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Within a scattering formalism, the magnetic scattering effects on the transport properties of a normal metal
attached to al-wave as well as as-wave superconductor have been studied by insefiing Kondo-like
magnetic barrier andii) a ferromagnetic scattering layer into the normal conducting region. It is shown that,
in contrary to our intuition, the Kondo-like magnetic scattering effect is quite similar to the effect of nonmag-
netic scattering. Remarkably, the ferromagnetic exchange interaction could lead to the strong resemblance of
the conductance behavior between a normal-metalave superconductor junction containing a ferromagnet
layer and a normal-metat-wave superconductor with a nonmagnetic scattering layer, and vice versa. This
result may complicate significantly the decisive determination of the pairing symmetry inTpighpercon-
ductors by the quasiparticle tunneling into the superconductor. In addition, the resonance peak splitting in the
conductance is exhibited if the ferromagnet layer is located several superconducting coherence lengths away
from the normal-metal—superconductor interface.

[S0163-18297)02913-5

I. INTRODUCTION anisotropic energy gap across some nodal points of the Fermi
surface. In this case, the tunnel barrier resides at the NS
With the recent advance in nanotechnology, interest irinterface and the normal metal is ballistic. When the tunnel
quantum transport through mesoscopic normal metals dparrier resides in the ballistic normal metal several supercon-
semiconductors coupled with superconductors has been rgucting coherence lengths away from the interface, subgap
newed due to possible applications in electronic devides. resonances occur as those in conventional NS junctions ex-
these hybrid systems, electrons are not only intrinsically cocept a midgap resonance at zero voltd@a far, most stud-
herent in the superconducting region but also retain phasis have dealt with the nonmagnetic scattering. Since the
memory throughout the normal conducting region. At theAndreev reflection near the Fermi level conserves energy and
interface between the normal conductor and the supercofiomentum but does not conserve spin, that is, the incoming
ductor, a scattering process known as the Andreev refiéctiorf!€ctron and the Andreev-reflected hole occupy opposite spin
occurs: An electron incident from the normal conductor with bands, this effect is irrelevant for the spin-independent scat-

an energy below the superconducting energy gap cann ering. However, when the magnetic scattering is involved in

drain off into the superconductor. It is instead reflected fromhe transport of electrons through a normal-metal—-

the normal-metal—superconduct®tS) interface as a hole b superconductor junction, due to the lack of spin conservation
. P Y associated with the Andreev reflection, novel behavior may
transferring a charge-2e (e>0) to the superconductor. In

N TR X .__appear in conductance. Motivated in part by this observation,
addition, if a tunnel barrier is introduced into an otherW|sein this paper, we study the magnetic scattering effects by
ballistic normal-metal—superconductor junction, eleCtronst:onsideringi) a sheet Kondo-like magnetic barrier afid a

are always reflected from the barrier as electrons, rather th%agnetic insulator inserted into the normal conducting re-
as holes. There have been many theoretical and experimen@bn’ while taking the pairing symmetry of the attached su-
efforts devoted to the current-voltage V) characteristic of perconductor to be eithes wave ord wave. The conduc-
normal-metal—|sotrop|$-wave supercon.ductor J.unctloﬁs. tance is calculated by generalizing the previous theory of
The coherent scattering between the pair potential of the SWBlonder, Tinkham, and Klapwif€ (BTK) to include the spin
perconductor and the ordinary electrostatic potential of a tunafrect. It is found that, the ferromagnetic scattering could
nel barrier modifies the wave interference pattern and thug,aqg to the strong resemblance of the conductance behavior
changes thé-V characteristic. Recently, the pairing symme- patween a normal-metas-wave superconductor junction
try of high-T. superconductors has also received much atte”c':ontaining a ferromagnet layer and a normal-medaivave
tion, and many theoretical and experimental stufitesve superconductor with a nonmagnetic scattering layer, and vice
suggested that the pairing state of cuprate fligisupercon-  ersa. This result shows that the explanation of the ZBA
ductors may have d,2_,2-wave symmetry. Simultaneously, gpserved in highF, superconductor junctions, which is
investigations of thé-V characteristic have been extended tobased on thel-wave pairing, may not be unique.

