simulated modéd realistic
approximatiof®*’ will be assumed and the self-consistency structure of an HTSC-based junction including the degradéd
of its spatial variation will be ignored. The Fermi wave num- near-surface layeth) N-1-N'/S geometry used in the calculations.
berske and other electronic parameters will be equal in thepPoints 1 and 2 are the turning points for the Andreev-like back-
normal and superconducting regions of the mesoscopic syseattering of the excitations penetrating into a superconductor at
tem. The normal reflections at th¢'/S interface are taking distances of the order of the superconducting coherence length. The
into account and only ballistic transport limited to specularnumerical results presented below are obtained by averaging over
scattering by thé\’ region will be considered. fluctuations of the normal interlayer widthwith a uniform distri-

The voltageV applied to the barrier shifts the chemical bution between two finite values.
potentials in both reservoirs and causes the curréntre-
sponse toV. At zero temperature, the differential conduc- and (k) describes the effect of a surface current in a super-
tance G(V)=dI(V)/dV is given by the well-known conductor. Below the minimal value of the superconducting

Landauer-type formufd* energy gap we have the following relatiotfs:
22 M rheen(k e)=exp{—i arccofe/|A(K)|1Fio(k)+iy(k)}.
G(V)= =~ 2 [1-IR%e) |+ IRA(2) 7] o=ev, 3.3

(3.1 uUsually ¢(k)=0 but if a stationary magnetic fiel is ap-

whereR(¢) is the scattering amplitude for an electron in Pliéd parallel to the interface along tizeaxis the formula

the nth mode with an energy incident from left in the (3-2 and(3.3) provide the boundary conditions for a nonlin-

normal region and reflected back as a hdR%(s) is the ear differential equation determining the phase shift after the
’ Andreev-like scattering®>'* Because in any case in the real

corresponding amplitude for its reflection as an electron; be- . o .
low the minimal value of the superconducting energy gap th xperlment_al condmon_s th_e near-surface behavior of the su-
perconducting properties is unknown we shall try only to

; ee 2 he 21 i i i
relation|R; {e)|*+|Ry ()| °=1 is valid for any fixed value estimate the corresponding value. For the field penetration

of &. In our model the Andreev reflection at the turning .
. ; . depth A much greater than the superconducting coherence
points 1 and ZFig. 1(b)] and the normal scattering at the Ien%th £(k) as?t is in HTSC comch))unds the w?dth of the

N’/S boundary k=1) are separated spatially. The corre- i ; o :
sponding distance of the order of the superconducting coheIE‘:’lyer with a depressed pair potential is of the orde(&j in

. X ; he direction considered. Inside the superconductor the vec-
ence length is very small for oxide superconductors in com:

. . . .. tor potential that can be chosen to be perpendicular to the
g?fgi?rr]nxtgeﬂi]gen(\;vrlg(tjhinoiht:ia?fglzg;ds layer and thus ItSmten‘ace normal as well as to the field direction equals to

In this section we shall express the scattering amplitudeé‘(x): —BA e (=) ec=]). ~ Then —the additional

in terms of the reflectiom and transmissionh characteristics fagnetic-field dependent part of the phase shift occurring by
) " . a charge after scattering from the superconductor is given by

of the nonsuperconducting transitional region and the super; . S

) : . tge following relation:

conducting surface. In the first case an electron is scattere

always only in electron states. On the contrary, at the An-

dreev reflection it can be retroreflected also as a hole with the y® = j [+ eA(r)/A]ds=27BIBy(K)sin®y), (3.4

same mode index that will be characterized further by a

wave-vectork. In the Andreev approximatidh the corre- whereBy(k) = ®o /[N &(K)], Do=hi2e, O, is the injection

sponding characteristics for an electron scattered into a hol . . ,
and vice versa are equal to gngle[see Fig. 1b)], the sign of the phase shif8.4) depends

