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Tunneling conductance in ferromagnet/unconventional superconductor junctions is studied theoretically as a
function of temperature and spin polarization in ferromagnetsi-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 @g-, py-, andp,+ip,-wave symmetries. The last one is a candidate for the pairing
symmetry of SyRuQ,. From these characteristic features in the conductance, we may obtain information about
the degree of spin polarization in ferromagnets and the direction af Weetor in spin-triplet superconductors.
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[. INTRODUCTION When spin-triplet superconductors are attached to
ferromagnet§3** the ZBCP depends not only on the spin

In recent years, transport properties in unconventional supolarization but also on other parameters such as relative
perconductor junctions have been studied both theoreticallgngles between thd vector in triplet superconductors and
and experimentally. In these junctions, a zero energy statthe magnetic moment in ferromagnéts?4°4®Thus it may
(ZE9S (Refs. 1-3 formed at the junction interface plays an be possible to find details of the pair potential by comparing
important role in the tunneling spectroscopy. It is now wellthe characteristic feature of the ZBCP in theoretical calcula-
known that the ZES is responsible for the zero-bias conductions and those in experiments. For this purpose, it is neces-
tance peak (ZBCP) in the highT. superconductor sary to know effects of other ingredients such as tempera-
junctiond™® and related phenomen%.?! The theoretical tures and the profile of the pair potential near the junction
studies clearly relate the formation of the ZES to the ZBCPFinterface on the ZBCP. It is known that the amplitude of the
in tunneling spectroscogy 2 Since the formation of the pair potential is drastically suppressed at a surface or a inter-
ZES is a general phenomenon in unconventional supercorface of superconductors in the presence of the
ductor junctions, the ZBCP is also expected in spin-tripletZES228°6-5867Although several studies on tunneling phe-
superconductor junctiorf§-*2Actually, the ZBCP has been nomena in ferromagnet/unconventional superconductor junc-
observed in junctions of SRuO, (Refs. 33,3% and tions have been made so f&®such issues have never been
UBe;5.%° The ZBCP has also been theoretically predicted foraddressed.
organic superconductors (TMTSH) very recently?*—38 In this paper, we calculate the tunneling conductance in

From the view of future device applications, transportferromagnet/unconventional superconductor junctions as a
properties in hybrid structures consisting of ferromagnetgunction of temperature and the degree of spin polarization in
and superconductors have attached much attention. It wderromagnets, where the spatial dependence of the pair po-
pointed out that in ferromagnet/insulator/spin-singlet uncontential is determined self-consistently based on the quasiclas-
ventional superconducto=(1/S) junctions that the ampli- sical Green’s function theory. We choosewave andp,
tude of the ZBCP decreases with increasing the magnitude of ip,-wave symmetries for the pair potentials which are can-
the exchange potential in ferromagnets. This is because th#idates for pairing symmetries of hidghe cuprates and
exchange potential breaks the time-reversal symmetry an8L,RuGQ,, respectively. For comparison, we also study the
suppresses the retroreflectivity of the Andreevconductance im,- and p,-wave superconductor junctions.
reflection®9-464950Thys the ZBCP is sensitive to the degree From the calculated results, we reach the following conclu-
of spin polarization in ferromagnets. Since the tunneling consions.
ductance is independent of the magnitude of the insulating (1) In d-wave junctions with (110 orientation and
barrier>® it is possible to estimate the spin polarization in p,-wave junctions, an incident quasiparticle from a ferro-
ferromagnets through the temperature dependence of threagnet always feels the ZES irrespective of the incident
ZBCP. An experimental test could be carried out inangles. The zero-bias tunneling conductafgBC) at the
Lay /S sMnO5/YBa,Cu; O, junctions in  the near zero temperature is insensitive to the barrier potential at the
future>-5° interface. This result indicates the possibility to estimate the
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are obtained by solving the Bogoliubov—de GenfBdG)

6, U &
o y equation under the quasiclassical approximatich
"0y, / u(r)

(
~ u(r)
, , E‘P(r)=Jdr'H(r,r’)\If(r’),\If(r)= oi(r) | (1)
ferromagnet superconductor !
v (r)
FIG. 1. Schematic illustration of a ferromagnet/superconductor
junction. The direction of the magnetization axis is denoted by a I:I(r)ﬁ(r—r’) A(r r
polar coordinate @y , ). A= . . ' '
Af(ryry  —H*()a(r—r")

magnitude of the spin polarization of ferromagnets at suffi- ) o
ciently low temperature€T) in experiments. whereE is the energy of a quasiparticle measured frig

(2) In dwave junctions with (110 orientation and H(r)=hyol—U(r)-o(r), ho=—(A22m)V?+V(x)—Eg,
px-wave junctions, the ZBC monotonically decreases withy(r)=U®(—x)n, and1 ande are the 2 2 identity matrix
increasing temperatures for small magnitudes of spin polarand the Pauli matrix, respectively. Hergoints the direction
ization. On the other hand, for large magnitudes of polarizapf the magnetic moment in ferromagnets a@@x) is the
tion, the ZBC becomes an increasing function of temperaeaviside step function. The indicésand | denote the spin
ture. While ford-wave junctions with(100 orientation and  gegree of freedom of a quasiparticle in superconductors. The
py-wave junctions, where the ZES does not appear, the ZB@agnetization axis in ferromagnets is represented in a polar
is an increasing function of independent of the spin polar- ¢oordinate 0w . dw) as shown in Fig. 1. We assume that the
ization. Forp,+ip,-wave junctions, the ZBC first decreases quantization axis of spin in the triplet superconductors is in
with increasingT then increases. the ¢ axis which is parallel to the direction. At first, we

(3) For p-wave junctions, the ZBC has various tempera-gssume that the pair potential is a constant independeqt of
ture dependences depending on the direction of the magnetic

moment in ferromagnets. This unique property is peculiar to A(Gs,x)zﬁ(as)ﬁ)(x), )
spin-triplet superconductors.

