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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 atieivave 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 expectetiwara supercon-
ductor splits into two peaks under the influence of the exchange interaction in the insulator.
[S0163-18299)10729-X

[. INTRODUCTION face of ad,2_,2-wave superconductor, zero-energy states
(ZES) are formed due to the interference effect of the inter-
The transport properties in hybrid structures between fernal phase of the pair potentii. Tunneling theory for
romagnets and superconductors have received consideralag ,2-wave superconductors has already been presented by
theoretical and experimental attention. Interest in such struextending the BTK formul¥ to include the anisotropy of the
tures includes spin-dependent spectroscopy of supercondugtair potentiaf:3>~*>The theory predicts the existence of zero-
ors and possible device applications. Since the Cooper paitsias conductance pedkBCP) which reflects the formation
in spin singlet superconductors are formed between up anof the surface bound states on ttievave superconductors.
down spins, the high density of spin injection through a tun-In this paper, an exchange interaction is introduced on the
neling barrier induces a spin imbalance. This nonequilibriunnormal side of the junction and on the insulator in order to
state is expected to result in a suppression of the criticahnalyze the spin polarized tunneling effects. The bound-state
temperature and the critical current density in the supercoreondition and tunneling spectroscopy of ferromagnet—
ductor. A large number of experimental studies on spin-d-wave-superconductor junctions have already been ana-
polarized tunneling have already been performed using corlyzed in two papers®!’ They have revealed several impor-
ventional metal superconductors such as Al and Nb about 2tant features in charge transport. Here we will argue that the
years agd.However, the recent discovery of so-called colos-properties of the Andreev reflectitfiis largely modified due
sal magnetoresistand€MR) in Mn oxides compound has to the presence of the exchange interaction. In particular, the
aroused new interest in this field,because hybrid structure existence of an evanescent type of the Andreev reflection,
fabrication of the spin-polarized ferromagnets with high- which is referred to as virtual Andreev reflectioiAR), is
superconductors is now possible using these matérals.  explained(see Ref. 2¥ This process has significant roles on
On the other hand, the properties of ferromagnetthe transports especially for junctions between half-metallic
insulator-superconductor (F/I/S) and  ferromagnet— ferromagnets and superconductors. The conductance formu-
ferromagnetic-insulator—superconduct@/FI/S) junctions las for the charge and the spin currents are presented based
have been analyzed based on the assumption that the comm the scattering method by fully taking account of the VAR
ductance spectra correspond to the density of stBt@S) of  process. The merit of formulas based on the scattering meth-
the superconductor weighted by the spin polarizati®hA ods is that the conductance spectra can easily be calculated
theory for FIS junctions based on a scattering method hafor arbitrary barrier heights cases without the restriction of
been presented by de Jong and BeenBkexw aspects of the high-barrier limit. The spin current is, we believe, the
Andreev reflection have been revealed, and also detaileghost important physical quantity in spin injection devices
comparisons between theory and experiments have bedrased on the following two reasons: one is that the spin
accomplished:!® However, these results are restricted to iso-current gives a direct criterion to estimate the effect of the
tropic sswave superconductors. spin imbalance induced by the tunneling current, the other is
In contrast tos-wave superconductor cases, at the interthat the charge and the spin conductivity may illuminate the

0163-1829/99/6(5)/35729)/$15.00 PRB 60 3572 ©1999 The American Physical Society



PRB 60 SPIN CURRENT IN FERROMAGNET-INSULATOR- ... 3573

study of electron systems that undergo spin-charge separa Insulator
tion, such as Tomonaga-Luttinger liquids and possibly un-
derdoped highF, superconductorS~?*We will also analyze
ferromagnetic insulator effects, which include the spin-
filtering effect®’ due to the presence of an exchange field in
the insulator. It is shown that a spin-dependent energy shift
during the tunneling process induces a splitting of the ZBCP.
Based on the detailed analysis of the conductance spectra, W pyjection

propose a simple method to distinguish the broken time- ~_
reversal symmetry (BTRS states inducement at the @AR
surfacé?~2*from spin-dependent tunneling effects. The im-
plications of the ferromagnetic insulator effects on tunneling B dy2.2-wave
. . erromagnet
experiments of high. superconductors and a proposal for superconductor

possible device applications are also presented.
FIG. 1. Schematic illustration of the elastic reflection of quasi-
Il. FORMULATION particles in the FIS junction. For all trajectories, momenta parallel
to the interface are conserved. This means that the retroreflection
For the model of formulation, a planar F/FI/S junction property of Andreev process is lost due to the exchange interaction.
with semi-infinite electrodes in the clean limit is assumed. Aln the figure, the anisotropic pair potential af._,>-wave symme-
flat interface is assumed to be locateckatO, and the insu- try is also shown.
lator for up [down] spin is described by a potential

