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Motivated by the recent experiments that reported the discovery of vortex Majorana bound states (vMBSs)
in iron-based superconductors, we establish a portable scheme to unveil the non-Abelian statistics of vMBSs
using normal fermionic modes. The non-Abelian statistics of vMBSs are characterized by the charge flip signal
of the fermions that can be easily read out through the charge sensing measurement. The charge flip signal will
be significantly suppressed for strong hybridized vMBSs or trivial vortex modes, which efficiently identifies
genuine vMBSs. To eliminate the error induced by the unnecessary dynamical evolution of the fermionic modes,
we further propose a correction strategy by continually reversing the energy of the fermions, reminiscent of the
quantum Zeno effect. Finally, we establish a feasible protocol to perform non-Abelian braiding operations on
vMBSs.
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I. INTRODUCTION

Ever since the concept of quantum computation was pro-
posed [1–3], decoherence has stymied most of the realization
approaches of quantum computers and become one of the
thorniest challenges for this realm [4,5]. By storing and op-
erating quantum information nonlocally, topological quantum
computation (TQC) [6–8] evades this problem from the hard-
ware level. Owning to the favored non-Abelian statistics,
Majorana bound states are deemed as the most promising
candidate for implementing TQC [8,9]. To date, a variety
of schemes have been proposed to realize and manipulate
such quasiparticles in condensed matter systems, especially in
topological superconductors (TSCs) [10–22]. Among these,
vortex Majorana bound states (vMBSs) [13,16,23–25] were
discovered recently in iron-based superconductors (FeSCs)
such as FeTe0.55Se0.45 [23,25–39]. These FeSCs integrate the
advantages of high Tc, topological band structure, and self-
proximity, making them highly promising in TQC [40–43].

The first step toward the practical application of vMBSs
in TQC is the demonstration of their non-Abelian statistics
[9]. Different from other proposals of realizing Majorana
zero modes such as using semiconductor superconducting
nanowires [11,44–46], vMBSs in FeSCs are tightly embed-
ded into the Abrikosov lattice [47,48], which complicates the
fabrication of external structures and the implementation of
non-Abelian braiding procedures. So far, experimental pro-
posals for performing braiding operations on vMBSs have
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mainly focused on moving the positions of vortices [49–51],
which may be destructive to vMBSs and make the opera-
tion duration exceed the coherence time [52,53]. Furthermore,
these braiding schemes also make it difficult to reflect the non-
Abelian statistics of vMBSs onto an experimental observable.

In this paper, we establish a portable scheme to unveil
the non-Abelian statistics of vMBSs in FeSCs using normal
fermionic modes (see Fig. 1). In our model, the non-Abelian
statistics of the vMBS is reflected with the help of the unique
half-fermionic coupling between the vMBS and the Majo-
rana components inside the fermionic modes. By alternately
coupling fermionic modes to the vMBS, Majorana compo-
nents of the fermions undergo a non-Abelian braiding process,
which is like traditional Y junctions [54,55]. Importantly,
the braiding process flips the local fermion parities of the
fermionic modes, resulting in the charge flip signal (CFS)
of the fermions. Experimentally, our proposal may be re-
alized in FeSCs with the help of atomic force microscopy
(AFM)/scanning probe microscopy (STM) tips. The modi-
fication technology of AFM or STM tips are very mature
nowadays, which aims at functionalizing the tips to achieve
high performance or make them feasible for specific prob-
ing tasks [56–65]. Therefore, the CFS can be sensitively
measured with the help of AFM/STM tips modified with
atoms, molecules, quantum dots, or other nanostructures, thus
greatly simplifying the readout protocol through charge sens-
ing measurements [66,67]. Moreover, the CFS is significantly
suppressed when the vMBSs are strongly hybridized or the
vortex bound state is fermionic [68]. For this reason, it pro-
vides a feasible method to distinguish vMBSs from trivial
Andreev bound states. To improve the quality of the CFS,
error induced by unnecessary dynamical evolution of the
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FIG. 1. (a) Sketch of the fermionic Y junction in iron-based
superconductors (FeSCs). (b) Illustration of the readout protocol
for the charge flip signal (CFS) based on the charge sensing mea-
surement. (c) Minimal model for the fermionic Y junction. γi (i =
1, 2, . . . , 6) represent the Majorana components of the fermions. γA

and γB represent the vortex Majorana bound states (vMBSs). (d) By
alternately coupling the three fermionic modes to the vMBS γA,
Majorana modes γ1 and γ5 undergo a non-Abelian braiding process.
(e) Performing the braiding operation twice, the fermionic state |ψ−

