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Abstract

Majorana excitations are the quasiparticle analog of Majorana fermions in solid materials.
Typical examples are the Majorana zero modes (MZMs) and the dispersing Majorana modes.
When probed by scanning tunneling spectroscopy, the former manifest as a pronounced
conductance peak locating precisely at zero-energy, while the latter behaves as constant or
slowly varying density of states. The MZMs obey non-abelian statistics and are believed to be
building blocks for topological quantum computing, which is highly immune to the
environmental noise. Existing MZM platforms include hybrid structures such as topological
insulator, semiconducting nanowire or 1D atomic chains on top of a conventional
superconductor, and single materials such as the iron-based superconductors (IBSs) and
4Hb-TaS,. Very recently, ordered and tunable MZM lattice has also been realized in IBS
LiFeAs, providing a scalable and applicable platform for future topological quantum
computation. In this review, we present an overview of the recent local probe studies on MZMs.
Classified by the material platforms, we start with the MZMs in the iron-chalcogenide
superconductors where FeTe 555¢e 45 and (Lig g4Feg.16)OHFeSe will be discussed. We then
review the Majorana research in the iron-pnictide superconductors as well as other platforms
beyond the IBSs. We further review recent works on ordered and tunable MZM lattice, showing
that strain is a feasible tool to tune the topological superconductivity. Finally, we give our
summary and perspective on future Majorana research.
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1. Introduction

Majorana fermion was named after the Italian physicist Ettore
Majorana, who predicted this particle in 1937 [1]. The particle
is interesting in that its antiparticle is itself. The search for
Majorana fermion has never stopped since then. For example,
neutrino has been proposed to be a possible candidate hosting
Majorana nature [2]. However, the experimental evidence to
confirm this, the neutrinoless double-beta decay in which two
neutrinos annihilate each other, has not been observed yet [3].
In crystals, the motion of electrons is restricted by the crys-
tal symmetry. As a result, it is possible that in certain mater-
ials, the rule of electron collective behavior mimics that of
the Majorana fermions, giving rise to Majorana quasiparticles
[4, 5].

Majorana zero modes (MZMs) are a typical type of
Majorana quasiparticles. Different from the Majorana fermi-
ons which live as free particles in three-dimensional (3D)
space following Fermi—Dirac statistics, MZMs exist in pairs
in lower dimensions (e.g. two-dimensional (2D) and one-
dimensional (1D)) following non-abelian statistics. Exchange
of MZMs creates braids in e.g. (2 + 1)D which could be used
for topological quantum computation [6]. The exciting fact
of using MZMs as building blocks for topological qubits is
that the topologically protected MZMs can be spatially distant
from their partners, and thus the computing is immune to local
environmental noise [7-9].

Many theoretical models have been proposed to support
MZMs. Due to the intrinsic particle-hole symmetry of MZM,
a straightforward host is the superconductors, in which qua-
siparticles are superpositions of electrons and holes. Early
attempts mainly focused on superconductors with p-wave pair-
ing. In 1990, Moore and Read showed that the ‘Pfaffian’
wavefunctions of the fractional quantum Hall state supports
non-abelian anyons [10]. This wavefunction was then found
to be akin to the pair wavefunction in spinless 2D p-wave
superconductor [11]. In 2001, Ivanov demonstrated that MZM
excitation exists in the half-quantum vortex of a p-wave
superconductor [12]. Kitaev constructed a toy model showing
that unpaired Majorana bound states exist at the ends of a 1D
spinless chain [13].

Despite the theoretical progress, the p-wave superconduct-
ors are rarely seen in nature. Possible candidates include
SrpRuOQ, [14-16] and UTe, [17, 18], yet the decisive evid-
ence supporting p-wave pairing is still lacking [19]. To
that, theorists turned their attention to constructing het-
erostructures using more practical materials. In 2008, Fu
and Kane proposed that a normal s-wave superconductor
in proximity to a 3D topological insulator supports MZM
inside the vortices [20]. Later, Lutchyn et al showed that
MZMs can also be created in semiconductor nanowire/su-
perconductor heterostructures [21, 22]. Nadj-Perge et al
suggested magnetic non-colinear structures in proximity
to an s-wave superconductor serves as potential MZM
platform [23-26].

