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A theoretical study of tunneling conductance in PrOsSb,, superconducting junctions
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The tunnel conductance in normal-metal/insulator/R&E, junctions is theoretically studied, where skut-
terudite ProgShy, is considered to be an unconventional superconductor. The conductance is calculated for
several pair potentials which have been proposed in recent work. The results show that the conductance is
sensitive to the relation between the direction of electric currents and the position of point nodes. The con-
ductance spectra often deviate from the shape of bulk density of states. The sub gap spectra have peak
structures in the case of the spin-triplet pair potentials. The results indicate that the tunnel conductance is a
useful tool to obtain information of the pairing symmetry.
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. INTRODUCTION ing decreases the number of point nodes to 4 8f Zhe
spin-triplet superconductivity still has a possibilftyyhere
Superconductivity in cubic skutterudite Py3&,, (POS  the pairing interaction is mediated by the quadrupolar fluc-
has received much interest in recent years since it has twiations. The double transition is more easily constructed in
superconducting phasésThe specific heat resuftsshow  spin-triplet pairing with degeneracy due to the time-reversal
jumps atT.;=1.82 K andT,=1.75 K. Nowadays two such symmetry than the spin-singlet pairifdn a theory; unitary
superconducting phases are well known in a spin-triplet suand nonunitary spin-triplet states are proposedHoand L
perconductor URtand a superfluidHe. A NQR experiment phases, respectively.
shows the absence of the coherence peak, which suggestsGenerally speaking, the tunneling spectra are expected to
that POS is an unconventional supercondu%térthermal reflect the bulk density of statd®0S) of superconductors.
conductivity experiment indicates six point nodes(s0,0  This is true for isotropics wave superconductors. In uncon-
direction and directions equivalent t4,0,0 for the high-  ventional superconductors, however, the tunneling spectra
temperature phaseH( phasg®. often differ from the bulk DOS. A zero-bias conductance
The mechanism and the symmetry of pairing have beepeak (ZBCP) of high-T, materials is an important
discussed in several theoretical studiegsPOS should be example'®8 The interference effect of a quasiparticle en-
distinguished from the other unconventional superconductables the zero-energy Andreev bound states on the Fermi
ors, in that it has a nonmagnetic ground state of the localizegnergy at surfaces af wave superconductof$2° The for-
f electrons in the crystalline electric field. The origin of mation of the zero-energy stat€8ES’s) is a universal phe-
heavy Fermion behavior in this compound has been disnomenon expected in unconventional super-
cussed in terms of the interaction of the electric quadrupoleonductors?1~?*and affects the low-temperature behavior
moments of P¥" with the conduction electrons, rather than of charge transport propertf@s° and the Josephson
local magnetic moments as in the other heavy Fermion sweurrent’~#**When the direction of the electric current devi-
perconductors. Therefore the relation between the supercoates from the axis of highT superconductors, a large con-
ductivity and the orbital fluctuation of electron state has ductance peak is observed around the zero bias, which re-
aroused great interest; POS is a candidate for the first supdiects the DOS of such surface states. When the current is
conductor mediated neither by electron-phonon nor magnetiparallel to thea axis, on the other hand, the conductance
interactions. Hence it is of the utmost importance to detershape is close to that of the bulk DOS in high-supercon-
mine the symmetry of the superconducting gap. At presentluctors. Thus the tunneling spectra are essentially aniso-
however, the pairing symmetry of POS is still unclear. Thistropic in unconventional superconductors, which means that
is simply because we lack both experimental data and theat is possible to extract useful information of the pairing sym-
retical analysis enough to address the pairing symmetry. Smetry from tunneling spectra.
far, a possibility of anisotropis wave symmetries has been  The purpose of this paper is to demonstrate the differen-
discussed for spin-singlet Cooper pairs. In the low-tial conductance in normal-metal/insulator/POS junctions for
temperature phasé.(phase, an additional symmetry break- several pair potentials proposed in recent studies. The junc-
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for Z.>L, whereL is the thickness of the insulator as shown

y in Fig. 1, R=(X;,Y¢,Z)=(r+r")/2, andr,=r—r’. The
X' | normal metal PrOs,Sb,, anisotropy of the pairing symmetry is characterized&(y)
with k=(p,k,) andp=(k,ky). In normal metals and insu-
z =0 L lators, the pair potential is taken to be zero. The unit matrix

and the Pauli matrices are denoted &g and o with |

) =1,2,3, respectively. Throughout this paper, we measure the
i energy and the length in units of the Fermi energy

u Yo =ﬁ2k§/2m and 1kg, respectively. The potential of the insu-

F R

lator is given by

\

FIG. 1. The normal metal/POS junction is schematically illus- V() =Vo[0(2)-6(z-L)], ®)

trated. andq,=keV(Vo/ur) — (K, /kg)? is the wave number in the
direction at the insulator. The Andreev and the normal reflec-

tions are described by the Bogoliubov—de Gennes equationtion coefficients of the junction are calculated analytically
and the conductance is calculated from the normal and the

