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Abstract

We calculate the tunneling conductance spectra of a normal metal/insulator/triplet superconductor from the re-

flection amplitudes using the Blonder–Tinkham–Klapwijk formula. For the triplet superconductor we assume one

special p-wave order parameter having line nodes and two two-dimensional f-wave order parameters with line nodes

breaking the time-reversal symmetry. Also we examine nodeless pairing potentials. The tunneling peaks are due to the

formation of bound states for each surface orientation at discrete quasiparticles trajectory angles. The tunneling spectra

can be used to distinguish the possible candidate pairing states of the superconductor Sr2RuO4. � 2001 Elsevier

Science B.V. All rights reserved.
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1. Introduction

The recent discovery of superconductivity in
Sr2RuO4 has attracted much theoretical and ex-
perimental interest [1]. Muon spin rotation exper-
iments show that the time-reversal symmetry is
broken for the superconductor Sr2RuO4 [2].
Knight-shift measurements show no change when
passing through the superconducting state and is a
clear evidence for spin triplet pairing state [3]. Also
specific heat measurements support the scenario of
line nodes within the gap as in the high Tc cuprate
superconductors [4].
In tunneling experiments involving singlet su-

perconductors both line nodes and time-reversal

symmetry breaking can be detected from the V-
like shape of the spectra and the splitting of the
zero energy conductance peak (ZEP) at low tem-
peratures respectively [5–8].
Also the properties of ferromagnet–insulator–

superconductor with triplet pairing symmetry have
been analysed [9]. It is found that the bound states
are suppressed and hence the tunneling conduc-
tance peaks are eliminated with the increase of the
exchange field.
In this paper we will use the Bogoliubov–de

Gennes (BdG) equations to calculate the tunnel-
ing conductance of normal metal/triplet super-
conductor contacts, with a barrier of arbitrary
strength between them, in terms of the probability
amplitudes of Andreev and normal reflection. For
the triplet superconductor we shall assume three
possible pairing states of two-dimensional order
parameter, having line nodes within the RuO2
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plane, which break the time-reversal symmetry.
The first two are the 2D f-wave states proposed by
Hasegawa et al. [10] having B1g � Eu and B2g � Eu
symmetry respectively. The other one is called
nodal p-wave state and has been proposed by
Dahm et al. [11]. This pairing symmetry has nodes
as in the B2g � Eu case. Also we will consider the
nodeless p-wave pairing state proposed by Miyake
and Narikiyo [12].

2. Theory for the tunneling effect

We consider the normal metal/insulator/super-
conductor junction shown in Fig. 1. The geometry
of the problem has the following limitations. The
particles move in the xy-plane and the boundary
between the normal metal (x < 0) and supercon-
ductor (x > 0) is the yz-plane at x ¼ 0. The insu-
lator is modeled by a delta function, located
at x ¼ 0, of the form V dðxÞ. The temperature is
fixed to 0 K. We take the pair potential as a step
function i.e. Dssðk; rÞ ¼ HðxÞDssðhÞ, where kx; ky ¼
cos h; sin h, and s; s are spin indices.
Suppose that an electron is incident from the

normal metal to the insulator with an angle h. The
electron (hole) like quasiparticle will experience
different pair potentials DssðhÞðDssðp � hÞÞ. The am-
plitudes for Andreev and normal reflection are
obtained by solving the BdG equations. Using the

matching conditions of the wave function at x ¼ 0,
WIð0Þ ¼ WIIð0Þ and W0

IIð0Þ � W0
Ið0Þ ¼ ð2mV =�h2Þ�

WIð0Þ, the Andreev and normal reflection ampli-
tudes Ra ¼ jaj2, Rb ¼ jbj2 are obtained

Ra ¼
r2Njnþj

2

j1þ ðrN � 1Þnþn�/�/	
þj
2
; ð1Þ

Rb ¼
ð1� rNÞj1� nþn�/�/	

þj
2

j1þ ðrN � 1Þnþn�/�/	
þj
2
: ð2Þ

The BCS coherence factors are given by

u2
 ¼ 1

�
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2 � jD
ðhÞj2

q �
E
�
=2; ð3Þ

v2
 ¼ 1

�
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2 � jD
ðhÞj2

q �
E
�
=2; ð4Þ

and n
 ¼ v
=u
. The internal phase coming from
the energy gap is given by /
 ¼ ½D
ðhÞ=jD
ðhÞj�,
where DþðhÞ ¼ DðhÞ ðD�ðhÞ ¼ Dðp � hÞÞ, is the
pair potential experienced by the transmitted elec-
tron-like (hole-like) quasiparticle. DðhÞ ¼ D"#ðhÞ ¼
D#"ðhÞ, since the Cooper pairs have zero spin
projection i.e. dkẑz.
The tunneling conductance, normalized by that

