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Conductance anomalies in a normal-metatd-wave superconductor junction
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The effects of Andreev reflection on the current-voltage characteristic and differential conductance of a
junction between a normal metal andig-wave superconductor, or equivalentlyda_,»>-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-efaae order parameter. In particular, a
zero-bias conductance peak is obtained when an insulating barrier exists at the interface between the normal
metal and thel-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 anisotropsewave superconductor, thus providing unigue signatures of pairing
state symmetry.

[. INTRODUCTION ner superconducting quantum interference devices
(SQUID’s) and junctions, which combine awave super-
Recently, there has been considerable interest in the ugonductor with a Y-Ba-Cu-O single crystal. Their results pro-
derstanding of the pairing symmetry in high-supercon- Vide strong evidence for a-phase shift in the Josephson
ductors. Theoretical model studldsased on spin-fluctuation coupling energy predicted for&wave pairing state. Mathai
mediated pairing strongly suggest that the condensate of c&t &l performed a similar experiment on Y-Ba-Cu-O-Ag-Pb
prate highT, superconductors might hadgz_,.-wave sym- SQUID’s using a scanning SQUID microscope, and they
metry (defined relative to the and b crystal axes of the clqlmed that the_lr regults provide unam_blguous evidence for
CuO, planes. Such a pairing state gives rise to an aniso-2 time-reversal invariand,2_,2 symmetric order parameter.

. _ 5 o . Tsueiet al® used the concept of flux quantization in a tric-

tropic energy gag (k) =Ao(ky —kp), which reduces to zero rystal superconducting Y-Ba-Cu-O ring with grain-boundary
alo_ng nodes .Of an essentially cyhndncgl Eerml su_rfa_ce, Im’Josephson junctions to determine the pairing symmetry. They
plying the existence of low-energy excitations. This is Very,pqsaned spontaneous magnetization of half a flux quantum,
d|fferen'F from the cqnyentlonal BCSwave supercqnduct- consistent withd-wave pairing symmetry. Milleet al” pro-
ors, which have a finite energy gap over the entire Fermbosed a new method of probing the pairing symmetry by
surface. This difference can result in very different temperameasuring the field-modulated critical current of tricrystal
ture (T) dependences of numerous thermodynamic an@evices. Their results in the short junction limit indicate a
transport properties, namely, power-lavdependence for clear phase shift in the Josephson coupling, suggesting pre-
d-wave superconductors versus exponentially activated betominantlyd-wave pairing symmetry. In short, these recent
havior for s-wave superconductors. Experimentally, manyexperiments that directly probe the pairing symmetry of
measurements of such quantities on highmaterials indeed high-T, superconductors appear to favordavave pairing
show power-lawl dependences. For example, a lindagdle-  state. It has also been suggested that a heavy-fermion super-
pendence of the London penetration depth has been observednductor, URyYSi, with T.=1.2 K, might have a-wave
and interpreted by Hardgt al? as an indication ofi-wave pairing staté*® Both point-contact and specific-heat mea-
superconductivity. Sheret al® have measured the angle- surements for URSI, in the superconducting state are con-
resolved photoemission spectrum of a single-crystal highsistent with an energy gap that hag-wave symmetry.
T. superconductor, and the results indeed show an aniso- In this work, we examine another direct consequence of
tropic energy gap, which also supportsdawave pairing the sign change of d-wave superconducting order param-
state. However, such interpretations are not unambiguougter — namely, its effects on quasiparticle tunneling experi-
since these experimental results depend only on a vanishingents. The current-voltagé-{/) characteristics will be stud-
energy gap along certain directionskispace, and not on the ied for a normal metatk,-wave superconductor junction
sign or phase of the gap function. Thus, in principle, thesghereafter, we will call it al,,-NS junction, see Fig.)1 Such
experiments can also be interpreted in terms of an anisa d,,-NS junction is formed as follows: for the heavy-
tropic s-wave pairing state, for example,A(k)  fermion superconductor URSi, with d,,-wave symmetry,
=Aq|k2— k2. we choose 4100 surface and a coordinate systery(,z)

