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Abstract

We derive a generalized Nazarov’s boundary condition for diffusive normal metal (DN)/chiral p-wave superconductor (CP) interface
including the macroscopic phase of the superconductor. The Josephson effect is studied in CP/DN/CP junctions solving the Usadel equa-
tions under the above boundary condition. We find that, enhancement of a critical current at low temperature is small compared with
that in px-wave /DN/px-wave junctions. As a result, temperature dependence of the critical current in these junctions is similar to that in
conventional junctions. The result is consistent with the experiment in Sr2RuO4–Sr3RuO7 eutectic junctions. Similar feature is also found
in current–phase relation.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Spin-triplet superconductivity is realized in Sr2RuO4

and paid much attention to [1]. Some experiments indicate
that the pairing symmetry is chiral p-wave (CP) [2–4].
Motivated by these experiments, a lot of interesting phe-
nomena are predicted in spin-triplet superconductor (TS)/
diffusive normal metal (DN) hybrid junctions. In these
junctions, mid gap Andreev resonant state (MARS) [5–9]
is induced near the interface, and penetrates into the DN
region. The proximity effect that the Cooper-pair pene-
trates from the superconductor, and MARS coexist in
these junctions. The coexistence induces the zero bias con-
ductance peak in TS/DN junctions [10], which was experi-
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mentally observed in Sr2RuO4 junctions [11]. Another
example of the manifestation of the coexistence is that
the Josephson current is enhanced strongly at low temper-
atures in TS/DN/TS junctions [12]. Then the Josephson
current is proportional to sin (W/2) at low temperatures
[13]. Here, W is a macroscopic phase difference between left
and right superconductors. Recently, the Josephson effect
in Sr2RuO4–Sr3RuO7 eutectic junction was experimentally
observed [14]. However, temperature dependence of critical
current in this experiment is rather conventional, which is
inconsistent with the above prediction.

In superconducting junctions, the quasi-classical
Green’s function theory is one of the useful methods for
studying the transport phenomena. In diffusive regime,
the quasi-classical Green’s function obeys the Usadel equa-
tion [15]. The circuit theory [16] enables us to calculate the
junction conductance at arbitral transparent interface for
s-wave superconductor (S) junctions. This theory has been
generalized for unconventional superconductor (US)
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junctions recently [17–20]. In these theories, the effect of
making the MARS is included, and they reproduce the bal-
listic theories in no proximity limit. These theories are
applicable to DN/US junctions without broken time rever-
sal symmetry. However, these theories cannot be applied to
calculate the Josephson current in CP/DN/CP junctions.
Then, it is needed to generalize these theories to the inter-
face between DN/CP.

In the present paper, we derive a generalized Nazarov’s
boundary condition for DN/CP interface including the
macroscopic phase of the superconductor. The Josephson
effect is studied numerically in CP/DN/CP junctions solv-
ing the Usadel equation under the above boundary condi-
tion. We find that the temperature dependence of the
critical current is similar to that in S/DN/S junctions. Cur-
rent–phase relation shows that the current is expressed by
almost sinusoidal function. The enhancement of critical
current at low temperature is small compared with that
in px-wave superconductor (Px)/DN/px-wave superconduc-
tor junctions, and then temperature dependence of the crit-
ical current in these junctions has a similar feature to that
in S/DN/S junctions. The result is consistent with the
experiment in Sr2RuO4–Sr3RuO7 eutectic junctions [14].
2. Formulation

We use the model of CP/DN/CP junction. Here, R0b is a
resistance of insulating barrier located at x = 0, Rd is a
resistance of the DN, Rb is a resistance of insulating barrier
located at x = L, and the length of DN, L is much larger
than the mean flee path. We model the infinitely narrow
insulating barriers described as U(x) = H

0
d(x) + Hd(x �

L). Then the transparency T ð0Þm is expressed by T ð0Þm ¼
4 cos2 /=ð4 cos2 /þ Zð0Þ2Þ with Zð0Þ ¼ 2H ð0Þ=�hvF. Here, / is
an injection angle measured from the direction perpendic-
ular to the interface between DN and CP, and vF is Fermi
velocity. The pair potential is chosen as D(/) = Dei/, i.e.,
chiral p-wave.

We parameterize the quasi-classical Green’s functions
Gx and Fx with a function Ux, [21,22].