Different experimental techniques were utilized to explore
the platforms hosting topological superconductivity. For
example, non-local transport and magnetism experiments
by physical property measurements system (PPMS) provide
information about the existence of superconductivity and non-
trivial topology [27-29], which produce topological supercon-
ductivity and MZMs can be found at the topological defects.
Angle-resolved photoemission spectroscopy (ARPES) verifies
the presence of topological surface states in superconductors
[30-32]. Muon spin rotation spectroscopy has been util-
ized to probe the intrinsic magnetic field of the samples,
which thus provides information of the pairing symmetry of
superconductors [33-36]. The non-local measurement tech-
niques such as PPMS are important in Majorana research
since the spatial non-locality protects MZMs from local
perturbation and distinguishes them from the topologically
trivial excitations. In addition, local probe measurements
by scanning tunneling microscopy/spectroscopy (STM/S)
gives direct visualization on the MZMs at the topological
defects [37-42].

With the progress on both theoretical and experimental
sides, heterostructures by placing an s-wave superconductor
close to 3D topological insulators [38, 43], large spin—orbit
coupling (SOC) nanowires [27, 44], and magnetic atomic
chains [37, 45, 46] and islands [47—49], have been fabricated,
tested and proved to host Majorana quasiparticles. However,
these heterostructures are usually challenging to make, and the
defects and disorders at the interfaces cause huge obstacle in
interpreting the signals [50]. In 2018, MZM was observed in
iron-based superconductor (IBS) FeTeqssSep4s [39, 51-53].
IBSs have a quasi-2D structure which is stacked by metallic
iron-chalcogen/pnictogen layers [54-56]. The Fermi surface
of IBSs mainly consists of the d,,, d,., and d,; orbitals, lead-
ing to the intrinsic multiband superconducting behavior. The
advantages of this new type of MZM platform lie in the facts
that it is single material and that it has higher superconduct-
ing transition temperature (7.) compared with the traditional
s-wave superconductors [51].

Following the discovery of MZM in the vortices of
FeTe(s5Sep4s, several IBSs including (Ligg4Fep 16)OHFeSe
[40], CaKFe4As4 [57] and LiFeAs [58], have been verified as
platforms supporting Majorana quasiparticles. The topological
defects generating such quasiparticles have also been exten-
ded to magnetic impurity induced flux [59], line defects [60]
and domain walls (DWs) [61]. However, the vortices in IBSs
are mostly disordered, and the yield of topological vortices
which host MZMs is low. In 2022, a new milestone has been
reached by the observation of ordered and tunable MZM lat-
tice in LiFeAs [42]. These discoveries make IBSs promising
candidates in Majorana research.

There have been several comprehensive reviews and art-
icles regarding the topological superconducting materials [36],
DW fermions [62], and MZMs in the vortices [52, 63]
and low-dimensional systems [64, 65]. While these works
provide detailed review from the material synthesis to MZM
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characterization, a systematic review of the state-of-the-art
local probe measurements on MZMs and a comparison of dif-
ferent MZM-hosting platforms are necessary. In this review,
we will focus on the STM/S studies of the MZMs in differ-
ent platforms. We start with reviewing the iron-chalcogenide
superconductors. Three different platforms, including bulk
FeTey s5Sep .45, bulk (Ligg4Feg.16)OHFeSe and the monolayer
iron-chalcogenides will be discussed and compared. Then we
review the Majorana research in another IBS family, the iron-
pnictides. CaKFe4As4 and LiFeAs will be discussed in this
section. After that, we give a brief review on the material plat-
forms besides the IBSs in section 4. The recent observation of
ordered and tunable MZM lattice will also be reviewed in a
separate section. Finally, we provide a perspective on future
Majorana research based on the local probe measurements.

2. MZM in iron-chalcogenide superconductors

Iron-selenide FeSe was identified as a superconductor in 2008
with T, = 8 K [66]. It crystallizes in a tetragonal phase, and
belongs to the P4/nmm space group (figure 1(a)). Since then,
different superconductors with the backbone iron-chalcogen
layers have been synthesized, leading to a new class of high-
T superconductors, namely the iron-chalcogenides [67]. The
iron-chalcogenides received extensive interest since they are
ideal platforms to investigate exotic physical phenomena such
as the superconductivity, nematicity [68—70] and the Fulde—
Ferrell-Larkin—Ovchinnikov state [71, 72] and the competi-
tion among them. In particular, 7 in monolayer FeSe grown
on SrTiO3 (STO) increases to above 50 K [73], driving fur-
ther effort into pushing the transition temperature to a higher
limit.

