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Two dimensional (2D) topological insulators (TIs) and topological superconductors (TSCs) have been
intensively studied for recent years due to their great potential for dissipationless electron transporta-
tion and fault-tolerant quantum computing, respectively. Here we focus on stanene, the tin analogue
of graphene, to give a brief review of their development as a candidate for both 2D TI and TSC.
Stanene is proposed to be a TI with a large gap of 0.3 eV, and its topological properties are sensitive to
various factors, e.g., the lattice constants, chemical functionalization and layer thickness, which offer
various methods for phase tunning. Experimentally, the inverted gap and edge states are observed
recently, which are strong evidences for TI. In addition, stanene is also predicted to be a time re-
versal invariant TSC by breaking inversion symmetry, supporting helical Majorana edge modes. The
layer-dependent superconductivity of stanene is recently confirmed by both transport and scanning
tunneling microscopy measurements. This review gives a detailed introduction to stanene and its
topological properties and some prospects are also discussed.
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essential for practical topological transport devices. After
that, numerous works are reported to explore its topolog-
ical properties. Theoretically, it is found that the band
structure and topological properties are tunable by vari-
ous factors, e.g., substrates [7-9], chemical functionaliza-
tion [6, 10] and film thickness [11], which provides numer-
ous approaches for phase tuning. The experimental confir-
mations are far behind theory, which is probably because
of its less-stable structure and strain-sensitive topologi-
cal properties. Some experimental results of stanene show
a trivial insulating gap [12, 13], and some even acquire
metallic band structure [14, 15]. The nontrivial band gap
of stanene is observed until 2018, when growing stanene on
Cu (111) [16]. Recently, the spatial distribution of edges
states (STM evidences) has been observed, providing new
evidence on its QSH property [17, 18].

2D TSC is characterized by triplet-pairing supercon-
ducting gap in the bulk, and self-conjugated excitations
called Majorana mode at their boundaries, which can
be used for topological quantum computing [4, 5, 19—
21]. Zhang et al. proposed that Ag-doped stanene can
be a time-reversal-invariant TSC, where helical Majorana
modes reside at edges [22, 23]. However, previous exper-
iments show that the bulk o-Sn is not a superconductor.
Fortunately, when reducing to 2D (few-layer stanene), it
shows remarkable superconductivity which is reported re-
cently by transport measurements and STM study, but
its odd parity is still unconfirmed [18, 24].

This review gives an overview of the theoretical cal-
culations and experiments for topological and supercon-
ducting properties of stanene. After this introduction, the
structure of stanene is introduced in Section 2. Then its
topological properties to be a 2D TI and 2D TSC are
discussed in Sections 3 and 4 respectively. After that,
some other topological properties of stanene, such as to be-
come a quantum anomalous Hall insulator and 3D Dirac
semimetal, are also mentioned. Finally, we give a sum-
mary and perspective for stanene system.

2 Structure of stanene

This section discusses the atomic structure of stanene in
QSH phase as well as different supporting substrates.

2.1 From graphene to stanene

The birth of graphene ignited researchers’ enthusiasm for
2D materials [25]. Since that, theoretical calculations
and experimental measurements on graphene are boom-
ing in this field. Figure 1(a) gives a visualized structure
of graphene, where the carbon atoms arranged as a hon-
eycomb lattice. From the side views we can see that all
carbon atoms lie in the same plane without buckling. This
plane geometry is attributed to the strong m-7m bonding
force, far exceeding the thermal fluctuations, between car-
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Fig. 1 Structure of graphene and stanene. (a) Top view (up-
per panel) and side view (lower panel) of graphene. (b) Top
view (upper panel) and side view (lower panel) of stanene. (c)
Top view (upper panel) and side view (lower panel) of deco-
rated stanene. Reproduced from Ref. [6]. (d) Bulk structure of
a-Sn. Single layer of a-Sn (111) is marked out by black dotted
rectangle.

bon atoms, which makes the plane structure avert falling
out.

As an analogue of graphene, stanene also has a hon-
eycomb structure, but in a buckling form [see Fig. 1(b)].
The reason for this buckling is that the relatively weak
-7t bonding, resulting from large bond length between
tin atoms, cannot stabilize the planar configuration. The
overlap between 7t orbital and o orbital is enhanced via the
buckling, and thus stabilizes the system [6]. Due to the
buckling, stanene has two sub-lattices of tin atoms, shift-
ing along Z direction [see lower panel of Fig. 1(b)]. The
lattice constant calculated by Density Functional Theory
(DFT) is 0.467 nm. It should be noted that the stanene
has dangling bonds on both sides [see Fig. 1(c)], then it
is inclined to have chemical passivation, forming a more
stable sps configuration. In fact, stanene is not a newly-
established structure of tin atoms. It can be regarded
as single layer a-Sn (111) [see Fig. 1(d)], which is a pre-
existing phase of Sn.

2.2 Lattice structure obtained in experiments

Although theoretical calculations confirm the stability of
stanene, it is difficult to achieve high-quality stanene films
in experiments. Molecular Beam Epitaxy (MBE) is the
most suitable method to grow such thin films. The first
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hurdle to overcome is to find a suitable substrate for MBE
growth, which provides small lattice mismatch. An im-
proper substrate lattice would highly likely lead to the
formation of (-phase Sn or even amorphous cluster of
Sn. The first atomically flat stanene films are success-
fully grown on Bismuth telluride (111) [BigTes (111)] sur-
face [see Fig. 2(a)] [14]. BixTes (111) surface has hexag-
onal lattice with lattice constant of 0.435 nm, slightly
smaller than that of stanene. The stanene grown on top
has the same lattice constant with substrate, indicating a
compressive strain is applied. This mismatch leads to a
highly buckled stanene surface. The atomically resolved
image by scanning tunneling microscopy (STM) gives a
clear sight of upper tin atoms [see Fig. 2(b)]. After that,
other substrates with similar lattice constant with BisTes
are used to grow stanene, such as PbTe (111) [12], Sb
(111) [26], and InSb (111) [13]. Notably, all stanene films
in these works suffer a compressive strain and have a
highly buckled configuration. As a result, only the top
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Fig. 2 Stanene films grown on different substrates. (a) To-
pography of stanene films grown on BisTes (111) by STM.
Reproduced from Ref. [14]. (b) Atomically resolved image of
top sub-layer tin atoms of stanene grown on BixTes (111). Re-
produced from Ref. [14]. (c) Topography of stanene films on
PbTe (111) by STM. Reproduced from Ref. [12]. (d) Atomi-
cally resolved image of top sub-layer tin atoms of stanene grown
on Sb (111). Reproduced from Ref. [26]. (e) Topography
of stanene films on Cu (111) substrate by STM. Reproduced
from Ref. [16]. (f) Atomically resolved image of stanene grown
on Cu (111). Reproduced from Ref. [16].
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sub-layer tin atoms can be distinguished. Considering the
stanene and the substrate as a combined system, an ef-
fective way to get more flat stanene is to find a substrate
with which the combined system has lowest energy when
stanene is in flat configuration. Some metal surfaces, e.g.,
Ag (111) and Cu (111), meet this requirement [6, 27, 28].
Recently, ultra-flat stanene films are grown on Cu (111)
surface [see Fig. 2(e)], and the honeycomb structure is
clearly observed by STM [see Fig. 2(f)] [16]. The lattice
constant measured is 0.51 nm, much larger than the the-
oretical value. This large lattice leads to a nearly plane
structure.

At the end of this section, we summarize the measured
lattice values of stanene on different substrates in Table
1, with the a-Sn (111) surface and freestanding stanene
as references (marked in red). It is easy to find that
stanene always keeps the same lattice constant with their
substrate. Thus the stanene grown on primitive (1x1)
substrates usually has a compressed lattice. While on re-
constructed substrate surface, stanene can have a large
lattice, leading to an ultra flat honeycomb configuration.
This provides us a guidance for controlling lattice con-
stants via substrate.

Table 1 Lattice constants of stanene grown on different

substrates.
Substrate su%g;trtziig (()Iflm) stg?ltetril(ée(?lfn
Sb (111) [26] 0.43 0.43
BigTes (111) [14] 0.435 0.435
PbTe (111) [12] 0.452 0.452
Bi (111) [29] 0.454 0.45
InSb (111) [13] 0.458 0.458
a-Sn (111) None 0.46
Free standing stanene [6] None 0.467
Ag (111) v/3 x /3 [28] 0.509 0.509
Cu (111) 2x2 [16] 0.51 0.51

3 Stanene as topological insulator

This section focuses on the topological properties of
stanene to be a 2D TI. A brief introduction for 2D TT is
given at first; then the theoretical predictions for stanene
to be a 2D TT are introduced; finally, the existing experi-
mental results are described. What is more, some factors
are discussed to tune its electronic and topological prop-
erties.

3.1 Development of 2D topological insulator

2D TIs, also called QSH insulators, are characterized by
insulating gap in the bulk and conducting channels with-
out backscattering at edges. And each edge contributes
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a quantized conductance of 2¢2/h [4, 5, 30]. These dissi-
pationless conducting channels can tremendously reduce
the power dissipation and have great potential for low-
consumption electronic devices. The first predicted 2D
topological insulator is graphene. At low temperature,
spin—orbital coupling (SOC) induced energy gap converts
graphene from a semimetal to an insulator, and helical
edge states reside at boundaries [2]. However, the SOC in
graphene is extremely weak, giving an insulating gap as
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tiny as 1072 meV [31]. This small gap brings difficulties
and challenges for experimental observation and practi-
cal applications. Since that, a lot of materials with larger
nontrivial gaps are proposed to realize quantum spin Hall
effect.

