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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 which MZMs 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 with Majorana 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 (MZM:s) 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] and Fe chains growing on SCs [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 MZM:s to be dis-
tinguished from conventional Caroli-de Gennes—
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 for MZMs
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 v and the system gap amplitude £y, as a function of the nanowire
radius ry and chemical potential w. (c) The variation in the ten lowest positive eigenenergies near the TPT at . = 0 with open boundary in the z
direction. (d) The probability density | ¥ |%(r, z) of the lowest-energy states in the nanowires with i, = 2.2, ..., 1.4£. (e) The distribution of the MZMs'
probability density [¥,|? on the circular surface before the TPT. The parameters used in the calculations are M = 20 meV, A = 30 meV nm, A; =
2.7 meVnm, B= —31meVnm?, B; = 4.7 meV nm?, Ay = 1.8 meV so that & & 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 p [34],
we found an additional TPT by tuning the radius
ro 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 support MZMs. 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
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surface allows a gate-tunable coupling between vor-
tex MZMs 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 but moves 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 Iy and radius
to, which allows for proper separation between the
bottom and top MZM:s while sufficiently maintain-
ing a large gap between the MZM:s and Bogoliubov
quasiparticle states to prevent quantum information
leakage. In parallel to the benefit of achieving MZM:s
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 schemes developed from the Sm nanowires.

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 tunable MZMs in a wide 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-
pling with and without the local ZF. Then, we discuss
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—-de Gennes (BdG)
Hamiltonian of the iron-based SC can be expressed
as

Hpi(r) —
Hs = ( Al(r)

A
- %‘I(r)ﬂL)’ )

in the basis (C(r), CT(¥))T, with C(r) =
(Cm("), ciy(r), cap(r), cu(r))T as the electron
annihilation operator in real space; subscripts (1,2)
and (4, |) indicate the orbital and spin degrees of
freedom, respectively, and p denotes the chemical
potential measured from the Dirac point of the
surface states. Here, Hry is expressed as [24,35,36]

Hri(k) = A6, (S, sink, +§, sink,)
+6.[M — B(4 —2cosk, —2cosk,)]
+ A36,$,sink, — 6,B3(2 — 2 cosk,)

)

with M, A, A, B and B; the anisotropic material pa-
rameters, and ¢ and § 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
A, (r) = —is‘on(tanh <§>e“ﬂ> . (3)

where n = 0 (or 1) for a system with no (or one)
vortex, Ao denotes the amplitude of the bulk super-
conducting order parameter and § = hvg/(w Ay)
denotes the superconducting coherence length with
Fermi velocity vg. For n = 1, the chemical poten-
tial i can induce a TPT with the transition above
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the bulk bandgap [34,36,37]. Remarkably, we found
that in the iron-based superconducting nanowires,
the size effect, precisely the radius ry, 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. Forn =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, 2)
o HP-n —i3, Ao tanh(r /€)
i$,Agtanh(r/&)  —H +u )

(4)
where

; i(j+1/2 1
HY) = —i e, [sa LU, 2—§x]
r r

1
+6Z<M + B|:3,2+ -9,
r

-5

+ A36,8, sink, — 6,B3(2 — 2 cosk,).

(5)

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

Assuperconducting system with vortexlines 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 PHUI P~ = —H(J). Therefore, if
the system is fully gapped, its topology is character-
ized by the Z, topological invariant v [1]:

PE[HY) (ro. k. = 0)]

PEH) (ro, ke = 7))

. sgn{ } (6)

with 'Hl(v%) the Hamiltonian (=% written in the
Majorana basis. We plot the product of the topolog-
ical invariant v and the system gap amplitude Eg,;, as
a function of ry and w in Fig. 1(b), explicitly show-
ing a TPT, characterized by the sign change of v and
gap closure. To further understand this TPT, at
= 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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which gives rise to the two lowest eigenenergies

E+(ro) = £[e(ro) — vV AX(ro) + 2] (8)

N with
-3/2 =12 112 312
A B

w0 2]

)

0 T T T =
1.2 8("0)

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

e(r.) = /A*(r.) + p?. In addition, the gap clos-

2] eveeassenreeerett ) J ing in other j, sectors always occurs an even num-

19 18 24 12 18 24 ber of times because of the particle-hole symme-

els /s try. Therefore, the sector of j, = 1/2 determines the

TPT. We numerically calculate and plot the four

Figure 2. (a) The spectrum illustration of low-energy states of the electron Hamiltonian
part Hy from Equation (2) with k, = 7. (b) The lowest positive eigenenergy of the Tl
for jo = 1/2 and k, = 7. The curve is the approximate energy given by Equation (9).
(c).(d) Low energies (dots) of the superconducting nanowire with k, = 7 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 Tl parameters are the same as those in Fig. 1. plified as r. & A/(2A¢) = 7§ /2. As a comparison,
for the superconducting nanowire without vortices

eigenenergies closest to zero as a function of ry with
red dots when p = 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 A, the critical point could be sim-

(n = 0), the electron states will couple their time-
the zero-energy mode above the critical radius . ~

1.8 ~ 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 r,, the

reversal partner in SC [indicated by the blue double
arrows in Fig. 2(a)], and the energies become

E.(ro) = £/[e(ro) — ) + 23, (10)

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

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

studying the Hamiltonian of the system at the band funljf?;ils)lﬁv?:;r ;flsirrlIt‘)I:tI; :}tli}}::z;to:re;ggov::;
ary, which agrees with the small decay length of the
lateral T1 surface states of the electron Hamiltonian
I, 2 (nm) K r.. Therefore, the energy gap £(ro)
[Equation (9)] and TPT in the superconducting

inversion point k, = 7.

