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Identifying Majorana zero modes in vortex lattices using Fano factor tomography
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In this work, we investigate the tunneling characteristics of Majorana zero modes (MZMs) in vortex lattices
based on scanning tunneling microscopy measurement. We find that zero bias conductance does not reach the
quantized value owing to the coupling between the MZMs. On the contrary, the Fano factor measured in the
high voltage regime reflects the local particle-hole asymmetry of the bound states and is insensitive to the energy
splitting between them. We propose using spatially resolved Fano factor tomography as a tool to identify the
existence of MZMs. In both cases of isolated MZM or MZMs forming bands, there is a spatially resolved Fano
factor plateau at one in the vicinity of a vortex core, regardless of the tunneling parameter details, which is in
stark contrast to other trivial bound states. These results reveal new tunneling properties of MZMs in vortex
lattices and provide measurement tools for topological quantum devices.
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I. INTRODUCTION

As building blocks for topological quantum computation
[1], Majorana zero modes (MZMs) have received substantial
attention in the past few decades, owing to their predicted
non-Abelian statistics, topological protection, and robust-
ness against environmental noise [2-4]. Owing to previous
tremendous efforts, realizing MZMs in materials systems
has gained great success, including superconducting prox-
imitized topological insulators [5], 1D spin-orbit coupled
superconducting nanowires [6—8], ferromagnetic Yu-Shiba-
Rusinov chains [9,10], topological planar Josephson junctions
[11-16], especially the connate topological superconductor in
iron-based superconductors [17-21]. Among these platforms,
vortex-bound states in iron-based superconductors [18-21]
have shown to be a particularly promising pathway for imple-
menting and studying MZMs. Recently, a large-scale, ordered
MZM lattice has also been achieved in naturally strained
LiFeAs, leading a pathway towards tunable and ordered MZM
lattices [22]. In this work, we apply the current noise Fano fac-
tor method to the vortex lattices based on scanning tunneling
microscopy (STM), which can be realized with the current
state-of-the-art STM experiments [23-25] and find the Fano
factor tomography providing an efficient way of identifying
MZMs.

We begin by studying single vortices with different bound
states using STM measurements. Our study shows that, de-
spite the widely used differential conductance measurement,
spatially resolved Fano factor tomography is an effective tool
for distinguishing MZMs from other trivial bound states.
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Previous literature [26] has noted that the Fano factor mea-
sured in the high voltage regime reflects the local particle-hole
asymmetry of the bound state wave function. Consequently,
the spatially resolved Fano factors near an MZM remain at
a value of one due to the local particle-hole symmetry of its
wave function. On the contrary, the breaking of this symmetry
for other trivial zero-energy bound states results in a strong
spatially oscillated Fano factor. We conducted an in-depth
study on this phenomenon, and while providing the physical
picture behind it, we point out that it is robust to the energy
splitting between the bound states.

Theoretically, in the case of an isolated MZM, the tunnel-
ing conductance is expected to be quantized at zero energy
[27,28], providing a hallmark for their identification. How-
ever, the anticipated quantization at zero energy is often
deviated in experimental setups due to finite temperature and
the presence of couplings between MZMs [29]. We proceed
with studying MZM lattices and focus on the effects of MZM
couplings in vortex lattices at zero temperature to comprehend
their tunneling characteristics. Particularly, we investigate
how MZM couplings suppress the differential conductance.
Contrary to the differential conductance, the spatially resolved
Fano factors exhibit lower sensitivity to the energy splittings
among the MZMs. Hence, Fano factor tomography can reveal
the presence of well-separated MBS in the vortex core region,
even in the presence of coupling. Furthermore, we investigate
the behavior of Fano factors measured in the high voltage
regime when both single-electron tunneling and Andreev re-
flection processes coexist. Our findings reveal that Fano factor
tomography can be effective only when Andreev reflections
dominate, which necessitates working within the strong tun-
neling regime.

This paper is organized as follows. In Sec. II, we first
review the concept of Fano factor tomography and apply

©2024 American Physical Society
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FIG. 1. (a) Scheme of a typical STM setup for measuring vortex
bound states tunneling characteristics. The energy width I" can be
increased by decreasing the tip-sample distance (d), and the tip can
be moved horizontally to obtain Fano factor tomography. (b) Differ-
ential conductance at the vortex core center of a Fu-Kane model.
(c) Spatially resolved Fano factors measured in the high voltage
regime (we set eVys = 0.5A in this case). The inset in (c) shows the
MZM wave function, with arrows indicating the scanning directions.
The slight oscillations of the Fano factor away from the vortex core
are due to the finite bases cutoff in our numerical simulation.

this technique to single vortices in 2D superconductors. We
then propose a simple Majorana toy model to understand the
behavior of the Fano factor measured in different bound states
and discuss the robustness of the Fano factor measured in the
high voltage regime in Sec. III. In Sec. IV, we invesigate the
the tunneling characteristics of MZMs in vortex lattices. We
examine the effect of the couplings between different MZMs
to the tunneling conductance and show how Fano factor to-
mography can still serve as a valuable tool to identify the
existence of a well-separated MZM in this case. We conclude
with a discussion of the presented results in Sec.V. The paper
is followed by six appendices that cover several technical
details and supplementary information.

II. SINGLE VORTEX

To gain a complete understanding of the Fano factor to-
mography, we start with the tunneling characteristics of a
single vortex in a 2D superconductor (SC) coupled with a
metallic STM tip as depicted in Fig. 1(a). To model the STM
experiment, we define the complete Hamiltonian Hy,, = Hy +
Hg + Hynnel, Which includes the coupling between the tip and
the sample:

Hiunnel = Zttunnel w;acj,g + H.c. (1)
o

Here, the operator {7, annihilates an electron of spin o at the
apex of STM tip while ¢; , annihilates an electron of spin o at
site j of the 2D lattice. Hy is the Hamiltonian of the isolated
metallic tip and Hy is the Hamiltonian of the grounded SC,
which can be described by the following BdG Hamiltonian,

e h A @
5 A* —ayfz*ay ’

where o, ,. are Pauli matrices acting in the physical
spin space, and A is the superconducting pair potential.
We note that, for simplicity, the 2D superconductivity is
used as a static input in all subsequent calculations. The
Hamiltonian acts on a four-component Nambu spinor ¥ i=
(¢j4s Cjys C;i’ —C;T)T. We assume a point contact of the
sample-tip tunneling and use a wide-band approximation for
the metallic tip. We fix 7 =1 and the unit length (lattice
constant) a = 1 throughout. Tunneling events are thus charac-
terized by the energy width I' = 27 vﬂﬁmcl, where vr is the
density of states in the tip. The bias voltage V between the tip
and the sample is taken into account in the chemical potential
ofthetipas ur = u +¢€v.

