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Abstract

Majorana bound states (MBSs) are spatially-localized zero-energy quasiparticles following
non-Abelian braiding statistics that hold a great promise for fault-tolerant topological quantum
computing. Different platforms have been designed to realize the MBSs in condensed matter,
including semiconducting nanowire in proximity to conventional superconductors,
superconductor-topological insulator layered heterostructures, 1D atomic chains on
superconducting surface. Recently, iron-based superconductors have emerged as a new platform
for studying Majorana zero mode. A sharp zero-bias peak inside a vortex core that does not split
when moving away from the center is observed by scanning tunneling microscopy (STM) in
FeTeq 555¢€0.45. This zero-energy mode is assigned to the MBS. In this topic review, we present
an overview of the recent experimental works of STM studies on the MBS. We start with the
STM identification of MBSs in the vortices in FeTe( ssSeg 45 and discuss the advantages
FeTeg 555¢€9.45 compared with other platforms. We then review the topological origin of the
MBS and discuss the reason why the MBS is not seen in every single vortex. We also review the
recently observed nearly quantized conductance plateau feature of the MBS owing to its
particle—antiparticle equivalence. Finally, we give perspective on future experimental works in
this field, where the next important steps towards braiding of MBS can be expected.
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1. Introduction

A Majorana fermion is a fermion whose antiparticle is itself
[1]. This can be written mathematically as v = ~ if we define
the Majorana fermion annihilation operators v, y; with the
corresponding electron creation and annihilation operator ¢, ¢
as follows: v = (c +cf) /vV2and y, = —i (c—cT) /v/2. The
search for Majorana fermion dates back to the early days
of relativistic quantum mechanics. However, the elementary
Majorana fermions have never been observed by particle phys-
icists. In condensed matter we can construct charge neutral
quasiparticle excitations with particle and anti-particle sym-
metry, which are usually bound states having zero energy
called Majorana zero modes (MZMs) [2-4]. The braiding
of two MZMs follows non-Abelian statics [4-6]. During
the braiding process, the MZMs are topologically protected
from any local perturbation and can be used in fault-tolerant
quantum computation [7-10].

The realization of unpaired MZM relies on two conditions:
(a) particle-hole symmetry must be conserved. (b) The spin
of the quasiparticle must be the same under a charge con-
jugate transformation. A natural platform which satisfies the
first condition is the superconductors, where quasiparticles are
superpositions of electrons and holes. However, the realiza-
tion of the second condition is highly non-trivial. As we all
know, the conventional BCS superconductors usually have
a s-wave paring between the electrons. The wavefunction of
simplest excitation in such superconductor can be written as:

= % (c; +c i) |0 where the arrows represent spin and |0
represents the vacuum. Under a charge conjugate transforma-

tion, ¢¢ = % (CI + CT) |0 which is no longer the initial wave
function. v can be a charge conjugate transformation invariant
if the superconductor is spinless or fully spin polarized.

In 1990, Moore and Read first realized the ‘Pfaffian’ trial
wavefunctions for fractional quantum Hall state could support
non-Abelian anyons [11]. Later on, Read and Green proved
that the weak pairing spinless 2D p-wave superconductor has
a pair wave function that is asymptotically the same as that
in the Moore—Read Pfaffian quantum Hall state [12]. This led
to a conclusion that the universal properties of the Pfaffian
state such as non-Abelian statistics must also be shared by the
p-wave superconductor. For an infinite 2D p-wave supercon-
ductor, one can create a topological defect by adding magnetic
flux quantum on the surface. The MZM is expected to appear
at the center of the vortex. Ivanov [5] demonstrated that a half-
quantum vortex for spinful fermions is equivalent to a single
quantum vortex in a p-wave superconductor of spinless fermi-
ons. Kitaev [13] further discussed the possibility of unpaired
Majorana fermions appearing at the ends of 1D quantum wire.

