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Charge transport properties of a diffusive normal metal/triplet superconductor(DN/TS) junction are studied
based on the Keldysh-Nambu quasiclassical Green’s function formalism. Contrary to the unconventional sin-
glet superconductor junction case, the mid-gap Andreev resonant state at the interface of the TS is shown to
enhance the proximity effect in the DN. The total resistance of the DN/TS junction is drastically reduced and
is completely independent of the resistance of the DN in the extreme case. Such anomalous transport accom-
panies a giant zero-bias peak in the conductance spectra and a zero-energy peak of the local density of states
in the DN region. These striking features manifest the presence of novel proximity effect peculiar to triplet
superconductor junctions.
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Physics of superconducting junctions has been one of the
exciting fields of solid state physics in this decade.1 In dif-
fusive normal metal/conventional singlets-wave supercon-
ductor(DN/CSS) junctions, it is known that the phase coher-
ence between an incoming electron and an Andreev reflected
hole plays an essential role in causing the proximity effect in
the DN.2,3 It is also known that the total resistanceR of
DN/CSS junctions does not follow the simple Ohm’s rule,
that is,R=RD+RRD=0 whereRD is the resistance in the DN
and RRD=0 is the resistance of the DN/CSS interface. The
reduction ofR becomes prominent for low transparent junc-
tions, whereR,RD+RRD=0 is satisfied.2 The lower limit ofR
is given byRD+R0/2 using the Sharvin resistanceR0, where
RRD=0=R0/2 is satisfied only for perfect transparent
junctions.2 Previous investigations of the proximity effect,
however, are limited to DN/CSS junctions. Stimulated by the
successive discovery of unconventional superconductors, we
are tempted to expect novel proximity effect in junctions
with unconventional pairing, e.g.,p-wave, and d-wave,
where pair potentials have sign change on the Fermi surface.

In unconventional superconductor junctions, reflecting the
internal phase of the pair potential, charge transport becomes
essentially phase sensitive. The most dramatic effect is the
appearance of zero bias conductance peak(ZBCP)4,5 in tun-
neling spectroscopy due to the formation of the mid-gap An-
dreev resonant state(MARS).6 The origin of the MARS is
due to the anomalous interference effect of quasiparticles at
the interface, where injected and reflected quasiparticles feel
different sign of the pair potentials.5 It is an interesting issue
to clarify the role of the MARS on the transport properties of
superconducting junctions. Recently, we have developed a
theory of proximity effect, which is available for a diffusive
normal metal/unconventional singlet superconductor(DN/
USS) junction, where USS indicates anisotropic singlet pair-
ing like d-wave.7,8 Unfortunately, however, it is revealed that
the proximity effect and the MARS compete with each other
in DN/USS junctions. Although the interface resistance
RRD=0 is reduced by the MARS irrespective of the magnitude
of the transparency at the interface, the resultingR is always

larger thanR0/2+RD. This is because the angular average of
many channels at the DN/USS interface destruct the phase
coherence of the MARS and the proximity effect(see Fig. 1).
This destructive angular average is due to the sign change of
the pair potentials felt by quasiparticles with injection angle
f and those with −f, where the anglef is measured from
the direction normal to the junction interface(see Fig. 1).
However, in diffusive normal metal/triplet superconductor
(DN/TS) junctions, we can escape from the above destruc-
tive average(see Fig. 1). We can expect enhanced proximity
effect by the MARS. In order to study this charge transport,

FIG. 1. Trajectories in the scattering process for outgoing(in-
coming) quasiparticles for the DN/USS and the DN/TS junctions
and the correspondingD±sfd are schematically illustrated. As a
prototype, we chooseD±=D0 cosf2su7adg for the DN/USS junc-
tions [(a) and (b)] and D±=±D0 cosfsu7adg for the DN/TS junc-
tions [(c) and(d)], respectively, whereD0 is the maximum value of
the pair potential. The measure of the proximity effectu0 is deter-
mined by the integration for all injection angles, i.e., the angular
average over the hatched area.
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we must construct a theory for DN/TS junctions beyond pre-
existing ones.7–10 This is in fact very timely since triplet
superconductors have been discovered successively very
recently.11