(4) Throughout this paper, we calculate the ZBC in two\yhere A(4s) does not have the spatial dependence land
ways. (i) The spatial dependence of the pair potential is as— kecosfs and k, = kgsin 65 are the wave number in super-

sumed to be the step functiénon-SCF calculation (i) The conguctors withke being the Fermi wave number. The pair
spatial depletion of the pair potentials is determined self-

consistently(SCF calculation By comparing the conduc- potentialA(6s) is given by

tance in these two ways, we found that the results in the Ar(BS) A (69

non-SCF calculation are qualitatively the same as those in Aoy = s TATSTY

the SCF calculation. A (0s) A (g
The organization of this paper is as follows. In Sec. II, we o . . . .

formulate the tunneling conductance with an arbitrary angIeTh_e Hamllto_nlan in Eq(2) is written in .the coordinate .Of the

between the magnetization axis of the ferromagnetcaands  SPIN Space in the superconductor. It is comprehensive to re-

of the superconductor. We show that the tunneling conducwrite the Hamiltonian in the coordinate of spin space in the

tance depends on the direction of the magnetic moments On&rromagnet since this notation is useful for considering scat-
when superconductors have spin-triplet pairing. In Sec. ”Lering processes. The Hamiltonian in the coordinate of spin

we calculate the polarization and temperature dependence 9Pac€ " thefferromag.net is obtained by using the following
ZBC for bothd-wave andp-wave junctions. In Sec. IV, we Unitary transformation:
summarize this paper.

©)

He(r,r)y=U0"H(r,r"U, (4)
Il. FORMULATION .
_ _ _ o - (U 0 A TR 2
Let us consider a two-dimension&l1/S junction in the U= ~ | U= | (5)
clean limit as shown in Fig. 1. We assume a flat interface at 0 U Y2 N
x=0. The insulator is described by the delta functidfx)
=H§(x), whereH represents the strength of the barrier po- LY “idy LY iy 6
tential. We also assume that the Fermi enefgyand the Y1=COS5-€ , y2=sin-e'm, (6)

effective massn in the ferromagnet are equal to those in the

superconductor. The Stoner model is applied to describe fewhere U is the operator which diagonalizes thr). The
romagnets, where the exchange poterttiaharacterizes the effective pair potential in the coordinate of spin space in the
ferromagnetism. The wave numbers in the ferromagnet foferromagnet is rewritten as

the majority (/) and the minorityi_) spins are denoted by R o A
ki()=V(2m/#?)[Eg+(—)U]. The wave functions¥(r) AF(69)=0TA (05 0*. %)
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Here, we consider the four types of pair potentidds p,-, by agss andbgg , respectively. In these coefficients, a quasi-

Py-, and p,+ip,-wave s_ymmetri_es_in supe_rconductors. In particle is reflected from the spin chanrlinto the spin
the d-wave case, the pair potential is described as

channels’.
_ _ The wave function in ferromagnets for majority spin in-
A11(09)= =A,1(89)=Acf (0s), ®) jection is represented by
A(0s)=A (85 =0, 9 1 0 0
_ 10 10 10
f(0s)=cog2(0s—a)], (10 T(x) = ekeiX 0 +aekF . +agelkFX 0
where « is the angle between the axis of the hight. su- 0 0 1
perconductors and the interface normal. The effective pair
potential in the coordinate of spin space in the ferromagnet is 1 0
aen by b ikgrx 0 b ikg X 1 ( 8)
+be Fl +be Rl , 1
- AT(0s) AT () il o] M 0
AT(O9)=| ¢ E ) (11 0 0
Aﬁ( 0s) AU( 0s)
where kg <kg<kg7 and kg~ JV2mEg/#2. The wave func-
0 Aof(6s) tion for minority spin injection is written in a similar way.
oA f(69) 0 , (12 The coefficientsig; andbg are determined by solving the
0TS BdG equation with the quasiclassical approximation under
A appropriate boundary conditions.
=A(0s). (13 The tunneling conductance;(eV) for finite temperature
. , - 1 is given by1~®3
As shown in Eq.(13), the expression of the pair potential
remains unchanged under the transformation in &j. 262
Therefore transport properties are expected to be indepen- or(eV)= TG’ (19

dent of the direction of the magnetic moment. This conclu-
sion can be applied to any spin-singlet superconductors. On

the other hand, in spin-triplet superconductors, the pair po- G= 1 fm dEfW/Z d6scosd o< ( O)
tentials are given by 16kgTJ) - J—mp2 !
A (89=A (65 =Aof(6s), (14) E—eV
+og(0s)]sech TREE (20)

. . . o= 1+ |ag*~ byl
where the direction of thé vector is parallel to the axis

and
J’_

7, 7
_i|aﬁ|2__i|bm2)®(ec_|as|), (21)
cosfg for p, symmetry, m 7
f(gs)={ sinds for p, symmetry, (16)

e'’s for p,+ip, symmetry. Os| =

m 7
1+ n—_|aﬂ2+|ag|2— 7]—_|bﬁ|2—|bﬂ2)
l 1

Becguse the spin degree of freedc_>m of quper pairs is active XO(0:—64), (22)
in triplet superconductors, the pair potential after the trans-
formation in Eq.(4) depends on the direction of the magneticwith ~ Z, =Z/cosfs, ~Z=2mH/hi*ke, and  7;()

moment =1+ X/cogbs Here X=U/E is defined as the spin-
polarization parameter. The quantitys; (], is the tunneling
conductance for an incident electron with the majofityi-
nority) spin. For||> .= cos X, the reflected wave be-
comes an evanescent wave and does not contribute to the
There are four reflection processes when an electron with th@inneling conductance. As shown in the above equations, the
majority spin is incident from ferromagnet§) Andreev re-  tynneling conductance depends @y only when supercon-
flection to majority spin &), (i) Andreev reflection to mi-  qyctors have spin-triplet Cooper pairs. The tunneling con-
nority spin (@), (ii) normal reflection to majority spin ductance can be summarized in simple equations in the fol-
(b77), and (iv) normal reflection to minority spinb(7).  |owing several cases. Whe, is 0 or 7 in spin-triplet

