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Coexistence of out-of-plane and in-plane ferroelectricity in ultrathin
elemental group-V nanotube arrays
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The rare and abnormal elemental ferroelectricity has been predicted and realized in group-V monolayers
in recent years [Xiao et al., Adv. Funct. Mater. 28, 1707383 (2018); Gou, Nature (London) 617, 67 (2023)].
However, the valuable out-of-plane (OOP) ferroelectricity is missing in these monolayers owing to the symmetry
of the glide plane. In this article, the low-energy nanotube arrays (NTs) of group-V elements (P, As, Sb,
and Bi) are carefully confirmed to be ferroelectric materials with both OOP (0.15–0.43 pC/m) and in-plane
(IP, 0.52–6.63 pC/m) spontaneous polarizations. The spontaneous polarization originates from the asymmetric
electron distribution caused by the noncentrosymmetric tubular crystal structure. Meanwhile, benefited by the co-
existence of OOP and IP polarizations, such tubular crystal structure also exhibits unique quadruple polarization
states. The lower switching barriers between the logic states (ranging from 13 to 93 meV/atom) further indicate
that they are easily controlled by external electric fields, facilitating efficient data read and write operations.
These characteristics lay the foundation for their application in high-speed, low-power, and large-scale data
storage. More interestingly, our calculations demonstrate that these NTs of group-V elements possess not only
IP piezoelectricity comparable to MoS2 (0.95–7.97 pm/V) but also nonzero OOP piezoelectric coefficients
(0.04–8.01 pm/V), further expanding their potential applications in energy conversion. It is anticipated that
these discoveries will undoubtedly serve to catalyze further research and applications involving single-element
materials within the domains of ferroelectricity-based information storage and piezoelectricity-based energy
conversion.

DOI: 10.1103/PhysRevB.108.245416

I. INTRODUCTIONS

Ferroelectric materials possess spontaneous polarization
which can be reversed by electric field. This reversible polar-
ization transition between dual- or multipolarization states can
be utilized in nanoelectronic devices such as nonvolatile mem-
ories, piezoelectric sensors, and logic devices [1–3]. Since the
discovery of ferroelectricity by Valasek [4] in single crystal
Rochelle salt in 1920, the development of ferroelectric ma-
terials has gone through four stages: Rochelle salt, KH2PO4,
perovskite, and ferroelectric thin film and device period [3,5].
Among them, the discovery of perovskite-structured ferro-
electric materials represented by BaTiO3 plays a milestone
role in the development of ferroelectricity. With the rapid
progress in microelectronics technology, there is an urgent
demand for nonvolatile memories with low power consump-
tion, fast read/write speed, and high reliability. Ferroelectric
thin films [6–8] have attracted extensive research attention
due to their potential for device miniaturization and numerous
experiments have been performed to achieve ferroelectricity
in perovskite structures at the two-dimensional (2D) limit
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[9,10]. However, conventional ferroelectric materials will lose
their ferroelectric properties when they are downscaled to
the nanoscale due to the influence of surface dangling bonds
and depolarization fields [11]. In contrast, 2D van der Waals
layered ferroelectric materials lack surface dangling bonds,
which facilitates device miniaturization and improves device
reliability and durability, and is a future trend in ferroelectric
development [12,13].

2D semiconductor materials with both out-of-plane (OOP)
or in-plane (IP) ferroelectric/piezoelectric properties are
widely regarded as the optimal choice for realizing ultrathin
ferroelectric/piezoelectric devices. In recent years, various
2D layered materials have been theoretically and experimen-
tally reported as ferroelectric materials, for instance thin films
of SnTe [14], 2D III2-VI3 compounds such as In2Se3 [15,16],
CuInP2S6 [17,18], 1T-MoS2 [19], MX [14,20–23] (M = Ge,
Sn; X = S, Se, Te), chemically functionalized 2D materials
[24,25], and 2D sliding ferroelectrics formed by van der Waals
stacking [26–30]. The formation of chemical bonds in these
materials triggers an instantaneous redistribution of electron
density, leading to the generation of anionic and cationic cen-
ters. Therefore, ferroelectric materials usually need to contain
several elements with significant differences in electronegativ-
ity and the elemental ferroelectricity is cognitively prohibited.
In fact, whether a material hosts polarization, specific crys-
talline point group (1, 2, m, mm2, 4, 4mm, 3, 3m, 6, and
6mm) is the decisive factor [31]. These point groups are not
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exclusive to multielement compounds. Recently, Xiao [32]
and colleagues have predicted a puckered structure for As, Sb,
and Bi with a noncentrosymmetric configuration and present
IP ferroelectric polarization along the tangential direction.
It should be noted here that the puckered structures of Bi
element were recently synthesized successfully and confirmed
to be elemental ferroelectric materials by the IP electric field
generated by scanning probe microscopy [33].