Vi) AV 1) =(Vo—[+1Ug) 8(x)}, where 5(x), Vo, as holelike quasiparticle@1LQ). The spin direction is con-
andUB are thes function, a genuine barrier amplitude, and served for NR but not for AR. When the superconductor has
an exchange amplitude in the barrier, respectively. The efdy2_,2-wave symmetry, the effective pair potentials for ELQ
fective massmin the ferromagnet and in the superconductorand HLQ are given byA, =Aqcos2@s—pB) and A_
are assumed to be equal. For the model of the ferromagnet Aocos 2@s+ ), respectively, whereg is the angle be-
we adopt the Stoner model where the effect of the spin potween thea axis of the crystal and the interface normal.
larization is described by the one-electron Hamiltonian withResults for various pairing symmetries are obtained by set-
an exchange interaction similar to the case of Refs. 8,16,17ing proper values ta\, andA_ similarly to the previous
For the description of thel,z_,2-wave superconductor, we formulas'®'® The wave vectors of ELQ and HLQ are ap-
apply the quasiclassical approximation where the Fermi enproximated byks=|kg~+/2m E-s/#2 following the model
ergy E in the superconductor is much larger than the paiby Andreev® Since translational symmetry holds along the
potential following the model by Brudér:?® The effective  y-axis direction, the momentum components of all trajecto-
Hamiltonian(Bogoliubov—de Gennes equatjois given by ries are conservedk(; ;Sin Gy=Kky Sin a=Kssin 69.2" Note
that 6y is not equal tod, except wherld =0, which means

Ho(X) — pU(X) A(X,6) u(x, 6) retroreflectivity of AR is broken. Such novel behavior is a
A* (X, 0 CIHA() + U (X consequence of the fact that in the presence of an exchange
(x.9) {Ho() +pU ()} v(x,0) field the BCS pairing is formed not strictly between states of
equal but opposit&k vectors, the so-called Fulde-Ferrell
_ | ux.0) D effect?® The wave function in the ferromagnet<0) for up
v(Xx,0)] (down) spin with injection angledy is described by

Here, E is the energy of the quasiparticlg(x) is the ex-

change potential given by ® (—x) (U=0), where®(x) is u(x, fy)
the Heaviside step functiop,is 1 (—1) for up (down) spins, (v(x oy
A(x,6) is the pair potential, andHy(x)=—#%2V?/2m N
+V(x)—Eg. To describe the Fermi surface difference in o 1

F and S we assumeEr=Egy for x<0 and Eg=Egg +b¢[u(E,0N)e'kN:TMX<0), )

for x>0. The pair potentialA (x, ) is taken asA(6)©(x)

for simplicity. The number of ugdown spin electrons is

described byN; (N|). The polarization and the wave where the signs of thecomponents okn, 11 andk,’\mm are
vector of quasiparticles in the ferromagnet for upthe reverse of each other. The reflection probabilities of the
(down) spin are expressed asP;=N;/(N;+N)  two processes are obtained by solving EB.and by con-

ik X 1
=e'"N,1[1]
0

on 0
+a1(E, Oy) e N 111X
1 (E, ) (1)

=(Egnt+U)/2Eg\[P| =N /(N;+N ) =(Egn—U)/2Eg\] necting the wave function and its derivativexat 0.
and kn.t = [kn | =V(2mI7%%) (Epn+U) [ Ky, = Ky, | Next, we will simply explain the Fermi surface effect by
=J/(2m/%?)(Egy—U)], respectively’ assuming up spin injection. Various kinds of reflection pro-

We assume the quasiparticle injection of up spin electronsess are expected depending on the valudsqf, E5, and
at an angledy to the interface normal as shown in Fig. 1. U. For example, when ks<ky;, total reflection
Four possible trajectories exist; they are Andreev reflectior(|b“q(E,BN)|2:1) occurs  when 0N>sin*1(k3/km)
(AR), normal reflection(NR), transmission to supercon- =6..1>7 In this case, the net currents of the spin and the
ductor as electronlike quasiparticlésLQ), and transmission charge from the ferromagnet to the superconductor vanish.
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On the other hand, wheky | <ks<ky ;, the x component lowing the method presented in Ref. 12. The existence of the

of the wave vector in the AR procesgKZ | —KZsir6q) be- VAR process has not been treated in the one-dimensional
S SNy TS ¥ modelf because it is a peculiar feature of a two or three

comes purely imaginary fof;> 0y>sin™“(ky,| /ky.1)= Oco- dimensional F/S interface