The first successful system is HgTe/GdTe quantum well
[see structure in Fig. 3(a)] [32]. HgTe has an inverted band
structure with the p type I's band lying above the s type
I's band, which is shown in Fig. 3(a). This band inversion
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Fig. 3 Candidates for 2D TI. (a) Upper: Band structures of HgTe and CdTe. Lower: Width-dependent band structures
of HgTe/CdTe quantum well. Reproduced from Ref. [32]. (b) Experimental observation of the quantized edge conducting
channel in HgTe/CdTe quantum well. Reproduced from Ref. [3]. (¢) The development of Xene. Reproduced from Ref. [33].
(d) Theoretical prediction of the inverted band gaps for monolayer 1T’-TMDs. Reproduced from Ref. [34].
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in HgTe is due to the spin—orbit splitting of the p orbitals
as well as the relativistic mass—velocity correction of the 6s
electrons of Hg [35]. On the contrary, CdTe has the nor-
mal band structure that I's band lies below the I's band.
When the thickness of HgTe surpasses a critical value d.,
the band structure of the well system is in the inverted
order, i.e., in the quantum spin Hall phase. The trans-
port evidences were reported in the following year [see
Fig. 3(b)], confirming the prediction [3]. However, this
sandwich structure is hard to fabricate and the conduc-
tance plateau exists only at ultra-low temperature (about
30 mK), hindering practical applications of HgTe/CdTe
quantum well at room temperature. As a result, find-
ing alternatives to realize high temperature quantum spin
Hall effect is one of the main tasks in this field.

Plenty of candidates are proposed in the next few
years, such as graphene-like Xene [33], monolayer 1T’-
phase transition metal dichalcogenides (TMDs) [34], lay-
ered transition metal pentatelluride XTe; [36]. Among
these candidates, Xene family and 1T'-TMD family are
the most promising materials. Xene family is an exten-
sion of graphene, which uses heavy elements to substi-
tute carbon [see Fig. 3(c)] to enhance SOC. Owing to the
strong SOC, Xene family generally has a large insulating
gap of several hundreds meV [6, 37], which is sufficient
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large for practical applications. But the buckled honey-
comb structure is less-stable and difficult to grow. On the
contrary, 1T’ -phase TMD materials are more stable once
successfully grown. But the insulating gaps of 1T/-TMD
family are commonly less than 100 meV [38, 39], hindering
its application prospects. Recently, the topological prop-
erties of the 1T’-WTey are confirmed by several experi-
ments, including STM [40, 41], angle-resolved photoemis-
sion (ARPES) [38], and transport measurements [42, 43].
While for the highly expected stanene, different experi-
ments show distinct results and its topological properties
are still under debate. Despite that, stanene is a good
platform for 2D TI for its large insulating gap and simple
structure with just single element.

3.2 Theoretical prediction for stanene to be a 2D
topological insulator

Stanene was first proposed to be a 2D TI in 2013 by
Zhang’s group [6]. At first, only freestanding condition
and chemical functionalizations were taken into consid-
eration. Figure 4(a) shows the band structure of bare
stanene without decoration, where a Dirac point locates
at K point without SOC [see Fig. 4(a)]. After involving
SOC effect, an insulating gap opens with inverted band
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Fig. 4 Topological properties of stanene and decorated stanenes. (a) Band structures of stanene. Band structures at around
K point with/without SOC are shown in the inset. (b) Band structures of decorated stanene. (c) Schematic diagram of the
evolution from the atomic s and pgy orbitals of Sn into the conduction and valence bands at I' point for fluorinated stanene. [6].
(d) Edge states for an amchair stanene ribbon. The inset shows the edge states for fluorinated stanene. (a—d) are reproduced
from Ref. [6].
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structure, rendering bare stanene to be a 2D TI with a
gap ~0.1 ¢V [6]. In the bare case the mechanism for band
inversion is the same with that in graphene, and the dra-
matically enhanced SOC effect results from both the huge
contribution from first order SOC, which is banned in
graphene and the heavier Sn atoms [44]. What is more, the
dangling bonds of stanene provide an additional degree of
freedom to tune the band structure including topological
properties. When decorated by chemical functional group,
the p, orbital is saturated and the dominated states by it
at K point will open a large gap of several electron volts
[see Fig. 4(b)]. Thus only the band at I" point should be
considered. Before chemical decoration, the parities of oc-
cupied states at I' point are unchanged, which denotes a
topological trivial phase. An s—p band inversion, similar
with that in HgTe [45, 46] and bulk a-Sn cases [47, 48],
happens after the chemical decoration, giving a nontrivial
band structure. Finally, the SOC effect opens a gap, driv-
ing decorated stanene into QSH phase with a large gap of
~0.3 eV.

Taking fluorinated stanene as an example, the band
topology of decorated stanene is introduced. At around I’
point, the bonding and anti-bonding states close to Fermi
level are |s~) and ‘pjy> respectively, with a reversed or-
der [shown in Fig. 4(c)]. Without SOC, the system is
a zero gap semiconductor. Taking SOC into considera-
tion, the splitted |p;y> states lead to an insulating gap
as large as 0.3 eV [6]. Given a boundary, the topolog-
ical nontrivial bulk band would contribute to topologi-
cal edge states, connecting conduction band and valence
band. Figure 4(d) shows the calculated edge states for
bare-stanene with nano-ribbon geometry. And the same
helical edge states also exist in fluorinated stanene ribbon
(shown in the inset). These results indicate that decorated
stanene systems are ideal platforms for large gap 2D TI.
Since that, extensive experimental studies are carried out,
while many of the experimental results are inconsistent
with theoretical predictions. This is because the topolog-
ical properties of stanene are influenced by many factors,
which will be discussed in the next section.

3.3 Key factors affecting topological properties of
stanene

3.3.1 Substrate (stacking manner, strain and lattice
constants)

The electronic structure and topological properties of
stanene are sensitive to terminated face, lattice strain,
and chemical composition at the interface with substrate.
Plenty of works have been performed to explore the ef-
fect of substrates on stanene [7-9, 49-52]. We will give a
discussion in the following.

First of all, the terminated atoms of substrate can ex-
tremely affect the geometry configuration of stanene by
altering the binding configuration and bonding strength.

53201-6

Taking AB (111) type substrates (such as SrTe, PbTe,
BaSe, and BaTe) for example, the effects of A/B-
terminated surface to stanene are discussed. Figure 5(a)
shows the stanene grown on AB (111)-B surface, giving
a “top-hcp” stacking configuration. While on AB (111)—
A surface, it turns into a “fcc-hep” configuration [see
Fig. 5(b)]. Band structures for these two configurations
are different (shown at each bottom). Stanene in “top-
hep” configuration has an insulating band structure with
a band inversion at I' points, leading to a TI phase with
helical edge states [shown in Fig. 5(c)]. However, no in-
verted band structures exist in “fcc-hep” configuration,
giving a trivial insulator phase.

Lattice strain is also an important factor for tuning
band structures. For the topological nontrivial case (“top-
hep” configuration), the phase diagram of stanene with
lattice strain is shown in Fig. 5(d). The topological phase
of stanene persists under moderate compressive strain or
tensile strains, and it changes into semimetal phase when
compressive strain is larger than ~8.5%. In addition, the
interlayer distance between stanene film and substrate
can also affect electronic properties by modulating the in-
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Fig. 5 Influences of substrates on stanene. (a) Crystal
structure of stanene on AB (111)-B substrate. The band struc-
tures are shown at the bottom (taking SrTe as an example).
(b) Crystal structure of stanene on AB (111)-A substrate.
The band structures are shown at the bottom (taking SrTe as
an example). (c) Band structure of a zigzag stanene ribbon
grown on AB (111)-B type substrate showing the existence of
gapless helical edges (red). (d) Phase diagram of stanene un-
der strain Aa/ao, where ao is the equilibrium lattice constant
of the substrate and Aa is the change of the lattice constant.
(a—d) are reproduced from Ref. [7].
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tensity of Rashba splitting [53], which provides another
degree of freedom to tune the electronic properties of
stanene.

3.3.2  Chemical functionalization

Chemical functionalization is also an important method
to engineer topological properties of stanene system. It
has been studied ever since stanene was born [6, 10]. A
lot of chemical functional groups, e.g., -H, —F, —Cl, —Br,
—I, and —OH, can be used to engineer band structures by
tuning both lattice constants and p, orbitals. Table 2
and Fig. 5(a) give some examples for chemical function-
alized stanene. And their lattice constants and energy
gaps are listed. It is obvious that the lattice is enlarged
after chemical decoration, indicating the buckling can be
reduced via decoration. Actually, chemical functionaliza-
tion can enhance the stability of the buckled honeycomb
configuration by saturating p, orbital, leading to a sps hy-
bridization for stanene [6]. The band gap enhances from
about 0.1 €V to above 0.3 €V. This enhancement is mainly
attributed to the gap opening at K points [6], which is
mentioned above. Some more complicated chemical func-
tional groups, such as ethynyl-derivatives, can also be used
for decoration and give a SnCsoX configuration (X =H, F,
Cl, Br, I) [54, 55]. Besides, the functionalized “dumbbell
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Table 2 Lattice constants and insulating gaps of decorated
stanene [10].

Structure a (nm) Eg (eV)
SnHao 0.503 0.157
SnFy 0.516 0.326
SnCla 0.518 0.296
SnBro 0.513 0.337
Snly 0.515 0.343

stanene” , a transformation from honeycomb structure to
dumbbell structure, is calculated and the results show an
enlargement of insulating gap [56].