The journey from theoretical predictions to experimental
validation of elemental ferroelectricity is undeniably captivat-
ing. However, the presence of valuable OOP ferroelectricity
is impeded in these monolayers due to the symmetry of
the mm2 point group. Therefore, beyond the existence of IP
ferroelectricity, the possibility of achieving OOP ferroelec-
tricity or the coexistence of both IP and OOP ferroelectric
spontaneous polarization in materials composed of individual
elements is a subject well worth exploring. In a previous
study, Liu et al. [34] theoretically introduced a unique type
of ultrathin stable phosphorus nanotube, sharing fundamen-
tal structural units that closely resemble violet phosphorene
[35,36] and fibrous red phosphorus [37]. Subsequently, Zhang
et al. [38] experimentally demonstrated that ring-shaped phos-
phorus consisting of alternating P8 and P2 structural units
could be assembled inside multiwall carbon nanotube nanore-
actors with an inner diameter of 5–8 nm by a chemical vapor
transport and reaction of red phosphorus at 500 ◦C. Intrigu-
ingly, Li et al. [39] have further shown that the interlamination
between graphene layers could serve as an effective reactor for
assembling these phosphorus nanotubes into 2D arrays and
revealing inherent piezoelectric properties. These discoveries
unarguably fortify our confidence in the pursuit of elemental
ferroelectrics.

Asymmetric phosphorus nanotubes exhibit electric dipole
behavior and their assembly into dipole arrays has the capac-
ity to generate ferroelectricity. Given the analogous bonding
characteristics of group-V elements, we performed a sys-
tematic investigation about the ferroelectric and piezoelectric
properties of 2D nanotube arrays (NTs) comprised of indi-
vidual group-V elements (P, As, Sb, and Bi). These NTs are
demonstrated to possess remarkable IP and OOP spontaneous
polarization, featuring with four equivalent polarized states
capable of interconversion. Their room-temperature ferroelec-
tric nature is further verified based on ab initio molecular
dynamics (AIMD) simulations. Meanwhile, the presence of
OOP piezoelectricity augments their potential utility in piezo-
electric devices. The finding presented in this study represents
a significant advancement in the realm of elemental ferro-
electric materials and underscores the promise of group-V
element-based ferroelectric NTs as promising candidates for
future information storage applications.

II. COMPUTATIONAL METHODOLOGY

First-principles calculations based on density functional
theory (DFT) are performed using the Vienna ab initio
simulation package [40] (VASP) code. The interaction be-
tween ions and valence electrons is delineated using the
projected augmented wave [41,42] (PAW) method. The
exchange-correlation functional employs the generalized gra-
dient approximation Perdew-Burke-Ernzerhof (GGA-PBE)

functional [42,43]. The valence electrons of P, As, Sb, and
Bi atoms are 3s23p3, 4s24p3, 5s25p3, and 6s25d106p3, re-
spectively. The plane wave cutoff energy is set to 500 eV
and the Monkhorst-Pack [44] method with � center is used
to sample the first Brillouin zone. The spacing of k-point
grids in reciprocal space is controlled within 0.02 × 2π Å−1

by the VASPKIT [45] code. Throughout the optimization pro-
cess, the convergence accuracy for energy and forces is set
at 10−8 eV and 10−3 eV/Å precisely, ensuring substantial
system optimization. The vacuum layer thickness is at least
15 Å to avoid periodic mirror interactions along the z direc-
tion. All geometry optimizations consider the van der Waals
(vdW) correction using the Grimme-D2 [46] method. Berry’s
phase [47,48] method is employed for the evaluation of fer-
roelectric polarization. The density functional perturbation
theory (DFPT) [49] method is used to calculate the piezo-
electric stress coefficient ei j . The Heyd-Scuseria-Ernzerhof
[50] (HSE06) hybrid functional is selected for band structure
computations. The ferroelectric switching barrier is obtained
using the climbing image nudged elastic band [51] (CINEB)
method. The PHONOPY [52] package is used to obtain phonon
spectra by employing the finite displacement method on a
2 × 3 × 1 supercell in order to verify dynamic stability. Ab
initio molecular dynamics (AIMD) simulations are initiated
at a temperature of 300 K for 10 ps with a 1 fs time step to
examine the thermal stability and evaluate the ferroelectric
failure temperature. In this calculation, we set the ensemble
as isobar-isotherm ensemble (NPT ) and the supercell size as
2 × 3× 1 (which contains 120 atoms).