12〉
encoded by γ1 and γ2 flips to |ψ+

12〉 and vice versa, same for |ψ−
56〉. (f)

Numerical results simulated in the topological superconductor (TSC)
system. Ts = 1 μs denotes the operation duration.

fermionic modes should be eliminated. We propose a method
to correct such a dynamical error by frequently reversing the
energy of the fermions. Such an operation freezes the dynam-
ical evolution of low-energy modes and can be understood
as a Majorana version of the quantum Zeno effect [69]. In
experiments, the above reversing process can be achieved
through spin-echo-like techniques [70]. Finally, using a single
fermionic mode, we propose a portable protocol to perform
the braiding operations over vMBSs. The braiding complete-
ness is closely related to the geometric phase of Majorana
modes accumulated during the braiding process [71]. Our
proposals shed light on scalable TQC in FeSCs.

II. BASIC SETUP: THE FERMIONIC Y JUNCTION

We establish a fermionic Y junction setup, which consists
of three fermionic modes (ψ12, ψ34, and ψ56) and a pair of
vMBSs (γA and γB). Here, ψi j (i, j = 1, 2, . . . , 6) denotes

the annihilation operator of the fermionic mode with Majo-
rana components γi and γ j [i.e., ψi j = (γi + iγ j )/2 and ψ

†
i j =

(γi − iγ j )/2]. As sketched in Fig. 1(c), the minimal model
Hamiltonian is

HY = iEd,12γ1γ2

2
+ iEd,34γ3γ4

2
+ iEd,56γ5γ6

2

+ itA,1γAγ1

2
+ itA,3γAγ3

2
+ itA,5γAγ5

2
, (1)

where Ed,i j denotes the energy of ψi j , while tA,i is the coupling
strength between the vMBS γA and the Majorana mode γi

inside the fermion. Here, we only consider the vMBS and
the three normal fermionic modes of which the energies lie
inside the superconducting gap. We ignore other fermionic
modes of strong hybridized vMBSs for the time being. Like
a traditional Y junction [55], by alternately turning on and
off tA,i, Majorana components of the fermions are spatially
transmitted. The detailed operation procedure is presented as
follows. Firstly, parameters in HY are initialized to Ed,34 = E0

with Ed,12 = Ed,56 = tA,i = 0. Under this condition, γ3 and γ4

are in a strong-coupled status, with all the other Majorana
modes frozen at zero energy. In step 1, we gradually turn off
Ed,34 and turn on tA,3 from 0 to tc. By doing so, γ4 (γA) is
transmitted to the original position of γA (γ4) with γA picking
up a minus sign due to the non-Abelian statistics. Like step
1, the next three steps and the resulting configurations of
Majorana modes are illustrated in Fig. 1(d). In the final step,
we turn off tA,3 and turn on Ed,34 so that HY comes back to its
initial form, preparing for the next cycle of operation. After
performing the above steps, γ1 and γ5 undergo a non-Abelian
braiding process, and all the other Majorana modes go back to
their initial positions. Performing them twice, both γ1 and γ5

pick up minus signs, as shown in Fig. 1(e). From the viewpoint
of the fermionic modes, ψ12 = (γ1 + iγ2)/2 flips to −ψ

†
12 =

(−γ1 + iγ2)/2 with the corresponding state |ψ+
12〉 flipping to

|ψ−
12〉 and vice versa, resulting in the CFS (|ψ±

i j 〉 represents
the state encoded by γi and γ j , where the superscripts + and −
denote the occupation and unoccupation state of the fermionic
mode). The same results also apply to |ψ±

56〉.
We numerically simulate the above process in a two-

dimensional TSC system, which mimics the TSC emerged on
the surface of FeSCs [72]. The lattice Hamiltonian is

