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ABSTRACT
To reveal the non-Abelian braiding statistics of Majorana zero modes (MZMs), it is crucial to design a
Majorana platform, in whichMZMs can be easily manipulated in a broad topological nontrivial parameter
space.This is also an essential step to confirm their existence. In this study, we propose an iron-based
superconducting nanowire system withMajorana vortex states to satisfy desirable conditions.This system
has a radius-induced topological phase transition, giving a lower bound for the nanowire radius. In the
topological phase, the iron-based superconducting nanowires have only one pair of MZMs over a wide
range of radii, chemical potential and external magnetic fields.The wave function of MZMs has a sizable
distribution at the side edge of the nanowires.This property enables the control of the interaction of MZMs
in neighboring vortex nanowires and paves the way for Majorana fusion and braiding.

Keywords: iron-based superconductor, topological phase transition, superconducting vortex, Majorana
zero modes, nanowire

INTRODUCTION
Majorana zero modes (MZMs) have attracted con-
siderable theoretical and experimental attention
given their non-Abelian statistics. The physical re-
alization of MZMs can be roughly classified into
two: end MZMs in one-dimensional (1D) systems
[1–4] and vortex MZMs in two dimensions [5–7].
In pioneering studies, the superconducting proxim-
ity effect plays a paramount role in developing ex-
perimentally realizable platforms, e.g. superconduc-
tor (SC)/semiconductor (Sm) hybrid nanowires
[8–11] andFe chains growingonSCs [12,13] for 1D
cases and SC/topological-insulator (SC/TI) het-
erostructures [14–16] for 2D cases. Despite the im-
pressive progress in the epitaxial growth of SCs [17],
the requirement of the ultraclean heterogeneous in-
terface encounters various difficulties in fabrication
techniques and experimental measurements [18].
Recent studies have revealed that iron-based su-
perconducting materials simultaneously possess su-
perconductivity and topological energy band struc-
ture and can hence support vortex MZMs without
fabricating complex heterostructures. Meanwhile,
the small Fermi energy and large superconduct-

ing gap in iron-based SC enable MZMs to be dis-
tinguished from conventional Caroli–deGennes–
Matricon states [19]. These offer great advantages
for the experimental realization and detection of
MZMs [19–27].

Moreover, observing the zero-bias peak is a nec-
essary but not sufficient condition for detecting
MZMs. Perhaps, only the experimental observation
of MZM fusion behaviors and braiding statistics
can provide the smoking gun signature. Therefore,
implementing a Majorana platform optimized for
MZM fusion and braiding is the key to the next
milestone. Such an optimized platform should sat-
isfy at least three conditions: (1) a broad param-
eter range to support well-defined topological de-
generacy, (2) an efficient control scheme forMZMs
and (3) a high fidelity and easy readout scheme.
For the vortex MZMs, satisfying the first condition
requires precise control of the number of vor-
tex lines in the system, although parameter fine-
tuning is unnecessary. The second condition is re-
lated to braiding MZMs, which can be intuitively
achieved in real space [28], and their physical imple-
mentation is challenging for existing experimental
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Figure 1. The size effect-induced TPT in the iron-based superconducting nanowire vortex system described by Equation (1). (a) The sketch of an iron-
based superconducting nanowire system. (b) The product of the topological invariant ν and the system gap amplitude Egap as a function of the nanowire
radius r0 and chemical potential μ. (c) The variation in the ten lowest positive eigenenergies near the TPT at μ = 0 with open boundary in the z
direction. (d) The probability density |�|2(r, z ) of the lowest-energy states in the nanowires with r0 = 2.2ξ , . . . , 1.4ξ . (e) The distribution of the MZMs’
probability density |�0|2 on the circular surface before the TPT. The parameters used in the calculations are M = 20 meV, A = 30 meV nm, A3 =
2.7 meV nm, B= −31 meV nm2, B3 = 4.7 meV nm2, �0 = 1.8 meV so that ξ ≈ 5.3 nm, and 60 layers spaced by 0.6 nm in the z direction.

techniques. The promising schemes to perform
braiding need to control the neighboring Majorana
couplings [29–33]. Finally, satisfying the third con-
dition also presupposes a reliable control of Majo-
rana couplings. To the best of our knowledge, there
is no detailed physical scheme in the vortex MZM
platforms satisfying these three conditions.

In this study, we propose an iron-based super-
conducting nanowire setup [considering the (001)
direction as an example in Fig. 1(a)] to satisfy the
three conditions. Because the repulsive interaction
exists among vortices with finite distances, there is
only a single vortex with one pair of MZMs in a
wide range of magnetic fields and radii, causing un-
ambiguous two-fold degenerate ground states. Be-
sides the well-known topological phase transition
(TPT) from varying the chemical potential μ [34],
we found an additional TPT by tuning the radius
r0 of the iron-based superconducting nanowire. In-
terestingly, unlike the well-known case, the tran-
sition occurs at the chemical potential within the
bulk gap. This TPT indicates a lower bound for the
nanowire radius that can supportMZMs.Moreover,
there is a radius range within the topologically non-
trivial phase, where the Majorana wave function is
distributed with a substantial weight near the vor-
tex center as well as on the nanowire lateral sur-
face. The wave function distribution in the lateral

