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A hybrid semiconductor-superconductor nanowire on the top of a magnetic film in the stripe phase
experiences a magnetic texture from the underlying fringing fields. The Zeeman interaction with the highly
inhomogeneous magnetic textures generates a large synthetic spin-orbit coupling. We show that this plat-
form can support the formation of Majorana bound states (MBS) localized at the ends of the nanowire.
The transition to the topological superconducting phase not only depends on the nanowire parameters and
stripe size but also on the relative orientation of the stripes with respect to the nanowire axis. Topological
phase transitions with the corresponding emergence or destruction of MBS can be induced by reorienting
the stripes or shifting their position, which can be achieved by passing a charge current through the mag-
netic film or by applying electrically controlled strain to it. The proposed platform removes the need for
external magnetic fields and offers a noninvasive electrical tuning of MBS with the perturbation (current
or strain) acting only on the magnetic film.
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I. INTRODUCTION

Impressive experimental advances have made possible
the realization and detection of Majorana bound states
(MBS) in systems that, under certain conditions, can be
driven into the topological superconducting phase [1–9].
Because of their non-Abelian statistics and topological
protection, MBS are promising for the implementation
of fault-tolerant topological quantum computing [10,11].
Such an implementation requires not only the creation but
also the manipulation of MBS in order to realize braiding
and fusion operations [10–15]. The majority of the propos-
als rely on systems with strong Rashba spin-orbit coupling
(SOC) and the use of an external magnetic field as a tuning
tool [16–24]. However, MBS can still be realized with-
out the need for Rashba SOC or external magnetic fields
if appropriate magnetic textures are used. It is known that
magnetic textures can generate both Zeeman and synthetic
SOC [25–28], which, together with superconductivity, pro-
vide the basic ingredients for the formation of MBS.
Therefore, there has been an increasing interest in the use
of magnetic textures for the generation of MBS [29–41].
In particular, the use of locally tunable magnetic fringing
fields can enable the realization of both braiding and fusion
operations [42–44]. The suitability of using synthetic SOC
generated by magnetic fringing fields for the creation of
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MBS in a superconducting carbon nanotube has recently
been experimentally demonstrated [45,46].

In this paper, we show that in spite of its nonhelical
character, the fringing field generated by experimen-
tally created magnetic stripes in a Co/Pt-multilayer
thin film can support the formation of MBS in a
semiconductor nanowire (NW) with proximity-induced
superconductivity. The controllability of the stripes’ ori-
entation and geometry by means of a charge current [47–
49], via the magnetoelectric effect [50], or by applying
strain [51] allows for electrical tuning of topological phase
transitions in the NW. Our work reveals opportunities to
extend the concept of proximitized materials [52] and their
applications.

II. CHARACTERIZATION OF MAGNETIC
STRIPES

The magnetic films consist of Co/Pt multilayers
deposited on oxidized silicon wafers in an ultrahigh-
vacuum physical-vapor-deposition system (Kurt Lesker
PVD-12) by magnetron sputtering with the substrate at
ambient temperature. The film consists of 20 Pt—Co
repeats on a thin Ta seed layer capped with Pt; specifically,
Ta(3 nm)|[Pt(0.3 nm)|Co(0.6 nm)] × 20|Pt(0.3 nm). The
domain images are obtained with a magnetic force micro-
scope (MFM) at room temperature, shown in Fig. 1(a). An
in-plane magnetic field of about 1 T is initially applied
to align the stripes along the field direction, as shown in
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FIG. 1. (a) A magnetic force microscopy image of the mag-
netic stripe phase formed in a Co/Pt-multilayer thin film. (b) A
schematic picture of the proposed setup, consisting of an InAs-Al
nanowire placed on the top of magnetic stripes. The nanowire is
separated from the magnetic film by a thin insulating spacer (gray
layer). (c) The micromagnetic simulation of the z component of
the fringing field in the absence of magnetic disorder, as experi-
enced by the carriers in the nanowire for a 5-nm-thick insulating
spacer and stripe domains of width (W) 160 nm, thickness (Lz)
40 nm, and domain-wall width (S) 20 nm. The color represents
the out-of-plane component (Bz). The saturation magnetization
(Ms) is 1.7 × 106 A/m. The nanowire is positioned at the mid-
dle rectangular region (green), with dimensions 2 μm × 50 nm.
(d) Variation of the three components of the fringing field with
distance (x) along the length of the nanowire.