On the other hand, there exist a number of experimentsuch thax>0 is the region occupied by the superconductor.
designed to directly probe the sign change af-aave pair-  For highT. superconductors witht,2_2-wave symmetry,
ing state in high-temperature superconducfofswollman  we choose &110 surface and a new coordinate system
et al* measured the field-modulated critical currents of cor-(x,y,z) such thatx>0 is also the region occupied by the
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wherehy= — V2/2m+V(x) — u is the single-particle Hamil-

tonian with u being the Fermi energy/(x) andA(x,x’) are

b . : . ; :

< the ordinary potential and pair potential, respectively. Note
that the dependence df(x,x’) on x andx’ cannot be re-

duced to a dependence on the difference of the two coordi-

nates as in the homogeneous csdowever, the quantities

that depend o andx’ can be written in terms of the center

W) = ) ) . f

Y of massR=(x+x")/2 and the relative coordinate=x—x’.

Namely, A(x,x")=A(r,R). Then, after a Fourier transform

with respect tar, we have

N N S

a

FIG. 1. A Schematic of ad,,-NS junction formed by a
dy2_,2-wave superconductorS] with a {110 surface. The shaded
region corresponds to an insulating barrier inside the normal metal _

(N). A(r,R)zf dke'* TA(Kk,R). (2.4

superconductor, and theaxis is still along thg001]-crystal  In the NS interfacdgat x=0) problems, we assume that the

direction. In this fashion, a,,-NS junction can be formed superconducting order parameter is not degraded by the nor-

by a superconductor witd,._,.-wave symmetry(see Fig. mal metal, and thus neglect the proximity effect, i.e.,

1). This study was originally motivated by the experimental

observation of the so-called zero-bias anom@BA), ' i.e., A(k,R)=A(k)O(x), (2.9

a peak in differential conductance that is often observed

zero-bias voltage in normal metal-high- superconductor

wgCtlggfétggiﬁézr?;? dnt th?o:eilcal v_vc:rk of ijun which on a length scalég*, the inverse Fermi wave vector, be-
P gap” state exists on IELQ) sur- cause the pair potential is usually much smaller than the

face of adz_,z-wave superconductor. Reference 13 gives Fermi energy. Thus, the effect of superconductivity on the

comprehen3|ve review on this SUbjec.t' We show that .the"\?vave functions is limited to small deviations of the wave
exist bound states within the gap which cause steps in the

" ; ! .vEctor from ke. This fast oscillation on the length scale
I-V characteristics and subgap resonances in the differential” does not affect the intearation. because the bair potential
conductance. The positions of these current steps or resof 9 ’ pairp

nances are out of phase relative to those obtained for corfanes only on a scale much larger, namely the coherence

_ -l -
ventionals-wave NS junctions. In particular, a zero-voltage '€N9th &o(=ke/2mAg)>ke “(=ke/2mEe). This suggests

step in thel-V curve, or a resonance corresponding to theNat We can introduce new wave functions

Ahere O(x) is a step function. Investigation of the BdG
equations shows that the eigenfunctionsu( will oscillate

ZBA in the conductance can also be obtained for the this m u
junction. (_) —ekF'X< ) (2.6)
In Sec. Il, we present the Bogoliubov—de Gen(BdG) v v/’

equationd® for the inhomogeneous superconducting system . - _— .
: In which we divide out the fast oscillations. If we retain only
with -wave order parameter. We show that the one- . T
th a d-wave order paramete e show that the one erms of lowest order inkr&,) ~* (WKB approximatiori’),

dimensional BdG equations can be solved exactly if the o :
proximity effect is neglected. In Sec. lll, we adopt the modelthe SUbS“t“t.'O”éﬁOEg-G) into (2.2) and(2.3) leads to the An-
and formalism of Blonder, Tinkham, and KlapwiiBTK),*® dreev equations;

and extend the calculation to tlg,-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.