surface allows a gate-tunable coupling between vor-
texMZMs via their edge contacts.This radius region
can be further extended by introducing a local ef-
fective Zeeman field (ZF), for example, on the bot-
tom surface where the bottom MZM does not dis-
appear butmoves to the bottom edge.This structure
is topologically equivalent to a 2D topological SC
possessing a single vortex. Notably, one iron-based
superconducting nanowire has length l0 and radius
r0, which allows for proper separation between the
bottom and top MZMs while sufficiently maintain-
ing a large gap between the MZMs and Bogoliubov
quasiparticle states to prevent quantum information
leakage. In parallel to the benefit of achievingMZMs
without requiring proximity effects, our scheme em-
bodies great advantages to satisfy the conditions of
the optimized Majorana platform. First, the geome-
try of the nanowires will ensure that there are only
two MZMs within a certain radius, thereby provid-
ing well-defined doubly degenerated ground states
in the Majorana vortex system. Second, the edge
MZMs are easily controlled. Third, the next step in
non-Abelian statistic studies can be performed using
braiding schemesdeveloped fromtheSmnanowires.

The rest of this article is organized as follows.
First, we discuss the TPT due to the radius of the
iron-based superconducting nanowires and the spa-
tial distribution of Majorana vortex modes. Second,
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to obtain tunableMZMs in awide range of nanowire
radii, we induce a local effective ZF on the bottom
surface to push the bottom Majorana vortex to the
edge. In addition, we investigate the spectral varia-
tion and evolution of MZM wave function. Third,
we analyze the gate voltage controllable MZM cou-
plingwith andwithout the local ZF.Then,wediscuss
the repulsion between vortices in the finite-sized
nanowire, which allows the number of MZMs and
hence the ground-state degeneracy of the nanowire
to be regulated by the magnetic field. Finally, we
summarize our results and discuss possible experi-
mental challenges.

TPT AND THE MAJORANA VORTEX
WAVE FUNCTION IN AN IRON-BASED
SUPERCONDUCTING NANOWIRE
Focusing on the topological band structure near the
Fermi surface, the Bogoliubov–deGennes (BdG)
Hamiltonian of the iron-based SC can be expressed
as

HS =
(
HTI(r ) − μ �̂n(r )

�̂
†
n(r ) −H∗

TI(r ) + μ

)
, (1)

in the basis (C (r ), C †(r ))T , with C (r ) =(
c 1↑(r ), c 1↓(r ), c 2↑(r ), c 2↓(r )

)T as the electron
annihilation operator in real space; subscripts (1,2)
and (↑, ↓) indicate the orbital and spin degrees of
freedom, respectively, and μ denotes the chemical
potential measured from the Dirac point of the
surface states. Here,HTI is expressed as [24,35,36]

HTI(k) = Aσ̂x(ŝ x sin kx + ŝ y sin ky )

+ σ̂z[M − B(4 − 2 cos kx − 2 cos ky )]

+ A3σ̂x ŝ z sin kz − σ̂z B3(2 − 2 cos kz)

(2)

withM, A, A3, B and B3 the anisotropic material pa-
rameters, and σ̂ and ŝ the Pauli matrices acting on
the orbital and spin spaces, respectively. Because the
magnetic field in vortices is small, its effect on bands
is neglected.The superconducting term is expressed
as

�̂n(r ) = −i ŝ y�0

(
tanh

(
r
ξ

)
e iϕ

)n

, (3)

where n = 0 (or 1) for a system with no (or one)
vortex,�0 denotes the amplitude of the bulk super-
conducting order parameter and ξ = �vF/(π�0)
denotes the superconducting coherence length with
Fermi velocity vF. For n = 1, the chemical poten-
tial μ can induce a TPT with the transition above

the bulk bandgap [34,36,37]. Remarkably, we found
that in the iron-based superconducting nanowires,
the size effect, precisely the radius r0, induces an ad-
ditional TPT.

We adopt a continuous model in the x-y plane.
Then, the system has the continuous rotational sym-
metry with angular momentum j for HS. For n = 1,
we block-diagonalize the Hamiltonian with a quan-
tized number j ∈ Z in the r-z space as (see the on-
line supplementary material for details)

H( j )(r, z)

=
(

H( j )
TI − μ −i ŝ y�0 tanh(r/ξ)

i ŝ y�0 tanh(r/ξ) −H(− j )
TI

∗ + μ

)
,

(4)

where

H( j )
TI = −i Aσ̂x

[
ŝ x∂r + i ( j + 1/2)

r
ŝ y + 1

2r
ŝ x

]

+ σ̂z

(
M + B

[
∂2
r + 1

r
∂r

− 1
r 2

(
j − ŝ z − 1

2

)2])

+ A3σ̂x ŝ z sin kz − σ̂z B3(2 − 2 cos kz).

(5)

In the rest of this study, we use the calligraphic font
to describe the Hamiltonian for a fixed j. We per-
formednumerical calculations using theKwant code
[38].

