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Simulations of experimental conductance spectra of YBa2Cu3Oy junctions: Role of a long d-wave
decay length and a smallis component in the pair potential near the interface

I. Lubimova and G. Koren
Physics Department, Technion—Israel Institute of Technology, Haifa 32000, Israel

~Received 14 May 2003; revised manuscript received 25 September 2003; published 31 December 2003!

Experimental conductance spectra of superconductor–normal metal–superconductor and superconductor-
insulator-superconductor junctions, were simulated by an extended BTK model, where S is either ad-wave or
d1 is-wave superconductor. The model assumes a pured wave in the bulk and coexistence ofd andis near the
interface. This implies that the bulkd-wave order parameter decays spatially near the interface with a typical
‘‘decay length.’’ We found that a relatively large decay length of the order of 10j0–20j0 together with a small
is component, can explain many peculiarities of the experimental conductance spectra. The good agreement of
the simulation results with the experimental data, supports a scenario in which the experimentally observedis
component is a surface property of the order parameter in the high-temperature superconductors.

DOI: 10.1103/PhysRevB.68.224519 PACS number~s!: 74.20.Rp, 74.50.1r, 74.72.Bk
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I. INTRODUCTION

An open question in the study of experimental cond
tance spectra of high-Tc junctions is whether the observedis
~or idxy) component of the order parameter1–4 is a bulk or a
surface property. Simple simulation results of these spe
assuming constantdx22y2 and is values throughout the bulk
of the superconductor, yielded reasonable fits to the dat
normal metal–insulator–superconductor~NIS! junctions in
the tunneling regime,3 but failed miserably to describ
the data of superconductor–normal metal–supercondu
~SNS! junctions over a wide range of energies.4 Since bulk
measurements such as thermal conductivity and specific
in the high-Tc superconductors are consistent with a pu
d-wave scenario without anys-wave component,5,6 we made
an effort in the present study to use a more realistic mo
for the simulation of the observed conductance spectra
this model, a pured-wave order parameter exists in the bu
while a smallis component, coexisting with the dominantd
component, appears only near the interface. It turns out
this model can fit very well the observed SNS data ove
wide energy range, and this seems to support a scenar
which the appearance of theis component occurs mostl
near the interface.

Next we discuss how the special properties of d-wa
superconductivity affect the different types of conductan
spectra.7,8 A large number of these studies deal with NIS
superconductor-insulator-superconductor~SIS! junctions in
the tunneling limit where the effective Blonder-Tinkham
Vlapwijk ~BTK! barrier strength

Z5
mH

\2kF

~1!

is larger than;1 ~strong barrier!.9 HereH is the amplitude
of the d-function barrier at the interface. From a theoretic
point of view, the tunneling limit is simpler to treat becau
in this limit of weak coupling between the electrodes, o
can consider the electrodes as almost independent ent
More specifically, one can assume that the spatial change
the superconducting order parameter, arising from the p
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ence of a surface, occur only in a very small distance fr
the interface inside the superconductor. Thus, to a first-o
approximation these changes are often ignored. Conduct
spectra of NIS junctions where S is ad-wave supercon-
ductor, are characterized by a zero bias conductance p
~ZBCP! in the node direction, and by a gap in the antino
~main axis or lobe! direction. Theoretical calculations o
low-transparency junctions reproduce these features q
well, also in the simpler case when a spatially independ
pair potential is taken into account.10 The ZBCP is a mani-
festation of zero-energy bound states of quasiparticles n
the interface. The appearance of these bound states alon
node direction of ad-wave superconductor results from th
sign change of the energy gapD(w1)52D(w2), wherew6

are the angles between the wave vector of the incoming
scattered quasiparticle and the normal to the interface,
w15p2w2 .