on the field orientation.
rheeh) (e oy =r (k. &)exd Tio(k)+iy(k)]. 3.2 Let us now discuss the charge transport in the whole het-
(kie)=rik.e)ex +ie(k)+1y(k)] 32 erostructure shown in Fig. 1. An electron incident from the
In Egs.(3.2) and (3.3 r(k,e)=[&—sgng)Ve>— AZ(k)]/e, left reservoir with an energy and a wave vectok, after
¢(k) is the direction-dependent phase of the order parametetansferring the normal transitional region with the transmis-
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sion coefficient®(ke,£) will be reflected from the supercon- wave-vectok . Again, the electron will leave thid’ region
ductor as a hole with the amplitud@%(k,,£). The hole goes or its wave vector will be transformed intq, after normal
back along the path of the incoming electron with a wavescattering. These processes are schematically shown in Fig.
vectork,, and then may get out of the’ region[the corre- 1(b) (see also Fig. 7 in Ref. 15The scattering events de-
sponding transmission amplitude is equalttgk, ,&)] or scribed above together with multiple reflections from the
could be reflected from it with a wave-vectkf . 'rl]',he hole middle N" layer their amplitudes are equal t3(ky,¢) and

: e ré(k.,e)] determineR"®(kq,e) and R®¥(k,,e) scattering
will be then retroreflected from tHe'/S interface as an elec- amplitudes. Taking into account all possible paths of the

tron with an amplitudeeh(k,; ,8) and will travel back with a quasipartide excitationS, we obtain

t"(Kp,)r"%(ke,&)t%(Ke &) ,
1—r"(ke,e)re(k.,e)re(ky ,e)r(ky ,e)’

R"e(ke,e)= (3.5

te(ks,e)ren(ky,,e)r"(kp,e)r"e(ke,e)t8(Ke &)
1—rNk{,e)r"(ky,e)r"e(ke,e)ré(k, )

Here the amplitudes®™ and réM include all phase shifts obtained during electi@mole) traveling through the normal
transitional region. The scattering from the normal region assumed to be specular changes only the sign of the normal
componenk, , whereas the Andreev reflection transforms the electronkfithto a hole 011<L1 , Wherek§— k2= 2elhvEy, VEy
is thex component of the Fermi velocity, the energy is conserved in all scattering processes.

To study the voltage region ne¥r=0 we substitute the corresponding relatid®s) into (3.5 and(3.6). For a given mode
with a wave-vectok we obtain

Ree(k618):re(k618)+

(3.6

4¢? |t°(ke &) %[t"(kp 8)]? |

Gk V)=~ 1+[re(ke,)[?|r"(kn,2)[?~2 Reere(k;,&)r"(kn.,e)}| __,

3.7

with [see Eq(5) in Ref. 28. From Eq.(3.1)) it follows that for
any ballistic normal-superconducting junction the normal-
¢=—arccobe/|A(ke)|]—arccobe/|A(kL)|]1+ o(Kp) ized zero-bias conductance heighy(0) cannot exceed the
value of two that is reached only for an ideal situation when
— @(ke) + (k) + r(Ke) (3.8 |t8ke,0)2=1 and g(0)=2e2M/h. For anisotropic super-
. . . conductors the situation changes dramatically. Let us illus-
[compare with Eq.(16) in Ref. 31|. In the quasi-one- .0 for ady2_y2-wave superconductor with @10 ori-

dimensional approximation the summation over the tran.sénted surface when the most pronounced anomalies in the

verse modes can be replaced by an intggration over the Nonductance spectrum have been preditfedin this case
jection angle ®,, and for the normalized conductance #(k))— (k)= for any k, and without magnetic fields
spectrum we arrive at ¢=0 for e=0. Then from Eq.(3.7) for any interface be-

G(V) [dOG(K,V)cosO, tween a normal injector and dwave superconductor we

= = find that
7M)=5V) = TdQg(k.V)coso, 3.9
with the normal-state value 4e?  |t%(k,0[* 4e?
Gk 0= H Aoz~ h - (312
2e? '
g(k,V)lete(k,eV)F. (3.10

