
Conductance anomalies in a normal-metal–d-wave superconductor junction

J. H. Xu, J. H. Miller, Jr., and C. S. Ting
Department of Physics and Texas Center for Superconductivity, University of Houston, Houston, Texas 77204

~Received 31 August 1994; revised manuscript received 21 February 1995!

The effects of Andreev reflection on the current-voltage characteristic and differential conductance of a
junction between a normal metal and adxy-wave superconductor, or equivalently, adx22y2-wave superconduc-
tor with a $110%-oriented surface are investigated using the Bogoliubov–de Gennes equations. Our study
elucidates several important consequences of the sign change of ad-wave order parameter. In particular, a
zero-bias conductance peak is obtained when an insulating barrier exists at the interface between the normal
metal and thed-wave superconductor, consistent with numerous experiments performed on cuprate supercon-
ductors. If the insulating barrier is assumed to reside in the normal metal, several coherence lengths away from
the superconductor surface, bound states within the energy gap, and consequent subgap resonances in the
differential conductance, are predicted. The positions of these resonances are out of phase with respect to those
predicted for an isotropic or anisotropics-wave superconductor, thus providing unique signatures of pairing
state symmetry.

I. INTRODUCTION

Recently, there has been considerable interest in the un-
derstanding of the pairing symmetry in high-Tc supercon-
ductors. Theoretical model studies1 based on spin-fluctuation
mediated pairing strongly suggest that the condensate of cu-
prate high-Tc superconductors might havedx22y2-wave sym-
metry ~defined relative to thea and b crystal axes of the
CuO2 planes!. Such a pairing state gives rise to an aniso-
tropic energy gapD(k)5D0( k̂a

22 k̂b
2), which reduces to zero

along nodes of an essentially cylindrical Fermi surface, im-
plying the existence of low-energy excitations. This is very
different from the conventional BCSs-wave superconduct-
ors, which have a finite energy gap over the entire Fermi
surface. This difference can result in very different tempera-
ture (T) dependences of numerous thermodynamic and
transport properties, namely, power-lawT dependence for
d-wave superconductors versus exponentially activated be-
havior for s-wave superconductors. Experimentally, many
measurements of such quantities on high-Tc materials indeed
show power-lawT dependences. For example, a linear-T de-
pendence of the London penetration depth has been observed
and interpreted by Hardyet al.2 as an indication ofd-wave
superconductivity. Shenet al.3 have measured the angle-
resolved photoemission spectrum of a single-crystal high-
Tc superconductor, and the results indeed show an aniso-
tropic energy gap, which also supports ad-wave pairing
state. However, such interpretations are not unambiguous,
since these experimental results depend only on a vanishing
energy gap along certain directions ink space, and not on the
sign or phase of the gap function. Thus, in principle, these
experiments can also be interpreted in terms of an aniso-
tropic s-wave pairing state, for example,D(k)
5D0uk̂a

22 k̂b
2u.

On the other hand, there exist a number of experiments
designed to directly probe the sign change of ad-wave pair-
ing state in high-temperature superconductors.4–7 Wollman
et al.4 measured the field-modulated critical currents of cor-

ner superconducting quantum interference devices
~SQUID’s! and junctions, which combine ans-wave super-
conductor with a Y-Ba-Cu-O single crystal. Their results pro-
vide strong evidence for ap-phase shift in the Josephson
coupling energy predicted for ad-wave pairing state. Mathai
et al.5 performed a similar experiment on Y-Ba-Cu-O-Ag-Pb
SQUID’s using a scanning SQUID microscope, and they
claimed that their results provide unambiguous evidence for
a time-reversal invariantdx22y2 symmetric order parameter.
Tsueiet al.6 used the concept of flux quantization in a tric-
rystal superconducting Y-Ba-Cu-O ring with grain-boundary
Josephson junctions to determine the pairing symmetry. They
observed spontaneous magnetization of half a flux quantum,
consistent withd-wave pairing symmetry. Milleret al.7 pro-
posed a new method of probing the pairing symmetry by
measuring the field-modulated critical current of tricrystal
devices. Their results in the short junction limit indicate a
clear phase shift in the Josephson coupling, suggesting pre-
dominantlyd-wave pairing symmetry. In short, these recent
experiments that directly probe the pairing symmetry of
high-Tc superconductors appear to favor ad-wave pairing
state. It has also been suggested that a heavy-fermion super-
conductor, URu2Si2 with Tc51.2 K, might have ad-wave
pairing state.8,9 Both point-contact and specific-heat mea-
surements for URu2Si2 in the superconducting state are con-
sistent with an energy gap that hasdxy-wave symmetry.