HTSC =
∑

i

[
ih̄vF

2a
(c†

i σyci+δx̂ − c†
i σxci+δŷ) − μ

2
c†

i σ0ci

− W

2a
(c†

i σzci+δx̂ + c†
i σzci+δŷ) + W

a
c†

i σzci

+�(i)c†
i,↑c†

i,↓

]
+ H.c., (2)

where the first term represents the topological surface states
with vF the fermi velocity and a the lattice constant. Here, we
only construct the lattice model that hosts the vMBS, and we
have not yet introduced the three normal fermionic modes.
The fermion doubling problem is eliminated by adding a
Wilson mass term with strength W [72–74]. Here, μ de-
notes the chemical potential. TSC emerges by adding s-wave
pairing terms with pairing potential � [10]. Vortices are intro-
duced through �(i) = �tanh |i−j|

ξ
eiθ (i−j) where j denotes the
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location of the vortex core, ξ is the coherence length, and
θ (i − j) is the superconducting phase. Here, we consider a
vortex and an antivortex that support vMBSs γA and γB for
simplicity. The fermionic modes are spin polarized [75] and
couple to vMBS γA with coupling strength tA,i (i = 1, 3, 5).
During the operation, tA,i are alternately turned on and off
ranging from 0 to tc. The simulation parameters are taken as
a = 1, h̄vF = 1, W = 1, μ = 0, � = 1.5, ξ = 2, E0 = 0.3,
and tc = 0.1. The total operation duration Ts = 1.53 × 106,
corresponding to 1 μs (with the energy unit millielectron-
volts) in SI units. Specially, the adiabatic condition h̄/Ts � Ec

should be satisfied in experiments [Ec denotes the lowest
excitation energy above the vMBSs that could be the energy
of the superconducting gap or the lowest subgap Caroli–
de Gennes–Matricon (CdGM) state]. For FeSCs such as
FeTe0.55Se0.45, LiFeAs, and CaKFe4As4, the observed energy
scale of Ec are of the order of millielectronvolts [25,26,37,39];
hence, Ts � h̄/(1 meV) = 6.56 × 10−7 μs is easily satisfied
for microsecond-scale operations. Recently, a theory proposed
that the nonzero momentum pairing-induced topological
Larkin-Ovchinnikov state in FeSCs has a large superconduct-
ing gap and can host MZMs(Majorana zero modes) [76].
Our proposal can also be applied in such systems. Fermionic
states are initialized to |ψ−

12〉 and |ψ−
56〉. Here, |ψ−

i j (t )〉 =
U (t )|ψ−

i j (0)〉, where U (t ) = T̂ exp[−i
∫ t

0 dτH (τ )] is the time

evolution operator (T̂ is the time-ordering operator) [77,78].
The resulting transition probabilities |〈ψ+

12(0)|ψ−
12(t )〉|2 and

|〈ψ+
56(0)|ψ−

56(t )〉|2 can serve as the CFSs, which manifest the
flip of the fermion state from the unoccupied |ψ−

12〉 (|ψ−
56〉) to

occupied |ψ+
12〉 (|ψ+

56〉), as demonstrated in Fig. 1(f).
To realize the fermionic Y junction in FeSCs, the fermionic

mode could be achieved through quantum dots, molecular
clusters, or other confined nanostructures [79,80]. By modi-
fying these structures on AFM/STM tips [56,57] and driving
them to approach the vortex core in turn [Fig. 1(a)], the
coupling parameters tA,i (i = 1, 3, 5) change alternately. Con-
sequently, Majorana components of fermion states undergo
a non-Abelian braiding process, leading to CFS in these
nanostructures which can be detected through charge sensing
measurements [81–84] [see Fig. 1(b)].

III. IDENTIFYING vMBSS USING
THE FERMIONIC Y JUNCTION

In sharp contrast to the traditional Y junction that contains
only Majorana modes, the CFS of our fermionic Y junction
is highly dependent on the Majorana nature of the vortex
mode. The CFS will be destructed by replacing the vMBS
into a fermionic mode. To demonstrate such a consequence,
we replace HY to HY,δ = HY + hY,δ with

hY,δ = iδtA,1γBγ2

2
+ iδtA,3γBγ4

2
+ iδtA,5γBγ6

2
, (3)

where δ is a controlling parameter varying from 0 to 1. Here,
δ = 0 corresponds to the case where the vMBS only cou-
ples to half of a fermionic mode [85], and we call it the
Majorana-type coupling. The case δ = 1 represents a fermion-
type coupling between the fermionic mode ψAB (encoded by
γA and γB) and ψi j . As demonstrated in Figs. 2(a) and 2(b),
the CFS is significantly suppressed by increasing δ from 0 to