Ref. [53]. The formed stripes are stable and survive for a
long time after the external magnetic field is switched off.
In this study, as detailed below, we explore the possibility
of using the fringing fields generated by the stable stripes
in the absence of an external magnetic field for inducing
topological phase transitions in a semiconductor NW with
proximity-induced superconductivity.

III. THEORETICAL MODEL

A schematic of the proposed setup is shown in Fig. 1(b).
Superconductivity is induced in the InAs NW by proximity
to the Al half-covering. Although any semiconducting NW
with a high g factor could be suitable, we consider InAs,
in which epitaxial growth and proximity-induced super-
conductivity have been demonstrated [54–56]. The NW is
separated from the magnetic film by an insulator spacer
(gray layer). We use realistic micromagnetic modeling of
the magnetic textures using the finite-element method in
COMSOL [57]. The magnetic fringing fields are simulated
using stripe domains similar to the ones formed in exper-
imentally realizable Co/Pt-multilayer thin films. Due to
the complexity of the problem, we consider a simplified
two-dimensional (2D) version of the actual NW. The z
component of the fringing field (Bz) in the plane of the

NW is shown, as a function of position, in Fig. 1(c), where
the green region represents the InAs NW with dimensions
2 μm × 50 nm. In our stripe geometry, the fringing field is
sizable at the bottom of the wire and falls off rapidly with
vertical distance. Therefore, the formation of the MBS is
expected to be restricted toward the bottom of the nanowire
and an effective 2D model represents a reasonable first
approach to capture the essential physics in this geome-
try. For the numerical simulations, we assume a 5-nm-thick
insulating spacer and a film section of size (Lx = 4 μm) ×
(Ly = 100 nm) × (Lz = 40 nm) and saturation magnetiza-
tion Ms = 1.7 × 106 A/m [58]. The stripes have a width
W = 160 nm and are separated by domain walls of thick-
ness S = 20 nm. Changes in the fringing field components
(Bx, By , and Bz) along the x axis are displayed in Fig. 1(d).
The maximum amplitude of the fringing field lies below
the critical field of about 1.9 T experimentally measured in
InAs/Al NWs [59]. We note that although By is negligibly
small and both Bx and Bz exhibit an oscillatory behavior,
the x component of the fringing field largely dominates.
The resulting fringing field is therefore quite different from
the helical-like and skyrmionlike textures considered in
previous investigations of MBS [37,38]. Therefore, it is
somehow surprising that in spite of having a nonhelical
character, the textures illustrated in Fig. 1(d) can also sup-
port the formation of MBS, as shown below. While any
magnetic gradient creates a synthetic SOC, not every syn-
thetic SOC necessarily leads to the formation of MBS. In
the current magnetic stripe geometry, the x component of
the fringing field is much larger than the z component, dis-
tinguishing it from other nonhelical spin textures [42,44]
that give rise to the formation of MBS. This leads to the
general question of which kind of magnetic textures and,
therefore, which kind of synthetic SOC are compatible
with the generation of MBS. An approximate topological
condition as a function of slowly varying magnetic textures
has been previously derived [42,43] but a general answer
to the question remains open.

The InAs NW is proximity coupled to superconducting
Al and described by the following Hamiltonian:

H =
∑

i,σ

(4t − μ)c†
iσ ciσ − t

∑

〈ij 〉,σ
(c†

iσ cj σ + H .c.)