In the present paper, we derive a conductance formula for
DN/TS junctions based on the Keldysh-Nambu(KN)
Green’s function formalism.7,8 The total zero voltage resis-
tanceR in the DN/TS junctions is significantly reduced by
the enhanced proximity effect in the presence of the MARS.
At the same time, local density of states(LDOS) in the DN
region has zero energy peak(ZEP) due to the penetration of
the MARS into the DN region from the triplet supercon-
ductor(TS) side of the DN/TS interface. It is remarkable that
whenRD is sufficiently larger than the Sharvin resistanceR0,
R is given byR=R0/C−, which can become much smaller
than the preexisting lower limit value ofR, i.e.,R0/2+RD. In
the above,C− is a constant completely independent of both
RD andRB, whereRB denotes the interface resistance in the
normal state. When all quasiparticles injected at the interface
feel the MARS,R is reduced to beR=R0/2 irrespective of
the magnitude ofRD and RB. The line shape of the bias
voltageV dependent conductancesseVd has a giant ZBCP.
These features have never been expected either in DN/CSS
or DN/USS junctions.

We consider a DN/TS junction with TS terminal and nor-
mal reservoir(N) connected by a quasi-one-dimensional dif-
fusive conductor(DN) having a resistanceRD. The flat inter-
face between the DN and the TS has a resistanceRB while
the DN/N interface has zero resistance. The positions of the
DN/N interface and the DN/TS interface are denoted asx=
−L andx=0, respectively, as shown in Ref. 8. We restrict our
attention to triplet superconductors withSz=0 that preserves
time reversal symmetry.Sz denotes thez component of the
total spin of a Cooper pair. It is by no means easy to formu-
late a charge transport of DN/TS junctions since the quasi-
particle Green’s function has no angular dependence by the
impurity scattering in the DN. However, as shown in our
previous paper,7,8 if we concentrate on the matrix currents9,10

via the TS to or from the DN, we can make a boundary
condition of the KN Green’s function. We assume that the
constriction area between the DN and the TS is subdivided
into an anisotropic zone in the DN, two ballistic zones in the
DN and the TS, and a scattering zone, where both ballistic
and diffusive regimes can be covered.8 The sizes of the bal-
listic zone in the DN and the scattering zone in the current
flow direction are much shorter than the coherence length.7–9

The scattering zone is modeled by an insulating delta func-
tion barrier with the transparencyTsfd=4 cos2 f / s4 cos2 f
+Z2d, whereZ is a dimensionless constant andf is measured
from the interface normal to the junction.8 The boundary

condition for the KN Green’s function in the DNfǦNsxdg at
the DN/TS interface is given by

U L

RD
FǦNsxd

]ǦNsxd
]x

GU
x=0−

=
− h

2e2RB
kǏl, s1d

using matrix currentǏ.7,8 Average over the angle of injected
particles at the interface is defined by

kǏsfdl ; E
−p/2

p/2

df cosf Ǐsfd/E
−p/2

p/2

df Tsfdcosf s2d

with Ǐsfd= Ǐ. The resistance of the interfaceRB is given by
RB=kR0l. As shown in the Eq.(2) in our previous paper,7

matrix currentǏ is a function ofTsfd, Ǧ1=ǦNsx=0−d, Ǧ2+,

and Ǧ2−, whereǦ2+ sǦ2−d denotes the outgoing(incoming)
Green’s function in the TS. The Green’s functions are fixed
in the “TS” terminal and in the “N” terminal, and the voltage

V is applied to the “N” terminal located atx=−L. ǦNsxd is
determined from the Usadel equation with Eq.(1). If we

denote the retarded part ofǦNsxd and Ǧ2± as R̂Nsxd and

R̂2±,
8 the following equations are satisfied,R̂Ns−Ld= t̂z,

R̂2±=sf±t̂y+g±t̂zd with f±=D±sfd /ÎD±
2sfd−e2 and

g±=e /Îe2−D±
2sfd, using the Pauli matrices.e denotes the

energy of the quasiparticles measured from the Fermi energy.
D+sfd fD−sfdg is the pair potential felt by the outgoing(in-
coming) quasiparticles(see Fig. 1). After some algebra, we

can show thatR̂Nsxd is given by sinusxdt̂x+cosusxdt̂z. The
spatial dependence ofusxd in the DN is determined by

D
]2

]x2usxd + 2ie sinfusxdg = 0, s3d

with diffusion constantD in the DN. Taking the retarded part
of Eq. (1), we obtain

