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Spin current in ferromagnet-insulator-superconductor junctions
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A theory of spin polarized tunneling spectroscopy based on a scattering theory is given for tunneling
junctions between ferromagnets andd-wave superconductors. The spin filtering effect of an exchange field in
the insulator is also treated. We clarify that the properties of the Andreev reflection are largely modified due to
the presence of an exchange field in the ferromagnets, and consequently the Andreev reflected quasiparticle
shows an evanescent-wave behavior depending on the injection angle of the quasiparticle. Conductance for-
mulas for the spin current as well as the charge current are given as a function of the applied voltage and the
spin polarization in the ferromagnet for arbitrary barrier heights. It is shown that the surface bound states do
not contribute to the spin current and that the zero-bias conductance peak expected for ad-wave supercon-
ductor splits into two peaks under the influence of the exchange interaction in the insulator.
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I. INTRODUCTION

The transport properties in hybrid structures between
romagnets and superconductors have received conside
theoretical and experimental attention. Interest in such st
tures includes spin-dependent spectroscopy of supercon
ors and possible device applications. Since the Cooper p
in spin singlet superconductors are formed between up
down spins, the high density of spin injection through a tu
neling barrier induces a spin imbalance. This nonequilibri
state is expected to result in a suppression of the crit
temperature and the critical current density in the superc
ductor. A large number of experimental studies on sp
polarized tunneling have already been performed using c
ventional metal superconductors such as Al and Nb abou
years ago.1 However, the recent discovery of so-called colo
sal magnetoresistance~CMR! in Mn oxides compound ha
aroused new interest in this field,2,3 because hybrid structur
fabrication of the spin-polarized ferromagnets with high-Tc
superconductors is now possible using these materials.4,5

On the other hand, the properties of ferromagn
insulator-superconductor ~F/I/S! and ferromagnet–
ferromagnetic-insulator–superconductor~F/FI/S! junctions
have been analyzed based on the assumption that the
ductance spectra correspond to the density of states~DOS! of
the superconductor weighted by the spin polarization.1,6,7 A
theory for FIS junctions based on a scattering method
been presented by de Jong and Beeneker,8 new aspects of
Andreev reflection have been revealed, and also deta
comparisons between theory and experiments have b
accomplished.9,10 However, these results are restricted to is
tropic s-wave superconductors.

In contrast tos-wave superconductor cases, at the int
PRB 600163-1829/99/60~5!/3572~9!/$15.00
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face of a dx22y2-wave superconductor, zero-energy sta
~ZES! are formed due to the interference effect of the int
nal phase of the pair potential.11 Tunneling theory for
dx22y2-wave superconductors has already been presente
extending the BTK formula12 to include the anisotropy of the
pair potential.13–15The theory predicts the existence of zer
bias conductance peak~ZBCP! which reflects the formation
of the surface bound states on thed-wave superconductors
In this paper, an exchange interaction is introduced on
normal side of the junction and on the insulator in order
analyze the spin polarized tunneling effects. The bound-s
condition and tunneling spectroscopy of ferromagne
d-wave-superconductor junctions have already been a
lyzed in two papers.16,17 They have revealed several impo
tant features in charge transport. Here we will argue that
properties of the Andreev reflection18 is largely modified due
to the presence of the exchange interaction. In particular,
existence of an evanescent type of the Andreev reflect
which is referred to as virtual Andreev reflection~VAR!, is
explained~see Ref. 27!. This process has significant roles o
the transports especially for junctions between half-meta
ferromagnets and superconductors. The conductance fo
las for the charge and the spin currents are presented b
on the scattering method by fully taking account of the VA
process. The merit of formulas based on the scattering m
ods is that the conductance spectra can easily be calcu
for arbitrary barrier heights cases without the restriction
the high-barrier limit. The spin current is, we believe, t
most important physical quantity in spin injection devic
based on the following two reasons: one is that the s
current gives a direct criterion to estimate the effect of
spin imbalance induced by the tunneling current, the othe
that the charge and the spin conductivity may illuminate
3572 ©1999 The American Physical Society
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PRB 60 3573SPIN CURRENT IN FERROMAGNET-INSULATOR- . . .
study of electron systems that undergo spin-charge sep
tion, such as Tomonaga-Luttinger liquids and possibly
derdoped high-Tc superconductors.19–21We will also analyze
ferromagnetic insulator effects, which include the sp
filtering effect,6,7 due to the presence of an exchange field
the insulator. It is shown that a spin-dependent energy s
during the tunneling process induces a splitting of the ZBC
Based on the detailed analysis of the conductance spectra
propose a simple method to distinguish the broken tim
reversal symmetry ~BTRS! states inducement at th
surface22–24 from spin-dependent tunneling effects. The im
plications of the ferromagnetic insulator effects on tunnel
experiments of high-Tc superconductors and a proposal f
possible device applications are also presented.