Similar reflection processes are also possible, when an elegyperconductors, the conductance is described by
tron with the minority spin is incident from ferromagnets.

The Andreev and normal reflection coefficients are denoted os=oN(A+B), (23

AF singy  cosby ¢ A
(0s)= cosy —sinfy (0s)Aq. (17
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UsT: O'NIC, (24)

A:[l_|F+F—|2(1_UN1)+UNT1F+|2]®(9C_|9s|)/|-(|31-)
25
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The spatial dependence Af 0s,x) is calculated by the di-
agonal elements of the matrix Green functipy),(x) which
are represented by

B=1-0(c—|0sh)[1-|T-T_*l/Lps,  (26)

C=[1-|T.T_[*(1~onp)+onil[?10(6c—|6g)/Lp2,
27

LD1:|1_F+F—\/1_UNT\/1_UNTeXF{i(ﬁDl__ (P?)“Z(’ZS)
Lp2=[1-T,T_V1-oyV1-oyexdi(er— soj)]lz(,zg)

with
1_ 7]?"’ iZgS
expi¢]) = —,
Vi—on(1+ 79— IZQS)
EXpl—I¢gy)= - .
V1i=on(1+ 77— |Z€S)
The above equations can be applied to spin-singlet supercon-

ductors. Wherd,= 7/2 in spin-triplet superconductors, the
conductance for each spin is given by

(30

1_|F+r—|2(1_UNT)+UNﬂF+|2

0++(60s,X)

1+D (X)F L (X) 2iF . (x)

_ 1-D.(X)F(x)  1-D (X)F(x)

B 2iD . (X) 1+D,(X)F.(x) |’
1-D.(X)F1(x)  1-D (X)F4+(x)

(37
g**(asvx)

1+D_(x)F_(x) 2iF _(x)

—1+D_(X)F_(x)
2iD _(x)
—1+D_(X)F_(x)

—1+D_(X)F_(x)
1+D_(X)F_(x) [’

~ —1+D_(X)F_(x)
(39

where an indexx= *+ specifies the direction of the momen-
(3D  tum in thex direction. In these Green function®,,(x) and
F.(x) obey the following equations:

1|vex D o (X) = a[ 20D o(X) + A(05,X)D5(X)

_A*(HS:X)]: (39)

110 e Fo(X) = af = 20F o(X) + A% (05,%)F2(X)

—A(6s,%)], (40)
~ O K(08!)()
A(s,x)= 6 0 . (41)

The boundary conditions at the interface are givefffY

(= 1+iZ)(y—1-i2) b

F.(0)= : :
(p+1+iZ)(ny+1-i2)

(07 (42

Fryo)= T ITDTITIZ) o) gy
(i +1+iZ)(y+1-i2)

We first solveD .. (x) andF . (x) in Egs.(39) and(40), then

O-ST_:UNT_ . y (32)
[1-T,T_(1-ox/?
1=, T 2(1— o\ +oniT 4|
osT=oN 06— 6g)).
1-T . T _(1-a\)|
(33
In the above equations, we define
E—VE*—|A(69)|?
oz |A(6s)| | (34
A(69)*
49y
ONI= T 5 o2 (35
47y
ON| : O(0c—16d)). (36)

(1+ 7))+ Zj,

In this paper, the dependence of the pair potential on tem-
peratures is described by the BCS gap equation. The spatial
dependence of the pair potential can be described by
A(6s,x) with A(6s,x)=A(6s,X)O(x). In order to deter-
mine the spatial dependenceb(ﬁs,x), we apply the qua-
siclassical Green'’s function theory developed by Hara and
co-workers>°86485|n the following, we briefly explain the
method in the case of spin-singlet superconductors. An ex-
tension to spin-triplet superconductors is straightforward.

174501-4

calculate g. .(6,x) in Egs. (37) and (38) for a given
A(6s,x). By usingg. +(6,x), A(6s,x) is given by the fol-
lowing equations:

o /2
A(0s, =2 f/2dﬁer(ﬁsﬁ/s)ga,a(ﬁ’st), (44)

na )

V(6,0 )=g,f(0)f(6"), (45
2’7TkBT
g0: 1 ’ (46)
In(T/Te)+ 2,

o<m<my, m-+1/2
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polarization palameter X
FIG. 3. X dependence of in the non-SCF calculatior(a) 6y,

0 o 1 =0, (b) 6y=m/4, and(c) 6y ==/2 for p,-wave junctions.(d)
polarization parameter X Om=0, (&) Oy=m/4, and(f) 6y =m/2 for p,-wave junctions(g)

) _ 0m=0, (h) 6y =m/4, and(i) Oy = m/2 for p,+ipy-wave junctions.
FIG. 2. X dependence of the zero-bias conductafice non- 3. 7=0, b:Z=1 and c:Z=5.