2.1 MZM in bulk FeTeg,55Seo,45

Thanks to the multiband nature, the IBSs have later attrac-
ted physicists’ eyes from a more intriguing aspect—topology.
The p orbital of the chalcogen/pnictogen and the d orbital of
the iron cross and hybridize, leading to rich topological prop-
erties in these materials. Hao and Hu investigated the effect
of spin—orbit interaction and the substrate of monolayer FeSe
grown on STO, and proposed that robust topological phases
could coexist with superconductivity [74, 75]. Wang et al pro-
posed the existence of Dirac surface state in the topologic-
ally nontrivial compound FeTeq 5Seq 5, which was confirmed
by ARPES measurements [76]. On the one hand, the substitu-
tion of Se with Te in FeTe,Se;_, enhances superconductivity
over a broad range of compositions [77-79] with the maximum
T. = 14 K under the optimal doping of x = 0.55 [80]. On the
other hand, the heavy Te atoms increases the SOC of the mater-
ial, and pushes the p orbital toward the Fermi level [76]. The p
orbital then hybridizes with the d orbital near the Fermi level
and opens an SOC gap, inside which the topological surface
state presents (figure 1(b)).

The interesting topological band structure puts
FeTeq 555¢€( .45 a promising candidate for realizing MZM [81].

This type of Majorana platform has been referred to as connate
[75, 82] or reciprocal-space superconducting proximity effect-
induced topological superconductor [83]. The topological
superconductivity on the surface serves as a consequence of
conventional bulk superconductivity and the non-trivial topo-
logy on some part of the band structures (figure 1(c)). The
existence of Dirac surface states in FeTegssSegss has been
confirmed by ARPES by Zhang et al in 2018 [31], making the
first step toward the novel Majorana platform based on IBSs.
Later in the same year, Wang et al directly observed robust
MZMs in the Abrikosov vortices of FeTeys55€eq45 (figure 1)
using STM/S [39]. The Te and Se atoms manifest as bright
and dark dots on the surface (figure 1(d)). Under external
field perpendicular to the sample surface, the Abrikosov vor-
tices emerge (figure 1(e)) with typical sizes of ~10 nm. The
differential conductance (d//dV) spectrum shows strong and
robust zero-bias peaks (ZBPs) at the center of the vortices,
which decay without splitting toward the vortex halos. The
ZBP is a well-known signature of Majorana bound states in
solid materials, due to its intrinsic particle-hole symmetry.
The MZM survives under 3.3 K. These works thus open up a
new door in Majorana searching [31, 39].

The pioneering works were quickly followed up by other
research groups. Machida et al reported the same ZBPs in the
vortices in FeSeq 4Teg ¢ using a dilution refrigerator STM with
an energy resolution as high as ~20 ueV, ruling out the pos-
sibility that the Majorana bound state energy is slightly off
zero or is coupled with low-energy quasiparticle excitations
[84]. They also found that the probability of finding ZBPs
in the vortices decreases with increasing magnetic field. This
phenomenon was explained by the hybridizations among the
neighboring MZMs under high magnetic fields and the dis-
ordered vortex distribution [85].