Eu(x)=—im ke Vu(x)+ A(kg X)o(x), (2.7

Ev(x)=im ke Vo(x)+A(Ke )u(x). (2.9

From now on we assume that the NS interface is lying in the
Il. BDG EQUATIONS FOR A d-WAVE SUPERCONDUCTOR y-z plane and is translationally invariant so that the spatial
dependence ofi, v, and A is reduced to the dependence
“only onx. In this case, the Andreev equatiof@s7) and(2.8)
“take the form

In the BAG formalism, the quasiparticles in an inhomoge
neous anisotropid-wave superconducting system are repre
sented by a two-element column vecifr

_ o du(x) ~
u(x) Eu(x)=—im~tkg, +AKke,X)v(X), (2.9
w<x)=( ) (2.1) dx
v(X) B
whereu(x) andov(x) are the electron and hole components EJ(x)zimflkFXdU(X) +A(IQF,X)J(X). (2.10

of the quasiparticle excitations, and obey the BdG equations dx

For A(RF,X) given by Eq. (2.5, these equations can be

Eu(x)=h0u(x)+J dx’ A(xx")o (X)), (2.2  solved exactly. Foi=>|A|[ hereafter, we denotd=A(k)
for convenienck we find (@U,v)=¢e*(l,0), where
k= (m/|kgy|) VE2— A? andli=sgn(A)ug ando =v, with

Ev(x)z—hov(x)—kf dx"A(x,x" )u(x"), (2.3 U= V[1+E NEZ-AD)T7)2, 2.11)
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vo=V[1-E Y E?-A%Y3/2. (2.12 @ | y o Momenta:
Similarly, for E<|A|, we findk=i(m/|ke,]) VA>—E? and O I 1;)
y h e: (+K,,+
uo=+[1+iE Y(A%2-E?)'?2, (2.13 e o hz(-kx,-lz)
rocess z:
_ TE-1/A2 2172 h p~(_k+)
vo=V[1—-iE Y(A2-E?3/2. (2.14 X e: (Kytky
h: (+ky, k)
Andreev Reflection oy
lll. 1-V CHARACTERISTIC OF d,,-NS JUNCTIONS
A. BTK method (b) Vx)
In this section, we study thé-V characteristics of a AX)
dy,~NS junction shown in Fig. 1 using the Andreev equations I I -
(2.9 and (2.10 derived in the previous section. Coherent . > x
scattering of quasiparticles, from both the superconducting -L 0
pair potentialA(x) and the ordinary electrostatic potential
V(x) due to a thin insulating barrier, produces a wave inter- © V(x)
ference pattern which should be observable experimentally.
Introducing such an barrier potentM(x) into a ballistic NS
junction will modify the wave interference pattern of the I I a1
guasiparticles, and should dramatically affect the current- L 0 > x

voltage (-V) characteristics of the junctiofi?® BTK
demonstrateld that a tunnel barrier, located at the NS inter-
face, produces ar-V characteristics which interpolates A(X)
smoothly between the tunnel junctiovV#0) and ballistic
junction (V=0) 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
dy,-NS junction. In this model, we expect that there will
exist bound states trapped between the barrier potential arﬁ e Andreev reflections will be alternate in sign, i.e., during one
the .SUpercondu.Ctor’ caused by a pa.rtlde alternately.experrl- flection the particle will sense it agpatential barrier(b), and the
encing Convent_lonal specular_reflectlons at_the barrier angearticle will experience it as potential wellin next consecutive
Andreev reflection’$ at the NS interfacgsee Fig. 2a)]. The process(c).

latter is caused by the off-diagonal pair potential, so it

changes an electron of wave veckointo a hole of—k, and 1

vice versa, whereas the former only changes the sign of ¢’|(X)=( )eiq+x+a
k., without changing the nature of the particle. Let us look at 0

an electron in different scattering processes. In pro¢gss

FIG. 2. (&) 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 potentiaf(x) =V §(x+L) and pair
tentialA (x). The pair potential sensed by the particle at consecu-

0 gid-*4p L e la+x (3.1
1 0 ' ’

[see Fig. Pa)], the electron has a momenturd K, , +ky) _ o x Cidax o x

and senses a positive pair potential becausé (&) < k,k, . wn(x)—e<o)eq+ +1 0l€ 4y 1 e

On the other hand, in the next scattering proc&ds the

momentum of the electron changes tekK,,+k,), so this h 0 —ig_x 5

electron will experience a negative pair potential. A similar + 1 e ' 3.2

argument also holds for a hole in the opposite scattering

processes. This implies that the sign of the pair potential up\ Vo A

sensed by the quasiparticles will reverse at each consecutive wm(x):c( v )e'k+x+d )e"kx, 3.3
0 0