FIG. 2. (a) Numerical result of the charge flip signal (CFS) for
HY,δ vs the controlling parameter δ. Ts = 1 μs, same for (b). (b) Flip
probability from the unoccupied state |ψ−

12〉 to the occupied state
|ψ+

12〉 during the operation under different δ. (c) CFS vs the operation
duration Ts with different distance L between vortices. (d) CFS vs Ts

with different Ed for the fermionic modes.

1, which corresponds to a transition from the Majorana-type
coupling to the fermion-type coupling [68]. In FeSCs, the
vortex mode may be a normal Andreev bound state which is a
fermionic excitation such as the CdGM states. The energy of
these trivial Andreev bound states may reach zero, resulting
in a zero bias conductance peak, and make it difficult to
distinguish them from the real vMBSs [24,86–88]. However,
as analyzed above, trivial Andreev bound states cause no CFS
in our fermionic Y junction. For this reason, our fermionic Y
junction can serve as a detector to distinguish vMBSs from
other trivial states. Moreover, the CFS can also be suppressed
when the hybridization between vMBSs becomes stronger
[89–91]. When the vortices get closer [Fig. 2(c)], the CFS
oscillates to zero as Ts increases. For hybridized vMBSs, the
fermion modes in the junction not only couple to the nearest
vMBS γA but also partially couple to γB in the distance, result-
ing in a nonzero δ in HY,δ , destructing the CFS. Therefore, our
fermionic Y junction can also help to pick out genuine vMBSs
for TQC in FeSCs.

IV. CORRECTION OF THE DYNAMICAL ERROR

So far, we have assumed that the energy of the fermionic
modes are fixed at zero during the operation. However, in
real nanostructures, the deviation of the onsite energy of
fermionic states is inevitable, which brings error by enabling
the dynamical evolution of low-energy states that suppress
the non-Abelian braiding process of Majorana modes (γ1 and
γ5). We numerically demonstrate such a dynamical error in
the TSC system. Here, we set Ed,12 = Ed,56 = Ẽd,34 = Ed

[92], where Ẽd,34 is the minimal value of Ed,34. As shown in
Fig. 2(d), the increasing of Ed makes the CFS drops dramati-
cally and narrows Ts into a very small scale (typically 0.1 μs).
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FIG. 3. Sketch of step 3 in Fig. 1 (a) without and (b) with dynam-
ical error. (c) The error-correcting strategy by continually reversing
Ed . (d) Illustration of the Majorana version of the quantum Zeno
effect. The trajectories of γ6, γ2, and γ5(t ) under dynamical evolution
sweep across the Bloch sphere when the reversing frequency is small
(m = 21) but are frozen at the original positions as it increases (m
= 200). (e) [(f)] Numerical results of charge flip signal (CFS) as a
function of m (Ed ) under different Ed (m) simulated in the topological
superconductor (TSC) system. The time duration Ts = 1 μs.

The dynamical error originates from the evolution of low-
energy states. We take one typical step [step 3 in Fig. 1(d)]
as an example to illustrate its mechanism. As compared in
Figs. 3(a) and 3(b), dynamical effect becomes significant
when Ed deviates from zero, resulting in an additional ex-
change process between γ2 and γ6, thus causing error to the
CFS. We propose an error-correcting strategy by continually
reversing Ed as Ed (t ) = Ed sign[cos 2πmt

T ] (m determines the
reversing frequency) [Fig. 3(c)]. As m increases the non-
Abelian braiding process as well as the CFS will be recovered.
We use the Hamiltonian

Heff = iEd (t )

2
(γ3γ2+γ5γ6)+ itc

2
γ4[γ3cosθ (t )+γ5sinθ (t )]

(4)

to model such a process. Here, θ (t ) = πt
2T controls the rela-

tive coupling strength, and T is the time duration. Under the
transformations:

γ2(t ) = γ2cosθ (t ) + γ6sinθ (t ), (5)

γ3(t ) = γ3cosθ (t ) + γ5sinθ (t ), (6)

