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Abstract We propose a novel platform for the creation and manipulation of Majorana zero modes consisting of

a ferromagnetic metallic wire placed between conventional superconductors which are in proximity to ferromag-

netic insulators. Our device relies on the interplay of applied supercurrents and exchange fields emerging from

the ferromagnetic insulators. We assert that the proposed superconductor/ferromagnet heterostructures exhibit

enhanced controllability, since topological superconductivity can be tuned apart from gate voltages applied on the

ferromagnetic wire, also by manipulating the applied supercurrents and/or the magnetisation of the ferromagnetic

insulators.

1 Introduction

Topological quantum computation is the most promis-

ing answer to the quantum decoherence problem hin-

dering the development of quantum computers [1]. Topo-

logically protected qubits formed by non-Abelian anyons

would allow to store and process quantum informa-
tion in decoherence-resilient schemes. Majorana zero

modes (MZMs) are arguably the most natural realiza-

tion of such non-Abelian anyons. Indeed, MZMs are ex-

pected to emerge at the edges of 1D [2] and at the vor-

tices of 2D [3] topological p-wave superconductors but

unfortunately p-wave superconductivity appears to be

scarce in nature. However, a topological p-wave super-

conducting state has been demonstrated to emerge in

heterostructures comprising topological insulators and

conventional superconductors [4], where proximity in-

duced singlet superconductivity pairs the helical states

confined at the boundaries of the topological insulator

realising an effectively spinless superconducting state.

Following this seminal work numerous proposals have

been put forward involving superconductor-semicondu

ctor heterostructures [5,6,7], non-centrosymmetric su-

perconductors [8], surfaces of heavy metals [9], the quan-

tum anomalous Hall state [10] and 2D electron gases
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[11]. Key elements for realising effectively spinless su-

perconductivity in all the aforementioned proposals, is

spin momentum locking and a Zeeman energy term,

thereby many schemes for realising MZMs rely on ef-

fective spin orbit coupling emerging from the applica-

tion of laser beams in ultracold atoms superfluids [12],

nanomagnets in superconducting wires [13] or carbon

nanoribbons [14], magnetic tunnel junctions in proxi-

mized 2D electron gases [15], from the helical ordering

of magnetic adatoms embedded in conventional super-

conductors [16,17,18,19,20] as well as from the curved

geometry of carbon nanotubes [21] and semiconducting

wires [22] and from the spatially modulated width of

planar Josephson junctions [23]. Moreover, in most of

the above setups for engineering MZMs, the required

Zeeman energy is provided by the application of an ex-

ternal magnetic field. Superconductor/ferromagnet het-

erostructures (SC-FM) support the emergence of topo-

logical superconductivity without the requirement of

an external magnetic field, as has been already demon-

strated for ferromagnetic metal/superconductor hetero

structures with spin active interfaces [24,25] and fer-

romagnetically aligned magnetic adatoms chains em-

bedded in conventional superconductors with spin or-

bit coupling [26]. However, the particular ferromagnet-

superconductor heterostructures exhibit limited control-

lability of the emergent MZMs.
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Here we propose such a platform for engineering

controllable TSC and MZMs based on superconduc-

tor/ferromagnet heterostructures and the application of

supercurrents and gate voltages. The heterostructures

consist of a ferromagnetic metallic wire (FM) placed

among conventional superconductors (SCs) which are

in proximity to ferromagnetic insulators (FIs) (see Fig.

1). The general underlying mechanism has already been

presented in our previous publication [27] and consists

of two stages. In the first stage, triplet p-wave corre-

lations are induced in the SCs, due to the coexistence

of conventional superconductivity with applied super-

currents and exchange fields emerging from the FIs.

As we show below, the d-vector [28] of the induced p-

wave correlations is parallel to polarization of the ex-

change field of the FIs. In the second stage, these p-

wave correlations mediate into the FM where an anal-

ogous to Kitaev’s chain spinless superconducting state

is realised provided the magnetisation of the wire and

the d-vector of the p-wave correlations are misaligned.

