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There has been a recent interest in superconductor-magnetic insulator hybrid Rashba nanowire
setups for potentially hosting Majorana zero modes at smaller external Zeeman őelds. Using
the Keldysh non-equilibrium Green’s function technique, we develop a detailed quantum trans-
port approach that accounts for the complex interplay between the quasiparticle dynamics in the
superconductor-magnetic insulator bilayer structure, and the transport processes through the semi-
conducting Rashba nanowire. We provide a detailed analysis of three terminal setups to probe the
local and non-local conductance spectra in both the pristine as well as the disordered nanowire se-
tups. We uncover the Majorana conductance quantization scaling with the bilayer coupling and the
signatures of the gap closing and reopening followed by the emergence of near-zero energy states,
which can be attributed to topological zero modes in the clean limit. However, in the presence of a
smoothly varying disorder potential, trivial Andreev bound states may form with signatures remi-
niscent of topological zero modes in the form of a premature gap closure in the conductance spectra.
Our results therefore provide transport-based analysis of the operating regimes that support the
formation of Majorana modes in these hybrid systems of current interest, while investigating the
effect of disorder on experimentally relevant device structures.

I. INTRODUCTION

Rashba nanowire-superconductor hybrid systems
[1–7] are the front-running platforms for detecting and
manipulating Majorana zero modes (MZMs) [8–12].
The quantized zero-bias conductance peak (ZBCP),
observed in two terminal setups featuring the normal
metal - topological superconductor (N-TS) link, once
considered to be a definitive signature of Majorana
zero modes [13–18], has become a controversial issue.
Quasi-MZMs [19–22], which are near-zero energy trivial
Andreev bound states (ABS) mimic most of the MZM
signatures. As a result, recent efforts [23–30] have
focused on distinguishing between trivial and topological
zero-energy modes. Recent proposals have consid-
ered measuring all the elements of the conductance
matrix, particularly focusing on non-local transport
measurements using three-terminal normal-topological
superconductor-normal (N-TS-N) setups to identify
the bulk-gap closing and reopening, which separates
the trivial and topological regimes [31–36]. Non-local
conductance signatures could supplement the local con-
ductance measurements in identifying MZM signatures
by detecting non-trivial correlations particularly in the
presence of disorder.

With the aforementioned on one hand, the basic
Rashba wire setup has further drawbacks which includes
the requirement of large magnetic fields that could
potentially destroy superconductivity [37–40] apart from
the practicalities of precise magnetic field alignment
[41]. Recently, efforts are being made towards realizing
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topological superconductivity with zero external mag-
netic fields by using proximity effects from magnetic
insulators (MI) [42–52]. Recent experimental [43] and
theoretical works [44–48, 51] featuring this setup indicate
that at very low external magnetic fields, or even zero
external magnetic fields, a topological MZM phase can
emerge. The object of this paper is hence to provide an
in-depth analysis of the transport signatures of MZMs
in these structures, particularly focusing on the local
and non-local conductance spectra in both pristine and
disordered nanowires.

Using the Keldysh non-equilibrium Green’s function
(NEGF) technique, we develop a detailed quantum trans-
port approach that accounts for the complex interplay be-
tween the quasiparticle dynamics in the superconductor-
magnetic insulator (SC-MI) bilayer structure, and the
transport processes through the semiconducting Rashba
nanowire. Using this, we provide a detailed analysis of
three terminal setups to probe the local and non-local
conductance spectra in both the pristine as well as the
disordered cases. We uncover the conductance quantiza-
tion scaling with the bilayer coupling and the signatures
of the gap closing followed by the emergence of near-
zero energy states, which can be attributed to the zero
modes in the clean nanowire. However, in the presence
of a smoothly varying disorder potential, trivial Andreev
bound states may form with signatures reminiscent of
topological zero modes.