A superconducting systemwith vortex lines along
the z direction can be considered a quasi-1D system,
which belongs to class D of the Altland–Zirnbauer
classification [39]. Notably, the particle-hole sym-
metry yields P̂H( j ) P̂ −1 = −H(− j ). Therefore, if
the system is fully gapped, its topology is character-
ized by theZ2 topological invariant ν [1]:

ν = sgn
{ Pf[H(0)

Mj (r0, kz = 0)]

Pf[H(0)
Mj (r0, kz = π)]

}
(6)

with H(0)
Mj the Hamiltonian H( j=0) written in the

Majorana basis. We plot the product of the topolog-
ical invariant ν and the system gap amplitude Egap as
a function of r0 and μ in Fig. 1(b), explicitly show-
ing a TPT, characterized by the sign change of ν and
gap closure. To further understand this TPT, at μ

= 0 with an open boundary condition along the z
direction, we plot the energy spectrum [Fig. 1(c)]
and lowest-energy wave function [Fig. 1(d)] with
respect to the nanowire radius. The emergence of
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Figure 2. (a) The spectrum illustration of low-energy states of the electron Hamiltonian
part HTI from Equation (2) with kz = π . (b) The lowest positive eigenenergy of the TI
for je = 1/2 and kz = π . The curve is the approximate energy given by Equation (9).
(c),(d) Low energies (dots) of the superconducting nanowirewith kz =π in the presence
or absence of a single vortex corresponding to the electron pair indicated by a red or
cyan dashed line, respectively, in (a). The curves are approximate analytical energies
given by Equations (8) and (10). The TI parameters are the same as those in Fig. 1.

the zero-energy mode above the critical radius rc ≈
1.8ξ ≈ 10 nm indicates a TPT and the MZM. As
the radius decreases, the MZM wave function shifts
toward the edge [also shown in Fig. 1(e)]. When
the nanowire radius crosses the critical radius rc, the
MZMs on the upper and lower surfaces gradually
couple through the lateral surface [Fig. 1(d)].These
suggest that the TPT is related to the surface states
on the lateral boundary, which can be confirmed by
studying the Hamiltonian of the system at the band
inversion point kz = π .

Notably, the corresponding electron Hamilto-
nian HTI of Equation (2) always satisfies time-
reversal symmetry; meanwhile, in Equation (1),
only the superconducting gap functionwith one vor-
tex (n= 1) breaks the time-reversal symmetry.Thus,
the electronic spectrum [Fig. 2(a)] remains time-
reversal invariant, say Eje = E− je , with je the elec-
tronic angular momentum for HTI. For n = 1, the
time-reversal symmetry breaking is reflected in the
fact that the Cooper pairs are formed by coupling
two electrons with angular momentum (je, −je +
1) [indicated by the red dashed double arrows in
Fig. 2(a)]. Considering je = 1/2 as an example, the
corresponding BdG Hamiltonian projected to je =
1/2 sector states takes the form

Hje=1/2 ≈
(

ε(r0)ŝ z − μŝ0 −i ŝ y�(r0)
i ŝ y�(r0) −ε(r0)ŝ z + μŝ0

)
,

(7)

which gives rise to the two lowest eigenenergies

E±(r0) = ±[ε(r0) −
√

�2(r0) + μ2] (8)

with

ε(r0) = A
2r0

− B
2r 20

(9)

the eigenenergy in the electron spectrum [Fig. 2(b)]
(see Sec. II within the online supplementary ma-
terial for details). According to Equation (8), the
BdG Hamiltonian of Equation (7) closes its gap at
ε(rc ) =

√
�2(rc ) + μ2. In addition, the gap clos-

ing in other je sectors always occurs an even num-
ber of times because of the particle-hole symme-
try. Therefore, the sector of je = 1/2 determines the
TPT. We numerically calculate and plot the four
eigenenergies closest to zero as a function of r0 with
red dots when μ = 0 in Fig. 1(c), which agree with
our analytical results (the red solid curves) obtained
from Equation (8). In particular, ignoring the spa-
tial variation of �, the critical point could be sim-
plified as rc ≈ A/(2�0) = πξ/2. As a comparison,
for the superconducting nanowire without vortices
(n = 0), the electron states will couple their time-
reversal partner in SC [indicated by the blue double
arrows in Fig. 2(a)], and the energies become

E±(r0) = ±
√
[ε(r0) − μ]2 + �2

0, (10)

which is always fully opened by the superconduct-
ing gap [Fig. 2(d)], corresponding to no TPT and
no topological region in the nanowire.

Notably, near the TPT, the lowest-energy wave
functions always distribute at the nanowire bound-
ary, which agrees with the small decay length of the
lateral TI surface states of the electron Hamiltonian
le ≈ 2 (nm) � rc. Therefore, the energy gap ε(r0)
[Equation (9)] and TPT in the superconducting
nanowire is not due to the overlap between the TI
surface states. As the TPT occurs at the lateral sur-
face, we find in Fig. 1(d) and (e) that, when r0 is
slightly greater than rc, theMZMs can have a consid-
erable weight on the edge. For example, in Fig. 1(e),
when r0 shrinks to the magnitude of 4ξ , the distri-
bution of MZMs at the edges is larger than that at
the center.This finite distribution ofMZMs at edges
will enable the coupling of two MZMs from parallel
nanowires,whichwediscuss in the section after next.