U L

RD

]usxd
]x

U
x=0−

=
k2BRl

RB
, s4d

BR =
sG1 cosu0 − G2 sinu0dTsfd

s2 − TsfddG3 + Tsfdfcosu0G2 + sinu0G1g
,

with u0=usx=0−d, G2=g++g−, G3=1+f+f−+g+g−, and, G1

= isf+g−−g+f−d. Here, we focus one=0, where the left-hand
side of Eq.(4) is reduced to beu0/RD. We defineF±sfd as
F±sfd=lime→0 f±=signsD±sfdd with signsD+sfdd=1s−1d for
D+sfd.0s,0d. In the following, we define the terminology
as follows: whenD+sfdD−sfd.0 is satisfied, quasiparticles
are in the conventional channels(CC), while when
D+sfdD−sfd,0 is satisfied, quasiparticles are in theuncon-
ventional channels(UC). In UC, quasiparticles feel the
MARS while in CC quasiparticles do not feel the MARS.
Following the above definition,F+s±fd=F−s±fd is satisfied
for CC, while for UC,F+s±fd=−F−s±fd is satisfied. From
Eq. (4), we can show thatBR is zero for CC andBR
= iF+sfd for UC, respectively. Then,u0 becomes

u0 = iRDC−/R0,C− =E
UC

F+sfdcosfdf, s5d

where eUC means thef integral only from the UC within
−p /2,f,p /2. A remarkable feature is thatu0 becomes a
purely imaginary number as shown below. From Eq.(3),
usxd at e=0 becomesusxd=sx+Ldu0/L. Since the LDOS of
the quasiparticles in the DN region renormalized by its value
in normal state is given byrsed=Realfcosusxdg, rs0d is al-
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ways larger than unity except forx=−L. This means that
rs0d is enhanced due to the enhanced proximity effect by the
MARS and has a ZEP as shown later. In the preexisting
theories of DN/CSS and DN/USS junctions,u0 at e=0 is
always a real number andrsxd never exceeds unity.

In order to understand the essential difference between the
DN/TS junctions and the DN/USS junctions intuitively, we
consider four simplified cases,(a) the DN/CSS junctions
with the CC,(b) the DN/CSS junctions with the UC,(c) the
DN/TS junctions with the CC, and(d) the DN/TS junctions
with the UC for allf. This situation is actually realized by
choosing d-wave pair potential with D±sfd
=D0 cosf2sf7adg (Figs. 1(a) and 1(b)) andp-wave pair po-
tential withD±sfd=±D0 cossf7ad [Figs. 1(c) and 1(d)] as a
prototype of USS and TS, respectively. The relations
F+s±fd=F−s7fd and F+s±fd=−F−s7fd, are satisfied for
the DN/USS and the DN/TS junctions, respectively, both for
the UC and for the CC. For the DN/USS junctions with the
CC, sinceF±sfd=F±s−fd is satisfied, the contribution tou0

is not cancelled by angular averaging[Fig. 1(a)]. For the
DN/USS junctions with the UC and the DN/TS junctions
with the CC, sinceF±sfd=−F±s−fd is satisfied, the contri-
bution to u0 is cancelled by the angular average[Figs. 1(b)
and 1(c)]. However, for the DN/TS junctions with UC, since
F±sfd=F±s−fd is satisfied, the contribution tou0 is nonzero
[Fig. 1(d)]. It is remarkable that for the DN/TS junctions the
CC do not contribute to the proximity effect while UC do.

The total zero voltage resistance of the DN/TS junction
can be given as

R=
RD

L
E

−L

0 dx

cos2 usxd
+

RB

kIb0l
, s6d

where Ib0 is obtained from the Keldysh part ofǏ and is a
complex function ofg±, f±, u0, and Tsfd. At e=0, Ib0 be-
comes 1+exps2uu0ud for UC, while for CC,Ib0 becomes

2T2sfd
f2 − Tsfdg2cos2 u0.

After simple algebra,R is given by

R= R0H tanhu0i

C−
+

2

f1 + exps2uu0iudgC+ + cosh2 u0iD
J

s7d

with u0i =−iu0=RDC−/R0, C+=eUCcosfdf and

D =E
CC

2T2sfd
f2 − Tsfdg2df,

whereeCC means thef integral only from the CC. The re-
sulting R is given byR0/C− for sufficiently largeRD /R0 and
is independent both ofRD andRB except for the very special
case withC−=0. The magnitude ofR can become much
smaller than the preexisting lower limit value ofR, i.e.,
R0/2+RD. This giant reduction ofR is due to the enhanced
proximity effect by the MARS. When all quasiparticles feel
the MARS independent off, C− is given by 2 andR be-
comesR=R0/2 independent ofRD and RB. This interesting

situation is actually realized for apx-wave case, where pair
potentials are given byD±sfd=±D0 cosf [see Fig. 1(d)].
The above enhanced proximity effect by the MARS has
never been expected in any preexisting theories.2,7–10