In this work, we examine another direct consequence of
the sign change of ad-wave superconducting order param-
eter — namely, its effects on quasiparticle tunneling experi-
ments. The current-voltage (I -V! characteristics will be stud-
ied for a normal metal-dxy-wave superconductor junction
~hereafter, we will call it adxy-NS junction, see Fig. 1!. Such
a dxy-NS junction is formed as follows: for the heavy-
fermion superconductor URu2Si2 with dxy-wave symmetry,
we choose a$100% surface and a coordinate system (x,y,z)
such thatx.0 is the region occupied by the superconductor.
For high-Tc superconductors withdx22y2-wave symmetry,
we choose a$110% surface and a new coordinate system
(x,y,z) such thatx.0 is also the region occupied by the

PHYSICAL REVIEW B 1 FEBRUARY 1996-IIVOLUME 53, NUMBER 6

530163-1829/96/53~6!/3604~9!/$06.00 3604 © 1996 The American Physical Society



superconductor, and thez axis is still along the@001#-crystal
direction. In this fashion, adxy-NS junction can be formed
by a superconductor withdx22y2-wave symmetry~see Fig.
1!. This study was originally motivated by the experimental
observation of the so-called zero-bias anomaly~ZBA!,11 i.e.,
a peak in differential conductance that is often observed at
zero-bias voltage in normal metal-high-Tc superconductor
junctions, and by a recent theoretical work of Hu,12 in which
he predicted that a ‘‘midgap’’ state exists on the$110% sur-
face of adx22y2-wave superconductor. Reference 13 gives a
comprehensive review on this subject. We show that there
exist bound states within the gap which cause steps in the
I -V characteristics and subgap resonances in the differential
conductance. The positions of these current steps or reso-
nances are out of phase relative to those obtained for con-
ventionals-wave NS junctions. In particular, a zero-voltage
step in theI -V curve, or a resonance corresponding to the
ZBA in the conductance can also be obtained for the this
junction.

In Sec. II, we present the Bogoliubov–de Gennes~BdG!
equations14 for the inhomogeneous superconducting system
with a d-wave order parameter. We show that the one-
dimensional BdG equations can be solved exactly if the
proximity effect is neglected. In Sec. III, we adopt the model
and formalism of Blonder, Tinkham, and Klapwijk~BTK!,15

and extend the calculation to thedxy-NS junction. The pos-
sible correlation between our results and experiments will be
discussed. Finally, in Sec. IV, a summary and discussion of
our results will be given.

II. BDG EQUATIONS FOR A d-WAVE SUPERCONDUCTOR

In the BdG formalism, the quasiparticles in an inhomoge-
neous anisotropicd-wave superconducting system are repre-
sented by a two-element column vectorc:

c~x!5S u~x!

v~x!
D , ~2.1!

whereu(x) andv(x) are the electron and hole components
of the quasiparticle excitations, and obey the BdG equations

Eu~x!5h0u~x!1E dx8D~x,x8!v~x8!, ~2.2!

Ev~x!52h0v~x!1E dx8D~x,x8!u~x8!, ~2.3!

whereh052¹2/2m1V(x)2m is the single-particle Hamil-
tonian withm being the Fermi energy,V(x) andD(x,x8) are
the ordinary potential and pair potential, respectively. Note
that the dependence ofD(x,x8) on x and x8 cannot be re-
duced to a dependence on the difference of the two coordi-
nates as in the homogeneous case.16 However, the quantities
that depend onx andx8 can be written in terms of the center
of massR5(x1x8)/2 and the relative coordinater5x2x8.
Namely,D(x,x8)[D(r,R). Then, after a Fourier transform
with respect tor , we have

D~r,R !5E dkeik–rD~k,R!. ~2.4!