consider normal-metab-wave superconductor junctions’ The paper is organized as follows. Section Il presents the
It is found that the conductance zero-bias anom@BA) Bogoliubov—de Gennes equations for unconventional super-
observed in  normal-metal-highs  superconductor conductors and the reduced form we will use. In Sec. Ill, we
junction€ could be attributetf to the existence of midgap calculate the conductance sfwave andd-wave junctions
stateS when the order parameter of the superconductor is oboth containing a Kondo-like magnetic barrier. The results
d-wave symmetry which gives rise to the sign change of thdor the conductance of NS junctions with a ferromagnetic
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scattering layer is given in Sec. IV. Finally, Sec. V sets forthFor a normal-metal—superconductor junction, due to the non-

our conclusions. homogeneity of the pair potential, quasiparticlesy., elec-
tronlike excitationgare partially reflected as electronlike and
Il. BOGOLIUBOV —DE GENNES EQUATIONS holelike excitations at the NS interface. Therefore, the effec-
EOR AN NS JUNCTION tive pair potentials experienced by the electronlike excita-

. o ) ] _tions and holelike excitations are different from each other

The motion of elementary quasiparticles in an anisotropiGyhen the wave vectors associated with electron- and holelike
superconductor can be described by the Bogoliubov—dgxcitations are different after the reflection. As shown in Eq.
Gennes equatiofis (2.5, if the order parameter in the superconductor has a
d-wave symmetry, the effective pair potentials may have op-

He(f)u(f)+J dr'A(r,r)u(r')=Eu(r), (2.1 Posite signs under appropriate arrangements, which will
never happen if the order parameter of the superconductor

has an either isotropic or strongly anisotrogigvave sym-
—HE (Do (r)+ f dr' A*(r,r'u(r')=Ev(r). metry. We now assume theaxi§ norr_nal to the interfa}ce and
the system is translationally invariant along the interface.
(2.1D  The Andreev equations then assume the form

Here the excitation energig is measured relative to the

o~ _ . 2 Fal —~
Fermi energ\Er . The single-electron Hamiltonian is written EUC) = —1 (/M) Ke (dUC)/dX)+ A (K, )0 (%),

as (2.79
1 [ eA(n\? . Ev(X) =i (A2 Me)Ke, (d0(X)/dX)+ A* (Key , X)T(X).
Heo(r)= m(i—Vﬁ c +V(r)—Eg, (2.2 (2.7b

) ) i By defining the interface at=0 with the superconducting
where the vector potenti&(r) is assumed tg be zero in the region atx>0, and neglecting the proximity effect, the pair
following calculations, the potential energy(r) includes potential for an NS junction can be given as
both the interaction between the electron and the external R
field and the interaction between the electron and the local A(Kgy ,X)=AL0O(X). (2.8
nonmagnetic or magnetic scatterers. By introducing th
center-of-mass coordinatés=(r +r')/2 and the relative co-
ordinatess=r —r’, the Bogoliubov—de Gennes equations re-
duce to the Andreev equations in the WKBJ
approximatioA?13if the potential varies slowly,

%ereAt are the effective pair potentials experienced by the
electronlike and holelike excitations, which take the form
A, =A, for an isotropics-wave superconductor, while take
the form A . = Ay|cos(¥+2a)|e#- for a d-wave supercon-
ductor if the crystallinea axis of thedxi_xg—wave supercon-
E'ﬁ(r)z—i(ﬁzlme)kF-VU(rHA(RF,r)'J(r), (2.33 ductor, along which the magnitude of the pair potential
reaches the maximum, is misoriented with an anglwith
ET(r)=i(%2 Ke-VT(r) +A* (ke 1T 2 respect to the normal direction of the interface, and a beam
v(n)=i(#%me)ke- Vo r) (ke u(n), (230 e ctrons are incident from the normal metal with an angle

where 6 with respect to the normal direction of the interfacé For
_ our purpose to study the significant differences in conduc-
u(r) ikt u(r) tance betwees-wave andd-wave pairing symmetry cases,
() F o(n)] 249 we particularly consider two special arrangements of the