SCF calculation fofa) «=0 and(b) a= 7/4 in d-wave junctions at
zero temperature. &=0, b: Z=1, and ¢c.Z=5.

r= O'T(O)h.

where we introduce the cutoffi, to regularizeg, and f(6) 2e?
is given in Egs.(10) and (16). The iteration is carried out

until a sufficient convergence is obtained. In this way, wept first we show that the conductance obtained in the step-

(49

obtainK(e,x), i.e.,A(6,x) self-consistently. function model, where the spatial dependence of the pair
Under the pair potential in the self-consistent calculationpotential is not determined self-consisteriypn-SCF calcu-
we obtainI", (x) by solving lation). The X dependence ofl' at zero temperature for

d-wave junctions is plotted in Fig. 2. The magnitudelofs
: - B - v v always a decreasing function & For =0 [Fig. 2@)], I'
ifijord T+ (x)= [ 21, ()~ (65, 0T (%) decreases with increasirfy On the other hand, fow = 7/4
—K*(e ] (47) [Fig. 2(b)], I' is completely independent & because of the
S perfect Andreev reflection due to the zero-energy resonance
state at the interface.

if|ved T - (X)= [ 2EI"_ () — A* (65,5) T2 (x) Secondly, we show the polarization dependencd’ df
— triplet py-, py-, andp,+ipy-wave superconductor junctions
—A(fs,X)]. (48)  as shown in Fig. 3, where the pair potentials are given in

. Egs. (14), (15), and(16). The conductance depends 6
By replacingl’ . in Egs.(23)—(34) with I' . (0), we cancal-  for all pairing symmetries. The spin degree of freedom re-
culate the tunneling conductance. In what follows, we asmains in spin-triplet superconductors. As a consequence, the
sume that the transition temperature of ferromagnets is muctonductance depends on the relative angle between the mag-
larger thanT which is the transition temperature of super- netic moment in ferromagnets and ttherector in the super-
conductors. In such a situation, we can neglect the temper@onductor. This is the characteristic featurepefvave junc-
ture dependence of. tions. For#,,=0, as shown in Figs.(@), 3(d), and 3g), I'
approaches zero in the limit 6f—1 independent oZ. In
these cases, the diagonal elements in(Bgdisappear and a
quasiparticle suffers a spin flip in the Andreev reflectipe.,
A. Polarization dependence of zero-bias conductance a;r=a;=0). For |6s|>6c, the Andreev reflection ta

In this subsection, we show the calculated results of théPin becomes the evanescent wave. At the same time, an
ZBC at zero temperature as a function of spin polarization irincident wave with| spin vanishes. ThuE vanishes in the
ferromagnets X). The dimensionless ZB) is given by  limit of X=1, where ferromagnets are referred to as half

Ill. RESULTS

174501-5
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n
T
g
—_
o)
2
o
®
—_
=

abec \\\
b b

0 10 10 1

zero-bias conductance [~
o
o
(¢}
o
(o]

abc polarization parameter X

FIG. 5. X dependence oF in the SCF calculation(a) #,,=0
and (b) 6y,=m/2 with p,-wave junctions.(c) 8,,=0 and(d) 8y
=m/2 with p,-wave junctions.(e) 8y=0 and(f) y=m/2 with
pxtipy-wave junctions. aZ=0, b:Z=1, and c:Z=5.

zero—-bias conductance [
N
G
Q
Q

is plotted at zero temperature in Figbg it is actually im-
portant how this property holds even in finite temperatures.
0 oolarization parameter X 1 As shown in Fig. 6, when the magnitude of the temperature
T is sufficiently smaller thaT¢, I' is almost insensitive to
FIG. 4. X dependence oF in the SCF calculation fod-wave  the magnitude oZ and we can estimate the magnitudexof
junctions. (@ «=0 and(b) a==/4. a:Z=0, b:Z=1, and c:Z throughI'. In the actual experiments, higfe cuprates, e.g.,
=5, YBaCuO, BiSrCaCuO, with(110) oriented interfaces are
promising candidates. In such a case, the actual value of
0.001IT becomes 0.1 K and this temperature is fully acces-
sible in the experiments.

metals. On the other hand, for gig+0, I" takes finite val-
ues even inX—1 as shown in Figs. ), 3(c), 3(e), 3(f),
3(h), and 3i) because the spin-conserved Andreev reflection

is still possible in these junctions. The results ;= 7/2 B. Temperature dependence of zero-bias conductance

are shown in Figs. ®), 3(f), and 3i). In this case, the off- In this subsection, we discuss the temperature dependence

diagongl e"?me'.“s in E417) bepome zero. Thus, the s_pin of of I'. First, we show the conductance in the non-SCF calcu-
a quasiparticle is conserved in the Andreev reflecﬁmi lation. Then the results are compared with those in the SCF
a; =aj,=0). The Andreev reflection of an electron with  cajculation. Let us focus od-wave junctions fora=0 as
spin iurvives irrespective d@fy, whereas that of an electron shown in Figs. 7@—7(c), where the conductance is plotted
with | spin vanishes foffg> 6. We note that irp,-wave  as a function of temperature for several magnitudes of the
junctions andd-wave junctions witha=w/4, I' does not exchange potentiak. We note that in these junctions the
depend onZ. This is because the ZES'’s are formed at theZES is not formed at the interface. For0 [see Fig. 7a)],
interface. the exchange potential in ferromagnets significantly affects
Thirdly we show the tunneling conductance under a paithe temperature dependencelaf For largeX, I' increases
potential whose spatial dependence is determined selfwith the increase of as shown in curve d in Fig.(@. The
consistently(SCF calculation The results ford-, ps-, p,-,  Andreev reflection(two-electron procegsis suppressed by
andp,+ip,-wave junctions are shown in Figs. 4 and 5. Thethe large exchange potential and the current is mainly carried
conductance in the SCF calculation in Figs. 4 and 5 shouldby a single electron process. While for smgJIl’ decreases
be compared with corresponding results in the non-SCF calwith the increase of as shown in curve a in Fig.(&. This
culation in Figs. 2 and 3, respectively. We do not find anyis because the current at zero voltage is mainly carried by
remarkable differences between the results in the SCF calctiwo-electron processes through the Andreev reflection and
lation and those in the non-SCF calculation as shown irthe amplitude of the Andreev reflection is suppressedrfor
these figures. —T¢. For Z=5 [Fig. 7(c)], I' becomes small around
Finally, theX dependence df is plotted for various tem- ~0 because the insulating barrier suppresses the Andreev
peratures. As seen from Fig(l2, using tunneling through reflection. The results show th&t increases monotonically
ZES, we can determine the magnitudeXofising the value with increasing temperatures independenxafince the cur-
of I'. This is a unique property fal-wave superconductors rent is mainly carried by single electron process. Eerl
with a= /4 or py-wave junctions where all quasiparticles [Fig. 7(b)], excepting for largeX, the magnitude of* has a
feel ZES independent of their directions of motions. Siice nonmonotonic temperature dependence, since the amplitude