6 . . . . . . ~ ~ ~ ~ ~

Andr_ee\f‘ reflection coefficients of junctions. We discuss Foe= — Z0Z4[ 00— W[ | 24| 209— Z2W] 2, (6)
candidates of pair potentials in anisotropizvave symmetry

for the spin-singlet pairing. The conductance is sensitive to
the relation between the directions of currents and the posi-
tion of point nodes. In some cases, shapes of the conductance 2

Mhe=— eii%‘ﬁgagﬁzﬂﬁ(ﬂﬂZl|2f}o_ WL (™

deviate from those of the bulk DOS. In the spin-singlet pair- B — 1 D Kis o ®)
ing, we found that the conductance vanishes in the limit of 72q.] S (a2, )
the zero bias for most candidates. While in the spin-triplet T
pairing, we discuss the conductance for several candidates of A L= \/|d+|2—(— 1)'|q+| 9)
pair potentials in thed and inL phases. The results show = - =
peak structures in the sub gap conductance for all candidates. Ky 2= m_ E, (10)
II. MODEL ~ ~ ~
Pl,t:|Qt|UO_(_1)IQ1'U, (11)
We consider a junction between a normal méleft hand
sidg and a POSright hand sidg as shown in Fig. 1. The g.=id.xd%, (12
geometry is chosen so that the current flows in ztdirec-
tion. Periodic boundary conditions are assumed in the trans- W=R A, \AT..R (13
. . . ()22 (H)T)
verse directions to the current and the cross section of the
junctionisS _ _ Vo
The junction is described by the Bogoliubov-de Gennes zp=—sinh(q,L), (14)
(BdG) equatiof®, Kr
» S(r—r")Ag(r") Atrrn) G z,=(92—k2) sinh(q,L) + 2ik,g, cosh(q,L), (15
f ' —A*(r,r") _5(r_r')ﬁ3(rf) o(r') where qDS_iS a macroscopic phase of superconducﬁr,
N =k,/kg, 9,=0,/kg, and I(=1 or 2 indicates the spin
_ u(r) branch of a Cooper pair. These coefficients are characterized
=E o(r) ' 1) by the two Fourier components of the pair potentials
R id.o : d.=d(p,=k,): singlet
ho(r)=| — v +V(r)|o @) e I . (16)
olln= om  MF Oo- id. o0, @ di=d(p,*k,): triplet.
In POS, the pair potential is expressed in the Fourier trang Unitary states, we find
formation
. E°—|D.|*~E.
ARr)=52 Akerr, (3) :
k
|[d.| : singlet
. ~ o~ Lo |D1r| = . . (18
A(k)_[|d(k).00’2 . triplet w [d.| : triplet.
id(k)o, . singlet, The differential conductance is given4y®
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e? 27 /2 00 05 i 15 20
GNS(E)=FNC J dqﬁf désind : : ; : :
° ° ) (@) de1)
~ PN A A M~ <L singlet
X Tr[ 0o~ reerle_l_ rherﬁe] | E=eVyiag (19) & | S 5
where k,=kgsingcos¢, k,=Kgsingsing, k,=Kkgcosé, F1k pRE
NC=SI<,2:/(277) is the number of the propagating channels on ey
the Fermi surface, andy,;,sis the bias voltage applied to the 5 Vi/kp =20
junctions. The normal conductance of the junction is also © Y 3
calculated to be L By  §---T,=10 | ()d(L1)
) singlet
282 OZ "~ ~ -“ .
GN:TNCTB. (20 T2 [ “\s' 2 .
&) 1k .“,' ’.",l
2m 2 4@5‘; i ""/
Tg= f d(f)f d@SinHﬁ, (21) | | e —
0 0 k>0, +25 00 05

whereTg is the transmission probability of the junctions.
FIG. 2. The tunneling spectra af(H1) in (8 and those of

d(L1) in (b) and (c). In (b), the current is parallel to the node
Il. SPIN-SINGLET A . . .
directions ofd(L1). In (c), the current is perpendicular to the node
Several candidates of pair potential are proposed theoretlirections ofd(L1). The transmission probability of the junction in
cally for the spin-singlet superconductivity.Here we show the normal states is denoted By .