Theoretical calculations of the conductance spectra
junctions with a weak barrier are more problematic. T
problem arises from the strong mutual dependence of
pair potential on both sides of the NS interface. This is
contrast to the strong barrier case, where the two electro
are almost decoupled. Thus, in order to obtain an exp
form of the spatial dependence of the pair potential, a co
plete knowledge of the quasiclassical Green function is n
essary, not only in the S side but also in the N side of
junction. Therefore, a proximity effect must be directly i
cluded in the calculations. There is no consensus on the
culiarities of the proximity effect in junctions with aniso
tropic superconductors at the present time. The penetra
length of the order parameter into the N~normal metal! side
and its symmetry there, depend sensitively on the spec
properties of the normal metal.11–15 Recently, it was found
that even ferromagnetic or antiferromagnetic metals in
junctions have a long-range proximity effect under cert
conditions,16–18 and this is in contrast to the predictions
certain theories.19 For the 123-family of superconductors, th
length scale of the proximity effect in the N side depen
significantly on the oxygen-doping level of the S side. Th
results from the fact that in underdoped yttrium barium co
per oxide~YBCO! Tc is reduced compared to optimal dop
ing, and the value of the coherence length is increasedA
©2003 The American Physical Society19-1
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priori the proximity interaction between the two electrod
should depend strongly on the barrier strength. But as
shown previously,20–22 the effect of the barrier is not alway
so evident, and even a barrier of finite strength is not alw
effective in reducing the conductance of the junctions.
particular, in NS junctions with similar materials and simil
density of states~DOS! on both sides, the influence of
barrier is suppressed significantly. This occurs when b
electrodes are made of differently doped cuprate compou
According to Deutscher and De Gennes,23 in such cases the
amplitude of the order parameter in the normal side near
interface can reach a value close to that in the superc
ductor, and there is almost no discontinuity or jump at
interface. Therefore, in this type of junction the diffusion
pairs from the superconductor into the metal is almost un
fected by the barrier, and the decay distance of pairs in
normal phase may be anomalously large.

YBCO has a short coherence lengthj05\vF /D0 of about
10–30 Å whereD0 is the bulk value of thed-wave pair
potential.24 In spite of this fact, it follows from the above
discussion that in studies of NS junctions with similar c
prates one should examine a wide range of decay length
t
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S and proximity lengths in N. To clarify this different lengt
scales dependence, we decided to calculate the corresp
ing conductance spectra in a phenomenological way. Thi
justified in view of the complexity of the problem that a
ready for conventional superconductors is not trivial.25 We
did not develop a new model for self-consistent calculatio
of the pair potential in proximity systems. Instead, we a
sumed reasonable pair potential shapes, and calculated
resulting conductance spectra. From the results we were
to identify which of the peculiarities of the pair potential ha
the most significant effect on the conductance spectra,
what form of its spatial dependence leads to the best fit of
experimental data.

II. RESULTS AND DISCUSSION

A. The model

We have calculated numerically the conductance spe
of a normal metal~N!–d-wave superconductor~S! junction
as a function of applied voltage using the basic model de
oped by Tanaka and Kashiwaya.7 According to their theory,
the conductance is given by
s~eV!5

E
2p/2

p/2 E
2`

`

sS~E,w!S 2
] f ~E1eV!

]E DsN~w!coswdwdE

E
2p/2

p/2

sN~w!coswdw

, ~2!
pa-
the
tial
ing

ir

c-
ntial

t
s

where the integrations are over the angles between the
jectory of the incoming quasiparticle and the normal to
interface of the junction, and the energy. The normal me
conductancesN characterizes the transparency of the jun
tion and is given by

sN5
4cos2w

4cos2w1Z2
, ~3!

where Z is the effective barrier strength as given by Eq.~1!.
f (E) in Eq. ~2! is the Fermi distribution function at tempera
tureT. The functionsS in Eq. ~2! represents an extension o
the standard BTK expression for the conductance9

sS512ubu21uau2, ~4!

to the case of spatial dependent order parameter. In Eq.~4!, b
anda are the coefficients of the normal and Andreev refl
tions, respectively. In the simple BTK model, the reflecti
coefficients are expressed in terms of the functionsG6(E,w)
in the following way:

sS

sN
5

11sNuG1u21~sN21!uG1G2u2

u11~sN21!G1G2u2
. ~5!
ra-
e
l

-

-

The G6 in this equation are functions of the energyE and
anglew only, since the pair potential is assumed to be s
tially constant. In the present study however, we use
extended BTK model which takes into account the spa
dependence of the superconducting pair potential. Follow
Kashiwaya and Tanaka,7 we calculated theG6 values at the
interface by solving a set of Riccati type equations@Eqs.
~3.50!–~3.52! in Ref. 7# in which the spatial dependent pa
potentialsD6(w,x) appear as coefficients (x is the distance
from the interface in S!.

