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Temperature dependence of spin-polarized transport in ferromagnetÕunconventional
superconductor junctions
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Tunneling conductance in ferromagnet/unconventional superconductor junctions is studied theoretically as a
function of temperature and spin polarization in ferromagnets. Ind-wave superconductor junctions, a zero-
energy Andreev bound state drastically affects the temperature dependence of the zero-bias conductance
~ZBC!. In p-wave superconductor junctions, numerical results show various temperature dependences of the
ZBC depending on the direction of the magnetic moment in ferromagnets and the pairing symmetry in
superconductors such aspx-, py-, andpx1 ipy-wave symmetries. The last one is a candidate for the pairing
symmetry of Sr2RuO4. From these characteristic features in the conductance, we may obtain information about
the degree of spin polarization in ferromagnets and the direction of thed vector in spin-triplet superconductors.
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I. INTRODUCTION

In recent years, transport properties in unconventional
perconductor junctions have been studied both theoretic
and experimentally. In these junctions, a zero energy s
~ZES! ~Refs. 1–3! formed at the junction interface plays a
important role in the tunneling spectroscopy. It is now w
known that the ZES is responsible for the zero-bias cond
tance peak ~ZBCP! in the high-TC superconductor
junctions4–9 and related phenomena.10–21 The theoretical
studies clearly relate the formation of the ZES to the ZB
in tunneling spectroscopy.22–25 Since the formation of the
ZES is a general phenomenon in unconventional super
ductor junctions, the ZBCP is also expected in spin-trip
superconductor junctions.26–32Actually, the ZBCP has been
observed in junctions of Sr2RuO4 ~Refs. 33,34! and
UBe13.35 The ZBCP has also been theoretically predicted
organic superconductors (TMTSF)2X very recently.36–38

From the view of future device applications, transp
properties in hybrid structures consisting of ferromagn
and superconductors have attached much attention. It
pointed out that in ferromagnet/insulator/spin-singlet unc
ventional superconductor (F/I /S) junctions that the ampli-
tude of the ZBCP decreases with increasing the magnitud
the exchange potential in ferromagnets. This is because
exchange potential breaks the time-reversal symmetry
suppresses the retroreflectivity of the Andre
reflection.39–46,49,50Thus the ZBCP is sensitive to the degr
of spin polarization in ferromagnets. Since the tunneling c
ductance is independent of the magnitude of the insula
barrier,51 it is possible to estimate the spin polarization
ferromagnets through the temperature dependence of
ZBCP. An experimental test could be carried out
La0.7Sr0.3MnO3 /YBa2Cu3O72x junctions in the near
future.52–55
0163-1829/2003/67~17!/174501~11!/$20.00 67 1745
u-
lly
te

l
c-

P

n-
t

r

t
s
as
-

of
he
nd

-
g

he

When spin-triplet superconductors are attached
ferromagnets,43,44 the ZBCP depends not only on the sp
polarization but also on other parameters such as rela
angles between thed vector in triplet superconductors an
the magnetic moment in ferromagnets.31,32,45,46Thus it may
be possible to find details of the pair potential by compar
the characteristic feature of the ZBCP in theoretical calcu
tions and those in experiments. For this purpose, it is ne
sary to know effects of other ingredients such as tempe
tures and the profile of the pair potential near the junct
interface on the ZBCP. It is known that the amplitude of t
pair potential is drastically suppressed at a surface or a in
face of superconductors in the presence of
ZES.2,28,56–58,67Although several studies on tunneling ph
nomena in ferromagnet/unconventional superconductor ju
tions have been made so far,47,48such issues have never bee
addressed.

In this paper, we calculate the tunneling conductance
ferromagnet/unconventional superconductor junctions a
function of temperature and the degree of spin polarization
ferromagnets, where the spatial dependence of the pair
tential is determined self-consistently based on the quasic
sical Green’s function theory. We choosed-wave andpx
1 ipy-wave symmetries for the pair potentials which are ca
didates for pairing symmetries of high-TC cuprates and
Sr2RuO4, respectively. For comparison, we also study t
conductance inpx- and py-wave superconductor junctions
From the calculated results, we reach the following conc
sions.

~1! In d-wave junctions with ~110! orientation and
px-wave junctions, an incident quasiparticle from a ferr
magnet always feels the ZES irrespective of the incid
angles. The zero-bias tunneling conductance~ZBC! at the
zero temperature is insensitive to the barrier potential at
interface. This result indicates the possibility to estimate
©2003 The American Physical Society01-1
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magnitude of the spin polarization of ferromagnets at su
ciently low temperatures~T! in experiments.

~2! In d-wave junctions with ~110! orientation and
px-wave junctions, the ZBC monotonically decreases w
increasing temperatures for small magnitudes of spin po
ization. On the other hand, for large magnitudes of polari
tion, the ZBC becomes an increasing function of tempe
ture. While ford-wave junctions with~100! orientation and
py-wave junctions, where the ZES does not appear, the Z
is an increasing function ofT independent of the spin polar
ization. Forpx1 ipy-wave junctions, the ZBC first decreas
with increasingT then increases.

