Spin-polarized Andreev tunneling through the Rashba chain
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We discuss a feasible protocol for distinguishing between the zero-energy Majorana and the finiteenergy fermionic quasiparticles of the Rashba chain, based on the selective equal-spin Andreev
reflection (SESAR) spectroscopy. Such technique is designed for probing solely the p-wave superconductivity, thereby being applicable to the intersite pairing of equal spin electrons in the chain
of magnetic Fe atoms deposited on the superconducting Pb substrate. We show that SESAR can
indeed detect polarization of the zero-energy edge modes and moreover it can single out the Majorana from the ordinary in-gap quasiparticles. Contrary to earlier expectations we show, however,
that a pure spin current (i.e. perfect polarization) would not be observable in the Rashba chain.

Introduction – Majorana quasiparticles emerging in
the topologically nontrivial superconducting state at
the edges of one-dimensional (1D) chains [1] allow for
a unique phenomenon of the ‘selective equal-spin Andreev reflection’ (SESAR). Such polarized Andreev spectroscopy has been proposed by J. J. He et al [2] as a useful
tool for detecting the Majorana states in vortices of pwave superconductors, for which the authors predicted
the pure spin current (i.e. perfect spin polarization).
SESAR measurements have indeed provided evidence for
the Majorana zero-mode in Bi2 Te3 /NbSe2 heterostructures [3, 4]. Similar ideas have been also discussed in
a context of the Josephson spectroscopy [5, 6]. In this
paper we consider the SESAR spectroscopy for probing
the spatial extent and inherent polarization of the Majorana quasiparticles appearing at the edges of the Rashba
chain. Our study could be relevant to the experimental
STM data obtained recently for the magnetic Fe atoms
deposited on the surface of Pb superconductor by means
of the polarized STM tip [7].
The underlying idea of SESAR for the aforementioned
configuration is displayed in Fig. 1. This STM-type setup
has been previously used by several experimental groups
[10–12], however, ignoring the magnetic polarization. Recently A. Yazdani and coworkers [7] have measured the
spin-resolved tunneling current and revealed substantial
polarization of the zero-bias conductance in the regions,
where the Majorna quasiparticles exist. This fact can be
simply interpreted within the microscopic model, taking
into account the Rashba and Zeeman interactions in addition to the proximity-induced pairing. We have recently
emphasized [8], that amplitude of the intersite pairing
(between identical spin electrons) differs several times for
↑ and ↓ sectors, respectively. Obviously this should be
manifested in the polarization of Majorana quasiparticles near the chain edges. Since efficiency of the particle
to hole conversion (specific for the Andreev spectroscopy)
depends on the anomalous propagator hhdi,σ ; di+1,σ ii one
should expect its nonvanishing value at zero energy. In
the remaining part of this paper we show, that this is
really the case.

FIG. 1. Schematic idea of SESAR spectroscopy which can
probe the intersite pairing of Fe atoms (red color) deposited
on the s-wave bulk superconductor (grey) by using the magnetically polarized STM tip (green color).

Microscopic model – Nanoscopic chain of magnetic Fe
atoms deposited on the s-wave conventional superconductor and probed by the magnetically polarized STM
tip (relevant to the experimental situation [7]) can be
described by the following Hamiltonian
prox
Ĥ = Ĥtip + Ĥchain
+ V̂tip−chain .

(1)

We treat the STM tip as the free fermion gas ĤN =
P
(†)
†
σ
k,σ ξkN ĉkσN ĉkσN , where ĉkσβ are the annihilation (creation) operators of electrons with momentum k, spin
σ
σ, and energy ξkN
= εk − µN σ , assuming finite detuning of the chemical potentials µN ↑ 6= µN ↓ . We assume that superconducting substrate can be described
by the BCS model, and in this work we focus on electronic states deep inside the superconducting gap (see
Appendix A in Ref. 8). Hybridization between individual
atomsof the chain with STM tip is described
V̂tip−chain =

P
†
†
∗
Vi,kN dˆ ĉkσN + V
ĉ
dˆi,σ . For simplicity
k,σ

i,σ

i,kβ kσN

we assume the constant (uniform) coupling Γσi,β =
P
σ
2π k |Vi,kβ |2 δ(ω−ξkβ
).
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FIG. 2. The off-diagonal spectral function Fiσ (ω) for the
inter-site pairing of spins σ obtained at zero energy (ω = 0)
for ∆ = 0.2t, α = 0.15t, µ = −2.1t, and gµB B/2 = 0.27t. We
have considered the Rashba chain comprising N = 70 sites.