Andreev reflection if the superconductor dg, wave [see

Figs. 2b) and Zc)]. Such a sign reversal would not occur in with — k.| +mE/Kk and k. =lke|+myvEZ—A2/

an identical model if the superconductor wasvave like, ke | 3(? ar|1dFvXL_are d|ef?r)1<|ed in Eqsiz L)F_x|(2—14) The co-
o 2. 14,

whether isotropic or anisotropic. _ efficientsa,b, ... are to be determined from the boundary
Following BTK, we takeV(x)=Vyd(x+L), which rep- conditions:

resents the potential of the tunnel barrier whete— L is the
position of the barrier. Thig-function potential is accounted (=)= (=L), ¢y (0)= 4, (0), (3.4
for the boundary condition itN andS and can therefore be ! ! ! .
omitted from the Hamiltonian. In order to calculate the cur- / / , /

—L)= ¢/ (—L)y=2mVyiyy(—L), ¥, (0)= 0).
rent through the junction, we need the transmission coeffi- d(-L=w(-L) o= L), u(0)= )(3 5
cients. We note that the wave functions satisfy the Andreev '
equations(2.9) and (2.10, in all regions(see Fig. 2, pro- Because of current continuity, the amplitudes at any fixed
vided that the pair potential is taken to be zero in the normaére sufficient to determine the current. Following BTK, we
regions | and Il. The general solution to this scattering prob-determine the current in the region |, i.e., we only need the
lem is coefficientsa andb in Eq. (3.1). After some algebra, we find
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FIG. 3. Current for ad,,-NS junction (solid line) and s-NS
junction (dashed ling with L/£,=0: (@) Z=5, (b) Z=1, (¢

o
N T T T T
+
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FIG. 4. Same as in Fig. 3 but with/£;=

Z=0.2, and(d) Z=0. The wave vector of the incoming electron is L =0 from Eq. (3.9 for the incoming electrons with a single

chosen ak=(1/1/2)(1,1,0).

l Uo l
"Dl | 122 (39
1( —-iz . v2
- —2iq e2i(ay—aq-)L
b=5|15z)e "Lt T A } 3.9
with
2\ [v3)
D=1+ 152 2)e2'<q+q—>L, (39

where Z= (K /|Kgy|) Zo With Zg=mV/kg being the dimen-
sionless barrier strength.

B. |-V characteristics

Using the coefficienta and b obtained in the previous
section, we are able to calculate th&/ relationship of the
d,,-NS junction®

=2 dertE-ev-f(E) 11+ aE®) - b(E) )
(3.9

wave vectork= (1/\/_)(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 usuiaV behavior for an
s-NStunneljunction (Z large is obtained when the barrier is
located at the NS interfacdé. & 0). Figure 4 shows the result
for the current as we move the barrier away from the NS
interface L/&,=5). 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 the-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 o, always exists in thel,,-NS junction. We
note from Figs. 3 and 4 that the difference betwegp and
s-NS junctions can be observed in th&/ curve, not only
when a tunnel barrier is present, whéerés large, but also in
the ballistic case 4 smal), except wherz—0, where the
I-V characteristics of- andd,,-NS junctions become indis-
tinguishable.

Figure 5 shows plots of conductanGe=dl/dV atL=0
for several junctions with different values &. It can be
seen that, in the tunnel junction linjfiargeZ, see Fig. )],
a sharp subgap transmission resonance, corresponding to the
steps in current shown in Fig.(&, appear in the conduc-
tance of ad,,-NS junction. Figure 6 shows the conductance

wheref(E) is the Fermi distribution function. We note that for L/£,=5. We see that more subgap resonances appear in
the current in Eq. (3.9 depends on the wave vector of the G. The positions of these subgap resonances irdeNS

incoming electrons. Figure 3 shows the/ relationship at

junction are also exactly out of phase relative to those in the
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(142G

FIG. 5. Differential conductance for d,,-NS junction (solid
line) ands-NS junction(dashed ling with L/&,=0: (a) Z=5, (b)
Z=1, (c) Z=0.2, ang(d) Z=0. The wave vector of the incoming

50
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(a)

1 {

-1 0
/A

electron is chosen dF(l/\/E)(l,l,O).