The charge current flowing from the tip is 1(j,t) =
—edN#f"), where N7 (7;) is the number operator counting
the electrons in the tip at time #; in the Heisenberg pic-
ture. In the DC regime, 1(j, t;) = I(j) and the corresponding
differential conductance is defined as G = %. Shot-
noise is the zero-frequency limit of the time-symmetrized
current-current correlator, S = f d(t; —r)S(t, 1), given
by S(t1, 1) = (81(11)81(2)) + (81(12)81(,)) where 81(11) =
1(¢;) — (I(t1)). Hence, the spatially resolved Fano factor is
defined as

S(j, eV)
2ell(j,eV)|

These physical quantities can be calculated through the stan-
dard Keldysh formalism [26,30]. Specifically, when the STM
tip tunnels into a pair of single orbital zero energy bound states
Gy = [ur (), uy (j), vy (j), —vT(j)]T and its particle-hole
partner, ¢_ = 1,0,K¢,(j), where ., are Pauli matrices
acting in the particle-hole space and K denotes the complex
conjugation, the Fano factor in the zero-temperature limit and
high voltage regime, eV > I';, with I'; =T Za(|u(,(j)|2 +
|vs (j)]?), can have a simple analytical form [26]

o s = s *)
2o (sl + lvs]?)

where 8,1, (j) denotes the local particle-hole asymmetry. Thus,
the spatially resolved Fano factors can be used to identify the
existence of MZM.

For the 2D SC, we use the Fu-Kane model for the su-
perconducting topological surface states [S] which can be
described by the BAG Hamiltonian (2), with its normal part
being i = vp(px0o) -z — w, where vg is the Fermi velocity of
the surface Hamiltonian of a topological insulator and p rep-
resents the momentum operator [5]. The superconducting pair
potential in this case is A= diag(A(r), A(r)) with the order
parameter in real space being A(r) = |A(r)|e ™, where 6 (r)
is the U(1) phase factor. In the presence of singly quantized
vortices located at spatial positions {R;} we may write

00r) = ¢j(r), ¢;r)=argr —R)). )
Jj

F(j.eV)= 3

2
F(j)21+< )=1+6§h(1), 4)

In addition A(r) vanishes at the center of each vortex and can
be well approximated as |A(r)| >~ Ag ]_[j tanh(|r — R;|/§).
To perform tunneling calculations, we solve the continuous
version of Hamiltonian (2) for the single vortex case directly
in a disk with an open boundary condition [31-33].

064509-2



IDENTIFYING MAJORANA ZERO MODES IN VORTEX ...

PHYSICAL REVIEW B 109, 064509 (2024)

The differential conductance of an MZM in a vortex core is
presented in Fig. 1(b). For this continuous Fu-Kane model, we
set {vg/a, Ay, nu} = {2.0, 0.5, 0.25} in unit of EZL;, leading
to a BCS coherence length & = Z—FO = 4. In the conduc-
tance calculation, we set the inverse temperature as B =
% and two different energy widths I'/Ag = 0.4, 0.1. The
quantized zero-bias conductance peak (ZBCP) is observed
in the stronger tunneling condition, as shown in Fig. 1(b)
with I'/Ag = 0.4. These stringent requirements (extremely
low temperature and strong tunneling condition) make it
challenging to achieve the quantized conductance value in
experimental setups and also lead to ambiguity in explaining
the ZBCP.

Furthermore, based on Eq. (4), Fano factor tomography
can be used to detect the presence of MZMs. Figure 1(c)
illustrates the presence of a flat plateau of Fano factors near an
isolated MZM (up to r ~ &), indicating its local particle-hole
symmetric nature. Moving away from the core region, the
Fano factors increase due to the decreased weight of the wave
functions of bound states and the increasing significance of
bulk states. In the region sufficiently distant from the vortex
core, the dominance of Andreev reflections from the bulk
states causes the Fano factor to reach 2. On the contrary, the
spatially resolved Fano factors of trivial bound states exhibit
strong oscillations between the values of 1 and 2 [34].

We summarize each Appendix here to close this sec-
tion. Appendices A and E present simulations for the
Caroli-de Gennes-Matricon (CdGM) bound states [35] and
Yu-Shiba-Rusinov (YSR) bound states [36-38], respectively.
We observe similar oscillations of the Fano factors in both
cases. In Appendix C, we analyze the Majorana toy model
proposed in Sec. III in detail to have a full understanding about
the behavior of the measured Fano factors when tunneling
into different bound states. In Appendix D, we use a 1D
Majorana chain (a system consisting of many Majorana pairs)
to examine the effect of the couplings between different indi-
vidual Majorana pairs to the Fano factors measured in the high
voltage regime. We calculate the tunneling characteristics of
MZMs in a triangular vortex lattice in Appendix F. Finally,
in Appendix B, we employ low-energy models to investigate
the influence of the single-electron tunneling processes to the
Fano factor tomography in order to explain the numerical
results in Sec. IV. We further provide more simulations of the
Fano factor tomography in the MZM vortex lattices at the end
of Appendix B.

III. FANO FACTORS IN A MAJORANA TOY MODEL

After gaining the knowledge of a single MZM, we will
focus on a pair of Majorana fermions and explore the physical
picture behind Eq. (4) in this section. Since Dirac fermions
can be expressed as a pair of Majorana fermions, we consider
a trivial bound state as a pair of MBSs with finite overlap
between their wave functions. Therefore we model the spatial
overlap of the two Majorana wave functions as tunneling into
these two MBSs simultaneously, with coupling amplitude wy
and we, respectively. The inset in Fig. 2(a) depicts our setup.
Here, we choose a gauge that the coupling amplitude wy
between the tip and the first MBS is purely real and the cou-
pling with the second MBS can be a generic complex number

a
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FIG. 2. (a) Schematic plot of the transmission eigenvalue at dif-
ferent cases where the inset depicts our toy model. Here we set the
coupling between the tip and the MBS 1 as I'y = 1.0. The black
line depicts the case of tunneling into an isolated MZM, while in
the red and blue lines we turn on the energy splitting between a pair
of MBSs. In the blue line, we further turn on the coupling between
the tip and MBS 2. (b) The distribution p(T') for the case of tunneling
only to one of a pair of Majorana fermions.

we'. By using scattering formalism [39], the transmission
eigenvalue [40,41] at energy E can be expressed as [42]
(Ty + )% — 4T sin’ 0

The(E) = £24T,[sin?6\2 =\
(E — =S8y (I 4 T)?

