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TOPICAL REVIEW — Topological 2D materials
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The group-V monolayers (MLs) have been studied intensively after the experimental fabrication of two-dimensional
(2D) graphene and black phosphorus. The observation of novel quantum phenomena, such as quantum spin Hall effect and
ferroelectricity in group-V elemental layers, has attracted tremendous attention because of the novel physics and promising
applications for nanoelectronics in the 2D limit. In this review, we comprehensively review recent research progress in
engineering of topology and ferroelectricity, and several effective methods to control the quantum phase transition are
discussed. We then introduce the coupling between topological orders and ferroelectric orders. The research directions
and outlooks are discussed at the end of the perspective. It is expected that the comprehensive overview of topology and
ferroelectricity in 2D group-V materials can provide guidelines for researchers in the area and inspire further explorations
of interplay between multiple quantum phenomena in low-dimensional systems.
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1. Introduction
Two-dimensional (2D) materials have revolutionized the

new generation of devices. Decreasing the thickness of
materials down to single (or several) atomic layer has at-
tracted tremendous interest since they could display exotic
phenomena which are different from their bulk counterparts,
e.g., quantum spin Hall effect,[1–4] 2D ferroelectricity,[5]

superconductivity,[6–8] or magnetism.[9–11] Motivated by the
remarkable progress of graphene,[12,13] 2D materials other
than graphene have been a pronounced research field of in-
terest. Recent experimental successes in the elemental 2D lay-
ers have invigorated the search for more fascinating structures
and properties based on elemental 2D systems, for example,
Si (silicene),[14–16] Ge (germanene),[17,18] Sn (stanene),[19] B
(borophene),[20] P (phosphorene),[21] As (arsenene),[22] Sb
(antimonene),[23] Bi (bismuthene),[4] Te (tellurene),[24] and Se
(selenene).[25]

Graphene, the first successfully isolated elemental mate-
rial in 2D limit with the honeycomb lattice, holds the linear
band dispersion and crossing at the K point in the 1st Bril-
louin zone (BZ), generating the Dirac fermions. Actually, a
tiny energy gap opens up at the Dirac points due to spin–
orbital coupling (SOC) and graphene is a quantum spin Hall
(QSH) insulator.[26] QSH insulators, also named as 2D topo-
logical insulators (TI), hold counter-propagating and oppo-
sitely spin-polarized conducting states at their edges, which

are protected by the time reversal symmetry against the weak
localized perturbations. Therefore, these robust edge states en-
dow 2D TIs with possibilities for a wide range of applications
in dissipationless electronics, topological quantum comput-
ing, and so on.[27–30] However, the SOC effect in graphene is
too small to achieve the experimental measurement and topo-
logical electronic devices,[31] which stimulates scientists to
search for large-gap 2D TIs not only in compounds but also
in elemental materials. For example, graphene-like honey-
comb structures have been widely explored including group-
IV and group-V materials.[32,33] For group-V materials, ex-
cept for the graphene-like structures, the puckered structures
in black phosphorus lattice are also able to exhibit topologi-
cal properties.[34] This puckered structure is unique for group-
V elements due to the one extra valence electron compared
to group-IV elements and provides a feasible way to tune the
crystal symmetry and distortion of the 2D system, allowing in-
timate coupling and control between various order parameters.

Ferroelectricity is also an exciting ferroic order, possess-
ing reversible spontaneous electronic polarization which is im-
portant for applications in non-volatile memory devices, field
effect transistors, solar cells, and sensors.[35–38] Normally, fer-
roelectricity would disappear when the film thickness is be-
low a critical value, due to the depolarizing electric field and
electron screening. A new class of materials, called as hy-
perferroelectrics, have been identified to remain in stable po-
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lar states in ultrathin atomic layers against unscreened de-
polarizing field.[39] However, the experimental evidence of
these materials is still rare. Recently, the ferroelectric insta-
bility becomes of interest in 2D van der Waals materials[40,41]

and 2D ferroelectricity is identified in 2D group-V binary
compounds[42] and elemental monolayers (MLs),[43] which is
impossible for their 3D bulk counterparts. Conventionally, the
intrinsic ferroelectricity has been reported only for compounds
in which the required positive and negative charge centers are
carried by different elements. The elemental materials are
always stable in centrosymmetric structures without intrinsic
ferroelectricity. While, the lack of constrain in one dimension
could break the inversion symmetry and drive the 2D elemen-
tal layers into a ferroelectric state.[43–45]

The coupling between different ordering parameters is
important not only for fundamental research, but also mean-
ingful for cross-control of different orderings in applications.
The most striking of such controls is switching magnetic or-
dering and/or ferroelectric polarization ordering (referred as
multiferroicity or magnetoelectric coupling) by electric and
magnetic fields, which is important for the design of new elec-
tronic devices.[46,47] There are a lot of work and reviews dis-
cussing coupling between magnetic and electronic orderings.
As far as we know, there is still no review touching interplay
between electronic topological ordering and ferroelectric po-
larization/charge ordering in 2D materials. In this paper, we
will systematically report the recent advances about the topol-
ogy and ferroelectricity in group-V 2D materials. Starting
from structure classification of group-V MLs, we will summa-
rize the recent work on 2D group-V MLs about the topology
and ferroelectricity with their possible approaches of modula-
tion (e.g., electric field, chemical functionalization, and fabri-
cating the binary systems). Lastly, we would like to discuss
the possible coupling between these two interesting quantum
properties. Here, the topology refers to the electronic struc-
ture, not the topological domain pattern in ferroelectric ma-
terials that is the topology of the geometrical structure. We
certainly do not make any attempt to cover everything in this
mini-review, and the topics chosen are more or less biased by
the author’s own research interests. The review mainly focuses
on group-V MLs and only the advances in the last several years
will be discussed.