Gx ¼
xffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2 þ UxU��x

p ; F x ¼
Uxffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2 þ UxU��x

p ; ð1Þ

where x is Matsubara frequency. The Usadel equation is
expressed by [15]
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with the coherence length n ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D=2pT C

p
, the diffusion con-

stant D, and the transition temperature TC. Here, the aver-
age over the various angles of injected particle at the
interface is defined as

hI ð0Þm i ¼
R p=2

�p=2
d/I ð0Þm T ð0Þm cos /R p=2

�p=2
d/T ð0Þm cos /
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The resistance at the interface Rð0Þb is given by

Rð0Þb ¼
2R0R p=2

�p=2 d/T ð0Þm cos /
; ð4Þ

where Rð0Þ0 is the Sharvin resistance. The boundary condi-
tion at x = L is expressed by
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with f1± = Re(f±), f2± = Im(f±), g ¼ x=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ D2

p
, f� ¼

D�=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ D2

p
, and the macroscopic phase the supercon-

ductor W. Here, D+ = D(/) and D� = D(p � /) are the
effective pair potential with injected angle / and p � /,
respectively. The boundary condition x = 0 is expressed by:
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Here I 01 and I 02 are obtained by adding superscript 0, chang-
ing / to p � /, and putting W = 0 for I1 and I2 at x = L.
Then the macroscopic phase differences, left and right
superconductor becomes W. The Josephson current is ex-
pressed as:

eIR
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2RdT C

X
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with temperature T, and total resistance of the junction
R ¼ Rb þ R0b þ Rd. In the following discussions, we fix
Z = 1, R0b ¼ Rb and T 0m ¼ T m.

3. Result

Fig. 1 shows the temperature dependence of a critical
current. Here IC is critical current and D0 is defined as
D0 = D(T = 0). The critical current is enhanced for large
ETh/D0, large Rd/Rb, and low temperatures in both (a)
and (b). These results indicate that the critical current gets
enhanced as the degree of the proximity effect becomes
strong, which is a conventional result similar to that in S/
DN/S junctions. Fig. 2 shows the current–phase relation
for Rd/Rb = 1. We find that the peak is slightly shifted to
W > p/2 at low temperatures, and its effect becomes strong
in particular, for large ETh/D0. However, the effect of coex-
istence of MARS and the proximity effect on current phase
relation does not appear clearly, in contrast to Px junctions.
In order to compare our results with the past theories, we
also calculate the critical current in S/DN/S junction and
Px/DN/Px junctions [20,23]. Fig. 3 is the result in
CP/DN/CP, Px/DN/Px, and S/DN/S junctions for
Rd/Rb = 1. Here, the pair potential of Px, and S are
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Fig. 1. Temperature dependence of the critical current. Solid lines are
results for Rd/Rb = 0.1 and broken lines are results for Rd/Rb = 1. (a) Is
result for ETh/D0 = 0.1 and (b) is result for ETh/D0 = 1.
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Fig. 2. Current–phase relation for Rd/Rb = 1. Solid lines are results for T/
TC = 0.01 and broken lines are results for T/TC = 0.1. (a) Is result for ETh/
D0 = 0.1 and (b) is result for ETh/D0 = 1.
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Fig. 3. Temperature dependence of the critical current for Rd/Rb = 1.
Solid lines are results for CP/DN/CP, broken lines are results for Px/DN/
Px, and dotted lines are results for S/DN/S junctions. (a) Is result for ETh/
D0 = 0.1 and (b) is result for ETh/D0 = 1.
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expressed as D(/) = Dcos/, and D(/) = D, respectively. We
find the enhancement of critical current at low temperature
is small compared with that in Px/DN/Px junctions. The
obtained results stem from the fact that the coexistence
of MARS and proximity effect is induced only for the injec-
tion angle / = 0 in CP/DN/CP junctions. As a result, tem-
perature dependence of the critical current in CP/DN/CP
junction is similar to that in the S/DN/S junctions. The
result is consistent with the experiment in Sr2RuO4–
Sr3RuO7 eutectic junctions [14].

4. Conclusion

We have derived the generalized Nazarov’s boundary
condition for DN/CP interface including the macroscopic
phase of the superconductor. The Josephson effect has been
studied in CP/DN/CP junctions, solving the Usadel equa-
tion under the above boundary condition.

We have found that temperature dependence of the crit-
ical current and current–phase relation in CP/DN/CP junc-
tions have similar forms to those in S/DN/S junctions. The
enhancement of the critical current at low temperature is
small compared with Px/DN/Px junctions. Our results are
consistent with the experiment in Sr2RuO4–Sr3RuO7 eutec-
tic junctions.
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