(6)

where Ty = 27 w3, [' = 272, and ¢ is the energy splitting
between these two MBSs. In this single channel tunneling
problem, the time averaged current / and shot noise S in the
zero-temperature limit, are

2e ev N
1= — dE T"™(E), 7
h Jo

86‘2 eV
S= - dE T™(E)(1 — T™(E)). 8)
0

In the Poisson limit where all the transmission eigenvalue
T"*(E) « 1, the Fano factor defined in Eq. (3) represents the
effective charge of the current carriers which in this case are
the Cooper pairs. Under quantum transport conditions, the
shot-noise due to the discrete nature of charge is weaker than
its classical value since the transmitted electrons are corre-
lated because of the Pauli principle [43,44]. From Eq. (6), we
can observe that the maximum value of 7¢(E) is given by

4TI sin% 6

he _ _
max(T"(E)) = 1 I

€]

which can reach the perfect Andreev reflection peak only if
w sin @ = 0. In this case, the coupling matrix between the tip
and these two MBSs are purely real, which is equivalent to
coupling with only one of the MBSs.

Obtaining the general expression for the Fano factor with
the transmission eigenvalue [Eq. (6)] at arbitrary voltage
is hard. First, we examine the case of tunneling into an
isolated MZM (i.e. ¢ =0, [’ = 0). In this case, the trans-
mission eigenvalue simplifies to a Lorentz distribution given
by The(E) = I‘(%/(E2 + Fé), making it easy to evaluate the
integral in Egs. (7) and (8). Consequently, the Fano factor is
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[26,45]

eV F()

FV)y=1- .
V) [(eV)? + I'?] arctan (%)

(10)

In the high voltage limit (eV > I'y), the Fano factor ap-
proaches 1. The suppression of the Fano factor to half the
Poisson limit can be attributed to the high transparency peak
at E = 0 in 7", as indicated by Eq. (8). When the tip tunnels
into both MBSs and the tunneling matrix cannot be gauged
into a purely real one, the transparency peak diminishes as "
increasing (as long as T' < I'y), as shown in Fig. 2(a). This
reduction alleviates the suppression in the quantum transport
as described in Eq. (8), subsequently increasing the Fano
factor. A finite energy splitting primarily shifts the peak of
The [Eq. (6), and Fig. 2(a)], but it does not impact the Fano
factor in the high voltage regime (details in Appendix C).

One can transform the uniform distribution in the energy
interval [0, eV] in the integral (7) and (8) into the distribution
of the transmission eigenvalue 7. It turns out when tunneling
into one of the two MBSs, the distribution p(T') Wﬁ in
the limit of eV > I}, ¢, as depicted in Fig. 2(b). The suppres-
sion of the shot noise below Poisson limit is a consequence
of the bimodal distribution of transmission eigenvalues [46].
Instead of all T's being close to the average transmission
probability, the T's are either close to O or to 1. This reduces
the integral of T(1 — T'). The specific form of this bimodal
distribution gives rise to the suppression factor 1/2. It is worth
noted that the suppression 1/2 of the Fano factor not only
occurs in tunneling to an isolated MZM but also happens in
the symmetric double barrier junctions [43,47]. In the MZM
case, the symmetric tunneling is guaranteed by the particle-
hole symmetry of the Majorana wave function.

The distribution of transmission eigenvalues in a system
with many pairs of Majorana fermions would typically deviate
from the universal distribution p(7T) mentioned earlier. How-
ever, as discussed in Appendix D, if the couplings between
these Majorana pairs are small compared to the tunneling
energy width I', the Fano factor measured from the point
contact measurement in the high voltage regime will still be
almost 1.

IV. MZMS IN VORTEX LATTICES

Finally, we want to address the MZMs inside vortex
lattices. It is well known that certain types of topological su-
perconductors and superconducting topological surface states
can host protected MZMs in the cores of Abrikosov vortices
[3,5]. When these vortices are arranged in a dense periodic
lattice, it is expected that the zero modes from neighboring
vortices will hybridize and form dispersing bands [48-50].
This section primarily focuses on the square vortex lattice and
examines the related properties of differential conductance
and Fano factor tomography. The extension to other vortex
lattices is straightforward. We discover that the conductance is
significantly suppressed due to the couplings between MZMs
located at different vortices, while Fano factor tomography
can still be used to detect the existence of MZMs.

For a general MZM network, we can write down a general
tight-binding Hamiltonian as

i
Hy = 3 ) 1%y, (11)
ij

where y; is a Majorana operator that satisfies yf =y, and
{vi, vj} = 26;;. The point contact tunneling Hamiltonian be-
tween the normal tip and the SC can be described by

Hr = Z/dx [78(x) ¥y, ()50 (x) + hoc.] (12)

When (eV,T") < A, the current is dominated by the low-
lying Majorana states. Under Nambu representation, W =
Wy, ¥y, WI, —WTT )T, the projection of the field operator
W onto the Majorana states manifold can be approxi-
mated as W(x) ~ Y, yilfp.i(x), f.i(0), f1,(0), —fF,001"
This approximation leads to the effective tunnel Hamiltonian
that describes the coupling between the tip and the Majorana
states as

Hy =7 (U] ,(0)£2.i(0) = Y7o (0)f5 (O))yi.  (13)

o,i

In the practical case where the MZMs are well separated
and the tip is located at a vortex core center, we can sim-
plify the problem by considering a single Majorana bound
state coupled to the tip. This can be achieved by defining
the energy width matrix as I =80 j,of‘, where without
loss of generality we denote this MBS as the zero-th MBS.
Moreover, in the wide band limit, T is energy independent and
[' = 27vr (/41> + | f11?), where f, is the zeroth Majorana
wave function evaluated at the core center. In this scenario, at
zero temperature, the differential conductance is given by [28]

2e2 R
G(V) = —TFIm[GOO(eV)]. (14)

Here, GR = g /(1 +iT'gR;) and gf(w) = 2[w — 2it]~! rep-
resents the free retarded Green function of the Majorana
network.