2. Structural allotropes
2.1. Bulk allotropes

Before the discussion of 2D layers, we firstly discuss the
structure character of bulk group-V elements. There are five
valence electrons in group-V elements and diverse valence
states (−3, +3, and +5) are possible for them, resulting in a
variety of structural allotropes for bulk of group-V elements at

ambient conditions. Phosphorus, the most studied element of
group-V, has several allotropes, which are named as white, red,
blue, violet, and black phosphorus.[48–51] In addition, amor-
phous phosphorus is also very popular.[51,52] The discovery of
black phosphorus, the most stable allotrope of phosphorus at
ambient conditions, is dated back in 1914[50,53] and it crys-
tallizes in parallel puckered layer orthorhombic structure with
space group Cmca as shown in Fig. 1(a). The 3s and 3p or-
bitals of phosphorus undergo sp3 hybridization in a tetrahedral
geometry to form three σ -covalent bonds along with an out-of-
plane oriented lone pair of electrons. Two of these three cova-
lent bonds lie parallel to the plane while the third one is almost
perpendicular to the plane, forming a puckered layer. And, the
out-of-plane lone pair electrons combine the puckered layers
together, crystalizing in the orthorhombic structure (α phase).
Phosphorus can also crystallize into a rhombohedral geome-
try, i.e., blue phosphorus (β phase) with space group R3̄m.[54]

Blue phosphorus also adopts a layered structure with buck-
led layers consisting of knitted honeycomb rings as shown in
Fig. 1(b), where the three σ -covalent bonds within the layer
are equivalent, resulting in the hexagonal structure.

(a)

(b)

Fig. 1. Two typical stable phases of group-V elements: (a) orthorhom-
bic α phase with space group Cmca, and (b) rhombohedral β phase
with space group R3̄m. Left and right panels show side and top views,
respectively.

Although the most stable crystal structure of phosphorus
is the α phase with orthorhombic space group, the other el-
ements of group-V (As, Sb, and Bi) favor the β phase due
to the weak s–p hybridization.[55,56] The delocalized p–p cou-
pling causes more and more metallic bonding between atoms
from As, Sb to Bi and the hexagonal honeycomb structure be-
comes more stable. For example, the most common and stable
allotrope of As and Sb has the rhombohedral layered struc-
ture with space group R3̄m as shown in Fig. 1(b), consisting
of two interpenetrating, face-centered-cubic lattices which are
displaced in the [111] direction and slightly distorted in the
[111] direction. While the α phase is a metastable phase, the
phase transformation between β and α is observed for both As
and Sb.[57] For bulk Bi, the last element of group-V, only the
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rhombohedral structure (β phase) has been observed in exper-
iment.

2.2. Two-dimensional allotropes

Generally, there are more crystal allotropes for 2D ma-
terials than the corresponding 3D ones due to the lack of
periodic boundary constrain along one dimension. For 2D
group-V layers, a lot of allotropes have been predicted by
theoretical calculations,[58–61] as shown in Fig. 2(a). Al-
though several phases could be found under unique experi-
mental conditions,[48] the α and β phases are more stable
than the others (Fig. 2(b)), which can be viewed as single
layers cleaved from the bulk (Fig. 3(a)). For example, α-

P (black phosphorene) ML has already been exfoliated from
bulk α phase along [001] direction[62] and β -P (blue phos-
phorene) ML can be grown along [0001] direction of bulk β

phase by chemical vapor deposition (CVD).[63] Both α and
β group-V films have been experimentally obtained,[64–68] al-
though the experimental evidence of β -P ML is still under
debate.[69,70] Their dynamic stability has also been confirmed
through phonon spectra as shown in Fig. 3(b), without any ap-
preciable imaginary modes. In fact, most of group-V layers
fabricated in experiment are α and β phases.[4,21,71–73] These
two phases are more popular and observed in experiment for
all group-V elements.[74] Thus, we only focus on these two
phases in the following.

(a) (b)

Fig. 2. (a) Top views of 9 group-V ML allotropes with five typical honeycomb structures (α , β , γ , δ , ε) and four non-honeycomb structures
(ζ , η , θ , ι). (b) Comparison of stabilities in terms of energies for different allotropes of group-V MLs.[59]

(a)

(b)

Fig. 3. (a) Top view and side view of α and β phases with two atomic
layers (green and blue). The buckling height h is marked for α phase.
When h is non-zero, the inversion symmetry of the structure breaks. (b)
Phonon dispersions of group-VA MLs in α and β phases.[59]

For the β phase, all group-V MLs have buckled honey-
comb lattices with two atomic layers, the same as silicene,
which are not in the same plane due to the special valence
electrons (s2p3) and mixed sp3 hybridization. There is buck-
ling difference for different group-V MLs, but the space group
(symmetry) is the same for all of them. For the α phase, all

group-V MLs take the puckered lattice with orthogonal struc-
ture and there is also buckling difference (Fig. 3(a)) for differ-
ent group-V MLs, e.g., the buckling height (h) of α-P is zero
and that of α-Bi varies from zero to nonzero. Importantly,
this nonzero buckling breaks the inversion symmetry of the α

phase, quite different from the buckling in the β phase, and
largely correlates to the topological and ferroelectric proper-
ties of the α phase, which will be discussed below.