II. RESULTS AND DISCUSSIONS

We consider semiconductor nanowires (SM) with
Rashba-spin-orbit coupling with epitaxial layers of su-
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FIG. 1. Device schematics. (a) Cross section of Rashba
nanowire epitaxially epitaxially coated with SC and MI, show-
ing overlapping superconducting and magnetic-insulator lay-
ers. (b) A 3-D schematic of the device setup with the nanowire
connected to two normal contacts via tunnel barriers, and a
gate to control chemical potential, µ. (c) and (d) Effective
1D models used for computation, treating MI-SC as a stacked
bilayer, with the homogeneous and inhomogeneous chemical
potential proőles shown below.

perconductors (SC) (usually Al/Pb) and magnetic insu-
lators (MI) (usually EuS), as depicted in Fig. 1(a). We
then consider the device geometry where the MI and SC
are in contact with the SM individually and overlap with
each other, and connected to metallic leads as depicted
in Fig. 1(b). The isolated Rashba nanowire is described
by the following Hamiltonian:

HSM = V SM
Z σ̂x + (

ℏ
2k2

2m∗
− µ+ αRkσ̂y)τ̂z, (1)

Where V SM
Z is the Zeeman Hamiltonian in the SM, µ is

the electrochemical potential, αR is the strength of the
Rashba spin-orbit coupling, m∗ is the effective mass of
the electron and σ̂i, τ̂i, are the Pauli matrices in the spin
and the particle-hole space, respectively.

The effects of the SC-MI bilayer are accounted for as a
self-energy term in the Green’s function for the nanowire
and the effect of the direct coupling of the MI to the
nanowire is taken to be an effective Zeeman field in the
wire. We also use the self-consistent value of the su-
perconducting gap, ∆, calculated from the bare super-
conducting gap ∆0 of the parent superconductor in the
presence of the Zeeman field and scattering processes.
The process of obtaining this is involved and has been de-
scribed in the supplementary material. We use ∆0 = 0.23
meV, m∗ = 0.015me, where me is the electron rest mass,
for all our simulations.

In order to model the system to simulate transport
measurements, we reduce the hexagonal nanowire to a
quasi one-dimensional system [48] as shown in Fig. 1 (c)
and (d). An external Zeeman field is applied which is
anti-parallel to the magnetization in the MI. It reduces
the Zeeman term in the Hamiltonian of the SC, but in-
creases the Zeeman field in the normal metal. We pa-
rameterize the Zeeman fields in the SC and the SM in

FIG. 2. MZMs in the structure. (a), (b) DOS of the device re-
gion for nanowire lengths (a) 2.25µm, and (b) 4.5µm. The low
energy DOS shows the gap closing, followed by the emergence
of a state near zero energy. The splitting of this low energy
state is greater for shorter nanowires than longer nanowires.
(c) and (d) LDOS proőles at V ext

Z = 0.1∆0 which clearly
show the localization of the zero energy states at the ends of
the nanowire, consistent with the appearance of MZMs. The
longer (length 4.5µm) nanowire (d) shows a greater degree of
localization than the shorter (length 2.25µm) nanowire (c)

terms of the field directly induced in the SC due to the
MI (V SC

0 ), and the coupling strengths of the SC and SM
nanowire to the external magnetic field, (gSC , gSM ) as
follows:

V SC
Z = V SC

0 + gSCV
Z
ext

V SM
Z = gSMV

Z
ext.

(2)

We use gSC = 2, gSM = −15 for our calculations,
closely following the setup in [48], used for equilibrium
calculations.

We first present the numerical results for the pristine
nanowire, in the absence of an inhomogeneous potential.
The low energy density of states (DOS) shown in Figs. 2
(a) and (b) illustrates the lowest ABS which form a near-
zero energy oscillating mode after the topological tran-
sition, which is marked by the bulk gap closing and re-
opening. The bulk gap closing and reopening is more
prominent in the longer nanowire than the shorter one,
since there are more sub-gap states. As the length of the
nanowire increases, the oscillations around zero-energy
are exponentially suppressed.
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FIG. 3. Scaling of conductance quantization with bilayer coupling. (a) and (b) Low bias differential conductance plots for
nanowire length (c) 4.5µm, and (d)2.25µm). The topological region (V ext

Z = 0.07∆0) (orange) and trivial region (V ext

Z =
0.005∆0) (green). The topological regime shows clear conductance peaks absent in the trivial regime, though not quantized.
The splitting of the zero bias peak can be seen for the shorter nanowire, consistent with Fig. 2.(c) Shows that as the coupling
to the normal contacts, γ, is increased, so that it becomes much larger than the coupling, γSC , between the nanowire and the
SC-MI bilayer, the peak asymptotically reaches the expected quantized value.