Now we introduce the tight-binding Hamiltonian of the
MZMs in the square vortex lattice. In order to properly ac-
count for the gauge field of the system, it is necessary to
consider a two-vortex unit cell, as shown in Fig. 3(a). The
Hamiltonian for this system can be written as [50]

it
Ho =7 Z Vi (VR — Vis—s T Vs + Vi) + He.
R

it’
+ ?[VI?(_VI?H + VI?+)7) + VR (VR — VI?H)] +Hec,

15)

where the superscripts A and B denote two sublattices in
the MZMs network and we have included nearest-neighbor
(NN) and next nearest-neighbor (NNN) couplings. Figure 3(b)
depicts a typical MZM band structure with a particle-hole
symmetric bandwidth around 8+/2¢. Figure 4 displays the cor-
responding zero-temperature differential conductance when
the STM tip is located above one MZM. As shown in Fig. 4,
compared to the isolated MZM case where the ZBCP is quan-
tized at value of 2, the peak height of the tunneling differential
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FIG. 3. (a) A diagrammatic sketch of a square vortex lattice with
two vortices in one unit cell (the shaded region). Each vortex core
binds an MZM, and the arrows specify the Z, gauge factors for the
MZM tight-binding models. Hopping in the direction of the arrow
incurs a phase factor of +i while hopping in the opposite direction
—i. (b) A typical band structure when MZMs at different core sites
hybridize to form a band. The values of # (NN hopping) and " (NNN
hopping) are t = 2.36x 1073 and ' = 3.45x 107>, respectively.

conductance of an MZM lattice is strongly suppressed to near
one due to the coupling between MZMs, which vanishes out-
side the MZM band. This further complicates the explanation
of the ZBCP which casts a shadow over the confirmation
of the existence of MZM. However, as discussed above, we
can gain insights of the MZM lattice from the Fano factor
tomography introduced in Sec. IL. In order to achieve a more
accurate description of the vortex lattice, we use a periodic
Hamiltonian for the Fu-Kane model in the presence of a
vortex lattice. We take the vortex lattice approach proposed
by Refs. [50,51] and perform the band calculation on a square
lattice. The band structure for a square vortex lattice and a
generic chemical potential p is shown in Fig. 5(a). Besides
the Majorana bands (red lines) around zero energy, there are
bulk superconducting bands (black lines) with superconduct-
ing gaps. Tuning w to the neutrality point (i« = 0) results in
the vanishing of couplings between the MZMs, leading to a
completely flat Majorana band, which is shown in Fig. 5(b).
This is because Hpg exhibits an extra chiral symmetry gen-
erated by I1 = t,0, at the neutrality point. As an important

1.0t ——1=0.007

OO L L I XIO'Z
0.0 0.5 1.0 1.5 2.0
eV

FIG. 4. The tunneling differential conductance of MZM net-
works at zero temperature. The parameters of the MZM network are
the same as in the Fig. 3(b), and we set vy = 0.8, | ;1> + |f,|> = Lin
the simulations. Under moderate tunneling strength, the conductance
peak is significantly suppressed from the ideal quantized value of 2
when the hybridization is strong.
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FIG. 5. (a)—(f) depict different cases of Majorana bands and their
conductance at the vortex core center. The vortex lattice is con-
structed using a square lattice tight-binding model with a lattice
constant of @ = 1, where the nearest-neighbor hopping amplitude
is set to r = 1. A 30x30 magnetic unit cell is considered for all
cases. The energy width is set to I' = 0.16A, the inverse temper-
ature is B = 8000/ Ay, and the relaxation parameter is n = 1x107>.
The other parameters used in the simulations are specified as
follows: [(a) and (d)] {u, Ag, &} = {0.25,0.4, 1.2a}, [(b) and (e)]
{0, 0.4, 1.2a}, [(c) and ()] {0.25, 1.0, 3a}.

consequence, the overlap amplitudes [¢;;| between distinct
MZMs exactly vanish at this point [48]. Fig. 5(c) shows that a
larger pairing amplitude A( results in a more localized MZM
wave function and, consequently, smaller overlap amplitudes.
Comparing Fig. 5(d) with Figs. 5(e) and 5(f), we observe that
the differential conductance of an MZM in the vortex lattice
can be substantially reduced, even though the Majorana band
exhibits a weak dispersion.

Furthermore, we calculate the spatially resolved Fano fac-
tors of the Fu-Kane model in the presence of the vortex lattice.
As shown in Figs. 6(a)-6(d), the Fano factors plateau at value
of 1 near each vortex core, regardless of the tunneling pa-
rameter details (i.e., relaxation parameter 7, tunneling energy
width " and chemical potential x of the Fu-Kane model).
Away from the vortices, the occurrence of Andreev reflection
from the bulk states is enhanced by a larger tunneling energy
width I' [as indicated by the blue lines in Figs. 6(a) and 6(c)].
When the wave functions of the MZMs from different vortex
cores overlap, the Fano factor is expected to be greater than
1 in accordance with Eq. (4). However, Eq. (4) is valid only
when the relaxation parameter, n, approaches zero, where the
single electron tunneling process is suppressed and only the
Andreev reflection remains. Since the MZM wave function is
small in that region, the behavior of the Fano factor is highly
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FIG. 6. (a)-(d) show the spatially resolved Fano factors near
vortex cores and their dependence on tunneling parameters. The
coordinate (xp,yo) represents the location of the vortex core
center. In all cases, a pairing amplitude of Ay =04 and a
bias voltage eVi,s = 0.15 are used. The remaining parameters
are specified as follows: (a) {u, T, n} = {0.25,0.16A¢, 1 X107},
(b) {0.25,0.16A¢, 1x107'"}, (c) {0.25,0.32A¢, 1x1075}, and
(d) {0,0.16A¢, 1x107"}. (a), (b), and (c) are corresponding to
the case shown in Figs. 5(a) and 5(d), while (d) corresponds to
Figs. 5(b) and 5(e). The values of the Fano factors plateau at 1 in
the vicinity of a vortex core, regardless of the tunneling parameter
details. As the relaxation parameter 7 approaches zero [cases (a) and
(b)], and the energy width I" increases [cases (a) and (c)], the effect
of the overlapping between MZMs becomes more apparent (the
red lines), and Andreev reflections from the bulk states begin to
contribute to the Fano factors (the blue lines), away from the vortex
core.

influenced by the finite relaxation parameter 1. Additional
cases of paired vortices and vortex lattices have been inves-
tigated in Appendix B. Spatially resolved Fano factors are
less sensitive to the energy splitting of the Majorana bound
states (or the dispersion of Majorana bands) compared to
the differential conductance. Therefore, in cases where the
overlap between the wave functions of the MZMs is not severe
(but may still lead to a considerable energy splitting), Fano
factor tomography may serve as a valuable tool to identify the
existence of a well-separated MZM.