Following [13] we focus on the low-energy Hamiltonian
X †
X
prox
Ĥchain
=
εi dˆi,σ dˆi,σ +
tij dˆ†i,σ dˆj,σ
i,σ

i,j,σ

+ ĤRashba + ĤZeeman + Ĥprox ,

(2)

(†)

where dˆi,σ annihilates (creates) electron of spin σ at site i
with energy εi and tij is the hopping integral. In this scenario the intersite p-wave pairing can be induced, taking
into account the Rashba and the Zeeman interactions
i
X h †
dˆi+1,σ (iσ y )σσ0 dˆi,σ0 + h.c. , (3)
ĤRashba = −α
i,σ,σ 0

ĤZeeman

gµB B X ˆ†
di,σ (σ z )σσ0 dˆi,σ0 .
=
2
0

(4)

i,σ,σ

We assume the magnetic field to be aligned along ẑ-axis
and impose the spin-orbit vector α = (0, 0, α). The proximity effect, which induces the on-site (trivial) pairing,
can be modelled as [14]


Ĥprox = ∆i dˆ†i,↑ dˆ†i,↓ + dˆi,↓ dˆi,↑
(5)
with the local pairing potential ∆i = Γi,S /2.
Spin-polarized Majorana quasiparticles – In Fig. 2
we present spatial dependence of the off-diagonal spectral function Fiσ (ω) = − π1 Imhhdˆi,σ ; dˆi+1,σ ii(ω + i0+ ) obtained at zero energy for different spins ↑ and ↓, respectively. This anomalous spectral function is very useful,
because its sign clearly exhibits ‘intrinsic polarization’ of
the Majorana modes, previously emphasized in Ref. [15],
whreas its absolute value can be probed by the SESAR
spectroscopy (see the next paragraph). Concerning the
latter property, we notice the clear quantitative difference (almost 5 times) between the spin ↑ and ↓ inter-site
pairings. As regards the ‘intrinsic polarization’ we observe that Fiσ (ω) changes its phase by π between opposite sides of the Rashba chain and, moreover, each of

FIG. 3. The spin-resolved (diagonal) spectral functions ρσ (ω)
determined at low energies which reveal, that the zero-energy
(Majorana) quasiparticles are strongly polarized.

the spin sectors is characterized by opposite polarizations. This aspect resembles the results previously reported for the interface of ferromagnet/superconductor
bilayers [16]. Such feature can be regarded as a hallmark of the finite-size systems, because otherwise (i.e. in
thermodynamic limit N → ∞) the off diagonal spectral
function would identically vanish at zero energy for both
pairing channels.
In Fig. 3 we illustrate the spatial profiles of the spinpolarized Majorana quasiparticles. As expected, we notice substantial quantitative differences between the Majoranas appearing in ↑ and ↓ spin sectors. Their overall
profiles, however, seem to be pretty similar. Such different magnitudes of the spin-polarized Majorana quasiparticles would show up in the SESAR measurements,
yet the pure spin current (predicted in Ref. 2) could be
impossible because the zero-energy modes are present simultaneously in both spin orientations.
The polarized Andreev transport – By applying bias
voltage V between the superconducting reservoir and the
STM tip there can be induced the nonequilibrium charge
transport. Deep in a subgap regime (i.e. for |V |  ∆/|e|)
such current can originate solely from the Andreev scattering, when electrons from the conducting STM tip are
converted into electron pairs reflecting holes back to the
STM tip. This process can be routinely treated within
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FIG. 4. The spatially resolved transmittances Tiγ (ω) obtained at low energies (|ω|  ∆) for the nonmagnetic γ = 0 (panel A)
and the spin-polarized Andreev reflections γ =↑ (panel B) and γ =↓ (panel C).
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FIG. 5. False color plots of the differential conductance dIiα (V )/dV of the ordinary (α = 0, panel A) and the spin-resolved
(α =↑, panel B and σ =↓, panel C) Andreev transport channels obtained in the subgap regime at temperature T = 5 · 10−4 t.
The conductance is expressed in units 4e2 /h. Plots B) and C) look very similar, but note the difference in the color scale.

the Landauer-Büttiker formalism.