However, superconductor with p-wave pairing is rare in
nature. A more realistic model was proposed by Fu and Kane
in 2008 by taking advantage of the surface states of 3D topo-
logical insulators [14]. It was shown that under a unitary trans-
formation, an effective p-wave paring can be achieved, and
the MZM could be found at the vortex core. On the other
hand, Lutchyn et al showed that MZMs can also be realized
based on semiconductor—superconductor heterostructures [15,
16]. The effective p-wave pairing was achieved by engineer-
ing Rashba band of the semiconductor with proper paramet-
ers of chemical potential, Zeeman field, superconducting gap
and spin—orbit coupling (SOC) strength. Bernevig ef al fur-
ther showed that topological nontrivial phase can be achieved
by using magnetic non-collinear structures proximately by an
s-wave superconductor in both 1D [17-20] and 2D [21]. The
topology of the Shiba bands of the magnetic adsorbates can
be engineered by tuning parameters including SOC amplitude,
magnetic exchange coupling amplitude and chemical poten-
tial. More recently, the planer Josephson junction hosting two-
dimensional electron gas with strong SOC was also predicted
to be a good platform to study Majorana bound state (MBS)
[22]. With a phase difference of 7 between the two supercon-
ducting leads, the topological phase is obtained at almost any
value of the Zeeman field and chemical potential.

Following these predictions, several systems have been
experimentally proved as promising platforms for detecting
MZMs in the past decade. Large SOC 1D semiconducting
nanowires [23-27], 1D magnetic atomic chains [14, 28-31],
2D gold thin films [32, 33], 2D planer Josephson junctions
[34, 35] and 3D topological insulators [36, 37], in proximity
with an s-wave superconductor, have been reported to support
MBSs. Progress has been made by identifying MZMs in above
systems [27, 28, 36]. MZM was also observed at the boundary
of magnetic island made of Co [38], Fe [39] and more recently
CrBrs; [40]. However, the material/device fabrication process
and the detection of MZM are still challenging. For example,
it is difficult to make clean interfacial contacts with the super-
conductor in the semiconducting nanowire system. Also, the
experiments need to be operated under very low temperat-
ures since a long superconducting coherent length is required.
Therefore, new platforms need to be explored to overcome
these drawbacks.

In 2018, Zhang et al observed a spin-momentum locking
pattern of the Dirac surface band, an hallmark of a topological
insulator, in FeTe 55Seg 45 [41]. This Dirac surface band opens
a superconducting gap below the bulk T, which is identical
to the interfacial state in the Fu—Kane model [42]. This result
quickly attracts interests in the field since the system has a
reasonably high T and is as simple as a single piece of bulk
material. This material is referred to as connate topological
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superconductors in some studies [43], which is believed to be
a good platform to observe MZMs.

The following up scanning tunneling microscopy/spec-
troscopy (STM/S) experiments on FeTegssSepss by Wang
et al indeed show signatures of a spatial non-split zero-
bias peak (ZBP), which is further determined as a fin-
gerprint of the MBS [44]. Recently, Zhu et al observed
the nearly quantized conductance plateau of the ZBP using
a variable-tunnel-coupling technique and gave strong evid-
ence to the MBS in the same material [45]. Wang et al
reported observation of dispersing 1D Majorana channels at
the domain wall in FeTegssSegss [46]. Chen et al repor-
ted zero-energy end states at the atomic line defects in
monolayer FeTe( sSeq s grown on SrTiO3(001) substrate [47].
Also, evidence of MBSs in other iron-based superconductors
[48] has been reported.

In this review, we will focus on the STM/S studies on
the MBSs in FeTe s5Se( 45. We first review the experimental
observation of the MBS in the vortex cores of FeTeg s55€(.45
in section 2. Then we discuss the physical origin of two differ-
ent types of vortices in section 3 and create relation between
the MBS and the topological surface states. In section 4 we
review a recent work revealing the nearly quantized conduct-
ance plateau of the MBS. In the last two sections we will talk
about some other topologically non-trivial platforms feasible
for STM study and give a perspective on future work that STM
can be potentially used in Majorana research.

2. Discovery of MBS in FeTeg 55S€0.45

2.1 Topologically non-trivial band structure of FeTeg 55S€¢.45

In 2015, the topological non-trivial band structure of
FeTep555¢e945 was discovered by Wang et al [49]. The Te
substitution enhances the hopping between neighboring lay-
ers, and consequently a band inversion occurs at I'-Z line
compared to FeSe. Soon after, a full phase diagram was given
by Xu et al [50] which shows FeTeq 555¢eg .45 without gating is
actually within the topological non-trivial regime.