Notably, the corresponding electron Hamilto-
nian Hrp of Equation (2) always satisfies time-
reversal symmetry; meanwhile, in Equation (1),

only the superconducting gap function with one vor- o
7 P 58P 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 ry is
slightly greater than r, the MZM:s can have a consid-

tex (n = 1) breaks the time-reversal symmetry. Thus,
the electronic spectrum [Fig. 2(a)] remains time-
reversal invariant, say E;, = E_; , with j, the elec-
t%‘omc angular momentum for- HT.I' Forn = ,1’ the erable weight on the edge. For example, in Fig. 1(e),
time-reversal symmetry breaking is reflected in the when ry shrinks to the magnitude of 4&, the distri-
bution of MZMs at the edges is larger than that at
the center. This finite distribution of MZMs at edges

will enable the coupling of two MZMs from parallel

fact that the Cooper pairs are formed by coupling
two electrons with angular momentum (j,, —j. +
1) [indicated by the red dashed double arrows in
Fig. 2(a)). 'Con81der1ng Je .= 1/. 2as an- example,. the nanowires, which we discuss in the section after next.
corresponding BAG Hamiltonian projected to j, =

1/2 sector states takes the form

LOCAL EFFECTIVE ZF AND EDGE MZMS

For thick iron-based superconducting nanowires

Hy_1p ~ (8(70)§z — o —is, A(ro) )
je= A _ s s ]
i$yA(ro) e(ro)ss + s or materials with short superconducting coher-

(7)  ence length, the MZM wave function is mainly
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Figure 3. The spectra of the iron-based superconducting nanowire system in Equa-
tion (11) with the bottom layer effective ZF (a) V, =0and (b) V, = 4Aq at u = 1.2A,.
(cHe) The MZM distribution |Wq|? near the top and bottom surfaces corresponding
to V, = 0,2 and 4(Ag) in sequence. The lower panels show the probability density
|Wo(n|? on the bottom surface. Other parameters are the same as those in Fig. 1.
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Figure 4. The scatter graphs of the first excited energy £ of the Hamiltonian in Equa-
tion (11) with respect to (a) the superconducting nanowire's radius r for different chem-
ical potentials and (b) the chemical potential w for different radii of nanowires with
V, = 4A,. Other parameters are the same as those in Fig. 3.

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 V7 (z) = —V.8(2)t.5. 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 interactions without introducing the
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undesired magnetic field [40,41]. Then, the Hamil-
tonian of the iron-based superconducting nanowires
becomes

H(j)(r, z)
(MY 4V, - —ig, Agtanh(r /&)
i$,Aotanh(r/€) —HG =V, 4]

(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 |V,| > /A2 + 12, 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
vortex MZM becomes a chiral MZM [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 Iy and ry = 6§ and u = 1.2A,. Ob-
viously, with or without the effective ZF, the two
MZMs were always degenerated atj =0and E=10
[seeFig.3(a) for V, =0andFig. 3(b) for V, =4A,].
Meanwhile, the bottom and top MZM:s are well sep-
arated [Fig. 3(c)-(e)]. Tracing the wave function
of MZMs with increasing V, 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-
tective 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 E;, indicating the effective gap,
versus the radius of the cylindrical model ry with a
fixed wire length [Fig. 4(a)]. The excited energies be-
come significantly quantized and E; grows close to
half of Ay as the radius ro shrinks to below 10& [44].
In addition, a lower chemical potential || yields a
larger energy gap. We also plot the energy gap versus
w for different cylindrical radii o [Fig. 4(b)]. As |u|
moves farther away from the Dirac point of the topo-
logical surface states, the energy gap indeed reduces
for any ry case. Notably, even if the radius changes
to ro = 20 A 100 nm, the energy of the first excited
state still has 0.1 Ay ~ 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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Figure 5. (a) Schematic of two coupled MZMs at the bottom of two parallel nanowires
described by Equation (13). (b) Spectra of the two-nanowire system with radius r =
A& as a function of the potential on the connection V. (c) Probability density of two
decoupled (1, = —0.5%;,) and coupled (V; = 0.45t,, corresponding to the blue dashed
line in the spectra) Majorana vortex states at the bottom layer. (d) Spectra of the two-
nanowire system with effective local ZFs at the bottom surface. (e) Probability density
of two decoupled (V; = —0.5%;,) and coupled (; = 0.25%y, the blue dashed line in the
spectra) edge Majorana states induced by the effective local ZFs. The nanowire pa-
rameters are the same as those in Fig. 1, expect that M= 4 meV and lattice constants
&/2 (& /4) perpendicular (parallel) to the z direction.