V. DISCUSSION

The technique of tunneling measurement is commonly em-
ployed for the identification of Majorana zero modes (MZMs).
A characteristic feature of an isolated MZM is the presence
of a quantized zero-bias conductance peak. However, due to
factors like finite temperature, as well as couplings with other
low-lying bound states, the observation of this quantization
becomes exceedingly challenging in realistic experiments. In
a previous study [26], the authors successfully demonstrated
that current shot-noise spatial tomography with a metallic

tip can distinguish Majorana bound state from other trivial
zero-energy fermionic states in 1D nanowires. In the high
voltage regime, the Fano factors reflect the local particle-hole
asymmetry of the bound state. Since the wave function of the
MZM is local particle-hole symmetric, the Fano factor F ()
near it will plateau at 1. In this paper, we point out that this
suppression of the Fano factor to half of the Poisson limit is
a consequence of the existence of a perfect transparency peak
in the transmission eigenvalue 7"¢(E). The finite energy split-
ting ¢ between these two MBSs primarily shifts the position
of the transparency peak of 7"¢(E) but has minimal effects on
the Fano factor measured in the high voltage regime. When the
wave functions of these two MBSs begin to overlap, both of
the energy width Ty and ' become nonzero, which generally
reduces the height of the transparency peak and increases the
Fano factor in the high voltage regime. As T' approaches T’y
and the phase angle & — /2, the Andreev reflection eigen-
value becomes vanishingly small and the Fano factor recovers
its classical value of 2. We also note that tunneling into one
MBS resembles tunneling through a symmetric double barrier
junction. In fact, in the high voltage regime the distribution
of the transmission eigenvalues is the same universal bimodal
function which leads to a suppression factor 1/2 in both cases.

In this paper, we apply the Fano factor tomography study to
the 2D case. Our findings show that Fano factor tomography
can effectively distinguish between MZM and CdGM bound
states in the single vortex case. In the vicinity of an MZM,
a flat plateau of F =1 is observed, in stark contrast to the
case of trivial in-gap states (such as CdGM bound states and
YSR bound states), where strong spatial oscillations of F
between values of 1 and 2 are obtained. In periodic vortex
lattices, the MZMs within each vortex interact with each other,
giving rise to a low-lying in-gap band. Our study demonstrates
that, despite of the weak dispersion of the Majorana band,
the differential conductance of an individual MZM can be
significantly reduced. Conversely, the spatially resolved Fano
factors exhibit lesser sensitivity to the energy splitting of the
Majorana bound states and consistently plateau at 1 near each
vortex core. As a result, Fano factor tomography can serve
as an additional tool for identifying the presence of well-
separated MZMs.

We further examine the influence of the single-electron
tunneling processes on Fano factor tomography measure-
ments. Single-electron tunneling can occur due to relaxation
processes of in-gap bound states into the BCS continuum,
which can be characterized by a finite relaxation parameter,
n. It was found that the Fano factor can indicate local particle-
hole asymmetry of bound states only when n < I'; < eV. An
essential condition for this is a distinct separation between the
density of states of in-gap states and bulk states. In experi-
mental settings, temperature reduction can suppress relaxation
from bound states to the quasiparticle continuum [52], thereby
reducing 1.

Recently, an ordered and tunable lattice of MZMs has
been discovered in the iron pnictide compound LiFeAs [22].
Our results can facilitate the identification of isolated MZMs
within the lattice and foster further experimental advance-
ments of STM shot-noise experiments in the field of Majorana
fermions.
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APPENDIX A: CdGM BOUND STATES

For an ordinary s-wave superconductor, one can just re-
place h in Eq. (2) with h= % — . Here we use a simplest
square lattice model to simulate a 2D SC with a single vor-
tex with the dispersion relation as i = —2¢(cos ky + cos ky) +
4t — . The differential conductance and Fano factor tomog-
raphy are presented in Fig. 7. At first sight of Fig. 7(a), one
may feel strange about the vanishingly small conductance
at the vortex core center. This is because we are working
in the strong tunneling regime where the naive expectation
that the differential conductance is proportional to the local
density of states is no longer valid. In this case, it is the
Andreev reflection that dominates in the tunneling current.
For a SC with full spin rotation symmetry, the differential
conductance near its in-gap bound states resonance can be
given by

2¢% 8uv’I2g?
Glw)=— 3 )
h [wz _ (82 _ (u2+v2)21"2/4)] + (u2+v2)2F282

(AD)

where ¢ is the energy of the lowest CAGM bound states. At
the vortex core center, one of the u, v components of the
CdGM bound states is zero [35], leading to a vanishingly
small conductance.

Even though in this case the number of the lowest
bound states are doubled due to the SU(2) degeneracy, the

(a) ()
3L , (Xg> Yo) 2.0t
: - (X Ygt2)
2, i § - = (Xt Yot)
D N | £ st
© :: ARt
1t n n [ |
n n Il
n n
n n !
0 L ; I\ ! - _/ \ d )
0.00 0.05 0.10 0.15 0.20 0 5 10 ) 15 20 25
eV ]

FIG. 7. Differential conductance and spatially resolved Fano
factors are shown for a single vortex with CdGM bound states.
The parameters in the simulation are {tr, u, Ao, B, ', n} =
{1.5, 3.5, 0.8, 1x10* 0.128, 1x107°}. The inset in (b) shows the
lowest lying eigenstate of the CdGM bound states, with arrows
indicating the scanning directions. The vortex core is located at
coordinates (xo, o), and Fano factors were measured by setting a
voltage bias of eV}, = 0.15 between the energy of the lowest bound
state and the second lowest state.

Fano factor tomography still has a strong spatial oscillation
around the vortex core which is completely different with the
MZM case.

APPENDIX B: FANO FACTORS OF A PAIR OF VORTICES
AND VORTEX LATTICES

For a single-orbital Hamiltonian, a zero-energy bound state
can be described by the Green’s function, given by

o (DL + d- (NP ()
gg?j’j(w) - w + ”7 '

(B

Here, ¢, = [uy(j), u,(j), vy (j), —vT(j)]T represents the
wave function associated with the zero-energy bound state,
while ¢_ = 1,0,K¢,.(j) is its particle-hole symmetric coun-
terpart. Our primary focus is on the high-voltage regime,
where eV >> I';, allowing us to consider V — oo. Addition-
ally, we assume a temperature of 7 = 0. When the relaxation
parameter 7 — 0 and the Nambu-spinor ¢, can be gauged
into a real one, the integral of the current and the noise can
be rigorously computed [26]. Consequently, the Fano factor is
exact and given by Eq. (4). Remarkably, Eq. (4) remains ac-
curate even for general complex Nambu-spinors, in agreement
with previous findings [26].