In order to understand this proximity effect in detail, we
focus on the LDOSrsed in the DN region normalized by its
value in the normal state. We choosepx-wave pairing as a
prototype of the TS. As a reference, we compare the results
with those for the DN/USS junction withdxy-wave pair po-
tential, whereD±sfd is given by D±sfd=±D0 sins2fd. Al-
thoughrsed at the TS side of the DN/TS interface and that at
the USS side of the DN/USS interface both have ZEP by the
formation of the MARS,rsed in the DN has a drastic differ-
ence between the two cases. For thepx-wave case, the LDOS
in the DN region has a ZEP. The height of the ZEPrs0d is
given by coshf2RDsx+Ld / sLR0dg and the order of its width is
ETh. On the other hand, for thedxy-wave case,rsed is always
unity independent ofRD due to the absence of the proximity
effect. Contrary to the DN/TS junction, the MARS formed at
the USS side of the DN/USS interface cannot penetrate into
the DN. As seen fromrsed in DN/TS junctions, the signifi-
cant reduction ofR originates from the penetration of the
MARS into the DN. Although we have actually shown the
existence of ZEP ofrsed in the DN for px-wave case as a
prototype, ZEP is universally expected for DN/TS junctions
with the MARS at the interface independent of the detailed
shape of the pair potentials of the TS. On the other hand, the
LDOS in the DN region of DN/USS junctions do not have
ZEP. Using this clear and qualitative difference of LDOS in
the DN region between the DN/TS and DN/USS junctions,
we can identify the triplet symmetry of the pair potentials
Fig. 2.

Finally, we focus on the line shape of the tunneling con-
ductance of DN/TS junctions for non zero voltage, which is
defined bysseVd=RB/RseVd. We choosepx-wave pairing as
a prototype. As a reference, we compare the results with
those for the DN/USS junction withdxy-wave pair potential.
Although bothpx-wave anddxy-wave cases have similar line
shapes of the voltage-dependent conductance with the ZBCP
as a function of eV for ballistic junctions,12 i.e., RD=0 case,
we can classify these two forRDÞ0 as shown in Fig. 3. We
choose the Thouless energyETh as ETh=0.02D0. For the
px-wave case, since all injected quasiparticles feel the
MARS, ss0d=2RB/R0 is satisfied for anyRD. For RDÞ0,

FIG. 2. rsed is plotted for the DN/TS junction withpx-wave
superconductor(left panel) and the DN/USS junction withdxy-wave
superconductor(right panel) for Z=1.5, RD /RB=0.5, and ETh

=0.02D0 with variousx in the DN. a:x=0−, b: x=−L /4 and c:x
=−L /2.
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sseVd can be expressed by the summation of the broad
ZBCP and the narrow one, wheresN=R0/RB denotes the
angular averaged transparency of the junction. The width of
the former one is proportional tosND0 and the latter one is
the Thouless energy. However, with the increase ofRD /RB,
sseVd for ueVu.ETh is suppressed, and the ratio ofss0d to
its background value is largely enhanced. We can call this
largely enhancedss0d as giant ZBCP(curveb or c in the left
panel of Fig. 3). By contrast, fordxy-wave case, sincess0d
=2RB/ sR0+2RDd is satisfied,ss0d is reduced with the in-
crease ofRD. The width of ZBCP is proportional toD0sN and

is not changed with the increase ofRD /RB due to the absence
of the proximity effect.

In conclusion, we have presented a theory of charge trans-
port in the DN/TS junctions. The total resistanceR can be-
come much smaller than the preexisting lower limit value of
R for DN/CSS and DN/USS junctions, i.e.,R0/2+RD. As the
extreme case where all injected electrons feel the MARS,R
is reduced to beR0/2. The significant reduction ofR is due
to the enhanced proximity effect by the MARS and the re-
sulting LDOS in the DN region has a ZEP. At the same time,
we can expect giant ZBCP. The above enhanced proximity
effect has never been expected in DN/CSS and DN/USS
junctions. We have shown in the present paper that these
effects are actually realizable for DN/TS junctions with
p-wave pair potential. We believe that these features are eas-
ily verifiable in experiments since a mesoscopic interference
effect due to the proximity effect has recently been observed
in high TC cuprate junctions.13 Similar experiments are tech-
nologically possible for junctions composed of Sr2RuO4,
where triplet pairing is believed to be realized.11
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with Y. V. Nazarov, A. A. Golubov, J. Inoue, Y. Asano, and
K. Kuroki.
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