The formula looks like an expression for a normal-mesal—

) ) wave superconductor junction with a clean interface and can
_ For an isotropicswave superconductor where the effec- g regarded as an example of a giant backscattering peak in
tive pair potential does not depend on the wave-vector dirécgperconducting heterostructuf@Because all modes bring
tion A(k)=Ag=const,¢(ky) = ¢(ke) and in the absence of i, the same contribution, the zero-bias value of the differen-
magnetic fieldg is equal to—m ate =0. Taking into account tja| conductance is equal t64(0)=4e’M/h whereas the
that at the Fermi energy electron and hole excitations coinpormal-state conductangg0) can be very small for small

cide we obtain the following expression: transmission coefficien{s®(k,0)|? and thus a giant zero-bias
’ . 4 5 . 4 value o4(0) appears for 4110) surface. Similar anomalies
Go(K.0)= 4e®  [t%(ke,0) 4e”  |t%(kg,0)| take place for other superconductor orientations, except the
S ’ -

“h [1+]r%ke,0%12 h [2—[t°(Ke, 022 {100 tunneling direction. We have to emphasize that in the
(3.11 case of anisotropic superconductors this result strongly de-
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pends on the nature of the quasiparticle reflection from the fe(h)(kem) £)
N’ region and any disorder will radically suppress the

anomalous ZBCPE® =1t (Ke(n))
h) 2, e(h) i
IV. CONDUCTANCE ANOMALIES IN N-I-N'/S n [E2" (ken) R (o) €XH 21 Xeqry (Ken)]
JUNCTIONS 1= (Kegn) rR" (Keqny) €XH 2i Xe(ny(Kegy)]”
Now we shall specify the nature of the transitioml (4.9
layer. To make it closer to real HTSC experiments we have
to take into account thati) the ab-plane tunneling usually 2" (Ke(y )
studied is two-dimensionalii) the widthl of the mediateN’ e(h) e(h) )
layer has to be greatly nonuniforn(iii) | is known to be _ (ke tr ™ (Kegn) €XHLi X (Keqn)) ]
greater than the coherence lengfiv) the coherence length 1= 1™ (Kegn)) T &™ (Kegny) €XA 21 Xehy (Kegny) 1’
is two orders smaller than the-plane magnetic field pen- 4
etration depth\. The normalN’ region will be described as (4.9

a well between an electrostatic barrier and the scatterin : : :
N’/S interface. Rough surfaces are assumed to have parall here-X‘*(h) IS the phasg shift acquired by an eleptl(hnle)
: 9 P veling between two interlayer boundaries. Without mag-

plain regions of sizes more greater than the distance betweemetic fields X oy (Ke(n)) = ke A stationary magnetic field
MR

them. A distribution of the last value is considered to be A .
uniform between two finite values. Even if the surface re_paralle'l to theN'/S mtgrfaqe enters th_e amplitudes.4) and
X (4.5 via its penetration into theN’ interlayer. For G<x

gions are slightly nonparallel in real conditions it will not " o7
have any great effect because a finite mean free path or su<-|A(X.)_ _B)‘[lﬂl._ X})/A] and we easily find the corre-
perconducting fluctuations in thid’ region will prevent a sponding magnetic-field dependent part of the phase shift,
charge to scatter many times from the interlayer boundaries. ®) ,

The effect of the elastic scattering at the interfacex at Xe(h)= TBI“/[Bo(K)NE(K) Jtan(@ ), (4.6

=1, as well as that of the electrostatic barriexat0 will be . ) . .
accounted by introducing repulsive potentialg x(x) of a that is proportional to the magnetic flux entering the normal

delta-functional form(the main distinction between these INtérlayer and thus is gauge invariant. Together with the im-

two scattering planes is that the whole voltage bias is applie§2Ct Of superconducting screening currents taking into ac-
to the barrier but not to th&l’/S boundary because of the count by Eq.(3.4) it determines the field effect on the inter-

shortenings in the interfageThe corresponding reflection [€rence pattern.
and transmission amplitudes do not depend on the energy

and are given b‘S? A. swave superconductors
re (k) =" o(K)*=—2, o/(Z, a—icosO®.): (4.1 We shall start with the case of arwave superconductor
LR =(eR(k) LRI (Z i (4. whereA(k)=Ag. If r andt characteristics of the intermedi-
tE,R(k):(tE,R(k))* = — 08O /(Z g—i COSOy), ate normal region are energy independent we again obtain a

