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Introduction

We investigate numerically the possibility to detect the spatial profile of Majorana
fermions (MFs) by using STM tips that are made of either normal or superconducting
material. In both cases, we are able to resolve the localization length and the oscillation
period of the MF wavefunction. The temperature broadening of the profile is strongly
suppressed in case of the superconducting tip resulting, generally, in better resolution.

Model

I The substrate is a one-dimensional Rashba nanowire aligned along the x-axis
brought into contact with an s-wave superconductor in presence of an external
magnetic field applied in the x direction

The Bogoliubov-de-Gennes Hamiltonian of the nanowire in the tight-binding model
framework is written as,

H̃ =
N∑

j=1

ψ̃†j [−µτz + ∆τx + Vzσx] ψ̃j +
N−1∑
j=1

ψ̃†j+1

[
−t̂ − iασy

]
τzψ̃j + H.c., (1)

with ψ̃†j is the creation operator of an electron on site j in the Nambu basis, the
Pauli matrices τ (σ) act in the particle-hole (spin) space, N is the number of
lattice sites, µ is the chemical potential, t̂ the hopping strength, ∆ the s-wave
superconducting pairing assumed to be induced by proximity effect, α the strength
of the SOI and Vz is the strength of the Zeeman magnetic field. The Green function
of the substrate reads G̃−1

0R (ω) = ω + iδ − H̃.

I The STM tip hamiltonian can be written as

H̃tip =
∑
k,s

ξkΨ†k,sΨk,s + ∆tipΨ†k,↑Ψ
†
−k,↓ + h.c. (2)

with ξk = k2/2m − µs and Ψk,s is the annihilation operator of an electron in
the tip. The hopping term between the tip and the nanowire takes the following
form

H̃T =
∑
k

Ψ̃†k t̃jψ̃je ikj + h.c. (3)

The tip is biased at a voltage Vtip which is included in the tunneling parameter
via a Peierls transformation t̃j = t̂jτze iτzVtipt. The effect of the tip is taken into
account in the self energy Σ̃j ,R(ω) that dresses the bare Green’s function of the
nanowire G̃−1

R (ω) = G̃−1
0R (ω)− Σ̃j ,R(ω), where the on-site retarded self-energy

is given by
Σ̃j ,R(ω) = Γjτzg̃R(ω)τz (4)

with g̃R(ω) the retarded Green function of the tip and Γj = πν(0)|t̂j|2. In order
to calculate the current flowing between the tip and the substrate using the Keldysh
formalism, we need all the components of the total Green function of the system
and the self energy of the tip in this Keldysh space [2]:

G̃−1
R/A(ω) = G̃−1

0R/0A(ω)− Σ̃R/A(ω); G̃K(ω) = G̃R(ω)Σ̃K(ω)G̃A(ω). (5)

Current

In the stationary regime, we can write down the dc current flowing between the STM
tip and the substrate

Idc = Tr{τz
∫ +∞

−∞

dω
2π

Re[G̃R(ω)Σ̃K(ω) + G̃K(ω)Σ̃A(ω)]}. (6)
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Normal metal STM probe [1]

Figure 1: Left : ∂I/∂V (in units of 2e2/h) as a function of bias and position along the

nanowire. Right: ∂I/∂V at the end of the substrate (first site) as a function of temperature

for two values of the transmission.

Figure 2: ∂I/∂V at zero bias as a function of

position along the nanowire for various values

of the tunneling strength.

I The transmission strength and
the temperature strongly affect
the signal.

I Maximum of conductance comes
close to 2e2/h.

Superconducting STM probe [1]

Figure 3: Left : ∂I/∂V (in units of 2e2/h) as a function of bias and position along the

nanowire. Right: ∂I/∂V at the end of the substrate as a function of temperature for two

values of the transmission.

Figure 4: ∂I/∂V at Vbias = ∆tip as a

function of position along the nanowire for

various values of the tunneling strength.

I The temperature does not affect
much the signal [3].

I Maximum of conductance comes
close to (4− π)2e2/h [3].

I Weaker tunneling strength (than
the normal metal tip case) is
necessary to reach the maximum of
conductance.

Conclusion

I ∂I/∂V catches perfectly the localization length and the oscillation period
of the Majorana wave function.

I Good reconstruction of the wave function for weak tunneling and small tem-
perature (Exponential decay).

I The superconducting tip is more efficient in the sense that we need a weaker
tunneling strength to get the information on the wave function oscillations.

I The temperature broadening is strongly suppressed in the case of the super-
conducting probe.
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