174501-6
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2K a=0 o=r/4
@) 2 (@] 2 (@
b a 2
o
1}
~
(0]
2
~ 0 g
2 2
® (b) 6
(&) R o
c N @
e RN 8 L
g ‘ £ o
© N 0.1
C
o 1t R
o
"
c
Q
(@]
S
(O]
N 0
2
..... © normalized temperature  T/T-
T Nab
c FIG. 7. Temperature dependencelbin the non-SCF calcula-
tion for d-wave junctions(a) Z=0, (b) Z=1, and(c) Z=5 with
. a=0. (d) Z=0, (e) Z=1, and(f) Z=5 with a=n/4. a:X=0, b:
1} 1 X=0.7, c:X=0.9, and d:X=0.999.
for largeZ. The amplitude of is proportional to the inverse
of T for intermediate temperaturdsurve a in Fig. )].
* Since the retroreflectivity of Andreev reflection is broken by
exchange potentials, the degree of the resonance at the inter-
face is weakened. As a result, the temperature dependence
00 1 deviates from the inverse &f in curves b, ¢, and d in Fig.
) ) 7(f). For sufficiently large magnitudes o, I' becomes an
polarization parameter X increasing function off for T>0.5T¢ as shown in Fig. ).

In the case of al wave with = 7/4, we can estimate the
magnitude ofX from the temperature dependencelof
Thirdly, we show temperature dependence Ibf in
px-wave junctions withd,,=0 in Figs. 8a)—8(c) and those
with 77/2 in Figs. 9a)—-9(c). As shown in Figs. &)—8(c), the
temperature dependences Iofare very similar to those of
of single-electron processéandreev reflectionis enhanced d-wave junctions withw= /4. Whengy,=0, I' for small X
(suppressedwith the increase of. is a decreasing function of, whereasl” for large X is an
Secondly we show the temperature dependencE of increasing function of. In the case ob,,= w/2, however['
d-wave junctions witha=m/4 in Figs. 1d)-7(f). For Z  becomes a monotonic decreasing functioriTahdependent
=0, the line shape of the all curves in Figdyare qualita- of Z as shown in Figs. @—9(c). The spin of a quasiparticle
tively similar to those witha=0 shown in Fig. 7a) since is always conserved in the Andreev reflection in this case.
ZES is not formed at the interface. We note that in Figs.Therefore the suppression of the conductance due to the
7(d)-7(f) I' at zero temperature is independentdfThe  breakdown of the retroreflectivity becomes weaker than that
Andreev reflection is perfect in the limit &=0. For finite  in the case of,,=0.
Z, the ZES is formed at the interface which also leads to Next we show the conductance fiy-wave junctions with
perfect Andreev reflection dt=0. The characteristic behav- 6,,=0 in Figs. 8d)—8(f) and those withm/2 in Figs. 9d)—
ior of the resonant tunneling can be seen in the conductandf). In #,,=0, the temperature dependence oére similar

FIG. 6. X dependence df for various temperatures faFwave
junctions for a=mx/4 in the non-SCF calculation(a) T/T¢
=0.001, (b) T/T=0.005, and(c) T/T=0.01. a:Z=0, b: Z
=1, and c:Z=5.
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FIG. 8. Temperature dependencelbin the non-SCF calcula- FIG. 9. Temperature dependencelbin the non-SCF calcula-

tion for 6,=0. (8 Z=0, (b) Z=1, and(c) Z=5 in p,-wave tion for 8y=m/2. (a) Z=0, (b) Z=1, and(c) Z=5 in p,-wave
junctions.(d) Z=0, (¢) Z=1, and(f) Z=5 in p,-wave junctions.  junctions.(d) Z=0, (¢) Z=1, and(f) Z=5 in p,-wave junctions.
(9) Z=0, (h) Z=1, and(i) Z=5 in p,+ipy-wave junctions. axX (@ 2=0, (h) Z=1, and(i) Z=5 in p,+ipy-wave junctions. axX

=0, b: X=0.7, c:X=0.9, and dX=0.999. =0, b: X=0.7, c:X=0.9, and dX=0.999.

to those ofd-wave junctions withw=0 shown in Figs. ®@—  SCF calculation in the second part of this subsection. In what
7(c). In these junctions, no ZES is expected at the interfacefollows, we consider two cases & X=0 (curve @ and X