material for details)

T

Bom~— 2
PR (1 + a2)

F>1), (12)

with the rescaled E; = E /A, i = t/Ao, Fo =
ro/& . This approximate function confirms the chang-
ing trend of E,, inversely proportional to ry and
u?, 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 chiral MZMs and other 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 J, and
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radius ry, 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

Hy« = Hs + Hy + Hns, (13)
where Hg 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 Hg, we adjust some param-
eters to facilitate the calculation, without changing
the topological property. The two-vortex supercon-
ducting order parameter is set as

(14)

A(r) = A tanh ;—lei‘pl tanh ;—Zewz,

wherer;and ¢;(i € {1,2}) denote the horizontal dis-
tances and azimuth angles measured from the vortex
lines in the two nanowires, respectively. Any closed
loop containing # vortex lines changes the phase of
A(r) by 2n7. A gate-tunable Sm lead connects the
two nanowires from the bottom edge. We simulate
the lead as a square lattice

Hy = ty,1.(4 — 2 cosk, — 2cosk,) — V,,
(15)

and attach it to the superconducting nanowires
with

Hys = — o Z(CLaszSd + H-C-)9 (16)
o

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

For the thin superconducting nanowires with di-
ameters dy = 8£ ~ 42 nm, the MZMs have finite
distributions at the edges, as we mentioned in the
section before last. Varying the potential V,, we plot
the low-energy spectrum of the system [Fig. 5(b)].
For V, K0, 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 MZM:s 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 the potential to V, = 0.45t.,, the two
MZMs open a clear energy gap of about 0.04A, ~
0.07 meV but still away from the excited states to
avoid information leakage [Fig. S(b)]. Meanwhile,
parts of the two bottom MZM:s 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 of MZMs at the edges and the coupling by the
connecting lead will be lower. However, we could
enhance the coupling by adding an effective ZF
V, = 4A, at the bottom surface, as we dis-
cussed in the previous section. We now con-
sider nanowires of diameters dy = 10& with lo-
cal effective ZFs as an example. The variations
in the spectrum and MZM wave functions are
shown in Fig. S(d)-(e). Similarly, the two-edge
MZMs can be isolated or connected under the
gate V, 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 V, 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]

1 2 2 3
AF = gf[m(rn L1V % ()PP

(17)

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

q)Oth(é),

AF] =
8w

(18)
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where, in the range r € (§, 1), the induced magnetic
field takes the form

o 1k+012
e\ '

with A the penetration depth of the magnetic field.

hi(r) =~

(19)

When there are two vortices in the system, the in-
duced magnetic field can be considered as the super-
position of the magnetic field induced by each vortex
[45]. Therefore, the increased free energy of the two
vortices can be estimated as

DL

AF, =2AF, +
4

h1(2r0), (20)
where the second term on the right-hand side is
from the interaction of the two vortices separated by
the maximum distance 2r, inside the nanowire cross
section.

Moreover, when the second vortex starts to ap-
pear in the system, the lower critical fields Hc(ln =h2)
satisfy the conditions [45] (see Sec. IV within the
online supplementary material for details)

(n=1) 3
oY hd 1 ®oL
A, = L B ey Bl
47 47
(21)
) ®oL
AF, — AF, = HI= 22~ (22)
T

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

B _ _y2m (2
$H = HO™) — gy = go=nHnro)
hi(§)

(23)

Clearly, the §H is not negligible for small size, and it
becomes larger as the distance between vortices be-
comes more restricted. For nanowires with 2r; € (&,
A), according to Equation (19), §H can be estimated
as

(24)

0H In 27,
P L
H™ Ink

with 7y =ro/§ and k¥ = A/& as the dimension-
less Ginzburg-Landau parameter. As shown in
Fig. 6, materials with larger «¥ and made into
thinner nanowires have larger §H. Particularly for
Fe(Se,Te), which satisfies k ~ 10> [46] with ro
about dozens of &, 6H is of a similar magnitude as
H,,. Thus, we can control the external magnetic field
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Figure 6. The estimated range of magnetic fields § H when only a single vortex pene-
trates the system as a function of (a) the nanowire radius ry and (b) the dimensionless
Ginzburg—Landau parameter .

in the range (H¢y, Ho + 8H) to manufacture single
vortex nanowires and prepare stable edge MZMs.

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 platform within 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 w&, approxi-
mately 20 nm for the Fe(Se,Te) nanowire, which
yields a lower bound for the nanowire diameter.
When the diameter is about (&, 47§ ), the MZMs
have alimited distribution not 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 Sm wires as a key step to achieving MZM
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
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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 at NSR online.
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