+
∑

i

(� c†
i↑c†

i↓ + H .c.) − g∗μB

2

∑

i

(Bi · σ )σσ c†
iσ ciσ

− iα
2a

∑

〈ij 〉,σ ,σ ′
(σ × dij )

z
σσ c†

iσ cj σ , (1)

where c†
iσ (ciσ ) is the fermionic creation (annihilation)

operator at site i with spin σ , t=�2/(2m∗a2) is the hop-
ping energy, m∗ is the effective mass of electrons, a is the
unit lattice spacing of the underlying square lattice, � is
the proximity-induced superconducting gap, and μ is the
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chemical potential measured from the lowest-energy state
of the semiconductor wire. The real-space information of
the fringing field Bi is contained in the Zeeman interaction
(fourth term), where g∗ is the effective g factor of elec-
trons, μB is the Bohr magneton, and σ represents the Pauli
spin matrices. The last term represents the Rashba SOC
originating from the broken-structure inversion symmetry
[60], in which α is its strength and dij is the unit vector
between sites i and j . We use m∗ = 0.026m0 (the effec-
tive mass for InAs), a = 10 nm, � = 0.2 meV, and, unless
otherwise specified, α = 10 meV nm and g∗ = 15 [61].

The Hamiltonian (1) is solved by exact diagonaliza-
tion after performing a transformation of the fermionic
operators to the Bogoliubov–de Gennes (BdG) basis:
ciσ =

∑
n un

iσ γn + vn∗
iσ γ

†
n , where un

iσ (vn
iσ ) is the BdG quasi-

particle (quasihole) amplitude and γ
†
n (γn) is a fermionic

creation (annihilation) operator of a BdG quasiparticle or
quasihole in the nth energy eigenstate.

IV. RESULTS

A. Formation of Majorana bound states

When the chemical potential μ is increased, the energy
gap closes within a range of μ and zero-energy MBS
emerge, as shown in Fig. 2(a), where the computed low-
energy spectrum is displayed. Within this range (plotted
in red), other energy levels are shifted away from zero
energy, creating a minigap that protects the MBS. Near
μ = 0.08 meV, the lowest pair of energy levels come
closer to zero energy but do not meet each other to pro-
duce robust MBS. To illustrate the effect of increasing the
g factor, the μ dependence of the low-energy spectrum for
g∗ = 30 [i.e., twice the InAs g factor used in Fig. 2(a)]
is shown in Fig. 2(b). In practice, the effective g factor
can be enhanced in semiconducting quantum wells using
alloys such as InAsxSb1−x [62]. Magnetically doped semi-
conductors such as (In,Mn)As can reach g-factor values
above 120 [60] or even 300 in (Cd,Mn)Te [63]. A compar-
ison between Figs. 2(a) and 2(b) indicates that for larger g
factors, the MBS are not only more robust but they appear
within multiple ranges of μ. The existence of multiple
topological regions originates from the mixing of different
subbands when the g factor is large enough.

To visualize the real-space localization of the MBS,
we plot the probability density |�2

i | = ∑
σ (|u1

iσ |2 + |v1
iσ |2)

corresponding to the lowest-energy eigenstates at μ =
0.35 meV (with existing MBS) and μ = 0.65 meV (with-
out any MBS) for g∗ = 15, as shown in Figs. 2(c) and 2(d),
respectively. The states are sharply localized near the ends
of the NW for μ = 0.35 meV and inside the NW for μ =
0.65 meV, clearly distinguishing between the MBS and
non-MBS states. The probability densities of the two MBS
at the two NW ends decay exponentially with distance
and create a finite overlap, resulting in a finite splitting

(a)

(c)

(d)

(e)

(f)

(b)

FIG. 2. The energy spectrum, plotted as a function of the chem-
ical potential (μ), for stripes with period λ = 360 nm for (a) g∗ =
15 and (b) g∗ = 30. The red dots show the zero-energy MBS.
The real-space profile of the probability density |�i|2, in units of
1/nm2, corresponding to the lowest-energy state at (c) μ = 0.35
meV and (d) μ = 0.65 meV for g∗ = 15. The real-space profile
of the charge density ρi, in units of e/nm2, corresponding to the
lowest-energy state at (e) μ = 0.35 meV and (f) μ = 0.65 meV
for g∗ = 15.

of the lowest-energy pair when the length of the NW is
small (not shown here). We also plot the local charge den-
sity ρi = e

∑
σ (|u1

iσ |2 − |v1
iσ |2) for these two values of the

chemical potentials in Figs. 2(e) and 2(f). The charge den-
sity exhibits an oscillating behavior along the NW length.
The reduction by an order of magnitude in the amplitude
of the charge density for μ = 0.35 meV, compared to that
for μ = 0.65 meV, is a reflection of the nearly zero-charge
character of the MBS compared to the sizable charge of
finite-energy states. Local charge measurements, avoid-
ing direct contact with the NW, could be used to detect
MBS [64,65], as an alternative to the quantized zero-bias
signature in the tunneling conductance [3,64–72].

