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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 FeTeg ssSeg 45 [23,25-39]. These FeSCs integrate the
advantages of high T, 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. y; (i =
1,2, ..., 6) represent the Majorana components of the fermions. y,
and y; represent the vortex Majorana bound states (VMBSs). (d) By
alternately coupling the three fermionic modes to the VMBS yy,
Majorana modes y; and ys undergo a non-Abelian braiding process.
(e) Performing the braiding operation twice, the fermionic state [v/;)
encoded by y, and y; flips to |/;;) and vice versa, same for |,). (f)
Numerical results simulated in the topological superconductor (TSC)
system. Ty = 1 us 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 (Y12, Y34, and V¥s¢) and a pair of
vMBSs (ya and yp). Here, ¥;; (i,j=1,2,...,6) denotes

the annihilation operator of the fermionic mode with Majo-
rana components y; and y; [i.e., ¥;; = (y; +iy;)/2 and 1//;; =
(vi —1yj)/2]. As sketched in Fig. 1(c), the minimal model
Hamiltonian is

iEgov1y2  iEq3ay3va | iEas6Ys5Ye
Hy=—5—"+—"5 2
n itA,l;’AVl n itA,Sé/AVS n itA,Sé/AVS’ )

where E; ;; denotes the energy of ;;, while #4 ; is the coupling
strength between the VMBS y4 and the Majorana mode y;
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 #4.;, Majorana components of the fermions are spatially
transmitted. The detailed operation procedure is presented as
follows. Firstly, parameters in Hy are initialized to E; 34 = Ey
with E; 12 = E; 56 = t4,; = 0. Under this condition, y3 and y4
are in a strong-coupled status, with all the other Majorana
modes frozen at zero energy. In step 1, we gradually turn off
E;34 and turn on #4 3 from O to .. By doing so, y4 (y4) is
transmitted to the original position of y4 (y4) with y, 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 74 3 and turn on E; 34 so that Hy comes back to its
initial form, preparing for the next cycle of operation. After
performing the above steps, y; and ys undergo a non-Abelian
braiding process, and all the other Majorana modes go back to
their initial positions. Performing them twice, both y; and ys
pick up minus signs, as shown in Fig. 1(e). From the viewpoint
of the fermionic modes, V1, = (y; + iy»)/2 flips to —1”2 =
(=y1 + iy2)/2 with the corresponding state |1//1§) flipping to
[¥,) and vice versa, resulting in the CFS (|y; j) represents
the state encoded by y; and y;, where the superscripts + and —
denote the occupation and unoccupation state of the fermionic
mode). The same results also apply to |1ﬂ5i6).

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

ihvg 7
Hrsc = Z |:§(C:0y6’i+sﬁ - CiTGxCiJray) - ECiTUoCi

- Z(Ci 0Ciysx + € 0.Citsy) + G 0:Ci

+ Al o l} +Hec., )

where the first term represents the topological surface states
with vy 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, p de-
notes the chemical potential. TSC emerges by adding s-wave
pairing terms with pairing potential A [10]. Vortices are intro-
duced through A(i) = Atanh‘i;—j‘e"e(i’” where j denotes the
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location of the vortex core, & is the coherence length, and
0(i — j) is the superconducting phase. Here, we consider a
vortex and an antivortex that support vMBSs y4 and yp for
simplicity. The fermionic modes are spin polarized [75] and
couple to vMBS y4 with coupling strength #4; (i =1, 3, 5).
During the operation, #4; are alternately turned on and off
ranging from O to #.. The simulation parameters are taken as
a=1Lhwrp=1,W=1, =0, A=15£=2, E,=0.3,
and t, = 0.1. The total operation duration 7; = 1.53 x 106,
corresponding to 1 pus (with the energy unit millielectron-
volts) in ST units. Specially, the adiabatic condition /7 < E,
should be satisfied in experiments [E. 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
FeTeg 555¢e0 45, LiFeAs, and CaKFe4Asy, the observed energy
scale of E, are of the order of millielectronvolts [25,26,37,39];
hence, T, > h/(1meV) = 6.56 x 1077 us 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 |¢;) and |v/5). Here, |1//‘i;(t)> =
U(t)|1p[;(0)), where U(t) = fexp[—if(; dtH(t)] is the time
evolution operator (7" is the time-ordering operator) [77,78].
The resulting transition probabilities |(1p1+2(0)|1ﬁ1’2(t))|2 and
|(¢5+6(O)|1//5’6(t))|2 can serve as the CFSs, which manifest the
flip of the fermion state from the unoccupied [¥r},) (|5)) to
occupied |y/5) (|¥&)), 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 74 ; (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 [§1-84] [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 s = Hy + hy s with

i814,1YBY2 | I8143VBY4 | 1814 5VBY6

hy s = , 3
Y.s > + 5 + > 3)