In this case, although transmitted quasiparticles from ferro- The conductance of thé junctions are obtained by extend-
magnet to superconductor do propagate, the Andreev rgqq hrevious formula to include the effect of spifL7In the
flected quasiparticles do not propagdiAR proces$. A foliowing, consider a situation wherty, | <ks<ky,;. TO
finite amplitude of the evanescent AR process still existsdnmyze the transport properties of an F/II/S juriction, two
(|a(E,6y)|?>0) and the net currents of the spin and theyinds of conductance spectrum are introduced. The conduc-
charge from the ferromagnet to the superconductor do natnce for the charge current is defined by the charge flow

vanish. It is easy to check the conservation laws for thanduced by the ugdown) spin quasiparticle injection and is
charge, the excitation, and the spin on the VAR process folgiven by

. A,
Uq,T[L](E,HN)ERe{lJF )\_1|aT[i](E10N)|2_|bT[l](E:9N)|2 (3

(for 0<| 00| < 6c2),

ANA[ANIT P+ (182 4+ 22— 1T T (1-N )2+ 2211

= : , . , - (4)
|(1+)\1+|ZTU])(1+)\2_|Z“T])_(1_)\1_|ZT[l])(1_)\2+|Zl[T])F+F_|2

(fOI’ 0c2< | 0N| < acl)a

AN (1= |T T D1+ (— k2t 2Z))?)

= — 5
[(LH+N+HIZ){L—i(ko+Z)} = (L= Ny —iZ){1+i (s +iZ ) T _|? ®

(fOI’ 061< | 0N| < 77/2),

:O,
where
Zo11) 2m(Vo—[+10p) .. . _ A
21~ Cospg’ 20107 ke o Pe=Teexp(Figy), exig.=rr—
I‘ _E_ \/E2_|Ai|2 _kN,T[l]COSGN _kNYuT]COS9A _I)\ _\/kSSInZHS_kN,L
= |AL| v MTTkecosfs 2 kecosfs | <2 2T T Tkcosfs

The conductance for the spin current is defined by the spin imbalance induced by (@ spin quasiparticle injection,
R o ) )
osi11(E,On)=Re 1— )\_l|aT[¢](E-9N)| —[by(E, 6N)] (6)
(for 0<|Oy| < 6c2),

_ 4)\1[_4)\2|F+|2+(1+7\2)2+me_|f‘+f7|2{(1_)\2)2+zf[11}]

(7)

(fOI’ 002< | 0N| < acl)a

- AN (AT T {1+ (— kot 2))?
(AN HZ )i (ke Z)) = (L= Ny —iZ ) +i (s +iZ )} T |2

)

(for 6.,<| 6| < 7/2),
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The Andreev reflected quasiparticles positively contribute to 1

the charge current, but since their spins are reversed, they —I'_(x)= —————[-A* ()2 (X)—A_(x)
have negative contribution to the spin current. The second dx i7i°kecosbs

terms on the right-hand side of Ed8) and(6) do not have .

finite contribution on net current in the VAR process, since +2EI_(x)]. (16)

the corresponding., is purely imaginary. The normalized yere the spatial dependence of the pair potential is assumed
total conductance spectra for the charge currgj{E) and asA. (x) (functions ofx).

the spin currentrg(E) are given by The most important differences in the present formula
from previous ones ar@) a formula for the nonlinear spin
oq(BE)=0q(E)+oq (E), ©) current,(ii) the capability to treat the ferromagnetic insulator
effects based on the scattering meth@id) the introduction
1 (w2 N of the breakdown in the retro-reflectivity of the AR process
Uq’”“(E):R_Nﬁw/zdeNCOSGNUq'““(E’ OnPiiiKnit and consequently the vanishing of the propagating(%RR