Finite n, which physically could arise from the relaxation
of the in-gap bound state to the BCS quasiparticle continuum,
allows for single electron tunneling processes. In contrast to
Andreev reflection, which transports Cooper pairs and has
an effective charge of 2e, single-electron tunneling has an
effective transport charge of le. Since the Fano factor reflects
the effective transport charge (at least in the Poisson limit),
single-electron tunneling can generally result in its reduction.
Using Eq. (B1) as input, we can follow the calculation in
Ref. [26] to obtain the Fano factor in the limit of V — oo.
The full expression is cumbersome, so we will only consider
two limits here. When n < I';, Andreev reflection dominates,
resulting in the Fano factor being

2 —v2\? n n 2
F~1 =7 7 9 1—-A— ol— ), B2
+(ZUM§+U§) ( Fj>+ <F1> B2)

where the factor A is always positive and is given by

(X, u +v2)°
2(X, u3) (X, v3)

As expected, a finite relaxation parameter n would lead to a
reduction of the Fano factor from Eq. (4). In the reverse limit
of n > T';, the Fano factor is

- 12 —v2\’T; I\’
F~1-— m 7"‘0 7 . (B4)

In this case, single-electron tunneling dominates, and as n >
'}, the transmission transparency is low, resulting in F' >~ 1,
which is the result of single-electron transport in the Poisson
limit. As we can see, the Fano factor become featureless in this
case. To ensure effective Fano factor tomography, we must
operate in the regime where n < I'; < eV.

According to Eq. (B2), when the amplitudes of the wave
function of bound states at site j are small (correspondingly,

A=4+ (B3)
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FIG. 8. This figure illustrates the spatially resolved Fano factors
along the connected line of the two vortices in a Fu-Kane model. We
use a square lattice to perform the numerical simulation, and the con-
tribution is solely considered from the two MBSs. The figure displays
the Fano factors for two different values of the chemical potential:
(@) ©=0.25 and (b) 0. The solid lines represent the analytical
results obtained from Eq. (4), while the data points correspond to the
results of numerical simulations performed with varying relaxation
parameter values 7.

I'; would be small), the finite relaxation parameter will exert
a significant influence on the Fano factor. Figure 8 illustrates
the measured Fano factors of a Fu-Kane model with two
vortices, obtained as the STM tip sweeps from one vortex
to the other. To facilitate a direct comparison with Eq. (4),
we neglected the contribution from the bulk states in the
simulation. It can be observed from Figure 8 that when the
tip is positioned near the mid-point between these two vor-
tices, where the Majorana wave function is small, a significant
deviation from the prediction of Eq. (4) arises due to the
finite relaxation parameter, 1. The numerical simulation coin-
cides with the analytical prediction only when 7 is extremely
small.

We calculated the Fano factor of the MZM vortex lattice
under other parameters. As demonstrated in Fig. 9, the be-
havior of the spatially resolved Fano factors is similar with
the results shown in the maintext. Near each vortex core, the
Fano factors plateau at 1 regardless of the tunneling details.
Away from the vortex core the Fano factor is sensitive to the
relaxation parameter 7 and the energy width I' as shown in
Figs. 5 and 9. As the relaxation parameter 1 approaches zero,
and the energy width I" increases, the effect of the overlapping
between MZMs starts to become apparent.

APPENDIX C: MAJORANA TOY MODEL
AND SCATTERING METHOD

Here we provide a scattering scheme to understand the
behavior of the Fano factors. We examine a pair of Majo-
rana bound states (MBSs) using a single spinless electrode
measurement setup. The Majorana Hamiltonian is given by
Hy = iey;y». The unitary scattering matrix S(E') can be writ-
ten as

S(E) B (See Seh>
- She Shh

=1427iW'Hy — E —izWWH~'w, (C1)

2.0 2.0 -
===~ (%41, Yo) -~ (X¢t), Yo)
=16 - = (Xgths Yoti) = === (Xgt, Yoti)
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Q Q e @ ®
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g : g 121 i v
o) h.ﬂ—k"q:maeﬂ\;*—roq S // e){ N
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X : ; : 0.8
0 5 .10 15 0 5 .10 15
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(@) (b)
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-~ (Xt ) K - == (Xo*i, Yo)
== (Xt yotd)| g - (xoth Yot , .77
& A ’ = 2N ’
216 “« » 4 21.6¢ o N g
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FIG. 9. These figures illustrate the spatially resolved Fano fac-
tors of a Fu-Kane model in the presence of a vortex lattice, with a
fixed chemical potential of © = 0 under different tunneling parame-
ters. The coordinate (xy, yo) represents the location of the vortex core
center. In all cases, a pairing amplitude of Ay = 0.4 and a bias volt-
age eVpias = 0.15 are used. The remaining parameters are specified
as follows: (a) {T", n} = {0.16A¢, 1x1073}, (b) {0.16A,, 1x107%},
(©) {0.16A¢, 1x 107!}, and (d) {0.32A,, 1x107°}.

with W the matrix that describes the coupling of the scatterer
(Hamiltonian Hy,) to the tip. In this toy model, we have

W (u)o wo ) H < 0 is) )
“\we? we ) M T \lie o)

The expression for Hy, is in the basis {®;, ,} of phe two
MBSs, while W is the coupling matrix in the basis {®,”, @7}
of propagating electron and hole modes in the tip. We assume
that the tip may couple to bound states 1 and 2 simultaneously
due to the overlap of the two MBSs in real space. Without
loss of generality, we can make wq purely real by adjusting
the phase of the basis state in the tip.