4.2) zero-bias dif with a value o(0) that is independent oh
The last result follows from the fact that at the Fermi energy
whereZ, g= [V r(X)dX/fivg, is the dimensionless barrier electron and hole excitations coincide and the phase shift due
strength L andR denote the characteristics of the lefftll’)  to the electron traveling along the region of the widtrs
and right (N'/S) boundaries of th&l’ layer, respectively. canceled by the corresponding quantity for a hole state into
If the normal transitional region may be simulated by awnhich the electron was transformed. If scattering character-
single potential barrier with a strengihthen thet's andr's  istics of the normal region have a strong dependence on the
in Eq.(3.7) are replaced by Eq¢4.1) and(4.2), respectively, energy, the conductance spectrum displays usually a sharp
and the voltage behavior d&(k,V) is determined exclu- fine structure and changes from a peak/at0 to a dip by
sively by the energy dependence ¢f(3.8). As it follows  small variations of the junction parametésee, for example,
from Eq.(3.7), for ans-wave conductance spectrum there isthe numerical simulatioi$for anN-1-N-1-S double-barrier
a local minimum aV=0 that produces a zero-bias dip in the junction). This behavior seems unrealistic and does not cor-
tunneling characteristics of conventional superconduéfors. respond to experimental findings that are, as a rule, smooth
For one-dimensional geometry we obtain the well-known excurves repeatedly reproduced in certain experimental condi-
pression of Blonder-Tinkham-KlapwijBTK) theory(Table  tions. In our opinion, the discrepancy can be removed if to

Il'in Ref. 40) take into account the real conditions mentioned above, espe-
) ) cially, the nonuniformity of the intermediate normal layer
Gy(V)= 4i Ag width. The results of the averaging over fluctuations db
s h AZ(2Z2+1)°—4eZ%(Z?+1)V?’ not maintain any unusual sharp features and are shown in

Fig. 2. It demonstrates how strongly the near-zero-bias fea-
leV|<Ag. (4.3 ture depends on the interrelation betweenNXHéS interface
scattering strength and the potential barrier height that can be
For a finite value ofl and specular scattering interfaces a cause of dissimilar results obtained by different groups for
reflection and transmission amplitudes describing the effedhe same objects. Really, with increasing the barrier height
of the intermediate normal layer are given by the subgap behavior of the conductance spectrum transforms
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o(V)
o(V)

000  ev/a, 025 0.50
L L

0.0 0.5 1.0 1.5 2.0
eVIA,

FIG. 2. The normalized conductance versus voltage for an
N-I1-N'/S junction with ans-wave superconductor. The width of
the N’ layer is uniformly distributed within the interval
=(1.5-4.5%, andl =(5-15), (the insel. The scattering charac-
teristics of theN'/S interface and the barrier a&z=1.0 andZ,
=0.1 (solid line), 0.5 (dashed ling 1.0 (dotted ling, and 2.0
(dashed-dotted linerespectivelyke=10""m™1, &,=hv/mA;.

1.5 2.0

from an ideal tunneling curve for a conventional supercon-

ductor to a ZBCP and after that to a finite-bias peak néar FIG. 3. The normalized conductance versus voltage for a one-

=0. dimensionalN-1-N'/S junction with an swave superconductor
Existence of two characteristic types of the conductancésond ling), the multichannel two-dimensional systédashed ling

spectra observed in Fig. 2 can be understood by analyzin%]d the _res.ult oithe averag_lng ove_r the+m|ddle normél layer width
the initial curves. According to Eq3.7) there are two fac- otted ling: Zg=1.0 andz, =0.5,1 = (10 5)¢ (), Zz=1.0 and
' : Z,=2.0,1=(3%1.5)¢ (b); ke=10"m™%, £&y=hvp/mAs.

tors governing the conductance spectra offhé-N'/S sys-

tem: the nominator and the denominatbiThe first one is o _ _
important when the main normal scattering occurs at thénum at finite temperature in accordance with the data of