where § is a controlling parameter varying from O to 1. Here,
8 = 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 § = 1 represents a fermion-
type coupling between the fermionic mode {45 (encoded by
va and yp) and ¥;;. As demonstrated in Figs. 2(a) and 2(b),
the CFS is significantly suppressed by increasing § from O to
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FIG. 2. (a) Numerical result of the charge flip signal (CFS) for
Hy ;s vs the controlling parameter 8. 7, = 1 us, same for (b). (b) Flip
probability from the unoccupied state |1/,) to the occupied state
[¥;;) during the operation under different §. (c) CFS vs the operation
duration 7; with different distance L between vortices. (d) CFS vs T;
with different £, 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 Ty increases. For hybridized vMBSs, the
fermion modes in the junction not only couple to the nearest
vMBS y,4 but also partially couple to y in the distance, result-
ing in a nonzero § in Hy s, 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 (y; and
ys5). We numerically demonstrate such a dynamical error in
the TSC system. Here, we set E; 12 = E;56 = Eg34 = Ey
[92], where E~d,34 is the minimal value of E; 34. As shown in
Fig. 2(d), the increasing of E; makes the CFS drops dramati-
cally and narrows 7 into a very small scale (typically 0.1 us).
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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
E,. (d) Illustration of the Majorana version of the quantum Zeno
effect. The trajectories of ys, ¥», and y5(¢) 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 (E;) under different E; (m) simulated in the topological
superconductor (TSC) system. The time duration 7y = 1 us.

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 E,; deviates from zero, resulting in an additional ex-
change process between y, and yg, thus causing error to the
CFS. We propose an error-correcting strategy by continually
reversing E; as E;(t) = Edsign[cos@] (m determines the
reversing frequency) [Fig. 3(c)]. As m increases the non-
Abelian braiding process as well as the CES will be recovered.
We use the Hamiltonian

iE, (1) it, .
off = — (V3V2+)’5V6)+?)’4[)/300590)4‘)/5811190)]
4)
to model such a process. Here, 6(¢) = % controls the rela-

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

y2(t) = y2c080(t) + yesind (1), &)
y3(1) = y3cos0(t) + yssinf (1), (6)
ys(1) = yscosO(t) — y3sind (1), (N
Y6(1) = y6cosO(t) — ysinf (1), ®)
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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 y; and y; undergo a
non-Abelian braiding process, resulting in the flip of the qubits [¢%5)
and |¢3;). (c) Transition probabilities during the braiding operation
with E; = 0.002 and 7, = 0.05. (d) Braiding completeness as a func-
tion of E,; with 7z, = 0.05. The braiding duration is 7T; = 65.36 us.

Hg¢ can be rewritten as

iEy ()
2

Ey(1)

Her = 5

mmmaruma{ 1%0—%%}(%
The last two terms

Liys)ya(t) + Lyays(t) = i

e

E3+t2
strong coupled state, which has little contribution to the
low-energy physics. The low-energy effective Hamiltonian of
Hegr is further simplified as

in H. can be recombined as

EZ+2 Ey
-1 — 13

— (7w Y2(f) +

yalys(t). As t./E; — oo, y3(t) and y4 are in a

Hegy

ik,
BN @)ys(t)

iE, .
= Vs (Olyecosd (1) — yasind (1)]. (10)

Therefore, dynamical error becomes dominant only in the
subspace spanned by y», ys, and ys(¢t). Adopting the rela-
tion ey 672 = cos2ay; — sin2ay», the time evolution
operator U(T) = f‘fOT exp[E"z(t)y5(t)y6(r)dr] can be ap-
proximated by successive rotations in the Euclidian space
{£(=v6), Ilys ()], 2(y2)} as

—E,T E,T
R = R, (5 R ()

2m 2m
—E,T E,T

X Rﬁz<—)Rﬁ] (—) (11
2m 2m

where R;(¢) denotes the rotation around the axis 7 by ¢ and

= cos%% — sinZX%. The dynamical evolution of Majorana

4m
modes is gradually frozen by increasing the reversing fre-
quency. For example, comparing m = 21 and 200 in Fig. 3(d),

Y2, Y6, and ys(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 y» and yg as well as
protects the adiabatic non-Abelian process between y3 and
ys. 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