II. FORMULATION

For the model of formulation, a planar F/FI/S junctio
with semi-infinite electrodes in the clean limit is assumed
flat interface is assumed to be located atx50, and the insu-
lator for up @down# spin is described by a potentia
V↑[↓] (x) $V↑[↓] (x)5(V̂02@1#ÛB)d(x)%, where d(x), V̂0,
andÛB are thed function, a genuine barrier amplitude, an
an exchange amplitude in the barrier, respectively. The
fective massm in the ferromagnet and in the superconduc
are assumed to be equal. For the model of the ferromag
we adopt the Stoner model where the effect of the spin
larization is described by the one-electron Hamiltonian w
an exchange interaction similar to the case of Refs. 8,16
For the description of thedx22y2-wave superconductor, w
apply the quasiclassical approximation where the Fermi
ergy EF in the superconductor is much larger than the p
potential following the model by Bruder.25,26 The effective
Hamiltonian~Bogoliubov–de Gennes equation! is given by

FH0~x!2rU~x! D~x,u!

D* ~x,u! 2$H0~x!1rU~x!%G Fu~x,u!

v~x,u!
G

5EFu~x,u!

v~x,u!
G . ~1!

Here, E is the energy of the quasiparticle,U(x) is the ex-
change potential given byUQ(2x) (U>0), whereQ(x) is
the Heaviside step function,r is 1 ~21! for up ~down! spins,
D(x,u) is the pair potential, andH0(x)[2\2¹2/2m
1V(x)2EF . To describe the Fermi surface difference
F and S, we assumeEF5EFN for x,0 and EF5EFS
for x.0. The pair potentialD(x,u) is taken asD(u)Q(x)
for simplicity. The number of up~down! spin electrons is
described by N↑ (N↓). The polarization and the wav
vector of quasiparticles in the ferromagnet for
~down! spin are expressed asP↑[N↑ /(N↑1N↓)
5(EFN1U)/2EFN@P↓[N↓ /(N↑1N↓)5(EFN2U)/2EFN#
and kN,↑5ukN,↑u[A(2m/\2)(EFN1U)@kN,↓5ukN,↓u
[A(2m/\2)(EFN2U)#, respectively.8

We assume the quasiparticle injection of up spin electr
at an angleuN to the interface normal as shown in Fig.
Four possible trajectories exist; they are Andreev reflec
~AR!, normal reflection~NR!, transmission to supercon
ductor as electronlike quasiparticles~ELQ!, and transmission
ra-
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as holelike quasiparticles~HLQ!. The spin direction is con-
served for NR but not for AR. When the superconductor h
dx22y2-wave symmetry, the effective pair potentials for EL
and HLQ are given byD1[D0cos 2(uS2b) and D2

[D0cos 2(uS1b), respectively, whereb is the angle be-
tween thea axis of the crystal and the interface norma
Results for various pairing symmetries are obtained by
ting proper values toD1 and D2 similarly to the previous
formulas.13,15 The wave vectors of ELQ and HLQ are ap
proximated bykS5ukSu'A2mEFS /\2 following the model
by Andreev.18 Since translational symmetry holds along t
y-axis direction, the momentum components of all trajec
ries are conserved (kN,↑sinuN5kN,↓sinuA5kSsinuS).