We demonstrate that our device platform exhibits en-

hanced controllability through the externally applied

supercurrents and the manipulation of the exchange

fields resulting from the FIs, which can be achieved by

the use of currents [29] or applied gate voltages [30,31].

We remark that although supercurrents were involved

in other proposals for engineering MZMs [32,33,34,35,

36,37], in our device they do not constitute simply an

alternative to magnetic fields, but instead they can be

also exploited to manipulate the phase of the induced

TSC, a property crucial for designing feasible braiding

schemes.

2 Induced p-wave superconductivity

Initially, we describe how the coexistence of conven-

tional superconductivity, supercurrents and exchange

fields induces triplet p-wave correlations with a d-vector

parallel to the polarization of the exchange fields. As we

have already pointed out in [27] these four fields or or-

der parameters constitute a quartet [38] meaning that

the presence of any three of them induces the missing

fourth one. To this end we employ the following Hamil-

tonian representing a 1D SC,

H =

∫
Ψ †

(
[
∂2x
2m

+ µ]τz + τzh · σ̃ +∆τyσy

)
Ψ (1)

where Ψ † = (ψ†
↑, ψ

†
↓, ψ↑, ψ↓) the extended Nambu spinor

and τ and σ̃ = (σx, τzσy, σz) are the Pauli matrices

acting on particle-hole and spin space, respectively, h

the exchange field and ∆ = |∆|eiJxτz the singlet su-

perconducting field which acquires a phase gradient J

proportional to the applied supercurrent density. Un-

der the gauge transformation Ψ(x) → e−iJ/2xτzΨ(x) ki-

netic term
∂2
x

2m transforms to
∂2
x

2m + i J
2m∂x−

J2

8mτz where

i J
2m∂x is the velocity corresponding to the supercurrent

density and − J2

8mτz can be absorbed in the chemical

potential µ. Thus, Hamiltonian Eq. 1 takes the form

H =
∫
dxΨ†

(
[
∂2
x

2m+µ]τz+ i
J
2m∂x+τzh · σ̃+ |∆|τyσy

)
Ψ .

For periodic boundary conditions, a Fourier transfor-

mation to momentum k space leads to the energy bands

of the wire Es,±(k) = −sh+ J
2mk±

√(
k2

2m − µ
)2

+∆2,

where s = ±, with + and − corresponding to different

spin configurations depending on the orientation of the

h.

For translationally invariant systems, p-wave triplet

correlations derive from equation

< ∆p >∝
1

β
Σiωn

Tr{kτxd · σ̃iσyĜ(k, iωn)} , (2)

where Ĝ(k, iωn) the Matsubara Green’s function with

ωn = (2n + 1)π/β the fermion frequencies and β ∝
1/T the inverse of temperature. The above expression

simplifies to

< ∆p >∝
∑
k

∑
m

nF (Em)

[U(k)†kτxd · σ̃iσyU(k)]mm , (3)

wherem is the energy band index, U(k) the transforma-

tion matrix which diagonalises the Hamiltonian matrix

Ĥ(k) while []mm denotes the m diagonal term of the

corresponding matrix. Based on the above analysis it is

straightforward to derive the expression

< ∆p,d∥h >∝
∑
k

k
∆√

∆2 + ( k2

2m − µ)2
·

[
nF (Es,−)− nF (Es′,+)− [nF (Es′,−)− nF (Es,+)

]
(4)

for the triplet correlations with d ∥ h. Since for h = 0,

nF (Es,±) = nF (Es′,±), triplet correlations vanish, <

∆p,d∥h >= 0. Similarly, for J = 0 we get < ∆p,d∥h >=

0, since the expression k (nF (Es,−) + nF (Es′,+)