In 6= m/2 as shown in Figs. @-9(f), I for large X are =0.9 (curve B. The corresponding results in the non-SCF

larger than those witd,,= 0 at low temperatures. In the case calculation are curves aXE0) and ¢ K=0.9) from Figs.
of 6y =m/2, the spin of a quasiparticle is conserved in the7_g,
Andreev reflection, therefore, the suppression of conductance |n Fig. 10, we show the conductance in the SCF calcula-
due to the breakdown of retroreflectivity becomes weakefion in the d-wave junctions withw=0 and /4. It is found
than that in the case df,=0. that the temperature dependence§ ofith =0 in the SCF

Finally we show the conductance py+ip,-wave junc-  calculation are very similar to those in the non-SCF calcula-
tions with 6,=0 in Figs. 8)—8(i) and those withm/2 in  tion when we compare the results in Figga)Z7(c) with
Figs. 99)-9). In p,+ip,-wave junctions withd, =0, the  those in Figs. 1&)—-10(c). The same tendency can be seen
temperature dependence Iofcan be understood by a com- between the results akwave junctions withy= 7/4 in Figs.
bination of the results ip,- and p,-wave junctions because 7(d)—7(f) and those in Figs. 18)—-10f). When ZES'’s are
the ZES is only expected for a quasiparticle incident perpenformed at the interface, the profile of the pair potential sig-
dicular to the interfacé As seen from Fig. &) for Z=0, nificantly deviates from the step function. The characteristic
there is no clear difference betweErin p,+ip,-wave junc-  behavior of the conductance in the SCF, however, is qualita-
tions with =0 and corresponding results in tipg- or  tively the same as those in the non-SCF. From the calculated
py-wave junctions shown in Figs(& and 8d). For a finite  results, we conclude that the conductance is insensitive to the
barrier potential aZz=1, the line shape of all the curves in profile of the pair potential. This is because the resonant
Fig. 8(h) is more similar to the corresponding results in thetunneling through the ZES dominates the conductance. We
px-wave junctions than those in tipg-wave junctions. How- note that the ZES is a consequence of the sign change of the
ever, thel'’s are smaller than those in tipg-wave junctions.  pair potential.
For z=5, I" for small X are enhanced at low temperatures In p,-wave junctions, line shapes bffor 6,,=0 shown
because of the ZESsee curve a in Fig.(®]. On the other in Figs. 11a)—11(c) are very similar to those id-wave junc-
hand, for largeX, I is an increasing function of [see curve tions with = w/4. For 6,= /2, as shown in Figs. 18)—
d in Fig. 8i)]. For = w/2, I' becomes a decreasing func- 12(c), the magnitudes oF are slightly larger than those in
tion of T for all cases as shown in Figs(g®-9i). These Figs. 11a)—11(c). These features are similar to those found
features are similar to those in tipg-wave junctions. in the non-SCF calculation in Figs(a8—8(c) and Figs. %a)—

It is important to check how the above results are modi-9(c). As well as in thep,-wave junctions, the characteristic
fied in the presence of the spatial dependence in the pabiehavior ofl" in SCF results imp,-wave junctions shown in
potential near the interface. We show the conductance in theigs. 11d)—11(f) and Figs. 1&d)—12(f) are almost the same
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with those obtained in the non-SCF calculation shown in 2 >~ 2 (@) 2 a (@)
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In the case op,+ipy-wave symmetry, the line shapes of \ ““““\\\
I' for (g) and(h) in Figs. 11 and 12 are similar to those in the b DR b
non-SCF results shown ify) and(h) in Figs. 8 and 9. How-
ever, the temperature dependenced dbased on the SCF
calculation deviate from those in the non-SCF one for latge a
[Figs. 11i) and 1Zi)]. In the SCF calculationl" first de- ”\‘*\
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IV. SUMMARY

0 10 10 1

In this paper, we have calculated the polarization and tem-
perature dependence of the zero-bias conducteZBE) in

F/1/S junctions, where we have choseiwave symmetry of FIG. 12. Temperature dependenceloin the non-SCF calcula-
the pair potential for highr¢ cuprates ang,+ip, wave for  tion for 6,,= /2. (8) Z=0, (b) Z=1, and(c) Z=5 in p,-wave
SrLRuG,. As a reference, we have also studied the conducjunctions.(d) Z=0, (¢) Z=1, and(f) Z=5 in p,-wave junctions.
tance inp,- and p,-wave junctions. We have established a(g) Zz=0, (h) Z=1, and(i) Z=5 in ps+ip,-wave junctions. aX
formalism of the ZBC which is available for arbitramy, =0 and b:X=0.9.

normalized temperature  T/T
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sults, we reach the following conclusions. (4) Throughout this paper, we have calculated the ZBC in
(1) When injected quasiparticles from ferromagnets al-two ways.(i) The spatial dependence of the pair potential is
ways feel the zero-energy resonance state, @@wave junc-  assumed to be a step functiGmon-SCF calculation (i) the
tions with (110 orientation ancp,-wave junctions, the zero- spatial depletion of the pair potentials is determined self-
bias tunneling conductanc&BC) at zero temperature is consistentlySCF calculation We have confirmed that there
insensitive to the barrier potential at the interface. This propare no remarkable differences between the conductance in
erty is useful for the determination of the degree of spinthe non-SCF calculation and those in the SCF calculation.
polarization in ferromagn_ets at suffi(_:iently onv temperatures. | this paper, effects of random potentials in ferromagnets
One of the promising candidates is LaSrMnO/ 4.q hot taken into account. Recently, there have been several
YI_SaQU(IB|SrCaCuQ with a well orlented(;lo) interface. . works on random scattering effects in unconventional super-
Within our theory, below 0.1 K we can estimate the magni-cqctor junction§®-"2 It is actually interesting to study
tude of the polarization of ferromagnets through the value Ofransport properties of junctions where diffusive ferromag-

the conductance of the junctions. nets are attached to unconventional superconductors. In the