In the NS interface~at x50! problems, we assume that the
superconducting order parameter is not degraded by the nor-
mal metal, and thus neglect the proximity effect, i.e.,

D~k,R!5D~k!Q~x!, ~2.5!

where Q(x) is a step function. Investigation of the BdG
equations shows that the eigenfunctions (u,v) will oscillate
on a length scalekF

21 , the inverse Fermi wave vector, be-
cause the pair potential is usually much smaller than the
Fermi energy. Thus, the effect of superconductivity on the
wave functions is limited to small deviations of the wave
vector from kF . This fast oscillation on the length scale
kF

21 does not affect the integration, because the pair potential
varies only on a scale much larger, namely the coherence
length j0(5kF/2mD0)@kF

21(5kF/2mEF). This suggests
that we can introduce new wave functions

S ūv̄ D 5e2kF–xS uv D , ~2.6!

in which we divide out the fast oscillations. If we retain only
terms of lowest order in (kFj0)

21 ~WKB approximation17!,
the substitution of~2.6! into ~2.2! and~2.3! leads to the An-
dreev equations,16,18

Eū~x!52 im21kF•¹ū~x!1D~ k̂F ,x!v̄~x!, ~2.7!

Ev̄~x!5 im21kF•¹ v̄~x!1D~ k̂F ,x!ū~x!. ~2.8!

From now on we assume that the NS interface is lying in the
y-z plane and is translationally invariant so that the spatial
dependence ofū, v̄, andD is reduced to the dependence
only onx. In this case, the Andreev equations~2.7! and~2.8!
take the form

Eū~x!52 im21kFx
dū~x!

dx
1D~ k̂F,x!v̄~x!, ~2.9!

Ev̄~x!5 im21kFx
dv̄~x!

dx
1D~ k̂F,x!ū~x!. ~2.10!

For D( k̂F ,x) given by Eq. ~2.5!, these equations can be
solved exactly. ForE.uDu@hereafter, we denoteD[D(k)
for convenience#, we find (ū,v̄)5eikx(ũ,ṽ), where
k5(m/ukFxu)AE22D2 and ũ5sgn(D)u0 and ṽ5v0 with

u05A@11E21~E22D2!1/2#/2, ~2.11!

FIG. 1. A Schematic of adxy-NS junction formed by a
dx22y2-wave superconductor (S) with a $110% surface. The shaded
region corresponds to an insulating barrier inside the normal metal
(N).
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v05A@12E21~E22D2!1/2#/2. ~2.12!

Similarly, for E,uDu, we findk5 i (m/ukFxu)AD22E2 and

u05A@11 iE21~D22E2!1/2#/2, ~2.13!

v05A@12 iE21~D22E2!1/2#/2. ~2.14!