3.3.3 Layer dependence

Layer-dependence is general for topological materials,
such as WTey [40], Bi (111) [58], and stanene [11]. The
thickness can affect inter-layer coupling, modify the band
structure, and even drive a phase transition. Base on the
structure of a-Sn, the electronic properties for different
layers of stanene are studied. Figure 6(b) shows the vari-
ation of the band gap as a function of lattice constant
for monolayer, bilayer and trilayer stanene. In particular,
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Influences of different factors to band structures and topological properties of stanene. (a) Lattice constants and

insulating gaps of different decorated stanene. The topological properties are also marked out. Reproduced from Ref. [6]. (b)
Calculated global band gaps for different layer stanenes with/without —H decoration. Reproduced from Ref. [11]. (c) Calculated
inverted band gaps at I’ point for different layer stanenes with/without -H decoration. Reproduced from Ref. [11]. (d) Electric
field induced topological phase transition. Reproduced from Ref. [57].
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the hydrogenated condition is considered because it is the
common case in experiments [12]. The results show that
the hydrogenated stanene is more likely to be an insulator.
The inverted gap, which determines the topology, is also
layer-dependent [see Fig. 6(c)]. According to the results,
the monolayer stanene and trilayer hydrogenated-stanene
are topological nontrivial in a large range of lattice con-
stant. Considering the generally compressed lattice con-
stant of @-Sn (111) measured in experiments, the trilayer
hydrogenated stanene is the optimum selection to realize
QSH effect.

3.83.4 External electric field

Electric field is effective to tune topological properties for
many materials [59-63], including stanene films [57]. Ac-
cording to calculations [see Fig. 6(d)], external electric
field can drive a topological phase transition of stanene
films. Without electric field, stanene is a 2D TI. An elec-
tric field can decrease the inverted gap. When increas-
ing electric field to £0.5 V/ A, the nontrivial gap becomes
zero [57]. Further enhancing intensity of the electric field,
a trivial gap opens and stanene changes into a trivial in-

Stanene _ _ K Doped

@ g e P ¢

—~
=2
~
=
(=)

<
~

-0.2 0.0 0.2 -02 0.0 0.2
Wavenumber (A-1)

Binding energy (eV)

~02 0.0 0.2 -0.20.0 0.2
o
Wavenumber (A-1)

(e)

Edge state

04 02 0 02
Sample bias (V)

dZ/dV intensity (a.u.)

sulator [57]. This electric field induced phase transition
makes stanene to be a good candidate for controllable
topological electronic devices.

3.4 Experimental evidences

Although massive theoretical studies and calculation re-
sults show that stanene is a good candidate for 2D T1I, the
sufficient experimental evidences are still lacking. The pri-
mary reason is that the structure of stanene is less-stable,
compared with other candidates like WTes, and its elec-
tronic properties are sensitive to external influences such
as strains and chemical decorations. Thus the strains,
induced during the ex-situ fabrication of devices, are non-
negligible and bring disturbances to the measurements.
Fortunately, there are a lot of in-situ methods to study
stanene films. ARPES can detect the band structure be-
low Fermi level, confirming the nontrivial band structure
and insulating gap of stanene. STM has power to resolve
the atomically structure of stanene films and give a spa-
tial distribution of edge states. The first experimental
band structure of stanene is acquired by using ARPES

Edge states

'1-1.8 16 14 -12 -10 08
Sample bias (V)

(€9)

High

1002003
Bias (mV)

Aeq,
T

St

185 meV Low

32 nm x 32 nm

Fig. 7 Experimental results of stanene as a QSH insulator. (a) Band structure of stanene/InSb (111) measured by ARPES
before and after K-doping. Reproduced from Ref. [13]. (b) Band structure of stanene/PbTe (111) measured by ARPES.
Reproduced from Ref. [12]. (c) Band structure of both stanene and Cu (111) measured by ARPES, the contribution of stanene
is marke out by orange lines. Reproduced from Ref. [16]. (d) dI/dV spectra of stanene film [same with the sample in (c)] at
center and edge respectively. Reproduced from Ref. [16]. (e) STM image of stanene grown on InSb (111). The dI/dV spectra
taken in the bulk and at the edges are shown in the inset. The mapping of edge states is shown in the right panel. Reproduced
from Ref. [17]. (f) STM image of stanene grown on Bi (111). The dI/dV spectra taken in the bulk and at the edges are shown
in the inset. Reproduced from Ref. [18]. (g) Spatial mapping of edge states (~185 meV) for the same island in (f). Reproduced
from Ref. [18].
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in 2015, which shows a metallic band without insulating
gaps [14]. This is probably due to the compressed lattice
constant of stanene grown on BiyTes. Three years later,
stanene films in insulating phase are obtained by changing
the substrate to PbTe (111) [12] or InSb (111) [13] surface
[see Figs. 6(a) and (b)]. In both experiments, the lattice
of stanene is larger than 0.45 nm, which may be essential
for the existence of insulating gap. However, the band
inversion is absent in the calculations for both systems.
Further progresses are made by using Cu (111) substrates,
on which the stanene possesses an inverted band structure
and an insulating gap as large as 0.3 eV [see Fig. 6(c)] [16].
The STM measurements are also applied to stanene on Cu
(111) surface [shown in Fig. 6(d)]. While the edge states
are not clearly distinguished in differential conductance
(dI/dV) spectra due to, probably, the influence of Cu
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substrate.

Recently, systematic STM studies of stanene films are
reported, by which the spatial distribution of edge states
can be observed. The stanene films grown on InSb
(111) [17] and Bi (111) [18] substrates are shown in
Figs. 7(e) and (f), respectively, as well as the dI/dV spec-
tra comparison between bulk and edges. According to
the dI/dV spectra one can choose the proper bias for
the dI/dV mapping. For stanene/InSb (111) the bias is
—100 mV, while for stanene/Bi (111) it is 185 mV. This
difference is probably due to the different doping effect
from the substrates. Both the mapping results show the
highly localized edge states at the film edges [see Figs. 7(e)
and (g)]. These results provide additional evidences for
the existence of one dimensional topological edge states
in stanene system. However, the smoking gun evidence,

(b)

s-wave
superconductor

LDOS (a.u.)

(d)

s-wave superconductor

0
100

0

Fig. 8 Different types of TSC. (a) Fe chains on superconductor Pb. The Majorana zero modes are localized at endpoints.

Reproduced from Ref. [68].

(b) InSb nanowire on a s-wave superconductor. The Majorana bound states are localized at

endpoints. Reproduced from Ref. [67]. (c¢) Magnetic topological insulator thin film grown on a GaAs (111) B face. Reproduced

from Ref. [71].
Ref. [74].
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(d) Majorana zero modes in the vortex core of proximity-induced superconducting 3D TI. Reproduced from
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the quantized edge conductance 2e?/h in transport mea-
surement, has not yet been observed in stanene system,
partially because of the strain-sensitive topological prop-
erty and partially due to the lacking of suitable insulating
substrate to grow stanene.

4 Stanene as topological superconductor

In this section, we first give a brief introduction for clar-
ification of TSCs. Then the prediction to realize TSC
based on stanene system is discussed. At last, the related
experimental evidences reported are introduced.

4.1 Classification for topological superconductors

TSC is the superconducting analogue of TI, where the in-
sulating gap is substituted by the superconducting gap.
At their boundaries, the self-conjugate excitations called
Majorana modes exist, which are blocks for fault-tolerant
quantum computation [64]. The most studied type of
TSC breaks time-reversal-symmetry and hosts zero di-
mensional Majorana bound states at their boundaries.
This kind of TSC can be realized by inducing super-
conductivity to ferromagnetic atomic chains or semicon-
ductor nanowires with strong SOC by proximity effect
of s-wave superconductors [Figs. 8(a) and (b)] [65-69].
The second type of TSC is called chiral TSC. Chiral
TSC also breaks time-reversal-symmetry, but the bound-
ary state changes from localized zero dimensional Majo-
rana bound state to one dimensional chiral Majorana edge
mode, which is recently observed in the SC/QAHI het-
erostructure [Fig. 8(c)] [70, 71]. The third type of TSC is
proposed to be time-reversal-invariant, which hosts Ma-
jorana Kramers pairs at boundaries. A simple scenario
to realize time-reversal-invariant TSC is to use Ag-doped
stanene film [23]. At their boundaries, the helical Majo-
rana modes exist. In addition to these three types of TSC,
there is a special type of TSC build by 3D TI/SC heteros-
tucture, which is also time-reversal-invariant [72]. The
topological surface state of 3D TT has p-wave-like pairing
by proximity effect [72]. However, there is no such thing as
boundaries for this surface. Boundaries appear only when
applying an external magnetic field to creat vortex, which
also breaks time-reversal-symmetry [see Fig. 8(d)] [73, 74].
In the following, we only focus on the 2D time reversal in-
variant TSC based on stanene system.

4.2 Theoretical prediction for stanene to be a 2D
topological superconductor

Stanene was first proposed to be a time reversal invari-
ant TSC in 2014 by Zhang et al. [23]. Based on previous
experiments, 5-Sn is a superconductor with critical tem-
perature of 3.7 K [75], while the bulk a-Sn shows no super-
conductivity [24]. Tt seems that stanene, as a single layer
of a-Sn, is not a superconductor. However, the supercon-
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ductivity of few-layer stanene is confirmed by transport
measurement [24], which further increases the possibility
for stanene to be a TSC.