−[nF (Es,+) + nF (Es′,−)]) is odd in momenta k. How-

ever, when both h and J are finite, both spin and spa-

tial inversion symmetries break, leading to a finite sum

for triplet correlations < ∆p,d∥h >. Regarding corre-

lations < ∆p,d⊥h >, matrix [U(k)†kτxd⊥h · σ̃iσyU(k)]

has no diagonal elements, therefore they vanish. Thus,

only when h and J are both finite in a conventional su-

perconductor ∆, < ∆p,d∥h > correlations are induced.
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Fig. 1 a) Device for engineering controllable MZMs based
on superconductor-ferromagnet heterostructures. A ferro-
magnetic metallic wire (FM) is placed between two conven-
tional superconductors (SCs) where supercurrents (blue ar-
rows) are applied in an anti-parallel configuration. Exchange
fields are induced in the SCs due to proximity with the ferro-
magnetic insulators (FIs). The optimal configuration is when
the magnetisations of the FIs (black arrows) is perpendicular
to that of the FM (white arrow) and anti-parallel with each
other. The application of supercurrent J and exchange field
hx in the SC induces an equal spin triplet pairing component
(blue dots) which mediates in the FM resulting in the emer-
gence of MZMs γa = (ψ†+ψ) (yellow dot) and γb = i(ψ†−ψ)
(green dot) at the edges of the wire. b) The energy bands
of a system with an applied current J and a hx exchange
field. The singlet superconducting field ∆ pairs electron from
different bands. The application of J and hx results in an
imbalance of singlet pairing between the two spin configura-
tions, and therefore an equal spin triplet pairing component is
induced. However, the induced triplet superconducting field
still pairs electrons from different bands. c) The induced equal
spin triplet superconducting correlations ∆p mediate in the
FM where an exchange field hz is present. In the spin con-
figuration of the energy bands of FM, ∆p pairs electrons of
the same band, i. e. intraband pairing, realising an effectively
spinless superconducting state.

From Eq. 4 it becomes apparent that < ∆p,d∥h > corre-

lations emerge from the imbalance among the two con-

figurations ψ†
k,sψ

†
−k,s′ and ψ†

k,s′ψ
†
−k,s of the interband

singlet pairing (See Sup. Mat.). Moreover, since J →
−J leads to Es,±(k) → Es,±(−k) we get < ∆p,d∥h >→
− < ∆p,d∥h > or equivalently the phase of the triplet

order parameter changes by π. Most importantly, there

are no threshold values for h and J in order for <

∆p,d∥h > correlations to be induced. Therefore the par-

ticular mechanism is valid even for small values of these

parameters which leave conventional superconductivity

unaffected.

3 Topological superconductivity in

superconductor-ferromagnet heterostructures

Evidently, topological superconductivity cannot be re-

alised simply by applying a supercurrent in a supercon-

ducting wire under the presence of an exchange field,

since the emergent triplet pairing correlations are par-

allel to the polarization of the exchange field and there-

fore connect different energy bands of the wire, i.e. we

get interband triplet pairing. In order to realise MZMs

we need intraband superconductivity. In our device in-

traband superconductivity emerges in the FM where

the triplet correlations induced in the conventional SCs

mediate by means of the proximity effect. Necessary

condition for the emergence of intraband superconduc-

tivity is that the exchange field h of the wire and the d

vector of the induced triplet correlations are misaligned.

Therefore, a topological superconducting state is re-

alised in a FM separating two conventional SCs when

supercurrents are applied in an antiparallel configura-

tion and the exchange fields are perpendicular to the

magnetisation of the wire and antiparallel to each other

(see Fig. 1). The antiparallel configuration guarantees

that the supercurrent and the exchange field vanish into

the wire and therefore no < ∆p,d∥hFM
> correlations

are induced there. Although this is the optimal config-

uration, we show that TSC is realised even for small

misalignment angles among the magnetisations of the

FM and the FIs and even for not exactly anti-parallel

supercurrents and exchange fields (see Fig: 2).