III. I-V CHARACTERISTIC OF dxy-NS JUNCTIONS

A. BTK method

In this section, we study theI -V characteristics of a
dxy-NS junction shown in Fig. 1 using the Andreev equations
~2.9! and ~2.10! derived in the previous section. Coherent
scattering of quasiparticles, from both the superconducting
pair potentialD(x) and the ordinary electrostatic potential
V(x) due to a thin insulating barrier, produces a wave inter-
ference pattern which should be observable experimentally.
Introducing such an barrier potentialV(x) into a ballistic NS
junction will modify the wave interference pattern of the
quasiparticles, and should dramatically affect the current-
voltage (I -V! characteristics of the junction.19,20 BTK
demonstrated15 that a tunnel barrier, located at the NS inter-
face, produces anI -V characteristics which interpolates
smoothly between the tunnel junction (VÞ0) and ballistic
junction (V50) limits. We adopt the model and formalism
of BTK, but extend the calculation by allowing the tunnel
barrier to exist anywhere inside the normal metal for a
dxy-NS junction. In this model, we expect that there will
exist bound states trapped between the barrier potential and
the superconductor, caused by a particle alternately experi-
encing conventional specular reflections at the barrier and
Andreev reflections18 at the NS interface@see Fig. 2~a!#. The
latter is caused by the off-diagonal pair potential, so it
changes an electron of wave vectork into a hole of2k, and
vice versa, whereas the former only changes the sign of
kx , without changing the nature of the particle. Let us look at
an electron in different scattering processes. In process~1!
@see Fig. 2~a!#, the electron has a momentum (1kx ,1ky)
and senses a positive pair potential because ofD( k̂)}kxky .
On the other hand, in the next scattering process~2!, the
momentum of the electron changes to (2kx ,1ky), so this
electron will experience a negative pair potential. A similar
argument also holds for a hole in the opposite scattering
processes. This implies that the sign of the pair potential
sensed by the quasiparticles will reverse at each consecutive
Andreev reflection if the superconductor isdxy wave @see
Figs. 2~b! and 2~c!#. Such a sign reversal would not occur in
an identical model if the superconductor wass-wave like,
whether isotropic or anisotropic.

Following BTK, we takeV(x)5V0d(x1L), which rep-
resents the potential of the tunnel barrier wherex52L is the
position of the barrier. Thisd-function potential is accounted
for the boundary condition inN andS and can therefore be
omitted from the Hamiltonian. In order to calculate the cur-
rent through the junction, we need the transmission coeffi-
cients. We note that the wave functions satisfy the Andreev
equations~2.9! and ~2.10!, in all regions~see Fig. 2!, pro-
vided that the pair potential is taken to be zero in the normal
regions I and II. The general solution to this scattering prob-
lem is

c I~x!5S 10D eiq1x1aS 01D eiq2x1bS 10D e2 iq1x, ~3.1!

c II~x!5eS 10D eiq1x1 f S 10D e2 iq1x1gS 01D eiq2x

1hS 01D e2 iq2x, ~3.2!

c III ~x!5cS u0v0D eik1x1dS v0
2u0

D e2 ik2x, ~3.3!

with q65ukFxu6mE/ukFxu and k65ukFxu6mAE22D2/
ukFxu. u0 andv0 are defined in Eqs.~2.11!–~2.14!. The co-
efficientsa,b, . . . are to be determined from the boundary
conditions:

c I~2L !5c II~2L !,c II~0!5c III ~0!, ~3.4!

c II8~2L !2c I8~2L !52mV0c I~2L !,c II8~0!5c III8 ~0!.
~3.5!

Because of current continuity, the amplitudes at any fixedx
are sufficient to determine the current. Following BTK, we
determine the current in the region I, i.e., we only need the
coefficientsa andb in Eq. ~3.1!. After some algebra, we find

FIG. 2. ~a! Andreev reflection in the NS interface and the mo-
mentum states of the quasiparticles in different scattering processes.
~b! and ~c! are plots of barrier potentialV(x)5Vd(x1L) and pair
potentialD(x). The pair potential sensed by the particle at consecu-
tive Andreev reflections will be alternate in sign, i.e., during one
reflection the particle will sense it as apotential barrier~b!, and the
particle will experience it as apotential well in next consecutive
process~c!.
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a5
1

D S v0u0D S 1

11Z2D , ~3.6!

b5
1

D S 2 iZ

11 iZ D e22iq1LF11S v02u02D e2i ~q12q2!LG , ~3.7!

with

D511S Z2

11Z2D S v02u02D e2i ~q12q2!L, ~3.8!

whereZ5(kF /ukFxu)Z0 with Z05mV/kF being the dimen-
sionless barrier strength.