In our simulations we have chosen the following fun
tions to represent the spatial dependence of the pair pote
of the dominantdx22y2 and subdominants components of
the order parameter

Ddx22y2~z!

D0
5tanh„~z1k1!* k2…, ~6!

and

Ds~z!

D0
5k3exp~2k4* z2!, ~7!

where z5x/j0 is a dimensionless length~see Fig. 1!. The
superconductor occupiesx>0 and the interface is exactly a
x50. Here theki ( i 51 . . . 4) aredimensionless parameter
9-2
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SIMULATIONS OF EXPERIMENTAL CONDUCTANCE . . . PHYSICAL REVIEW B 68, 224519 ~2003!
which depend on the junction orientation relative to the cr
talline axis. The modeling functions in Eqs.~6! and~7!, sat-
isfy the main boundary conditions on both component of
pair potential (Ddx22y2→D0 and Ds→0 asx→`), and are
consistent with the self-consistent model results.27,26 More-
over, we note that the fine details of the spatial depende
of the pair potential is not essential, as it does not affect
resulting spectra in any major way. In order to confirm th
statement, we examined different possible functions by
placing, for instance, tanh(z) with 12exp(2z). Results of
these calculations show that such changes lead only to m
changes in the energies of the high-order bound states in
conductance spectra. We found out that the most impor
parameters of the pair potential shape which affect the c
ductance spectra are the maximal amplitude of the subdo
nant component@the k3 coefficient in Eq.~7!# and the qua-
siparticle decay length, which represents the character
length scale over which the pair potential varies spatia
near the interface@governed byk1 , k2, and k4 in Eqs. ~6!
and ~7!#.

In all our calculations we have taken into account t
thermal smearing factor which is due to the finite~low! tem-
perature, and the finite lifetime broadening of the quasipa
cles at the Fermi surface. It is a well-known fact from t
theory of Fermi liquids28 that the inverse lifetime of the qua
siparticles is proportional toE2. In real superconductors
there are some quasiparticle relaxation processes which
clude electron-electron and electron-phonon interactio
which modify this simple square law dependence. Kap
et al.29 showed that the general dependence of such re
ation rates can have a very complicated dependence on
ergy which is unique for each material. Dyneset al., how-
ever, used successfully a constant lifetime broadening in
theoretical fits of their measured conductance spectra in l
Tc SIS junctions.30 Such approximation indeed works we
for fitting of the experimental spectra in isotropic superco
ductors and in the low-transparency limit. In this ca
D(x)'constant, the conductance is proportional to the q
siparticle density of states, and this has strong sharp pea
E56D0. The addition of lifetime broadening as a sma

FIG. 1. Typical spatial dependencies of the normalizedd-wave
and s-wave pair potentials with different decay lengths near
interface used in our simulations.D0 is the energy gap value in th
bulk of the superconductor.
22451
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imaginary part to the energy allows one to avoid divergen
at the peak energies and does not produce any esse
change in other regions. Our attempt, however, to apply
method to high-transparency spectra was unsuccessful.
attribute this to the appearance of additional bound states
to a significant increase in the decay length~see below!. It is
thus clear that in such cases, taking into account the en
dependence of the lifetime broadening is essential. In
calculations we used a fourth-degree polynomial approxim
tion for this dependence:

G~E!5g1E21g2E31g3E4, ~8!

where the coefficientsg i<1 ~in units ofD0) were chosen in
order to obtain the best fit to the experimental conducta
spectra. It should be noted, however, that the first term in
~8! is sufficient to reproduce most of the conductance spe
features, while the last two terms improve the fits only
high energies ofE>0.5D0. Generally, the functionG is
added as an imaginary part to the energy in the expres
for the DOS.30,7 In our calculations, however, the equivale
of the DOS is the functionsS of Eq. ~2!. Since we obtainsS
by solving two coupled differential equations in which th
energy is a parameter, we could not just add theiG term toE
directly. The fact that the boundary conditions of these eq
tions include nonlinear terms inE is an additional complica-
tion. We therefore calculatedsS first without any broadening
term, and then added the broadening numerically by a c
volution of the obtainedsS(E) function for each anglew,
with a Lorentzian distribution function

L~E!5
1

p

G~E!