~3! For p-wave junctions, the ZBC has various tempe
ture dependences depending on the direction of the mag
moment in ferromagnets. This unique property is peculia
spin-triplet superconductors.

~4! Throughout this paper, we calculate the ZBC in tw
ways. ~i! The spatial dependence of the pair potential is
sumed to be the step function~non-SCF calculation!. ~ii ! The
spatial depletion of the pair potentials is determined s
consistently~SCF calculation!. By comparing the conduc
tance in these two ways, we found that the results in
non-SCF calculation are qualitatively the same as thos
the SCF calculation.

The organization of this paper is as follows. In Sec. II, w
formulate the tunneling conductance with an arbitrary an
between the magnetization axis of the ferromagnet andc axis
of the superconductor. We show that the tunneling cond
tance depends on the direction of the magnetic moments
when superconductors have spin-triplet pairing. In Sec.
we calculate the polarization and temperature dependenc
ZBC for bothd-wave andp-wave junctions. In Sec. IV, we
summarize this paper.

II. FORMULATION

Let us consider a two-dimensionalF/I /S junction in the
clean limit as shown in Fig. 1. We assume a flat interface
x50. The insulator is described by the delta functionV(x)
5Hd(x), whereH represents the strength of the barrier p
tential. We also assume that the Fermi energyEF and the
effective massm in the ferromagnet are equal to those in t
superconductor. The Stoner model is applied to describe
romagnets, where the exchange potentialU characterizes the
ferromagnetism. The wave numbers in the ferromagnet
the majority (↑̄) and the minority (↓̄) spins are denoted b
k↑̄( ↓̄)5A(2m/\2)@EF1(2)U#. The wave functionsC(r )

FIG. 1. Schematic illustration of a ferromagnet/superconduc
junction. The direction of the magnetization axis is denoted b
polar coordinate (uM ,fM).
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are obtained by solving the Bogoliubov–de Gennes~BdG!
equation under the quasiclassical approximation59,60

EC~r !5E dr 8H̃~r ,r 8!C~r 8!,C~r !5S u↑~r !

u↓~r !

v↑~r !

v↓~r !

D , ~1!

H̃~r ,r 8!5S Ĥ~r !d~r2r 8! D̂~r ,r 8!

D̂†~r ,r 8! 2Ĥ* ~r !d~r2r 8!
D ,

whereE is the energy of a quasiparticle measured fromEF ,
Ĥ(r )5h01̂2U(r )•s(r ), h052(\2/2m)¹21V(x)2EF ,
U(r )5UQ(2x)n, and1̂ ands are the 232 identity matrix
and the Pauli matrix, respectively. Heren points the direction
of the magnetic moment in ferromagnets andQ(x) is the
Heaviside step function. The indices↑ and↓ denote the spin
degree of freedom of a quasiparticle in superconductors.
magnetization axis in ferromagnets is represented in a p
coordinate (uM ,fM) as shown in Fig. 1. We assume that t
quantization axis of spin in the triplet superconductors is
the c axis which is parallel to thez direction. At first, we
assume that the pair potential is a constant independentx,

D̂~uS ,x!5D̂~uS!Q~x!, ~2!

where D̂(uS) does not have the spatial dependence andkx
5kFcosuS and ky5kFsinuS are the wave number in supe
conductors withkF being the Fermi wave number. The pa
potentialD̂(uS) is given by

D̂~uS!5S D↑↑~uS! D↑↓~uS!

D↓↑~uS! D↓↓~uS!
D . ~3!

The Hamiltonian in Eq.~2! is written in the coordinate of the
spin space in the superconductor. It is comprehensive to
write the Hamiltonian in the coordinate of spin space in t
ferromagnet since this notation is useful for considering sc
tering processes. The Hamiltonian in the coordinate of s
space in the ferromagnet is obtained by using the follow
unitary transformation:

H̃F~r ,r 8!5Ũ†H̃~r ,r 8!Ũ, ~4!

Ũ5S Û 0

0 Û*
D , Û5S g1 2g2*

g2 g1*
D , ~5!

g15cos
uM

2
e2 ifM, g25sin

uM

2
eifM, ~6!

where Û is the operator which diagonalizes theĤ(r ). The
effective pair potential in the coordinate of spin space in
ferromagnet is rewritten as

D̂F~uS!5Û†D̂~uS!Û* . ~7!

r
a
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Here, we consider the four types of pair potentialsd-, px-,
py-, and px1 ipy-wave symmetries in superconductors.
the d-wave case, the pair potential is described as

D↑↓~uS!52D↓↑~uS![D0f ~uS!, ~8!