The local density of states (LDOS) corresponding to
these nanowires shows that the zero energy state is well
localised at both ends, and more prominently so in the

FIG. 4. Conductance spectra for the clean nanowire. (a) Lo-
cal and (b) non-local conductance signatures for a nanowire
of length 2.25 µm, with a potential proőle as shown in Fig.
1(c). (c) Local and (d) non-local conductance spectra for a
nanowire of length 4.5 µm, with a potential proőle as shown in
Fig. 1(c). Both the local and the non-local conductances show
the bulk gap closing and reopening, which signals a topologi-
cal transition, followed by the emergence of a near-zero energy
state with a splitting that oscillates as a function of the ex-
ternally applied magnetic őeld.

longer nanowire. The LDOS plots also show a greater
splitting in energy around the zero energy for the shorter
nanowire than the longer nanowire. While on closer in-
spection, the longer nanowire also shows some splitting,
in reasonable experimental measurements we expect to
see a single broadened peak. These observations are due
to the hybridization of the MZMs when they overlap
in finite nanowires, resulting in a splitting of the zero
mode [53]. The hybridization of the MZMs through the
nanowire is suppressed with increasing length [54–56],
which is consistent with our observations.

In Fig. 3, we plot the differential conductance for a
clean nanowire with chemical potential µ = 0.125meV
and find a clear zero bias conductance peak in the topo-
logical regime, and no peak near zero energy in the topo-
logically trivial regime. The peak is close to the quan-

tized value of e2

h
expected from an MZM in an N-S-N

setup under symmetric biasing [54, 55], but is smaller.
We attribute this observation to the level broadening in
the presence of the proximitising SC-MI bilayer which ef-
fectively acts as an extra contact [57] and induces further
broadening compared to a two-terminal N-TS-N device.
This is also borne out by the fact that as the coupling
to the metallic contacts becomes much stronger than the
coupling to the bilayer, the ZBCP asymptotically reaches
the quantized value, since the broadening due to the ef-
fective MI-SC bilayer becomes negligible in comparison
to the broadening induced by the metallic contacts. It
should also be noted that the exactness of the quanti-
zation would also depend on the external magnetic field
because the Majorana overlap energy oscillates with the
externally applied magnetic field. As the overlap energy
of the MZMs at the ends of the nanowire varies, the peak
value of the ZBCP also changes [58]. This figure clearly
elucidates the effect of introducing the bilayer on the ac-
tual conductance quantization of MZMs in the setup.

Both the local and non-local conductances spectra for
the pristine nanowire are shown in Fig. 4, which exhibit
similar features, that is, the bulk gap closing and reopen-
ing followed by the emergence of Majorana oscillations
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FIG. 5. Conductance spectra for the disordered nanowire. (a) Low Energy DOS (b) non-local and (c) local conductance spectra
for a nanowire of length 4.5 µm, with a potential proőle as shown in Fig. 1(d). (d) Low energy DOS, (e) the non-local and
(f) the local conductance conductance spectra for a nanowire of length 2.25 µm, with a potential proőle as shown in Fig. 1(d).
For the long nanowire, we see premature emergence of a quasi-MZMs before the bulk gap closing and reopening.

around zero energy. Since the zero modes appear after
the closure of the bulk gap, we can conclude that they are
not quasi-MZMs, but may indeed be topological MZMs
[59]. We also note that a finite low-bias non-local con-
ductance only emerges after the topological transition.
The low bias non-local conductance is rectifying in na-
ture [31] and switches sign as the the voltage polarity is
reversed. At the turning points, the non-local conduc-
tance vanishes.

For a single ABS level in the sub-gap region, there is a
correspondence between the non-local conductance and
the BCS charges of the bound state at the leads [60]. We
can see that the BCS charge and the energy splitting os-
cillate out of phase. The vanishing of the non-local con-
ductance at the turning points is a signature expected
from hybridized MZMs, which should be chargeless at
turning points. The local conductance is almost quan-

tized at 2e2

h
where the Majorana splitting goes to zero.

The deviation from the precise quantization value may
be attributed to contact broadening, and due to the fact
that we have three contacts in our system, as elaborated
previously. At the points where the Majorana overlap

energy becomes significant, the value of the local con-
ductance drops further.