~E2E0!21G2~E!
~9!

of width G(E).

B. Bound states in a pured-wave symmetry

We now discuss the effect of bound states on the cond
tance spectra in the case of a pured-wave symmetry of the
order parameter without any subdominant component.
principle, two basically different cases of the node (a
5p/4) and antinode (a50) orientations should be consid
ered. a is the angle between the lobe direction of t
dx22y2-wave order parameter and the normal to the interfa
As we shall see in the following the presence of bound sta
affect the conductance spectra significantly in both dir
tions, but in the present section we shall focus on the n
direction. In this direction, a ZBCP exists independently
the values of the coefficientsk1 and k2 in Eq. ~6!, and the
effective barrier strengthZ. Nevertheless, by varyingk1 and
k2 in Eq. ~6!, the shape of the calculated conductance spe
changes. Decreasing their values, leads to an increased
pression of the order parameter at the interface and an
creased decay length. As a consequence, additional quas
ticle bound states are created.31,26 These new bound state
are formed in a potential well defined by the interface on o
side and the growing d-wave pair potential toward the b
value on the other side. They manifest themselves as a
tional peaks in the functionsS(E) versusE. Their number

e
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I. LUBIMOVA AND G. KOREN PHYSICAL REVIEW B 68, 224519 ~2003!
and energies vary for different anglesw, and according to
Matsumoto and Shiba,26 their energies are given by

En56D0usin~2w!uAn

r S 22
n

r D , ~10!

wheren is an integer,

r 5
2usin~2w!u

k2
, ~11!

and 0,n,r . k2 in Eq. ~11! is different from zero since a
k250 in Eq. ~6! would yield D[0, which means that no
superconductivity exists. The number of bound states is
termined byr. The larger the value ofr the larger the numbe
of these states. Equation~11! does not give the dependenc
of r on k1, because in Ref. 26 only the special case o
superconductor-vacuum interface is considered (Z→`).
Therefore in Ref. 26,k1 is always zero in the node direction
It is however clear from Eq.~6! that with increasingk1 the
potential well is filled up, the spatial dependence ofD ap-
proaches that of a step function, and the bound states d
pear. Thus, in the general case of arbitraryZ and a, the
number of bound states is proportional to the depth of
potential well. This depends on both coefficientsk1 andk2,
and yields a more general expression forr as follows:

r 5
2usin~2w!u

k2
@12tanh~k1k2!#. ~12!

Equation~12! shows that while we consider quasiparticl
within a narrow cone aroundw50 ~just as in SIN junctions!,
bound states will play a less significant role in the cond
tance~if the cone anglew→0 then there are no bound stat
sincer→0). In the weak barrier limit though, a broad con
of about2p/2,w,p/2 should be used, and the influen
of bound states on the conductance spectra becomes sub
tial as seen in Fig. 2. On each curve of this figure only t
symmetrical maxima besides the ZBCP are present.
curves in Fig. 2, however, show thes(eV) dependence onV
and not thesS(E) dependence onE. In the latter for each
value of w a different number of additional maxima exis

FIG. 2. ~Color online! Simulations of normalized conductanc
spectra of a high-transparency SN junction withZ50.5 along the
node direction for a pured-wave symmetry of the pair potentia
Different curves correspond to different values of the decay len
22451
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After integration ofsS over all anglesw, only two main
peaks versus energy are left which contribute to the resul
maxima Epd in s(eV) as seen in Fig. 2. These side ba
peaks are the second-most prominent features in the spe
With increasingr, the voltage of these peaks shifts to lo
bias. Because of this, after the integration in Eq.~2! the
ZBCP becomes somewhat smaller and its width decrease
is important to note that in spite of the shift of addition
maxima towards zero bias with increasing decay length
the pair potential, they cannot annihilate the ZBCP, since
zero-energy bound state is robust and exists forall values of
w, while the other bound states are not. Therefore, by cha
ing the parametersk1 and k2 we cannot obtain splitting of
the ZBCP in the node direction in the pured-wave case.