N'/S interface and the total transmittance of the system idX€fS- 39 and 45 for mesoscopic structures based on conven-

not too high. For a quasi-one-dimensional situation near thdonal superconductors. S
Fermi energy we obtaift"(k; ,&)|2=|t%(ke,—¢)|2 and the Our model gives also clear physical insight into the phe-
nominator that is a producl}[’of these t\?\I,O functions has &'omenon of reflectionless tunneling that was observed ex-

maximum atv=0 as a result of the electron-hole symmetry. perimentally in semiconductor/superconduétf and
The peak survives after the averaging procedfig. 2) and normal-metal/superconductoiheterostructures. In Ref. 26 it

even more, as it follows from Fig.(8 the averaging ovel was explained within a semiclassical description taking into

supports the existence of a zero-bias conductance enhan%qcount the presence of scatterers in the normal side that
ment. The denominator plays the main role in E7) for a eterministically deflect electrons and holes. The authors

weakly transparent barrier and for great distarickstween Iﬁun_dtth?t the rgtfl]uctlon n currgnt tcau_sed by the sia';tletr)m%hat
the barrier and th&l’/S interface. It results in appearance of € intertace with a superconductor Is compensated by the

bound states in the intermediate normal layer and, as a s&urrent increase due to multiple reflections in the disordered

quence, a system of conductance peaks with a dip pinned ([ﬁgion (see also more correct results within the scattering-

zero voltage inG(k,V) [Fig. 3b)]. Positions of the states matrix approach obtained for a disordefge -S junction in

o . Refs. 28 and 20 Within our approach the deterministic scat-
inside the energy gap depend on the th'Ck“m’ thl.J.S vary tering back to theN’/S interface means that the strength of
from point to point in our model. The most insensitive peak

ith t 1o th lue of is the first d iust it the tunneling barriett is extremely great. In such case by
with reéspect 1o the value ol IS the first on€ and Just | doubling the value of the system considered may be con-

remains after the averaging procedure together with a dip gfapionally transformed into th&/N'/S structure with two
V=0 [Fig. 3b)]. The higher harmonics are smeared out or afgentical N'/S interfaces. The interference inside the

least are not as prominent as the maximum nearedf to layer vyields striking Fabry-Perot-like resonarf@é€ inde-

=0. For temperaturelsgT comparable with the first bound- pendently on the scattering conditions at the interfaces. It is
state energyabout several K for a contact with a normal jyst the case of the reflectionless tunneling discussed in Ref.
interlayer width| of about 1@, and ans-wave supercon- 26 with the only difference concerning positions of the reso-
ductor with T, near 100 K the dip atV=0 will disappear nances. Because of missing the additional phase changes
and a ZBCP will be detected in the experimental curves. In3.8) connected with the Andreev reflection a ZBCP was
Ref. 39 wherd was estimated to be about 100 nm the cor-predicted in Ref. 26 whereas we obtain finite-voltage fea-
responding temperatures were an order less. When the tertures (of course, for a great width of the disordered region
perature increases further, a nonmonotonous behavior of they should appear near ¥=0 and can be overlooked at
zero-voltage conductance should be observed with a maxsufficiently great temperatures
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(a) eVI/A, eViay
073 — FIG. 5. The normalized conductance versus voltage for an
) ,,,:z"‘\f"‘\.\__ N-1-N’/S junction with a(110 orientedd-wave superconductor:
osol™ j': \\*\A."‘ --------------- Zg=1.0 andZ, =0.1 (solid line), 0.5 (dashed ling 1.0 (dotted
—~ .-/, N line), and 2.0 (dashed-dotted line respectively,| = (3% 1.5)&y;
Z/ -‘/ 060 T~ k,:=1010m71, gozﬁUF/’lTAd.
© 0.50
025] &
‘50-40/ values of the coherence length the fields needed can be re-
030 e, duced up to several hundreds of Tesla. The main impact of
0.00 BB, , higher fields is to suppress as constructive, as destructive
0.00 0.23 0.50 . .
©) GVI/A, interference in the system and thus the conductance spectra