d-wave superconductor, i.eq;= #=0 and a= 6= w/4. For
As shown in the Andreev equations, an unconventional sux= =0, ¢;,=¢;_=0; for a=60=nl4, ¢, =0 and
perconductlng_palr potential depends not pnly on the center¢J — 7. Notice that the results for the case= =0 are
of-mass coordinateR but also on the relative coordinates . . L
) : . similar to those for the pairing symmetry of the supercon-
in real space, or on the relative wave vedtaafter a Fourier

transform, which in the weak-coupling theory is fixed on theduc.t0r being Of the Isotropie wave. Thergfore: in the fol-
lowing calculations, by fixing the gauge-invariant phase of

Fermi surface such that only its directiéa=Ke/|ke| is @ he pair potential experienced by the electronlike excitations
variable. In particular, the pair potential of a bulk ¢, =0, we can use the gauge-invariant phase of the pair
.

dxg_xg-wave superconductor can be writter? s potential experienced by holelike excitations to specify the
isotropics-wave superconductap; =0 and the special ar-

o _
Alke)= AO(an_ kxb) =Aolcog2¢)[e', (2.5 rangement of thel-wave superconductap; = .

wherek, =k, /|ke| andk, =k, /|kg| are the normalized
wave vector components along theand b crystal axes of
the CuG, planes,¢ is the azimuthal angle, and the gauge-

lll. 1-V CHARACTERISTIC OF AN NS JUNCTION WITH
A KONDO-LIKE MAGNETIC SCATTERING LAYER

invariant phase is We model the Kondo-like magnetic interaction by a static
scattering potential and the interaction potential between the
)= 0, for cog2¢)>0, (2. ©lectron spin and the spin of the scatterev,(x)

m, for cog2¢4)<0. =(Vo+V;Se-S)8(x+L).2° Here L is the distance of the
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scattering layer away from the NS interface, and $geand ~ Solution to the Andreev equations given by E27) is of the
S denote, respectively, the spin operators of the electron an@m

the scatterer. For simplicity, we assume the local spin

S =1/2. Since the Bogoliubov—de Gennes equations are de- 1 0
rived in the diagonal representation of electron spin operator 0 _
S2 and S,,, the spin interaction operatorS,-S v, = 0 gldex+L) 4 a e/dn(x+L)
=(SP—S2—SP)/2 with the total spin operatoB=S,+S, -
should also be written in the product representation based on 0 a_ .
the eigenkets 0§,, andS;, . By making use of the relation- b
ship bewteen the triplet-singlet representation based on the o
eigenketss? andS, and the product representation, n b o ide(x+L) (3.29
0 ' '
0
|++)=[S=15S,=1), for x<—L;
X ) ) 0
+-)y=| —=|(|S=1,8,=0)+|S=0,5,=0)), ) o] 0,
|+ ) ( 75 (Is=15-0)+[s=05,-0) O el PO [ PR B P
0 0 gy -
0 0 g'*)
- +)=| = (5=15-0)-Is=08,~0) 0
\/E Y Y 1 0 -
+ ) [eTiam, (3.2b
(S
and g(:ﬁ
for —L<x<0;
|- —)=|S=-1S5,=-1),
C+_U0 d_+UOei<P‘]—
where|+ +) stands forS,,= 1/2, S;,=1/2, and so forth, we CoslUo| . d,_vge' - g
are able to writeVy+V,S,-S as a 4<4 matrix, Wy = c .vg S d. g e ",
C+7U0 d7+u0
Vot+V1Se:§ (3.20
Vo+V, /4 0 0 0 for 0<x. Here the “coherence factors” in the superconduct-
ing region are
0 Vo-Vild  VyP2 0 greg
0 V1/2 VO_V1/4 0 Z_E 1+\/ﬂg 2_} - EZ_AO
0 0 0 V0+Vl/4 U0—2 E ’ UO_2 E '
(3.2 (3.3