γ5(t ) = γ5cosθ (t ) − γ3sinθ (t ), (7)

γ6(t ) = γ6cosθ (t ) − γ2sinθ (t ), (8)

FIG. 4. (a) Sketch of the non-Abelian braiding protocol for vor-
tex Majorana bound states (vMBSs) using a single fermionic mode in
iron-based superconductors (FeSCs). (b) vMBSs γ1 and γ3 undergo a
non-Abelian braiding process, resulting in the flip of the qubits |φ±

12〉
and |φ±

34〉. (c) Transition probabilities during the braiding operation
with Ed = 0.002 and tc = 0.05. (d) Braiding completeness as a func-
tion of Ed with tc = 0.05. The braiding duration is Ts = 65.36 μs.

Heff can be rewritten as

Heff = iEd (t )

2
γ5(t )γ6(t ) + iγ3(t )

[
Ed (t )

2
γ2(t ) − tc

2
γ4

]
. (9)

The last two terms in Heff can be recombined as
iEd
2 γ3(t )γ2(t ) + itc

2 γ4γ3(t ) = i
√

E2
d +t2

c

2 [− Ed√
E2

d +t2
c

γ2(t ) +
tc√

E2
d +t2

c

γ4]γ3(t ). As tc/Ed → ∞, γ3(t ) and γ4 are in a

strong coupled state, which has little contribution to the
low-energy physics. The low-energy effective Hamiltonian of
Heff is further simplified as

H̃eff = iEd

2
γ5(t )γ6(t )

= iEd

2
γ5(t )[γ6cosθ (t ) − γ2sinθ (t )]. (10)

Therefore, dynamical error becomes dominant only in the
subspace spanned by γ2, γ6, and γ5(t ). Adopting the rela-
tion eαγ1γ2γ1e−αγ1γ2 = cos2αγ1 − sin2αγ2, the time evolution
operator U (T ) = T̂

∫ T
0 exp[ Ed (τ )

2 γ5(τ )γ6(τ )dτ ] can be ap-
proximated by successive rotations in the Euclidian space
{x̂(−γ6), ŷ[γ5(t )], ẑ(γ2)} as

R = Rn̂2m

(−Ed T

2m

)
Rn̂2m−1

(Ed T

2m

)
· · ·

× Rn̂2

(−Ed T

2m

)
Rn̂1

(Ed T

2m

)
, (11)

where Rn̂(φ) denotes the rotation around the axis n̂ by φ and
n̂k = cos πk

4m ẑ − sin πk
4m x̂. The dynamical evolution of Majorana

modes is gradually frozen by increasing the reversing fre-
quency. For example, comparing m = 21 and 200 in Fig. 3(d),
γ2, γ6, and γ5(t ) are pinned to their original positions for
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the larger m, thus successfully correcting the dynamical er-
ror. Furthermore, as shown in Figs. 3(e) and 3(f), the CFS
(simulated in the TSC system) is gradually recovered as m
increases. Interestingly, the physics behind our correction
strategy is consistent with the well-known quantum Zeno
effect that illustrates the stabilization of quantum states under
frequent measurements or disturbance [69,93–95]. Here, the
quantum Zeno effect freezes both the dynamical and geo-
metric evolutions of Majorana modes γ2 and γ6 as well as
protects the adiabatic non-Abelian process between γ3 and
γ5. In experiments, frequently reversing of the onsite energy
of the fermionic mode can be realized through spin-echo-like
schemes [70].

V. NON-ABELIAN BRAIDING PROTOCOL FOR vMBSS
UTILIZING A SINGLE FERMIONIC MODE

Based on the vMBSs that are identified by our fermionic Y
junction as weakly hybridized and possessing excellent non-
Abelian statistical properties, we further propose a portable
and scalable protocol to perform non-Abelian braiding oper-
ations over these vMBSs in FeSCs. The braiding operation is
implemented by coupling a single fermionic mode to a pair of
vMBSs alternately [Fig. 4(a)]. In such a braiding protocol, the
experimental setup is simplified. Moreover, the vMBSs could
also be more robust since their spatial moving is now avoided.