become featureless that results in a peak in the field depen-

FIG. 4. Magnetic low-field effect on the normalized conduc- dence ofo(0). It corresponds to the results obtained by ¥ip
tance spectrum for aN-1-N’/S junction with ans-wave supercon- Who studied the transport through a heterogeneous supercon-
ductor.B/B,=0 (solid line), 0.2 (dashed ling 0.3(dotted ling, 0.4  ducting system with paramagnetic impurities on the normal
(dashed-dotted line Bo=®,/(\&y); Zg=1.0, Z,=0.5, I=(10  side within the quasiclassical Green’s-function technigue and
+5)¢ (@, and Zg=1.0, Z,=2.0, I=(3x1.5)¢ (b); ke those of Marmorkost al?® for a disorderedN-S junction.
=10"m™%, A=100nm,&,=%ve/7As. The insets show zero-bias They obtained that for some “large” voltages the differential
conductance behavior. conductance of the high-resistance barrier junction increases

, , , ) _ with increasing pair breaking. The simulatiéhalso demon-

As it was established in Refs. 30 and 31 the differentialgyate the existence of a peak at a finite field value for appro-
conductance for a ballistic double-barrirI-N-1-S struc- it parameters. The same results follow from our model.
ture exhibits features similar to those obtained for a d'sorThey are not presented in this paper because such fields seem
deredN-S contact with a potential barrier at the interface. ;g pe ynattainable in HTSC experiments although the peak
Our model even more resembles the last system because thg, pe observed for conventional superconductsee the
averaging over different realizations of the impurity pOtemialexperimental data of Ref. 39 for a semiconductor-
is modeled in our case by averaging over different distanceg,perconductor junction where a ZBCP observed below 4.2
. In accordance with our simulations, Fig. 2 in Ref. 29 \yas transformed into finite-voltage peaks at lower tem-

shows that for a highN-S interface resistance the conduc- peratures and then restored at intermediate magnetic)fields
tance vs voltage curve has a peakat0 that is transformed

into a minimum with a relative enhancement at finite volt-
ages by increasing thH-S interface transparencfsimilar
results were obtained by Yip within the quasiclassical ~ Our numerical calculations for d,2_>-wave supercon-
Green's-function approagh ductor whereA (k) = A4 cos(2),) (the angle®, is measured
The effect of low magnetic fields shown in Fig. 4 is gov- relative to the crystalline axis along which tdevave order
erned by two factor$3.4) and (4.6) with the relative impact parameter reaches maximuglemonstrate the peak at zero-
depending on the ratit?/(\&). Although the formal struc- bias voltage in all cases except {00 oriented surfaces.
tures of Eqs.(3.4) and (4.6) coincide, for thes-wave sym- The ZBCP is maximal for thé€110) oriented surface and
metry the additional term equal te appears in Eq(3.8)  equals taG4(0)=4e’M/h for M different transport channels
and the phase shifi8.4) and(4.6) provide opposite effects. (Fig. 5. The effect appears because 6f:the phase conju-
Whereas the screening current enlarges the near-zero-biggtion between electrons and holes at the Fermi engiigy,
conductance it diminishes under the influence of the fieldhe fact that the Andreev-reflected hole always traces back
penetration into the intermedialé region. Fol?<\ ¢, asit  the path of the incoming electrofiii) zero phase difference
is in HTSC compounds, the low-field effect consists mainlybetween electron and Andreev-scattered hole excitations at
in increasing the conductance value\at0 (Fig. 4. The the Fermi energy for the nodal tunneling directicee Eq.
interplay between two factors resulting in a plateau in the(3.8) for #(ky) = ¢(ke)=0], and(iv) the specular reflection
o(0) vs B dependence can be clearly seen in Fih)4A  from the normal region assumed above. The last restriction is
significant effect ins-wave superconductors is achieved in crucial just for ad-wave state. As it follows from Ed3.8) a
fields aboveB, that can be as great as 10 T or even more foZBCP appears when the states belonging to the neighboring
swave superconductors with parameters typical for HTSdobes with thew phase shift are involved in the scattering
compounds. For ordinary superconductors with a small fielgprocess. If the surface roughness mixeskhandk|, states
penetration depthmust be replaced with+ &, and for great  from the same lobe then even in 110} tunneling direction