(2) For d-wave junctions with(110) orientation and I~ -
pyx-wave junctions, t]he ZBC decreases with increasing tempresent paper, the splitting of the ZBCP by magnetic fields

peratures when the degree of the polarizados small. For through the Zeeman gffect or ma%get'c |mpur|t'|es in-an in-
largeX, the ZBC is an increasing function &f The presence sulat.or are not taken .II’ItO accoffit*? These are interesting
of the ZES explains these behaviors. dawave junctions ~and important future issues.

with (100) orientation andp,-wave junctions, the ZBC is an

increasing function ofl independent oX. This is because

the ZES does not appear at these junction interfaces. For ACKNOWLEDGMENTS
pxtipy,-wave junctions, the ZBC first decreases with in-
creasingT then increases. This work was partially supported by the Core Research

(3) In p-wave junctions, the temperature dependence ofor Evolutional Science and Technolo¢g@ REST of the Ja-
the ZBC depends on the direction of the magnetization axipan Science and Technology Corporati@iST). J.I. ac-
of ferromagnets because of the spin degree of freedom d&nowledges support by the NEDO international Joint Re-
Cooper pairs in spin-triplet superconductors. search project “Nano-scale Magnetoelectronics.”

1L.J. Buchholtz and G. Zwicknagl, Phys. Rev.2B, 5788(1981). 16y, Tanuma, Y. Tanaka, M. Ogata, and S. Kashiwaya, Phys. Rev. B

2J. Hara and K. Nagai, Prog. Theor. Phy$, 1237(1986. 60, 9817(1999.
3C.R. Hu, Phys. Rev. Letf72, 1526(1994). 17Y. Tanaka, T. Asai, N. Yoshida, J. Inoue, and S. Kashiwaya, Phys.
43, Kashiwaya, Y. Tanaka, M. Koyanagi, H. Takashima, and K. Rev. B61, R11 902(2000.

Kajimura, Phys. Rev. B1, 1350(1995. 18y, Tanaka, Y. Tanuma, and S. Kashiwaya, Phys. Rev6®B

SL. Alff, H. Takashima, S. Kashiwaya, N. Terada, H. lhara, Y.  054510(2001).
Tanaka, M. Koyanagi, and K. Kajimura, Phys. Re\6B 14 757 19y, Tanaka, H. Tsuchiura, Y. Tanuma, and S. Kashiwaya, J. Phys.

(1997. Soc. Jpn71, 271(2002.

6M. Covington, M. Aprili, E. Paraoanu, L.H. Greene, F. Xu, J. 20y, Tanaka, H. Itoh, H. Tsuchiura, Y. Tanuma, J. Inoue, and S.
Zhu, and C.A. Mirkin, Phys. Rev. Let?9, 277 (1997. " Kashiwya, J. Phys. Soc. Jpfil, 2005(2002.

7J.Y.T. Wei, N.-C. Yeh, D.F. Garrigus, and M. Strasik, Phys. Rev.zzs' Ryu and Y. Hatsugai, Phys. Rev. Le8, 077002(2002.
Lett. 81, 2542 (1998. Y. Tanaka and S. Kashiwaya, Phys. Rev. L&#, 3451(1995.

23 . . -
B\ Wang, M. Yamazaki, K. Lee, and I. Iguchi, Phys. Rev6@ S. Kashiwaya, Y. Tanaka, M. Koyanagi, and K. Kajimura, Phys.
4272(1999. Rev. B53, 2667(1996.

24 .
°|. Iguchi, W. Wang, M. Yamazaki, Y. Tanaka, and S. Kashiwaya, 25?' ngf:;vr\::ﬁ ?/ng Y.S;S::al?lic,n Raer?d 'zo%lvgn%ﬁ-lg‘élngi%?z- .
Phys. Rev. B62, R6131(2000. : y Ve ) . ) . .

. Technol.14, R53(2001).

10

11Y. Tanaka and S. Kashiwaya, Phys. Revo8 9371(1996. %M. Yamashiro, Y. Tanaka, and S. Kashiwaya, Phys. ReG6B
Y. Tanaka and S. Kashiwaya, Phys. Re\6® 11 957(1996); 56,

. 7847 (1997).
» 892(1997; 58, 2948(1_998' 27M. Yamashiro, Y. Tanaka, Y. Tanuma, and S. Kashiwaya, J. Phys.
Y. Tanaka and S. Kashiwaya, J. Phys. Soc. §813485(1999; Soc. Jpn67, 3224(1998.
69, 1152(2000. 28M. Yamashiro, Y. Tanaka, N. Yoshida, and S. Kashiwaya, J. Phys.
By, Asano, Phys. Rev. B3, 052512(2001); 64, 014511(2002); J. Soc. Jpn68, 2019(1999.
Phys. Soc. Jpriz1, 905(2002. 29C. Honerkamp and M. Sigrist, J. Low Temp. Phyd1, 898
14y, Tanuma, Y. Tanaka, M. Yamashiro, and S. Kashiwaya, Phys. (1998; Prog. Theor. PhysL00, 53 (1998.
Rev. B57, 7997(1998. 30y, Asano, Phys. Rev. B4, 224515(2001).
15y, Tanuma, Y. Tanaka, M. Ogata, and S. Kashiwaya, J. Phys. SoélY. Tanaka, Y. Tanuma, K. Kuroki, and S. Kashiwaya, J. Phys.
Jpn.67, 1118(1998. Soc. Jpn.71, 2102(2002.