C. Node results ford¿ is symmetry

Splitting of the ZBCP along the node direction was, ho
ever, measured in SNS junctions.4 In order to fit this data, it
was necessary to add a subdominant component to o
parameter with a different symmetry. Because of previo
results,1,2 we have chosen for this purpose to add an ima
nary s-wave component to the pair potential. Now the for
of the resulting order parameter depends on all four coe
cient k1 ,k2 ,k3, and k4. Our calculation results along th
node direction and with a smallZ value are shown in Fig. 3
The main conclusion from this figure is that the subdomin
component can not essentially influence the conducta
spectra as long as the decay length of the dominantd-wave
component is;j0. This behavior is different from that ob
served in the strong barrier limit, where a small decay len
for both components is enough for obtaining splitting of t
ZBCP ~not shown!. Tanumaet al. have obtained no sub
dominant component for low values ofZ (Z;1),27 even
though theirZ value is defined as twice the BTKZ value that
we use here. In addition, the order parameter that they
tained, almost always had a decay length of order;j0.
However, when we repeated their self-consistent calculati

h.

FIG. 3. ~Color online! Theoretical curves of normalized condu
tance spectra of a high-transparency NS junction along the n
direction using ad1 is symmetry of the pair potential. In eac
curve the decay length of both components of the pair potentia
the same, except for the dash-double-dotted line where the d
length of thed-wave component isj0 while that of thes-wave
component is 18j0.
9-4
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SIMULATIONS OF EXPERIMENTAL CONDUCTANCE . . . PHYSICAL REVIEW B 68, 224519 ~2003!
for high-transparency junctions, we could find cases~when
Tcs50.5Tcd for instance! in which thes component did exist
and had a long penetration length of the order of 10j0 into
the bulk. Moreover, in their self-consistent calculations
the order parameter they did not take into account the p
imity effect. Therefore, the absence of a subdominant co
ponent in the results of Tanumaet al. for weak barriers is not
contradictory to our results. As can be seen in Fig. 3,
obtain the splitting effect by thes-wave component only
when d-wave decay lengths longer than a fewj0 are used.

A subdominantis component splits the ZBCP into tw
peaks, whose energyuEpsu depends on the values ofk3 and
k4 in Eq. ~7!. There is no exact analytic formula for th
dependence, but numerical calculations yield an approxim
relation

uEpsu;c1k3exp~2c2k4! for k3,D0 , ~13!

wherec1 andc2 are constants which depend onZ. When two
components of the order parameter coexist, the conduct
spectra is a superposition of contributions containing
bound states of both. These bound states can annihilate
another unless the value ofEps is close to the energyEpd of
the bound states of the dominant component. It thus follo
that the smaller thes-wave component, the larger the r
quired decay length of thed component, which is needed i
order to obtain a clear splitting.

A simulation of a the conductance spectra fitting our p
vious experimental data along the node direction is given
Fig. 4. The original data was obtained for SNS junction4

Since no theoretical model is available at the present time
the calculation of the conductance of SNS junctions wh
takes into account the finite decay length of the pair poten
at the interface, we used as a first approximation the
model discussed here, but with a renormalized energy s
to fit the SNS data. This renormalization was simply done
doubling the energy scale in the SN calculations~multiplying
it by a factor of 2!. We can thus compare the modified S
simulation results with the measured SNS data on the s
energy scale ofE/D0. Coexistence of bothd and is compo-

FIG. 4. ~Color online! Measured normalized conductance spe
tra of a high-transparency YBa2Cu3O61x /YBa2Fe0.45Cu2.55O61x /
YBa2Cu3O61x junction along the node direction~symbols! together
with a best-fit simulation~line!. The broadeningG vs E is given in
the inset.
22451
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nents of the order parameter near the interface had to
assumed in order to fit the data. The good agreement
tween theory and experiment indicates that relatively la
decay lengths of the order of 20j0 of the d-wave pair poten-
tial are actually present near the interface of real junctions
should be stress here that although many free parame
appear in Eqs.~6!–~8!, in the actual simulation their numbe
was kept to a minimum. Since the fits were quite insensit
to k1, we always usedk150. We also assumed equal dec
lengths for the d and s-wave componentsndj05nsj0
5nj0, by the use of the relation 12tanh(k2nd)5exp
(2k4ns