Whereas the ZBP is an intrinsic character of MZM, argu-
ments against using it as a criterion of the existence of MZM
have risen from both experimental and theoretical point of
view [50, 86]. As a result, new experimental technics as well
as experimental designs are desperately required to build con-
fidence in Majorana research. For example, theoretical work
[87] has pointed out that the tunneling conductance from a
metallic lead into an MZM would reach a plateau of the quant-
ized conductance Gy = 2¢*/h under sufficiently low temper-
atures, where e is the electron charge and 4 is Planck’s con-
stant. Following this prediction, Zhu et al designed a tunneling
experiment to look for the plateau in 2020 [41]. As depicted in
figure 2(a), an MZM in a vortex is identified by an STM tip.
The coupling strength between the metal tip and the MZM is
adjusted by changing the tip—sample distance. For MZM, the
tunneling conductance is irrelevant to the coupling strength
due to the intrinsic particle-hole symmetry, and a conduct-
ance plateau should be expected as a function of the tip tra-
jectory. For other trivial low-energy excitations, no such plat-
eau should be observed. They did observe such a conductance
plateau appearing exclusively at zero energy (figures 2(b) and
(c)). The intensity of the differential conductance at different
energies is plotted as a function of the tunnel barrier conduct-
ance Gy (Gy =I/V, where [ is the tunneling current and V is
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in (f). (h) A waterfall like plot of (f), the black curve corresponding to vortex center. From [39]. Reprinted with permission from AAAS.
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the set point voltage), which describes the tip—sample distance.
The intensity of the zero-bias conductance reaches a plateau of
about 0.64 G (figure 2(d)). As a comparison, the differential
conductances at 1.5 mV and 4.5 mV increase monotonically
with increasing Gy. The observation of a conductance plateau
at zero energy corroborates the particle-hole symmetry nature
of MZM [41].

Very recently, Ge et al introduced local shot noise spec-
troscopy into MZM study [88]. Their experimental technic
allows measurement of the effective charge of the tunnel-
ing charge carrier, and is therefore capable of distinguishing
processes such as Andreev reflection (with effective charge
g = 2e) from normal tunneling (¢ = e). They excluded
the observed zero-energy bound states as Yu—Shiba—Rusinov
(YSR) states [89-91]. However, the current state-of-the-art
was not capable of unambiguously distinguishing MZM from
the trivial Caroli-de-Gennes—Matricon (CdGM) bound states
[92]. Another important character of MZM is the spin polar-
ization (figure 3(a)) [86]. The spin-polarized STM/S exper-
iments were taken on several MZMs platforms including
Bi,Te3/NbSe, [43], Fe chain on Pb substrate [93], and Fe
atom on FeTe( 55Seg 45 [94]. Either Fe-coated tip or bulk Cr
tip were implemented to detect the spin signal. Pronounced
spin-polarized signal were detected in both Fe chains ends

(figure 3(b)) and vortex cores of Bi,Te;/NbSe, (figures 3(c)
and (d)), distinguishing MZM from the trivial in-gap states
happened to locate at zero energy [43, 93]. However, in spite
of these progresses, more decisive experimental evidence is
needed to unambiguously settle the arguments on the MZM
detection.

2.2. MZM in bulk (LI034F6016)OHFGSG

Apart from FeTe ssSeg 45, MZMs have also been discovered in
other iron-chalcogenides. Among them, (Lig g4Feg 16)OHFeSe
crystallizes in a tetragonal phase with alternating layers of
anti-PbO-type FeSe and anti-PbO-type LiFeO, (figure 4(a))
[95]. It has a T. of 42 K, and thus a larger superconduct-
ing energy gap [96]. In the quantum limit [97], the ener-
gies of CAGM states are integer quantized as E, = nA?/Ex
(n =0, £1, £2, ...), where n is the eigenvalue of angular
momentum, A the superconducting gap, and Ef the energy
of the Dirac point with respect to the Fermi level [20,
98-100]. Large gap enables detection of a ‘pure’ MZMs,
which is energetically separated from the other low-energy
quasiparticles.

Liu er al reported the observation of clean MZMs
in the vortices of (LiggsFep16)OHFeSe [40]. Similar to
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FeTeys5Seq 45, the dispersive Se 4p, band crosses the Fe 3d
bands along I'-Z, leading to a nontrivial band inversion that
gives topological surface states under SOC (figures 4(a)—
(c)). Different from FeTegssSepss, the Fe atoms in the
(Li;—,Fe,OH) layer play vital role in realizing this band
topology. Due to the existence of defects on the surface
(figure 4(d)), vortices may or may not pin on the surface
defects (figures 4(e) and (f)). In the latter case, sharp and robust
MZMs emerge at the vortex centers (figure 4(g)), together with
a series of discrete CdAGM states. The conductance plateau of
the zero-energy bound state was later reported by the same
group [101]. Given its high T, the (Ligps4Feq 16)OHFeSe can
potentially serve as an ideal MZM platform.