LOCAL EFFECTIVE ZF AND EDGE MZMS
For thick iron-based superconducting nanowires
or materials with short superconducting coher-
ence length, the MZM wave function is mainly
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concentrated in the vortex center, which is unfa-
vorable for MZM manipulation. To improve MZM
controllability, a local effective ZF is added at the
bottom surface V̂Z(z) = −Vzδ(z)τ̂zŝ z to push the
MZMs to the edge. We propose to use an intralayer
ferromagnetic and interlayer antiferromagnetic sub-
strate to generate the effective ZF through short-
range exchange interactionswithout introducing the

undesired magnetic field [40,41]. Then, the Hamil-
tonian of the iron-based superconducting nanowires
becomes

H( j )(r, z)

=
(

H( j )
TI + V̂Z − μ −i ŝ y�0 tanh(r/ξ)

i ŝ y�0 tanh(r/ξ) −H(− j )
TI

∗ − V̂Z + μ

)
.

(11)

The local effective ZF changes the surface state en-
ergy gap from superconducting dominant to mag-
netic dominant at the bottom surface. In general,
when |Vz| >

√
�2

0 + μ2, the superconductivity of
this bottom surface will be completely suppressed.
In this case, the MZM at the bottom surface will be
distributed around the bottom edge, say the bound-
ary between the insulating bottom surface and su-
perconducting lateral surface.Therefore, the original
vortexMZMbecomes a chiralMZM [6,42,43].This
can be seen from the spectrum and MZM distribu-
tion of the nanowires in Fig. 3.

Without loss of generality, we consider a suffi-
ciently long l0 and r0 = 6ξ and μ = 1.2�0. Ob-
viously, with or without the effective ZF, the two
MZMs were always degenerated at j = 0 and E = 0
[seeFig. 3(a) forVz =0andFig. 3(b) forVz =4�0].
Meanwhile, the bottom and topMZMs are well sep-
arated [Fig. 3(c)–(e)]. Tracing the wave function
of MZMs with increasing Vz , the vortex MZM on
the lower surface gradually becomes an edge mode
[Fig. 3(c)–(e)]. Moreover, further comparing the
energy spectrum with and without the effective ZF,
we found that the ZF does yield extra in-gap states
[Fig. 3(b)]. Notably, the energy difference between
the MZMs and the first excited state gives the ef-
fective gap, which determines the upper limit of the
ambient temperature and operating speed desired to
manipulate the MZMs. Therefore, we plot the first
excited state energy E1, indicating the effective gap,
versus the radius of the cylindrical model r0 with a
fixedwire length [Fig. 4(a)].Theexcited energies be-
come significantly quantized and E1 grows close to
half of�0 as the radius r0 shrinks to below 10ξ [44].
In addition, a lower chemical potential |μ| yields a
larger energy gap.We also plot the energy gap versus
μ for different cylindrical radii r0 [Fig. 4(b)]. As |μ|
moves farther away from theDirac point of the topo-
logical surface states, the energy gap indeed reduces
for any r0 case. Notably, even if the radius changes
to r0 = 20ξ ≈ 100 nm, the energy of the first excited
state still has 0.1�0 ≈ 0.18 meV.

By neglecting the bulk states, we analytically cal-
culated the approximate function of the excited en-
ergy (see Sec. III within the online supplementary
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material for details)

Ẽ 1 ≈ π

r̃0(1 + μ̃2)
(r̃ 	 1), (12)

with the rescaled Ẽ 1 = E 1/�0, μ̃ = μ/�0, r̃0 =
r0/ξ .This approximate function confirms the chang-
ing trend of E1, inversely proportional to r0 and
μ2, in our iron-based superconducting nanowire
system.

Notably, in the 2D vortex system, braiding
MZMs can be achieved by tuning the coupling
of the edge MZMs [31]. In that case, suppress-
ing the coupling of edge chiral MZMs and vortex
center MZMs requires increasing the distance be-
tween them, whereas ensuring a considerable en-
ergy gap between chiralMZMs andother edge states
requires reducing the system size. In 2D topologi-
cal SCs, these two contradictory conditions are dif-
ficult to reconcile because there is only one ad-
justable size parameter: the system radius. How-
ever, for iron-based superconducting nanowires,
these two conditions correspond to two indepen-
dently tunable parameters, nanowire length l0 and

radius r0, respectively, and can thus be simulta-
neously satisfied. These reflect the unique advan-
tages of the iron-based superconducting nanowire
system.

COUPLED TWO-EDGE MZMS
The core for braiding edge MZMs is to control the
coupling between different MZMs [31]. To verify
the feasibility of such a scheme in the iron-based su-
perconducting nanowires, we explore the coupling
of two MZMs at the end of two wires [Fig. 5(a)],
whose Hamiltonian takes the form

Htot = HS + HN + HNS, (13)

where HS denotes the iron-based SC system given
in Equation (1). Because of the lack of rotational
symmetry, we now use a 3D tight-binding model
with a cubic lattice. In HS, we adjust some param-
eters to facilitate the calculation, without changing
the topological property. The two-vortex supercon-
ducting order parameter is set as

�(r ) = �0 tanh
r1
ξ
e iϕ1 tanh

r2
ξ
e iϕ2 , (14)

where ri andϕ i(i∈{1, 2}) denote thehorizontal dis-
tances and azimuth anglesmeasured from the vortex
lines in the two nanowires, respectively. Any closed
loop containing n vortex lines changes the phase of
�(r ) by 2nπ . A gate-tunable Sm lead connects the
two nanowires from the bottom edge. We simulate
the lead as a square lattice

HN = tcpτ̂z(4 − 2 cos kx − 2 cos ky ) − Vg ,

(15)

and attach it to the superconducting nanowires
with

HNS = −tcp
∑

α

(c †Nατ̂zc Sᾱ + H.c.), (16)

where ᾱ denotes the sites at the nanowire edge at-
taching the ends α of the lead.The hopping strength
is set as tcp = 15 meV. In addition, Vg denotes an
adjustable on-site potential controlled by the gate
voltage.

