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We study the charge conductance in ferromagnet/spin-triplet superconductor junctions with the 
helical superconducting states, kxx̂ ± ky ŷ or ky x̂ ± kx ŷ, which are consistent with the in-plane Hc2,ab
measurements of Sr2RuO4. The conductance shows strong anisotropic dependence on the orientation of 
the magnetization in ferromagnet and is simultaneously symmetric about some specific rotations. The 
effects of the magnetization magnitude and the height of the interfacial barrier are also investigated. The 
obtained results may provide helpful information about the pairing symmetries in Sr2RuO4.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The layered perovskite oxide Sr2RuO4 is believed to be a rare 
example of spin-triplet superconductor (TS) [1], which was dis-
covered by Maeno et al. [2]. The Cooper pair wave function in 
TS can be described with the three-component complex d-vector 
[3]. The determination of the exact form of the vector in Sr2RuO4
has attracted a large number of experimental and theoretical re-
searches [1,4]. Unfortunately, the obtained results are not yet con-
verged. For example, the experiment on the electronic spin sus-
ceptibility indicates the d-vector is parallel to the crystal c-axis, 
i.e. d ‖ ẑ [5]. The muon spin resonance experiments and the ob-
servation of the polar Kerr effect in the superconducting state 
of Sr2RuO4 are consistent with the chiral p-wave state d(k) =
(kx + iky)ẑ [6,7]. However, the Knight-shift measurements and the 
microscopic calculations devoted to clarify the mechanism of TS as 
well as the d-vector direction in Sr2RuO4 support an intrinsic in-
plane d-vector [8–12]. Further experimental and theoretical efforts 
seem to be necessary to determine the symmetry and the direction 
of the vector in Sr2RuO4 unambiguously.

Tunneling spectroscopy is a direct and effective probe of the 
pairing symmetry of superconducting states [13,14]. Especially, the 
studies on the transport properties in ferromagnet (F)/TS junctions 
not only provide important information about the d-vector but also 
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possess potential applications in spintronics. It is found in Ref. [15]
the conductance of F/TS junction with d ‖ ẑ strongly depends on 
the direction of the magnetization. Spin current and 0–π transition 
in F/TS and TS/F/TS structures are also studied by Brydon et al. [16,
17]. In these structures, the physical mechanism is the interplay 
between the magnetization and the d-vector and its influences on 
Andreev reflection (AR) [18].

In order to set further restrictions on the pairing symmetry in 
Sr2RuO4, Zhang et al. [19] recently calculate the angular and tem-
perature T dependencies of the upper critical field Hc2(θ, φ, T ) for 
the helical p-wave states

d(k) = �(x̂kx ± ŷky) or �(x̂ky ± ŷkx) (1)

and find good fits to the Sr2RuO4 Hc2,a(θ, T ) data of Kittaka 
et al. [20]. They further point out that the chiral p-wave state 
and the Scharnberg–Klemm state [21] are inconsistent with the 
Hc2,a(θ, T ) data. The transport properties in normal metal (N)/TS 
and non-centrosymmetric superconductors structures relating to 
helical states have also been investigated [22,23]. However, the 
interactions of magnetization and the helical states and their in-
fluences on the charge transport is still unclear. Our motivation in 
this paper is to clarify the magnetization dependence of the charge 
conductance in F/TS junction assuming the superconducting states 
presented in Eq. (1). For simplicity, we restrict ourselves to the 
case of a cylindrical Fermi surface in TS. We find when the mag-
netization in F is rotated, the conductance shows strong anisotropy 
and is simultaneously symmetric about specific rotations. The re-
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Fig. 1. Schematic illustration of ferromagnet (F)/spin-triplet superconductor (TS) 
junction with the helical states. The d-vector in TS is in xoy plane and its direc-
tion is dependent on the wavevector k. The direction of the magnetization in F is 
denoted by the polar angle θm and the azimuthal angle φm . The current in the junc-
tion is flowing along the x-axis.

sults are distinct from that in F/TS junctions with chiral p-wave 
state where the conductance is a cosine function of the relative 
angle between the magnetization and d-vector [24]. For clarity, we 
discuss the zero bias conductance (ZBC) as a function of the polar 
angle and the azimuthal angle of the magnetization. The effects 
of the magnetization magnitude and the interface barrier are also 
investigated.

2. Model and formalism

We consider an F/TS junction as shown in Fig. 1. The interface 
barrier, located at x = 0 and along y axis, is modeled by a delta 
function U (x) = Uδ(x). The effective Hamiltonian Ȟ of the junc-
tion for the Bogoliubov–de Gennes (BdG) equation Ȟ� = E� is 
expressed as

Ȟ =
(

Ĥ(k) �̂(k)�(x)
−�̂∗(−k)�(x) −Ĥ∗(−k)

)
, (2)

where Ĥ(k) = ξk − M · σ̂�(−x) + U (x) with ξk = h̄2k2

2m − E F and 
σ̂ the Pauli matrixes. The magnetization M = M(sin θm cosφm,

sin θm sin φm, cos θm) with θm the polar angle and φm the azimuthal 
angle. The energy gap matrix