In presence of a smoothly-varying potential barrier, the
formation of quasi-MZMs is expected [61–67]. They char-
acteristically appear in the topologically trivial regime
before the closure of the bulk gap, mimicking many sig-
natures originally considered as ‘smoking gun signatures’
for MZMs including oscillations with the externally ap-
plied magnetic field, and with the associated local con-

ductance quantized at values close to 2e2

h
. It is expected

that systems which show quasi-MZMs, will also exhibit
true MZMs in the topological phase on increasing the
external Zeeman field. For such a disordered case, for
the longer nanowire, as shown in Fig. 5(a),(b) and (c),
in the DOS, we find signatures characteristic of a quasi-
MZM state, followed by a gap reopening signature and
the emergence of a potential topological MZM. The local
conductance in this case is quite deceptive since we see
a premature gap closing and the bulk-gap reopening sig-
nature is extremely faint.

The quasi-MZM and the true MZM regions are quite
difficult to distinguish. In the non-local conductance plot



5

seen in Fig. 5(b), the bulk-gap reopening is seen more
prominently. The non-local conductance shows signa-
tures of both the quasi-MZM and the topological MZM
states, which can be distinguished by their position with
respect to the reopening of the bulk gap [61]. For the
shorter nanowire, as seen in Figs. 5 (d),(e) and (f), the
local and the non-local conductance spectra both show
the gap closing and reopening followed by the emergence
of MZMs, which oscillate in energy as the Zeeman field
is increased. At the points where the splitting is zero,
the local conductance is quantized at values very close to
2e2

h
. We do not find any signatures of quasi-MZM states

in this device. An interesting point to note is that the
local conductance exhibits signs of negative differential
conductance. It is also worth noting that especially for
longer nanowires, neither the local nor the non-local con-
ductance alone has the entire information regarding the
channel DOS, that arises from its eigenspectrum.

The MZMs are protected by a clear topological gap
both for the pristine nanowire and for the nanowire with
a smoothly varying background potential. The local con-
ductance fails to probe the bulk states for sufficiently
long nanowires. Before one lays claim to having observed
topological MZMs, it is necessary to measure the entire
conductance matrix to probe a device and investigate
whether the zero bias peaks at both the contacts or on
both the sides are correlated and emerging after the bulk
gap closing and reopening,

To conclude, using the NEGF technique, we developed
a detailed quantum transport approach that accounts for
the complex interplay between the quasiparticle dynam-
ics in the SC-MI bilayer structure, and the transport
processes through the semiconducting Rashba nanowire.
We provided a detailed analysis of three terminal setups
to probe the local and non-local conductance spectra in
both the pristine as well as the disordered limits. We
uncovered the conductance quantization scaling with the
bilayer coupling and the signatures of the gap closing
followed by the emergence of near-zero energy states,
which can be attributed to the topological zero modes
in the clean nanowire limit. However, in the presence
of a smoothly varying potential, trivial Andreev bound
states may form with signatures reminiscent of topologi-
cal zero modes in the form of a premature gap closure in
the conductance spectra. Our results therefore provide
transport-based analysis of the operating regimes that
support the formation of MZMs in these hybrid systems
of current interest, while considering experimentally rel-
evant device structures with realistic disordered poten-
tials accounting for shallow tunnel barriers which may
be formed inside the hybrid nanowire structure. Having
set the stage for understanding device modeling in these
emerging structures, the technique can also be easily ex-
tended to account for other experimental device designs
and also the inclusion of scattering effects [54, 68] inside
the nanowire channel.

III. METHODS

We discretize the Hamiltonian of the system (2) on
a 1D lattice with N sites, and write the Green’s func-

tion in the Nambu spinor basis [69] (ψ↑, ψ↓,−ψ
†
↑, ψ

†
↓)

T .
The Hamiltonian for the Rashba nanowire and the self-
energies corresponding to the metallic contacts and the
SC-MI bilayer, are then used obtain the retarded Green’s
function for the hybrid device which is used for our trans-
port calculations,

GR = [(E + iη)I−HSM − ΣL − ΣR − Σ′]
−1
, (3)

where η is an infinitesimal positive damping parameter
introduced for numerical stability, and I is the identity
matrix of the dimension of the Hamiltonian matrix in
Nambu space. In the wide-band approximation [54–56],
the self energies for the metallic contacts, ΣL(R), are writ-
ten in their eigenbasis and are hence diagonal, as detailed
in the supplementary material. We use the Usadel equa-
tion, which is derived from a quasi-classical approxima-
tion to the Gorkov equations, to find the Green’s func-
tion, and hence, the self-energy, Σ