III. RESULTS AND DISCUSSION

The crystal structure investigated in the present work for
P, As, Sb, and Bi are composed of pentagons and each
fundamental structural unit contains 10 atoms, as shown in
Fig. 1(a). It closely resembles the basic structural units in
violet phosphorene [35,36] and fibrous red phosphorus [37].
As illustrated in Fig. 1(b), the 2D NTs are constructed by
assembling the individual nanotubes along the lattice direction
a. The spacing between each nanotube is determined by the
magnitude of van der Waals interactions. In Fig. 1(b), two
nanotubes in the unit cell are combined with different rota-
tion angles (0◦ → 360◦) and translation vectors (0 b → 0.5
b). The rotation angle increment is 30◦ and the translation
increment is 0.5 b. This approach is different from method-
ology employed by Li et al. [39], where only the rotated
ones of individual nanotubes are considered, thus leading to
many feasible combinations being ignored. Upon acquiring
all assembly configurations, a set of 50 different structures
is planned after careful selection to adhere to crystal sym-
metry considerations. Subsequently, geometric optimizations
of these 50 selected configurations are carried out to obtain
the energetically optimal 2D NTs. Figure 1(c) shows the opti-
mized geometric configurations of the P, As, Sb, and Bi 2D
NTs with the lowest energy. After optimization, the center
of mass of the two nanotubes has a slight difference along
the z direction and the rotation angles θ1 and θ2 differ by
approximately 30◦, as indicated by the blue arrows in the
nanotube orientations. The second nanotube is translated 0.5 b
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FIG. 1. (a) Schematic diagrams of pentagonal P, As, Sb, and Bi single nanotubes. (b) 2D periodic NTs are assembled from one-dimensional
nanotubes at different rotation angles (0◦ to 360◦) and translation vectors (0 b to 0.5 b). The rotation angle is incremented by 30◦ and the
translation increment is 0.5 b. (c) Structure view of the most stable 2D NTs after optimizing all rotational and translational states. (d) Atomic
energies of 25 nonequivalent 2D NTs composed of P, As, Sb, and Bi, where red and blue represent the second nanotube in the unit cell of the
NTs translated along the lattice vector b by 0.5 b and 0 b, respectively.

along the b direction relative to the first nanotube in the lowest
energy configuration.

The total energy calculation is shown in Fig. 1(d). It can
be observed that, under the same rotation angle, the energy
of the configuration with a translation of 0.5 b is significantly
lower than that without translation. In addition, by performing
geometric optimization on configurations with different rota-
tion angles, it is found that several initial structures exhibit
energy degeneracy after geometric optimization. A detailed
examination of these identical energy structures reveals that
they are the identical structures. The per atom energy of the
P, As, Sb, and Bi 2D NTs, as shown in Table I. The energy
of the P NTs obtained in our study is lower than that of the
array proposed by Li et al. [39] and the As, Sb, and Bi NTs
also share the same configuration as ground state arrange-
ment. Interestingly, the As and P NTs exhibit higher energy

TABLE I. Free energy Ef (eV/atom) of the P, As, Sb, and Bi 2D
NTs and black phosphorene phase (BP).

Ef

Elements NTs (in this work) NTs (Li et al. [39]) BP

P −5.512 −5.509 −5.492
As −4.842 −4.837 −4.833
Sb −4.298 −4.289 −4.312
Bi −4.128 −4.118 −4.167

stability in comparison to the black phosphorene phase. To
ensure reliability in practical applications, the phonon disper-
sion of individual NTs and 2D NTs lattice dynamical and
thermal stability are investigated as shown in Supplemental
Material Figs. S1–S3 [53]. There are no imaginary phonon
frequencies along the entire highly symmetric Brillouin band
path. At 300 K, the system’s temperature remains steady,
with no significant changes in free energy. Snapshots of the
initial and final states show that the NTs remains stable after
10 ps of dynamic evolution. In addition, these NTs also meet
the Born-Huang criteria [45,54] (i.e., C11 > 0, C66 > 0, and
C11 ∗ C22 > C2

12), demonstrating their ability to resist small
mechanical deformation, as shown in Table II.