(10) process In particular, the concept of the VAR process is a
new physical process presented in this paper. If we did not
oy(E)=04(E)— 0, (E), (11) accept the existepce of this process, thg 'gotal refleqtion inQe—
pendent oft is naively expected. Since finite transmission is
2 possible in this angle regiond{,<| 0| < 6.;) aboveT,, this
dOnCcosOnos 11 11(E, O P 1KNu 1] » total reflegtlon would mduce'a sudden .decrease of the con-
w2 ductance just belowl for highly polarized ferromagnets
(120 junctions. As far as we know, no trends for such an effect
have been reported thus far. This fact may be direct evidence
for the existence of the VAR process. The VAR process is
o shown to have an important role on the Josephson current in
RN:f dOncosOn a1 (On) P ka1 + o, (0P Ky, 1, superconductor—ferromagnet—sup_erconductor junctions, be—_
2 cause the evanescent wave carries a net Josephson current in
(13  this configuratior’®

1
Us,nu(E):R—NJ

where

Y

N 4N, IIl. RESULTS
ong (0N =T
|1+ N +iZ4 ] A. Effects of polarization
In the aboveRy, oq(;(E), andos [ ;;(E) correspond to In this subsection, to reveal the influence of the polariza-

the conductance when the superconductor is in the normaion on the tunneling conductance spectra, we assume a FIS
state and the spin-resolved normalized conductance spectj@nction by settingdg=0 (Zo1=20,=20). At first, let us
for charge and spin, respectively. The conductance spectidiscuss several analytical results obtained from the above
for negativeE are obtained by replacinﬁt by —1/f*; in formulation in order to check the validity of the formula.
the above formulation. The net polarizatidp(eV) as a WhenU =0, the ferromagnet reduces to a normal metal, and
function of the bias voltag¥ is given by as expectedy(E) reproduces the results of Refs. 13,15, and
os(E) vanishes. For half-metallic ferromagnets € Egy),
% the Fermi surface for the down spins has shrunk to zero. In
f xdEUs(E){f(E—eV)—f(E)} this case, the VAR process occurs for &fj. Under the
— , (14  condition of VAR,&q(E, 6x) = o5(E, 6y) applies, which cor-
f dEoy(E){f(E—eV)—f(E)} responds to the fact that the tunneling current is completely
— spin polarized. Furthermore, the conductance spectra in the

. o . . energy gap E<|A.|,E<|A_|) become completely zero
wheref(E) is the Fermi-distribution function. Since the con- [o4(E, 0n) = o5(E, ) =0]. In the tunneling limit H—sc)

volution with f(E) gives only a smearing effect in the con-
ductance spectra, the temperature is set to zero in the follo
ing discussions.

In the above formulation, we have neglected the self

‘]p(ev) =

V&nd in the absence of VAR}q,m](E,a) gives the angle
resolved surface DOS of an isolated superconductor. Then
04(E) converges to the surface DOS weighted by the tun-
, : - -~ _neling probability distributiort® At this limit, we can repro-
consistency of the pair potential in order to get analytical . i .
formulas?® However, the present formula is easily extendedduce @ well-known result that the ratio of the peak heighits in
to include this ef’fect simply by replacind’.. with the spin-resolved spectra directly reflect the polarization in

o . _ the ferromagnet.On the other handrs ;[,;(E, #) reduces to
L'+ (9)|x=0, whereI'-(x) follows the Ricatti equations de a function similar to the surface DOS, but where the diver-

scribed by gence at the energy levels of the surface bound states is
q 1 missing.
el s _ _ P2 (N Ak The calculated results based on above formula are pre-
dxF+(X) iﬁszcosgs[ A+ (TR0 = A0 sented ford,2_2-wave superconductors. In the following,

R we assumeEpy=Egg. Figures 2 and 3 show the conduc-
+2EI" . (X)], (15  tance spectra of charge current for the transparent ligjt (
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FIG. 2. The normalized conductance spectra for the charge cur- FIG. 4. The comparison between the normalized _conductance
rento,(E) as the function oK=U/Egy with 5=0 andZ,=0 (the ~ spectrum for the charge curremt(E) and that for the spin current

transparent limjt As X becomes larger, the peak around the zero-os(E) for X=0.7, = m/4, andZ,=5. Since the ZBCP originates
bias level is largely suppressed. from the current carried by the surface bound states, the peak dis-