two sets of pair potentials discussed in Ref. 6,
Fermi energy. When the pair potential are given in &p),

the conductance depends on the current direction. In Fig. 2
(b), the current is parallel to the node direction afL1)
(i.e., l/In,g). The conductance shape in the limit Bf<1
d(L1)=A0(1—?;,—k7;), (23) _becomes s_imilar to that found ir_l Fig_(e_ﬂ. When the current

is perpendicular to the node directidne., I L n,y, on the
other hand, the large enhancement of the conductance is seen

3
d(H1) =85 (1K~ ky—K3), (22)

- A2
d(H2)=Ao(1-ky=ky), (24 at E=Ag as shown in Fig. @). Thus the tunneling spectra
— become anisotropic because of the anisotropy in the pair po-
d(L2)=A(1-ky), (25  tential. The conductance shapes deviate from those of the

where A, is the amplitude of the pair potential at the zero gzjcl)k DOS even in the limit offg<1 in both Figs. 2b) and
temperaturek; =k; /kg for j=x, y andz are the normalized In Fig. 3, we show the tunneling spectra for E(@4) and
wave n_umbers_on the isotropic Fermi surface. Whe_the (25). The pair potential ofd(H2) is equivalent tod(L1)
phase IS descrlbed' by(H1)[d(H2)], the correspondmg under an appropriate rotation. Thus Figéa)3and 3b) are
phase is characterized (L 1)[d(L2)]. In these pair po-  he same with Figs.(®) and Zc), respectively. There are two
tentials, anisotropic wave symmetry is assumed to have @point nodes in the direction of (8,1,0) ind(L2).

number of point nodes. In what follows, we define "node = |5 Figs 3¢) and 3d), the current is parallel and perpen-

directions Qi,g)" in which the pair potential has point nodes. yjcjar to the node directions of(L2), respectively. In Fig.

The pair potential ofd(H1), for instance, has six point 3(g) there is a large peak &=A, and the subgap conduc-

nodes. The node directions arg, (ky,k,)=(*=1,0,0), (0, tance has the same U shape as that of the bulk DOS. On the

*=1,0), and (0,6£1). The thermal conductivity experiment other hand in(c), the singularity aE=A, is slightly sup-

indicates at least six point nodes in tHegphase. In Fig. 2, we pressed and the sub gap conductance has a V shape. In Figs.

show the tunneling conductance of the pair potentials fo3(c) and 3d), the anisotropy of the pair potential mainly

d(H1) andd(L1) for several choices dfkg. Throughout appears in the shape of the sub gap conductance.

this paper, we fixVo/ug=2.0 and choose three values of  When theH phase is characterized by E&2), an aniso-

Lkg such as 0.0, 0.5, and 2.0. The transmission probability ofropic s+id wave pair potential in thé pahse was proposed

junctions Ty are about 1.0, 0.4, and 0.003 fdrkg by Goryd

=0.0, 0.5 and 2.0, respectively. In what follows, the junction

with Lke=2.0 is refereed to as the low transparent junction 3 —

or the junction withTg<1. d(L3)=A40 5(1~ke—
The results in Fig. @) are the conductance for E2).

In the limit of Tg<<1, the conductance shape is close to thatin the second term, thd-wave component multiplied by

of the bulk DOS denoted by a dot-dash line. Here the densitipreaks the time-reversal symmetry. The pair potential in Eq.

of states are normalized by those of the normal state at th@6) has two point nodes on the Fermi surface in#{0,0)

K

JKOHIC-KD) | (2

z X
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FIG. 5. The tunneling spectra dfH1). The transmission prob-
ability of the junction in the normal states is denotedThy.

FIG. 3. The tunneling spectra df H2) in (a) and(b) and those ~ potential appears in the shape of the sub gap conductance as

of d(L2) in (c)—(d). In (&) and(c), the current is parallel to the node well as those in Figs.(8) and 3d).

directions. In(b) and (d), the current is perpendicular to the node  In addition to Eq.(22), it is possible to consider a pair

directions. potential with 6 point nodes by using gap functions of the
cubic symmetry Q,).*° For example, a simple linear com-

directions. In Fig. 48), we show the conductance for Eq. Pination of threed wave gap functions