Based on the intrinsic symmetry, there exists four equiva-
lent most stable configurations of NTs which are labeled as A,
B, A′, and B′ shown in Fig. 2(a). Assuming configuration A
as the reference starting point and using the rotation angles θ1

and θ2 as the x and y coordinates, the relative positions of A,
B, A′, and B′ are visualized as shown in Fig. 2(b). Figure 2(c)
represents a simplified model of their interconversion. Typi-
cally, the electronic band structures of ferroelectric materials
exhibit semiconductor characteristics and remain insulating
during the polarization switching process. Therefore, HSE06
[50] and PBE [42] calculations are used to obtain their band
structure information and the results are depicted in Fig. 3. As
previous studies have been reported, the PBE results always
significantly underestimate the band gap of materials. The
research results indicate that the NTs belong to indirect band
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TABLE II. Relaxed-ion elastic stiffness coefficients Ci j and relaxed-ion piezoelectric coefficients ei j and di j . The units for Ci j , ei j , and di j

are N/m, pC/m, and pm/V, respectively.

Elements C11 C22 C12 C66 e11 e12 e31 e32 d11 d12 d31

P 12.60 109.86 5.79 11.90 12.64 19.28 0.58 1.10 0.95 0.13 0.04
As 15.89 78.17 9.34 13.59 18.08 −30.48 1.58 −0.03 1.47 −0.57 0.12
Sb 18.14 51.78 11.67 13.79 31.7 −51.02 1.22 −1.68 2.78 −1.61 0.10
Bi 20.33 40.65 14.13 11.77 85.18 108.24 105.26 −52.18 7.97 −5.43 8.01

gap semiconductors, with a band gap ranging from 0.89 to
2.58 eV. Furthermore, the band gap decreases gradually with
the increase in atomic number of the constituent elements.

Ferroelectric materials play a crucial role in various ap-
plications, including nonvolatile memory and logic devices,
due to their inherent capability for spontaneous polarization
switching [1–3]. Among them, the ferroelectric switch bar-
rier is the polarization switch of ferroelectric materials must
overcome. In Fig. 2(a), the direction of each nanotube is
marked with a blue arrow. The A and B NTs have an upward
OOP orientation, while the A′ and B′ NTs have a down-
ward OOP orientation. According to their symmetry, there
are two nonequivalent polarization switching modes, A′ → A
and A′ → B (or B′ → A and B′ → B), in the OOP polarized
switching process. However, it can be seen from Fig. 2(b) that
the displacement transformation from A′ → A is significantly
smaller than that from A′ → B during the OOP polarization
switching process. Therefore, the OOP polarization flipping
path is more likely to be along A′ → A and the two nanotubes
within the unit cell rotate in a clockwise direction simultane-
ously, as shown in Fig. 4(a). The contour image of the free
energy during the OOP polarization switching process from
A′ to A for P, As, Sb, and Bi NTs is depicted in Fig. 5.
Obviously, the two equivalent states, A′ and A, exhibit min-
imum values and are connected by a saddle point O, which
strongly suggests the existence of OOP ferroelectricity. Be-
sides the different OOP orientations, there also exists different
IP orientations for A, A′, B, and B′. Similarly, according to

FIG. 2. (a) Four equivalent configurations (A, B, A′, and B′) of
the most stable 2D NTs. Panels (b) and (c) depict transitions between
these configurations, where configuration A is taken as the reference
starting point.

the symmetry, two nonequivalent IP polarization switching
modes are revealed in NTs as well: A → B and A → B′ (or
A′ → B′ and A → B). However, compared with the OOP
polarization, IP polarization switching is much more complex.
In Fig. 2(b), A → B and A → B′ are almost equidistant; thus
it is difficult for us to directly determine the IP polarization
switching mode. To simplify the matters, the relative energy
barriers on each switch path are preliminarily determined
by calculating the free energy of the eight conversion paths,
including considering the rotation direction of each nanotube.
It can be seen from Fig. S4 in the Supplemental Material [53],
for all P, As, Sb, and Bi NTs, the switching energy barrier
from A → B (ACW-CW) path is much lower than the other
seven paths. The first nanotube rotates counterclockwise and
the second nanotube rotates clockwise, as shown in Fig. 4(b).