The model Hamiltonian to realize our protocol is

HM = iEd

(
ψ

†
12ψ12 − 1

2

)
+ it1,Aγ1γA

2
+ it1,Cγ1γC

2

+ iεABγAγB

2
+ iεCDγCγD

2
, (12)

where ψ12 = (γ1 + iγ2)/2 is the fermionic mode encoded by
Majorana modes γ1 and γ2 with energy Ed . Here, γA, γB, γC ,
and γD are vMBSs. Also, εAB (εCD) denotes the hybridization
strength between γA and γB (γC and γD), which can be ne-
glected for weakly hybridized vMBSs. The braiding process
contains three steps (HM is initialized as t1,A = t1,C = 0). In
step 1, we turn on t1,A from 0 to tc with tc � Ed . By doing
so, γ2 (γA) is transmitted to the position of γA (γ2), with γA

picking up a minus sign. In step 2, t1,A is turned off, while t1,C

is turned on from 0 to tc, transmitting γ2 (γC) to the position of
γC (γ2), with γC picking up a minus sign. In step 3, we turn off
t1,C , transmitting γ2 (−γA) to the position of γA (γ2), with −γA

picking up an additional minus sign. As shown in Fig. 4(b),
after performing the above process twice, the fermionic state
|φ−

AB〉 (|φ−
CD〉) encoded by vMBSs γA and γB (γC and γD)

flips to |φ+
AB〉 (|φ+

CD〉) and vice versa. The transition proba-
bility |〈φ+

AB(0)|φ−
AB(Ts)〉|2 (or |〈φ+

CD(0)|φ−
CD(Ts)〉|2) signals the

braiding completeness for our protocol. This quantity is di-

rectly related to the solid angle �c = arccos(Ed/

√
E2

d + t2
c )

(which is also the geometric phase of γA and γC accumulated
during the operation) enclosed by the trajectory of γ2 in the
space (γ2, γA, γC) through the relation |〈φ+

CD(0)|φ−
CD(Ts)〉| =

1−cos(2�c )
2 = t2

c

E2
d +t2

c
[71]. Numerical simulations of our braid-

ing protocol with two pairs of vortices demonstrate that the
vMBS qubit successfully flips from |φ−

AB〉 to |φ+
AB〉 [Fig. 4(c)].

Furthermore, as a reflection of �c, the braiding completeness
can be manipulated through varying Ed [see Fig. 4(d)] [96].
Since only a single fermionic mode is required, our protocol
brings experimental convenience in FeSC platforms by driv-
ing a single quantum dot structure modified on the AFM/STM
tip to approach the two vortices alternately. Additionally, since
the braiding process induces a local charge transfer between
vortices which is closely related to the braiding completeness
[71], the braiding outcome may be read out by performing
local charge sensing measurements through the AFM/STM
tip [82–84,97].

VI. CONCLUSIONS AND DISCUSSION

We established the fermionic Y junction to reflect the
non-Abelian statistics of vMBSs onto the CFS of fermionic
modes. We numerically demonstrated the effectiveness of the
fermionic Y junction in identifying vMBSs and their non-
Abelian statistical properties. The dynamical error induced
by the evolution of low-energy states is corrected through a
Majorana version of the quantum Zeno effect. Moreover, we
proposed a portable protocol to perform braiding operations
over vMBSs using only a single fermionic mode. Our propos-
als will simplify the experimental setup required for scalable
TQC based on the FeSCs platforms.
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APPENDIX A: HAMILTONIAN FOR THE SURFACE
TOPOLOGICAL SUPERCONDUCTING SYSTEM WITH A

PAIR OF VORTICES

The Hamiltonian that holds a pair of vortices reads

HTSC =
∑

i

{
ih̄vF

2a
(c†

i σyci+δx̂ − c†
i σxci+δŷ) − μ

2
c†

i σ0ci − W

2a
(c†

i σzci+δx̂ + c†
i σzci+δŷ) + W

a
c†

i σzci

+�tanh
|i − j1|

ξ
tanh

|i − j2|
ξ

exp [iθ (i − j1) − iθ (i − j2)]c†
i,↑c†

i,↓

}
+ H.c., (A1)

with j1 and j2 labeling the positions of the vortex and the antivortex [10,73,74].
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FIG. 5. Spectrum and wave function distributions for the lowest
12 eigenstates. Here, |ψ6〉 and |ψ7〉 denote the vacant and occupied
states of the fermionic mode encoded by vortex Majorana bound
states (vMBSs).