For a purpose of generality, we express the nonmagnetic (γ = 0) and magnetically polarized (γ = σ) Andreev currents by following common formula
Z
e
Iiγ (V ) =
dω Tiγ (ω) [f (ω−eV )−f (ω+eV )] , (6)
h
where f (x) = [1 + exp(x/kB T )] stands for the FermiDirac distribution function. These Andreev channels are
characterized by various (dimensionless) transmittances,
that can be formally expressed via the local and non-local
anomalous Green’s functions, respectively


2
2
Ti0 (ω) = Γ2N
hhdˆi↑ dˆi↓ ii + hhdˆi↓ dˆi↑ ii
,
(7)


2
2
Tiσ (ω) = Γ2N
hhdˆiσ dˆi+1σ ii + hhdˆiσ dˆi−1σ ii
. (8)
As an exception, for i = 1 and i = N the spin polarized
2
transmittance is T σ (ω) = Γ2 hhdˆ1σ dˆ2σ ii and T σ (ω) =
1

N

N

2

Γ2N hhdˆN σ dˆN −1σ ii . All these Green’s functions can be
numerically determined from the Bogoliubov–de Gennes
treatment of the Rashba chain (2).
Figure 4 shows the energy-dependent transmittances
Tiγ (ω) obtained for the non-polarized (γ = 0) and spinpolarized (γ = σ) Andreev channels. The corresponding
conductances are presented in Fig. 5. Let us notice that
the differential conductance of the nonmagnetic Andreev
reflections dominates well inside the Rashba chain at energies coinciding with the fermion Andreev/Shiba states.
The SESAR, on the other hand, is efficient mainly near
the Majorana modes whose spatial extent covers roughly
10 sites near the Rashba chain edges. In distinction to
Ref. [2] we observe that the spin-polarized currents are
present for both spins ↑ and ↓ but with significantly different magnitudes. We have checked that by varying the
model parameters the spin-polarized Majorana quasiparticles are robust, although some small qualitative changes
can be observed. Our results seem to properly account for
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the experimental data obtained recently by the Princeton
group [7].
The net spin current
Iispin (V ) = Ii↑ (V ) − Ii↓ (V ),

(9)

would be empirically feasible by meas of the SESAR spectroscopy. We infer that conductance of such spin current
(9) would be meaningful only near the Majorana quasiparticles. We thus conclude that the differential conduc∂I spin (V )

(V ) = i ∂V
tance Gspin
could filter out the Majorana
i
from the Andreev/Shiba quasiparticles appearing in the
non-trivial superconducting phase. It would be hence an
unambiguous tool for spotting the Majorana quasiparticles and could probe their spatial extent.
Conclusions – We have shown that the spin polarized
Andreev spectroscpy (SESAR) is very useful for empirical determination of the Majorana quasiparticles appearing at the edges of the Rashba chain in its topologically
nontrivial superconducting phase. We have provided evidence for a simultaneous presence of the Majorana states
for ↑ and ↓ spin polarizations, as has been indeed observed by A. Yazdani [7]. Both these spin-polarized components contribute to the equal-spin Andreev reflections,
precluding the pure spin current (predicted in Ref. 2).
We have also shown, that the spin current Ii↑ (V ) − Ii↓ (V )
is sensitive solely to the Majorana qusiparticle states (any
signatures of the finite-energy Andreev/Shiba states are
negligible). Finally, our estimations predict that magnitudes of the nonpolarized and spin-polarized Andreev
conductances are much smaller than the unitary value
2e2 /h. Such (qualitative) conclusion nicely agrees with
the STM data [9–11] and the tunneling measurements for
the Majorana quasiparticles in heterojunctions [17].
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[8] M. M. Maśka, A. Gorczyca-Goraj, J. Tworzydlo, and
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