B. I -V characteristics

Using the coefficientsa and b obtained in the previous
section, we are able to calculate theI -V relationship of the
dxy-NS junction:15

I5
e

pE2`

`

dE@ f ~E2eV!2 f ~E!#@11ua~E!u22ub~E!u2#,

~3.9!

where f (E) is the Fermi distribution function. We note that
the currentI in Eq. ~3.9! depends on the wave vector of the
incoming electrons. Figure 3 shows theI -V relationship at

L50 from Eq.~3.9! for the incoming electrons with a single
wave vectork̂5(1/A2)(1,1,0) . The current for a conven-
tional s-wave NS junction is also shown in the figure for
comparison. It is clear that the usualI -V behavior for an
s-NS tunneljunction (Z large! is obtained when the barrier is
located at the NS interface (L50). Figure 4 shows the result
for the current as we move the barrier away from the NS
interface (L/j055). It can be seen that additional sharp cur-
rent steps appear. These current steps arise from bound states
trapped between the barrier and the superconductor. How-
ever, the positions of the current steps in thedxy-NS junction
are found to be exactly out of phase relative to those in the
s-NS junction. In particular, a zero-energy step, which does
not depend onL, always exists in thedxy-NS junction. We
note from Figs. 3 and 4 that the difference betweendxy- and
s-NS junctions can be observed in theI -V curve, not only
when a tunnel barrier is present, whereZ is large, but also in
the ballistic case (Z small!, except whenZ→0, where the
I -V characteristics ofs- anddxy-NS junctions become indis-
tinguishable.

Figure 5 shows plots of conductanceG5dI/dV at L50
for several junctions with different values ofZ. It can be
seen that, in the tunnel junction limit@largeZ, see Fig. 5~a!#,
a sharp subgap transmission resonance, corresponding to the
steps in current shown in Fig. 3~a!, appear in the conduc-
tance of adxy-NS junction. Figure 6 shows the conductance
for L/j055. We see that more subgap resonances appear in
G. The positions of these subgap resonances in thedxy-NS
junction are also exactly out of phase relative to those in the

FIG. 3. Current for adxy-NS junction ~solid line! and s-NS
junction ~dashed line! with L/j050: ~a! Z55, ~b! Z51, ~c!
Z50.2, and~d! Z50. The wave vector of the incoming electron is
chosen ask̂5(1/A2)(1,1,0).

FIG. 4. Same as in Fig. 3 but withL/j055.
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s-NS junction. In particular, a midgap resonance at zero volt-
age, corresponding to the ZBA, is obtained for thedxy-NS
junction. AsZ decreases, the number and positions of the
resonances remain unchanged, except that the peaks become
broader. In particular, in the ballistic limit (Z50), the con-
ductance of adxy-NS junction becomes identical to that of an
s-NS junction.

In fact, the steps in theI -V curves~Figs. 3 and 4!, and the
subgap resonances in the conductance~Figs. 5 and 6! are
direct consequences of the bound states formed inside the
energy gap. These bound states are defined as poles of the
current transmission amplitude. SettingD50 in Eq. ~3.8!
determines these poles and therefore the bound states:

S Z2

11Z2D S v02u02D e2i ~q12q2!L521. ~3.10!

A complex energyE5ER1 iEI is required to solve Eq.
~3.10!, whereER is the energy of the resonance and 1/uEI u is
its lifetime. The resonances are well described by Eq.~3.10!,
which gives the positionsER of the bound levels:

~ER /D0!~kF /ukFxu!2~j0 /L !cos21~ER /uDu!

5H ~n11/2!pj0 /L for adxy2NS junction,

npj0 /L for ans2NS junction,

~3.11!

wheren50,61, . . . . While the leakage rate 2EI is approxi-
mately given by

2EI'
j0uDu
L

lnS Z2

11Z2D . ~3.12!

Note thatEI,0, as required for a system to be stable. Equa-
tion ~3.11! is similar to the condition for Andreev bound
levels in a SNS junction,21 except that the Andreev bound

FIG. 5. Differential conductance for adxy-NS junction ~solid
line! ands-NS junction~dashed line! with L/j050: ~a! Z55, ~b!
Z51, ~c! Z50.2, and~d! Z50. The wave vector of the incoming
electron is chosen ask̂5(1/A2)(1,1,0).

