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Abstract

We study charge transport in normal metal/sþ p-wave superconductor (S+P) junctions with Rashba type spin–orbit coupling

(RSOC). Applying the Blonder–Tinkham–Klapwijk theory, we calculate a bias ðV Þ dependence of tunneling conductance, changing the

strength of RSOC and Dp=Ds. Here DsðpÞ is the absolute value of pair potential of S(P) component. For DpoDs, a gap structure appears

ranging from eV ¼ 0 to eV ¼ jDs � Dpj, and a coherent peak appears at eV ¼ jDs þ Dpj. For Dp4Ds, a zero bias conductance peak

(ZBCP) is formed, a dip structure appears at jDs � Dpj, and a weak coherent peak appears at eV ¼ jDs þ Dpj. For large RSOC, a weak

peak appears at eV ¼ jDs � Dpj because of RSOC. The bias dependence of conductance depends on the ratio Dp=Ds and changes

qualitatively at Dp=Ds ¼ 1. For Dp4Ds, jDs � Dpj can be estimated from a width of ZBCP. For Ds4Dp, Ds and Dp can be estimated from

the gap structure and the coherent peak. Thus, the magnitude of gaps can be determined from the experiment of scanning tunneling

spectroscopy.
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1. Introduction

Tunneling spectroscopy is one of the most powerful
methods for studying superconducting state, which reflects
the magnitude and pairing symmetry of the pair potential.
Theoretically, tunneling spectroscopy can be modeled as
normal metal (N)/superconductor (SC) junction.

In N/SC junctions, Andreev reflection (AR) [1] plays an
important role in charge transport. This is a process that an
electron directed to SC is reflected back to N as a hole.
Blonder, Tinkham and Klapwijk (BTK) revealed a charge
transport in N/s-wave SC junctions including the effect of
AR [2]. The resulting conductance reflects the magnitude of
the gap. The BTK theory is generalized in N/SC junctions
with spin–orbit coupling [3,4], and also in N/unconventional

superconductor (US) junctions where zero energy state [5]
(ZES) is induced near the interface because pair potential
changes its sign with the direction of wave number vector.
ZES affects the charge transport in N/US hybrid junctions
strongly, resulting in the emergence of zero bias conductance
peak (ZBCP). Therefore, tunneling spectroscopy is an
effective way in studying new types of SCs.
In heavy fermion systems without inversion symmetry

like CePt3Si [6], Rashba type spin–orbit coupling [7]
(RSOC) is induced because of the broken inversion
symmetry. Then anomalous superconductivity can be
realized because of coexistence of superconductivity and
RSOC. In such situations, different parities; spin–singlet
pairing and spin–triplet pairing can be mixed in super-
conducting state. From a lot of experimental and
theoretical studies, it is found that one of the most possible
candidates of superconducting state is sþ p-wave pairing
[8–15]. However, until now, the magnitude of the gaps of
the pairings has not been determined.
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In the present paper, we calculate a bias ðV Þ dependence
of tunneling conductance in N=sþ p-wave SC ðSþ PÞ
junctions with RSOC. For DpoDs, a gap structure appears
ranging from eV ¼ 0 to eV ¼ jDs � Dpj, and a coherent
peak appears at eV ¼ jDs þ Dpj. For Dp4Ds, ZBCP is
formed, a dip structure appears at jDs � Dpj, and a weak
coherent peak appears at eV ¼ jDs þ Dpj. Here, DsðpÞ is the
absolute value of pair potential of S(P) component. For
large RSOC, a weak coherent peak appears at eV ¼ jDs�

Dpj because of RSOC. The bias dependence of conductance
changes drastically at Dp=Ds ¼ 1. For Dp4Ds, jDs � Dpj can
be estimated from a width of ZBCP. For Ds4Dp, Ds and Dp

can be estimated from the gap structure and the coherent
peak. Thus, the magnitude of gaps can be determined from
the experiment of scanning tunneling spectroscopy.

2. Formulation

We use a model of two-dimensional N=Sþ P junction
with RSOC. The N=Sþ P interface located at x ¼ 0 has an
insulating barrier described by the delta function
UðxÞ ¼ HdðxÞ. Hamiltonian in electron–hole–spin space
is expressed as
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with ĤðkÞ ¼ xk þ ½VðkÞ � r̂�YðxÞ, xk ¼ _2k2=2mnðsÞ � EFþ

UðxÞ, D̂ ¼ ½Ds þ dðkÞ � ŝ�ðiŝyÞYðxÞ, step function YðxÞ,
Fermi energy EF, pauli matrices in spin space ŝj

ðj ¼ x; y; zÞ, effective mass mnðsÞ for N(S+P), Fermi wave
number kF, spin–orbit coupling term VðkÞ � r̂, absolute
value of pair potential for S component Ds, and dðkÞ is
d-vector with jdðkÞj ¼ Dp, the absolute value of pair
potential for P component. Here, we assume dkV because
the transition temperature becomes highest under this
condition [8].

The Bogoliubov-de Gennes equation is expressed as
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ŝyv̂1ð2Þŝy

ŝyû1ð2Þŝy

 !
¼ �E1ð2Þ
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for holelike quasiparticles with
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D1ð2Þ ¼ Ds þ ð�ÞDp; V̂ ¼ V=V ; V ¼ jVj. ð4Þ

Eqs. (4) are quite similar to quasiclassical Green’s functions
obtained in Ref. [15].
Hereafter, we only consider the case of V ¼ lðky;�kx; 0Þ

with Rashba coupling constant l. The eigenfunctions of the
Hamiltonian are expressed as

Tðu1;�ia�11 u1; ia�11 v1; v1Þ;
Tðia1v1; v1; u1;�ia1u1Þ,

Tðu2; ia�12 u2;�ia�12 v2; v2Þ;
Tð�ia2v2; v2; u2; ia2u2Þ, ð5Þ
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an angle of the wave number k1ð2Þ with respect to the

interface normal.
Wave function cðxÞ for xX0 is expressed as linear

combination of eigenfunctions of the Hamiltonian. Wave
function cðxÞ for xp0 is expressed as
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for up(down)-spin state with kFx ¼ kF cosf, where f is an
angle of the wave number kF with respect to the interface
normal in the N region. a and b are AR coefficients, c and d

are normal reflection coefficients.
The wave function follows the boundary conditions [16]:

cðxÞjx¼þ0 ¼ cðxÞjx¼�0,

�vxcðxÞjx¼þ0 � �vxcðxÞjx¼�0

¼
_

msi
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_2
1̂ 0̂
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 !
cð0Þ. ð7Þ

Extending the BTK theory [2], the dimensionless
conductance is expressed as

sS ¼
X
";#

Z p=2

�p=2
½1þ jaj2 þ jbj2 � jcj2 � jdj2� cosfdf. (8)

In the following section, we consider the bias ðV Þ
dependence of the tunneling conductance normalized by
that in the normal state sS=sN, changing Dp=Ds and
magnitude of the RSOC b. We define parameters Z ¼

2msH=_
2kF and b ¼ 2msl=_

2kF in the calculation.
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