s-NS junction. In particular, a midgap resonance at zero voltWhich gives the positiongr of the bound levels:
age, corresponding to the ZBA, is obtained for thg-NS
junction. As Z decreases, the number and positions of the
resonances remain unchanged, except that the peaks become
broader. In particular, in the ballistic limitZ(=0), the con-
ductance of al,,-NS junction becomes identical to that of an

s-NS junction.
In fact, the steps in the-V curves(Figs. 3 and 4 and the

subgap resonances in the conductaffeigs. 5 and b are

J. H. XU, J. H. MILLER, JR., AND C. S. TING
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| T 1 | 1 1
1 2 2 -1 0 1
V/A,

FIG. 6. Same as in Fig. 5 but with/£,=5.

A complex energyE=Egr+IiE, is required to solve Eq.
(3.10, whereEg, is the energy of the resonance anfEl/ is

its lifetime. The resonances are well described by BdL.0),

direct consequences of the bound states formed inside tHBately given by

energy gap. These bound states are defined as poles of the
current transmission amplitude. Settilp=0 in Eq. (3.9
determines these poles and therefore the bound states:

ZZ
1+ 272

2
Vo

2
Ug

_) e2(0:—q )L _ 1

(3.10

(Er/Ao) (K /|key) = (&/L)cos H(Eg/|A])

(n+1/2)mé&y/L  for ad,,—NS junction,
B naéo/L for ans—NS junction,
(3.1)
wheren=0,%1, . ... While the leakage rateR? is approxi-
&olAl z?

Note thatE, <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 junctioA! except that the Andreev bound
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FIG. 7. Gy for ad,,-NS junction(solid line), anisotropics-NS
junction with order parametex (k) =2A,|k.k,| (dashed ling and
isotropics-NS junction(dotted ling with Z=5: (a) L/£,=0 and(b) ) | A
L/&,=5. (c) and (d) are semilogarithmic plots ofa) and (b), re- o ¥ 0 1 2
spectively. v/ Ay

levels in the NS junctions are leaky. The width of the trans- F'C- 8. Gr for ad,,-NS junctjoi(solidAIi[le), anisotropics-NS
mission resonances is limited by the partial leakage througfynction with order parameteX(k) =2A|kky| (dashed ling and

the barrier potential, so the resonance lifetime is approxilSOtrOp'CS"\IS junction(dotted ling with (&) Z=0.2, L/§,=>5; (b)

mately 1/1E||- Z=0.2,L/&,=0; and(c) Z=0.

It is also clear from Eq(3.11) that, for largel, additional A o
resonances appear — approximately one new resonance fiie), an anisotropics-NS junction with Ag(K) =24 o|kek,|
each ¢, increase inL if the wave vector of the incoming (dashed ling and an isotropis-NS junction (dotted Iiné.
electron is neither nearly parallel nor perpendicular to theHere we have take|ﬁ>(|2)=1. We see from the figure that
interface. In particular, there always exists a zero-energy sanost of the resonances are strongly suppressed. However,
lution (Eg=0) for thed,,-NS junction from Eq(3.11, but  the zero-energy resonance, corresponding to the ZBA, in the
not for thes-NS junction. This zero-energy solution should d,,-NS junction remains quite pronounced. This result is ex-
correspond to the midgap state discussed in Ref. 12. Morgected since the positions of the resonances at nonzero ener-
remarkably, we find that it <&, for ans-NS junction, the gies are different for differerk, whereas the conductance in
lowest energy bound state occurs at the gap e@geA),  the d-NS junction for anyk has a zero-energy resonance.
and no bound states exist inside the energy gap. In ggnsequently, the resonances®j at nonzero energies are
dxy-NS junction, however, the zero-energy step in the curreng pnressed, while the zero-energy resonance is enhanced. In
or zero-energy resonance in the conductance always existjder to more clearly see the states inside the energy gap, we
even whenL— 0. This can be clearly seen from the results ep|ot G for Z=5 on a semilog scale in Figs(qJ and 1d).
presented in Figs. 5 and 6 for junctions with differént  pigyre 8 is the result fo&+ in the smaliZ limit. We see that,