In the case of a helical texture, the strength of the gener-
ated synthetic SOC is given by the helix wave number q =
2π/λ, in which λ denotes the period of the helix. In our
platform, the fringing field, although of nonhelical char-
acter, is characterized by the stripe period λ = 2W + S, as
illustrated in Fig. 1(b). It is therefore relevant to investigate
the topological phase transition of the proximitized NW
as a function of λ. The position dependencies of the x

034048-3



NARAYAN MOHANTA et al. PHYS. REV. APPLIED 12, 034048 (2019)

(a)

(b)

(c) (d)

(e) (f)

FIG. 3. The two components (Bx and Bz) of the fringing field,
plotted as a function of the distance (x) along the length of the
nanowire for two different stripe periods: (a) λ = 250 nm and (b)
λ = 500 nm. The low-energy spectrum as a function of the chem-
ical potential (μ) for (c) λ = 250 nm and (d) λ = 500 nm. (e) The
phase diagram in the μ-λ plane, showing the topological super-
conducting regime (in cyan), calculated for a one-dimensional
(1D) nanowire in the presence of a helical texture with maximum
field amplitude B = 1.3 T. The red lines obtained from numeri-
cally solving the BdG equation represent some of the μ values
for which MBS exist in the nanowire under the fringing field of
magnetic stripes with different values of the period λ. (f) Phase
diagrams for a 1D nanowire in a helical texture with different val-
ues of the field amplitude: B = 0.5 T (blue), B = 0.7 T (green),
B = 0.9 T (yellow), and B = 1.1 T (red).

and z components of the fringing fields generated by a
stripe phase with periods λ=250 nm and λ = 500 nm are
shown in Figs. 3(a) and 3(b), while the corresponding low-
energy spectra as a function of μ are displayed in Figs.
3(c) and 3(d), respectively. We note that both λ = 250
nm and λ = 500 nm lead to the formation of MBS for
appropriate values of μ. However, for longer periods, the
MBS emerge over a larger range of μ. Furthermore, for
λ = 500 nm, multiple topological regions develop as the
result of subband mixing.

In order to better understand the effects of both λ and
μ on the realization of the topological superconducting
phase, we first consider, for the sake of comparison, the
case of a 1D NW under a helical magnetic texture. By

defining g∗μBB/2 = J , where B is the amplitude of the
helical magnetic field, the topological condition can be
written as J 2 > (μ − η)2 + �2, where η = �2q2/8m∗ and
q = 2π/λ. This imposes boundaries on the values of λ for
which the topological phase can be reached:

√
π2t

μ + √
J 2 − �2

<
λ

a
<

√
π2t

μ − √
J 2 − �2

, (2)

where the upper bound applies only when μ >
√

J 2 − �2.
The corresponding phase diagram in the μ-λ plane is
shown in Fig. 3(e), where the cyan region represents the
topological superconducting regime specified by Eq. (2) at
B = 1.3 T. To compare this phase diagram with the solu-
tions of the Hamiltonian given in Eq. (1) for our platform,
we compute the energy spectrum for several values of λ,
ranging from 150 nm to 520 nm, and plot the values of
μ at which MBS appear [red segments in Fig. 3(e)] in the
same plot. Interestingly, in spite of the nonhelical character
of the magnetic texture generated by the stripes, many of
the topological regions obtained for the setup in Fig. 1(b)
lie within the topological region of the helical texture on
a 1D NW. Therefore, the phase diagram for the magnetic
helix case still can be used for a rough estimation of the
system parameters leading to the formation of MBS in the
2D-NW and/or stripes setup, specially for μ � 0.5 meV.
For larger values of μ, the occupancy of multiple subbands
in the 2D NW under the nonhelical fringing field of the
stripes leads to re-entrance into the topological regime and
the emergence of MBS beyond the topological region of
the 1D-NW and/or magnetic helix structure (note the mul-
tiple red dots outside the cyan region in Fig. 3(e)]. A phase
diagram including the magnetic helix amplitude, in addi-
tion to λ and μ, is shown in Fig. 3(f) for the 1D-NW and/or
magnetic helix structure. As explained above, we can use
this phase diagram to draft some conclusions about the sys-
tem parameters required to drive the proposed platform
into the topological regime. Thus, Fig. 3(f) suggests that
it is desirable to have larger fringing fields, wider stripes,
and a smaller chemical potential to favor the formation of
robust MBS.