3. Quantum spin Hall effect in 2D group-V
monolayer
Topological insulators, as a new quantum state of mat-

ter, have attracted intensive research interest due to their
applications in spintronics and topological quantum com-
putation as well as academic importance as a novel quan-
tum phenomenon.[75,76] Actually, topological properties in 3D
group-V have attracted attention for more than ten years. The
valence band of bulk Sb is equivalent to that of a strong topo-
logical insulator and bulk Bi is a conventional insulator due
to the band inversion at L point. Both bulk Bi and Sb are
semimetal with electron and hole pockets at different K points.
Since they both have the rhombohedral structure, the Bi–Sb al-
loy is introduced to open a global bandgap in BZ and maintains
the nontrival character.[77]

Two-dimensional TIs also named as QSH insulators are
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considered as more valuable than 3D TIs for spin transport ap-
plications, because the edge states in the former are more ro-
bust against back-scattering caused by non-magnetic defects
than the surface states in the latter. QSH insulators possess
edge states protected by the time reversal symmetry. As stated
above, graphene was the first predicted QSH insulator. But,
due to the lack of strong SOC, it is difficult to open up a
bandgap for experimental observation in graphene. The 2D
MLs of group-V elements (P, As, Sb, and Bi) are considered
as new emerging 2D materials with much stronger SOC effect
than graphene. Moreover, there are diversified ways to tune
the topological character of 2D MLs of group-V elements and
the cross-control of quantum states may be more easily ac-
cessed in the 2D systems. Therefore, as new members in the
2D material family, they can be potential candidates to study
the QSH effect under appropriate conditions.

3.1. The α phase monolayer

Firstly, we discuss the α phase without buckling (h = 0
in Fig. 3(a)). In the inversion symmetric α phase, the struc-
ture has a non-symmorphic D2h (7) space group with two sub-
lattices (A and B in Fig. 4(a)). Based on the tight-binding
model, two types of Dirac fermions have been predicted in the
1st BZ as shown in Figs. 4(b) and 4(c).[78] A pair of type-I
Dirac points locate along Γ –X2 and are mainly determined by
the pz orbital (Fig. 4(c)) between the two atomic layers, which
are very sensitive to the interaction or distance between the
layers. There are four type-II Dirac points protected by mir-
ror symmetry, so that they carry opposite Chern numbers and
appear in pairs (Fig. 4(b)). Type-II Dirac points are mainly
determined by the px orbital (Fig. 4(d)) and sensitive to the
in-plane strain. When a strain is applied, type I Dirac points
only move along Γ –X2 line while type II points are located at
generic k-points. Thus, the α phase without buckling could

hold six Dirac points in the 1st BZ, like graphene, although
their space groups are different. The main difference is that
the Dirac points in α phase can move in BZ without chang-
ing symmetry while they are pinned at K points in graphene.
Therefore, a QSH insulator with large topological gap can also
be realized in α phase, although a strain or external field may
be needed for the phase transition. For example, intrinsic α-
P is a normal insulator with a bandgap around Γ point and a
large strain (∼ 16%) along the zigzag direction is needed for
the emergence of type-II Dirac points. While, only 6% strain is
needed for the phase transition of α-As.[79] Besides the strain
modulation, application of electric field is also proposed to
tune the bandgap and create the type-I Dirac points. In Fig. 5,
an electric field (0.3 V/Å) perpendicular to the 2D plane is ap-
plied to close the bandgap of 4 ML α-P and causes the topo-
logical phase transition (0.55 V/Å for 3 ML).[80] Adsorption
of alkali atom on the surface of α-P has similar effect as elec-
tric field and Dirac states have been observed in experiment by
surface doping of potassium.[81] The structure parameters and
electronic coupling between atoms of other group-V elements
are different from those of α-P and the critical values for the
topological phase transition are also different. Especially, the
interlayer coupling of α-Bi is already weak enough and it is
an intrinsic non-trivial 2D TI with large SOC gap[78] (gapped
type-I Dirac points as aforementioned). More importantly, the
large-scale growth of α-Bi has been realized[65] and the evi-
dence of topological edge state along the edge of α-Bi has also
been observed in experiment.[73] Thus, α-Bi is a good elemen-
tal 2D material with intrinsic topological properties to investi-
gate different kinds of quantum states controlled by thickness,
gating, and substrate interaction. Very recently, α-Sb has been
successfully grown on Td-WTe2 substrate[74] and another ex-
perimental work claimed that 2 ML or 4 ML α-Sb becomes
non-trivial due to the layer stacking.[82]

(a)

(b)

(c) (d)

Fig. 4. (a) Basis sites in a unit cell of centrosymmetric puckered α structure. (b) 2D rectangular BZ with Dirac points marked by red dots. A
pair of type-I Dirac points are marked as D and D′ on Γ –X2, while two pairs of type-II Dirac points are marked (red dots) near F and F ′ on
Γ –X1. (c) Schematic energy dispersions around D and F points respectively illustrating type-I and type-II Dirac points. (d) Band structures of
2D phosphorene (α phase with h = 0) type lattice structure of group-V elements in the absence of SOC, the red and green dots size shows the
projection on the pz (px) atomic orbitals.[78]

As mentioned above, the atomic buckling in α phase is
related to the inversion symmetry and quite important for topo-
logical properties. Except for α-P, the atomic buckling (h) of
other group-V elements could be nonzero and different from
each other due to different hybridization between two atomic

layers or substrate effect. This buckling breaks the inversion
symmetry and degeneracy of crossing points, and even causes
the topological phase transition. This effect is most remark-
able in α-Bi. Because of the negligible s–p hybridization
and the formation of lone pair,[43] the spontaneous buckling
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height of α-Bi can vary in a wide range (0.0–0.5 Å). The dif-
ferent buckling height results in different pz interaction and
thus changes the topological gap. The non-trivial QSH ef-
fect (phase transition) is determined by atomic buckling (h),
as shown in Fig. 6.[73] The α-Bi is topologically non-trivial at
low buckling heights (e.g., h< 0.1 Å ) and transforms to trivial
insulator when h is large enough. Normally, atomic buckling
is sensitive to charge ordering or charge transfer between sub-
strate and epitaxial film. Thus, this buckling-dependent QSH
effect provides a unique way to control the topological charac-
ter at atomic level and very helpful for the design of topologi-
cal device.