respectively, and the wave vectors are determined from the
Correspondingly, the Bogoliubov—de Gennes equations ardispersion relation,
expanded into & 8 matrix equations. Because the spin-flip
process takes place only for those incident electrons forming m.E
the spin staté+ — ) or |— +) with the magnetic scatterer, we Gen=KexEt72 (3.9
are able to decouple the problem into two kinds of scattering Fx
problem. The calculation of the contribution to the conduc- —
tance from the non-spin-flip part is quite similar to that done K — ke mMeVE"—Ag
by Xu, Miller, and Ting® Here we concentrate on the calcu- eh BT R 2k
lation of the contribution from the spin-flip part. Define the
wave function as four-component column vectorwherekg,=kgrcosd with 6=0 andw/4. The Andreev reflec-
Y(X)=U, _(X),u_.(X),vs_(X),v_4+(x))™S When a tion amplitudesa, , a_, and the normal reflection ampli-
beam of electrons incident from the normal conductor, whichtudesb, _, b_, can be obtained by imposing the following
form the spin stat¢+ —) with the spin scatterer, the general matching conditions on the wave function:

(3.5
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Wy, (—L)=%¥(-L), (3.6a 20
Vi(—L)—¥/(-L) 15
2Me i 7 1.0
=\ 77 [(Vo—V1/4) 1+ (V1/2) 7]V (- L), :
(3.6 05
and £
8 00
Wy, (0)=¥(0), (3.79 o 20 ‘ '
(b)
Wi (0)="(0); (3.7 1501 i ]
wherel is the 4x 4 identity matrix and ok ]
0 1 0 O 2
05 .
A 1 0 0 O 5
= )
0 0 0 1 0.0 ' '
0.0 0.5 1.0 15 2.0
0O 0 1 0

E/A,

A little algebra yields the matrix equation determining the
four reflection amplitudes FIG. 1. Conductance versuB/A, with various values of

a (1—iz )ei(qefqh)L V,=0,2,5, for ars-wave NS junctior(a) and ad-wave NS junction
A ~ -+ . Ei( . having a sign change of the order parame(tnz)L Here we take
Iy I\ | byo _ izye™!e L/&,=0 and assume the static scattering potentigt0.2.
i i lla |7 izt | (3.8
2 ! b o —i(Ge—anL are, respectively, the probability for the electron and mag-
- 123€ netic scatterer at spin uglown) state. By averaging over all
where possible spin states, we find the conductance at zero tempera-
ture to be
. Uog g
(1—|22>(—) iZ;e!(%e )t 26?\[ 1+ PP, ) . 1-PP,
3 vo =\ v —(1+|a++| _|b++| )+—
H]_: v y h 2 2
izze‘%(u_o) —(1+izy)e (G ant
0 ><(:I-’|'|a—+|2"'|a-+—|2_|b+—|2_|b—+|2) . (310
_i, [ Yo 7.6l (de—anL , _ _
1Z3 = 3 Notice thata, ,(E)=a__(E), b, .(E)=b__(E), and the
ﬁ2: 0 . (3.9 amplitudeda_,(E),a. _(E)], [by_(E),b_,(E)] for inci-
i7.le) Yol _i;.ei(Ge-anl dent electrons forming spin state- —) with the spin scat-
= lug 8 terer correspond one by one to thdse, _(E),a_,(E)],

. - ~ - ~ [b_.(E),b, _(E)] for those incident electrons forming spin
with z,=Vo—Vy/4, 23=Vy/2, and Vo=meV,/fi’kex,  state|—+) with the spin scatterer. If both the incident elec-
Vi=meV, /fi%ke,. To obtain Eq.(3.8), we have assumed tron and the spin scatterer are spin up or both spin down, i.e.,
that the Fermi energy is much greater than the pair potentiale,=P;=1 or P,=P;=—1, the contribution to the conduc-
so that the difference between the wave vectors can be neance is all from the non-spin-flip process. If the electron and
glected except those appearing in exponents. It follows fromhe spin scatterer are spin polarized with opposite directions,
Eq. (3.9 that the spin-flip process leads to the mixing effectj.e., P,=—P;=1 or P,=—P;=—1, then all contributions
in the tunneling of electrons between spin stdtes-) and  to the conductance comes from the spin-flip process. It is the
|- +), e.g., a beam of spin-up electrons will be partly An- contribution from the spin-flip part that may lead to the con-
dreev reflected as spin-down and up holes, and partly reductance behavior different from that of an NS junction with
flected normally as spin-up and down electrons. We can alsponmagnetic scattering. Here we are interested in the spin-
find the reflection amplitudes for non-spin-flip parts, i.e.,unpolarization case, in whicR,=P;=0 and the conduc-