in the normal state is given by [5]

rðEÞ ¼
R p=2
�p=2 dhðr"ðE; hÞ þ r#ðE; hÞÞR p=2

�p=2 dh2rN
: ð5Þ

According to the Blonder–Tinkham–Klapwijk
(BTK) formula the conductance of the junction
rsðE; hÞ, for spin s ¼", #, is expressed in terms of
the probability amplitudes a, and b as

rsðE; hÞ ¼ 1þ Ra � Rb: ð6Þ
The transparency of the junction rN is con-

nected to the barrier height V by the relation

rN ¼ 4 cos2 h
Z2 þ 4 cos2 h

; ð7Þ

where Z ¼ 2mV =�h2kF, denotes the strength of the
barrier.
The pairing potential is described by a 2� 2

form

D̂DssðkÞ ¼
�dxðkÞ þ idyðkÞ dzðkÞ

dzðkÞ dxðkÞ þ idyðkÞ

� �
; ð8Þ

in terms of the dðkÞ ¼ ðdxðkÞ; dyðkÞ; dzðkÞÞ vector.

Fig. 1. The geometry of the normal metal/insulator/supercon-

ductor interface. The vertical line along the y-axis represents the

insulator. The arrows illustrate the transmission and reflection

processes at the interface. h is the angle of the incident electron
beam and the normal.
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We consider the following pairing symmetries
for Sr2RuO4.

(a) In the first 2D f-wave state B1g � Eu dzðkÞ ¼
D0ðk2x � k2y Þðkx þ ikyÞ. This state has nodes at the
same points as in the dx2�y2 -wave case.
(b) For the second 2D f-wave state B2g � Eu
dzðkÞ ¼ D0kxkyðkx þ ikyÞ. This state has nodes
at 0; p=2; p; 3p=2 and has also been studied by
Graf and Balatsky [13].
(c) In case of a nodal p-wave superconductor
dzðkÞ ¼ D0=sM ½sinðkxaÞ þ i sinðkyaÞ�, with kxa ¼
Rp cosðh � bÞ and kya ¼ Rp sinðh � bÞ, sM ¼ffiffiffi
2

p
sinðp=

ffiffiffi
2

p
Þ ¼ 1:125, and R ¼ 1 in order to

have a node in DðhÞ [11]. This state has nodes
as in the B2g � Eu state.
(d) In case of a nodeless p-wave superconduc-
tor, proposed by Miyake and Narikiyo [12]
dzðkÞ ¼ D0=sM ½sinðkxaÞ þ i sinðkyaÞ�, with kxa ¼
Rp cosðh � bÞ and kya ¼ Rp sinðh � bÞ, sM ¼ffiffiffi
2

p
sinðp=

ffiffiffi
2

p
Þ ¼ 1:125, and R ¼ 0:9. This state

does not have nodes.

3. Results

In Fig. 2 we plot the tunneling conductance rðEÞ
as a function of E=D0 for Z ¼ 10, for different ori-
entations (a) b ¼ 0, (b) p=8, (c) p=4. The pairing
symmetry of the superconductor is B1g � Eu in Fig.
2(a), B2g � Eu in Fig. 2(b), nodal p-wave, in Fig.
2(c), nodeless p-wave in Fig. 2(d). The temperature
is fixed to 0 K. In all the cases we see the presence of
a large residual density of states within the energy
gap and peaks due to the sign change of the pair
potential at discreet values of h, for fixed b. Also
the linear increase with E is consistent with the
presence on line nodes in the pairing potential.
Generally the spectra for the three pairing

symmetries with line nodes depends strongly on
the position of the nodes in the pairing potential
and the orientation angle b. The spectra for angle
b in the B1g � Eu seen in Fig. 2(a) case is identical
to the spectra of B2g � Eu in Fig. 2(b) for angle
ðp=4Þ � b, since the node positions for the two
symmetries differ by p=4. The nodal p-wave case in

Fig. 2. Normalized tunneling conductance rðEÞ as a function of E=D0 for different orientations b ¼ 0 (––), p=8 (� � �), p=4 (- - -). The
temperature is T ¼ 0, Z ¼ 10. The pairing symmetry of the superconductor is (a) B1g � Eu, (b) B2g � Eu, (c) nodal p-wave and (d)
nodeless p-wave.
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Fig. 2(c) has the same nodal structure as the
B2g � Eu case and we see that the spectra for these
two candidates are similar. For nodeless pairing
states a subgap or a full gap opens in the tunneling
spectra. This is seen in Fig. 2(d), for the nodeless
p-wave pairing state.
The peaks in the tunneling conductance are

explained from the formation of bound states
within the gap. The bound state energies Ep, are
given from the values of E where the denominator
of Eqs. (1) and (2) vanishes. In this case the
Andreev reflection coefficient is equal to unity, and
the effect of the boundary is turned off. The cor-
responding equation is written as [7]