The general expressions for the time averaged current [
and shot noise S in the zero-temperature limit, in terms of the
scattering matrix elements, are [39,53]

ev
= % / dE(1 — T*“(E)+ T"™(E)), (C3)
0

@2 eV
S = —f dEP(E), (C4)
h Jo

with the definitions
P(E) — Tee(l _ Tee) 4 The(l _ The) 4 2T66The, (CS)

T*(E) = [s"P(E))*, «, B € {e, h}. (C6)
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In this simple case, the unitary condition tells us that 7 4
The = 1, and we can rewrite the current and the shot-noise in
a more compact form,

_ 2e [ i
I =— dE T"™(E), C7
h Jo
862 ev P N
S=" | dET"E)1 - T"E)). (C8)

Here T"(E) is exactly the transmission eigenvalue with
T"(E) e [0,1]. For a trivial NS junction, in the zero-
temperature, zero voltage limit, the shot-noise is given by [40]

2
e
Sns = 8e|V|; Z T (1 - T'), (C9)

n

and the current I = GygV = % Zn Tnhe. These transmission
eigenvalues are all evaluated at E = 0. Usually for a trivial NS
junction, all these eigenvalues are small (i.e., in the so-called
Poisson limit of transport), and the Fano factor F = 2 is ex-
actly the effective charge of the current carriers (Cooper pair
transport). In our case, when we tunnel into a strictly isolated
MZM (i.e., when the energy splitting ¢ = 0 and w = 0), the
particle-hole symmetry together with the requirements from
the topologically non-trivial case enforce the transmission
eigenvalue The(E =0)=1 (perfect Andreev reflection). In
this case, the Fano factor will vanish in the zero voltage limit
[45,54]. However, Majorana fermions always come in pairs,
and there are inevitable couplings and finite energy splittings
between these Majorana fermions, which would bring the
Fano factor back to a value of 2 in the limit of ¢V « & [45],
yielding the same result as the trivial NS junction. Therefore
it is challenging to identify the existence of MZM through
measuring the Fano factor in the zero-voltage limit.

By substituting Eq. (C1) for the pair of MBSs, we can
derive the expression for the transmission eigenvalue:

(To + I')? — 4TI sin? 6
(E — &hlsif0)? | (py 4 [y’

T"(E) = (C10)

where ['g = 27 wg and [ = 272

In the limit of eV > T, &, we can prove that a finite energy
splitting ¢ does not affect the Fano factor, by noting the fact
that the following integrals are independent of the energy
shift A.

o o0
/ dET(E), / dE T*(E), where
0 0
2
TE)y= ———5—. (C11)
(-5 +r
Considering that
T (E)
A2/E?
24)‘F2|: 2282 ne Az/z 22i|’
(BE-%F)+T2) (E-%)+1?)
(C12)

the integral of 9,7 (E) from zero to infinity vanishes since we
can apply a change of variables of E — A?/E to the first term

and can immediately observe the integrals of these two terms
cancel exactly. For a similar reason, the integral of T2(E) is
also independent of A. Therefore we can evaluate the integral
in Eq. (C11) at A = 0, and they turn out to be

° T
f dET(E) = =T,
0 2

/wdE TXE) = %F. (C13)

0
With these results in hand, the Fano factor has a simple form
in the high voltage limit, given by
S 26T (1 — cos 20)

F=—=1 —
2l T (Co + I')?

(C14)

This suggests that in the high voltage regime, the Fano factor
is insensitive to the energy splitting between the two MZM:s.
When their wave functions overlap (i.e. w sin 6 # 0), the Fano
factor will be greater than 1.

We can also establish a connection between this Majorana
toy model and the case of tunneling into a spin-polarized
in-gap bound state. We start from a general tunneling Hamil-
tonian

Hiammer = %[w;ws(j) +Hel, (Cl15)

where r and ¥g(j) correspond to the Nambu spinors
of the normal tip and the superconductor at site j, re-
spectively, given by ¥r = (dy,d,, dI, —d;—)r and ¥5(j) =
(cr, s CW’CI.J" —c?l.)T. By projecting ¥s(j) onto the low
energy bound states manifold,

Us(N =Y pu(Desr, an= D $i()H¥s(i). (Cl6)
+1 J

where ¢, is the orthonormal eigenstate of the BdG Hamil-
tonian of the SC which satisfies the relation ¢_,(j) =
7,0,K¢1,(j) because of the particle-hole symmetry. The
fermionic operator «, obeys the standard anti-commutation
relations, and it holds that ozL, = o_,. Denoting the
wave functions of the in-gap bound states as ¢ (j) =
(ur,uy, vy, —vp)" and ¢_i(j) = 1,0,Kp41(j), we can ap-
proximate the tunneling Hamiltonian as

Hunnet = t[(urd] + uyd])orsy + Wid] +vid])a_i]1+ He.
(C17)

We consider the case where the spins are polarized, specif-
ically u; and v, are equal to zero. Using a,; = a_j, we

can define two Majorana operators: y; = o —l—aL, V) =

—i(oyg —aL). This allows us to simplify the tunneling
Hamiltonian (C17) as follows:

t
Humer = 5[ +v))d}y1 + iCuy — v)diya] + Hee.
(C18)

After a gauge transformation to ensure that the coupling with
Majorana 1 is real, we can directly apply Eq. (C14). Conse-
quently, in the high voltage regime, the Fano factor can be
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FIG. 10. (a) A diagrammatic sketch of a 1D Majorana chain.
(b) Point contact measured Fano factors in the limit of ¢V — oco.

expressed as

2 2\ 2
F=l+<M) , (C19)

lug)? + vg|?

which reflects the local particle-hole asymmetry of the in-gap
bound state, as stated by Eq. (4) in the main text.

APPENDIX D: 1D MAJORANA CHAIN

In order to include the effect of couplings between many
Majorana pairs, we consider a simple 1D Majorana tight bind-
ing model:

it

ie
H= Z EVBJVAJ + ) va,j+1B,j + H.c. (D1)
J

As indicated in Fig. 10(a), ¢ is the energy splitting of each
individual Majorana pair and ¢ represents the hybridizing
between these pairs. For ¢ = ¢, it is a homogeneous infinite
Majorana chain, while when ¢ > ¢, it is decoupled into many
independent Majorana pairs. In the case of point contact mea-
surement, the current and shot-noise still have the form of
Egs. (7) and (8). The transmission eigenvalue can be calcu-
lated by Eq. (14), which is given by T'(w) = —I'ImG& ().

We calculate its saturate Fano factor in the eV — oo limit.
As depicted in Fig. 10(b), for a fixed hybridizing strength ¢,
in the region of ¢ > r (otherwise the energy splitting of each
Majorana pair should be interpreted as ¢ rather than ¢), Fano
factor in the high voltage regime is not sensitive to the energy
splitting ¢ inside an MBS pair. When these Majorana pairs
begin to hybridize, the Fano factor increasingly deviates from
1 as ¢ increasing. For ¢ < 0.2T, the observation of the Fano
factors in a single pair of MBSs is still valid in the chain
model.