For the thin superconducting nanowires with di-
ameters d0 = 8ξ ≈ 42 nm, the MZMs have finite
distributions at the edges, as we mentioned in the
section before last. Varying the potential Vg, we plot
the low-energy spectrum of the system [Fig. 5(b)].
For Vg � 0, where the Fermi level is far away from
the energy band bottom in the connecting lead, the
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wave functions of two bottom MZMs are discon-
nected, as shown in the upper panel of Fig. 5(c).
In addition, their energies keep zeros, degenerating
with the two vortex center MZMs on the top sur-
faces.Adjusting thepotential toVg =0.45tcp, the two
MZMs open a clear energy gap of about 0.04�0 ≈
0.07 meV but still away from the excited states to
avoid information leakage [Fig. 5(b)]. Meanwhile,
parts of the two bottom MZMs penetrate the con-
necting lead and couple, as shown in the lower panel
of Fig. 5(c). Moreover, the MZMs on the top are
unaffected.

For the thicker superconducting nanowires, the
weight ofMZMsat the edges and the couplingby the
connecting lead will be lower. However, we could
enhance the coupling by adding an effective ZF
Vz = 4�0 at the bottom surface, as we dis-
cussed in the previous section. We now con-
sider nanowires of diameters d0 = 10ξ with lo-
cal effective ZFs as an example. The variations
in the spectrum and MZM wave functions are
shown in Fig. 5(d)–(e). Similarly, the two-edge
MZMs can be isolated or connected under the
gate Vg adjustment. Although some in-gap inter-
ferential edge states are induced by the effective
ZF, the energies of the coupled edge MZMs grow
exponentially away from the degenerated zero-
energy space as Vg increases under the excited
states.

RESTRICTIONS ON THE NUMBER OF
VORTICES
So far, we have assumed that each superconducting
nanowire contains only one vortex. If there are two
vortices with the same chirality in the nanowire, the
nanowire diameter will limit the distance separat-
ing them, which will cause a finite repulsive poten-
tial and increase the system’s free energy.Therefore,
it is not surprising that repulsive interactions limit
the number of vortices that penetrate the nanowire.
The contribution of the vortices to the free energy,
through their induced magnetic fields h(r ), can be
expressed as [45]

�F = 1
8π

∫
[|h(r )|2 + |∇ × h(r )|2]d 3r .

(17)

When there is one vortex in the system with rota-
tional symmetry along the z direction, the increased
free energy is

�F1 = �0L
8π

h1(ξ), (18)

where, in the range r∈ (ξ , λ), the induced magnetic
field takes the form

h1(r ) ≈ �0

2πλ2

(
ln

λ

r
+ 0.12

)
(19)

with λ the penetration depth of the magnetic field.
When there are two vortices in the system, the in-
ducedmagnetic field can be considered as the super-
position of themagnetic field inducedby each vortex
[45].Therefore, the increased free energy of the two
vortices can be estimated as

�F2 = 2�F1 + �0L
4π

h1(2r0), (20)

where the second term on the right-hand side is
from the interaction of the two vortices separated by
themaximumdistance 2r0 inside the nanowire cross
section.

Moreover, when the second vortex starts to ap-
pear in the system, the lower critical fields H (n=1, 2)

c1
satisfy the conditions [45] (see Sec. IV within the
online supplementary material for details)

�F1 =
∫
H (n=1)

c1 · hd 3r
4π

= H (n=1)
c1

�0L
4π

,

(21)

�F2 − �F1 = H (n=2)
c1

�0L
4π

. (22)

Substituting Equations (18) and (20) into Equa-
tions (21) and (22), we have

δH = H (n=2)
c1 − H (n=1)

c1 = H (n=1)
c1

2h1(2r0)
h1(ξ)

.

(23)

Clearly, the δH is not negligible for small size, and it
becomes larger as the distance between vortices be-
comesmore restricted. For nanowires with 2r0 ∈ (ξ ,
λ), according toEquation (19), δH can be estimated
as

δH

H (n=1)
c1

≈ 2
[
1 − ln 2r̃0

ln κ

]
(24)

with r̃0 = r0/ξ and κ = λ/ξ as the dimension-
less Ginzburg–Landau parameter. As shown in
Fig. 6, materials with larger κ and made into
thinner nanowires have larger δH. Particularly for
Fe(Se,Te), which satisfies κ ≈ 102 [46] with r0
about dozens of ξ , δH is of a similar magnitude as
Hc1.Thus, we can control the externalmagnetic field
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Figure 6. The estimated range of magnetic fields δH when only a single vortex pene-
trates the system as a function of (a) the nanowire radius r0 and (b) the dimensionless
Ginzburg–Landau parameter κ .

in the range (Hc1,Hc1 + δH) to manufacture single
vortex nanowires and prepare stable edgeMZMs.