Up to now, while some works presented results indicat-
ing the trivial origin of the band structure of FeTegs555¢€g .45
[51, 52], more and more studies support the existence of the
topological surface state [41, 44, 45, 53]. The discrepancy of
experimental results is likely due to the narrow topological
window and the well-known inhomogeneity [46, 54] of the
electronic structure of the material. ARPES observation [41]
of FeTeg 55Se( .45 surface shows a Dirac-cone like feature near
the Fermi level. The Dirac-cone has a spin helical structure,
suggesting that the surface state of FeTeg 555¢ 45 is topologic-
ally non-trivial. Therefore, once the temperature is below 7,
the surface of FeTeq 555¢e945 will become topological super-
conducting. The MBS which shows up at zero energy is expec-
ted to appear at the center of vortex core.

2.2. Zero-energy mode at the vortex center

Based on the theoretical proposal and the ARPES results,
Wang et al carried out STM investigations of on the surface

of FeTe( 55Se045 [44]. The surface Te/Se atoms can be iden-
tified from high resolution STM image (figure 1(a)), showing
inhomogeneous distribution of Te/Se atoms. Scanning tunnel-
ing spectroscopy (STS) in figure 1(b) shows good agreement in
the band features with previous ARPES results. After applic-
ation of a magnetic field perpendicular to the sample surface,
the Abrikosov vortex can be resolved in the differential con-
ductance maps taken at zero energy (figure 1(c)). The differ-
ential conductance map shows highest intensity at the vor-
tex center and gradual decay in intensity away from the cen-
ter. Detailed STS linecut map and waterfall plot are shown
in figures 1(d) and (e). A pronounced and robust ZBP can be
resolved from the spectrum taken at the vortex center, and it
does not split away from the vortex center. This behavior is dif-
ferent from Caroli—de Gennes—Matricon bound states (CBSs)
[55, 56] in the non-quantum limit which show a splitting of
zero energy when moving from vortex center to the boundary.
The FeTe(ssSep4s5 system has a large A/EF ratio, giving rise
to a large separation between the ZBP and the first level CBS.
As a result, the ZBP can be regarded as a ‘clean” Majorana
mode, which benefits further in-depth investigations as will be
elaborated in section 3.

2.3. Magnetic field and temperature dependence of MBS

Magnetic field dependent and temperature dependent exper-
iments have been carried out to rule out the topologically
trivial origins of this ZBP. Figures 2(a) and (b) show that
this zero-energy mode is stable under high magnetic field up
to 6 T, which rule out the possibility of Kondo effect. Other
phase sensitive origins such as weak-anti localization effect
and coherent Andreev reflection can also be ruled out as high
magnetic field will destroy the phase conjugation. Therefore,
this zero-energy mode is assigned to MBS which has a topolo-
gically non-trivial origin. Temperature dependent experiments
show that the MBS will disappear once the temperature exceed
3 K (figure 3(a)). This behavior is repeated in different vortices
as shown in figure 3(b).

It has been pointed out by previous theoretical studies [50,
57, 58] that the condition of a bulk vortex line, such as its
chemical potential, has substantial influences on the Major-
ana mode on the surface by the vortex phase transition. As
the bulk band structure is trivial, traditional CBSs will appear
inside the vortex line. When the temperature is low, CBSs are
well separated from each other and the MBS at the end of
the vortex line is well protected by the gap. However, when
the temperature ramps up, the thermo broadening effect will
smear the CBSs and there will be no gap protecting the MBS.
Quasiparticles near zero-energy will strongly interact with (or
poison) the MBS. As a result, the ZBP will be strongly sup-
pressed at elevated temperatures (>3 K) (figures 3(c) and (d)).

2.4. Discussion

While the zero-energy peak has been identified as MBS, there
are still some open questions left to be solved. In the exper-
iment, it is found that some vortices show only trivial CBSs
without zero energy peak even within the same field of view
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Figure 1. MBSs in the vortex core of FeTeq 55Sep 5. (a) STM topography of FeTeq 55S¢e¢.45. (b) Comparison between ARPES and STS
results. (¢) A zero-bias conductance map around vortex core. (d) A line-cut intensity plot along the black dashed line in (c).
(e) A waterfall-like plot of (d) with 65 spectra, with the black curve corresponding to the one in the core center. From [44]. Reprinted with

permission from AAAS. All rights reserved.

where other vortices host MBSs. The existence of these trivial
vortices is attributed to regions that do not have topological
surface state, which is likely due to the inhomogeneous chem-
ical potential on FeTe( ssSeg 45 surface, and will be discussed
in detail in section 3.