D↑↑~uS!5D↓↓~uS!50, ~9!

f ~uS!5cos@2~uS2a!#, ~10!

wherea is the angle between thea axis of the high-Tc su-
perconductors and the interface normal. The effective p
potential in the coordinate of spin space in the ferromagne
given by

D̂F~uS![S D ↑̄ ↑̄
F

~uS! D ↑̄ ↓̄
F

~uS!

D ↓̄ ↑̄
F

~uS! D ↓̄ ↓̄
F

~uS!
D , ~11!

5S 0 D0f ~uS!

2D0f ~uS! 0 D , ~12!

5D̂~uS!. ~13!

As shown in Eq.~13!, the expression of the pair potenti
remains unchanged under the transformation in Eq.~4!.
Therefore transport properties are expected to be inde
dent of the direction of the magnetic moment. This conc
sion can be applied to any spin-singlet superconductors.
the other hand, in spin-triplet superconductors, the pair
tentials are given by

D↑↓~uS!5D↓↑~uS!5D0f ~uS!, ~14!

D↑↑~uS!5D↓↓~uS!50, ~15!

where the direction of thed vector is parallel to thec axis
and

f ~uS!5H cosuS for px symmetry,

sinuS for py symmetry,

eiuS for px1 ipy symmetry.

~16!

Because the spin degree of freedom of Cooper pairs is ac
in triplet superconductors, the pair potential after the tra
formation in Eq.~4! depends on the direction of the magne
moment

D̂F~uS!5S sinuM cosuM

cosuM 2sinuM
D f ~uS!D0 . ~17!

There are four reflection processes when an electron with
majority spin is incident from ferromagnets:~i! Andreev re-
flection to majority spin (a↑̄ ↑̄), ~ii ! Andreev reflection to mi-
nority spin (a↑̄ ↓̄), ~iii ! normal reflection to majority spin
(b↑̄ ↑̄), and ~iv! normal reflection to minority spin (b↑̄ ↓̄).
Similar reflection processes are also possible, when an e
tron with the minority spin is incident from ferromagnet
The Andreev and normal reflection coefficients are deno
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by as̄s̄8 andbs̄s̄8 , respectively. In these coefficients, a qua
particle is reflected from the spin channels̄ into the spin
channels̄8.

The wave function in ferromagnets for majority spin i
jection is represented by

C ↑̄~x!5eikF ↑̄xS 1

0

0

0

D 1a↑̄ ↑̄eikF ↑̄xS 0

0

1

0

D 1a↑̄ ↓̄eikF ↓̄xS 0

0

0

1

D
1b↑̄ ↑̄e2 ikF ↑̄xS 1

0

0

0

D 1b↑̄ ↓̄e2 ikF ↓̄xS 0

1

0

0

D , ~18!

wherekF ↓̄,kS,kF ↑̄ and kS'A2mEF /\2. The wave func-
tion for minority spin injection is written in a similar way
The coefficientsas̄s̄8 andbs̄s̄8 are determined by solving th
BdG equation with the quasiclassical approximation un
appropriate boundary conditions.

The tunneling conductancesT(eV) for finite temperature
is given by61–63

sT~eV!5
2e2

h
G, ~19!

G5
1

16kBTE2`

`

dEE
2p/2

p/2

duScosuS@sS↑̄~uS!

1sS↓̄~uS!#sech2S E2eV

2kBT D , ~20!

sS↑̄511ua↑̄ ↑̄u22ub↑̄ ↑̄u2

1S h ↓̄
h ↑̄

ua↑̄ ↓̄u22
h ↓̄
h ↑̄

ub↑̄ ↓̄u2D Q~uC2uuSu!, ~21!

sS↓̄5S 11
h ↑̄
h ↓̄

ua↓̄ ↑̄u21ua↓̄ ↓̄u22
h ↑̄
h ↓̄

ub↓̄ ↑̄u22ub↓̄ ↓̄u2D
3Q~uC2uuSu!, ~22!

with ZuS
5Z/cosuS, Z52mH/\2kF , and h ↑̄( ↓̄)

5A16X/cos2uS. Here X5U/EF is defined as the spin
polarization parameter. The quantitysS↑̄( ↓̄) is the tunneling
conductance for an incident electron with the majority~mi-
nority! spin. ForuuSu.uC5cos21AX, the reflected wave be
comes an evanescent wave and does not contribute to
tunneling conductance. As shown in the above equations
tunneling conductance depends onuM only when supercon-
ductors have spin-triplet Cooper pairs. The tunneling c
ductance can be summarized in simple equations in the
lowing several cases. WhenuM is 0 or p in spin-triplet
superconductors, the conductance is described by

sS↑̄5sN↑̄~A1B!, ~23!
1-3
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sS↓̄5sN↓̄C, ~24!

A5@12uG1G2u2~12sN↓̂!1sN↓̄uG1u2#Q~uC2uuSu!/LD1 ,
~25!