CONCLUSION AND DISCUSSION
In this study, we propose an iron-based super-
conducting nanowire system to achieve controlled
MZM. The finite radius of the nanowires limits
the number of vortices penetrating them and sta-
bilizes the ground-state degeneracy of the Majo-
rana platformwithin a certain range of external mag-
netic fields. We found a size effect-induced TPT
when the diameter of the iron-based superconduct-
ing nanowires is reduced to about πξ , approxi-
mately 20 nm for the Fe(Se,Te) nanowire, which
yields a lower bound for the nanowire diameter.
When the diameter is about (πξ , 4πξ), the MZMs
have a limiteddistributionnot only in the vortex cen-
ter but also at the edges. For thick nanowires, edge
MZMs can be obtained by inducing local effective
ZFs, whereas the excitation energy of the disturbed
edge states can be quantified by reducing the ra-
dius or decreasing the chemical potential. The edge
MZMs in the nanowires can be connected in parallel
by tunable Smwires as a key step to achievingMZM
manipulation.

As of now, the superconducting nanowires in the
(100) direction have been fabricated [47–49]. The
iron-based SCs have a strong TI band structure.
Therefore, our theory is qualitatively applied to the
(100)-direction nanowires; the details will be pro-
vided in future work. In most experimental studies,
the fabrication control of impurities is necessary to
tune the chemical potential but may lower the wire
quality. A recent experimental study showed that ap-
plying strains in a suitable direction can tune the
chemical potential in LiFeAs [50], which suggests a
new technique of chemical potential control other

than impurity doping. Thus, iron-based supercon-
ducting nanowires provide a promising platform for
achieving controllable MZMs and studying MZM’s
non-Abelian properties.

SUPPLEMENTARY DATA
Supplementary data are available atNSR online.

ACKNOWLEDGEMENTS
Wewould like to thank Ching-Kai Chiu, Gang Xu, Yi Zhou, Xiao
Hu, Ling-Yuan Kong and Hong Ding for fruitful discussions.

FUNDING
X.L. acknowledges support from the National Natural Sci-
ence Foundation of China (NSFC) (12074133), the NSFC
(11674114), and the National Key R&D Program of China
(2016YFA0401003). F.-C.Z. is partially supported by the NSFC
(11674278), the Priority Program of Chinese Academy of Sci-
ences (XDB28000000), and the Innovation Program for Quan-
tum Science and Technology of Ministry of Science and Tech-
nology of China (2021ZD0302500). D.E.L. is supported by the
NSFC (11974198).

AUTHOR CONTRIBUTIONS
X.L., F.-C.Z. and D.E.L. initialized the idea and started this re-
search. C.L. carried out the calculations under X.L.’s supervision.
X.-J.L. and L.C. provided calculation assistance. All authors con-
tributed to writing the manuscript.

Conflict of interest statement. None declared.

REFERENCES
1. Kitaev AY. UnpairedMajorana fermions in quantumwires. Phys-
Usp 2001; 44: 131–6.

2. Sato M, Takahashi Y and Fujimoto S. Non-Abelian topological
order in s-wave superfluids of ultracold fermionic atoms. Phys
Rev Lett 2009; 103: 020401.

3. Lutchyn RM, Sau JD and Das Sarma S. Majorana fermions and
a topological phase transition in semiconductor-superconductor
heterostructures. Phys Rev Lett 2010; 105: 077001.

4. Oreg Y, Refael G and von Oppen F. Helical liquids and Majo-
rana bound states in quantum wires. Phys Rev Lett 2010; 105:
177002.

5. Read N and Green D. Paired states of fermions in two dimen-
sions with breaking of parity and time-reversal symmetries and
the fractional quantum Hall effect. Phys Rev B 2000; 61: 10267–
97.

6. Fu L and Kane CL. Superconducting proximity effect and Majo-
rana fermions at the surface of a topological insulator. Phys Rev
Lett 2008; 100: 096407.

7. Sau JD, Lutchyn RM and Tewari S et al. Generic new platform
for topological quantum computation using semiconductor het-
erostructures. Phys Rev Lett 2010; 104: 040502.

Page 8 of 9

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/article/9/9/nw

ac095/6587083 by D
eutsches Elektronen Synchrotron D

ESY user on 08 N
ovem

ber 2022

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwac095#supplementary-data
http://dx.doi.org/https://doi.org/10.1103/PhysRevLett.103.020401
http://dx.doi.org/https://doi.org/10.1103/PhysRevLett.103.020401
http://dx.doi.org/https://doi.org/10.1103/PhysRevLett.105.077001
http://dx.doi.org/https://doi.org/10.1103/PhysRevLett.105.177002
http://dx.doi.org/https://doi.org/10.1103/PhysRevB.61.1026
http://dx.doi.org/https://doi.org/10.1103/PhysRevLett.100.096407
http://dx.doi.org/https://doi.org/10.1103/PhysRevLett.100.096407
http://dx.doi.org/https://doi.org/10.1103/PhysRevLett.104.040502


Natl Sci Rev, 2022, Vol. 9, nwac095

8. Mourik V, Zuo K and Frolov SM et al. Signatures of Majorana fermions in
hybrid superconductor-semiconductor nanowire devices. Science 2012; 336:
1003–7.

9. Deng MT, Yu CL and Huang GY et al. Anomalous zero-bias conduc-
tance peak in a Nb–InSb nanowire–Nb hybrid device. Nano Lett 2012; 12:
6414–9.