Another question is that the chance to find vortices hosting
MBS varies under different magnetic field. Machida et al [59]
found that the fraction of vortices hosting MBSs decreases
with increasing magnetic field. Moreover, they showed that
local quenched disorders are not related to the MBSs. Recent
theoretical calculation [60] reveals that the Majorana hybridiz-
ation and disordered vortex distribution are responsible for the
decreasing fraction of the ZBPs observed in the experiment.

3. Half-integer level shift of vortex bound states in
FeTeo555€0.45

Following the discussion in the last section, while a non-shift
ZBP across the vortex core is regarded as a strong indication
of MZM and topological nature of the superconducting vortex
[36, 42, 44, 48], the observation of ZBPs only appear in part of
the vortices on an FeTe s5Se( 45 surface, which has been con-
firmed by other independent research groups [51]. Moreover,

these two kinds of vortices seem to exist together in an area on
FeTey 55Seg 45 surface.

In order to demonstrate the physics behind those two
classes of vortices, it is important to further study the spectro-
scopic difference between them. Based on that, the two types
of vortices are classified as topological vortex (which hosts an
ZBP in the center) and ordinary vortex (which has only CBSs).
This phenomenon reveals another character of FeTeq 555¢€q .45
and make it a good planform to demonstrate the fundamental
distinction between the two classes of vortices, which differ
not only by the presence or absence of ZBP, but also by quant-
ization sequence of the remaining higher energy sub-gap states
and their spatial pattern [61].

3.1 Topological vortex cores with integer quantized CBSs

As has been discussed in section 2.2, the non-split and non-
shift sharp ZBP in the center of a topological vortex core
(figures 1(c) and 4(a)) has been assigned to the MBSs. Depend-
ing on the local A/Ep value, other in-gap states, the CBSs
(figures 4(b) and (c)) [55], appear in some of the vortices,
which are crucial in determining the topological nature of the
vortices [61]. Figures 5(a) and (b) show the line-cut through
a topological vortex with an MBS at the center. The large
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Figure 2. Magnetic field dependence of MBSs. (a) 120 nm x 120 nm ZBC maps at 2.5 T, 4.0 T, and 6.0 T, respectively. (b) Line-cut
intensity plots at 2.5 T, 4.0 T, and 6.0 T, respectively. From [44]. Reprinted with permission from AAAS. All rights reserved.

ratio [44, 62] of A/Eg enables detection of the quantum limit
[63], where the CBSs also appear as discernible non-shift dis-
crete energy levels in the d//dV spectra. These bound states are
almost equally spaced in energy. The CBSs can be also visu-
alized in an overlap plot, with several spatially non-shifting
peaks coexisting with the sharp MZM as shown in figure 5(c).
By using the energy of the first level as the energy unit, the
energy levels show the ratio (Ep/AE) in the form of 0:1:2:3,
which is an integer quantized sequence. Although the absolute
level energies vary slightly from vortex to vortex, the integer
quantized sequence is always valid as shown in figure 5(d).

3.2. Ordinary vortex cores with half-odd-integer quantized
CBSs

The other type of vortex is topologically trivial and is there-
fore called the ordinary vortex. A typical example is shown

in figures 6(a)—(c). Different from the topological vortex, the
ordinary vortex does not have an ZBP at the center. Moreover,
the energy levels follow the sequence of 0.5:1.5:2.5:3.5:4.5
(figure 6(d)). These CBSs show a strong particle-hole
asymmetry, which is a common phenomenon at the super-
conducting vortex core in iron-based superconductors
[64, 65].

The observation of quantized CBSs energy levels in two
types of vortices reveal their intrinsic difference in the topo-
logical nature. In an ordinary vortex core (figure 7(a)), only
the conventional bulk bands contribute to the low energy qua-
siparticle excitations [61]. Accordingly, the energy eigenval-
ues of CBSs are approximately half-odd-integer quantized,
ie. Ey = vA’/Ep (v = £1/2, £3/2, £5/2,...), with v being
the eigenvalue of angular momentum [55, 63, 66]. On the
other hand, the angular momentum in topological vortices
(figure 7(b)) gain an additional half-odd-integer contribution
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Figure 3. Temperature dependence of MBSs. (a) Temperature evolution of ZBP in a vortex core. The gray curves are numerically
broadened 0.55 K data at each temperature. (b) Amplitude of the ZBPs in three vortices under different temperatures. The amplitude is
defined as the peak valley difference of the ZBP. (c) Schematic of a vortex with a vertical magnetic field applied at low and high
temperature. (d) Corresponding schematic of the energy-resolved bound states inside the vortex line. From [44]. Reprinted with permission

from AAAS. All rights reserved.

due to intrinsic spin in the topological Dirac surface states [42,
67, 68]. As a result, the eigenvalues of the bound states follow
an integer quantized sequence E, = vAYEp (v =0, +1, +2,
+3,...). Therefore, the MZMs can then be seen as a special
zero-energy CBS in a topological vortex [4].