For decorated stanene, say Snl, the Rashba SOC effect
can emerge once breaking the inversion symmetry by, for
example, Ag doping [see Fig. 9(a)]. Alternative methods,
such as external electric field and heterostructure inter-
face, can also be used to break inversion symmetry. After
involving SOC effect, the superconducting pairing symme-
try for stanene can be singlet or triplet, depending on the
relative intensity of inter—orbital interaction (denoted by
V) and intro-orbital interaction (denoted by U) [23]. The
phase diagram of paring symmetry with U/ Vand My/u is
shown in Fig. 9(b), where M is the mass parameter con-
cerning band gap of stanene and p is the Fermi energy.
This diagram [Fig. 9(c)] indicates that triplet pairing is
likely to exist when Vis larger than U [23]. And its non-
trivial topology is confirmed by Z; number [Fig. 9(c)]. As
a 2D time reversal invariant TSC, there should be helical
Majorana edge states residing at the boundaries. Theo-
retical calculations confirm the existence of this kind of
edge states [see Fig. 9(d)].

4.3 Experimental advancements

Although theoretical predictions show that stanene is a
good candidate for time reversal invariant TSC, the ex-
perimental evidences are rare. It is mainly because the
critical temperature of monolayer stanene is found to
be extremely low which requires measurements at ultra-

(@) o
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1 Spin-triplet

0
205 00 05 10 15 20
uv

Fig. 9 Triplet pairing in Ag-doped stanene system. (a)
Structure of Ag-doped stanene. Side view in upper panel and
top view in lower panel. (b) Phase diagram of pairing symme-
try with U/V and Mo/p. (¢) Bulk Zs topological number of
Ag-doped stanene. (d) Helical Majorana edge states for triplet
pairing condition. (a—d) are reproduced from Ref. [23].

Chen-Xiao Zhao and Jin-Feng Jia, Front. Phys. 15(5), 53201 (2020)



TOPICAL REVIEW

Sn/15-PbTe

—~
=
~

—_
[\
L

= 4th island
m 3rd island
=== 2nd island
Ist film
|5t island

Intensity (a.u.)
o
o]

e
+

1.0 -0.5 0.0 0.5 1.0
Bias (mV)

g
RS

Fig. 10 Experimental results of superconductivity in
stanene system. (a) Transport measurement of superconduc-
tivity of few-layer stanene/PbTe. Reproduced from Ref. [24].
(b) Layer dependence of superconducting gap of stanene. Re-
produced from Ref. [18].

low temperature [18]. Fortunately, this challenge can be
solved by increasing the thickness of stanene. Transport
measurements show that the critical temperature of su-
perconductivity of stanene depends on film thickness [see
Fig. 10(a)] and substrate-induced doping [24]. Thus a suit-
able substrate and thickness can enhance the critical tem-
perature to a level that is easier to be detected.

Recently, the superconductivity of stanene grown on
Bi (111) is observed by STM/STS [18]. For monolayer
stanene, the superconducting gap is small and shallow
even in 350 mK, hindering further investigation for Ma-
jorana states. Increasing the thickness of stanene, the
superconducting gap gets larger and larger. Four-layer
stanene can provide a considerable large superconducting
gap, with A ~ 0.33 meV [see Fig. 10(b)] [18], providing
a platform to further study triplet pairing and Majorana
edge modes.

5 Other topological properties in stanene
system

Some other topological phases, such as quantum anoma-
lous Hall (QAH) insulator and 3D topological Dirac
semimetal, can also be realized in stanene system.

5.1 QAH insulator based on stanene system

QAH insulator exhibits the same chiral edge mode with
quantum Hall insulator while without the participation of
external magnetic field. Time-reversal-symmetry in QAH
system is broken by spontaneous magnetization [76, 77].
For QAH insulator, the topological order is characterized
by Chern number [78]. Chern number determines the
number of chiral topological edge states, where electrons
can move without backscattering. An advantage for QAH
compared with other topological states of matter is that
it does not require protection from symmetry. Thus it is
an ideal material for dissipationless electronic transport.
However, the existing realizations for QAH effect require
an extremely low temperature which hinders practical ap-
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Half-passivation, FM

=522 &

Fig. 11 Schemes to realize QAH insulator and 3D topolog-
ical Dirac semimetal based on stanene system. (a) Achieving
ferromagnetic order in stanene system via functionalization.
Reproduced from Ref. [82]. (b) Band structure for stanene in
QAH phase. Reproduced from Ref. [82]. (c) Cr-doped stanene.
Reproduced from Ref. [81]. (d) Band dispersion of a-Sn/InSb
after electron doping. Reproduced from Ref. [83].

plications [77]. Thus, the primary goal in this field is to
find materials with large insulating gap and high Curie
temperature to realize high-temperature QAH effect.

Magnetic doping into a TT is an effective way to acquire
QAH insulator, such as chromium-doped (Bi,Sb)sTey 79,
80]. As a large gap 2D TI, stanene is a good candidate
for this scenario. The Cr-dopoed dumbbell stanene is pro-
posed to be a QAH insulator [see Fig. 11(c)] [81]. What
is more, the gap size for this system is tunable by exter-
nal strain, which can be as large as 50 meV [81]. While
for this scheme, disorders caused by doped atoms can
destroy the predicted phenomenon in theoretical predic-
tions. An alternative scheme is to use chemical function-
alization to overcome this drawback. The half-passivated
stanene is possible to be evolved into the ferromagnetic
ordered phase, and the system becomes a QAH insulator
[see Figs. 11(a) and (b)] [82]. Although this scheme avoids
any magnetic doping or magnetic substrate, it is hard to
precisely control the position of passivated adatoms. Thus
the realization of QAH effect in stanene-based system has
not realized yet.

5.2 Realizing 3D Dirac semimetal

Besides QAH insulator, multilayer stanene provides a
platform for 3D topological Dirac semimetal, such as mul-
tilayer stanene grown on InSb. Single layer stanene on
InSb substrate has a large insulating gap ~ 0.44 eV [13].
Increasing the thickness up to 6 layers, it becomes Dirac
semimetal with a pair of Dirac cones existing along k,

Chen-Xiao Zhao and Jin-Feng Jia, Front. Phys. 15(5), 53201 (2020)
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axis near I' point. ARPES data confirm these Dirac
cones in potassium doped 6-BL «-Sn film/InSb sample
(see Fig. 11(d) [83]. What is more, a phase transition
from TI to Dirac semimetal can be tuned by a slight in-
plane strain (less than 1%), which offers great potential
for device applications.

6 Summary and perspective

As a topological material with plenty of exotic properties,
stanene has been intensively studied, mainly as a candi-
date for QSH insulator and TSC. Massive efforts in both
theory and experiment have been made. However, for
all kinds of difficulties, the conclusive evidences are still
lacking. As a QSH insulator, stanene has shown the in-
verted band gap on Cu (111) substrate and the edge states
strictly residing at the film edges on InSb (111) and Bi
(111) substrates. However, these systems have their dis-
advantages: both of Cu and Bi substrates are metallic; too
many defects are found in stanene films grown on InSb.
All these hinder further transport measurements of the
quantized edge conducting channels. Finding a suitable
insulating substrate to grow stanene is the problem to be
solved immediately. As a TSC, the superconductivity of
few-layer stanene is confirmed by transport measurements
and STM, respectively. But its topological properties are
still unknown, which needs to be addressed by further ex-
periments. Moreover, signatures of Majorana edge modes
are absent. The dispersing edge states similar with that
recently reported residing at domain wall of FeSeq 45Teq 55
[84] are expected to be observed.

In general, the nontrivial topological properties, large

gap character as well as the abundant tuning methods
make stanene a fascinating material for fundamental re-
searches and practical applications.
Acknowledgements We acknowledge the financial support from
the National Natural Science Foundation of China (Grant Nos.
11521404, 11634009, 11674222, 11674226, 11790313, 11574202
11874256, U1632102, 11861161003, and 11874258), the National
Key Research and Development Program of China (Grant Nos.
2016YFA0300403 and 2016YFA0301003). This work was also sup-
ported in part by the Key Research Program of the Chinese Academy
XDPBO08-2) and the Strategic Priority
Research Program of Chinese Academy of Sciences (Grant No.
XDB28000000).

of Sciences (Grant No.

References

1. C. L. Kane and E. J. Z. Mele, Z> topological order and
the quantum spin Hall effect, Phys. Rev. Lett. 95(14),
146802 (2005)

2. C. L. Kane and E. J. Mele, Quantum spin Hall effect in
graphene, Phys. Rev. Lett. 95(22), 226801 (2005)

53201-12

10.

11.

12.

13.

14.

15.

16.

17.