FIG. 6. Same as in Fig. 5 but withL/j055.
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levels in the NS junctions are leaky. The width of the trans-
mission resonances is limited by the partial leakage through
the barrier potential, so the resonance lifetime is approxi-
mately 1/2uEI u.

It is also clear from Eq.~3.11! that, for largeL, additional
resonances appear — approximately one new resonance for
eachj0 increase inL if the wave vector of the incoming
electron is neither nearly parallel nor perpendicular to the
interface. In particular, there always exists a zero-energy so-
lution (ER50) for thedxy-NS junction from Eq.~3.11!, but
not for thes-NS junction. This zero-energy solution should
correspond to the midgap state discussed in Ref. 12. More
remarkably, we find that ifL,j0 for an s-NS junction, the
lowest energy bound state occurs at the gap edge (E5D),
and no bound states exist inside the energy gap. In a
dxy-NS junction, however, the zero-energy step in the current
or zero-energy resonance in the conductance always exists
even whenL→0. This can be clearly seen from the results
presented in Figs. 5 and 6 for junctions with differentL.

The above discussion is for incoming electrons with a
single k̂ direction. If a convolution of all possiblek̂ direc-
tions is considered, the current is then given by
I T5(kP( k̂)I ( k̂) with P( k̂) being the probability of incom-
ing electrons with wave vectork̂. Figures 7~a! and 7~b! show
GT5dIT /dV at largeZ (55) for a dxy-NS junction ~solid

line!, an anisotropics-NS junction withDs( k̂)52D0uk̂xk̂yu
~dashed line!, and an isotropics-NS junction ~dotted line!.
Here we have takenP( k̂)51. We see from the figure that
most of the resonances are strongly suppressed. However,
the zero-energy resonance, corresponding to the ZBA, in the
dxy-NS junction remains quite pronounced. This result is ex-
pected since the positions of the resonances at nonzero ener-
gies are different for differentk̂, whereas the conductance in
the d-NS junction for anyk̂ has a zero-energy resonance.
Consequently, the resonances ofGT at nonzero energies are
suppressed, while the zero-energy resonance is enhanced. In
order to more clearly see the states inside the energy gap, we
replotGT for Z55 on a semilog scale in Figs. 7~c! and 7~d!.
Figure 8 is the result forGT in the smallZ limit. We see that,
even whenZ50.2 @Figs. 8~a! and 8~b!#, there still exists a
difference in between conductances ofs- anddxy-NS junc-
tions. However, in the ballistic limit (Z50) @Fig. 8~c!#, the
results of adxy- and anisotropics-NS junctions, which are
independent ofL, become identical, while the isotropics-NS
junction still shows a differentI -Vcharacteristic.

FIG. 7. GT for a dxy-NS junction~solid line!, anisotropics-NS
junction with order parameterDs( k̂)52D0uk̂xk̂yu ~dashed line!, and
isotropics-NS junction~dotted line! with Z55: ~a! L/j050 and~b!
L/j055. ~c! and ~d! are semilogarithmic plots of~a! and ~b!, re-
spectively.

FIG. 8. GT for a dxy-NS junction~solid line!, anisotropics-NS
junction with order parameterDs( k̂)52D0uk̂xk̂yu ~dashed line!, and
isotropics-NS junction~dotted line! with ~a! Z50.2, L/j055; ~b!
Z50.2, L/j050; and~c! Z50.
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C. Comparison with experiments

The above calculations show that conductance resonance
of the conductance at zero energy for adxy-NS junction
should be much easier to observe than the other resonances
or than the resonances in ans-NS junction, since the midgap
state is insensitive to the junction parameters. Scanning tun-
neling microscopy measurements have been performed on a
normal metal droplet on ans-wave low-Tc superconductor,