Electric field/(V/A)
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(a) (c)

(d)
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Fig. 5. (a) Band structure of phosphorene layers (4 L) with applied ex-
ternal electric field of (a) 0.3 V/Å and (b) 0.45 V/Å without including
SOC. The red and blue lines show the top valence and bottom conduc-
tion states, respectively. (c) Inversion energy ∆inv and (d) Z2 invariant of
2-, 3-, and 4-layer phosphorene as a function of electric field. The neg-
ative values of ∆inv show non-trivial topological phases. It can be seen
that the phase transition takes place for 3- and 4-layer phosphorene at a
critical field of 0.55 V/Å and 0.3 V/Å, respectively.[80]

(c)

(a) (b)

h/A

Fig. 6. (a) Side and top views of α-Bi ML with buckling. The up-
per and lower atomic layers are presented in blue and green colors, re-
spectively. The buckling height h is defined by the distance between
the atoms within the same ML. (b) The h-dependent energy gap (∆ ) at
Dirac point of α-Bi ML. (c) Band structures of non-buckled (h = 0) α-
Bi without and with SOC as well as buckled α-Bi with SOC at different
buckling heights (h = 0.1 Å and 0.5 Å).[73]

3.2. The β phase monolayer

Bismuth ML in β phase has attracted attention immedi-
ately after the discovery of graphene due to the similar honey-
comb structure. Bismuth is the heaviest group-V element and
actually, it is also the heaviest element in periodic table with-
out radioactivity. So, it possesses large SOC effect and is the
most promising candidate to achieve 2D QSH phase. In 2006,
β -Bi ML had been predicted to be topologically non-trivial
with protected edge states[83] and the non-trivial gap is large
enough for experimental measurement. Several experimental
works provide evidences of the topological edge states in β -Bi
ML as shown in Fig. 7, where the dI/dV mapping shows the
conducting states at the edges[84] and the STS profile crossing
the edge shows a Dirac-point-like signal.[3,4]

(c)(a)

(b) (d)

Fig. 7. (a) Crystal structure of β -Bi. Red and blue colors label the up-
per and lower atomic layers of the topmost bilayer, respectively. Here,
bilayer means two (upper and lower) atomic layers. (b) Topography
around the hexagonal pit-like defect, differential conductance is shown
with color plot, showing high conductance at alternative edges.[89] (c)
STS of the step edge (blue) and the inner terrace (red) of Bi/Bi2Te3
island averaged over the area as marked in the inset of (c). The STS,
the bands aligned Dirac point “DP” as indicated by the blue dashed
line. The orange dashed lines mark the band gap of the topmost Bi
layer.[3] (d) Differential conductivity dI/dV at different distances from
the edge. A large gap of∼ 0.8 eV is observed in bulk bismuthene (black
curve). Inset shows the STS measurement locations at uphill substrate
step causing the boundary.[4]

The β -Sb and β -As in ground state are trivial insula-
tors. However, they can sustain large tensile strain (e.g.,
18.4% for As[85] and 18% for Sb[86]) that assists the topo-
logical phase transition. It was proposed that the topological
phase transition from normal insulator to 2D QSH insulator
occurs under biaxial strain of 11.7% and 14.5% for Sb and
As, respectively.[85,86] This large strain may be achieved by
some substrate as buffer layer during epitaxial growth. As the
second heaviest element of group-V, β -Sb could become 2D
TI by other ways. It was predicted that β -Sb becomes 2D
TI when the thickness increases between 4 ML and 7 ML,
where the surface band splitting provides a robust QSH gap
at room temperature.[87] With further increased film thick-
ness, a crossover from the 2D TI to the 3D TI occurs.[87]

On the other hand, coupling with substrate could also cause
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the topological phase transition in β -Sb and most recently,
an experimental evidence of nontrivial topological edge states
has been observed in epitaxially grown 2D β -Sb islands on
copper Cu (111) substrate,[72] where the topological gap lies

∼ 1.5 eV above the Fermi level (Fig. 8). Similarly, β -P was
also predicted to be a large indirect bandgap semiconductor
(> 2 eV),[58] and it has been proposed to be topologically non-
trivial under 16% tensile strain.[88]

(a)
(b) (c) (d)

Fig. 8. Band structure of freestanding (β phase) antimonene ML with and without SOC, represented by red and blue lines, respectively. (b)
STM topography of a hexagonal honeycomb shaped antimonene island. The lower panel shows three dI/dV curves measured at the edges and
center of the island marked by blue, green, and red arrows in the upper panel. (c) Plot of spatially resolved data of 35 dI/dV curves along
the black dashed arrow in panel (b). The three dI/dV curves marked by arrows correspond to those shown in panel (d) with peaks at 1.68 eV
(green), 1.85 eV (blue), and 1.95 eV (red). (d) The intensity plot of the dI/dV curves shown in panel (c).[72]