. M. Konig, S. Wiedmann, C. Brune, A. Roth, H. Buh-
mann, L. W. Molenkamp, X. L. Qi, and S. C. Zhang,
Quantum spin Hall insulator state in HgTe quantum
wells, Science 318(5851), 766 (2007)

M. Z. Hasan and C. L. Kane, Topological insulators, Rev.
Mod. Phys. 82(4), 3045 (2010)

. X. L. Qi and S. C. Zhang, Topological insulators and
superconductors, Rev. Mod. Phys. 83(4), 1057 (2011)

Y. Xu, B. Yan, H. J. Zhang, J. Wang, G. Xu, P. Tang,
W. Duan, and S. C. Zhang, Large-gap quantum spin Hall
insulators in thin films, Phys. Rev. Lett. 111(13), 136804
(2013)

Y. Xu, P. Tang, and S. C. Zhang, Large-gap quantum spin
Hall states in decorated stanene grown on a substrate,
Phys. Rev. B 92(8), 081112 (2015)

D. Wang, L. Chen, X. Wang, G. Cui, and P. Zhang, The
effect of substrate and external strain on electronic struc-
tures of stanene film, Phys. Chem. Chem. Phys. 17(40),
26979 (2015)

Z. Ni, E. Minamitani, Y. Ando, and S. Watanabe,
Germanene and stanene on two-dimensional substrates:
Dirac cone and Z5 invariant, Phys. Rev. B 96(7), 075427
(2017)

R. Zhang, W. Ji, C. Zhang, P. Li, and P. Wang, Predic-
tion of flatness-driven quantum spin Hall effect in func-
tionalized germanene and stanene, Phys. Chem. Chem.
Phys. 18(40), 28134 (2016)

B. H. Chou, Z. Q. Huang, C. H. Hsu, F. C. Chuang, Y. T.
Liu, H. Lin, and A. Bansil, Hydrogenated ultra-thin tin
films predicted as two-dimensional topological insulators,
New J. Phys. 16(11), 115008 (2014)

Y. Zang, T. Jiang, Y. Gong, Z. Guan, C. Liu, M. Liao, K.
Zhu, Z. Li, L. Wang, W. Li, C. Song, D. Zhang, Y. Xu,
K. He, X. Ma, S. C. Zhang, and Q. K. Xue, Realizing an
epitaxial decorated stanene with an insulating bandgap,
Adv. Funct. Mater. 28(35), 1802723 (2018)

C. Z. Xu, Y. H. Chan, P. Chen, X. Wang, D. Flétotto, J.
A. Hlevyack, G. Bian, S. K. Mo, M. Y. Chou, and T. C.
Chiang, Gapped electronic structure of epitaxial stanene
on InSb(111), Phys. Rev. B 97(3), 035122 (2018)

F. Zhu, W. Chen, Y. Xu, C. Gao, D. Guan, C. Liu, D.
Qian, S. C. Zhang, and J. Jia, Epitaxial growth of two-
dimensional stanene, Nat. Mater. 14(10), 1020 (2015)

C. Z. Xu, Y. H. Chan, Y. Chen, P. Chen, X. Wang, C.
Dejoie, M. H. Wong, J. A. Hlevyack, H. Ryu, H. Y. Kee,
N. Tamura, M. Y. Chou, Z. Hussain, S. K. Mo, and T.
C. Chiang, Elemental topological Dirac semimetal: a-Sn
on InSb(111), Phys. Rev. Lett. 118(14), 146402 (2017)

J. Deng, B. Xia, X. Ma, H. Chen, H. Shan, X. Zhai, B. Li,
A. Zhao, Y. Xu, W. Duan, S. C. Zhang, B. Wang, and J.
G. Hou, Epitaxial growth of ultraflat stanene with topo-
logical band inversion, Nat. Mater. 17(12), 1081 (2018)

X. Zheng, J.-F. Zhang, B. Tong, and R.-R. Du, Epitaxial
growth and electronic properties of few-layer stanene on
InSb(111), 2D Mater. 7,011001 (2019)

Chen-Xiao Zhao and Jin-Feng Jia, Front. Phys. 15(5), 53201 (2020)


https://doi.org/10.1103/PhysRevLett.95.146802
https://doi.org/10.1103/PhysRevLett.95.146802
https://doi.org/10.1103/PhysRevLett.95.146802
https://doi.org/10.1103/PhysRevLett.95.226801
https://doi.org/10.1103/PhysRevLett.95.226801
https://doi.org/10.1126/science.1148047
https://doi.org/10.1126/science.1148047
https://doi.org/10.1126/science.1148047
https://doi.org/10.1126/science.1148047
https://doi.org/10.1103/RevModPhys.82.3045
https://doi.org/10.1103/RevModPhys.82.3045
https://doi.org/10.1103/RevModPhys.83.1057
https://doi.org/10.1103/RevModPhys.83.1057
https://doi.org/10.1103/PhysRevLett.111.136804
https://doi.org/10.1103/PhysRevLett.111.136804
https://doi.org/10.1103/PhysRevLett.111.136804
https://doi.org/10.1103/PhysRevLett.111.136804
https://doi.org/10.1103/PhysRevB.92.081112
https://doi.org/10.1103/PhysRevB.92.081112
https://doi.org/10.1103/PhysRevB.92.081112
https://doi.org/10.1039/C5CP04322K
https://doi.org/10.1039/C5CP04322K
https://doi.org/10.1039/C5CP04322K
https://doi.org/10.1039/C5CP04322K
https://doi.org/10.1103/PhysRevB.96.075427
https://doi.org/10.1103/PhysRevB.96.075427
https://doi.org/10.1103/PhysRevB.96.075427
https://doi.org/10.1103/PhysRevB.96.075427
https://doi.org/10.1039/C6CP06216D
https://doi.org/10.1039/C6CP06216D
https://doi.org/10.1039/C6CP06216D
https://doi.org/10.1039/C6CP06216D
https://doi.org/10.1088/1367-2630/16/11/115008
https://doi.org/10.1088/1367-2630/16/11/115008
https://doi.org/10.1088/1367-2630/16/11/115008
https://doi.org/10.1088/1367-2630/16/11/115008
https://doi.org/10.1002/adfm.201802723
https://doi.org/10.1002/adfm.201802723
https://doi.org/10.1002/adfm.201802723
https://doi.org/10.1002/adfm.201802723
https://doi.org/10.1002/adfm.201802723
https://doi.org/10.1103/PhysRevB.97.035122
https://doi.org/10.1103/PhysRevB.97.035122
https://doi.org/10.1103/PhysRevB.97.035122
https://doi.org/10.1103/PhysRevB.97.035122
https://doi.org/10.1038/nmat4384
https://doi.org/10.1038/nmat4384
https://doi.org/10.1038/nmat4384
https://doi.org/10.1103/PhysRevLett.118.146402
https://doi.org/10.1103/PhysRevLett.118.146402
https://doi.org/10.1103/PhysRevLett.118.146402
https://doi.org/10.1103/PhysRevLett.118.146402
https://doi.org/10.1103/PhysRevLett.118.146402
https://doi.org/10.1038/s41563-018-0203-5
https://doi.org/10.1038/s41563-018-0203-5
https://doi.org/10.1038/s41563-018-0203-5
https://doi.org/10.1038/s41563-018-0203-5
https://doi.org/10.1088/2053-1583/ab42b9
https://doi.org/10.1088/2053-1583/ab42b9
https://doi.org/10.1088/2053-1583/ab42b9

TOPICAL REVIEW

Feop

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

C. X. Zhao, J. Qin, B. Xia, B. Yang, H. Zheng, S. Y.
Wang, C. H. liu, Y. Y. Li, D. D. Guan, and J. F. Jia,
Combining quantum spin hall effect and superconductiv-
ity in few-layer stanene, arXiv: 2006.09834 (2020)

C. W. J. Beenakker, Search for Majorana fermions in su-
perconductors, Annu. Rev. Condens. Matter Phys. 4(1),
113 (2013)

J. D. Sau, R. M. Lutchyn, S. Tewari, and S. Das Sarma,
Generic new platform for topological quantum compu-
tation using semiconductor heterostructures, Phys. Rev.
Lett. 104(4), 040502 (2010)

J. Alicea, Y. Oreg, G. Refael, F. von Oppen, and M. P. A.
Fisher, Non-Abelian statistics and topological quantum
information processing in 1D wire networks, Nat. Phys.
7(5), 412 (2011)

X. L. Qi, T. L. Hughes, S. Raghu, and S. C. Zhang,
Time-reversal-invariant topological superconductors and
superfluids in two and three dimensions, Phys. Rev. Lett.
102(18), 187001 (2009)

J. Wang, Y. Xu, and S. C. Zhang, Two-dimensional
time-reversal-invariant topological superconductivity in a
doped quantum spin-Hall insulator, Phys. Rev. B 90(5),
054503 (2014)

M. Liao, Y. Zang, Z. Guan, H. Li, Y. Gong, K. Zhu, X. P.
Hu, D. Zhang, Y. Xu, Y. Y. Wang, K. He, X. C. Ma, S.
C. Zhang, and Q. K. Xue, Superconductivity in few-layer
stanene, Nat. Phys. 14(4), 344 (2018)

K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang,
Y. Zhang, S. V. Dubonos, I. V. Grigorieva, and A. A.
Firsov, Electric field effect in atomically thin carbon films,
Science 306(5696), 666 (2004)

J. Gou, L. Kong, H. Li, Q. Zhong, W. Li, P. Cheng, L.
Chen, and K. Wu, Strain-induced band engineering in
monolayer stanene on Sb(111), Phys. Rev. Mater. 1(5),
054004 (2017)

J. Gao, G. Zhang, and Y. W. Zhang, Exploring Ag(111)
substrate for epitaxially growing monolayer stanene: A
first-principles study, Sci. Rep. 6(1), 29107 (2016)

J. Yuhara, Y. Fujii, K. Nishino, N. Isobe, M. Nakatake,
L. Xian, A. Rubio, and G. Le Lay, Large area planar

stanene epitaxially grown on Ag(111), 2D Mater. 5,
025002 (2018)

Y. H. Song, Z. W. Wang, Z. Y. Jia, and X. Y. Zhu, High-
buckled R3 stanene with topologically nontrivial energy
gap, arXiv: 1707.08657 (2017)

B. A. Bernevig and S. C. Zhang, Quantum spin Hall ef-
fect, Phys. Rev. Lett. 96(10), 106802 (2006)

Y. Yao, F. Ye, X. L. Qi, S. C. Zhang, and Z. Fang, Spin-
orbit gap of graphene: First-principles calculations, Phys.
Rev. B 75(4), 041401 (2007)

B. A. Bernevig, T. L. Hughes, and S. C. Zhang, Quantum
spin Hall effect and topological phase transition in HgTe
quantum wells, Science 314(5806), 1757 (2006)