27 Note
that uN is not equal touA except whenU50, which means
retroreflectivity of AR is broken. Such novel behavior is
consequence of the fact that in the presence of an exch
field the BCS pairing is formed not strictly between states
equal but oppositek vectors, the so-called Fulde-Ferre
effect.28 The wave function in the ferromagnet (x,0) for up
~down! spin with injection angleuN is described by

S u~x,uN!

v~x,uN!
D 5eikN,↑[↓]xS 1

0D 1a↑[↓]~E,uN!eikN,↓[↑]9 xS 0

1D
1b↑[↓]~E,uN!eikN,↑[↓]8 xS 1

0D , ~2!

where the signs of thex components ofkN,↑[↓] andkN,↑[↓]8 are
the reverse of each other. The reflection probabilities of
two processes are obtained by solving Eq.~1! and by con-
necting the wave function and its derivative atx50.

Next, we will simply explain the Fermi surface effect b
assuming up spin injection. Various kinds of reflection pr
cess are expected depending on the values ofEFN , ES , and
U. For example, when kS,kN,↑ , total reflection
(ub↑[↓] (E,uN)u251) occurs when uN.sin21(kS/kN,↑)
[uc1.

15,17 In this case, the net currents of the spin and
charge from the ferromagnet to the superconductor van

FIG. 1. Schematic illustration of the elastic reflection of qua
particles in the FIS junction. For all trajectories, momenta para
to the interface are conserved. This means that the retroreflec
property of Andreev process is lost due to the exchange interac
In the figure, the anisotropic pair potential ofdx22y2-wave symme-
try is also shown.
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On the other hand, whenkN,↓,kS,kN,↑ , the x component

of the wave vector in the AR process (AkN,↓
2 2kS

2sin2uS) be-
comes purely imaginary foruc1.uN.sin21(kN,↓ /kN,↑)[uc2.
In this case, although transmitted quasiparticles from fe
magnet to superconductor do propagate, the Andreev
flected quasiparticles do not propagate~VAR process!. A
finite amplitude of the evanescent AR process still ex
(ua↑(E,uN)u2.0) and the net currents of the spin and t
charge from the ferromagnet to the superconductor do
vanish. It is easy to check the conservation laws for
charge, the excitation, and the spin on the VAR process
-
e-

s

ot
e
l-

lowing the method presented in Ref. 12. The existence of
VAR process has not been treated in the one-dimensio
model8 because it is a peculiar feature of a two or thr
dimensional F/S interface.

The conductance of the junctions are obtained by exte
ing previous formula to include the effect of spin.12,8,17In the
following, consider a situation wherekN,↓,kS,kN,↑ . To
analyze the transport properties of an F/I/S junction, t
kinds of conductance spectrum are introduced. The cond
tance for the charge current is defined by the charge fl
induced by the up~down! spin quasiparticle injection and i
given by
,

ŝq,↑[↓]~E,uN![ReF11
l2

l1
ua↑[↓]~E,uN!u22ub↑[↓]~E,uN!u2G ~3!

~for 0,uuNu,uc2),

5
4l1@4l2uĜ1u21~11l2!21Z↓[↑]

2 2uĜ1Ĝ2u2$~12l2!21Z↓[↑]
2 %#

u~11l11 iZ↑[↓] !~11l22 iZ↓[↑] !2~12l12 iZ↑[↓] !~12l21 iZ↓[↑] !Ĝ1Ĝ2u2
~4!

~for uc2,uuNu,uc1),

5
4l1~12uĜ1Ĝ2u2!$11~2k21Z↓!2%

u~11l11 iZ↑!$12 i ~k21Z↓!%2~12l12 iZ↑!$11 i ~k21 iZ↓!%Ĝ1Ĝ2u2
~5!

~for uc1,uuNu,p/2),

50,

where

Z↑[↓]5
Z0,↑[↓]
cosuS

, Z0,↑[↓]5
2m~V̂02@1#ÛB!