a,;, by anda__, b__ by simply replacingz, with  tance is thus one half of the sum of conductance in above
z,=Vy+V4/4 and settingz;=0 in Eq.(3.8). two limiting cases.
Within the framework of the BTK theor} the differen- In Figs. 1 and 2, we plot the differential conductance of

tial conductance is determined by the transmissioran isotropics-wave NS junction and d-wave NS junction
coefficients>!® In the present case, we define the spin polarunder the arrangement such that §= /4. The distances
ization of the electron and magnetic scatterer,between the Kondo-like magnetic scattering layer and the
Po=Wg, —W._ and Pij=w;, —w;_, wherew,. and w;. NS interface ard. =0 andL =5¢&, with the superconducting



55 MAGNETIC SCATTERING EFFECTS ON QUANTM . .. 8441

This model may be applicable when the exchange interaction
is the dominant magnetic effect on the transport properties
through a normal-metal-superconductor junction. In this
situation, the matching condition for the two-component
wave functions ¥ (x)=(u(x),v(x))"" at the scattering

layer reads
Y(—L+0")=¥(-L-0"), (4.29
% d¥(x) d¥(x) _ eV,
o S L h
(4.2b
where the signs %" depend on the spin state of incident
electrons, “+” for spin up and “—" for spin down. It is not

difficult to understand this matching condition by noting that
the incoming electron and the Andreev-reflected hole pertain
to opposite spin states. For recent several years, there has
0.0 | ! ! been both experimental and theoretical work on tunneling

0.0 0.5 1.0 1.5 2.0 through superconductor-ferromagnetic insulator—
superconductofSFi9 junctions!’ More recently, there has
also been a theoretical work on the transport properties in a
ferromagnet—superconductor junction WiffFS or without

FIG. 2. Same as Fig. 1 but with/§,=5. a tunnel barrier(FS),'® where polarization of the current
comes from the different density of states of spin-up and

coherence length being defined &s=fve/mAq. In addi-  spin-down conduction electrons in the ferromagnet. How-
tion, the strength of the static scattering potertlg=0.2 is  ever, in the normal-metal—ferromagnetic insulator—normal-
fixed. As shown in Fig. 1, we can see that when the scattermetal-superconductor (NFINS)  junction, the spin-
ing layer is located at the NS interface, as the spin-flip scatpolarization effect stems from the different barriers heights
tering increases, the conductance exhibits a sharp peak at thgperienced by electrons at different spin state in the mag-
bias voltage\ ,/e for an isotropics-wave NS junction; how- netic scattering layer. By applying the BTK theory to our
ever, for ad-wave NS junction, the conductance peak taked\FiNS case, the conductance is now givert®oy
place at zero bias due to the sign change of the order param- 5
eter. If the scattering layer is away from the NS interface by G= e 2 (14 [r e 2= |1 12) 4.3
serveral superconducting coherence lengths, new subgap he=7 - ho.ec eo.eal 2 ’
resonances develop but the bias of conductance anomaly ) ) .
does not change. All of these results show clearly that thd/hich shows clearly that an incoming electron of spiris
ZBA which was attributed to thd-wave order parameter can Normally reflected as an electron of the same_spimnd
still survive in the presence of the local Kondo-like magneticAndreev reflected as a hole of the opposite spinAs a
scattering. It seems in this sense that by identifying the relal€Sult, we give the amplitudes of normal reflection ..
tive positions for a normal-metal—unconventional supercon@nd Andreev reflectiony,_ ..