appears for the spin current.
=0, 8=0) and high-barrier casez{=5, B==/4) as the
function of exchange interactiod(=U/Egy). ForX=0, re- Next, the net polarizationJ,(eV) is calculated for
sults in Ref. 13 are reproduced. HoweverXasicreases, the  d,._,.-wave superconductors as a function of the orientation
conductance inside the gafE(<A,) is largely reduced for (8) when T=0. Four lines of Fig. 6 show the results for
both cases. Especially, the ZBCP disappears for the halfyarious values of barrier parameter whel=2A,. It is
metallic ferromagnet case. Since the spin polarization haglear that the orientational effect is much smaller compared
such a drastic influence on the ZBCP, the height of ZBCRo the effect ofZ,. In the same figure, results farwave
can be used in principle as a measurement of the magnitudgiperconductors, =A _=A, independent of)) are also
of the spin polarization. Figure 4 shows the difference of theshown as closed dots. The large deviationslpf > wave
spin current and the charge current whér0.85,Zo=5,  from s wave for small values oZ, are originated from the
and 8= m/4. Itis clear that the ZBCP is not present for the distribution of the pair amplitude ik space. As the barrier
spin current. This corresponds to the fact that the charggarameter becomes larger, the spin injection efficiency be-
current components corresponding to the ZES are carried hyomes insensitive to the symmetry of the pair potential.
condensed Cooper pairs in the superconductor, and therefore
they do not contribute to the spin imbalance. As a result, the B. Spin filtering effects and the ZBCP splitting
spin current becomes relatively insensitive to the orientation ) . )
of the junctions. Figure 5 shows the conductance spectra for It has been experimentally verified that a ferromagnetic
the spin current as the function of spin polarizatiafy ( semiconductor used as the insulator in tunneling junctions

=5). It is clear that the spin current increases<asecomes works as a ferromagnetic barrier. Since the transmission
larger. Note thair((E) is larger than unity aroun&=A, probabilities for up and down spins are not equal, a spin-

whenX~1. This corresponds to the fact that the peak in thdltering effect is expected to be realizd Also it has been
DOS has an influence even for the spin current.

20 T T T T T T
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FIG. 5. The normalized conductance spectra for the spin current
FIG. 3. The normalized conductance spectra for the charge cuteg(E) as a function ofX with =0 andZ,=5. As X becomes
rent o4(E) as the function ofX with 8==/4 andZ,=5. As X larger, the spin current is increased. Note that the pe&icah 4 is
becomes larger, the height of the ZBCP is largely reduced. larger than unity wheiX is close to 1.
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R . E
z d-wave, Zy=0 z
s—wave s L0
® 7,=1 i
0.4 ] Normalized energy [E/4,]
) s—wave .
¥ Z,=0 FIG. 8. Four types of normalized conductance fy,=2,
0 005 01 045 02 o025 Z,,=8, X=0, andB= /4. The normalized charge currem(E)

has splitted peaks. The peak of the lower energy and higher energy
are originated from the up spin component,(E) and down spin

FIG. 6. Orientational dependencies &§(E) for dye_,2-wave componento, (E). These peaks do not appear in the spin current
superconductors fdE=2A, andX=0.7 are plotted for varioug, conductancer(E).
values. Closed dots in the figures correspond to thoses-feave
superconductors. The large deviations of the_,> wave froms ductance spectrarg,,1(E) and og(E) for Zo,;=2.5 and
wave for small values oZ, are originated from the distribution of Zo,=7.5 aré plotted in Fig. 8. The spectra for own)
the pair amplitude irk space. spins are shifted for lowethighep energy level. Further-
more, o4(E) becomes finite even thougk=0 in the ferro-

theoretically verified that a ferromagnetic insulator placed inmagnet. In order to check the effect of the polarization, Fig.

. . o h he r n f the char rren function of
the vicinity of superconductor induces a spin splitting on the9 shows the response of the charge current as a function o

DOS of swave superconductofd.In the following, we wil polarizationX for a fixed barrier parameter. The spin polar-

: . . . .. ization in the ferromagnet induces the imbalance of the peak
analyze the influence of the exchange interaction existin

inside the insulator on the transport properties based on t%ﬁ'ghéfi’té?i:sf&igaetf ?rf] th;:ﬁlzlgggnpeak heights can be used
formulation described in Sec. Il. pin p '

Figure 7 shows the response of the conductance spectr These results are interpreted as follows. The peaks
9 >SP S . P c%rresponding to the u@@own) spin components are shifted
a4(E) on the exchange interaction in the insulator when because of the energy gaitoss during the tunneling pro-
=0. ZBCP splittings are obtained for finite exchange ampli- Y ; ;
tude Ug) cases. AdJ is increased and consequently as thecess'(”) Since this energy gaiflos9 hask dependence