�̂ = (d(k) · σ̂ )iσ̂2 (3)

with d(k) = �(kx, ±ky, 0) or �(ky, ±kx, 0).
For the spin of electrons, we chose the direction of M as 

the quantization axis. Let us consider an electron with majority 
spin (spin-up) is injected from F. Upon defining ě1 = (1, 0, 0, 0)T , 
ě2 = (0, 1, 0, 0)T , ě3 = (0, 0, 1, 0)T and ě4 = (0, 0, 0, 1)T as the ba-
sic vectors in the pair spin space, the wave function in F is ex-
pressed as

�F (x < 0) = (χ1eik1x + b↑↑χ1e−ik1x − b↑↓χ∗
2 e−ik2x)ě1

+ (χ2eik1x + b↑↑χ2e−ik1x + b↑↓χ1e−ik2x)ě2

+ (a↑↑χ1eik1x − a↑↓χ2eik2x)ě3

+ (a↑↑χ∗
2 eik1x + a↑↓χ1eik2x)ě4, (4)

where χ1 = cos θm
2 , χ2 = sin θm

2 eiφm and k1(2) =√
2m
h̄2 (E F + (−)M) − k2

y . The coefficients b↑↑ (b↑↓) and a↑↑ (a↑↓) 
represent the normal reflection to majority (minority) spin sub-
band and the AR to majority (minority) spin subband, respectively.

The wave function in TS is given by

�T S(x > 0) = (c↑↑ueikxx − d↑↑vη∗(π − θs)e−ikxx)ě1

+ (c↑↓ueikxx + d↑↓vη(π − θs)e−ikxx)ě2

+ (−c↑↑vη(θs)eikxx + d↑↑ue−ikxx)ě3

+ (c↑↓vη∗(θs)eikxx + d↑↓ue−ikxx)ě4, (5)

where c↑↑, c↑↓, d↑↑ and d↑↓ are the transmission coefficients of 
electron-like quasiparticle and hole-like quasiparticle, respectively, 

the coherent factors u(v) =
√

E+(−)
2E with  = √

E2 − �2, the 

phase factor η(θs) = dx+idy
|d(k)| with (dx, dy) = (kx, ±ky) or (ky, ±kx)

and kx ≈ kF cos θs with θs the angle between the x-axis and the 
wavevector of the electron-like quasiparticle in TS and kF the 
Fermi wavevector. Due to the momentum conservation along the 
y axis, the ky in k↑(↓) and d(k) can be expressed as kF sin θs . In 
our work, we don’t take into account the Fermi wavevector mis-
match between F and TS.

All the coefficients in the wave functions can be determined 
under the boundary conditions:

�F (x = 0−) = �T S(x = 0+), (6)

� ′
T S(x = 0+) − � ′

F (x = 0−) = 2mU

h̄2
�F (x = 0). (7)

The reflection and transmission coefficients of an injection electron 
with the minority spin (spin-down) can be obtained in a similar 
way.

According to the Blonder–Tinkham–Klapwijk formalism [25], 
the normalized tunneling conductance σ can be written as

σ =
∫

(σ↑ + σ↓) cos θsdθs

σN
, (8)

with

σ↑ = 1 + X

2
(1 + |a↑↑|2 + k2

k1
|a↑↓|2 − |b↑↑|2 − k2

k1
|b↑↓|2), (9)

σ↓ = 1 − X

2
(1 + |a↓↓|2 + k1

k2
|a↓↑|2 − |b↓↓|2 − k1

k2
|b↓↑|2), (10)

and σN the conductance for F/N junction. In the calculation of 
the integral we have considered the presence of the critical an-
gle θC = arcsin

√
1 − X and the virtual AR process [26]. For a given 

bias V , the conductance σ is a function of the polar angle θm , the 
azimuthal angle φm , the magnitude of the magnetization X = M

E F

and the interface barrier heights Z = 2mU
h̄2kF

.

3. Results and discussions

We first discuss some general consequences concerning the 
conductance. (1) The states x̂kx ± ŷky (or x̂ky ± ŷkx) possess the 
same conductance spectra. As a result, one can’t distinguish be-
tween the sates x̂kx ± ŷky (or x̂ky ± ŷkx) by means of the tunneling 
experiments. (2) The conductance for both x̂kx + ŷky and x̂ky + ŷkx

are symmetric about the magnetization orientation: σ(θm, φm) =
σ(θm, π + φm) and σ(θm, φm) = σ(π − θm, π − φm), which can 
be deduced directly from the analytic expressions for the reflec-
tion coefficients (see Appendix A). (3) Although the conductance 
for (θm ,φm) is different from that for (π − θm, φm), there is only a 
slight difference between them. Due to the above features, we only 
consider the conductance for the angle interval 0 ≤ θm ≤ π/2 and 
0 ≤ φm ≤ π/2 in our numerical results.

3.1. F/(x̂kx ± ŷky) junction

Fig. 2 gives the conductance spectra at X = 0.9 and Z = 0 with 
φm = 0, 0.3π and 0.5π . For each φm , θm = 0, 0.3π and 0.5π are 
considered. When θm = 0, the magnetization is perpendicular to 
d(k) for all k. In this case, the subgap conductance is not sup-
pressed sharply by the spin-polarization in F, which is a similar 
characteristic to the conductance in F/chiral p-wave TS junction 
with a uniform d-vector. When θm 
= 0, the subgap conductance 
show a strong dependence on φm . As one increases φm , the ZBC 
for θm = 0.3π is enhanced while that for θm = 0.5π has a non-
monotonic behavior. Fig. 3 presents the spectra for X = 0.9 and 
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