3.3. Spatial pattern of the quantized states

The above discussion is supported by fitting the spatial distri-
bution of the LDOSs of the CBSs using Fu—Kane Model [42,
44]. The excellent agreement between observed peak positions
and calculated energy eigenvalues provides strong evidence
for the topological nature of vortices in FeTe 55Se 45, demon-
strating that the integer quantized CBS levels are the direct
consequence of the topological surface states [61]. The calcu-
lated spatial patterns of the vortex bound states in two types
of vortices are also consistent with the experimental observa-
tions (figures 7(c)—(h)), suggesting that the Dirac surface states
contribute to the quasiparticle excitations of the topological
vortices.

Therefore, the type of a vortex can be classified accord-
ing to the nature of its electron states, either the Dirac surface
states or conventional bulk bands. The intrinsic stoichiometric
inhomogeneity [69-72] of FeTe( ssSeg 45 gives rise to the vary-
ing local electronic states across the sample surface, which
will further influence the Dirac surface states. The Dirac sur-
face states can be eliminated by either closing the bulk topo-
logical gap [73-75] or inducing an even number of topolo-
gical band inversions at its time-reversal invariant momenta
[76-78]. Both of them can occur locally in FeTeq 55S¢e¢ 45. This
scenario naturally explains the question about the physical ori-
gin of the two types of vortices proposed in the last section.

Also, it provides stronger evidence of the topological nature
of the observed MBS in FeTeg 55S€eg.45.

4. Nearly quantized conductance plateau of MZM in
FeTeo555€0.45

In the last two sections we focus on studying the energy levels
of the in-gap states, demonstrating the existence of MZM
in FeTeqs5Seg4s and verified its topological nature. In this
section, we will focus on the physical properties of the MZM
itself and discuss the necessity of verifying the existence of
MZMs. Theorists have predicted the quantized conductance
plateau feature of the ZBP, which is regarded as a strong evid-
ence for the existence of MZM. With sufficiently low tem-
perature and strong tunnel coupling, the conductance of an
MZM is proposed to show a quantized plateau at the value of
Gy = 2¢%/h, where e is the electron charge and # is the Planck’s
constant [79, 80]. This quantized Majorana conductance res-
ults from perfect resonant Andreev reflection [79-82] guaran-
teed by the inherent particle-hole symmetric nature of MZM
[10].

FeTe(55S¢e45 is chosen due to its large A/EF ratio. The
MZM is well separated from the CBSs, enable us to probe
the intrinsic nature of the MZM without the contamination
from other low-energy excitations. The experiment to study
the Majorana conductance in vortex cores of FeTe( 55Seg 45 is
carried out using an STM with extremely low effective elec-
tron temperature (7T = 377 mk) [45]. In order to achieve dif-
ferent tunnel coupling conditions, the tip-sample distance is
precisely controlled over a large range by changing the tunnel-
barrier conductance Gy (Gy = I/V).
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Figure 4. CBSs in a vortex with an MZM. (a) A normalized zero-bias conductance map measured at a magnetic field of 6.0 T. Insert: STM
topography of FeTeq ssSep4s. (b) Typical tunneling conductance spectra measured around the vortex marked by the white box in (a).

(c) Three dimensional display of the line-cut intensity plot along the white dash line indicated in (a). Four sub-gap states are identified by
the arrows in different colors. Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature, Nature

Physics [61] 2019. All rights reserved.

In a typical example of tunnel-coupling dependent meas-
urement on a topological vortex [61], the ZBP remains a well-
defined peak located at zero energy (figure 8(a)), and the
zero-bias conductance saturates under a relatively high tunnel
coupling (small tip-sample distance) condition (figure 8(d)).
However, the conductance outside the superconducting gap
increases monotonically as a function of Gy. This behavior is
summarized in a three-dimensional (figure 8(b)) and a color-
scale plot (figure 8(c)). In the experiment shown in figure 8§,
the plateau conductance (Gp) is equal to 0.64 Gy (figure 8(d)).