In Figs. 4(a)–4(d), we show the low-energy spectra for
different values of the Rashba-SOC strength α. Although
increasing the Rashba SOC enhances the range of μ lead-
ing to the formation of MBS, its presence is not a require-
ment for a transition to the topological superconducting
phase. Indeed, as shown in Fig. 4(a), the synthetic SOC
resulting from the fringing field is enough to induce the
formation of MBS, even in the absence of Rashba SOC.

B. Effects of magnetic stripe inhomogeneity

We also investigate the stability of MBS in the presence
of random fluctuations of the fringing fields generated by
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(a) (b)

(c) (d)

FIG. 4. The low-energy spectrum as a function of the chemical
potential for different strengths of Rashba SOC: (a) α = 0, (b)
α = 5 meV nm, (c) α = 15 meV Å, and (d) α = 20 meV Å. All
other parameters are the same as in Fig. 2.

the magnetic stripes. Due to imperfections and the rough-
ness of the magnetic stripes, the fringing field can exhibit
fluctuations on a length scale smaller than the stripe width.
In order to explore the effects of such magnetic disorder
on MBS, we consider random variations of the fringing
field within the range [−Vd/2, Vd/2] around the calculated
values of the three components of the field (namely, Bx,
By , and Bz). The results, shown in Figs. 5(a)–5(d) for dif-
ferent values of Vd, indicate that MBS are quite robust
against magnetic disorder, as long as the fluctuation ampli-
tude remains smaller than the maximum field amplitude.
The robustness of MBS against magnetic disorder has also
been investigated for the case of a superconducting car-
bon nanotube with synthetic SOC [45]. A previous study
has revealed that in the highly disordered situation, Majo-
rana edge modes are critically extended and that, beyond
a disorder threshold value, determined by the localization
length of the Majorana states, the Majorana states col-
lapse into Anderson localized states in the bulk, resulting
in a topological Anderson insulating state [73,74]. For the
present stripe case, such a disorder threshold will depend
on the period (λ) of the stripe.

C. Tunability of the Majorana bound states

A particularly attractive functionality of the proposed
platform for switching of topological phase transitions
relies on the possibility of changing the magnetic stripe ori-
entation by passing a current through the Co/Pt-multilayer
thin film [47–49,53,75] and reorienting the stripes from
being perpendicular to being parallel to the NW. Alter-
natively, the stripe orientation and geometry can also be
changed by applying strain to the magnetic film [51]. The

(a) (b)

(c) (d)

(e) (f)

(g) (h)

FIG. 5. The three components of the fringing field for the
homogeneous case and three different values of the strength
(Vd) of the stripe inhomogeneity are plotted in (a) Vd = 0, (b)
Vd = 0.3 T, (e) Vd = 0.6 T, and (f) Vd = 0.9 T, respectively. The
low-energy spectrum as a function of the chemical potential for
(c) Vd = 0, (d) Vd = 0.3 T, (g) Vd = 0.6 T, and (h) Vd = 0.9 T.
Parameters: g∗ = 15, λ = 360 nm. All other parameters are the
same as in Fig. 2.

strain can be electrically controlled by using a piezoelec-
tric substrate. The reorientation of the stripes modifies the
form of the fringing fields experienced by the carriers in
the NW and, eventually, affects the topological supercon-
ducting phase. Two relevant scenarios might occur when
the stripes are parallel to the NW: (i) the NW is located on
the top of the domain wall between two adjacent stripes;
and (ii) the NW lies on the top of a single stripe. The
position dependencies of the z component of the fringing
fields in the NW region for cases (i) and (ii) are shown in
Figs. 6(a) and 6(b), respectively. In both cases, the fringing
field does not change along the NW.