(26), where the current is perpendicular to the node direction. N T T T
When the current is parallel to the node direction, the con- d(H3)=Aolkdky +kyko ko), 27
ductance is plotted irfb), wherek>—k? in Eq. (26) is re-  has six point nodes. We show the conductanced{¢t3) in
laced bvk2— K2 Fig. 4(c). The pair potentiat(H3) changes its sign on the
P X ' Fermi surface, which is the most important difference be-
. . : tween Eq.(27) and Egs.(22)—(26). As a consequence, the
junctions has a peak arouiith~A,. The conductance ife) R
is almost zero foE<0.75\, and are close to the bulk DOS conductance has the ZBCP as shown in Fig) because a

for E>0.75,. On the other hand irfb), the conductance relationd,~—d._ is approximately satisfied fdk| ~1.
deviates from the bulk DOS even in the limit df<1 and

In both (a) and (b), the conductance in low transparent

has the V shape subgap structure. The anisotropy of the pair IV. SPIN-TRIPLET
As well as the spin-singlet superconductivity, a possibility
E/A E/A of the spin-triplet superconductivity is also discussed in
4°'° . °|5 . 1;0 . 1I5 . 90 ] °|5 . 1;0 1I5 . 2'04 POS’ Ichioka et al. proposed a pair potential for thel
' (2) d(L3) Tin, | ®)d@3) 1/n, phasé

3 | singlet singlet A 43
1 1 ) 27 —  — — — —
¢ iIPCN d(H1)=A0\/g(kx+lky)(ky+Ikz)(kz+|kx)e1, (28
.. zﬁ

1 wheree;, e, ande; are three unit vectors in the spin space.
Although Eq.(28) is not included in the gap functions of
cubic symmetry Q,), it explains 6 point nodes on the
ky, ky, andk, axes.

In Fig. 5, we show the conductance for the spin-triplet
pair potentials in Eq(28) for several choices ofz. When
the d vector has a single component, Ef3) becomes

SOKLKL
—_ " = Q¢ gy

W |d+||d,|e oo, (29

d.=¢d.|e"?=, (30)

FIG. 4. The tunneling spectra d{L3) are shown ina) and(b).
The current is perpendicular to the node directiong@jnin (b), the ~ Wheree is a unit vector which points the direction of tie
current is perpendicular to the node directions(dp the conduc- ~ Vector. In the case o - ~'¢+=—1, the ZBCP appears be-
tance is plotted fod(H3). cause of the ZE& Whene'?-~'¢+=1, on the other hand, a
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00 05 Elfg., 15 00 05 %Ao 15 20 conductorsd_= —d, represents the condition for the per-
-— 4 fect formation of the ZES. Actually wheth, =d=vd_ with
) () d(L1) b dlLD) v==*1, the Andreev reflection probability becomes
~~ . triplet triplet 3
- aAPPAK, |
Ra=TrT ol 1 =2 —— . (33
AU T ailqrat Z At - vKD)|
In the limit of E—0 andz,>1, this goes to
T 2\ 2
©d@2)  ---T,=10 @) d(L2) ) 4k2g? N
triplet  ee. 04 | T s triplet 12 Ra= 272 . ’ (34
24 110 —  0.003 T~ R YW A 0
] nd . o ST
---- DOS e o 2 Cv=-—1,
z\ where spin degree of freedom give rise to a factor 2. Thus
the zero-bias conductance is independent Tgf when
d_=-—d, is satisfied. The pair potential i) partially sat-

isfies the condition because tegcomponent is an odd func-
tion of k,. As a consequence, the conductanc&&t0 in-
FIG. 6. The tunneling spectra dfL1) in (a) and(b) and those ~ creases with decreasingg as shown in(b). Thus the
of d(L2) in (c) and(d). The current flows in the node direction in anisotropy of the pair potential in E¢31) appears the con-
(@) and(d). In (b) and(c), the node direction is perpendicular to the ductance shape around the zero bias. The conductance for

current. Eqg. (32) has a large peak as shown (o), which is also
explained by the ZES. On the other hand, the conductance
peaklike structure is expected arouBe=A,. In Eq. (28),  jinearly decreases with decreasir in (d), where

e'?-"1%+ is a complex value because the pair potential , ..~ ; : VLT
. . . + . + .
breaks the time-reversal symmetry. In such a situation, thgrlc)kZ)ez In Eq. (32) is replaced by Kyt ik)es. A peak

: undE=0.8A5 may come from the large subgap peak in
resonance energy deviates from b&k 0 andE=A, and Fi Wi hat th o f th K
the resonance peak is expected betwgerD andE=A,.%° 'g. 5. We note that the position of the subgap peaks may