The conductance plateau in the tunnel-coupling depend-
ent measurements is a unique character of MZMs, reflect-
ing their intrinsic particle-hole symmetry. Other trivial states,
including the normal states outside the superconductor gap and
CBSs, increase monotonically with Gy without plateau fea-
ture. Figures 9(a)—(d) show the conductance behavior of CBSs
in topological and ordinary vortices, and no plateau feature
in the tunnel-coupling dependent measurement is observed.
The measurement is also repeated at the same location at zero
magnetic field (figures 9(e) and (f)). Both of the zero-bias

conductance and the high-bias conductance keep increasing
as the tunnel coupling increases, ruling out the possibility of
quantum ballistic transport [83-88]. All these observations
verified that the conductance plateau feature is the unique
character of MZMs in topological vortices, induced by the res-
onant Andreev reflection. The CBSs [55, 56] and other trivial
states [89] do not have the particle-hole symmetry, showing
an absence of a conductance plateau. The plateau behavior
of ZBPs have been observed repeatedly in many stable topo-
logical vortices, but the plateau value varies from vortex to
vortex. The plateau value smaller than Gy is likely due to the
instrumental broadening or the quasiparticle poisoning.

5. Other topologically non-trivial systems

5.1. Emerging topological edge states in buckled
antimonene monolayers

Zhu et al reported the observation of topological edge states
in antimonene monolayer epitaxially grown on Cu(111)
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surface [90]. Figure 10(a) shows a typical antimonene island
with hexagonal shape. Such island was fabricated on the first
antimonene layer, which act as a buffer layer to screen the
influence of the metal substrate on the edge electronic states
of the island. The dI/dV spectrum measured at the center of
the island shows the bulk state at the 1.68 eV, while the spec-
trum measured at the two opposite edges show edge states at
1.85 eV and 1.95 eV. The spatial evolution of the electronic
structure is displayed in figures 10(c) and (d), showing the
edge states arising from different bands with the bulk state.
The result is also supported by density functional theory cal-
culations, confirming the existence of topological edge states
in antimonene monolayer. The topological edge states in bis-
muthene monolayer on SiC [91] and stanene on Cu(111) sur-
face [92] are also reported. These novel two-dimensional topo-
logical materials demonstrated that the group-VA elemental
thin films with strong SOC host topologically nontrivial states
as excellent two-dimensional topological materials, opening
opportunities for exploring two-dimensional topological phys-
ics and device applications.

5.2. Spontaneous formation of a superconductor-topological
insulator-normal metal layered heterostructure

Wang et al reported the construction of a superconductor-
topological insulator layered heterostructure [93]. The
HfTes/HfTes heterostructures were fabricated through

direct reaction and epitaxial growth of tellurium atoms
on an Hf(0001) substrate (figure 11(a)). In the a—c plane
(figure 11(b)), an HfTes layer can be considered as an HfTes
layer linked via Te-Te chains. In addition, the bond energy
of the Te-Te chains in HfTes is much weaker than that of
the trigonal prismatic chains. So the Te-Te chains decom-
pose much more easily than the Te-Hf keys. After the Te—Te
chains decompose and the trigonal prismatic chains connect
together one-by-one along the ¢ direction, in principle, Hf Tes
layers should be turned into HfTe; layers. In experiment, the
substrate was annealed to 530 ~ 590 centigrade, the topmost
HfTes layers of the sample transforms into HfTe; film due
to some of the tellurium atoms escaping from the HfTes lay-
ers at high temperature. As a result, an HfTe;/HfTes layered
heterostructure are fabricated on the substrate.

The STS results under 4.2 K are shown in figures 11(c) and
(d). The energy gap on the HfTes surface is measured to be
60 meV (figure 11(d)). HfTes films have been theoretically
predicted as a promising large-gap topological insulator [94],
and 60 meV is close to the bandgap for HfTes with a thick-
ness of three layers. The STS result on a HfTes film show
no gap feature under 4.2 K. However, under lower temper-
ature of 0.45 K, a superconducting gap is clearly observed
[93, 95]. Therefore, a superconductor-topological insulator
layered heterostructure is fabricated by a simple tellurization
method. This method opens up a route to fabricate heterostruc-
tures and nanodevices with a combination of multi-properties,
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particularly to form systems to study Majorana quasiparticle
excitations and topological quantum computation.