2.3. MZM without an external magnetic field

While MZMs are accompanied with topological defects, phys-
icists realized that the vortex line is not the only choice. Chen
et al reported the observation of MZMs in the line defects of
monolayer FeTey5Seq s [60, 102]. Partially motivated by the
high T, of monolayer FeSe film grown on STO, they fabric-
ated high quality monolayer FeTe( 5Se( s by molecular beam
epitaxy (MBE) method on the STO substrate, on the surface
of which they observed straight atomic line defects. The ori-
gin of line defects is the absence of Te and Se atoms during
the growth process (figures 5(a) and (b)). Interestingly, strong
and robust ZBPs appear at both ends of the line defect, while
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aclean and hard gap is present at the central parts (figures 5(c)
and (d)). To verify the possibility that the zero-energy peak
signal originates from MZMs, they further varied the size of
the tunnel junction and also observed the conductance plat-
eau feature (figure 5(e)). By locating line defects with differ-
ent lengths, the coupling between the MZMs at the chain ends
changes. Notably, the surviving temperature of MZM is above
20 K.

Another example is the atomic defects on the surfaces of
IBSs. In 2015, Yin et al reported sharp ZBP on an intersti-
tial iron atom residing on the surface of FeTe(ssSeg4s5 [103].
The novel bound state was later interpreted as an MZM bound
to a quantum anomalous vortex (QAV) induced by the mag-
netic Fe atom itself given strong enough exchange coupling.
This work was later extended by Fan et al through evaporat-
ing free and mono-iron atoms onto the FeTe( ssSeg 45 surface
at low temperature [59]. While the adsorbed iron atoms behave
similar to that of the interstitial iron atoms, the exchange
coupling between these atoms and the substrate can be eas-
ily adjusted by the electrostatic force from the STM tip. They
thus observed a reversible transition between YSR state and
Majorana bound state on the iron atoms. Compared with
previously reviewed MZM platform, this platform has the
potential of manipulating and braiding MZM.

2.4. Dispersing Majorana modes in FeTeg s55Se¢.45

So far, we have focused on the bound-state type Majorana qua-
siparticle manifesting as zero-energy modes at the topological

defect sites. In addition to the MZMs, another type of
Majorana quasiparticle called dispersing Majorana states has
also been predicted. Wang et al reported such a dispers-
ing 1D Majorana state at the DW on the FeTegs55€e(4s5 sur-
face (figure 6(a)) [61]. Importantly, this type of DW sep-
arates the two domains with a half-lattice constant offset
(figures 6(b)—(e)), which naturally provides a 7 phase shift on
the two sides [104, 105]. The DW extends about 5 nm in width
and has a height of about 2 A (figure 6(c)). dI/dV line-cuts
along different directions (figure 6(f)) show that the local dens-
ity of states inside the superconducting gap have been filled up
to a constant level, indicating the presence of linearly dispers-
ing Majorana states at the DW. Similar phenomena in other
material platforms will be reviewed in section 4.

3. MZM in iron-pnictide superconductors

As discussed above, the iron-chalcogenides provide reliable
platforms for Majorana research. In this section, we fur-
ther extend our scope into Majorana quasiparticles in iron-
pnictides. Similar to iron-chalcogenides, iron-pnictide super-
conductors also exhibit multiband feature, and possess rich
topological bandstructures [30].

3.1 MZMs in CaKFe4Asy

In 2020, Liu et al identified MZMs in CaKFesAs, for the
first time by a combined ARPES and STM/S study [57].
CaKFe4As, can be viewed as alternately stacked CaFe,As;
and KFe;As, layers along the c-axis of the crystal [106, 107].
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The alternate stacking of Ca and K ions breaks the gliding-
mirror symmetry along the c-axis, leading to band folding in
the Brillouin zone. Figure 7 shows the bandstructure calcu-
lated by density functional theory (DFT) plus dynamic mean
field theory. Slightly different from the iron-chalcogenides
discussed above, the crossings between the p orbital and the
d orbitals are driven by this band folding (figure 7(a)). When
SOC is considered, a topological band gap opens at the band
crossing points (figures 7(b) and (c)). ARPES measurements
give direct evidence to the existence of topological surface
states and topological superconductivity (figures 7(d)—(f)).
The ARPES results from K-doped samples further con-
firms that the energy dispersion comes from topological sur-
face state with Dirac point 20 meV above the Fermi surface.
The high-resolution ARPES measurements of the supercon-
ducting states show that the two superconducting gap values
are 5.9 meV atk; and 7.5 meV at k; (figure 7(f)). The existence
of MZM signals in the vortex cores of CaKFe4As, is further