E/A,

ductor junction with respect to those for a normal-metal— 1/ —iz 1—iz ool 2
conventional superconductor junction, as suggested by ‘et == - Fe”) _ Fe”(_o) ei‘PJeZi(quh)L}
previous worlke® can provide distinct signatures of pairing © ° D\ 1+izZpen 1+iZper\ Uo
symmetry in high¥, superconductors if we do not consider 4.4
the ferromagnetic scattering effect, which will be studied beqng
low.

r zi(@ ! gl (de—an)L (4.5

IV. 1-V CHARACTERISTIC OF AN NS JUNCTION "Dl g/ (1+iZren)? ’ '

WITH A FERROMAGNETIC SCATTERING LAYER wherezg,,= meVFerr/ﬁszx and

Another kind of magnetic scattering effect we consider is 2
the short-range exchange interaction between electrons and a D=1+ ZFerr

local ferromagnetic layer, which could be written as (1+iZper)?

2

v ; )
0 e'¢37e2|(qe7‘1h)|—_

Uo

N Asforr_ o andry ., they can be obtained by replacing
V=Vren0z6(x+L), (4.9 Zrerr With — ;. We plot the conductance as a function of
energy with a variety of values dofr,, in Figs. 3—5 with
L/£,=0,2,5, respectively. As shown in Fig. 3, when the fer-
romagnetic scattering layer is located at the NS interface, at
P ( 10 ) small values of the scattering length, the conductance behav-
Z\o -1/ ior in normal-metal—ferromagnes-wave superconductor

whereo, is thez component of the Pauli matrix,
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2.0 1.5

1.0
E/A, E/A,
FIG. 3. Conductance versuk/A, with various values of FIG. 5. Same as Fig. 3 but with/§,=5 andzge~2,4.

Zrer—=0.2,0.5,0.6,2,4, for ans-wave NS junction(a) and a
d-wave NS junction having sign change of the order paranieler  electron tunneling through an NS junction extremely hazard-
Herel/&,=0. ous. Also intriguingly, as the strength of the ferromagnetic
scattering potential increases, a conductance peak is induced
junctions is quite similar to that in normal-metal-wave at the finite bias for botls-wave andd-wave cases. How-
superconductor junctions with nonmagnetic tunnel barriergver, the conductance peak for teavave case is shifted
while the conductance behavior in normal-metal-toward the energy-gap position, while that tbwave case is
ferromagneticd-wave superconductor junctions is quite shifted to the zero bias. When the ferromagnetic scattering
similar to that in normal-metak-wave superconductor junc- layer is placed in the normal metal by several superconduct-
tions containing a nonmagnetic tunnel barrier. This result isng coherence lengths away from the interface, due to the
particularly important and we believe that the presence of anterference effect arising from the normal reflection at the
low-level ferromagnetic scattering could make a direct ex-ferromagnetic layer and the Andreev reflection at the inter-
perimental determination of the pairing symmetry via theface, new subgap resonances appear in the condudiseee
Figs. 4 and B Moreover, because of the different effective
potentials experienced by the electrons of different spin
1.5 states, the main subgap resonance peaks appearing in the
@ conductance for a normal-metal-superconductor junction
with nonmagnetic scattering potential are now splitted two-
foldly. In particular, as the strength of the exchange interac-
tion increases, breaking peaks of each pair approach nearby
for the s-wave case while become far away for tthevave
case. In fact, these subgap resonances come from the forma-
tion of quasibound states inside the energy gap between the
barrier and the interface, which are determined by the poles
of the current transmissidhSettingD=0, we obtain

G (26%/h)

i vo)?
(1_'_::+)2<U_0) ei ‘PJieZi(qefqu: — 1 s (46)
— 1 &Ferr 0

where the “+" sign is for electrons of spin up and the
“ —" sign is for those of spin down. As in the treatment in
. : Ref. 6, we takeE=ER+IiE, for the quasibound states deter-
0.0 05 10 15 20 mined by Eq.4.6), whereEg is the quasibound state energy
E/A, andE, is the escape rate of quasiparticles from this quasi-
bound state. The approximate formulas for the two quantities
FIG. 4. Same as Fig. 3 but with/£,=2 andzg.,=2,4. are found to be
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2 (ER)( L) _1<ER)_ ( 1) barrier, although the spin-flip process takes place in the
— z —cos F g~ T,
0