B512Q~uC2uuSu!@12uG1G2u2#/LD1 , ~26!

C5@12uG1G2u2~12sN↑̄!1sN↑̄uG1u2#Q~uC2uuSu!/LD2 ,
~27!

LD15u12G1G2A12sN↓̄A12sN↑̄exp@ i ~w ↓̄2w ↑̄!#u2,
~28!

LD25u12G1G2A12sN↓̄A12sN↑̄exp@ i ~w ↑̄2w ↓̄!#u2,
~29!

with

exp~ iw ↓̄!5
12h ↓̄1 iZuS

A12sN↓̄~11h ↓̄2 iZuS
!
, ~30!

exp~2 iw ↑̄!5
12h ↑̄2 iZuS

A12sN↑̄~11h ↑̄2 iZuS
!
. ~31!

The above equations can be applied to spin-singlet super
ductors. WhenuM5p/2 in spin-triplet superconductors, th
conductance for each spin is given by

sS↑̄5sN↑̄
12uG1G2u2~12sN↑̄!1sN↑̄uG1u2

u12G1G2~12sN↑̄!u2
, ~32!

sS↓̄5sN↓̄
12uG1G2u2~12sN↓̄!1sN↓̄uG1u2

u12G1G2~12sN↓̄!u2
Q~uC2uuSu!.

~33!

In the above equations, we define

G656
E2AE22uD~uS!u2

D~uS!*
, ~34!

sN↑̄5
4h ↑̄

~11h ↑̄!21ZuS

2
, ~35!

sN↓̄5
4h ↓̄

~11h ↓̄!21ZuS

2
Q~uC2uuSu!. ~36!

In this paper, the dependence of the pair potential on t
peratures is described by the BCS gap equation. The sp
dependence of the pair potential can be described
D̂(uS ,x) with D̂(uS ,x)5Ď(uS ,x)Q(x). In order to deter-
mine the spatial dependence ofĎ(uS ,x), we apply the qua-
siclassical Green’s function theory developed by Hara
co-workers.2,58,64,65In the following, we briefly explain the
method in the case of spin-singlet superconductors. An
tension to spin-triplet superconductors is straightforwa
17450
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The spatial dependence ofĎ(uS ,x) is calculated by the di-
agonal elements of the matrix Green functiongaa(x) which
are represented by

g11~uS ,x!

5 iS 11D1~x!F1~x!

12D1~x!F1~x!

2iF 1~x!

12D1~x!F1~x!

2iD 1~x!

12D1~x!F1~x!
2

11D1~x!F1~x!

12D1~x!F1~x!

D ,

~37!

g22~uS ,x!

5 iS 11D2~x!F2~x!

211D2~x!F2~x!

2iF 2~x!

211D2~x!F2~x!

2iD 2~x!

211D2~x!F2~x!
2

11D2~x!F2~x!

211D2~x!F2~x!

D ,

~38!

where an indexa56 specifies the direction of the momen
tum in thex direction. In these Green functions,Da(x) and
Fa(x) obey the following equations:

\uvFxuDa~x!5a@2vmDa~x!1D̄~uS ,x!Da
2~x!

2D̄* ~uS ,x!#, ~39!

\uvFxuFa~x!5a@22vmFa~x!1D̄* ~uS ,x!Fa
2~x!

2D̄~uS ,x!#, ~40!

Ď~uS ,x!5S 0 D̄~uS ,x!

2D̄~uS ,x! 0
D . ~41!

The boundary conditions at the interface are given by66,67

F1~0!5
~h ↑̄211 iZ !~h ↓̄212 iZ !

~h ↑̄111 iZ !~h ↓̄112 iZ !
D2~0!21, ~42!

F2
21~0!5

~h ↑̄211 iZ !~h ↓̄212 iZ !

~h ↑̄111 iZ !~h ↓̄112 iZ !
D1~0!. ~43!

We first solveD6(x) andF6(x) in Eqs.~39! and~40!, then
calculate g6,6(u,x) in Eqs. ~37! and ~38! for a given
D̄(uS ,x). By usingg6,6(u,x), D̄(uS ,x) is given by the fol-
lowing equations:

Ď~uS ,x!5(
na

E
p/2

p/2

duS8V~uS ,uS8!ga,a~uS8 ,x!, ~44!

V~u,u8!5g0f ~u! f ~u8!, ~45!

g05
2pkBT

ln~T/TC!1 (
0,m,ma

1

m11/2

, ~46!
1-4
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where we introduce the cutoffma to regularizeg0 and f (u)
is given in Eqs.~10! and ~16!. The iteration is carried ou
until a sufficient convergence is obtained. In this way,
obtain D̄(u,x), i.e., D̂(u,x) self-consistently.