As mentioned in the main text, model parameters are taken
as a = 1, h̄vF = 1, W = 1, μ = 0, � = 1.5, and ξ = 2. In
numerical simulations, the size of the system is taken as
36 × 18, with the distance L = 18 between vortices. To elimi-
nate unnecessary edge states, we adopt the periodic boundary
condition. We ignore the effect of the magnetic field by ne-
glecting the vector potential A(r) in the Hamiltonian since B
is extremely weak for an extreme type-II superconductor [16].
Figure 5 shows the spectrum and wave function distributions
for the lowest 12 eigenstates for the Hamiltonian in Eq. (A1).

APPENDIX B: NON-ABELIAN BRAIDING PROTOCOL
FOR vMBSS USING SINGLE FERMIONIC MODE

The model Hamiltonian to realize our protocol is

HM = iEd

(
ψ

†
12ψ12 − 1

2

)
+ it1,Aγ1γA

2
+ it1,Cγ1γC

2

+ iεABγAγB

2
+ iεCDγCγD

2
, (B1)

where ψ12 = (γ1 + iγ2)/2 is the fermionic mode encoded by
Majorana modes γ1 and γ2 with energy Ed . Here, γA, γB, γC ,
and γD are vMBSs. Also, εAB (εCD) denotes the hybridiza-
tion strength between γA and γB (γC and γD), which can be
neglected for weakly hybridized vMBSs. The non-Abelian
braiding operation is depicted in Fig. 6 which is implemented

FIG. 6. Illustration of the non-Abelian braiding protocol using
only a single fermionic mode.

FIG. 7. Wave function distributions for the occupied and vacant
states of fermionic mode φAB (φCD) encoded by γA and γB (γC and
γD).

through alternately turning on and off t1,A and t1,C [71]. To
successfully complete the braiding process, tc/Ed � 1 should
be satisfied with tc the maximal value of t1,A(t1,C ) during the
operation.

In numerical simulations, the Hamiltonian that holds two
pairs of vortices reads

HTSC =
∑

i

{
ih̄vF

2a
(c†

i σyci+δx̂ − c†
i σxci+δŷ) − μ

2
c†

i σ0ci

−W

2a
(c†

i σzci+δx̂ + c†
i σzci+δŷ) + W

a
c†

i σzci

+�tanh
|i − j1|

ξ
tanh

|i − j2|
ξ

tanh
|i − k1|

ξ
tanh

|i − k2|
ξ

× exp [iθ (i − j1) + iθ (i − k1) − iθ (i − j2)

−iθ (i − k2)]c†
i,↑c†

i,↓

}
+ H.c., (B2)

with j1 (k1) and j2 (k2) labeling the positions of the vortex
and the antivortex. Parameters are the same as in Eq. (A1).
The system size is taken as 52 × 52, with L = 26.

The Majorana bound state on the vortex core can be de-
composed into the superposition of fermion modes:

γi = c + c†, (B3)

where c†(c) contains only particle (hole) degree of freedom,
which is localized near the vortex core. When a spin-polarized
(say, spin-up state labeled by ↑) fermionic mode is cou-
pled to the vortex core modes, the coupling Hamiltonian
reads

Hd = Ed d†
↑d↑ + td†

↑c↑ + t∗c†
↑d↑, (B4)

where Ed is the single-particle energy of the fermionic mode,
and t is the effective coupling strength between the fermionic
mode and the vortex core. The total Hamiltonian H of the
system is

Htotal = HTSC + Ed d†
↑d↑ + Hcouple, (B5)

where

Hcouple = t1d†
↑c1↑ + t2d†

↑c2↑ + H.c. (B6)
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In the numerical simulation, we set t1 and t2 to satisfy the re-
lation t1/|t1| = ±it2/|t2|. This is because our vortex model in
Eq. (B2) contains only two vortices (see Fig. 7), which is over-
simplified and fails to mimic the real FeSC material which
hosts a large number of vortices. Therefore, an unwanted π

relative superconducting phase between the two vortices (π/2
phase for the fermionic modes) arises, and we modify t1 and t2
to compensate such an effect due to the oversimplified model.
In a real system, such a phase difference can be eliminated by
suitably arranging the positions of vortices.
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