2)50.2. Thus, the number of adjustable parametersk1 ,
k2, and k4 is reduced from three to one (nj0). Moreover,
good simulation spectra were obtained at energies of u
E'0.5D0 by the use of only the first term in Eq.~8! (g1
Þ0 andg25g350). Therefore, we could basically describ
the main features of the measured spectra by using only t
adjustable parameters, namely, the decay lengthnj0, the size
of thes-wave component at the interfacek3, and the Landau
broadening coefficientg1. Considering the complexity of the
problem, this is quite remarkable. An important open qu
tion that the present simulation result helps to resolve
whether the observeds component of the order parameter
the high temperature superconductors is a surface or a
property. Since the present model clearly assumes that
s-wave component exists only near the interface, the g
agreement between the simulation result and the experim
tal data as shown in Fig. 4 supports the notion that ths
component is a surface phenomenon.

D. Lobe results for mostly d-wave symmetry

We now turn to junctions along the antinode directio
This direction is characterized in the tunneling regime by
‘‘V’’ shaped conductance spectra with a minimum at ze
bias whose depth is a function of the barrier strengthZ. For
a low-transparency barriers(E50);0, but asZ decreases
this value increases. For weak barriers~smallZ) the conduc-
tance is controlled mostly by Andreev reflections, ands(E
50) reaches a value of 2 whenb50 anda51 in Eq. ~4!.
Again, we varied the values of the coefficientski ( i
51 . . . 4) inorder to study the influence of the order para
eter near the interface on the conductance spectra. Qua
tively, all our previous reasoning remain valid. Decreasingk1
and k2 leads to the appearance of bound states which
seen as new maxima in the simulated conductance cur
Similar to the results along the node direction, we find th
with increasing decay length of thed-wave pair potential, the
bound-states appear at lower bias. But they never occu
zero bias, where the conductance minimum persists up
very low Z values. Figure 5 shows simulations of condu
tance spectra for a weak barrier ofZ50.5 along the~100!
direction for different values of the coefficientk2 while k1
50. The main feature of these spectra is that the peaks a
subgap energies increase with decreasingk2 ~increasing de-
cay length!. Moreover, addition of a small subdomina
s-wave component to thed-wave order parameter when
large decay length is used, does not practically change
form of the conductance spectra~the solid and dotted curve

-
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I. LUBIMOVA AND G. KOREN PHYSICAL REVIEW B 68, 224519 ~2003!
in Fig. 5 are almost indistinguishable!. This leads to an im-
portant conclusion that the conductance along the~100! di-
rection in high-transparency junction with a long-range pro
imity effect is basically insensitive to the presence
possible subdominant components of order parameter.

Figure 6 shows experimental conductance spectra o
low-transparency junction along the~100! direction,4 to-
gether with a best-fit simulation for this case. The ene
scale of the SIN simulation was renormalized to the equi
lent SIS scale of the experiment as before~was multiplied by
a factor of 2!. The low transparency is a result of a larg
normal resistanceRN which is found in the experiment fo
the ~100! orientation. The roughness of the interface in th
type of junction was found to be smaller than the cohere
lengthj0, thus no faceting can lead to the low transparen
Twinning, however, can cause differentRN values in differ-
ent directions. We found out that a pured-wave order param-
eter neither with a small nor with large decay length can
our data well, especially not at low bias~see the dash an

FIG. 5. ~Color online! Calculated normalized conductance spe
tra of a high-transparency SN junctions with Z50.5 along the lobe
direction. All curves were obtained by the use of a pured-wave
symmetry of the pair potential with various decay length, except
the dotted line where ad1 is symmetry was used.