After identifying the pathways for the OOP and IP po-
larization switching, the CINEB [51] method is employed
to evaluate the energy barrier size for polarization switch-
ing. The van der Waals interaction between nanotubes leads
to minimal switching energy barriers in the range of tens
of meV/atom for 2D NTs composed of P, As, Sb, and Bi.
Such behavior places these materials in a category typically
associated with low ferroelectric polarization switching en-
ergy barriers, a group that encompasses hybrid nonintrinsic
ferroelectric materials, ferroelectric 2D materials, and van
der Waals materials. The low energy barrier signifies dimin-
ished energy demands for polarization switching, ultimately

FIG. 3. Electronic band structure of the most stable 2D NTs of
P, As, Sb, and Bi is studied, where the positions of the valence
band maximum (VBM) and conduction band minimum (CBM) are
highlighted with small spheres.
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FIG. 4. Schematic diagrams of the (a) OOP and (b) IP polarization switching paths of P, As, Sb, and Bi 2D NTs. (c) The polarization
switching barrier and variation of polarization Ps along the path for P, As, Sb, and Bi 2D NTs. The −1 and 1 on the abscissa denote the initial
and final states, respectively.

facilitating smoother and more energy-efficient polarization
switching processes, leading to faster device response [55].
Consequently, materials with low ferroelectric energy barriers
can achieve polarization inversion under lower electric fields,
rendering them highly applicable in practical scenarios. For
instance, achieving a reduction in the switching energy of
ferroelectric thin films has long been a significant objective in
the development of ultralow power ferroelectric memories and
logic devices. In addition, as shown in Fig. 4(c), the energy
barrier for IP polarization switching is considerably higher
compared to that of OOP polarization switching.

The most crucial intrinsic property of ferroelectric materi-
als lies in their inherent spontaneous polarization. According
to modern polarization theory, the standard Berry’s phase

FIG. 5. Contour map of free energy as a function of rotation
angles θ1 and θ2 during the OOP polarization switching process of
P, As, Sb, and Bi 2D NTs, with three phases A′, O, and A marked.

[47,48] method can be utilized to calculate the magnitude of
spontaneous polarization, Ps, in 2D NTs of P, As, Sb, and Bi.
Figure 4(c) depicts the variation of OOP and IP polarization
Ps of P, As, Sb, and Bi 2D NTs along the path. During OOP
polarization switching, the OOP ferroelectricity gradually di-
minishes as a result of the mutual rotation of nanotubes. This
process undergoes an intermediate phase (designated as O)
with a point group of mm2, in which the OOP polarization
is suppressed while the IP polarization continues to exist.
In contrast, during the IP polarization switching, the inter-
mediate phase is O′ with a point group of mmm. Both IP
and OOP polarizations are simultaneously suppressed at this
phase. The magnitudes of OOP polarization for P, As, Sb, and
Bi 2D NTs are 0.43, 0.37, 0.47, and 0.15 pC/m, as shown
in Table III. Their magnitudes of IP polarization are 1.45,
0.71, 0.51, and 6.63 pC/m, respectively, if the polarization
unit is converted to µC/cm2. The OOP polarization magni-
tudes of P, As, Sb, and Bi 2D NTs are 0.048, 0.040, 0.043,
and 0.013 µC/cm2, respectively, while the IP polarization
magnitudes are 0.162, 0.077, 0.048, and 0.571 µC/cm2, re-
spectively. Among them, the effective thicknesses of P, As,
Sb, and Bi 2D NTs are 8.96, 9.24, 10.87, and 11.61 Å,
respectively. These polarization magnitudes are in line with
the sizes of some theoretically predicted or experimentally

TABLE III. Lattice constant a and b (Å), OOP and IP spon-
taneous polarization Ps (pC/m), and OOP and IP polarization
switching energy barrier Eb (eV/atom) of the P, As, Sb, and Bi
2D NTs.