Under the pair potential in the self-consistent calculati
we obtainǦ6(x) by solving

i\uvFxuǦ1~x!5a@2EǦ1~x!2D̄~uS ,x!Ǧ1
2 ~x!

2D̄* ~uS ,x!#, ~47!

i\uvFxuǦ2~x!5a@2EǦ2~x!2D̄* ~uS ,x!Ǧ2
2 ~x!

2D̄~uS ,x!#. ~48!

By replacingG6 in Eqs.~23!–~34! with Ǧ6(0), we cancal-
culate the tunneling conductance. In what follows, we
sume that the transition temperature of ferromagnets is m
larger thanTC which is the transition temperature of supe
conductors. In such a situation, we can neglect the temp
ture dependence ofX.

III. RESULTS

A. Polarization dependence of zero-bias conductance

In this subsection, we show the calculated results of
ZBC at zero temperature as a function of spin polarization
ferromagnets (X). The dimensionless ZBC (G) is given by

FIG. 2. X dependence of the zero-bias conductanceG in non-
SCF calculation for~a! a50 and~b! a5p/4 in d-wave junctions at
zero temperature. a:Z50, b: Z51, and c:Z55.
17450
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G5
sT~0!h

2e2
. ~49!

At first we show that the conductance obtained in the st
function model, where the spatial dependence of the p
potential is not determined self-consistently~non-SCF calcu-
lation!. The X dependence ofG at zero temperature fo
d-wave junctions is plotted in Fig. 2. The magnitude ofG is
always a decreasing function ofX. For a50 @Fig. 2~a!#, G
decreases with increasingZ. On the other hand, fora5p/4
@Fig. 2~b!#, G is completely independent ofZ because of the
perfect Andreev reflection due to the zero-energy resona
state at the interface.

Secondly, we show the polarization dependence ofG in
triplet px-, py-, andpx1 ipy-wave superconductor junction
as shown in Fig. 3, where the pair potentials are given
Eqs. ~14!, ~15!, and ~16!. The conductance depends onuM
for all pairing symmetries. The spin degree of freedom
mains in spin-triplet superconductors. As a consequence
conductance depends on the relative angle between the
netic moment in ferromagnets and thed vector in the super-
conductor. This is the characteristic feature ofp-wave junc-
tions. ForuM50, as shown in Figs. 3~a!, 3~d!, and 3~g!, G
approaches zero in the limit ofX→1 independent ofZ. In
these cases, the diagonal elements in Eq.~3! disappear and a
quasiparticle suffers a spin flip in the Andreev reflection~i.e.,
a↑̄,↑̄5a↓̄,↓̄50). For uuSu.uC , the Andreev reflection to↓̄
spin becomes the evanescent wave. At the same time
incident wave with↓̄ spin vanishes. ThusG vanishes in the
limit of X51, where ferromagnets are referred to as h

FIG. 3. X dependence ofG in the non-SCF calculation.~a! uM

50, ~b! uM5p/4, and ~c! uM5p/2 for px-wave junctions.~d!
uM50, ~e! uM5p/4, and~f! uM5p/2 for py-wave junctions.~g!
uM50, ~h! uM5p/4, and~i! uM5p/2 for px1 ipy-wave junctions.
a: Z50, b: Z51 and c:Z55.
1-5
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metals. On the other hand, for sinuMÞ0, G takes finite val-
ues even inX→1 as shown in Figs. 3~b!, 3~c!, 3~e!, 3~f!,
3~h!, and 3~i! because the spin-conserved Andreev reflect
is still possible in these junctions. The results foruM5p/2
are shown in Figs. 3~c!, 3~f!, and 3~i!. In this case, the off-
diagonal elements in Eq.~17! become zero.Thus, the spin o
a quasiparticle is conserved in the Andreev reflection~i.e.,
a↑̄,↓̄5a↑̄,↓̄50). The Andreev reflection of an electron with↑̄
spin survives irrespective ofuS , whereas that of an electro
with ↓̄ spin vanishes foruuSu.uC . We note that inpx-wave
junctions andd-wave junctions witha5p/4, G does not
depend onZ. This is because the ZES’s are formed at t
interface.

Thirdly we show the tunneling conductance under a p
potential whose spatial dependence is determined s
consistently~SCF calculation!. The results ford-, px-, py-,
andpx1 ipy-wave junctions are shown in Figs. 4 and 5. T
conductance in the SCF calculation in Figs. 4 and 5 sho
be compared with corresponding results in the non-SCF
culation in Figs. 2 and 3, respectively. We do not find a
remarkable differences between the results in the SCF ca
lation and those in the non-SCF calculation as shown
these figures.