We further choose several parameters and calculate the
transmission eigenvalue 7 (w) and the corresponding distri-
bution p(T'). Figures 11(a) and 11(b) show the transmission
eigenvalue T'(w) for two sets of parameters, and the corre-
sponding Fano factors measured in the high voltage limit are

@ g0 ®); 0o
0.75 0.75}
T 0.50 T0.501
0.25 0.25
0.00 ‘ .
0 5 TR 5 1
eV/r eV/T'
(© x1073 (d) x1073
e e
[=9 o
0 0

0 0.5 1 0 0.5 1
T T

FIG. 11. (a)—(d) Transmission eigenvalues T () at different ¢, ¢
parameters and their corresponding distributions p(7T'). [(a) and (c)]
e =0.2IN, t =0.15T", [(b) and (d)] ¢ = 0.65T", t = 0.5T". The red

. . . . . . 1
line indicates the distribution p(T) PRI

F =1.03 and 1.15, respectively. However, as demonstrated
in Figs. 11(c) and 11(d), the distribution p(T) deviates from
the universal distribution mentioned in the main text in both
cases. It turns out that p(7") may be hard to characterize F (c0)
quantitatively in a system consisting of many Majorana pairs.

APPENDIX E: YSR BOUND STATES

We also analyze the case of Yu-Shiba-Rusinov (YSR)
states in our study. For a single magnetic impurity, we con-
sider the BdAG Hamiltonian,

H = Hy + Hipp = & 1300 + Aty09 +JS,790036(r).  (El)

(a)3 (b)
2.0 e A
1.8
h 2\ § ‘
= 1.6
o N
© s (Xg» Yo) % 1.4 i/
””” (% ¥o12) . 1.2
. 1.0
0 et x10-3 . : s -
0 1 2 0 5 100 15 20 25
eV ]

FIG. 12. (a) Differential conductance of a YSR bound state.
(b) Spatially resolved Fano factors in the 2D plane. The coordinate
(x0, o) represents the location of the magnetic impurity. The simula-
tion was performed using a 2D square lattice tight-binding model
with nearest-neighbor hopping strength #; = —1.5 and a chemical
potential u = 3.5, measured from the bottom of the band. A pairing
field of A = 0.4 and an exchange strength of JS, = 3.45 were set
to induce a deep YSR bound state. In the tunneling simulations, an
energy width of I' = 0.1A, a relaxation parameter of n = 1x107°
and an inverse temperature of 8 = 8000/A were used. For the Fano
factor simulation (b), a fixed voltage bias of eV,;,s = 0.2 is applied.
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FIG. 13. Fano factor tomography of magnetic impurity lattices
with different distances d between impurities is presented. The dis-
tances are specified as (a) d = 23a, (b) 35a, (c) 51a, and (d) 75a,
where a represents the lattice constant of the tight-binding model
introduced earlier. The coordinates of one of the magnetic impurities
are denoted as (xg, yo). In the simulations, we maintain a fixed
applied voltage of eV, = 0.25, while all other parameters remain
the same as in Fig. 12.

Here, we assume the impurity potential is purely local, with
the impurity spin S pointing along the z direction. In the wide
band limit, the energy of the bound state is given by [38,55]
& = A cos(23y), where tan §) = m1yJS, and v, represents the
normal state density of states at the Fermi level. The bound
state wave functions at the impurity location are [10,56]

1 0
6.0 = — %1 o=—=]|] (E2)
R B e [

The behavior of the wave function away from the im-
purity depends strongly on the dimensionality of the
system. In three dimensions (3D), the wave function de-
cays as 1exp(—rv/A2—¢2/livp). However, in two di-
mensions (2D), it decays much slower, going as [56]
Jl; exp(—ra/ A2 — &2 /hvr). Here, we focus on the 2D case,
where the wave function away from the impurity can be
expressed as
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FIG. 14. (a) Example of A and B sublattices for the triangular
vortex lattice. (b) The band structure of a triangular vortex lattice
with a 38 x22 magnetic unit cell. The parameters are {u, Ay, §} =
{0.18, 0.5, 1.2a}. (c) The differential conductance at the center of a
vortex core. (d) The spatially resolved Fano factors near vortex cores,
where the coordinate (xg, yo) represents the location of a vortex core
center. In the calculations, the energy width is set to I' = 0.32A, the
inverse temperature is f = 8000/ A, and the relaxation parameter is
n = 1x1073. In the simulations of the Fano factor tomography, the
bias voltage is fixed at eVy,s = 0.25.

where N is a normalization factor and ¢_(r) = 17,0, K¢ (7).
Clearly, the YSR bound state exhibits spatially oscillating
electron-hole asymmetry, which can potentially be charac-
terized through Fano factor tomography. In the case of deep
YSR states, corresponding to a dephasing 289 — £ /2, the
electron and hole YSR density of states exhibit antiphase
behavior far from the impurity. This antiphase behavior leads
to a strong spatial oscillation of the Fano factor as outlined
in Eq. (4). The Appendix Fig. 12 demonstrates the differ-
ential conductance and the spatially resolved Fano factors
of a deep YSR state. The deep YSR state exhibits a ZBCP
signature, although it is not quantized. The Fano factor to-
mography of the deep YSR state strongly oscillates near
the magnetic impurity and saturates at a value of 2 due to
the dominant contribution of Andreev reflections from bulk
states.

We also perform Fano factor tomography calculations in
the presence of multiple magnetic impurities. To simplify the
calculations, we assume that the magnetic impurities have
the same exchange strength JS; and are periodically arranged
into a square lattice. The numerical results demonstrate that
as long as the impurity lattice is not too dense, the Fano
factor tomography remains effective in capturing the signature
of spatially oscillating electron-hole asymmetry in the YSR
bound states, as shown in Fig. 13. However, as the impurities
become denser, the Fano factors near a magnetic impurity
decrease. This reduction can be attributed to the increased
occurrence of single-electron tunneling processes. Specifi-
cally, as the impurities get closer, the overlaps between their
respective bound states become more pronounced, leading to
an increase in the effective single-electron tunneling channels
and contributing to the single-electron tunneling current.
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APPENDIX F: TRIANGULAR VORTEX LATTICE

In this Appendix, we perform calculations of tunneling
characteristics on a triangular vortex lattice. As is shown in
Fig. 14, the (local) tunneling characteristics of a square vortex
lattice and a triangular vortex lattice are very similar. In both

cases, the differential conductance shows a suppression due
to the couplings between the MZMs. More over, the MZM
in a triangular vortex lattice also has a smooth Fano factor
plateau with a value of 1 near the vortex core. These results
demonstrate that our conclusion in Sec. IV is very general
and will also apply to the triangular vortex lattices.
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