\2kS

, Ĝ65G6exp~7 if6!, expif65
D6

uD6u
,

G65
E2AE22uD6u2

uD6u
, l15

kN,↑[↓]cosuN

kScosuS
, l25

kN,↓[↑]cosuA

kScosuS
, k25 il25

AkS
2sin2uS2kN,↓

2

kScosuS
.

The conductance for the spin current is defined by the spin imbalance induced by the up~down! spin quasiparticle injection

ŝs,↑[↓]~E,uN![ReF12
l2

l1
ua↑[↓]~E,uN!u22ub↑[↓]~E,uN!u2G ~6!

~for 0,uuNu,uc2),

5
4l1@24l2uG1u21~11l2!21Z↓[↑]

2 2uĜ1Ĝ2u2$~12l2!21Z↓[↑]
2 %#

u~11l11 iZ↑[↓] !~11l22 iZ↓[↑] !2~12l12 iZ↑[↓] !~12l21 iZ↓[↑] !Ĝ1Ĝ2u2
~7!

~for uc2,uuNu,uc1),

5
4l1~12uĜ1Ĝ2u2!$11~2k21Z↓!2%

u~11l11 iZ↑!$12 i ~k21Z↓!%2~12l12 iZ↑!$11 i ~k21 iZ↓!%Ĝ1Ĝ2u2
~8!

~for uc1,uuNu,p/2),

50.
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The Andreev reflected quasiparticles positively contribute
the charge current, but since their spins are reversed,
have negative contribution to the spin current. The sec
terms on the right-hand side of Eqs.~3! and~6! do not have
finite contribution on net current in the VAR process, sin
the correspondingl2 is purely imaginary. The normalize
total conductance spectra for the charge currentsq(E) and
the spin currentss(E) are given by

sq~E!5sq,↑~E!1sq,↓~E!, ~9!

sq,↑[↓]~E!5
1

RN
E

2p/2

p/2

duNcosuNŝq,↑[↓]~E,uN!P↑[↓]kN,↑[↓] ,

~10!

ss~E!5ss,↑~E!2ss,↓~E!, ~11!

ss,↑[↓]~E!5
1

RN
E

2p/2

p/2

duNcosuNŝs,↑[↓]~E,uN!P↑[↓]kN,↑[↓] ,

~12!

where

RN5E
2p/2

p/2

duNcosuN@ŝN,↑~uN!P↑kN,↑1ŝN,↓~uN!P↓kN,↓#,

~13!

ŝN,↑[↓]~uN!5
4l1

u11l11 iZ↑[↓] u2
.

In the above,RN , sq,↑[↓] (E), andss,↑[↓] (E) correspond to
the conductance when the superconductor is in the nor
state and the spin-resolved normalized conductance sp
for charge and spin, respectively. The conductance spe
for negativeE are obtained by replacingĜ6 by 21/Ĝ6* in
the above formulation. The net polarizationJp(eV) as a
function of the bias voltageV is given by

Jp~eV!5

E
2`

`

dEss~E!$ f ~E2eV!2 f ~E!%

E
2`

`

dEsq~E!$ f ~E2eV!2 f ~E!%

, ~14!

wheref (E) is the Fermi-distribution function. Since the co
volution with f (E) gives only a smearing effect in the con
ductance spectra, the temperature is set to zero in the fol
ing discussions.

In the above formulation, we have neglected the s
consistency of the pair potential in order to get analyti
formulas.29 However, the present formula is easily extend
to include this effect simply by replacingG6 with
G6(x)ux50, whereG6(x) follows the Ricatti equations de
scribed by

d

dx
Ĝ1~x!5

1

i\2kFcosuS

@2D1~x!Ĝ1
2 ~x!2D1* ~x!

12EĜ1~x!#, ~15!
o
ey
d

al
tra
tra

w-

f-
l

d

d

dx
Ĝ2~x!5

1

i\2kFcosuS

@2D2* ~x!Ĝ2
2 ~x!2D2~x!

12EĜ2~x!#. ~16!

Here the spatial dependence of the pair potential is assu
asD6(x) ~functions ofx).