Finally, theX dependence ofG is plotted for various tem-
peratures. As seen from Fig. 2~b!, using tunneling through
ZES, we can determine the magnitude ofX using the value
of G. This is a unique property ford-wave superconductor
with a5p/4 or px-wave junctions where all quasiparticle
feel ZES independent of their directions of motions. SinceG

FIG. 4. X dependence ofG in the SCF calculation ford-wave
junctions.~a! a50 and ~b! a5p/4. a: Z50, b: Z51, and c:Z
55.
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is plotted at zero temperature in Fig. 2~b!, it is actually im-
portant how this property holds even in finite temperatur
As shown in Fig. 6, when the magnitude of the temperat
T is sufficiently smaller thanTC , G is almost insensitive to
the magnitude ofZ and we can estimate the magnitude ofX
throughG. In the actual experiments, high-TC cuprates, e.g.,
YBaCuO, BiSrCaCuO, with~110! oriented interfaces are
promising candidates. In such a case, the actual value
0.001TC becomes 0.1 K and this temperature is fully acc
sible in the experiments.

B. Temperature dependence of zero-bias conductance

In this subsection, we discuss the temperature depend
of G. First, we show the conductance in the non-SCF cal
lation. Then the results are compared with those in the S
calculation. Let us focus ond-wave junctions fora50 as
shown in Figs. 7~a!–7~c!, where the conductance is plotte
as a function of temperature for several magnitudes of
exchange potentialX. We note that in these junctions th
ZES is not formed at the interface. ForZ50 @see Fig. 7~a!#,
the exchange potential in ferromagnets significantly affe
the temperature dependence ofG. For largeX, G increases
with the increase ofT as shown in curve d in Fig. 7~a!. The
Andreev reflection~two-electron process! is suppressed by
the large exchange potential and the current is mainly car
by a single electron process. While for smallX, G decreases
with the increase ofT as shown in curve a in Fig. 7~a!. This
is because the current at zero voltage is mainly carried
two-electron processes through the Andreev reflection
the amplitude of the Andreev reflection is suppressed foT
→TC . For Z55 @Fig. 7~c!#, G becomes small aroundT
;0 because the insulating barrier suppresses the And
reflection. The results show thatG increases monotonically
with increasing temperatures independent ofX since the cur-
rent is mainly carried by single electron process. ForZ51
@Fig. 7~b!#, excepting for largeX, the magnitude ofG has a
nonmonotonic temperature dependence, since the ampli

FIG. 5. X dependence ofG in the SCF calculation.~a! uM50
and ~b! uM5p/2 with px-wave junctions.~c! uM50 and ~d! uM

5p/2 with py-wave junctions.~e! uM50 and ~f! uM5p/2 with
px1 ipy-wave junctions. a:Z50, b: Z51, and c:Z55.
1-6
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of single-electron processes~Andreev reflection! is enhanced
~suppressed! with the increase ofT.

Secondly we show the temperature dependence ofG in
d-wave junctions witha5p/4 in Figs. 7~d!–7~f!. For Z
50, the line shape of the all curves in Fig. 7~d! are qualita-
tively similar to those witha50 shown in Fig. 7~a! since
ZES is not formed at the interface. We note that in Fi
7~d!–7~f! G at zero temperature is independent ofZ. The
Andreev reflection is perfect in the limit ofZ50. For finite
Z, the ZES is formed at the interface which also leads
perfect Andreev reflection atT50. The characteristic behav
ior of the resonant tunneling can be seen in the conducta

FIG. 6. X dependence ofG for various temperatures ford-wave
junctions for a5p/4 in the non-SCF calculation.~a! T/TC

50.001, ~b! T/TC50.005, and~c! T/TC50.01. a: Z50, b: Z
51, and c:Z55.
17450
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for largeZ. The amplitude ofG is proportional to the inverse
of T for intermediate temperatures@curve a in Fig. 7~f!#.
Since the retroreflectivity of Andreev reflection is broken
exchange potentials, the degree of the resonance at the
face is weakened. As a result, the temperature depend
deviates from the inverse ofT in curves b, c, and d in Fig
7~f!. For sufficiently large magnitudes ofX, G becomes an
increasing function ofT for T.0.5TC as shown in Fig. 7~f!.
In the case of ad wave with a5p/4, we can estimate the
magnitude ofX from the temperature dependence ofG.

Thirdly, we show temperature dependence ofG in
px-wave junctions withuM50 in Figs. 8~a!–8~c! and those
with p/2 in Figs. 9~a!–9~c!. As shown in Figs. 8~a!–8~c!, the
temperature dependences ofG are very similar to those o
d-wave junctions witha5p/4. WhenuM50, G for smallX
is a decreasing function ofT, whereasG for large X is an
increasing function ofT. In the case ofuM5p/2, however,G
becomes a monotonic decreasing function ofT independent
of Z as shown in Figs. 9~a!–9~c!. The spin of a quasiparticle
is always conserved in the Andreev reflection in this ca
Therefore the suppression of the conductance due to
breakdown of the retroreflectivity becomes weaker than t
in the case ofuM50.