Elements a b Ps (OOP) Ps (IP) Eb (OOP) Eb (IP)

P 10.46 6.48 0.43 1.45 0.013 0.025
As 10.81 7.14 0.37 0.71 0.014 0.038
Sb 11.59 8.15 0.47 0.52 0.023 0.064
Bi 11.71 8.51 0.15 6.63 0.030 0.093
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verified sliding ferroelectrics, such as InSe [29] (0.24 pC/m),
GaSe [29] (0.46 pC/m), MoS2 [29] (0.97 pC/m), h-BN [29]
(2.08 pC/m), WTe2 [56–59] (0.051 µC/cm2), and graphene-
based Moiré heterostructures [60] (0.05 µC/cm2). It is crucial
to note that P, As, Sb, and Bi 2D NTs exhibit both IP and
OOP polarizations, unlike most 2D ferroelectric materials that
possess only one polarization direction [14,18,20,32,61,62]
(usually with IP polarization). In fact, the depolarization field
is generated due to the presence of uncompensated surface
charges, which is energetically unfavorable for the ferroelec-
tricity of nanostructures [63–65]. However, compared with
the NTs without OOP polarization proposed by Li et al.
[39], our proposed NTs with coexisting OOP and IP have
a lower energy advantage, as shown in Table I. In addition,
these 2D van der Waals NTs have clean surfaces, no dangling
bonds, and a saturated interface chemical environment. These
characteristics make their OOP polarization less susceptible
to destruction by the depolarization field. As a result, these
2D NTs possess four logical states, which can be described
as 0, 1, 2, and 3, thereby allowing for the storage of more
information when integrated into micro/nanodevice systems.
For example, a memory device integrated with n transistors
can store information of 2n based on logical states of 0 and 1,
whereas the device utilizing 0, 1, 2, and 3 logical states can
store information of 4n. In addition, the ability of ferroelectric
materials to maintain their ferroelectric properties above room
temperature is crucial. At room temperature, the OOP polar-
ization magnitudes of thermal average structure (see Fig. S5
of the Supplemental Material [53]) of P, As, Sb, and Bi
2D NTs are 0.60, 0.43, 0.62, and 0.25 pC/m, respectively,
and the IP polarization magnitudes are 1.50, 0.72, 0.39, and
5.28 pC/m, respectively.

Obviously, unlike traditional displacive ferroelectrics
where the polarization arises from the asymmetric placement
of cations and anions, there is no electronegativity difference
between the elements of the 2D NTs composed of P, As,
Sb, and Bi, as shown in Fig. 1. However, the polarization
phenomenon in these single-element 2D NTs is of partic-
ular interest. From the perspective of crystal point group
symmetry, they all belong to the m point group, satisfying
the necessary condition of point group for ferroelectricity,
i.e., breaking of centrosymmetry. The electron localization
function, average charge density distribution, and average
electrostatic potential distribution are plotted in Fig. 6(a); it
can be observed that the electron localization function exhibits
obvious localized lone pair on the P, As, Sb, and Bi 2D NTs,
clearly showing the accumulation and depletion of charge
around each atom. This disruption of electron distribution
symmetry leads to the formation of positive and negative
charge centers, inducing the spontaneous generation of an
electric dipole moment within the crystal material. The polar-
ization direction is dependent on the orientation arrangement
of the nanotubes. Moreover, a clearer understanding of the
inhomogeneity in charge distribution and the displayed po-
larization field within these NTs is possible by referring to
Figs. 6(b) and 6(c). These results enhance our comprehension
of the factors underlying polarization in the single-element P,
As, Sb, and Bi 2D NTs.

It is well known that ferroelectric materials always pos-
sess piezoelectricity. For the 2D materials, the dimensions of

FIG. 6. (a) Three-dimensional electron localization function,
(b) average charge density distribution along lattice a direction, and
(c) average electrostatic potential distribution along lattice z direction
of 2D NTs of P, As, Sb, and Bi.

the piezoelectric coefficient matrix, the ei j and di j tensors,
transform from a 3 × 6 matrix in a three-dimensional state
to a 3 × 3 matrix. According to the definition, the di j tensor
represents the strain generated by applied electric field, while
the ei j tensor represents the polarization change caused by
strain [66]. In Voigt notation, the subscripts i = 1, 2, and 3 in
ei j and di j tensors denote the x, y, and z directions and j = 1,
2, and 6 denote the xx, yy, and xy directions, respectively. For
example, e31 represents the response strength of polarization
change in the z direction induced by strain applied in the xx
direction. For the m point group, the independent nonzero
matrix elements in its ei j and di j matrices are e11, e12, e26,
e31, e32 and d11, d12, d26, d31, d32. Therefore, the piezoelectric
coefficient matrix is represented as

ei j =
⎛
⎝

e11 e12 0
0 0 e26

e31 e32 0

⎞
⎠, (1)

di j =
⎛
⎝

d11 d12 0
0 0 d26

d31 d32 0

⎞
⎠. (2)