In general, crystal defects are really important for semi-
conductors, which could introduce additional defect states in
bandgap affecting the transport properties. For topological
materials, these defect states in bulk could introduce additional
conducting states overcoming the advantage of the protected
boundary states within bandgap. In comparison with com-
pound systems, elemental systems are better with less defect
problems, which is very important for the application of topo-
logical materials. This is one reason that researchers strug-
gle to realize topological character in elemental systems. Re-
cently, due to rising interest in QSH effect in group-V elemen-
tal MLs, 2D honeycomb structures of group-V binary com-
pounds have also gained much attention,[90] e.g., SbAs, BiP,
BiAs, BiSb, AsP, and SbP. Because all elements are group-V
elements with isovalent electrons, there is no additional state
appearing in the bandgap and the gap size can be tuned by
applying a lattice strain. They all exhibit metal–indirect gap
semiconductor–direct gap semiconductor–TI transitions under
strain.[91] This broadens the potential candidates of 2D TIs in
hexagonal β phase of group-V elements.

3.3. Chemical functionalization of group-V MLs

Chemical functionalization is an important tool to control
electronic properties of materials and oxidation process is easy
for group-V elements. This could change the topological char-
acter and help the emergence of new topological states. For
example, β -P ML (blue phosphorus) is a trivial insulator with
large bandgap. This gap size decreases largely after oxidation
(P2O2) due to the saturation of the lone pair electrons. And,
a moderate strain can easily tune the three bands around the
Fermi energy, resulting in tunable quantum phase transition
between pseudospin-1 fermions and 2D double Weyl fermions
(Figs. 9(a)–9(c)).[92,93] β -As ML also becomes a topological

insulator exhibiting the quantum spin Hall effect when surface
functionalized with H, F, OH, and CH3 chemical group.[94,95]

Hydrogenation or halogenation is another effective
method to introduce topological phase transition in group-V
MLs. Here, we firstly discuss the functionalized β phases.
After functionalization, Bi2X2 or Sb2X2 (X = H, F, Cl, Br)
were predicted to be topologically non-trivial insulators and
stable above room temperature (Figs. 9(d) and 9(e)).[96] These
features make Bi2X2 (or Sb2X2) an ideal platform for the re-
alization of many striking quantum phenomena at room tem-
perature. Similarly, halogen functionalized As2X2 also opens
up a large non-trivial gap, signifying its potential for future
applications as high-speed devices. Furthermore, if function-
alized 2D TI is grown on the magnetic substrate, the quantum
anomalous Hall insulator may be achieved, e.g., Sb2H2 on an-
tiferromagnetic substrate LaFeO3 (111).[97] For the α phase
of group-V, it is predicted that halogen-decorating on one side
of MLs would generate a Dirac nodal line around the Fermi
energy without SOC or hourglass fermions protected by non-
symmorphic symmetry when considering the SOC.[98]

As both α and β phases of group-V MLs have one lone
pair of electrons, functionalization by monovalence chemical
groups is normally preferred to maintain chemical stability
with tunable electronic structures. Although chemical func-
tionalization is a good way to change the electronic structure
of 2D materials including the topological properties of 2D
group-V MLs, this functionalization is permanent with fixed
change of electronic structure. It is hard to reversibly tune
the electronic structure by chemical reaction which mostly
evolves irreversible bond formation. It is more desirable for
device application to change or switch the electronic character
between two or more topological states reversibly.
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(a)

(b)

(c) (d)

(e)

Fig. 9. (a) Electronic band structure of blue phosphorus oxide (BPO) without strain. A and B label the non-degenerate state at the conduction
band bottom and the doubly-degenerate state at the valence band top, respectively. (b) Energies of A and B states versus strain. The crossing
of the two corresponds to the quantum phase transition between a semiconductor phase and a symmetry protected semimetal (SSM) phase.
(c) Energy dispersion around the band crossing point at Fermi level for critical strain +0.6% (upper panel) and (lower panel) +4% strain.
The low-energy quasiparticles around the crossing point are described by 2D pseudospin-1 fermions and 2D double Weyl fermions.[92] Band
structures of the (d) BiF and (e) SbF monolayers with (red) and without (gray) SOC. The bands around the Fermi level consist of the px and py
orbitals. The size of the symbols is proportional to the population of the px and py orbitals.[96]

4. Ferroelectricity in 2D group-V materials
Ferroelectricity is a quantum order characterized by

spontaneous alignment of electronic dipoles with switchable
macroscopic electronic polarization. Ferroelectric materi-
als with this switchable electrical polarization have attracted
much research interest due to their applications in non-volatile
memory devices, field effect transistors, sensors, solar cells,
and so on.[37,38,99] Normally, ferroelectricity disappears when
the film thickness is below a critical value because of the de-
polarizing electric field and electron screening. A new class
of materials, called as hyperferroelectrics, has been identi-
fied, which can endure stable polar states in ultrathin atomic
layers against unscreened depolarizing field.[39] This requires
instability of a longitudinal optical mode in addition to the
transverse-optical-mode instability of normal ferroelectrics.
However, there is still lack of solid experimental evidence of
these materials. Recently, the ferroelectric instability becomes
of interest in 2D van der Waals materials. A lot of atomi-
cally thin ferroelectric materials have been predicted and ex-
perimentally realized in 2D van der Waals materials[100–102]

and readers may refer to two recent topic review papers.[41,46]

Such depolarization field effect in a true 2D system may no
longer be an issue. Moreover, ferroelectric transition driven
by electric field is even observed in 2D semimetals,[103,104]

expanding our understanding of ferroelectricity.[105] These re-
sults show again that dimensionality makes major impact on
materials properties and underlying physics.