The most important differences in the present form
from previous ones are~i! a formula for the nonlinear spin
current,~ii ! the capability to treat the ferromagnetic insulat
effects based on the scattering method,~iii ! the introduction
of the breakdown in the retro-reflectivity of the AR proce
and consequently the vanishing of the propagating AR~VAR
process!. In particular, the concept of the VAR process is
new physical process presented in this paper. If we did
accept the existence of this process, the total reflection in
pendent ofE is naively expected. Since finite transmission
possible in this angle region (uc2,uuu,uc1) aboveTc , this
total reflection would induce a sudden decrease of the c
ductance just belowTc for highly polarized ferromagnets
junctions. As far as we know, no trends for such an eff
have been reported thus far. This fact may be direct evide
for the existence of the VAR process. The VAR process
shown to have an important role on the Josephson curren
superconductor-ferromagnet-superconductor junctions,
cause the evanescent wave carries a net Josephson curr
this configuration.30

III. RESULTS

A. Effects of polarization

In this subsection, to reveal the influence of the polari
tion on the tunneling conductance spectra, we assume a
junction by settingÛB50 (Z0,↑5Z0,↓[Z0). At first, let us
discuss several analytical results obtained from the ab
formulation in order to check the validity of the formula
WhenU50, the ferromagnet reduces to a normal metal, a
as expectedsq(E) reproduces the results of Refs. 13,15, a
ss(E) vanishes. For half-metallic ferromagnets (U5EFN),
the Fermi surface for the down spins has shrunk to zero
this case, the VAR process occurs for alluN . Under the
condition of VAR,ŝq(E,uN)5ŝs(E,uN) applies, which cor-
responds to the fact that the tunneling current is comple
spin polarized. Furthermore, the conductance spectra in
energy gap (E,uD1u,E,uD2u) become completely zero
@sq(E,uN)5ss(E,uN)50#. In the tunneling limit (H˜`)
and in the absence of VAR,ŝq,↑[↓] (E,u) gives the angle
resolved surface DOS of an isolated superconductor. T
sq(E) converges to the surface DOS weighted by the t
neling probability distribution.15 At this limit, we can repro-
duce a well-known result that the ratio of the peak heights
the spin-resolved spectra directly reflect the polarization
the ferromagnet.1 On the other hand,ss,↑[↓] (E,u) reduces to
a function similar to the surface DOS, but where the div
gence at the energy levels of the surface bound state
missing.

The calculated results based on above formula are
sented fordx22y2-wave superconductors. In the following
we assumeEFN5EFS . Figures 2 and 3 show the condu
tance spectra of charge current for the transparent limitZ0
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50, b50) and high-barrier case (Z055, b5p/4) as the
function of exchange interactionX([U/EFN). ForX50, re-
sults in Ref. 13 are reproduced. However, asX increases, the
conductance inside the gap (uEu,D0) is largely reduced for
both cases. Especially, the ZBCP disappears for the h
metallic ferromagnet case. Since the spin polarization
such a drastic influence on the ZBCP, the height of ZB
can be used in principle as a measurement of the magni
of the spin polarization. Figure 4 shows the difference of
spin current and the charge current whenX50.85,Z055,
andb5p/4. It is clear that the ZBCP is not present for th
spin current. This corresponds to the fact that the cha
current components corresponding to the ZES are carrie
condensed Cooper pairs in the superconductor, and there
they do not contribute to the spin imbalance. As a result,
spin current becomes relatively insensitive to the orienta
of the junctions. Figure 5 shows the conductance spectra
the spin current as the function of spin polarization (Z0
55). It is clear that the spin current increases asX becomes
larger. Note thatss(E) is larger than unity aroundE5D0
whenX'1. This corresponds to the fact that the peak in
DOS has an influence even for the spin current.

FIG. 2. The normalized conductance spectra for the charge
rentsq(E) as the function ofX[U/EFN with b50 andZ050 ~the
transparent limit!. As X becomes larger, the peak around the ze
bias level is largely suppressed.