B. d-wave superconductors
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A general formula for the spectral conductance of the
N-1-N'/S junction was analyzed for a superconductoisin
andd-wave cases. It was shown that in thevave state the
averaging curves always reveal a ZBCP or two symmetrical
maxima around/=0 divided by a dip centered at zero-bias
voltage. These peaks are fingerprints of the first bound states
in the initial (nonaveragexdcharacteristics. If the experiments
. are made at sufficiently great temperatures the fine structure
0.0 0.5 1.0 will be smeared out and as in Ref. 39 the resulting charac-

eViag teristic will reveal a peak a¥=0. Ford,2_y2-wave super-
conductors in all casegxcept the tunneling in th¢l0G
direction a ZBCP with robustness to the changes of the
system parameters was obtained. If Andreev bound states are
formed in the normal interlayer two symmetrical dips at fi-
nite voltages appear in accordance with the experimental
results’ The ZBCP for ad-wave superconductor dramati-
cally decreases and splits for magnetic fields WeloT as it
can be estimated for high-temperature cuprates. In real con-

an swave component will appear as W?" as a ZBCP forditions the field values to reveal the effect discussed must be
(100 oriented Surfaces..Corr(.aspon(.mng discussion W'th'n th(:signiﬁcantly lower because all conclusions made above are
framework of the quasiclassical Eilenberger equations wagi only below the first critical field

given in Refs. 43 and 48. We would like to point out that although the self-

- 6 & . .
_The well_known Fesu'&' for dW"f“’e superconductprs consistency of the order paraméfethas been ignored,
without an intermediate normal region are changed if the

X S - strictly speaking, the conductance spectrum néa0 will
scattering characteristics of the normal transitional part of th(ﬁot be modified significantly because the zero-bias value
system strongly dep(/and_on the er_lel(gy It was shov_vn_ for does not depend on the distaricand hence on the spatial
the case of a cleaN’/S interface in Ref. ¥. The existing

L ) behavior of the superconducting pair potential. This state-
ZBCP_becomgs narrower W|th.|nc.reasmg_ the strength of th ent is more adequate to the case of a hormal-nsetelie
potential barrier(Fig. 5 and with increasing (not shown

. " . .. __superconductor bilayer with a small-transmissivity scatterin
herg. At the appropriate conditions, two dips on both sides b y y d

) plane(see the corresponding simulations in Ref).80alcu-
of the central huge peak appear. According to Ciitalo ?tions for d-wave superconductors made within the quasi-

o(V)

FIG. 6. Magnetic low-field effect on the normalized conduc-
tance spectrum of aiN-1-N’/S junction with a (110 oriented
d-wave superconductoB/By=0 (solid ling), 0.1 (dashed ling 0.2
(dotted ling, 0.3 (dashed-dotted line Bo=®o/(N&y); Zr=1.0,
Z,=20, |=(83+1.5)¢y; ke=10"m™Y, A=100nm, &=rvg/
wA4. The inset shows zero-bias conductance behavior.

simultaneous presence of these features in experimental, qica| formalisit also demonstrate that main modifica-

C??’Sﬁ_'s ar:j |tr;]tr|n3|c febature Of. dZB%P anom'alégs cti_eveltﬁﬁ ions arising due to the account of the self-consistency occur
ati="lcan us can be considered as an indication o ear the energy gap value. In tHavave case more impor-

unusual nature of superconductivity in HTSC oxides. As in,_ . simplification seems to be the near-parallel elastic-