Let us first discuss the case with α = 0 (i.e., the absence
of Rashba SOC). The low-energy spectra corresponding
to the cases (i) [Fig. 6(a)] and (ii) [Fig. 6(b)] are shown
in Figs. 6(c) and 6(d), respectively. In both cases, the
synthetic SOC only couples spin to the y component of
the carrier momenta and no MBS are expected to occur.
The absence of MBS for when the stripes lie parallel to
the NW is clearly manifested in the low-energy spectra
shown in Figs. 6(c) and 6(d). If the wire lies on the top
of a domain wall [case (i)], the Zeeman energy due to
the fringing field exceeds the superconducting gap � in
most of the NW region, causing the gap to close at certain
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(a)

(b)

(c) (d)

(e) (f)

FIG. 6. (a) The spatial profile of the out-of-plane component,
Bz , of the fringing field generated by stripes parallel to a nanowire
located on the top of the domain wall between two adjacent
stripes. (b) The same as in (a) but for a nanowire located on the
top of a single stripe. (c),(d) Low-energy spectra as a function of
the chemical potential, μ, for the cases (a) and (b), respectively
in the absence of Rashba SOC (i.e., α = 0). (e),(f) Low-energy
spectra for the cases (a) and (b), with a finite Rashba SOC of
strength α = 10 meV nm. Parameters: λ = 360 nm, g∗ = 15.

values of the chemical potential [see Fig. 6(c)]. In case
(ii), however, the fringing field is considerably weaker
and the gap prevails over the complete range of chemi-
cal potentials [see Fig. 6(d)]. The absence of MBS when
the stripes are parallel to the NW [Figs. 6(c) and 6(d)]
contrasts with the formation of MBS in the topological
superconducting phase when the stripes are in the perpen-
dicular direction [Fig. 6(a)]. Therefore, the formation of
MBS can be manipulated by changing the orientation of
the magnetic stripes.

The above discussion remains valid for finite but small
α. However, for larger Rashba SOC, MBS emerge when
the wire lies on top of a domain wall, as shown in Fig.
6(e). Interestingly, MBS are still absent when the wire is
located on the top of a stripe [see Fig. 6(f)]. Therefore,
in the case of a sizable Rashba SOC, one does not need to
reorient the stripes. Instead, positioning the wire parallel to
the stripes, the MBS switching can simply be achieved by
shifting the position of the domain walls. When a domain
wall lies underneath the wire, MBS form and they are

suppressed when the domain wall moves away and the
wire lies on top of a stripe. The effective motion of the
domain walls can be realized by passing a current through
the magnetic film [48,49,76,77] or, alternatively, by apply-
ing strain and changing the width of the stripes [51].

V. DISCUSSION AND CONCLUSIONS

The results presented above suggest that an electrically
induced shift or reorientation of the magnetic stripes can
be used to control the topological phase transition in the
NW without the need for an external magnetic field. The
electrical perturbation (charge current, electric field, and
strain) acts on the Co/Pt-multilayer film, which is isolated
by the spacer from the NW, and although electric contacts
on the NW may be needed for MBS detection, the elec-
trically induced topological phase transition occurs in a
noninvasive manner, i.e., with no charge transfer.

The detection of MBS can be performed using tunnel-
ing spectroscopy by attaching metallic leads to the NW
and by looking for a zero-bias conductance peak (ZBCP)
[4,66,78–80]. The electrically induced switching of the
orientation of the stripes offers an additional handle not
only for investigating the nature of the ZBCP and its rela-
tion to the presence of MBS, but also for exploring their
robustness as a function of tunable synthetic SOC. Further-
more, the proposed setup could provide a proof-of-concept
demonstration of the feasibility of using electrically con-
trolled synthetic SOC for the manipulation of MBS beyond
recent experimental advances [45], paving the way for
more complex platforms with extended tunability for the
realization of braiding operations [42,43].
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