4.1. The α phase monolayer

By scanning tunneling microscope and transport mea-
surement, the 2D ferroelectricity has been confirmed in group-

IV monochalcogenides, SnTe ML, which has puckered atomic
structure.[100] The key condition of this ferroelectricity is the
resonance bonding between cations and anions composing the
puckered structure.[106] After that, ferroelectricity has been
identified in a lot of 2D systems by replacing elements with
isoconvalent state as SnTe, e.g., MX (M = Ge, Sn; X = S,
Se).[45] The α phase of 2D group-V elemental MLs has simi-
lar structure and the same valence electrons with 2D group-IV
monochalcogenides. Thus, they are also possible to present
ferroelectricity in puckered α phase.

Ferroelectricity has been mostly observed in compounds
of different elements rather than elemental materials. The ap-
pearance of FE in elemental materials does not contradict the
requirement of broken inversion symmetry. The major obsta-
cle is that most nonmetallic elemental materials are stabilized
in nonpolar structures of high symmetry, which prevents the
electric polarization. This obstacle could be overcome in 2D
system. As mentioned above, the atomic buckling in α phase
breaks the inversion symmetry and very recently, Xiao et al.
predicted the existence of FE in buckled α-As, α-Sb, and α-
Bi elemental MLs for the first time, as shown in Figs. 10(a)–
10(c).[43] The spontaneous polarization in these buckled MLs
is along the in-plane x-axis with a predicted high Curie temper-
ature, which makes them promising candidates for ferroelec-
tric devices. Further analysis of the free-energy contour and
phonon spectrum confirmed that beyond the two FE phases (A
and A′), there also exist anti-ferroelectric (AFE) metastable
phases (C and C′) (Figs. 10(d) and 10(e)).

Compared with the 2D FE group-IV monochalcogenide
materials, besides the fundamental distinction (compound vs.
elemental), the mechanisms for the ferroelectric polariza-

057304-7



Chin. Phys. B Vol. 29, No. 5 (2020) 057304

tion of 2D group-V MLs are also different. The group-IV
monochalcogenide materials break the centrosymmetry via in-
plane distortion from the cubic structure as well as the oc-
cupation of lattice sites with different kinds of elements. In
comparison, the group-V MLs break centrosymmetry by the
out-of-plane atomic-layer buckling, whereas the in-plane dis-
tortion does not break the symmetry. As a result, the trans-
formation between two degenerate FE structures of group-
IV monochalcogenide materials requires the breaking and re-
forming bonds between atoms. This is the reason that the
resonance bonding between atoms is important and required
for the generation of ferroelectronic polarization in group-IV
monochalcogenide compounds.[106] Whereas for the group-V
monolayers, there is no significant bonding and bond-breaking
character in the transformation between two degenerate FE

structures. Moreover, the puckered structure of the elemental
MLs permits the presence of an AFE phase (for α-Bi), which
is absent in the compound materials. The coexistence of FE
and AFE phases in the same materials is important. As the
symmetry and geometrical structure of AFE phase are differ-
ent from those of FE phase, its electronic structures could be
largely changed in topological nature. This interplay between
geometrical phase transition and electronic polarization allows
an extraordinary control of the electronic structure (e.g., elec-
tronic topological properties) via external field. In addition,
the electronic polarization is sensitive to buckling height h and
interaction with the substrate, giving us more freedom to en-
gineer the electronic structures and phase transition of the van
der Waals heterostructure devices based on group-V elemental
MLs.

(a) (c)

(b)
(e)

(d)

Fig. 10. (a) Top view of α phase group-V elemental ML. The unit cell is indicated with black dashed rectangle lines. (b) Free energy contour
for α-As ML versus the buckling heights (hU , hL). The phases A, A′, and B are marked. (c) Side views of the two energy-degenerate distorted
noncentrosymmetric structures (A and A′ phases) and undistorted centrosymmetric structure (phase B). The height differences between upper
(red) and lower (blue) atomic layers are marked as hU and hL, respectively. (d) Side view of α-Bi ML in antiferroelectric (AFE) configuration.
The atomic sites shifted up and down are colored in red and green, respectively. (e) Free energy contour of Bi MLs versus buckling heights
(h(R), h(G)). For Bi, besides the FE phases A and A′, there also exist metastable AFE phases C and C′.[43]

It has also been predicted that 2D group-V binary com-
pounds composed of both light and heavy group-V elements
present ferroelectricity in α or γ phase with notable large and
strain tunable spontaneous polarization, e.g., BiN,[107] SbN,
BiP.[108] SbP, and SbAs.[109] Such large polarization is caused
by the immense electronegativity difference of the light and
heavy group-V elements and their displacement in the polar-
ization plane. The mechanism for the ferroelectric transition
is almost the same as that of 2D group-IV monochalcogenide
compounds requiring the breaking and reforming bonds be-
tween atoms. In addition, ferroelectricity is also predicted in
halogen-intercalated α-P bilayer without buckling, where the
ferroelectric transition is determined by the shift of the halo-
gen atoms covalently bonded to up-layer or down-layer.[110]

This concept may be extended to other van der Waals bilayers,
but it is really challenging in experiment to precisely function-

alize the target material to control these quantum orders.