22

and weak resonances inG have already been observed.
Moreover, numerous ZBA’s, similar to those predicted in
Figs. 7 and 8, have been observed in the conductances of
normal metal contacts and quasiparticle~e.g., point contact!
tunnel junctions on high-Tc superconductors, although none
of the samples studied have perfect$110% surfaces.11,13How-
ever, a$110% surface is not a necessary condition to observe
ZBA’s in a dx

a
22x

b
2-wave superconductor. Anydx

a
22x

b
2-wave

NS junction, whose interface has an arbitrary tilt anglea
relative to the crystal axis, has the possibility for the zero-
energy state to exist, since the incoming electrons with wave
vectors within the ranges 6p/42a,tan21(ky /kx)
,6p/41a will experience an odd off-diagonal potential.
Alternatively, simple off-axis tunneling should yield adxy
component. This might explain why the ZBA is such a ubiq-
uitous phenomenon in high-Tc superconductors.

23

In the past several years, there have been a number of
tunneling studies on both single crystalline and ceramic
high-Tc superconducting oxides using point-contact
measurements.10 The experimental data have often been fit
using the BTK model. The fits are generally satisfactory,
except for the inability of the model to readily explain the
ZBA and resonance peaks within the framework ofs-wave
pairing symmetry. On the other hand, these anomalies in the
tunneling data can be consistently explained if we assume
that high-Tc superconductors haved-wave pairing symmetry.
Consider a tunneling process along thea axis in theab
planes of high-Tc materials. In the presence of a
$110%-surface component, the tunneling conductance will ap-
proximately be given by the sum of the contributions from
the $100%- and$110%-surfaces:

G̃T5gGT
$110%1~12g!GT

$100% , ~3.13!

where 0<g<1 represents the weight of the contribution
from the $110% surface. Figure 9 depicts the calculated dif-
ferential conductance atZ51 for different values ofg. For
g50, the G̃T-V curve corresponds to the result of a
dx22y2-NS junction along thea direction, i.e., without ZBA,
which is indistinguishable from that of an anisotropics-NS
junction withD(k)5D0uk̂x

22 k̂y
2u. As g increases, the contri-

bution of $110% surface becomes more important and the
ZBA at zero voltage is enhanced. The results for largeZ
(55) are shown in Fig. 10. We see that even a small
$110%-surface component is enough to cause a significiant
zero-voltage peak. Thus, using our results, one can readily
explain why the ZBA is so frequently observed in high-Tc
superconductors. Nevertheless, it is preferable to use samples
with ideal $110% surfaces to unambiguously confirm the ex-
istence of such a zero-bias resonance.

For the heavy-fermion superconductor URu2Si2 , it has
been argued,8,9 based on the data of specific heat and point-

contact spectroscopy, that the pairing state of URu2Si2 has
dxy-wave symmetry. However, we note that the point-contact
data was essentially taken in the ballistic limit (Z50), as fit
by the authors of Refs. 8 and 9 using the BTK model. As we
have shown previously, in this limit, adxy-wave gap function
(;kxky) and anisotropics-wave gap function (;ukxkyu)
give rise to exactly the sameI -V characteristics~see Fig.
8~c!#. More precisely, in the limit ofZ;0, isotropics-wave
BTK theory predicts a conductance peak with a flat top.
However, bothd-wave and anisotropics-wave order param-
eters permit low-energy excitations at the nodes in the gap,
so that their BTK conductance characteristics near zero bias

FIG. 9. Conductance for ad-wave NS junction with different
$110%-surface component atL50 andZ51.

FIG. 10. Same as in Fig. 9 but atZ55.
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have more of a triangular shape. In addition, the specific heat
depends only on the vanishing energy gap for certain direc-
tions in k space, and not on the sign of the order parameter.
Thus, in principle, the experimental data on specific heat and
the point-contact spectroscopy measurements atZ;0 can
also be interpreted in terms of an anisotropics-wave pairing
state. Thus, in order to clearly determine the pairing state of
URu2Si2 , it is preferable to do point-contact measurements
in the tunnel barrier limit~largeZ!.