In order to illustrate numerically the above argu-

ments we employ a lattice Bogoliubov de Gennes equa-

tion, H =
∑

i,j Ψ
†
i Ĥi,jΨj , which describes the SC-FM-

SC presented in Fig. 1. The lattice Hamiltonian consists

of three parts which describe each region of the het-

erostructure separately and a corresponding coupling

Hamiltonian. In particular, we have

H = [Hl,SC +Hl,tc +HFM +Hr,tc +Hr,SC ] , (5)

where

Ha,SC =
∑
i,j

Ψ †
a,i,SC [ (tfi,j + µSC)τz + ha,SCτzσx

+ ∆τyσy + Ja,SCg
z
i,j

]
Ψa,j,SC

(6)

the Hamiltonian of the superconductor, with a = l, r for

the left and right SC respectively, and hl,SC = −hr,SC ,

Jl,SC = −Jr,SC , while
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HFM =
∑
i,j

Ψ †
i,FM [(tfi,j + µFM )τz + hFMτzσz]Ψj,FM

(7)

the 1D Hamiltonian of the FM wire. We remark that

part Ha,SC of the Hamiltonian Eq. 5 is the lattice coun-

terpart of Hamiltonian Eq. 1 extended in two dimen-

sions. We have introduced the Nambu spinors Ψ †
a,i,SC =

(ψ†
a,↑,i, ψ

†
a,↓,i, ψa,↑,i, ψa,↓,i) and Ψ

†
i,FM = (ψ†

↑,i, ψ
†
↓,i, ψ↑,i,

ψ↓,i), where ψ
(†)
a,s,i creates (destroys) an electron with

spin s at lattice site i in the a SC, while ψ
(†)
s,i cre-

ates(destroys) an electron with spin s at lattice site i

in the FM wire. We have also employed the Pauli ma-

trices τ and σ acting on particle-hole and spin space

respectively, and the functions fi,j = δj,i±x̂ + δj,i±ẑ

and gi,j = (gxi,j , g
z
i,j) = (±iδj,i±x̂,±iδj,i±ẑ), even and

odd in spatial inversion, connecting nearest neighbours

lattice points. Moreover, t is the hopping integral, µSC

and µFM the chemical potential in the superconducting

regions and the ferromagnetic wire respectively, while

ha,SC and hFM are the corresponding exchange fields.

Moreover, we include the conventional superconduct-

ing field ∆ and the supercurrent density term Ja,SC .

The SCs are connected with the FM wire through the

following coupling Hamiltonian

Ha,tc =
∑
i,j,s

tcψ
†
a,i,j,sψi,j,s +H.c. . (8)

The proximity to the FIs is modelled by considering the
finite exchange fields ha,SC over the SC regions emerg-

ing from the interfacial exchange interaction between

the localized magnetic moments of the FIs and the

SCs conduction band electrons. The dependence of the

emerging MZMs on the width of the conventional su-

perconductors eludes this simplified model and will be

examined in a more detailed work. However, the width

of the conventional superconductors along the x-axis is

not important when the FIs are deposited on top or be-

low the SCs. MZMs are anticipated to emerge localised

at the edges of the wire for |2t −
√

(hFM )2 −∆′2| <
|µFM | < |2t+

√
(hFM )2 −∆′2| where ∆′ is the induced

by proximity singlet superconducting field over the FM

[27]. From Fig. 2a we conclude that the hopping term

along the wire is renormalised to t′ ≃ 0.85t, due to

the coupling of the wire to the SCs [39]. Figs. 2 b),c)

and d) demonstrate the significant robustness of our

device against deviations from the optimal antiparallel

alignment of the magnetisation in the FIs and the an-

tiparallel configuration of the supercurrents in the SCs.
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Fig. 2 a) The low energy spectrum of the device as a func-
tion of the chemical potential of the wire µFM/t, where
∆/t = 0.5, µSC/t = 0, |JSC |/t = 0.2 and |hSC |/t = 0.2.
Eigenenergies are normalised with respect to energy gap Eg,0