10. Das A, Ronen Y and Most Y et al. Zero-bias peaks and splitting in an Al–InAs
nanowire topological superconductor as a signature of Majorana fermions.Nat
Phys 2012; 8: 887–95.

11. Nichele F, Drachmann ACC and Whiticar AM et al. Scaling of Majorana zero-
bias conductance peaks. Phys Rev Lett 2017; 119: 136803.

12. Choy TP, Edge JM and Akhmerov AR et al. Majorana fermions emerging from
magnetic nanoparticles on a superconductor without spin-orbit coupling. Phys
Rev B 2011; 84: 195442.

13. Nadj-Perge S, Drozdov IK and Li J et al. Observation of Majorana fermions
in ferromagnetic atomic chains on a superconductor. Science 2014; 346:
602–7.

14. Wang MX, Liu C and Xu JP et al. The coexistence of superconductivity and
topological order in the Bi2Se3 thin films. Science 2012; 336: 52–5.

15. Sun HH, Zhang KW and Hu LH et al. Majorana zero mode detected with spin
selective Andreev reflection in the vortex of a topological superconductor. Phys
Rev Lett 2016; 116: 257003.

16. Hu LH, Li C and Xu DH et al. Theory of spin-selective Andreev reflection in the
vortex core of a topological superconductor. Phys Rev B 2016; 94: 224501.

17. Krogstrup P, Ziino NLB and Chang W et al. Epitaxy of semiconductor–
superconductor nanowires. Nat Mater 2015; 14: 400–6.

18. Frolov SM, Manfra MJ and Sau JD. Topological superconductivity in hybrid
devices. Nat Phys 2020; 16: 718–24.

19. Machida T, Sun Y and Pyon S et al. Zero-energy vortex bound state in the super-
conducting topological surface state of Fe(Se,Te). Nat Mater 2019; 18: 811–5.

20. Wang D, Kong L and Fan P et al. Evidence for Majorana bound states in an
iron-based superconductor. Science 2018; 362: 333–5.

21. Chen M, Chen X and Yang H et al. Discrete energy levels of Caroli-de Gennes-
Matricon states in quantum limit in Fe(Te0.55Se0.45). Nat Commun 2018; 9:
970.

22. Liu Q, Chen C and Zhang T et al. Robust and clean Majorana zero mode in the
vortex core of high-temperature superconductor (Li0.84Fe0.16)OHFeSe. Phys Rev
X 2018; 8: 041056.

23. Kong L, Zhu S and Papaj M et al. Half-integer level shift of vortex bound states
in an iron-based superconductor. Nat Phys 2019; 15: 1181–7.

24. Zhang P, Wang Z and Wu X et al. Multiple topological states in iron-based
superconductors. Nat Phys 2019; 15: 41–7.

25. Chen C, Liu Q and Zhang TZ et al. Quantized conductance of Majorana zero
mode in the vortex of the topological superconductor (Li0.84Fe0.16)OHFeSe. Chin
Phys Lett 2019; 36: 057403.

26. Liu W, Cao L and Zhu S et al. A new Majorana platform in an Fe-As bilayer
superconductor. Nat Commun 2020; 11: 5688.

27. Zhang T, Bao W and Chen C et al. Observation of distinct spatial distributions
of the zero and nonzero energy vortex modes in (Li0.84Fe0.16)OHFeSe. Phys Rev
Lett 2021; 126: 127001.

28. Ivanov DA. Non-Abelian statistics of half-quantum vortices in p-wave super-
conductors. Phys Rev Lett 2001; 86: 268–71.

29. Alicea J, Oreg Y and Refael G et al. Non-Abelian statistics and topologi-
cal quantum information processing in 1D wire networks. Nat Phys 2011; 7:
412–7.

30. Sau JD, Clarke DJ and Tewari S. Controlling non-Abelian statistics of Majorana
fermions in semiconductor nanowires. Phys Rev B 2011; 84: 094505.

31. Liang QF, Wang Z and Hu X. Manipulation of Majorana fermions by point-like
gate voltage in the vortex state of a topological superconductor. Europhys Lett
2012; 99: 50004.

32. Liu X, Li X and Deng DL et al. Majorana spintronics. Phys Rev B 2016; 94:
014511.

33. Karzig T, Knapp C and Lutchyn RM et al. Scalable designs for quasiparticle-
poisoning-protected topological quantum computation with Majorana zero
modes. Phys Rev B 2017; 95: 235305.

34. Hosur P, Ghaemi P and Mong RSK et al. Majorana modes at the ends of su-
perconductor vortices in doped topological insulators. Phys Rev Lett 2011; 107:
097001.

35. Xu G, Lian B and Tang P et al. Topological superconductivity on the surface of
Fe-based superconductors. Phys Rev Lett 2016; 117: 047001.

36. Qin S, Hu L and Wu X et al. Topological vortex phase transitions in iron-based
superconductors. Sci Bull 2019; 64: 1207–14.

37. Li C, Hu LH and Zhang FC. Hexagonal warping effect on Majorana zero modes
at the ends of superconducting vortex lines in doped strong 3D topological in-
sulators. Sci China Phys Mech Astron 2019; 62: 117411.