FIG. 3. The normalized conductance spectra for the charge
rent sq(E) as the function ofX with b5p/4 and Z055. As X
becomes larger, the height of the ZBCP is largely reduced.
lf-
s

P
de
e

e
by
ore
e
n
or

e

Next, the net polarizationJp(eV) is calculated for
dx22y2-wave superconductors as a function of the orientat
(b) when T50. Four lines of Fig. 6 show the results fo
various values of barrier parameter wheneV52D0. It is
clear that the orientational effect is much smaller compa
to the effect ofZ0. In the same figure, results fors-wave
superconductors (D15D25D0 independent ofuN) are also
shown as closed dots. The large deviations ofdx22y2 wave
from s wave for small values ofZ0 are originated from the
distribution of the pair amplitude ink space. As the barrie
parameter becomes larger, the spin injection efficiency
comes insensitive to the symmetry of the pair potential.

B. Spin filtering effects and the ZBCP splitting

It has been experimentally verified that a ferromagne
semiconductor used as the insulator in tunneling juncti
works as a ferromagnetic barrier. Since the transmiss
probabilities for up and down spins are not equal, a sp
filtering effect is expected to be realized.6,7 Also it has been

r-

-

r-

FIG. 4. The comparison between the normalized conducta
spectrum for the charge currentsq(E) and that for the spin curren
ss(E) for X50.7, b5p/4, andZ055. Since the ZBCP originates
from the current carried by the surface bound states, the peak
appears for the spin current.

FIG. 5. The normalized conductance spectra for the spin cur
ss(E) as a function ofX with b50 and Z055. As X becomes
larger, the spin current is increased. Note that the peak atE5Dd is
larger than unity whenX is close to 1.
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theoretically verified that a ferromagnetic insulator placed
the vicinity of superconductor induces a spin splitting on
DOS of s-wave superconductors.31 In the following, we will
analyze the influence of the exchange interaction exis
inside the insulator on the transport properties based on
formulation described in Sec. II.

Figure 7 shows the response of the conductance spe
sq(E) on the exchange interaction in the insulator whenX
50. ZBCP splittings are obtained for finite exchange amp
tude (UB) cases. AsUB is increased and consequently as t
difference betweenZ0,↑ andZ0,↓ becomes larger, the ampl
tude of the splitting becomes larger and the two peaks
come broader and smaller. The peaks in the gap disap
when the difference betweenZ0,↑ and Z0,↓ becomes promi-
nent. To see more clearly these trends, the spin-resolved

FIG. 6. Orientational dependencies ofJp(E) for dx22y2-wave
superconductors forE52D0 andX50.7 are plotted for variousZ0

values. Closed dots in the figures correspond to those fors-wave
superconductors. The large deviations of thedx22y2 wave froms
wave for small values ofZ0 are originated from the distribution o
the pair amplitude ink space.

FIG. 7. The effects of ferromagnetic insulator on the cha
current forX50 andb5p/4. WhenZ0,↑55 andZ0,↓55, a large
ZBCP exists. The difference inZ0,↑ andZ0,↓ induces the peak split
ting (Z0,↑53 andZ0,↓57). As the difference becomes larger, th
ZBCP split into two peaks and the amplitude of the splitting b
comes larger and the peaks become smaller and broader (Z0,↑52
andZ0,↓58). Finally, the peaks in the gap disappear as the dif
ence becomes prominent (Z0,↑50 andZ0,↓510).
n
e

g
he

tra

-

e-
ar

n-

ductance spectrasq,↑[↓] (E) and ss(E) for Z0,↑52.5 and
Z0,↓57.5 are plotted in Fig. 8. The spectra for up~down!
spins are shifted for lower~higher! energy level. Further-
more,ss(E) becomes finite even thoughX50 in the ferro-
magnet. In order to check the effect of the polarization, F
9 shows the response of the charge current as a functio
polarizationX for a fixed barrier parameter. The spin pola
ization in the ferromagnet induces the imbalance of the p
heights, thus the ratio of the splitted peak heights can be u
as a criteria for the spin polarization.