′

for the SC-MI bilayer
[48]. The effect of the proximity of the MI on the SC can
be taken into account in the boundary conditions of the
Usadel equation. The MI layer induces a uniform Zeeman
field V SC

Z in the diffusive superconductor[70]. The Usadel
equation is then solved with the self-consistent value of ∆
to obtain the quasi-classical Green’s function for the bi-
layer, ǧ. The gap is induced in the bare Rashba nanowire
by considering the proximity effect of the bilayer, which
is taken into account using the self energy, Σ

′

which can
be obtained from the semi-classical Green’s function, ǧ.
The imaginary part of Σ

′

connects the electron and hole
subspaces, thus, inducing a gap in the system.

We also take into account spin-orbit and spin-flip scat-
tering in the SC, by adding a scattering self-energy term
in the Usadel equation. The energy scales for the spin-
orbit and spin-flip relaxation processes are characterised
by Γso,Γsf respectively. We take Γso = Γsf = 0.4∆0 for
our simulations unless stated otherwise. We also use the
Usadel Equation to calculate the self-consistent value of
the superconducting gap in the presence of an external
magnetic field. For this, we solve the Usadel equation
self-consistently with the superconducting gap equation
along with a thermodynamic constraint as outlined in the
supplementary material.

We use the retarded Green’s function defined above
to calculate the conductance matrix for this setup [54–
56, 69]. As shown in Fig. 1, we apply voltages VL(R)

to the left and right contacts and measure terminal cur-
rents IL(R). We use the Keldysh non-equilibrium Green’s
function formalism to evaluate the terminal currents [54–
56, 69]. The terminal electronic current at the left con-
tact [71] can be derived in the Landauer Büttiker form
as:
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I
(e)
L =−

e

h

{∫

dET
(e)
A (E) [f (E − eVL)− f (E + eVL)]

+

∫

dET
(e)
CAR(E) [f (E − eVL)− f (E + eVR)]

+

∫

dET
(e)
D (E) [f (E − eVL)− f (E − eVR)]

}

+ I ′,

(4)

where, T
(e)
D (E), T

(e)
A (E), and T

(e)
CAR(E) represent the en-

ergy resolved transmission probabilities for the direct,
Andreev and crossed-Andreev processes involving the left
and right contacts for the electronic sector of the Nambu
space and I’ is the extra current due to the SC-MI bilayer
acting as an effective contact, derived in the supplemen-
tary material.

Using the expressions for the terminal currents from
above, the conductance matrix [G] can be defined as:

[G] =





GLL GLR

GRL GRR



 =







∂IL
∂VL

∣

∣

∣

VR=0

∂IL
∂VR

∣

∣

∣

VL=0

∂IR
∂VL

∣

∣

∣

VR=0

∂IR
∂VR

∣

∣

∣

VL=0






,

(5)
The diagonal matrix elements represent the local conduc-
tance at the left and right contacts, and the off-diagonal
components represent the non-local conductance.

The local conductance at the left contact can be de-
rived by taking a partial derivative of the left terminal
current (IL), as given in (4), with the left contact voltage
(VL), and the right contact voltage (VR) set to zero, and

is given by : GLL = ∂IL
∂VL

∣

∣

∣

VR=0
. Using this, we derive the

following expression for the local conductance using the
Landauer Büttiker form

GLL(V )|T→0 ≡
e2

h
[TA(E = eV ) + TA(E = −eV ) +

TCAR(E = eV ) + TD(E = eV ) +G
′

LL(V )
]

,

(6)

The term G
′

LL(V ) is due to currents flowing into the
SC-MI bilayer[56].

The non-local conductance formula can similarly be
derived by taking a partial derivative of the left terminal
current (IL), as given in (4), over the right terminal volt-
age (VR), with the left terminal voltage (VL) set to zero,

such that, GLR = ∂IL
∂VR

∣

∣

∣

VL=0
.

GLR(V )|T→0 ≡
e2

h
[TCAR(E = −eV )− TD(E = eV )] .

(7)

Using the above, we have analysed the local and non-
local conductances of the device in both the pristine and
disordered setups.
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