The above discussion is for incoming electrons with agyen wherz=0.2 [Figs. §a) and 8b)], there still exists a
Singlek direction. If a convolution of all pOSSinE direc- difference in between conductancessefand de_NS junc-
tions is considered, the current is then given bytions. However, in the ballistic limitZ=0) [Fig. 8c)], the
I+=Z2P(k)I(k) with P(k) being the probability of incom-  results of ad,,- and anisotropics-NS junctions, which are
ing electrons with wave vectdr. Figures 7a) and {b) show  independent of, become identical, while the isotroeNS
Gr=dl{/dV at largeZ (=5) for ad,,~-NS junction(solid junction still shows a different-Vcharacteristic.
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C. Comparison with experiments

The above calculations show that conductance resonance
of the conductance at zero energy forda-NS junction
should be much easier to observe than the other resonances
or than the resonances in a&#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 asrwave lowT, superconducto??
and weak resonances i@ 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 quasiparti¢eg., point contagt
tunnel junctions on higfi=, superconductors, although none
of the samples studied have perfét1Q surfaces>*How-
ever, a{110 surface is not a necessary condition to observe
ZBAs in a dxg,xﬁ-wave superconductor. Anyxg,xg-wave

NS junction, whose interface has an arbitrary tilt angle
relative to the crystal axis, has the possibility for the zero- ' . .
energy state to exist, since the incoming electrons with wave 5 1 0 i 2
vectors within the ranges = w/4—a<tan *(k,/k,) eViAg

<=+ 7/4+ a will experience an odd off-diagonal potential.
Alternatively, simple off-axis tunneling should yield &,
component. This might explain why the ZBA is such a ubig-
uitous phenomenon in highg superconductors’

In the past several years, there have been a number_ %ntact spectroscopy, that the pairing state of W&y has

tunneling studies on both single crystalline and Ceram'cdxy-wave symmetry. However, we note that the point-contact

mgggjrersgﬁgc?ﬁgi?me%imgﬁngZat;ﬂgge ogggt'gggrt]a;:data was essentially taken in the ballistic lima=€0), as fit
' P by the authors of Refs. 8 and 9 using the BTK model. As we

using the BTK model. The fits are generally satlsfactory,hawe shown previously, in this limit, c,,-wave gap function

except for the inability of the model to readily explain the / . . .
ZBA and resonance peaks within the frameworksefiave (. ka.y) and anisotropics-wave gap funcpo_n Hkxkyl)
ive rise to exactly the sameV characteristicgsee Fig.

pairing symmetry. On the other hand, these anomalies in th (0)]. More precisely, in the limit 0Z~0, isotropics-wave

tunne_ling data can be consistently explai_n_ed it we assuUMeTk theory predicts a conductance peak with a flat top.
that high; superconductors havkwave pairing symmetry. However, bothd-wave and anisotropis-wave order param-

Consider a tunneling process along theaxis in theab eters permit low-energy excitations at the nodes in the gap,

?lliré)}?-ssur?;cgl(?ohr:]%orr:a?]tfrtﬁtlesiur:geli:]hgecopr)]rdeuscixlie \?vfill :p_so that their BTK conductance characteristics near zero bias

proximately be given by the sum of the contributions from
the {100- and{110;-surfaces: T T ¥

( 1 +22) GT

FIG. 9. Conductance for d-wave NS junction with different
{110 -surface component &=0 andZ=1.

Gr=17GM %+ (1- )G, (3.13

where O<y=<1 represents the weight of the contribution
from the {110 surface. Figure 9 depicts the calculated dif-
ferential conductance @&=1 for different values ofy. For
vy=0, the G-V curve corresponds to the result of a
dy2_2-NS junction along the direction, i.e., without ZBA,
which is indistinguishable from that of an anisotrogiNS
junction with A(k) = A|ki—kZ|. As y increases, the contri-
bution of {110, surface becomes more important and the
ZBA at zero voltage is enhanced. The results for large
(=5) 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-
superconductors. Nevertheless, it is preferable to use samples
with ideal {110, surfaces to unambiguously confirm the ex-
istence of such a zero-bias resonance. eViAg

For the heavy-fermion superconductor URi,, it has
been argue8?® based on the data of specific heat and point- FIG. 10. Same as in Fig. 9 but Zt=5.