174501-10



TEMPERATURE DEPENDENCE OF SPIN-POLARIZED . .. PHYSICAL REVIEW&, 174501 (2003

32y, Tanaka, T. Hirai, K. Kusakabe, and S. Kashiwaya, Phys. Rev. and T. Venkatesan, Phys. Rev.68, 212508(2001).

B 60, 6308(1999. 53A. Sawa, S. Kashiwaya, H. Obara, H. Yamasaki, M. Koyanagi, Y.
33F, Laube, G. Goll, H.v. Lhneysen, M. Fogelstro, and F. Lich- Tanaka, and N. Yoshida, Physica339, 107 (2000.
tenberg, Phys. Rev. Let84, 1595(2000. 54H. Kashiwaya, A. Sawa, S. Kashiwaya, H. Yamazaki, M. Koy-
34Z.Q. Mao, K.D. Nelson, R. Jin, Y. Liu, and Y. Maeno, Phys. Rev. anagi, |. Kurosawa, Y. Tanaka, and I. Iguchi, Physica3Z-360Q
Lett. 87, 037003(2001). 1610(2002.
35C. wadlti, H.R. Ott, Z. Fisk, and J.L. Smith, Phys. Rev. Le86,  °°C.-C. Fu, Z. Huang, and N.-C. Yeh, Phys. Rev.6B, 224516
5258(2000. _ (2002.
36K. Sengupta, |. #tic, H.-J. Kwon, V.M. Yakovenko, and S. Das ®Y. Nagato and K. Nagai, Phys. Rev.®, 16 254(1995.
Sarma, Phys. Rev. B3, 144531(200J). 57M. Matsumoto and H. Shiba, J. Phys. Soc. Jp#).3384(1995;
37y, Tanuma, K. Kuroki, Y. Tanaka, and S. Kashiwaya, Phys. Rev. 64, 4867(1995; 65, 2194(1995.
B 64, 214510(2001). 58y, Ohashi, J. Phys. Soc. JpB5, 823 (1996.
38Y. Tanuma, K. Kuroki, Y. Tanaka, R. Arita, S. Kashiwaya, and H. >°A. Millis, D. Rainer, and J.A. Sauls, Phys. Rev. 38, 4504
Aoki, Phys. Rev. B66, 094507(2002. (1988.
39A.F. Andreev, Zh. Esp. Teor. Fiz.46, 1823(1964 [Sov. Phys.  %°C. Bruder, Phys. Rev. B1, 4017(1990.
JETP19, 1228(1964]. 61G.E. Blonder, M. Tinkham, and T.M. Klapwijk, Phys. Rev.2B,
403.X. Zhu, B. Friedman, and C.S. Ting, Phys. Rev58 9558 4515(1982.
(1999. 62A.V. Zaitsev, Zh. Ksp. Teor. Fiz.86, 1742 (1984 [Sov. Phys.
413, Kashiwaya, Y. Tanaka, N. Yoshida, and M.R. Beasley, Phys. JETP59, 1015(1984].
Rev. B60, 3572(1999. 83A.L. Shelankov, J. Low Temp. Phy80, 29 (1985.
42| zutic and O.T. Valls, Phys. Rev. B0, 6320(1999; 61, 1555 64M. Ashida, S. Aoyama, J. Hara, and K. Nagai, Phys. Re40B
(2000. 8673(1989.
43N. Yoshida, Y. Tanaka, J. Inoue, and S. Kashiwaya, J. Phys. So€°Y. Nagato, K. Nagai, and J. Hara, J. Low Temp. Ph§3. 33
Jpn.68, 1071(1999. (1993.
44N, Stefanakis, Phys. Rev. B4, 224502(2001); J. Phys.: Con-  ®®T. Hirai, Y. Tanaka, and J. Inou@npublisheil
dens. Matterl3, 3643(2001). 67y, Tanuma, Y. Tanaka, and S. Kashiwaya, Phys. Rev6®B
45T. Hirai, N. Yoshida, Y. Tanaka, J. Inoue, and S. Kashiwaya, J. 214519(2001).
Phys. Soc. Jpriz0, 1885(2001). 84 Itoh, Y. Tanaka, J. Inoue, and S. Kashiwaya, Physi&6T, 99
46T, Hirai, N. Yoshida, Y. Tanaka, J. Inoue, and S. Kashiwaya, (2002.
Physica C367, 137 (2002. 59y, Asano and Y. Tanaka, Phys. Rev.6B, 064522(2002.
4TA. Buzdin, Phys. Rev. B52, 11 377(2000. 0y, Tanaka, Y. Nazarov, and S. Kashiwaya, Phys. Rev. [(&ttbe
48G.Y. Sun, D.Y. Xing, J.M. Dong, and M. Liu, Phys. Rev. @5, published.
174508(2002. "IN. Yoshida, Y. Asano, H. ltoh, Y. Tanaka, J. Inoue, and S. Kashi-
497.C. Dong, D.Y. Xing, and J. Dong, Phys. Rev. @5, 214512 waya, J. Phys. Soc. Jp#2, 895 (2003.
(2002. 2The present model deals with the ideal situation where the height
ON. Yoshida, H. ltoh, H. Tsuchiura, Y. Tanaka, J. Inoue, and S. of the ZBCP is only a function of the polarization of the ferro-
Kashiwaya, Physica @67, 185(2002. magnet. However, in real junctions, the interface quality and the
5IN. Yoshida, H. Itoh, T. Hirai, Y. Tanaka, J. Inoue, and S. Kashi- impurity distribution near the interface may have influences on
waya, Physica (367, 165 (2002. the ZBCP height. Detailed analysis of such factors will be dis-

527.Y. Chen, A. Biswas, |. Zutic, T. Wu, S.B. Ogale, R.L. Greene,  cussed in future papers.

174501-11