/�/	
þnþn�jE¼Ep ¼ 1:0: ð9Þ

Bound states are formed because the transmitted
electron-like and hole-like quasiparticles feel dif-
ferent sign of the pairing potential. These bound
states occur for a given orientation b at discreet
values of h, as seen in Fig. 3 where the bound state
energy Ep is plotted for b ¼ 0; p=8; p=4 as a func-
tion of h for the various pairing states. For a given
value of b, the conductance rðE; hÞ ¼ 2 at the an-
gles h where bound state occurs and the tunneling

conductance rðEÞ is enhanced due to the normal
state conductance rN. The residual values of the
tunneling conductance within the gap are due to the
bound states and the peaks are formed at energies
where the number of bound states is increased. As
seen in Fig. 3(a) for the pairing state B1g � Eu for
b ¼ 0, at the energy in the interval 0:27 < E < 1
only one bound state occurs. At E ¼ 0:27 two more
bound states are formed and the peak seen in Fig.
2(a) is due to these new bound states. The same
happens for b ¼ p=8 at E ¼ 0:1 and E ¼ 0:5, where
an increased number of bound states is formed, as
seen in Fig. 2(a) (dotted line). Also for b ¼ p=4 in
Fig. 3(a) (dashed line) the conductance peak is
formed for energy close to E ¼ 0:8, where two
bound states are formed. In the B2g � Eu pairing
state the bound states and also the position of the
peaks for an angle b is the same as in the B1g � Eu
pairing state for the angle ðp=4Þ � b. In the nodal
p-wave state seen in Fig. 3(c) the bound states are
symmetric to the B2g � Eu case with respect to
h ¼ 0. However this does not influence the energy
levels which occur almost at the same position as in
the B2g � Eu-wave case. In the nodeless p-wave
pairing state, for b ¼ p=8 close to E ¼ 0 we have a

Fig. 3. Bound state energy Ep (in units of D0) for b ¼ 0;p=8;p=4 as a function of h. The temperature is T ¼ 0. The pairing symmetry of

the superconductor is (a) B1g � Eu, (b) B2g � Eu, (c) nodal p-wave and (d) nodeless p-wave.
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pair of new bound states and the peak seen in Fig.
2(d) is due to these new bound states.
We calculated the tunneling conductance in

normal metal/insulator/triplet superconductor
using the BTK formalism. We assumed nodal and
nodeless pairing potentials, breaking the time-
reversal symmetry. The residual values are due to
the formation of bound states for each b at dis-
creet values of the angle h for energies within the
gap. The peaks occur at the energies where an
increasing number of bound states is formed. Thus
the spectra shows a double peak structure, for the
low transparency limit, for all the pairing states
described in this paper. This conclusion is in
agreement with recent analytical calculation [14].

References

[1] Y. Maeno, H. Hashimoto, K. Yoshida, S. Nishizaki, T.

Fujita, J.G. Bednorz, F. Lichtenberg, Nature (London) 372

(1994) 532.

[2] G.M. Luke, Y. Fukamoto, K.M. Kojima, M.L. Larkin, J.

Merrin, B. Nachumi, Y.J. Uemura, Y. Maeno, Z.Q. Mao,

Y. Mori, H. Nakamura, M. Sigrist, Nature (London) 394

(1998) 558.

[3] K. Ishida, H. Mukuda, Y. Kitaoka, K. Asayama, Z.Q.

Mao, Y. Mori, Y. Maeno, Nature 396 (1998) 653.

[4] S. Nishizaki, Y. Maeno, Z. Mao, J. Phys. Soc. Jpn. 69

(2000) 572.

[5] G.E. Blonder, M. Tinkham, T.M. Klapwijk, Phys. Rev. B

25 (1982) 4515.

[6] A.F. Andreev, Soviet Phys. JETP 19 (1964) 1228.

[7] N. Stefanakis, J. Phys.: Condens. Matter 13 (2001)

1265.

[8] N. Stefanakis, Phys. Rev. B 64 (2001) 224502.

[9] N. Stefanakis, J. Phys.: Condens. Matter 13 (2001)

3643.

[10] Y. Hasegawa, K. Machida, M. Ozaki, J. Phys. Soc. Jpn. 69

(2000) 336.

[11] T. Dahm, H. Won, K. Maki, 2000, cond-mat/0006301.

[12] K. Miyake, O. Narikiyo, Phys. Rev. Lett. 83 (1999)

1423.

[13] M.J. Graf, A.V. Balatsky, Phys. Rev. B 62 (2000)

9697.

[14] K. Sengupta, H.-J. Kwon, V.M. Yakovenko, cond-mat/

0106198.

308 N. Stefanakis / Physica C 369 (2002) 304–308