confirmed by STM/S measurements (figure 8). Along the
white arrow in figure 8(a), the d//dV spectra show the homo-
geneous superconducting gap feature under 0 T (figure 8(b)).
When magnetic field is applied perpendicular to sample sur-
face, vortices enter the sample and appear as bright spots
(figure 8(c)). A pronounced ZBP can be clearly seen at the cen-
ter of the vortex, together with the low-lying CdGM states, put-
ting the system in the quantum limit (figures 8(d)—(f)). In addi-
tion, they looked into the spatial patterns of the vortex bound
states (figures 8(g) and (h)). Both the MZM (L) and the first-
level CdGM state (L_;) show a solid-circle pattern, while the
other higher energy CdGM states (L _, and L_3) show hollow-
ring patterns [108].

It is worth noting that the advantage of CaKFe4Asy lies in
two aspects. Firstly, it has 7, of 35 K, which is much higher
than that of FeTegssSegss. Secondly, it has a much more
homogeneous bulk state compared with that in FeTeq 555¢€¢ 45
[106].
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https://creativecommons.org/licenses/by/4.0/

Rep. Prog. Phys. 87 (2024) 016501

Review

"2 -01

0.0

01

Momentum (A™")

by bending TI

%®M

by TDS

>€><LU

Fused MZM

Holical Mode
LDOS

by C,-broken TDS

%

mMzm
\ LDOS
z *
£

L
0.05

i
0.05

Figure 9. Topological band structures in LiFeAs. (a) Crystal structure and Brillouin zone of Li(Fe,Co)As. (b) LiFeAs band dispersion along
I'-M and I'-Z. (c) (001) surface spectrum of LiFeAs. (d) ARPES intensity plot of LiFe;_,Co,As (x = 3%) at 15 K, showing TI bands.
Adapted from [30], with permission from Springer Nature. (e), (f) Schematic depictions of topological band structure of LiFeAs influenced
by impurities. (g)—(i) Low-energy vortex bound states (left), vortex line diagram (middle) and density spectrum of local density of states
(right) without impurities (g), impurities (h) that do not destroy C4 symmetry and impurities that destroy C4 symmetry (i). Reproduced

from [58]. CC BY 4.0.

3.2. MZMs in impurity assisted vortex in LiFeAs

Compared to CaKFe4As,4, LiFeAs has a much simpler crystal
structure and nonpolar cleaving surface plane [109, 110]. The
lattice parameter along the c-axis is about 6.3 A, which induces
a p, dispersion similar to that in FeTe(ssSeq 45 (figure 9(a)).
The crossing between p, band and « band opens the topo-
logical insulating (TT) gap where a topological surface state
presents. The overlap between p, band and 5 band is protec-
ted by C4 rotation symmetry, which does not open the energy
gap and forms a 3D topological Dirac semimetal (TDS) state
(figure 9(b)). Thus, multiple topological band structures exist

in LiFeAs [30]. The TDS Dirac cone lies around 10 meV above
the Fermi level, while the TI Dirac cone lies 5 meV below
the Fermi level (figures 9(c) and (e)). These topological band-
structures have been verified by ARPES measurement in the
Co-doped LiFeAs sample (figure 9(d)) [30].

Surprisingly, however, early STM measurements showed
no MZM signature in the vortex cores of LiFeAs in spite of
the rich topological bandstructures [111]. According to the
ARPES results, the TI states form Rashba-like band disper-
sion above the TI Dirac points and have a back bending feature
(figures 9(e) and (f)). This causes the Fermi surface crossing
the chiral Dirac band twice, leaving two unprotected MZMs
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which quickly fused into fermionic states (figure 9(g)). It has
also been proposed that the missing of MZMs is due to the
coupling between the two Dirac cones [112].

Kong et al carried out detailed STM/S study on LiFeAs
and observed reappearance of MZMs in the vortices locating
nearby the large impurities (figure 10) [58]. They argued that
the impurities act as local electron dopants, pushing the Fermi
level up toward the TDS cone. At the same time, the impurities
break the local C4 symmetry, gapping out the Dirac semimetal
crossing into strong TI phase (figures 9(h) and (i)) [113, 114].
This newly formed TI Dirac cone satisfies the conditions for
realizing MZMs.