Relfs. 3and6 trr:e only orieE:;iti%n for which t(?e Condu(‘):tanCeécattering planes bounded the degraded near-surface layer. In
voltage curve has no peak ¥t=0 corresponds to thi00h  yis sanse our results for a ZBCP have to be considered only

tunneling direction. Its dependence on the parameters, 9% extremal values achieved for ideal structures. In any case,

well as the maggetlc-ﬂeg efgect IS smﬂaaég th"_ﬂ ford aN the model presented cannot claim on quantitative results but,
swave superconductor. On the contrary, 40 oriente as we hope, it gives a clear physical understanding of the

specimens the ZBCP always decreases with the magnetigg i1 optained by more sophisticated methods, as well as,

field, and its fall is dramatic already a'g small(Fig. 6)_' Itis of the experimental data for heterostructures made from con-
S0 becau;e in the-wave case there is na .fgctor' n t.he ventional superconducto?$lt can be also easily generalized

phasg shif(3.8 and on the contrary to thepawmg situation 4 more complicated situations as the point-contact spectros-
both field effect43.4) and(4.6) act in the same direction and copy when the translational symmetry is removed, inelastic

greatly reduce the conductance valuevat0. The charac- events and phase randomizatinor a superconducting

teric fields are near OB, or abou 1 T for the cuprate pa- ., nter electrodésee corresponding experimental results in
rameters. Together with decreasing the zero-bias conduq‘qef_ 52.

tance value finite-bias peaks appear in tllewave
conductance spectrum and shift to higher voltages with in
creasing fieldgsee also Ref. 48

Concerning HTSC-based junctions, it is necessary to em-
phasize that an appearance of a ZBCP itself is insufficient for
proving the unconventional nature of the pair potential sym-
metry in HTSC because unusual aspects of the conductance
spectra for superconducting oxides could be in principle re-
produced within the framework of the realistic model taking

We have examined systematically the influence of a thirinto account the presence of a randomly distributed normal
normal covering on the inner-gap conductance spectrum dayer between normal andwave superconducting bulks.
superconductors. The circumstances introduced in a simplgloreover, in Ref. 53 the authors have proved experimentally
approacf* describing coherent tunneling through a double-a correlation between the anomaly\at0 in YBCO films
barrier structure include local variations of the intermediateand existence of a degraded surface layer in this material. To
N’ layer width, the anisotropy of the superconducting ordemake a final conclusion about the order parameter symmetry,
parameter, and the magnetic-field effect. we need more sophisticated criteria to distinguish between

V. CONCLUSIONS
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two types of pairing symmetries. Below we propose suchductance spectrum strongly depends on the barrier strength.
criteria for a ZBCP easily verified experimentally without This test can be realized, e.g., in scanning tunnel microscope

any detailed comparison with the curves theoretically prespectroscopic experiments by changing the tip-specimen dis-

dicted:

(i) The amplitude of the ZBCHs it was emphasized in
Sec. lll, the normalized conductane€0) for an sswave su-
perconductor cannot exceed the factor of two and this valu
is realized only for an idedll/S contact when the width of a
near-zero-bias enhancement is of the order of the superco

tance.

(iv) The magnetic field effect on the ZB@&cause of the
two-dimensional character of the charge transport in oxide
8uperconductors the conductance spectrum has to modify
radically for magnetic fields rotating in the plane perpendicu-
[ar to the ab-plane. Any strong dependence upon the field

ducting energy gap. A narrower and higher ZBCP with agrientation is not expected for thewave symmetry. The

greater height can serve as a first indication of dheave

next check originates from the different impact of the fields

scenario. This result is of general character and does ng two kinds of superconductors that was discussed in Sec.

relate directly to the original BTK theof4.
(ii) The angular dependence of the ZBdMe next check

IV. For low fields (they must be an order greater fewave
materials than for thel-wave ones it results in a ZBCP

on the unconventional pairing relates to the drastic effect Oénhancement for agwave materia(Fig. 4) and in a ZBCP

the tunneling direction on the ZBCP fordawave situation.
First of all, it must be observed only fab-tunneling curves
and, if so, the most prominent anomaly has to appear for th
misorientation anglex of the crystallinex axis equal to 45°.
Of course, in a realistic situation it is difficult to be sure that

suppression in the-wave state accompanied with splitting

into two symmetrical peak&-ig. 6).
e
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