A. Molle, J. Goldberger, M. Houssa, Y. Xu, S. C.
Zhang, and D. Akinwande, Buckled two-dimensional
Xene sheets, Nat. Mater. 16(2), 163 (2017)

53201-13

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

. X. Qian, J. Liu, L. Fu, and J. Li, Quantum spin Hall ef-
fect in two-dimensional transition metal dichalcogenides,
Science 346(6215), 1344 (2014)

S. C. Zhang and X. L. Qi, A fine point on topological
insulators, Phys. Today 63(8), 12 (2010)

S. Liu, M. X. Wang, C. Chen, X. Xu, J. Jiang, L. X. Yang,
H. F. Yang, Y. Y. Lv, J. Zhou, Y. B. Chen, S. H. Yao,
M. H. Lu, Y. F. Chen, C. Felser, B. H. Yan, Z. K. Liu,
and Y. L. Chen, Experimental observation of conductive

edge states in weak topological insulator candidate HfTes,
APL Mater. 6(12), 121111 (2018)

F. Reis, G. Li, L. Dudy, M. Bauernfeind, S. Glass,
W. Hanke, R. Thomale, J. Schéifer, and R. Claessen,
Bismuthene on a SiC substrate: A candidate for a

high-temperature quantum spin Hall material, Science
357(6348), 287 (2017)

S. Tang, C. Zhang, D. Wong, Z. Pedramrazi, H. Z. Tsai,
C. Jia, B. Moritz, M. Claassen, H. Ryu, S. Kahn, J. Jiang,
H. Yan, M. Hashimoto, D. Lu, R. G. Moore, C. C. Hwang,
C. Hwang, Z. Hussain, Y. Chen, M. M. Ugeda, Z. Liu,
X. Xie, T. P. Devereaux, M. F. Crommie, S. K. Mo, and
Z. X. Shen, Quantum spin Hall state in monolayer 1T'-
WTez, Nat. Phys. 13(7), 683 (2017)

P. Chen, W. W. Pai, Y. H. Chan, W. L. Sun, C. Z. Xu,
D. S. Lin, M. Y. Chou, A. V. Fedorov, and T. C. Chiang,
Large quantum-spin-Hall gap in single-layer 1T'-WSea,
Nat. Commaun. 9(1), 2003 (2018)

F. Zheng, C. Cai, S. Ge, X. Zhang, X. Liu, H. Lu, Y.
Zhang, J. Qiu, T. Taniguchi, K. Watanabe, S. Jia, J. Qi,
J. H. Chen, D. Sun, and J. Feng, On the quantum spin
Hall gap of monolayer 1T-WTez, Adv. Mater. 28(24),
4845 (2016)

L. Peng, Y. Yuan, G. Li, X. Yang, J. J. Xian, C. J. Yi,
Y. G. Shi, and Y. S. Fu, Observation of topological states
residing at step edges of WTez, Nat. Commun. 8(1), 659
(2017)

Z. Fei, T. Palomaki, S. Wu, W. Zhao, X. Cai, B. Sun,
P. Nguyen, J. Finney, X. Xu, and D. H. Cobden, Edge
conduction in monolayer WTez, Nat. Phys. 13(7), 677
(2017)

S. Wu, V. Fatemi, Q. D. Gibson, K. Watanabe, T.
Taniguchi, R. J. Cava, and P. Jarillo-Herrero, Observa-
tion of the quantum spin Hall effect up to 100 kelvin in
a monolayer crystal, Science 359(6371), 76 (2018)

A. Molle, J. Goldberger, M. Houssa, Y. Xu, S.C.
Zhang, and D. Akinwande, Buckled two-dimensional
Xene sheets, Nat. Mater. 16(2), 163 (2017)

S. Murakami, N. Nagaosa, and S. C. Zhang, Spin-Hall
insulator, Phys. Rev. Lett. 93(15), 156804 (2004)

M. Cardona, S. C. Zhang, and X. L. Qi, A fine point on
topological insulators, Phys. Today 63(8), 10 (2010)

S. Groves and W. Paul, Band structure of gray tin, Phys.
Rev. Lett. 11(5), 194 (1963)

S. Groves, R. Brown, and C. Pidgeon, Interband mag-
netoreflection and band structure of HgTe, Phys. Rev.
161(3), 779 (1967)

Chen-Xiao Zhao and Jin-Feng Jia, Front. Phys. 15(5), 53201 (2020)


https://doi.org/10.1146/annurev-conmatphys-030212-184337
https://doi.org/10.1146/annurev-conmatphys-030212-184337
https://doi.org/10.1146/annurev-conmatphys-030212-184337
https://doi.org/10.1103/PhysRevLett.104.040502
https://doi.org/10.1103/PhysRevLett.104.040502
https://doi.org/10.1103/PhysRevLett.104.040502
https://doi.org/10.1103/PhysRevLett.104.040502
https://doi.org/10.1038/nphys1915
https://doi.org/10.1038/nphys1915
https://doi.org/10.1038/nphys1915
https://doi.org/10.1038/nphys1915
https://doi.org/10.1103/PhysRevLett.102.187001
https://doi.org/10.1103/PhysRevLett.102.187001
https://doi.org/10.1103/PhysRevLett.102.187001
https://doi.org/10.1103/PhysRevLett.102.187001
https://doi.org/10.1103/PhysRevB.90.054503
https://doi.org/10.1103/PhysRevB.90.054503
https://doi.org/10.1103/PhysRevB.90.054503
https://doi.org/10.1103/PhysRevB.90.054503
https://doi.org/10.1038/s41567-017-0031-6
https://doi.org/10.1038/s41567-017-0031-6
https://doi.org/10.1038/s41567-017-0031-6
https://doi.org/10.1038/s41567-017-0031-6
https://doi.org/10.1126/science.1102896
https://doi.org/10.1126/science.1102896
https://doi.org/10.1126/science.1102896
https://doi.org/10.1126/science.1102896
https://doi.org/10.1103/PhysRevMaterials.1.054004
https://doi.org/10.1103/PhysRevMaterials.1.054004
https://doi.org/10.1103/PhysRevMaterials.1.054004
https://doi.org/10.1103/PhysRevMaterials.1.054004
https://doi.org/10.1038/srep29107
https://doi.org/10.1038/srep29107
https://doi.org/10.1038/srep29107
https://doi.org/10.1088/2053-1583/aa9ea0
https://doi.org/10.1088/2053-1583/aa9ea0
https://doi.org/10.1088/2053-1583/aa9ea0
https://doi.org/10.1088/2053-1583/aa9ea0
https://doi.org/10.1103/PhysRevLett.96.106802
https://doi.org/10.1103/PhysRevLett.96.106802
https://doi.org/10.1103/PhysRevB.75.041401
https://doi.org/10.1103/PhysRevB.75.041401
https://doi.org/10.1103/PhysRevB.75.041401
https://doi.org/10.1126/science.1133734
https://doi.org/10.1126/science.1133734
https://doi.org/10.1126/science.1133734
https://doi.org/10.1038/nmat4802
https://doi.org/10.1038/nmat4802
https://doi.org/10.1038/nmat4802
https://doi.org/10.1126/science.1256815
https://doi.org/10.1126/science.1256815
https://doi.org/10.1126/science.1256815
https://doi.org/10.1063/1.4796321 
https://doi.org/10.1063/1.4796321 
https://doi.org/10.1063/1.5050847
https://doi.org/10.1063/1.5050847
https://doi.org/10.1063/1.5050847
https://doi.org/10.1063/1.5050847
https://doi.org/10.1063/1.5050847
https://doi.org/10.1063/1.5050847
https://doi.org/10.1126/science.aai8142
https://doi.org/10.1126/science.aai8142
https://doi.org/10.1126/science.aai8142
https://doi.org/10.1126/science.aai8142
https://doi.org/10.1126/science.aai8142
https://doi.org/10.1038/nphys4174
https://doi.org/10.1038/nphys4174
https://doi.org/10.1038/nphys4174
https://doi.org/10.1038/nphys4174
https://doi.org/10.1038/nphys4174
https://doi.org/10.1038/nphys4174
https://doi.org/10.1038/nphys4174
https://doi.org/10.1038/s41467-018-04395-2
https://doi.org/10.1038/s41467-018-04395-2
https://doi.org/10.1038/s41467-018-04395-2
https://doi.org/10.1038/s41467-018-04395-2
https://doi.org/10.1002/adma.201600100
https://doi.org/10.1002/adma.201600100
https://doi.org/10.1002/adma.201600100
https://doi.org/10.1002/adma.201600100
https://doi.org/10.1002/adma.201600100
https://doi.org/10.1038/s41467-017-00745-8
https://doi.org/10.1038/s41467-017-00745-8
https://doi.org/10.1038/s41467-017-00745-8
https://doi.org/10.1038/s41467-017-00745-8
https://doi.org/10.1038/nphys4091
https://doi.org/10.1038/nphys4091
https://doi.org/10.1038/nphys4091
https://doi.org/10.1038/nphys4091
https://doi.org/10.1126/science.aan6003
https://doi.org/10.1126/science.aan6003
https://doi.org/10.1126/science.aan6003
https://doi.org/10.1126/science.aan6003
https://doi.org/10.1038/nmat4802
https://doi.org/10.1038/nmat4802
https://doi.org/10.1038/nmat4802
https://doi.org/10.1103/PhysRevLett.93.156804
https://doi.org/10.1103/PhysRevLett.93.156804
https://doi.org/10.1063/1.3480059
https://doi.org/10.1063/1.3480059
https://doi.org/10.1103/PhysRevLett.11.194 
https://doi.org/10.1103/PhysRevLett.11.194 
https://doi.org/10.1103/PhysRev.161.779
https://doi.org/10.1103/PhysRev.161.779
https://doi.org/10.1103/PhysRev.161.779