4. MZM in other superconducting materials

Apart from IBSs, other materials, especially some hybrid
structures [86, 115-117], are proved MZM platforms by local
probe measurement. One widely studied system which real-
izes the experimental observation of MZMs is the ferromag-
netic chain/s-wave superconductor system. In 2014, Nadj-
Perge et al deposited iron atoms on the surface of supercon-
ductor Pb(110) and found that stable MZM signals existed at
both ends of the iron atomic chain [37]. In this system, the
strong SOC in Pb will change the degeneracy of the 4d orbital
of iron, thus producing effective p-wave superconductivity.
Under ideal conditions, there are always an odd number of
energy bands crossing the Fermi surface, setting the system
in a stable topological non-trivial state (figure 11(a)). Later,
Xu et al constructed a 2D heterostructure by growing Bi,Tes
layers on top of superconducting NbSe,. They claimed that
MZM appeared in the vortices in the samples with more than
five quintuple layers of BiyTe;, which suggested the close
relationship between MZM and the topological surface states
(figure 11(b)) [38]. Similar method was applied to construct
other heterostructures such as Bi, Tes/FeTe s5Sep45 [116] and

Sb,Tes/Fe;,Te [117] showing topological superconductivity.
In 2019, Palacio-Morales et al demonstrated the 1D Majorana
dispersion mode in a 2D ferromagnet/superconductor hetero-
structure in which 2D iron island was grown on oxidized
Re(0001) surface (figure 11(c)) [47]. Recently, Kezilebieke
et al fabricated van der Waals heterostructures that combine
2D ferromagnets with superconductors and observed 2D topo-
logical superconductivity in the system [48]. In this system,
CrBrs NbSe, by MBE. Using STM/S, the characteristics of
1D Majorana edge states were revealed (figure 11(d)).

Apart from the hybrid structures, other topologically non-
trivial materials, including 2M-WS, [118], 4Hb-TaS, [119],
PdTe, [120], NiTe, [121, 122], BioPd [123], Cu,Bi,Se; [124—
126], Sr,Bi,Ses [127-129], Nd,Bi,Se; [130, 131], SnAs [132,
133], Sn;_,Sb, [134, 135], UTe, [17, 18], CeRh,As, [136,
137] and CsV3Sbs [138-140], have been recognized as plat-
forms hosting topological superconductivity, which greatly
expanded the material library and laid a solid foundation
for further application of MZMs in topological quantum
computation.

5. Ordered MZM lattice in LiFeAs

The works discussed in section 3.2 establishes the consensus
that the chemical potential of LiFeAs has to be adjusted in
order to realize MZM platform. However, impurities locate
randomly inside the crystal and are not easy to control. Other
methods in tuning the topological properties of LiFeAs should
be developed.

Recently, Cao et al found 1D wrinkles on the surface of
LiFeAs, which show a significant influence on the supercon-
ducting properties of the system [141]. They observed two
types of characteristic wrinkles on the surface of LiFeAs
(figure 12). The first type orients along [110] direction, which
increases the superconducting gap. The second type orients
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along [100] and decreases the superconducting gap. Combined
with DFT calculations, they concluded that the local strain
tunes the chemical potential effectively. When strain applies
along the [110], the band top of d,,; will move upward and pass
through the Fermi surface, increasing the electron density of
states at I' point. Therefore, the superconducting energy gap
and superconducting transition temperature of the system will

increase. When the strain applies along [100], both dy,; and d,,
bands sink below the Fermi surface. The uniaxial strain there-
fore acts an effective way to tune the chemical potential of
LiFeAs [141, 142].

Motivated by this finding, Li ef al identified a special
region with natural strain in LiFeAs, which exhibits a biaxial
charge density wave (CDW) structure (figure 13(a)) [42].
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The coexistence of two CDWs breaks the C4 symmetry and
mirror symmetry of the crystal (figure 13(b)). They found
that the biaxial CDW strongly modulates superconductivity
that the superconducting gap is smaller on the bright As—As
stripes than that on the dark As—As stripes (figures 13(c)—(f)).