FIG. 6. ~Color online! Measured normalized conductance spe
tra along the lobe direction~symbols! of a low-transparency junc
tion of YBa2Cu3O61x /YBa2Fe0.45Cu2.55O61x /YBa2Cu3O61x to-
gether with a best theoretical fit~solid line!. The energy dependen
lifetime broadeningG(E) is the same as that in Fig. 4. Also show
are the conductance contributions of a constantd wave ~dash line!
and ad wave with 20j0 decay length~dotted line!.
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dotted curves in Fig. 6!. It turned out that the contribution o
bound states is essential in order to describe correctly
low-energy dependence of the experimental conducta
spectra. A typical contribution of bound states is shown
Fig. 6 by the dotted curve for a 20j0 decay length. For the
best fit in this figure we used anad hoc superposition of
mainly a constantd-wave component~76%!, and the addi-
tional contributions from three longer decay lengths of 3j0 ,
10j0, and 20j0 ~8% of each!, and found a remarkable agree
ment between the simulation and the experimental data~the
solid line in Fig. 6!. The fact that we had to use such
superposition means that in reality, at least in the lobe dir
tion, there is some nonuniformity in the values of the dec
length over the junction cross section. This can be due to
twinning mentioned above, to a nonuniform oxygen distrib
tion or to some other disturbances. We note that in gr
boundary junctions a nonuniform distribution of differe
barrier widths was found,32 which in a way is similar to the
decay length distribution observed here. As was discus
before in connection with the simulation results of Fig.
here again the basic results of the simulation in Fig. 6 co
be obtained by the use of only three adjustable parame
Although we added two free parameters~the two new decay
lengths!, we also removed two adjustable parameters~the
size of thes componentk350, and theg i , since we used the
same broadening function as found in Fig. 4!. We therefore
kept the number of adjustable parameters to a minimu
which should give further support to the reliability of ou
simulation results.

E. Summary

In the following we summarize the main properties of S
and SIN junctions resulting from our simulations:

~i! For a pure d-wave superconductor in the node
direction, large decay lengths of the order parameter near
interface lead to additional peaks in the conductance spe
at subgap biases. The peak energies shift to lower bias
increasing decay length of the order parameter, while
ZBCP amplitude and its width decrease.

~ii ! In order to obtain a well-defined splitting of ZBCP i
the conductance spectra along the node direction as see
the experiment, one has to add a small subdominantis com-
ponent to the order parameter, and keep a long decay len

~iii ! In contrast, while using a pured wave with a large
decay length in high-transparency junctions along the lo
direction, the gap peaks in the conductance move to lo
energies and this looks like splitting of the broad Andree
enhanced conductance regime atE&D0.

~iv! The energy dependence of the quasiparticles lifeti
broadening has to be taken into account in the simulation
the conductance spectra.

~v! The fact that a long decay length in the superco
ductor had to be used in order to obtain good agreem
between the theoretical simulations and the measured
ductance spectra gives further support to the notion tha
long-range proximity effect exists in the cuprates.
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III. CONCLUSIONS

In the present study we investigated how the spatial
pendence of the order parameter near the interface of j
tions affects the resulting conductance spectra. We found
the decay length of thed-wave pair potential is the mos
significant parameter affecting the spectra. More specifica
for high-transparency junctions along the node direction,
use of a long decay length of the order of 10j0–20j0 yields
a splitting of the ZBCP, provided an additional smallis com-
ponent exists near the interface. If in contrast a;j0 decay
length is used, no such splitting develops in the simulatio
and this is in contradiction to experimental observations.
low-transparency junction along the main lobe direction
small decay length of the order of;j0 could not describe
the data neither with a pured-wave nor with ad1 is order
parameter. Only when a distribution of decay lengths
tween 0j0 and 20j0 was assumed, small contributions fro
additional bound states led to a good fit of the experime
data. Another important parameter that affects the cond
tance spectra strongly is the quasiparticles lifetime broad
J.
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ing and its nontrivial energy dependenceG(E). We actually
modified its basic Fermi-liquidE2 dependence to fit the ex
perimental data along the node direction, and then use
successfully without any further changes to fit the lobe da
We note that a long decay length in the S side is consis
with a reversed proximity effect in high-transparency S
junctions, and the lowTc of the is component. An important
conclusion from the present simulation results is that
experimentally observeds-wave component in conductanc
spectra of the high-Tc superconductors is a surface pheno
enon.
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