These results are interpreted as follows.~i! The peaks
corresponding to the up~down! spin components are shifte
because of the energy gain~loss! during the tunneling pro-
cess.~ii ! Since this energy gain~loss! hask dependence,31

the peak becomes broader comparing to the magnetic-
induced peak splitting~see below!. ~iii ! The amplitude of the
peak splitting depends on the genuine barrier amplitudeV̂0

as well as the exchange amplitudeÛB . For example, the
splitted peaks merge into a single peak at the tunneling li
(V̂0˜`) even if ÛB is kept constant.~iv! The current cor-
responding to the ZBCP is carried by the Cooper pair in
superconductor as described in the previous subsection.

e

-

-

FIG. 8. Four types of normalized conductance forZ0,↑52,
Z0,↓58, X50, andb5p/4. The normalized charge currentsq(E)
has splitted peaks. The peak of the lower energy and higher en
are originated from the up spin componentsq,↑(E) and down spin
componentsq,↓(E). These peaks do not appear in the spin curr
conductancess(E).

FIG. 9. The normalized conductance spectrasq(E) as a func-
tion of X for Z0,↑52.5, Z0,↓57.5, andb5p/4. As X becomes
larger, the higher energy peak becomes smaller. Thus, the pola
tion can be estimated from the ratio of two peak heights. WheX
approaches 1, the two peaks diappear.
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corresponds to the fact that the AR process is the sec
lowest order tunneling process which requires both up
down spins tunneling. Hence, asZ0,↓ becomes larger and a
the tunneling probability for down spins are suppressed,
conductance peaks and the AR process are rapidly red
even ifZ0,↑ is kept zero.~v! The spin current is increased a
ÛB is raised from zero even ifX in the ferromagnet is kept a
zero ~unpolarized!. This feature directly corresponds to th
spin-filtering effect that the spin-selective tunneling occ
due to the presence of the exchange field in the insulato

Next, various types of the ZBCP splitting expected f
d-wave superconductors and their polarization effects
analyzed. Mainly two possibilities other than the ferroma
netic insulator effects have been proposed for the origin
the ZBCP splitting on high-Tc superconductor junctions
One is the Zeeman effect due to an applied magnetic fi
and the other is the inducement of the BTRS states such
dx22y21 is wave. The conductance spectra in an appl
magnetic field is calculated from above formula by simp
using the relation

sq[s]~E!5sq[s],↑~E2mBH !1@2#sq[s],↓~E1mBH !,
~17!

wheremBH is the Zeeman energy. Calculated charge c
ductance spectra for adx22y2 wave superconductor as a fun
tion of X are shown in Fig. 10. The amplitude of the splittin
is linear to the applied field independent of the barr
heights. Moreover, since the energy shift induced by
magnetic field does not havek dependence, the broadenin
of the peaks are not present. The ratio of the splitted p
heights simply reflects the polarization in the ferromagn
which is consistent with the results by Tedrow a
Meservey.1,32 On the other hand,sq(E) for a dx22y21 is
wave superconductor is calculated by settingD6

5D0cos 2(uS7b)1iDs. Calculated charge conductance spe
tra for variousX values are shown in Fig. 11. The amplitud
of the splitting is almost equivalent to the amplitude of t
s-wave component. The shape of the spectrum without
polarization (X50) is quite similar to that shown in Fig. 1
(X50). As X becomes larger, the heights of the two pea
are reduced, which is consistent with that shown in Fig.

FIG. 10. The normalized conductance spectrasq(E) in an ap-
plied magnetic field (mgH/D050.15) as a function ofX for Z0,↑
55, Z0,↓55, and b5p/4. As X becomes larger, the peak wit
higher energy is largely reduced. WhenX approaches 1, the two
peaks disappear.
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On the other hand, differently from Figs. 9 and 10, since
peak splitting is not induced by spin-dependent effects in
case, the polarization in the ferromagnets does not yield
imbalance in the peak heights. Thus the heights of the
peaks are reduced symmetrically.