Feop

TOPICAL REVIEW

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

P. Tang, P. Chen, W. Cao, H. Huang, S. Cahangirov, L.
Xian, Y. Xu, S. C. Zhang, W. Duan, and A. Rubio, Stable
two-dimensional dumbbell stanene: A quantum spin Hall
insulator, Phys. Rev. B 90(12), 121408 (2014)

F. F. Yun, D. L. Cortie, and X. Wang, Tuning the elec-
tronic structure in stanene/graphene bilayers using strain
and gas adsorption, Phys. Chem. Chem. Phys. 19(37),
25574 (2017)

M. Maniraj, B. Stadtmiiller, D. Jungkenn, M. Diivel,
S. Emmerich, W. Shi, J. Stéckl, L. Lyu, J. Kollamana,
Z. Wei, A. Jurenkow, S. Jakobs, B. Yan, S. Steil, M.
Cinchetti, S. Mathias, and M. Aeschlimann, A case study
for the formation of stanene on a metal surface, Commun.
Phys. 2(1), 12 (2019)

Y. Liu, N. Gao, J. Zhuang, C. Liu, J. Wang, W. Hao,
S. X. Dou, J. Zhao, and Y. Du, Realization of strained
stanene by interface engineering, J. Phys. Chem. Lett.
10(7), 1558 (2019)

Y. Ding and Y. Wang, Quasi-free-standing features of
stanene/stanane on InSe and GaTe nanosheets: A com-
putational study, J. Phys. Chem. C 119(49), 27848
(2015)

R. W. Zhang, C. W. Zhang, W. X. Ji, S. S. Li, S. J.
Hu, S. S. Yan, P. Li, P. J. Wang, and F. Li, Ethynyl-
functionalized stanene film: A promising candidate as
large-gap quantum spin Hall insulator, New J. Phys.
17(8), 083036 (2015)

R. Zhang, C. Zhang, W. Ji, S. Li, S. Yan, S. Hu, P.
Li, P. Wang, and F. Li, Room temperature quantum
spin Hall insulator in ethynyl-derivative functionalized
stanene films, Sci. Rep. 6(1), 18879 (2016)

Y. Wang, W. Ji, C. Zhang, P. Li, F. Li, P. Wang, S. Li,
and S. Yan, Large-gap quantum spin Hall state in func-
tionalized dumbbell stanene, Appl. Phys. Lett. 108(7),
073104 (2016)

M. Houssa, B. van den Broek, K. Iordanidou, A. K. A.
Lu, G. Pourtois, J. P. Locquet, V. Afanas’ev, and A. Stes-
mans, Topological to trivial insulating phase transition in
stanene, Nano Res. 9(3), 774 (2016)

Z. Liu, C. X. Liu, Y. S. Wu, W. H. Duan, F. Liu, and
J. Wu, Stable nontrivial Z> topology in ultrathin Bi(111)
films: A first-principles study, Phys. Rev. Lett. 107(13),
136805 (2011)

T. Zhang, J. Ha, N. Levy, Y. Kuk, and J. Stroscio,
Electric-field tuning of the surface band structure of
topological insulator SbeTes thin films, Phys. Rev. Lett.
111(5), 056803 (2013)

J. Liu, T. H. Hsieh, P. Wei, W. Duan, J. Moodera, and L.
Fu, Spin-filtered edge states with an electrically tunable
gap in a two-dimensional topological crystalline insulator,
Nat. Mater. 13(2), 178 (2014)

F. Qu, A. J. A. Beukman, S. Nadj-Perge, M. Wimmer,
B.M. Nguyen, W. Yi, J. Thorp, M. Sokolich, A. A. Kise-
lev, M. J. Manfra, C. M. Marcus, and L. P. Kouwen-
hoven, Electric and magnetic tuning between the trivial
and topological phases in InAs/GaSb double quantum
wells, Phys. Rev. Lett. 115(3), 036803 (2015)

53201-14

62

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

. E. Sajadi, T. Palomaki, Z. Fei, W. Zhao, P. Bement, C.
Olsen, S. Luescher, X. Xu, J. A. Folk, and D. H. Cobden,
Gate-induced superconductivity in a monolayer topolog-
ical insulator, Science 362(6417), 922 (2018)

V. Fatemi, S. Wu, Y. Cao, L. Bretheau, Q. D. Gib-
son, K. Watanabe, T. Taniguchi, R. J. Cava, and P.
Jarillo-Herrero, Electrically tunable low-density super-
conductivity in a monolayer topological insulator, Science
362(6417), 926 (2018)

S. D. Sarma, M. Freedman, and C. Nayak, Majorana zero
modes and topological quantum computation, npj Quan-
tum Information 1(1), 15001 (2015)

J. D. Sau, R. M. Lutchyn, S. Tewari, and S. D. Sarma,
Generic new platform for topological quantum compu-
tation using semiconductor heterostructures, Phys. Rev.
Lett. 104(4), 040502 (2010)

Y. Oreg, G. Refael, and F. von Oppen, Helical liquids
and Majorana bound states in quantum wires, Phys. Rev.
Lett. 105(17), 177002 (2010)

V. Mourik, K. Zuo, S. M. Frolov, S. R. Plissard, E. P. A.
M. Bakkers, and L. P. Kouwenhoven, Signatures of Ma-
jorana fermions in hybrid superconductor—semiconductor
nanowire devices, Science 336(6084), 1003 (2012)

S. Nadj-Perge, 1. K. Drozdov, J. Li, H. Chen, S. Jeon,
J. Seo, A. H. MacDonald, B. A. Bernevig, and A. Yaz-
dani, Observation of Majorana fermions in ferromagnetic
atomic chains on a superconductor, Science 346(6209),
602 (2014)

S. Jeon, Y. Xie, J. Li, Z. Wang, B. A. Bernevig, and
A. Yazdani, Distinguishing a Majorana zero mode us-
ing spin-resolved measurements, Science 358(6364), 772
(2017)

X. L. Qi, T. L. Hughes, and S. C. Zhang, Chiral topolog-
ical superconductor from the quantum Hall state, Phys.
Rev. B 82(18), 184516 (2010)

Q. L. He, L. Pan, A. L. Stern, E. C. Burks, X. Che, G.
Yin, J. Wang, B. Lian, Q. Zhou, E. S. Choi, K. Mu-
rata, X. Kou, Z. Chen, T. Nie, Q. Shao, Y. Fan, S. C.
Zhang, K. Liu, J. Xia, and K. L. Wang, Chiral Majorana
fermion modes in a quantum anomalous Hall insulator-
superconductor structure, Science 357(6348), 294 (2017)

L. Fu and C. L. Kane, Superconducting proximity effect
and Majorana fermions at the surface of a topological
insulator, Phys. Rev. Lett. 100(9), 096407 (2008)

J. D. Sau, R. M. Lutchyn, S. Tewari, and S. Das Sarma,
Robustness of Majorana fermions in proximity-induced
superconductors, Phys. Rev. B 82(9), 094522 (2010)

J. P. Xu, M. X. Wang, Z. L. Liu, J. F. Ge, X. Yang,
C. Liu, Z. A. Xu, D. Guan, C. L. Gao, D. Qian, Y.
Liu, Q. H. Wang, F. C. Zhang, Q. K. Xue, and J.
F. Jia, Experimental detection of a Majorana mode
in the core of a magnetic vortex inside a topological
insulator-superconductor BixTes /NbSe, heterostructure,
Phys. Rev. Lett. 114(1), 017001 (2015)

K. Bartkowski, A. Gladun, C. Gladun, J. Rafalowicz, and
H. Vinzelberg, Thermal conductivity anisotropy of tin

monocrystals in the temperature range 0.1 to 7 K, physica
status solidi (a) 62, 207 (1980)

Chen-Xiao Zhao and Jin-Feng Jia, Front. Phys. 15(5), 53201 (2020)