5.3. Non-Majorana states in proximitized nanowires and
quantum anomalous Hall-superconductor devices

We would also like to bring the readers’ attention to recent
works, which shows that non-Majorana state could also show
up as sharp ZBP or even give rise to conductance plateau. For
example, Chen et al [96] observed ubiquitous non-Majorana
ZBP instead of the predicted Majorana signal in certain lim-
ited parameter range. The chemical potential changes a lot

with the varying back-gate voltage, and an ubiquity in-gap
state can be observed in this measurement (figure 10), which
was assigned to the signal of Andreev bound states (ABSs).
Those ABSs show ZBP features when applying a finite mag-
netic field (figures 12(c) and (d)). Yu er al [97] fabricated
three-terminal InSb nanowire devices in the Majorana con-
figuration, which can independently detect the signal of both
nanowire ends. The experimental results show nearly quant-
ized ZBP on the left side and absence of ZBP on the right side
(figure 13), demonstrating the possibility of non-Majorana
signal in this Majorana configuration. Kayyalha et al [98]
reported the appearance of trivial half-quantized two-terminal
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conductance plateau when the SC layer is strongly coupled
to the QAH sample (figure 14). The results show that the
half-quantized conductance plateaus in these QAH-SC hybrid
devices is unlikely to be induced by chiral Majorana fermions.

These works set up high requirements to the community on
careful analysis of their experimental data concerning Major-
ana states. An intuitive connection between the ZBP or plateau
feature to Majorana physics should always be avoided, since
other trivial states could behave in a similar manner. The con-
clusion should be drawn with great caution.

6. Summary and perspective

In this topic review, we present an overview of the recent
progress of STM studies on exploring the MBSs, typically

in iron-based superconductor FeTe(ssSegpss. The observed
ZBP in the center of the vortex of FeTeyssSegqs is veri-
fied as MBSs. Thanks to the high 7. and the large A/Eg
ratio of FeTes5Sepq4s, it proves to be a good platform
to study the intrinsic physical properties of the Majorana
modes. To that, the topological nature of the vortices host-
ing MZM is reviewed and discussed. Moreover, the spectral
weight of the zero mode shows quantized conductance plat-
eau behavior in the tunnel-coupling dependent STM measure-
ments, giving strong evidence of the existence of MZMs in
FCT60.55860.45.

In addition, the layered heterojunction interfaces of super-
conductors and topological insulators also bring exciting
results and huge potential on the Majorana research. In
recent years, different 2D superconducting materials and
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topological materials have been discovered. The rich and flex-
ible combinations of these new materials provide a large lib-
rary from which we can design different types of promising
platforms for exploring the MBSs as well as future fault-
tolerant quantum computing.

However, there is still a long way to experimentally real-
ize the topological quantum computing. In fact, the braiding
of two MZMs carried by vortices is still a challenging task
and several problems need to be overcome. First of all, braid-
ing of two MZMs requires controlled movement of vortices by
STM tip (figure 15). In a typical scanning probe microscopy
setup, the vortices can be driven by magnetic force [99], local
heating [100], local contact [101] and so on. However, the con-
trolled driving of vortex motion usually requires special design
or modification of the tip end, which would compromise the
spatial and energy resolution of STM, and thus impair the cap-
ability to detect quantum information in MBSs. Secondly, the

14

braiding process requires stable and robust MZM inside the
vortex during its movement. As has been discussed, the sur-
face of FeTeq 555¢ep 45 is inhomogeneous and has topological
and non-topological regions. If the vortex is moved into the
non-topological region, the MZM would disappear. As a res-
ult, new materials with more homogeneous electronic struc-
ture for more robust MZMs have to be explored. Thirdly, the-
oretical proposals on how to design the braiding experiment
and what quantities to measure by the STM tip are needed
[60, 102].

As a result, new Majorana platforms with more homogen-
eous bulk and surface electronic structure have to be explored
[54]. New materials with higher homogeneity would serve as
more practical platforms in manipulating the vortices contain-
ing MBS. Appropriate theoretical proposal as well as experi-
mental design will also be critical in realizing the braiding of
the MBSs in the future.



Supercond. Sci. Technol. 34 (2021) 073001

Topical Review

Figure 15. Schematic showing the manipulation of topological vortices using a tip.
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