The responses of the ZBCP on the variation of the po
ization and the applied magnetic field are summarized
follows. ~i! The peak splitting due to the ferromagnetic ins
lator and the Zeeman effect are spin dependent. There
the polarization in the ferromagnet induces the asymmetr
splitting of the ZBCP.~ii ! The amplitude of the peak splitting
is linear to the applied field in the case of the Zeeman effe
However, it is nonlinear in the cases of the ferromagne
insulator effects7 and the BTRS states.23 In particular, the
peak splittings are expected even in the absence of the
plied field for these two cases.~iii ! The multiplication of the
BTRS states with the Zeeman effect induces an additio
peak splitting, that is, the ZBCP splits into four peaks. Ho
ever, the multiplication of the Zeeman with the ferroma
netic insulator effects does not yield the additional pe
splittings.

The experimental observations of the ZBCP splitting ha
been reported for normal metal–high-Tc superconductor
junctions.14,24,33,34It is a really interesting experiment to ob
serve the same features by using ferromagnets–high-Tc su-
perconductor junctions in order to distinguish the sp
dependent effects from the BTRS states inducem
Recently, Sawaet al. have detected an asymmetric magne
field response in La0.67Sr0.33MnO3-YBa2Cu3O72d junc-
tions.35 The qualitative features on the magnetic field r
sponses of their junctions are consistent with F/FI/S with
dx22y2 wave explained here. A detailed comparison betwe
the above formulas and their experiments is expected.

Finally, a simple proposal is given for a possible devi
application utilizing the ferromagnetic insulator effects. T
thickness of the insulator is the order of 1 nm in usual tu
neling junctions. Since the controlling of properties in such
thin layer requires high technology, as far as we know, no
many experimental trials have been accomplished thus
However, as shown in this paper, a small change in the
sulator property causes a drastic change on the trans
properties. Therefore, the controlling of the barrier propert
is one of the most promising methods to create new fu

FIG. 11. The normalized conductance spectrasq(E) for the
BTRS states (Ds /D050.15) as a function ofX for Z0,↑55, Z0,↓
55, andb5p/4. AsX becomes larger, the heights of the two pea
are reduced symmetrically.
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tional devices. For example, consider an F/FI/S junction w
a dx22y2-wave superconductor (b5p/4). The sharp ZBCP is
drastically modified as the difference betweenZ↑ and Z↓
becomes larger as shown in Fig. 7. This means that, fo
fixed bias voltage, a large response in current is expected
to a small variation in the exchange interaction in the in
lator. This response is applicable for the high-sensitive m
netization measurement of a thin insulating film by insert
the film into a junction as a tunneling barrier. If the exchan
interaction is sensitive to the external field, this effect can
used as a magnetic sensor. Alternatively, if the magnet
tion of the insulator shows hysteresis on the external fi
variation, a memory function can be realized. The curr
gain of the junction as a function of the external field
largely enhanced by using a superconductor–ferromagn
insulator–superconductor junction with ad wave, because
negative-conductance regions are expected just beside
ZBCP in this configuration.36,37 Differently from conven-
tional superconducting memories based on a flux-quan
logic, a large-scale integration circuit may be possible ba
on the present principle.

IV. SUMMARY

In this paper, the conductance spectra for the charge
the spin currents under the influence of the exchange in
action have been calculated based on the scattering me
The influence of the spin polarization on the transport pr
erties has been clarified. It is shown that the retroreflectiv
tt
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of the standard Andreev reflection process is broken in
presence of an exchange field and that the surface bo
states due to superconducting pair potentials do not con
ute to the spin current. Next, the ferromagnetic insulator
cluding the spin-filtering effect are analyzed. It is shown th
the spin polarization gives asymmetric peak splitting. Mo
over, various features in the splitting of ZBCP due to t
ferromagnetic insulator, the Zeeman splitting, and the BT
states effects are analyzed in detail. It is shown that the s
polarized tunneling gives important information for identif
ing the origin of the ZBCP splitting. By comparing th
present analysis with experimental data, we expect that
mechanism of the peak splitting in high-Tc superconductors
will be well identified. In the present model, we have n
glected the effects of spin-orbit scattering38 and the nonequi-
librium properties of superconductors.39,40 Inclusion of these
effects would be necessary for a complete theory. The
mulation for triplet superconductors will be presented in a
other publication.41
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