Next we show the conductance inpy-wave junctions with
uM50 in Figs. 8~d!–8~f! and those withp/2 in Figs. 9~d!–
9~f!. In uM50, the temperature dependence ofG are similar

FIG. 7. Temperature dependence ofG in the non-SCF calcula-
tion for d-wave junctions.~a! Z50, ~b! Z51, and~c! Z55 with
a50. ~d! Z50, ~e! Z51, and~f! Z55 with a5p/4. a:X50, b:
X50.7, c:X50.9, and d:X50.999.
1-7
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to those ofd-wave junctions witha50 shown in Figs. 7~a!–
7~c!. In these junctions, no ZES is expected at the interfa
In uM5p/2 as shown in Figs. 9~d!–9~f!, G for large X are
larger than those withuM50 at low temperatures. In the cas
of uM5p/2, the spin of a quasiparticle is conserved in t
Andreev reflection, therefore, the suppression of conducta
due to the breakdown of retroreflectivity becomes wea
than that in the case ofuM50.

Finally we show the conductance inpx1 ipy-wave junc-
tions with uM50 in Figs. 8~g!–8~i! and those withp/2 in
Figs. 9~g!–9~i!. In px1 ipy-wave junctions withuM50, the
temperature dependence ofG can be understood by a com
bination of the results inpx- andpy-wave junctions becaus
the ZES is only expected for a quasiparticle incident perp
dicular to the interface.32 As seen from Fig. 8~g! for Z50,
there is no clear difference betweenG in px1 ipy-wave junc-
tions with uM50 and corresponding results in thepx- or
py-wave junctions shown in Figs. 8~a! and 8~d!. For a finite
barrier potential atZ51, the line shape of all the curves i
Fig. 8~h! is more similar to the corresponding results in t
px-wave junctions than those in thepy-wave junctions. How-
ever, theG ’s are smaller than those in thepx-wave junctions.
For Z55, G for small X are enhanced at low temperatur
because of the ZES@see curve a in Fig. 8~i!#. On the other
hand, for largeX, G is an increasing function ofT @see curve
d in Fig. 8~i!#. For uM5p/2, G becomes a decreasing fun
tion of T for all cases as shown in Figs. 9~g!–9~i!. These
features are similar to those in thepx-wave junctions.

It is important to check how the above results are mo
fied in the presence of the spatial dependence in the
potential near the interface. We show the conductance in

FIG. 8. Temperature dependence ofG in the non-SCF calcula-
tion for uM50. ~a! Z50, ~b! Z51, and ~c! Z55 in px-wave
junctions.~d! Z50, ~e! Z51, and~f! Z55 in py-wave junctions.
~g! Z50, ~h! Z51, and~i! Z55 in px1 ipy-wave junctions. a:X
50, b: X50.7, c:X50.9, and d:X50.999.
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SCF calculation in the second part of this subsection. In w
follows, we consider two cases ofX, X50 ~curve a! andX
50.9 ~curve b!. The corresponding results in the non-SC
calculation are curves a (X50) and c (X50.9) from Figs.
7–9.

In Fig. 10, we show the conductance in the SCF calcu
tion in thed-wave junctions witha50 andp/4. It is found
that the temperature dependences ofG with a50 in the SCF
calculation are very similar to those in the non-SCF calcu
tion when we compare the results in Figs. 7~a!–7~c! with
those in Figs. 10~a!–10~c!. The same tendency can be se
between the results ofd-wave junctions witha5p/4 in Figs.
7~d!–7~f! and those in Figs. 10~d!–10~f!. When ZES’s are
formed at the interface, the profile of the pair potential s
nificantly deviates from the step function. The characteris
behavior of the conductance in the SCF, however, is qua
tively the same as those in the non-SCF. From the calcula
results, we conclude that the conductance is insensitive to
profile of the pair potential. This is because the reson
tunneling through the ZES dominates the conductance.
note that the ZES is a consequence of the sign change o
pair potential.

In px-wave junctions, line shapes ofG for uM50 shown
in Figs. 11~a!–11~c! are very similar to those ind-wave junc-
tions with a5p/4. For uM5p/2, as shown in Figs. 12~a!–
12~c!, the magnitudes ofG are slightly larger than those in
Figs. 11~a!–11~c!. These features are similar to those fou
in the non-SCF calculation in Figs. 8~a!–8~c! and Figs. 9~a!–
9~c!. As well as in thepx-wave junctions, the characteristi
behavior ofG in SCF results inpy-wave junctions shown in
Figs. 11~d!–11~f! and Figs. 12~d!–12~f! are almost the same

FIG. 9. Temperature dependence ofG in the non-SCF calcula-
tion for uM5p/2. ~a! Z50, ~b! Z51, and ~c! Z55 in px-wave
junctions.~d! Z50, ~e! Z51, and~f! Z55 in py-wave junctions.
~g! Z50, ~h! Z51, and~i! Z55 in px1 ipy-wave junctions. a:X
50, b: X50.7, c:X50.9, and d:X50.999.
1-8
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with those obtained in the non-SCF calculation shown
Figs. 8~d!–8~f! and Figs. 9~d!–9~f!.