; depends on parameters such as the thickness of the insulatin
As a result, the conductance peak can be seen in the sub g b P 9

. . . ) er and the relative amplitudes among the componerds in
region as shown in Fig. 5. The bulk DOS vanishesEat \%e?lctors P g P

T}O,llwher?as the cor;](.iu;:tar;;:e ren;]ams a}ﬂmte valuedeven N For theH phase, there are another candidates of the pair
the limit of Tg<<1, which reflects the surface states due 0, tentials such s

the interference effect of a quasiparticle.
When theH phase is described by E@8), corresponding d(H2)=Ag[k.e; +k ee,+k,e2es], (35)
pair potential in thel phase are given by Y

d(H3)=2A [ ke(K2—K2) ey +ky (K2~ K2) &, + k (K2~ K2) €3],

d<L1>=Ao[<E+i@)@ﬁ@@ﬂ@)eﬁ@eﬂ,( ) 36

31

or d(H4) =240 k(K — K} e+ k,(k; —k2) e,

d(L2) = Aqf (Ketiky) (Ky 1K) (K + ik g+ (ky + ik €. +k (K —k5) e%e3], (37)
(32 \wheree=e'2"3. The pair potential in Eq(35) is similar to

These pair potentials are in the nonunitary states. InLthe that of Barian-Werthame(BW) states? described by
phase, some of point nodes are removed by addingpthe -
wave component to the vector in Eq.(28). There are 4 and d(BW)=Ag[kyer +kye+Kzes]. (39

2 point nodes in Eqe31) and(32), respectively. Since it is Equation(35), however, is in the nonunitary states because
difficult to determine the relative amplitudes ef ande,  of a phase factor. One spin branch has a full gap, other has
components, we simply add them with an equal amplitudegight point nodes in £ 1,+1,=1) directions. The node di-

In Fig. 6, we show the conductance in thdsehase pair rections of this pair potential contradict to the experimental
potentials. When the current flows in the node directionegyits. In Fig. 7, we show the conductance for E§8) in

of Eq. (31), the results are plotted i@). The conductance for (). For comparison, we also show the conductance of the
smallTg has a peak arourii=0.3A, which may come from By states in(b). The conductance féFg<1 increases rap-
the large peak in Fig. 5. The DOS has a small peak afg|y with increasingE and has a peak arouril=0.2A, as
E=1.3A, which corresponds to the maximum value of shown in(a). We note that the conductance spectra of the
Al,i in Eq (9) In (b), the current is perpendicular to the BW state in (b) also show a peak around= OSAO The
node direction of Eq(31), where thee, component in Eq. peak structure may indicate some surface states of the BW
(31) is replaced byk,e,. The conductance for smalg has a type superconductors because the bulk DOS only have a
large amplitude around the zero bias. In spin-triplet superpeak atE=max(A;.)=1.4A, in (a) and E=A, in (b).
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FIG. 7. The tunneling spectra dfH2) in (a), d(H3) in (c), and FIG. 8. The tunneling spectra df(polar) in(a) and(b). Those
d(H4) in (d). The conductance for BW states is shown(i for ~ for d(ABM) are in (c) and(d).
comparison.

Whend h h he sh rent. The conductance at the zero-bias vanishes in the limit
end vectors have more than two components, the shape Tg<<1 and increases linearly with increasiBgThe shape

of thg conductanqe spectra tend to have subgap Eeaks. Mat f the conductance, however, deviates from that of the bulk
ematically speaking, whed_ is not parallel tod? , the

. A DOS.
product of the two pair potentials in E¢L3) becomes In Fig. 8(c), we show the conductance in Ed1), where
A(f)ﬁzl):dsdi Fotid xd* - o, (39) the node direction is parallel to the current. In low transpar-

. . ent junctions, the conductance vanishes in the limitEof
The second term is a source of the sub gap peaks in th_e BW.0. The shape of the conductance, however, deviates from
type states. At present, however, we have not yet confirmeghat of the bulk DOS. In(d), we show the conductance in

an existence of some surface states. In Figs) and 7d), ik i .
we show the conductance for Eq86) and (37), respec- the ABM state, wherek, ik, in Eq. (41) is replaced by