(1+23)Gr
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have more of a triangular shape. In addition, the specific heat The zero-bias anomalfsee Figs. 3 and)5studied in the
depends only on the vanishing energy gap for certain direcpresent paper has also been investigated by TaeiE*2°

tions ink space, and not on the sign of the order parametelsing a similar method. The case they discussed corresponds
Thus, in principle, the experimental data on specific heat antb L=0 in Fig. 2, or the barrier potential touching the surface
the point-contact spectroscopy measurementZ-ad can  of the superconductor. On the other hand, we consider both
also be interpreted in terms of an anisotropiwave pairing L=0 andL#0 cases. Fot #0, in addition to the zero-bias
state. Thus, in order to clearly determine the pairing state chnomaly, several resonating states inside the gap were also
URuU,Si,, it is preferable to do point-contact measurementspredicted(see Figs. 4, and 6938The positions of these reso-

in the tunnel barrier limi{large Z). nances should provide an important clue to the pairing sym-
metry of the superconductor. Furthermore we also studied
IV. DISCUSSION AND CONCLUSIONS how robust the ZBA is, if the surface of tha2_,2-wave

) - superconductor is not completely along #110 direction
We have studied the-V characteristics of @-wave NS see Figs. 9 and 10

junction _with_a special geometry using the BdG equations.  geyeral alternative explanations for ZBA's in high-su-

Such a junction allows one to directly examine the conseperconducting tunnel junctions have also been proposed in
quences of the sign change oftg._j2-wave order param-  ihe |iterature(see Ref. 13 and the references thereiithin

eter. The so-called,,-NS junction, formed by normal metal {he framework ofs-wave pairing. Such explanations include

in contact with ad,,-wave superconductde.g., the heavy- |ocal magnetic states on the superconducting surface, a peak
fermion superconductor URi,) with a {100 surface, or i, the electron density of states near the Fermi energy, etc.,
with a d,2_y2-wave superconductoe.g., a hight; super-  powever, one can readily distinguish our proposed mecha-
conductoy with a {110 surface, has been carefully studied. nism from other possible mechanisms. If the observed ZBA
We have shown that there exist bound states inside the efs indeed due tal,, Symmetry, it must possess the following
ergy gap trapped between the tunnel barrler_and the SUpe&gignatures:(a) by increasingy (see Figs. 9 and 1Qthe
conductor. These bound states cause steps im-th&urve  ejght of ZBA in the differential conductance should be-
and subgap resonances in the differential conductance, thg e greatly enhanced, an®) for L#0, weak equally
positions of which have been found to be exactly out ofspaced resonances, in addition to the ZBA, should appear
phase relatl\(e to those observed in conventlmuls junc- [see Figs. ) and 8a)]. These features are unique talg,
tions. In particular, a zero-voltage step in th& character- (or d,>_,2 with a{110}-oriented surfadesuperconductor and
istic and a resonance in the conductance, or ZBA, has beegjj| need to be confirmed by experimental measurements.
obtained for thed,,-NS junction. We have used these resultsgina|ly, it is necessary to point out that in our calculations,
to analyze some experimental point-contact tunneling Spegne proximity effect, i.e., the self-consistent condition for the
troscopy data obtained from highs superconductors and the rger parameter, has been neglected. As argued by the author
heavy-fermion superconductor URSi,. We have pointed of Ref. 12, even when this effect is taken into account, the
out that, in numerous tunneling spectroscopy measuremeniiggap state still exists. Thus we expect that the transport
performed on high¥, superconductors, ZBA, similar to our anomalies predicted for the,,-NS junction will survive.
predictions in Figs. 9 and 10, have often been observed, akjnce these anomalies are intrinsic in nature and are gener-
though none of the samples used have a peffetd sur-  ated by the sign change of the off-diagonal potential, the
face. This puzzle can be consistently solved if we assumggsential features of the conductance discussed in the present

that the hight; superconductors havedgz_.-wave pairing  paper should not depend on the detailed structure of the pair
state, since we have shown that even a few perceriotential.