38. Groth CW, Wimmer M and Akhmerov AR et al. Kwant: a software package for
quantum transport. New J Phys 2014; 16: 063065.

39. Chiu CK, Teo JCY and Schnyder AP et al. Classification of topological quantum
matter with symmetries. Rev Mod Phys 2016; 88: 035005.

40. Wu Y, Yin G and Pan L et al. Large exchange splitting in monolayer graphene
magnetized by an antiferromagnet. Nat Electron 2020; 3: 604–11.

41. Li N, Zhang J and Xue Y et al. Large valley polarization in monolayer MoTe2 on
a magnetic substrate. Phys Chem Chem Phys 2018; 20: 3805–12.

42. Pan XH, Yang KJ and Chen L et al. Lattice-symmetry-assisted second-order
topological superconductors and Majorana patterns. Phys Rev Lett 2019; 123:
156801.

43. Wu X, Chung SB and Liu C et al. Topological orders competing for the Dirac
surface state in FeSeTe surfaces. Phys Rev Res 2021; 3: 013066.

44. Akzyanov RS, Rakhmanov AL and Rozhkov AV et al. Majorana fermions at the
edge of superconducting islands. Phys Rev B 2015; 92: 075432.

45. Tinkham M. Introduction to Superconductivity. New York: McGraw-Hill, 1996.
46. Kim H, Martin C and Gordon RT et al. London penetration depth and superfluid

density of single-crystalline Fe1 + y(Te1 − xSex) and Fe1 + y(Te1 − xSx). Phys Rev
B 2010; 81: 180503.

47. Mishra S, Song K and Koza JA et al. Synthesis of superconducting nanoca-
bles of FeSe encapsulated in carbonaceous shell. ACS Nano 2013; 7:
1145–54.

48. Chen TK, Chang CC and Tang HY et al. Structural characteristics and phase
separation of superconducting Fe1 + ySe1 − xTex nanowires.Mater Res Express
2014; 1: 015026.

49. Tao YR, Fan L andWu ZY et al. Synthesis and characterization of superconduct-
ing FeSe nanowires. J Alloy Compd 2018; 751: 20–7.

50. Liu W, Hu Q and Wang X et al. Tunable vortex Majorana modes controlled by
strain in homogeneous LiFeAs. arXiv: 2111.03786.

Page 9 of 9

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/article/9/9/nw

ac095/6587083 by D
eutsches Elektronen Synchrotron D

ESY user on 08 N
ovem

ber 2022

http://dx.doi.org/https://doi.org/10.1021/nl303758w
http://dx.doi.org/10.1038/nphys2479
http://dx.doi.org/10.1038/nphys2479
http://dx.doi.org/10.1103/PhysRevLett.119.136803
http://dx.doi.org/https://doi.org/10.1103/PhysRevB.84.195442
http://dx.doi.org/https://doi.org/10.1103/PhysRevB.84.195442
http://dx.doi.org/https://www.jstor.org/stable/24917529
http://dx.doi.org/10.1126/science.1216466
http://dx.doi.org/https://doi.org/10.1103/PhysRevLett.116.257003
http://dx.doi.org/https://doi.org/10.1103/PhysRevLett.116.257003
http://dx.doi.org/https://doi.org/10.1103/PhysRevB.94.224501
http://dx.doi.org/https://doi.org/10.1038/s41563-019-0397-1
http://dx.doi.org/10.1038/s41467-018-03404-8
http://dx.doi.org/https://doi.org/10.1103/PhysRevX.8.041056
http://dx.doi.org/https://doi.org/10.1103/PhysRevX.8.041056
http://dx.doi.org/https://doi.org/10.1038/s41567-019-0630-5
http://dx.doi.org/https://doi.org/10.1038/s41567-018-0280-z
http://dx.doi.org/https://doi.org/10.1038/s41467-020-19487-1
http://dx.doi.org/https://doi.org/10.1103/PhysRevLett.126.127001
http://dx.doi.org/https://doi.org/10.1103/PhysRevLett.126.127001
http://dx.doi.org/https://doi.org/10.1103/PhysRevLett.86.268
http://dx.doi.org/https://doi.org/10.1103/PhysRevB.84.094505
http://dx.doi.org/10.1209/0295-5075/99/50004
http://dx.doi.org/https://doi.org/10.1103/PhysRevB.94.014511
http://dx.doi.org/https://doi.org/10.1103/PhysRevB.95.235305
http://dx.doi.org/https://doi.org/10.1103/PhysRevLett.107.097001
http://dx.doi.org/https://doi.org/10.1103/PhysRevLett.117.047001
http://dx.doi.org/https://doi.org/10.1016/j.scib.2019.07.011
http://dx.doi.org/https://doi.org/10.1007/s11433-019-9391-7
http://dx.doi.org/https://doi.org/10.1088/1367-2630/16/6/063065
http://dx.doi.org/10.1038/s41928-020-0458-0
http://dx.doi.org/https://doi.org/10.1103/PhysRevLett.123.156801
http://dx.doi.org/https://doi.org/10.1103/PhysRevResearch.3.013066
http://dx.doi.org/https://doi.org/10.1103/PhysRevB.92.075432
http://dx.doi.org/https://doi.org/10.1021/nn3056669
http://dx.doi.org/https://doi.org/10.1016/j.jallcom.2018.04.065