4.2. The β phase monolayer

In hexagonal honeycomb β phase, the out-of-plane
atomic-layer buckling does not break the inversion symme-
try and the group-V elemental MLs remain centrosymmetric
without ferroelectricity no matter whether they are planar or
buckled 2D layers. One possible way to break centrosym-
metry is to fabricate AB binary monolayer with a bipartite
corrugated honeycomb lattice, where the A and B atoms are
different elements. Binary group-V compounds show a spon-
taneous FE polarization in freestanding buckled β phase and
their polarization is switched by changing the relative position
of the two atoms along out-of-plane direction. The presence
of a diatomic basis that breaks the inversion symmetry even
in the planar geometry leads to the emergence of Zeeman-
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like spin-split bands with coupled spin-valley physics analo-
gous to the MoS2 case.[111] Meanwhile, it is mainly responsi-
ble for the onset of the FE phase when the honeycomb lattice
buckles, allowing for an electrically controllable Rashba-like
spin-texture around the valleys, whose chirality is locked to
the polarization direction and therefore fully reversible upon
FE switching.[42] These spin split bands can be effectively de-
tected by spin-resolved spectroscopic techniques and binary β

phase compounds allow for the engineering of 2D spin field-
effect-transistors.[112]

(a)

(b)

(c)

Fig. 11. (a) Energy variation and kinetic barrier for CH2OCH3 rota-
tions in functionalized arsenene; the insets show the structural models.
(b) Variation of the polarization along the x and y directions. (c) Elec-
tronic band structures of the symmetric ligand configuration with the
rotation angle of 0◦ (left) and the the asymmetric ligand configuration
with the rotation angle of 120◦ (right). The topological order is pre-
served under the ligand rotation, although there is a band splitting due
to an out-of-plane symmetry breaking.[113]

Chemical functionalization of polar chemical group is an-
other direct and possible way to transform centrosymmetric β

phase into polar structure. It is proposed that ferroelectricity
can be introduced into β -As ML by passivation of CH2OCH3

ligand.[90] The fully relaxed structure of CH2OCH3 function-
alized β -As is shown in the inset of Fig. 11(a), where ar-
senene is flat without any out-of-plane buckling and remains
centrosymmetry. When CH2OCH3 is adsorbed on β -As ML,
it becomes polarized with local dipole. The in-plane elec-
tronic polarization is achieved by ligand molecules alignment
and a ferroelectric transition can be driven by a ligand rota-
tion mechanism (Fig. 11(b)). Actually, this concept can date
back to an early work[114] and is expected to be a more gen-
eral phenomenon in 2D-layered materials. Similar to β -As

passivated by simple ligands as mentioned before, CH2OCH3-
functionalized β -As becomes a topologically nontrivial insu-
lator with QSH effect. The electronic structure and topological
character are mainly determined by the bonding between β -As
and ligand, not the relative position or rotation of CH2OCH3

sitting on top of the As atoms. Thus, the topological phase
and nontrivial band gap are robust and well preserved when
ligand CH2OCH3 molecules are rotated (Fig. 11(c)) without
interplay between the topological character and ferroelectric-
ity. On the other hand, the total energies of multiple rotated
configurations with different polarizations are quite close to
each other, which means that the ligand molecules may not be
orderly arranged as shown in Fig. 11(a). However, this con-
trollable in-plane ferroelectricity maybe has wide applications
in memory or logical device designs and the storage density
can be quite high as the information bit can be directly related
to one ligand arrangement.

5. Relationship of FE and TI
As both ferroelectricity and electronic topological charac-

ter are closely linked to the geometrical symmetry and struc-
tural distortion, the interplay between them can be mediated
by geometrical distortion and their coexistence could enable
precise control of electronic topology using electric fields (de-
termined by geometrical distortion in phase transition), en-
hancing the applicability of topological materials in electron-
ics and spintronics. Unfortunately, the crystal structure of 3D
group-V is the centrosymmetric one without electronic po-
larization. Very recently, it is found that both electronic po-
larization and nontrivial topology can coexist in some com-
pounds containing group-V elements.[115–117] An extremely
rich physics strongly links to the ferroelectric properties, rang-
ing from electric control of bulk Rashba effect to the transi-
tions among a 3D topological insulator, normal insulator, and
Weyl semimetals. It is also proposed to realize topologically
protected Weyl semimetal and nodal line semimetal phases in
IV–VI semiconducting compounds (isovalent as group-V in
average) with the low-temperature ferroelectric phase.[118,119]

These pave a way to explore the coupling between topologi-
cal properties and electronic polarization in low dimensional
systems.

There is more freedom allowing crystal-symmetry varia-
tion and distortion in 2D group-V MLs, which is important for
the emergence of multiple quantum ordering. In puckered α

phase, out-of-plane atomic-layer buckling is flexible and can
vary in a wide range. This buckling breaks centrosymmetry
and also changes the electronic topological character. For α-
Bi, it is an intrinsic 2D TI with QSH effect when the buckling
is zero. This corresponds to a paraelectric state. When the
buckling is strong and large (> 0.1 Å), α-Bi becomes a nor-
mal insulator without centrosymmetry and corresponds to a
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ferroelectric state. Thus, the topological phase transition with
and without topological protected boundary states may be con-
trolled by the ferro–paraelectric phase transition through geo-
metrical distortion. It is interesting that when the buckling is
weak (< 0.1 Å) under strain, the QSH effect is persisted and
coexists with FE in this single phase material. As there are
two ferroelectric states with opposite polarizations and they
are related to each other via an inversion operation, the chiral-
ity and direction of the spin-locked current at boundary rely
on the direction of the ferroelectric polarization, as shown in
Figs. 12(a) and 12(c). Thus, it may promote novel applications
in conceptually new devices, where the direction of spin cur-
rent is fully controlled by ferroelectricity. Since the direction
of spin-locked current can be viewed as a ferroic order, this is
some kind of multiferroics.