https://doi.org/10.1103/PhysRevB.90.121408
https://doi.org/10.1103/PhysRevB.90.121408
https://doi.org/10.1103/PhysRevB.90.121408
https://doi.org/10.1103/PhysRevB.90.121408
https://doi.org/10.1039/C7CP03678G
https://doi.org/10.1039/C7CP03678G
https://doi.org/10.1039/C7CP03678G
https://doi.org/10.1039/C7CP03678G
https://doi.org/10.1038/s42005-019-0111-2
https://doi.org/10.1038/s42005-019-0111-2
https://doi.org/10.1038/s42005-019-0111-2
https://doi.org/10.1038/s42005-019-0111-2
https://doi.org/10.1038/s42005-019-0111-2
https://doi.org/10.1038/s42005-019-0111-2
https://doi.org/10.1021/acs.jpclett.9b00348
https://doi.org/10.1021/acs.jpclett.9b00348
https://doi.org/10.1021/acs.jpclett.9b00348
https://doi.org/10.1021/acs.jpclett.9b00348
https://doi.org/10.1021/acs.jpcc.5b08946
https://doi.org/10.1021/acs.jpcc.5b08946
https://doi.org/10.1021/acs.jpcc.5b08946
https://doi.org/10.1021/acs.jpcc.5b08946
https://doi.org/10.1088/1367-2630/17/8/083036
https://doi.org/10.1088/1367-2630/17/8/083036
https://doi.org/10.1088/1367-2630/17/8/083036
https://doi.org/10.1088/1367-2630/17/8/083036
https://doi.org/10.1088/1367-2630/17/8/083036
https://doi.org/10.1038/srep18879
https://doi.org/10.1038/srep18879
https://doi.org/10.1038/srep18879
https://doi.org/10.1038/srep18879
https://doi.org/10.1063/1.4942380
https://doi.org/10.1063/1.4942380
https://doi.org/10.1063/1.4942380
https://doi.org/10.1063/1.4942380
https://doi.org/10.1007/s12274-015-0956-y
https://doi.org/10.1007/s12274-015-0956-y
https://doi.org/10.1007/s12274-015-0956-y
https://doi.org/10.1007/s12274-015-0956-y
https://doi.org/10.1103/PhysRevLett.107.136805
https://doi.org/10.1103/PhysRevLett.107.136805
https://doi.org/10.1103/PhysRevLett.107.136805
https://doi.org/10.1103/PhysRevLett.107.136805
https://doi.org/10.1103/PhysRevLett.111.056803
https://doi.org/10.1103/PhysRevLett.111.056803
https://doi.org/10.1103/PhysRevLett.111.056803
https://doi.org/10.1103/PhysRevLett.111.056803
https://doi.org/10.1038/nmat3828
https://doi.org/10.1038/nmat3828
https://doi.org/10.1038/nmat3828
https://doi.org/10.1038/nmat3828
https://doi.org/10.1103/PhysRevLett.115.036803
https://doi.org/10.1103/PhysRevLett.115.036803
https://doi.org/10.1103/PhysRevLett.115.036803
https://doi.org/10.1103/PhysRevLett.115.036803
https://doi.org/10.1103/PhysRevLett.115.036803
https://doi.org/10.1103/PhysRevLett.115.036803
https://doi.org/10.1126/science.aar4426
https://doi.org/10.1126/science.aar4426
https://doi.org/10.1126/science.aar4426
https://doi.org/10.1126/science.aar4426
https://doi.org/10.1126/science.aar4642
https://doi.org/10.1126/science.aar4642
https://doi.org/10.1126/science.aar4642
https://doi.org/10.1126/science.aar4642
https://doi.org/10.1126/science.aar4642
https://doi.org/10.1038/npjqi.2015.1
https://doi.org/10.1038/npjqi.2015.1
https://doi.org/10.1038/npjqi.2015.1
https://doi.org/10.1103/PhysRevLett.104.040502
https://doi.org/10.1103/PhysRevLett.104.040502
https://doi.org/10.1103/PhysRevLett.104.040502
https://doi.org/10.1103/PhysRevLett.104.040502
https://doi.org/10.1103/PhysRevLett.105.177002
https://doi.org/10.1103/PhysRevLett.105.177002
https://doi.org/10.1103/PhysRevLett.105.177002
https://doi.org/10.1126/science.1222360
https://doi.org/10.1126/science.1222360
https://doi.org/10.1126/science.1222360
https://doi.org/10.1126/science.1222360
https://doi.org/10.1126/science.1259327
https://doi.org/10.1126/science.1259327
https://doi.org/10.1126/science.1259327
https://doi.org/10.1126/science.1259327
https://doi.org/10.1126/science.1259327
https://doi.org/10.1126/science.aan3670
https://doi.org/10.1126/science.aan3670
https://doi.org/10.1126/science.aan3670
https://doi.org/10.1126/science.aan3670
https://doi.org/10.1103/PhysRevB.82.184516
https://doi.org/10.1103/PhysRevB.82.184516
https://doi.org/10.1103/PhysRevB.82.184516
https://doi.org/10.1126/science.aag2792
https://doi.org/10.1126/science.aag2792
https://doi.org/10.1126/science.aag2792
https://doi.org/10.1126/science.aag2792
https://doi.org/10.1126/science.aag2792
https://doi.org/10.1126/science.aag2792
https://doi.org/10.1103/PhysRevLett.100.096407
https://doi.org/10.1103/PhysRevLett.100.096407
https://doi.org/10.1103/PhysRevLett.100.096407
https://doi.org/10.1103/PhysRevB.82.094522
https://doi.org/10.1103/PhysRevB.82.094522
https://doi.org/10.1103/PhysRevB.82.094522
https://doi.org/10.1103/PhysRevLett.114.017001
https://doi.org/10.1103/PhysRevLett.114.017001
https://doi.org/10.1103/PhysRevLett.114.017001
https://doi.org/10.1103/PhysRevLett.114.017001
https://doi.org/10.1103/PhysRevLett.114.017001
https://doi.org/10.1103/PhysRevLett.114.017001
https://doi.org/10.1103/PhysRevLett.114.017001

TOPICAL REVIEW

Feop

76.

7.

78.

79.

N. Nagaosa, J. Sinova, S. Onoda, A. H. MacDonald, and
N. P. Ong, Anomalous Hall effect, Rev. Mod. Phys. 82(2),
1539 (2010)

K. He, Y. Wang, and Q. K. Xue, Topological materials:
Quantum anomalous Hall system, Annu. Rev. Condens.
Matter Phys. 9(1), 329 (2018)

H. Jiang, Z. Qiao, H. Liu, and Q. Niu, Quantum anoma-
lous Hall effect with tunable Chern number in magnetic
topological insulator film, Phys. Rev. B 85(4), 045445
(2012)

C. Z. Chang, J. Zhang, X. Feng, J. Shen, Z. Zhang, M.
Guo, K. Li, Y. Ou, P. Wei, L. L. Wang, Z. Q. Ji, Y. Feng,
S. Ji, X. Chen, J. Jia, X. Dai, Z. Fang, S. C. Zhang, K. He,
Y. Wang, L. Lu, X. C. Ma, and Q. K. Xue, Experimental
observation of the quantum anomalous Hall effect in a
magnetic topological insulator, Science 340(6129), 167
(2013)

53201-15

80

81.

82.

83.

84.

. R. Yu, W. Zhang, H. J. Zhang, S. C. Zhang, X. Dai, and
7. Fang, Quantized anomalous Hall effect in magnetic
topological insulators, Science 329(5987), 61 (2010)

H. Zhang, J. Zhang, B. Zhao, T. Zhou, and Z. Yang,
Quantum anomalous Hall effect in stable dumbbell
stanene, Appl. Phys. Lett. 108(8), 082104 (2016)

S. C. Wu, G. Shan, and B. Yan, Prediction of near-room-
temperature quantum anomalous Hall effect on honey-
comb materials, Phys. Rev. Lett. 113(25), 256401 (2014)

C. Z. Xu, Y. H. Chan, Y. Chen, P. Chen, X. Wang, C.
Dejoie, M. H. Wong, J. A. Hlevyack, H. Ryu, H. Y. Kee,
N. Tamura, M. Y. Chou, Z. Hussain, S. K. Mo, and T.
C. Chiang, Elemental topological Dirac semimetal: a-Sn
on InSb(111), Phys. Rev. Lett. 118(14), 146402 (2017)

Z. Y. Wang, J. O. Rodriguez, M. Graham, and G. D.
Gu, Signature of dispersing 1D Majorana channels in an
iron-based superconductor, arXiv: 1903.00515 (2019)

Chen-Xiao Zhao and Jin-Feng Jia, Front. Phys. 15(5), 53201 (2020)


https://doi.org/10.1103/RevModPhys.82.1539
https://doi.org/10.1103/RevModPhys.82.1539
https://doi.org/10.1103/RevModPhys.82.1539
https://doi.org/10.1146/annurev-conmatphys-033117-054144
https://doi.org/10.1146/annurev-conmatphys-033117-054144
https://doi.org/10.1146/annurev-conmatphys-033117-054144
https://doi.org/10.1103/PhysRevB.85.045445
https://doi.org/10.1103/PhysRevB.85.045445
https://doi.org/10.1103/PhysRevB.85.045445
https://doi.org/10.1103/PhysRevB.85.045445
https://doi.org/10.1126/science.1234414
https://doi.org/10.1126/science.1234414
https://doi.org/10.1126/science.1234414
https://doi.org/10.1126/science.1234414
https://doi.org/10.1126/science.1234414
https://doi.org/10.1126/science.1234414
https://doi.org/10.1126/science.1234414
https://doi.org/10.1126/science.1187485
https://doi.org/10.1126/science.1187485
https://doi.org/10.1126/science.1187485
https://doi.org/10.1063/1.4942193
https://doi.org/10.1063/1.4942193
https://doi.org/10.1063/1.4942193
https://doi.org/10.1103/PhysRevLett.113.256401
https://doi.org/10.1103/PhysRevLett.113.256401
https://doi.org/10.1103/PhysRevLett.113.256401
https://doi.org/10.1103/PhysRevLett.118.146402
https://doi.org/10.1103/PhysRevLett.118.146402
https://doi.org/10.1103/PhysRevLett.118.146402
https://doi.org/10.1103/PhysRevLett.118.146402
https://doi.org/10.1103/PhysRevLett.118.146402

	Introduction
	Structure of stanene
	From graphene to stanene
	Lattice structure obtained in experiments 

	Stanene as topological insulator
	Development of 2D topological insulator
	Theoretical prediction for stanene to be a 2D topological insulator
	Key factors affecting topological properties of  stanene
	Substrate (stacking manner, strain and lattice  constants)
	Chemical functionalization
	Layer dependence
	External electric field

	Experimental evidences

	Stanene as topological superconductor
	Classification for topological superconductors
	Theoretical prediction for stanene to be a 2D topological superconductor
	Experimental advancements

	Other topological properties in stanene system
	QAH insulator based on stanene system
	Realizing 3D Dirac semimetal

	Summary and perspective
	References