, with permission from Springer Nature.

When a magnetic field perpendicular to the sample sur-
face is applied, the vortices appear exclusively on the bright
As—As stripes where the superconducting paring is weaker
(figure 14(a)). The periodical As—As stripes thus serve as pin-
ning centers to trap the vortex lines. Importantly, MZMs and
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CdGM states are observed inside such vortices (figures 14(b)—
(d)). Under higher magnetic field, the pinning effect allows
formation of an ordered vortex lattice (figure 14(e)). They
have shown that more than 90% of the vortex centers
have MZMs (figures 14(f)—(h)), forming an ordered MZM
lattice.

Different from the impurities, the biaxial CDW affects the
system in two ways. Firstly, as described above, the peri-
odical stripes force the formation of ordered vortex lattice,
which is rarely seen in the IBSs. Secondly, it breaks the rota-
tion and mirror symmetries of the system and gaps out the
TDS cone into surface Dirac bands (figures 15(a)—(c)). As
a result, stable topological vortex lattice is generated and
can be tuned by external magnetic field (figures 15(d)—(f)).
The size of such an MZM lattice can be up to microns
or larger. Therefore, the naturally strained LiFeAs acts as
a scalable and tunable platform for topological quantum
computation [143].

6. Conclusion and perspective

The past several years has witnessed a surge in the
MZM-hosting materials. Here, we summarize some of such
materials studied by STM/S in table 1. The platform types
are generally classified into the bulk type, (2D) film type and
the hybrid (structure) type, and the topological defects are
classified into the vortex line, line defect, QAV, DW, atomic
chain and the island edge. Among all the platforms, monolayer
FeTe( sSeps shows the highest temperature (24 K) to observe
an MZM. Compared with FeTe( s5Seq 45, LiFeAs has a more
homogeneous bulk state, and the strained LiFeAs shows the
potential of realizing ordered, uniform and scalable MZM lat-
tice. As discussed above, each platform has its own pros and
cons, and not a single platform is even close to be used as a host
for topological quantum computation, giving the scalability of
materials, the probability in finding MZMs, the difficulty in
controlling the topological defects and thus the MZMs, and
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Table 1. MZM platforms experimentally studied by STM/S. The fabrication method, topological defect and the MZM observation
temperature are summarized.

Material Growth method Platform type Topological defect Quasiparticle type MZM temp. References
FeTe,Sei_ Self-flux Bulk Vortex line MZM 33K [39]
(Li;—Fe,)OHFeSe Hydrothermal Bulk Vortex line MZM 04K [40]
Strained LiFeAs Self-flux Bulk Vortex line MZM 04K [42]
CaKFe4sAsy Self-flux Bulk Vortex line MZM 04K [57]
Impurity/LiFeAs Self-flux Bulk Vortex line MZM 04K [58]
Fe/FeTe,Sej_x MBE Bulk QAV MZM 04K [59]
FeTe,Se;_,/STO MBE Film Line defect MZM 24K [60]
FeTexSe;—x DW Self-flux Bulk DwW Dispersing 03K [61]
Fe/Pb(110) MBE Hybrid Fe Chain MZM 14K [37]
Bi,Te3/NbSe; MBE Hybrid Vortex line MZM 04K [38]
Fe/Re(0001)-O MBE Hybrid Island edge Dispersing 0.36 K [47]
CrBr3/NbSe; MBE Hybrid Island edge Dispersing 0.35K [48]
2M-WS, Deintercalation Bulk Vortex line MZM 04K [118]
4Hb-TaS, CVT Bulk Vortex line/Step edge Both 0.38 K [119]
3-BiPd MBE Film Vortex line MZM 04K [123]

the low temperature needed. As a result, new platforms have
to be proposed [144—147] and verified.

Besides the material, new experimental methods and tools
should also be implemented in Majorana research. So far,
most studies still rely on features such as ZBPs to determine
the existence of topological superconductivity, which some-
times causes trouble. Fortunately, we are seeing new local
probe tools such as the shot noise spectroscopy come into play.
Many more efforts have to be taken to unambiguously verify
the existence of MZMs. More importantly, experimental tech-
niques beyond the local probe measurements have to be adop-
ted to confirm the non-Abelian statistics of the MZM array.
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