{110-surface component infd 00}-NS junction is sufficient

to cause a sizable zero-voltage peak. Thus, using our results,
one can readily explain ZBAs are so frequently observed in
high-T. superconductors. For the heavy-fermion supercon-
ductor URY,Si,, we pointed out that available specific-heat We thank Professor C. R. Hu for useful discussions. This
and point-contact data in the ballistic limiZ{0) are not research was supported by the Robert A. Welch Foundation,
sufficient to determine the pairing symmetry. In order toand by the State of Texas through the Texas Center for Su-
cleanly confirm the pairing state in URSi,, it is preferable  perconductivity at University of Houston, the Advanced Re-
to do point-contact measurements in the tunnel barrier limitsearch Program, and the Advanced Technology Program.

ACKNOWLEDGMENTS

IN. E. Bickers, D. J. Scalapino, and R. T. Scalettar, Int. J. Mod. Dickinson, S. Doniach, J. DiCarlo, A. G. Loeser, and C. H. Park,
Phys. B1, 687(1987; Z. Y. Weng, T. K. Lee, and C. S. Ting, Phys. Rev. Lett70, 1553(1993.
Phys. Rev. B38, 6561(1988; P. Mouthoux, A. V. Balatsky, and 4D. A. Wollman, D. J. Van Harlingen, W. C. Lee, D. M. Ginsberg,

D. Pines, Phys. Rev. Let67, 3448(1991). and A. J. Leggett, Phys. Rev. Leftl, 2134(1993; D. A. Woll-
2W. N. Hardy, D. A. Bonn, D. C. Morgan, R. Liang, and K. Zhang, man, D. J. Van Harlingen, J. Giapintzakis, and D. M. Ginsberg,
Phys. Rev. Lett70, 3999(1993. Phys. Rev. Lett74, 797 (1995.

3Z. X. Shen, D. S. Dessau, B. O. Wells, D. M. King, W. E. Spicer, °A. Mathai, Y. Gim, R. C. Black, A. Amar, and F. C. Wellstoo,
A. J. Arko, D. Marshall, L. W. Lombardo, A. Kapitulnik, P. Phys. Rev. Lett74, 4523(1995.



3612 J. H. XU, J. H. MILLER, JR., AND C. S. TING 53

6C. C. Tsuei, J. R. Kirtley, C. C. Chi, L. S. Yu-Jahnes, A. Gupta, T.*°G. E. Blonder, M. Tinkham, and T. M. Klapwijk, Phys. Rev2B,

Shaw, J. Z. Sun, and M. B. Ketchen, Phys. Rev. L&%.593 4515(1982.

(1994. 16C. Bruder, Phys. Rev. B1, 4017(1990.
3. H. Miller, Jr., Q. Y. Ying, Z. G. Zou, N. Q. Fan, J. H. Xu, M. F. ’J. Bardeeret al, Phys. Rev187, 556 (1969.

Davis, and J. C. Wolfe, Phys. Rev. Letd, 2347(1995. 18A. F. Andreev, Zh. Kksp. Teor. Fiz46, 1823(1964 [Sov. Phys.
8K. Hasselbach, J. R. Kirtley, and P. Lejay, Phys. Revd@5826 JETP19, 1228(19649)].

(1992. 1%R. A. Riedel and P. F. Bagwell, Phys. Rev4B, 15 198(1993.
9K. Hasselbach, J. R. Kirtley, and J. Flouquet, Phys. Red7B  2°P. G. de Gennes and D. Saint-James, Phys. teft51 (1963.

509 (1993. 2p F. Bagwell, Phys. Rev. B6, 12 573(1992.

104, srikanth and A. K. Raychaudhuri, Physical@0, 229(1992.  22S. H. Tessmer, D. J. Van Harlingen, and J. W. Lyding, Phys. Rev.
113, Lesueur, L. H. Greene, W. L. Feldmann, and A. Inam, Physica Lett. 70, 3135(1993.

C 191, 325(1992. 235, C. Sanders, S. E. Russek, C. C. Clickner, and J. W. Ekin, Appl.
2c. R. Hu, Phys. Rev. Let2, 1526(1994). Phys. Lett.65, 2232(1994.
137, walsh, Int. J. Mod. Phys. B, 125(1992. 243, Kashiwaya, Y. Tanaka, M. Koyanagi, H. Takashima, and K.
p. G. de GennesSuperconductivity of Metals and AlloyBen- Kajimura, Phys. Rev. B51, 1350(1995.

jamin, New York, 1966 25Y, Tanaka and S. Kashiwaya, Phys. Rev. L&t 3451(1995.