for µFM = 0 and hFM/t = 2.4. b) The energy gap in the
wire for hFM/t = µFM/t = 2.4 with respect to the ratio
of the magnitude of the supercurrents |Jl,SC |,|Jr,SC | in the
left and the right SC, respectively. The supercurrents flow
in the opposite direction. The energy spectrum is normalised
to the energy gap Eg,1 corresponding to Jl,SC = −Jr,SC .
c) Low energy excitation spectrum as a function of the ra-
tio hl,SC/hr,SC of the exchange fields along the x-axis in
the left and right SC. The antiparallel configuration leads to
the maximum energy gap. d) The dependence of the excita-
tion spectrum on the rotation angle θ of hr,SC over the right
SC in the x − z plane, where for θ = 0, hr,SC = −hl,SC

along the x-axis. Energies in c) are normalised to Eg,−1 cor-
responding to hl,SC = −hr,SC , while in d) are normalised to
Eg,0 for θ = 0. The device appears to be more robust against
deviations from the optimal anti-parallel configuration of the
exchange fields.

4 Controlling Majorana zero modes

To demonstrate the controllability of our setup we con-

sider a junction between two ferromagnetic wires FM1

and FM2 as depicted in Fig. 3. The conventional su-

perconductors in this configuration are separated by an

insulator in order for the supercurrents adjacent of FM1

and FM2 to be controlled independently. First, we con-

sider a sinusoidal variation J = J0 cos(ϕ) of the magni-

tude of the supercurrents applied in the SCs that are ad-

jacent to the FM2, where ϕ is just a parameter without

any physical meaning. The supercurrents always flow in

opposite directions. In Fig. 3 is presented the supercur-

rents configuration for ϕ = π while in Fig. 4a) is shown

the low-energy spectrum of this junction with respect

to parameter ϕ. The FM wires are coupled through the

insulating region with a hopping term tc = 0.5t. For

−π/2 < ϕ < π/2, the superconducting states in the

two FMs acquire the same phase (0- Josepshon junc-

tion) and MZMs γ1,b localised in the right edge of FM1
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and γ2,a localised at the left edge of the FM2 inter-

act with each other giving rise to an ordinary fermionic

state with finite energy. The other two MZMs γ1,a at

the left edge of FM1 and γ2,b at the right edge of FM2

remain unpaired and therefore stick at zero energy. For

ϕ = ±π/2 the energy gap in FM2 closes and MZMs

γ2,a and γ2,b fuse, while γ1,a and γ1,b remain uncou-

pled. Remarkably for π/2 < ϕ < 3π/2, for which the

supercurrent flow is reversed on both sides of FM2, the

phase of the induced p-wave superconductivity in FM2

changes by π leading to the formation of a π-Josepshon

junction among the FM wires. The reversal of the flow

of the supercurrent leads to an interchange of the posi-

tion of γ2,a and γ2,b. Since in our case Majorana oper-

ators, γb and γa have opposite time-reversal T parities,

TγaT
−1 = γa while TγbT

−1 = −γb, the coupling term

iγ1,bγ2,b is odd in time-reversal [40]. However, in our

setup the two FM wires are only coupled by the even in

time-reversal tc hopping term. Thus, γ2,b cannot couple

with γ1,b and the heterostructure hosts in this case four

MZMs reflected in the low-energy quasi-particle spec-

trum. Note on the same figure that the four MZMs are

stabilised even for very small values of the supercurrent.

FM

Fig. 3 Setup of two ferromagnets (FMs) separated by an
insulator (I) in proximity with conventional superconductors
(SCs) and ferromagnetic insulators (FIs). The junction is con-
trolled by varying the supercurrents (blue arrows) and/or ro-
tating the magnetisation (black arrow) of the FIs adjacent to
FM2 by angle θ.