tively. There are 14 point nodes on the Fermi surface in Eqzt iKx and the node direction is perpendicular to the cur-
(36) and(37). Although the number of point nodes are larger ént. The broad ZBCP appears because @d) satisfies
than that found in the experiment, these pair potentials exd_=—d, only when|k,|=1.3 The height of the ZBCP is
plain the six point nodes ik, k,, andk, directions. The expected to be much larger in junctions with thicker insulat-
conductance in Fig. (¢) shows peak structures &  ing layers. The transmission probability for perpendicular in-
=0.380q and 0.7& . These peaks are far from a peak in thejection to the thicker insulating layers become much larger
bulk DOS atE=A,. The conductance in Fig.(d) also than those for another incident angles. As a consequence, the

shows peak structures &=0.13,, 0.341, and 0.8R,.  condition d_=—d, is better satisfied in junctions with
However, there is no structure in the bulk DOS around thehicker insulators.
lowest peak. In addition to Eq$35—(37), the polar state In comparison with the spin-singlet pairing, the conduc-
and the Anderson-Brinkman-Mor¢ABM )*! state are pro- tance in the spin-triplet superconductivity tends to have the
posed forH phase of the spin-triplet pairifg subgap structures. The peak structures in Figs.(&, &nd
— 6(d) are stemming from the broken time-reversal symmetry
d(polan = Aoke;, (40 states in Eq.28). The ZES is responsible for the peaks
_ around the zero-bias in Figs(§ and Gc). The d vectors
d(ABM)=Aq(kyt+iky)es. (41)  with multicomponents are the origin of the peaks in Fig. 7.

The transition toL phase is caused by the spin-orbit Thus POS may be the spin-triple;tsuperconductors if the_ sub-
.7 . . — gap conductance shows complicated peak structures in ex-

coupling. The polar Stat‘? in Eq40) has a Img node &, periments. The argument, however, is still a guess based on

=0 and the ABM state in Eq41)has two point nodes at o a0 lated results. This is because it may be possible to

k,=1. In Fig. 8(a), we show the conductance in E@0),  consider another pair potentials with six point nodes.

where a plain including the line nodk,=0, is perpendicu- In this paper, we do not consider the self-consistency of

lar to the current. The results show the ZBCP because Eghe pair potential near the junction interface. It is empirically

(40) satisfiesd_ = —d. . In (b), we show the conductance in known that the depletion of the pair potential modifies the

the ploar state, wherk, in Eq. (40) is replaced by, and a  conductance structure arouit=A, or maximum ofA; . .

plain including the line nodek,=0, is parallel to the cur- Our conclusions remain unchanged even in the self-
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consistent pair potential unless the self-consistency does ntitese peak structures. POS may be a spin-triplet supercon-
change the symmetry of the pair potential and/or the numbeductor if the peak structures in the sub gap conductance is
of components ird vectors. observed in future experiments. In particular, the presence or
the absence of the ZBCP is an important information to ad-
dress the pairing symmetry. Thus experiments of the tunnel-
ing spectra are desiréd.

We have discussed the differential conductance in normal- Recently, it has been pointed out that the magneto tunnel-
metal/insulator/POS junctions based on the Bogoliubov—déng spectroscopy is a useful tool to know details of internal
Gennes equation. For spin-singlet pairing, the conductance istructures of pair potentiafs.The tunnel spectra through a
calculated for three candidates of pair potentials in the anisderromagnetic tip* reflect the spin configuration of Cooper
tropic s wave symmetry. The results show that the conducpairs in the case of the spin-triplet superconductors. Even in
tance spectra depend strongly on the relation between thfie spin-singlet superconductors, the absence of the time-
direction of currents a_nd tha; o_f nodes. We found that the_‘reversal symmetry in ferromagnets affects the interference
conductance vanishes in the limit of the zero bias and there ISffects of a quasiparticle and modifies the tunneling spectra.

V. CONCLUSION

no anomalous behavior around the zero bias for these candk; present, however, the investigations in this direction are

dates. The conductance fer-id wave symmetry in thé
phase and that fad wave symmetry in théd phase are also
demonstrated. In the case of spin-triplet superconductivit

tials in theH phase and two candidates in thephase. The
results show peak structures in the subgap conductance f

all candidates. The broken-time reversal symmetry states, tHY

zero-energy states ardvectors with multi components arise

Y,
we discuss the conductance for six candidates of pair poterflj

limited in thed wave highT . superconductors. The magneto
tunneling spectroscopy in another unconventional supercon-
uctors is a future problem.

" In this paper, we assumed the clean ballistic junctions. It
Bsr known impurity scatterings in normal metals induce the
oximity effect> The proximity effect of unconventional
superconductors with point nodes is also an open question.

*Electronic address: asano@eng.hokudai.ac.jp
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