. . the peak becomes broader comparing to the magnetic-field
difference betwee,,; andZ,, becomes larger, the ampli- P > paring gnect

tude of the splitting becomes larger and the two peaks be|pduced peak splittingsee below. (iii) The amplitude of the

come broader and smaller. The peaks in the gap disappeBfaK SPlitting depends on the genuine barrier amplitdgle
when the difference betweefy; andZ,, becomes promi- as well as the exchange amplitutlg;. For example, the
nent. To see more clearly these trends, the spin-resolved cofiPlitted peaks merge into a single peak at the tunneling limit

(Vo—) even if Ug is kept constant(iv) The current cor-

Orientation [£/7]

6 . . . responding to the ZBCP is carried by the Cooper pair in the
P superconductor as described in the previous subsection. This
& e Zy1=5,Zy1=5
e P T Zo1=3. 2=
S 4t P T Zor=2 20428 2 ' '
s e
= | — Zy1=0,Z,=10 ) I N B X=
Q b@
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g 8 ——-X=038
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< 2 g — X=09
=
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g 3
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|
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o
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FIG. 7. The effects of ferromagnetic insulator on the charge
current forX=0 and 8= w/4. WhenZ,;=5 andZ, =5, a large Normalized energy [E/4q]
ZBCP exists. The difference i, ; andZ,, induces the peak split-
ting (Zo;=3 andZ, =7). As the difference becomes larger, the  FIG. 9. The normalized conductance speetiE) as a func-
ZBCP split into two peaks and the amplitude of the splitting be-tion of X for Z,,=2.5, Z, =7.5, and8=m/4. As X becomes
comes larger and the peaks become smaller and broZger@ larger, the higher energy peak becomes smaller. Thus, the polariza-
andZ, =8). Finally, the peaks in the gap disappear as the differ-tion can be estimated from the ratio of two peak heights. WXen
ence becomes prominerf{,=0 andZ,, = 10). approaches 1, the two peaks diappear.
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6

Normalized conductance O(E)

Normalized conductance 0 (E)

-2 0 2
Normalized energy [E/4] Normalized energy [E/A,]
FIG. 10. The normalized conductance speetidE) in an ap- FIG. 11. The normalized conductance speattdE) for the

plied magnetic field g4H/A;=0.15) as a function oKX for Z,; BTRS states 4;/4,=0.15) as a function oK for Z,,=5, Z,,
=5, Z,,=5, and B=w/4. As X becomes larger, the peak with =5, andg=m/4. As X becomes larger, the heights of the two peaks
higher energy is largely reduced. Whahapproaches 1, the two are reduced symmetrically.

peaks disappear.

. On the other hand, differently from Figs. 9 and 10, since the
corresponds to the fact that the AR process is the secongheak splitting is not induced by spin-dependent effects in this
lowest order tunneling process which requires both up angdase, the polarization in the ferromagnets does not yield an

down spins tunneling. Hence, &g, becomes larger and as jmbalance in the peak heights. Thus the heights of the two
the tunneling probability for down spins are suppressed, thgeaks are reduced symmetrically.

conductance peaks and the AR process are rapidly reduced The responses of the ZBCP on the variation of the polar-
even ifZy, is kept zero(v) The spin current is increased as jzation and the applied magnetic field are summarized as
Ug is raised from zero even K in the ferromagnet is kept at follows. (i) The peak splitting due to the ferromagnetic insu-
zero (unpolarized. This feature directly corresponds to the lator and the Zeeman effect are spin dependent. Therefore,
spin-filtering effect that the spin-selective tunneling occursthe polarization in the ferromagnet induces the asymmetrical
due to the presence of the exchange field in the insulator. splitting of the ZBCP(ii) The amplitude of the peak splitting
Next, various types of the ZBCP splitting expected foris linear to the applied field in the case of the Zeeman effect.
d-wave superconductors and their polarization effects arélowever, it is nonlinear in the cases of the ferromagnetic
analyzed. Mainly two possibilities other than the ferromag-insulator effects and the BTRS statés. In particular, the
netic insulator effects have been proposed for the origins opeak splittings are expected even in the absence of the ap-
the ZBCP splitting on highF, superconductor junctions. plied field for these two case§ii) The multiplication of the
One is the Zeeman effect due to an applied magnetic fielTRS states with the Zeeman effect induces an additional
and the other is the inducement of the BTRS states such aspgak splitting, that is, the ZBCP splits into four peaks. How-
d,2_,2+is wave. The conductance spectra in an appliecever, the multiplication of the Zeeman with the ferromag-
magnetic field is calculated from above formula by simplynetic insulator effects does not yield the additional peak

using the relation splittings.
The experimental observations of the ZBCP splitting have
oqig)(E)=0q1g,1(E—ugH) +[ —1ogg, (E+ ugH), been reported for normal metal—high- superconductor