Next we investigate the same junction by rotat-

ing the magnetisation and therefore the exchange field

of the FIs adjacent to FM2, in the x-z plane, h =

hz sin(θ) + hx cos(θ) where θ is the angle from the x-

axis. Since we require that the x component of the ex-

change fields of FIs adjacent to FM2, point at the op-

posite direction for every θ, the magnetisation in the

upper FI rotates clockwise while in the lower FI rotates

counter-clockwise (Fig.3). The supercurrent in the two

FMs flows along the same direction, therefore for θ = 0
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Fig. 4 Low-energy quasiparticle energy spectrums for the
setup presented in Fig. 3, a) with respect to parameter ϕ
controlling the supercurrents (J = J0 cos(ϕ)) in the conven-
tional SCs adjacent to FM2 and b) with respect to θ corre-
sponding to the angle of FIs magnetisation in the x-z plane.
We remark that θ = 0 in a), while ϕ = 0 in b). Eigenen-
ergies are normalised to the energy gap Egap,π for ϕ = π
and θ = π respectively. The second lowest eigenenergy (black
line) is multiplied by 10 to demonstrate clearly the splitting
of the MZMs. The spectral function |Ψ |2z of the two lowest
eigenenergies of the heterostructure, c) for θ = 0.45π and d)
for θ = 0.55π. The particular angles are indicated in figure
b) by the dashed red line. The function is normalised to the
maximum value |Ψ |2max. For θ = 0.45π, MZMs localised in
the right edge of FM1 and left edge of FM2 form a fermionic
state with finite energy E/t = 0.03. For θ = 0.55π, four
MZMs emerge. Since in FM2 the FIs magnetisation is not
in the optimal anti-parallel configuration, MZMs appear to
be less localised. In the upper c) plot the left and the right
part of the function is normalised independently in order to
compare the localisation length of MZMs in the two FMs.

the junction is formed by two identical copies of FMs

embedded in conventional SCs. According to our mech-

anism topological SC emerges only when the magneti-

sation of the FIs and that of the ferromagnetic wire is

misaligned. Indeed, for θ = π/2 the energy gap at the

wire closes (Fig. 4b)). Remarkably for π/2 < θ < 3π/2

for which the x component of the magnetisation of the
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FIs adjacent to FM2 is opposite to that of the FIs ad-

jacent to FM1, a π-Josepshon junction is formed and

four Majorana zero modes emerge localised at the edges

of the two wires. In Fig. 4c) we display the spectral

function |Ψ |2z along the z-axis over the FM wires, where

ĤΨ = EΨ , with Ψ corresponding in this context, to

the wavefunction of the eigenstates of the two lowest

eigenvalues for θ = 0.45π and θ = 0.55π. We remark,

that small rotations of the FIs magnetisation can be

achieved by the application of gate voltages [30,31].

5 Conclusions

We present a novel device platform for engineering MZMs

based on SC-FM heterostructures. Key elements of the

underlying mechanism are the externally applied super-

currents and the emergent exchange fields, due to prox-

imity of the SCs with FIs. Developments in the fabrica-

tion of SC-FI heterostructures [41] and ferromagnetic

metallic Co [42,43] or Fe [44] nanonwires embedded

in conventional SCs, enhance the experimental feasibil-

ity of our proposal. Several works have demonstrated

both theoretically [45,46] and experimentally [47,48,

49] the emergence of exchange fields in conventional

SCs in proximity to FIs, e.g. in EuS/Al and EuO/Al

heterostructures. Finally, our platform does not require

externally applied magnetic fields, yet it facilitates the

control of the emergent MZMs, either through the ap-

plied supercurrents or the manipulation of FIs mag-

netisation by use of currents or applied gate voltages.

In this way we circumvent the screening effects problem
[50] that undermines schemes for braiding MZMs based

on semiconductors [51].
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González-Orellana, Maxim Ilyn, Celia Rogero, P. Virtanen,
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