IV. DISCUSSION AND CONCLUSIONS

We have studied theI -V characteristics of ad-wave NS
junction with a special geometry using the BdG equations.
Such a junction allows one to directly examine the conse-
quences of the sign change of adx22y2-wave order param-
eter. The so-calleddxy-NS junction, formed by normal metal
in contact with adxy-wave superconductor~e.g., the heavy-
fermion superconductor URu2Si2) with a $100% surface, or
with a dx22y2-wave superconductor~e.g., a high-Tc super-
conductor! with a $110% surface, has been carefully studied.
We have shown that there exist bound states inside the en-
ergy gap trapped between the tunnel barrier and the super-
conductor. These bound states cause steps in theI -V curve
and subgap resonances in the differential conductance, the
positions of which have been found to be exactly out of
phase relative to those observed in conventionals-NS junc-
tions. In particular, a zero-voltage step in theI -V character-
istic and a resonance in the conductance, or ZBA, has been
obtained for thedxy-NS junction. We have used these results
to analyze some experimental point-contact tunneling spec-
troscopy data obtained from high-Tc superconductors and the
heavy-fermion superconductor URu2Si2 . We have pointed
out that, in numerous tunneling spectroscopy measurements
performed on high-Tc superconductors, ZBA’s, similar to our
predictions in Figs. 9 and 10, have often been observed, al-
though none of the samples used have a perfect$110% sur-
face. This puzzle can be consistently solved if we assume
that the high-Tc superconductors have adx22y2-wave pairing
state, since we have shown that even a few percent
$110%-surface component in a$100%-NS junction is sufficient
to cause a sizable zero-voltage peak. Thus, using our results,
one can readily explain ZBA’s are so frequently observed in
high-Tc superconductors. For the heavy-fermion supercon-
ductor URu2Si2 , we pointed out that available specific-heat
and point-contact data in the ballistic limit (Z;0) are not
sufficient to determine the pairing symmetry. In order to
cleanly confirm the pairing state in URu2Si2 , it is preferable
to do point-contact measurements in the tunnel barrier limit.

The zero-bias anomaly~see Figs. 3 and 5! studied in the
present paper has also been investigated by Tanakaet al.24,25

using a similar method. The case they discussed corresponds
to L50 in Fig. 2, or the barrier potential touching the surface
of the superconductor. On the other hand, we consider both
L50 andLÞ0 cases. ForLÞ0, in addition to the zero-bias
anomaly, several resonating states inside the gap were also
predicted~see Figs. 4, and 6–8!. The positions of these reso-
nances should provide an important clue to the pairing sym-
metry of the superconductor. Furthermore we also studied
how robust the ZBA is, if the surface of thedx22y2-wave
superconductor is not completely along the$110% direction
~see Figs. 9 and 10!.

Several alternative explanations for ZBA’s in high-Tc su-
perconducting tunnel junctions have also been proposed in
the literature~see Ref. 13 and the references therein! within
the framework ofs-wave pairing. Such explanations include
local magnetic states on the superconducting surface, a peak
in the electron density of states near the Fermi energy, etc.,
however, one can readily distinguish our proposed mecha-
nism from other possible mechanisms. If the observed ZBA
is indeed due todxy symmetry, it must possess the following
signatures:~a! by increasingg ~see Figs. 9 and 10!, the
weight of ZBA in the differential conductance should be-
come greatly enhanced, and~b! for LÞ0, weak equally
spaced resonances, in addition to the ZBA, should appear
@see Figs. 7~b! and 8~a!#. These features are unique to adxy
~or dx22y2 with a $110%-oriented surface! superconductor and
still need to be confirmed by experimental measurements.
Finally, it is necessary to point out that in our calculations,
the proximity effect, i.e., the self-consistent condition for the
order parameter, has been neglected. As argued by the author
of Ref. 12, even when this effect is taken into account, the
midgap state still exists. Thus we expect that the transport
anomalies predicted for thedxy-NS junction will survive.
Since these anomalies are intrinsic in nature and are gener-
ated by the sign change of the off-diagonal potential, the
essential features of the conductance discussed in the present
paper should not depend on the detailed structure of the pair
potential.
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