(17)  junctions**?*333t js a really interesting experiment to ob-

serve the same features by using ferromagnets—higu-
where ugH is the Zeeman energy. Calculated charge conperconductor junctions in order to distinguish the spin-
ductance spectra fordy2_ 2 wave superconductor as a func- dependent effects from the BTRS states inducement.
tion of X are shown in Fig. 10. The amplitude of the splitting Recently, Sawat al. have detected an asymmetric magnetic
is linear to the applied field independent of the barrierfield response in LgsSr 3MnOs-YBa,Cuz;O,_ 5 junc-
heights. Moreover, since the energy shift induced by theions3® The qualitative features on the magnetic field re-
magnetic field does not havedependence, the broadening sponses of their junctions are consistent with F/FI/S with the
of the peaks are not present. The ratio of the splitted pead,. ,. wave explained here. A detailed comparison between
heights simply reflects the polarization in the ferromagnetthe above formulas and their experiments is expected.
which is consistent with the results by Tedrow and Finally, a simple proposal is given for a possible device
Meservey:** On the other handg(E) for a dy2_,2+is  application utilizing the ferromagnetic insulator effects. The
wave superconductor is calculated by setting. thickness of the insulator is the order of 1 nm in usual tun-
=Agcos 2¢s+ B)+iAs. Calculated charge conductance spec-neling junctions. Since the controlling of properties in such a
tra for variousX values are shown in Fig. 11. The amplitude thin layer requires high technology, as far as we know, not so
of the splitting is almost equivalent to the amplitude of themany experimental trials have been accomplished thus far.
swave component. The shape of the spectrum without thélowever, as shown in this paper, a small change in the in-
polarization K=0) is quite similar to that shown in Fig. 10 sulator property causes a drastic change on the transport
(X=0). As X becomes larger, the heights of the two peaksproperties. Therefore, the controlling of the barrier properties
are reduced, which is consistent with that shown in Fig. 3is one of the most promising methods to create new func-
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tional devices. For example, consider an F/FI/S junction withof the standard Andreev reflection process is broken in the
ad,2_ 2-wave superconductop(= 7/4). The sharp ZBCP is presence of an exchange field and that the surface bound
drastically modified as the difference betwegn and Z, states due to superconducting pair potentials do not contrib-
becomes larger as shown in Fig. 7. This means that, for ate to the spin current. Next, the ferromagnetic insulator in-
fixed bias voltage, a large response in current is expected dududing the spin-filtering effect are analyzed. It is shown that
to a small variation in the exchange interaction in the insuthe spin polarization gives asymmetric peak splitting. More-
lator. This response is applicable for the high-sensitive magever, various features in the splitting of ZBCP due to the
netization measurement of a thin insulating film by insertingferromagnetic insulator, the Zeeman splitting, and the BTRS
the film into a junction as a tunneling barrier. If the exchangestates effects are analyzed in detail. It is shown that the spin-
interaction is sensitive to the external field, this effect can begpolarized tunneling gives important information for identify-
used as a magnetic sensor. Alternatively, if the magnetizaing the origin of the ZBCP splitting. By comparing the
tion of the insulator shows hysteresis on the external fielgpresent analysis with experimental data, we expect that the
variation, a memory function can be realized. The currentmechanism of the peak splitting in high-superconductors
gain of the junction as a function of the external field iswill be well identified. In the present model, we have ne-
largely enhanced by using a superconductor—ferromagneticflected the effects of spin-orbit scatterifignd the nonequi-
insulator—superconductor junction withcawave, because librium properties of superconductois®° Inclusion of these
negative-conductance regions are expected just beside tleéfects would be necessary for a complete theory. The for-
ZBCP in this configuratior®®’ Differently from conven- mulation for triplet superconductors will be presented in an-
tional superconducting memories based on a flux-quanturather publicatiorf!
logic, a large-scale integration circuit may be possible based
on the present principle.
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