In the case ofpx1 ipy-wave symmetry, the line shapes
G for ~g! and~h! in Figs. 11 and 12 are similar to those in th
non-SCF results shown in~g! and~h! in Figs. 8 and 9. How-
ever, the temperature dependences ofG based on the SCF
calculation deviate from those in the non-SCF one for largZ
@Figs. 11~i! and 12~i!#. In the SCF calculation,G first de-
creases with the increase ofT then increases. The decreasi
part is similar to that in thepx-wave case and is explained b
the ZES. The increasing part is similar to that in thepy-wave
junctions. Since only a quasiparticle injected perpendicu
to the interface contributes to the ZES, the effects of
spatial dependence of the pair potentials on the conduct
are not negligible.28

IV. SUMMARY

In this paper, we have calculated the polarization and te
perature dependence of the zero-bias conductance~ZBC! in
F/I /S junctions, where we have chosend-wave symmetry of
the pair potential for high-TC cuprates andpx1 ipy wave for
Sr2RuO4. As a reference, we have also studied the cond
tance inpx- and py-wave junctions. We have established
formalism of the ZBC which is available for arbitraryuM

FIG. 10. Temperature dependence ofG in the SCF calculation
for d-wave junctions.~a! Z50, ~b! Z51, and ~c! Z55 with a
50. ~d! Z50, ~e! Z51, and~f! Z55 for a5p/4. a:X50 and b:
X50.9.
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which is the angle between the magnetization axis in fer
magnet andc axis of superconductors. TheuM dependence
of the tunneling conductance only appears in the spin-trip
superconductor junctions. On the basis of the numerical

FIG. 11. Temperature dependence ofG in the SCF calculation
for uM50. ~a! Z50, ~b! Z51, and~c! Z55 in px-wave junctions.
~d! Z50, ~e! Z51, and~f! Z55 in py-wave junctions.~g! Z50,
~h! Z51, and~i! Z55 in px1 ipy-wave junctions. a:X50 and b:
X50.9.

FIG. 12. Temperature dependence ofG in the non-SCF calcula-
tion for uM5p/2. ~a! Z50, ~b! Z51, and ~c! Z55 in px-wave
junctions.~d! Z50, ~e! Z51, and~f! Z55 in py-wave junctions.
~g! Z50, ~h! Z51, and~i! Z55 in px1 ipy-wave junctions. a:X
50 and b:X50.9.
1-9
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sults, we reach the following conclusions.
~1! When injected quasiparticles from ferromagnets

ways feel the zero-energy resonance state, e.g.,d-wave junc-
tions with ~110! orientation andpx-wave junctions, the zero
bias tunneling conductance~ZBC! at zero temperature i
insensitive to the barrier potential at the interface. This pr
erty is useful for the determination of the degree of s
polarization in ferromagnets at sufficiently low temperatur
One of the promising candidates is LaSrMn
YBaCuO~BiSrCaCuO! with a well oriented~110! interface.
Within our theory, below 0.1 K we can estimate the mag
tude of the polarization of ferromagnets through the value
the conductance of the junctions.

~2! For d-wave junctions with ~110! orientation and
px-wave junctions, the ZBC decreases with increasing te
peratures when the degree of the polarizationX is small. For
largeX, the ZBC is an increasing function ofT. The presence
of the ZES explains these behaviors. Ind-wave junctions
with ~100! orientation andpy-wave junctions, the ZBC is an
increasing function ofT independent ofX. This is because
the ZES does not appear at these junction interfaces.
px1 ipy-wave junctions, the ZBC first decreases with i
creasingT then increases.

~3! In p-wave junctions, the temperature dependence
the ZBC depends on the direction of the magnetization a
of ferromagnets because of the spin degree of freedom
Cooper pairs in spin-triplet superconductors.
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~4! Throughout this paper, we have calculated the ZBC
two ways.~i! The spatial dependence of the pair potentia
assumed to be a step function~non-SCF calculation!, ~ii ! the
spatial depletion of the pair potentials is determined s
consistently~SCF calculation!. We have confirmed that ther
are no remarkable differences between the conductanc
the non-SCF calculation and those in the SCF calculatio

In this paper, effects of random potentials in ferromagn
are not taken into account. Recently, there have been se
works on random scattering effects in unconventional sup
conductor junctions.68–72 It is actually interesting to study
transport properties of junctions where diffusive ferroma
nets are attached to unconventional superconductors. In
present paper, the splitting of the ZBCP by magnetic fie
through the Zeeman effect or magnetic impurities in an
sulator are not taken into account.40–42These are interesting
and important future issues.
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