) . 1 i AVIiVA | hcYiYe
Hy = iE - = : :
M l d(WnWlZ 2> + ) )
i€ i€
T AB;/AVB n CD;/CVD, (12)

where {1, = (y1 + iy»)/2 is the fermionic mode encoded by
Majorana modes y; and y, with energy E,. Here, ya, vs, vc,
and yp are vVMBSs. Also, €45 (€cp) denotes the hybridization
strength between y4 and yg (yc and yp), which can be ne-
glected for weakly hybridized vMBSs. The braiding process
contains three steps (H), is initialized as t; 4 = t; ¢ = 0). In
step 1, we turn on #; 4 from O to ¢, with . > E;. By doing
S0, Y2 (ya) is transmitted to the position of y4 (y2), with y,4
picking up a minus sign. In step 2, ; 4 is turned off, while #; ¢
is turned on from O to 7., transmitting y» (y¢) to the position of
yc (v2), with y¢ picking up a minus sign. In step 3, we turn off
1) ¢, transmitting y, (—y4) to the position of y4 (y»), with —y,
picking up an additional minus sign. As shown in Fig. 4(b),
after performing the above process twice, the fermionic state
|45 (I¢cp)) encoded by VMBSs y4 and yg (yc and yp)
flips to |¢15) (I9<p)) and vice versa. The transition proba-
bility {5 (0)|d5(T > (or |95 (0)|dp (T ) signals the

J

The Hamiltonian that holds a pair of vortices reads

Hrsc = Z
i

lTlU]: & +
Sa (¢{ 0yCitsx — C{ OxCiysy) —
[i —

3

Jil [i — jal
tan

+ Atanh h

Ky
—C, 00Cj —

2 1

explif (i — ju) —i0G — j2)Ic) ] | +Hee.,

braiding completeness for our protocol. This quantity is di-
rectly related to the solid angle 2. = arccos(E,;/, /Ej +12)

(which is also the geometric phase of y4 and y¢ accumulated
during the operation) enclosed by the trajectory of y, in the
space (y2, Ya, Yc) through the relation |(¢gD(O)|¢ED(7}))| =
1-cos@Q) _ _12

2 T Ej+2
ing protocol with two pairs of vortices demonstrate that the
VMBS qubit successfully flips from |¢, ;) to |¢2’B> [Fig. 4(c)].
Furthermore, as a reflection of 2., the braiding completeness
can be manipulated through varying E; [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].

[71]. Numerical simulations of our braid-

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

W t Wi
Z(ci 0:Citsz + € 0;Citsy) + - GO

(AD

with j; and j, 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, |Y) and |17) 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
asa=1,hwp=1,W=1,u=0,A=15,and £ =2. In
numerical simulations, the size of the system is taken as
36 x 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

. ¥ 1 itLay1ya | iticyvive
Hy = iE, I — =)+ = + —
M =i d(%zl/fn 2) > >
i€ i€
AB;/AVB CD;/CVD’ (BI)

where Y12 = (y1 + iy»2)/2 is the fermionic mode encoded by
Majorana modes y; and y, with energy E;. Here, ya, v5, Ve,
and yp are VMBSs. Also, €45 (ecp) denotes the hybridiza-
tion strength between y4 and yp (yc and yp), which can be
neglected for weakly hybridized vMBSs. The non-Abelian
braiding operation is depicted in Fig. 6 which is implemented

® e>6@ ©>06 0> e o
® ® ® o ® 0
Q) © Q o)
o o )
>0 0©>06 0->0 >0 6

@ ® ® ® ©) ®© o

FIG. 6. Illustration of the non-Abelian braiding protocol using
only a single fermionic mode.
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FIG. 7. Wave function distributions for the occupied and vacant
states of fermionic mode ¢4p (¢pcp) encoded by y4 and yp (yc and
¥p)-
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6%15)

120 O7c

0 O

10 20 30 40 50

through alternately turning on and off #; 4 and #; ¢ [71]. To
successfully complete the braiding process, t./E; >> 1 should
be satisfied with 7, the maximal value of #; 4(¢; ¢) during the
operation.

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

ihvgp 7
Hrsc = Z {Z_a(ci 0yCitss — €} OxCitsg) — EC:UOCi

———(¢{0:Cirsz + ¢ 0:Civsy) + —¢ 05ci
2a a

o o K -

+ Atanh|l Jl'tanhll J2|tanh|l 1|tanhIl 2|
3 3 3 3

x exp [i0( — j1) + 1031 — ky) — i0 @ — j2)

—if@ — kz)]cITcil} +H.c., (B2)

with j; (kp) and j» (k) labeling the positions of the vortex
and the antivortex. Parameters are the same as in Eq. (Al).
The system size is taken as 52 x 52, with L = 26.

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

vi=c+c, (B3)

where ¢(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 7) fermionic mode is cou-
pled to the vortex core modes, the coupling Hamiltonian
reads

H; = Edd;dT + ld-TrCT + l*C;dT, (B4)

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

Hiotal = Hrsc + Edd;dT + Hcouple, (B5)
where

Heouple = tld;cm + tzd;m +H.c. (B6)
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In the numerical simulation, we set ¢; and #, to satisfy the re-
lation t,/|t;| = ity /|f2|. 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

relative superconducting phase between the two vortices (7 /2
phase for the fermionic modes) arises, and we modify #; and #,
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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