~ ~ n+ - former case. More importantly, we have shown that in the
T AO AO 2 . . . .
presence of ferromagnetic scattering, if the layer is located at
(47 the NS interface, the conductance oflavave NS junction
22 containing a ferromagnetic barrier resembles that of an
m&o Ferr . . . . .
— — s-wave junction with a nonmagnetic barrier, and the conduc-
AL |1+ zg, tance of ars-wave NS junction with a ferromagnetic barrier
for ans-wave NS junction, and resemblgs that of d—wavejur_lction ipvc_)lying a nonmagnetip
layer. This result may complicate significantly the conclusive
2V2 (Eg|[L Er determination of the pairing symmetry in high-supercon-
—(A—)(§—>—cos‘l<—>1¢0~nm ductors by the quasiparticle tunneling into the supercon-
& 0/3 0 ductor. Relative to the nonmagnetic scattering case, the reso-
(48 nance peak splitting in the conductance is exhibited when the

In

E|%A0<

- 22 layer is several superconducting coherence lengths away
E~An —20 | |n—_Fer from the NS interface.
1~ A0 1520 _ .
4.\2L Zrer Finally, we would like to make a remark: As we have

done in this work, to apply the one-dimensional description
. S . oSN to the three-dimensional case requires that the system should
the.phase Sh'ft which is crucial to distinguish thg ferromqg-have the translational invariance along the interface perpen-
netic scattering effect from both the nonmagnetic scatteringy. . 1or to the transport direction. Realistically, the Kondo

and the Kon(_jo-llke magnetic scattering effect on the .Conqucéxchange coupling arises from the magnetic atoms having
tance behavior of a normal-metal—superconductor junction

We can also see clearly that this phase shift leads to thSpln, which breaks the translational invariance. Therefore,

resonance peak splitting in the conductance. To study thi e interaction term we have taken in Sec. |ll is a simple
P P 9 : Y % eoretical model and the discussion there is more relevant to

that the ferromagnetic scattering layer is located at the inte%z real one-dimensional system. Nevertheless, we notice that,
gnetic sc g lay X the Kondo-like magnetic scattering effect described by our
face L—0). In this limiting case, we havEr= * ASing,

. : model is stronger than that in the practical three-dimensional
for an s-wave NS junction andEz=*A,cosp, for a 9 b

. . . case. Therefore, we can expect that no ZBA in conductance
d—wave_NS Junction. Therefor_e, if the_ s_trengt_h of th? ferro-is induced by the Kondo impurities in practical three-
magnetic barrier IS finite and, is thus finite, neither mldgap dimensional systems. On the other hand, when the density of
states at the Fermi SurfiCEF(: 0) fﬁr thed-wave NSfJuncr—] magnetic atoms in the ferromagnet layer is very high, these
tion nor gap statesHg=A4,) at the energy gap for the ,iomg are so strongly coupled to one another that the mag-
s-wave junction exist. Only when the ferromagnetic layer iSpetic spins align parallel to the interface. In this case, the
completely insulating Zz,— % and ¢o= 7/2), can the mid-

0~ ) - _magnetization field will be carried entirely within the thin
gap states and gap states be exhibited, respectively, in theyer consequently, our one-dimensional description of the
above-mentioned junctions.

ferromagnetic scattering effect could be applied to the three-

dimensional case, which is also more easily realized by ex-
V. CONCLUSIONS periments_

for a d-wave NS junction, wherey=cos (1/\1+zZ,,) is

We have calculated the conductance through a normal-
metal-d-wave superconductor junction as well as a normal-
metal-s-wave superconductor junction, which contains a We would like to thank Professor C. S. Ting for initiating
sheet Kondo-like magnetic scattering layer or a ferromagthis work. We are also grateful to Professor C. W. J. Beenak-
netic scattering layer. It is shown that the conductance beker for helpful discussions. This work was supported by the
havior in the presence of a Kondo-like magnetic scatterin)RGC grant of Hong Kong under Grant No. HKU262/95P
layer is quite similar to that in the presence of a nonmagnetiand the CRCG grant at the University of Hong Kong.
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