(a) (b)

(c) (d)

Fig. 12. Schematic representation of ferroelectric topological insula-
tors (a) with two polar states and (b) with two polar TI states and an
antipolar normal insulator (NI) state. (c) Proposed switching device
corresponding to the two polar TI states with ferroelectric polarization.
(d) Switching boundary conductivity on/off of an antipolar NI and two
polar TI states. The chirality of electronic current is labeled by red and
blue lines respectively. The up and down spins are indicated by short
black arrows on the lines.

One the other hand, AFE could coexist with FE in 2D
group-V elemental ML. The crystal symmetry and distortion
of AFE are distinctly different from those of FE, resulting in
different electronic structure and topological character. For
example, AFE and FE states may correspond to an antipolar
normal insulator (NI) state and two polar topological insulator
(TI) states, respectively, as shown in Fig. 12(b). There is no
protected boundary state within the bandgap of NI, while the
dissipationless boundary states are expected at the edges of TI
which are protected by the topological nature. It could enable
precise control of topology and switching on/off the topolog-
ical boundary states using electric fields (Fig. 12(d)), enhanc-
ing the applicability of topological materials in electronics and
spintronics.

6. Perspective
The recent progress in QSH insulators, 2D ferroelectric-

ity, and experimental fabrication of group-V elemental MLs

has motivated the researchers to revisit group-V materials.
They are potential candidates for realization of 2D TIs and
their topological properties can be controlled by electric field,
strain, substrate effect, or chemical functionalization. Recent
experimental evidences of non-trivial topology in 2D Bi and
Sb have robustly boosted the research interest. Moreover,
group-V MLs are the first predicted ferroelectric elemental
materials in 2D limit, which violate the traditional concept and
broaden the 2D ferroelectric family.

Ferroelectricity and QSH effect are two intriguing quan-
tum phenomena in modern condensed matter physics and both
of them are related to the integration of Berry phase in BZ.
The co-existing QSH effect and ferroelectricity in the same
material may lead to novel physical properties, e.g., topolog-
ical magneto-electric effect.[120] The effective integration of
these two properties is not only important for the novel appli-
cations in devices, but also leads to the discoveries of unusual
quantum phenomena, e.g., the formation of quantum Hall fer-
roelectric states[121,122] and nonlinear Hall effect.[123,124] In
addition, as 2D materials, they can easily grow or deposit on
substrates with other quantum properties. Actually, it has been
confirmed in experiment that superconductivity can be intro-
duced into 2D Bi ML by deposition on a superconducting sub-
strate due to the superconductor proximity effect.[125] There-
fore, 2D group-V MLs provide a good platform to study the
interplay between multiple quantum properties.
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Rev. Lett. 102 236804
[34] Vishnoi P, Pramoda K and Rao C N R 2019 ChemNanoMat 5 1062
[35] Auciello O, Scott J F and Ramesh R 1998 Phys. Today 51 22
[36] Nuraje N and Su K 2013 Nanoscale 5 8752
[37] Dawber M, Rabe K M and Scott J F 2005 Rev. Mod. Phys. 77 1083
[38] Scott J F 2007 Science 315 954
[39] Garrity K F, Rabe K M and Vanderbilt D 2014 Phys. Rev. Lett. 112

127601
[40] Wu M and Jena P 2018 Wiley Interdiscip. Rev. Comput. Mol. Sci. 8

e1365
[41] Guan Z, Hu H, Shen X, Xiang P, Zhong N, Chu J and Duan C 2020

Adv. Electron. Mater. 6 1900818
[42] Di Sante D, Stroppa A, Barone P, Whangbo M H and Picozzi S 2015

Phys. Rev. B 91 161401
[43] Xiao C, Wang F, Yang S A, Lu Y, Feng Y and Zhang S 2018 Adv. Funct.

Mater. 28 1707383
[44] Wu M and Zeng X C 2016 Nano Lett. 16 3236
[45] Fei R, Kang W and Yang L 2016 Phys. Rev. Lett. 117 097601
[46] Lu C, Wu M, Lin L and Liu J M 2019 Natl. Sci. Rev. 6 653
[47] Liu J, Fang C and Fu L 2019 Chin. Phys. B 28 047301
[48] Zhang L, Huang H, Zhang B, Gu M, Zhao D, Zhao X, Li L, Zhou J,

Wu K, Cheng Y and Zhang J 2019 Angew. Chem. Int. Ed. 58 1074
[49] Brown A and Rundqvist S 1965 Acta Crystallogr. 19 684
[50] Bridgman P W 1914 J. Am. Chem. Soc. 36 1344
[51] Hultgren R, Gingrich N S and Warren B E 1935 J. Chem. Phys. 3 351
[52] Ruck M, Hoppe D, Wahl B, Simon P, Wang Y and Seifert G 2005

Angew. Chem. Int. Ed. 44 7616
[53] Jacobs R B 1937 J. Chem. Phys. 5 945
[54] Jamieson J C 1963 Science 139 1291
[55] Saito M, Takemori Y, Hashi T, Nagao T and Yaginuma S 2007 Jpn. J.

Appl. Phys. 46 7824
[56] Namari N A P and Saito M 2019 Jpn. J. Appl. Phys. 58 061003
[57] Burford N, Carpenter Y Y, Conrad E and Saunders C D L 2010 Biol.

Chem. Arsenic Antimony Bismuth 1
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