Furthermore, for 2D materials in the orthogonal crystal sys-
tem, the four independent elastic stiffness coefficients are
denoted as C11, C12, C22, and C66, respectively [45]:

Ci j =
⎛
⎝

C11 C12 0
C12 C22 0
0 0 C66

⎞
⎠. (3)

Here, we mainly focus on d11, d12, and d31 and, according to
di j = ei jC

−1
i j ,

d11 = e11C22 − e12C12

C11C22 − C2
12

, d12 = e12C11 − e11C12

C11C22 − C2
12

,

d31 = e31C22 − e32C12

C11C22 − C2
12

. (4)
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The relaxed-ion piezoelectric coefficients ei j and di j are
calculated using the DFPT method as illustrated in Table II.
The di j coefficients displayed a periodic trend, consistent with
the periodicity observed in the piezoelectric coefficients of
some binary compounds, where the piezoelectric coefficients
increase with the atomic number of the elements [67,68].
Interestingly, single-element P, As, Sb, and Bi NTs exhibit
outstanding piezoelectric performance, with d11 ranging from
0.95 to 7.97 pm/V. The reason behind this phenomenon can
be understood from the algebraic expression of the piezo-
electric coefficients di j . The electron localizations depicted in
Fig. 6(a) show that, in the lattice direction a, the nanotubes
are primarily stabilized by van der Waals forces, while in
the lattice direction b, the elements are interconnected by
strong covalent bonds. This leads to smaller C11 and larger C22

values. Therefore, due to the combined effect of significant e11

resulting from the asymmetric electron distribution and the
significant difference between C11 and C22, elemental P, As,
Sb, and Bi 2D NTs exhibit excellent piezoelectric coefficients,
even surpassing those of some common 2D piezoelectric
materials like MoS2 (3.65 pm/V), WS2 (2.12 pm/V), InSe
(1.98 pm/V), and h-BN (0.61 pm/V) [69]. Moreover, they
also possess nonzero OOP piezoelectric coefficients d31, rang-
ing from 0.04 to 8.01 pm/V. These coefficients describe the
piezoelectric effect of polarization changes perpendicular to
the atomic plane induced by stress or strain in the 2D mate-
rial. The existence of perpendicular polarization enables the
use of these materials in a wider array of 2D piezoelectric
applications [70]. For example, 2D piezoelectric materials ex-
hibiting OOP piezoelectric response are particularly suitable
for applications involving ultrathin piezoelectric devices [71].
Additionally, these nonzero d11 and d31 coefficients reflect the
tunability of both IP and OOP polarization under the influence
of stress or strain.

IV. CONCLUSION

In this study, we design a unique nanotube featuring pen-
tagonal units that are meticulously composed of individual
group-V elements (P, As, Sb, and Bi). These configurations
exhibit fundamental structural units strikingly akin to violet
phosphorus and fibrous red phosphorus. After assembling

these nanotubes into a 2D array, each nanotube is systemat-
ically rotated to attain its optimal energetic configuration. The
obtained NTs exhibit exceptional mechanical, lattice dynami-
cal, and thermal stability. Our investigation unveils that these
NTs exhibit semiconductor attributes, characterized by an in-
direct band gap spanning 0.89 to 2.58 eV. Most importantly,
these NTs manifest simultaneous IP and OOP spontaneous
polarizations, a rarity among elemental ferroelectric materials.
It is crucial to note that this ferroelectricity remains intact
even at room temperature. The OOP spontaneous polariza-
tions for P, As, Sb, and Bi are evaluated at 0.43, 0.37, 0.47, and
0.15 pC/m, respectively, while the IP spontaneous polar-
izations stand at 1.45, 0.71, 0.51, and 6.63 pC/m. The
coexistence of IP and OOP polarizations yields four equiv-
alent polarization configurations, denoted as 0, 1, 2, and
3 in logical gates. Such multipolarization state could sig-
nificantly augment the data storage density in ferroelectric
memory devices. Moreover, we demonstrate that transition-
ing between these multipolarization states is feasible with
minimal switching barriers, typically within the range of a
few tens of meV/atom. The low ferroelectric polarization
switching barrier implies susceptibility to external electric
fields, enabling faster data read-write operations and reduced
energy consumption. Moreover, the presence of a nonzero
OOP piezoelectric coefficient (d31) alongside IP piezoelec-
tric properties surpassing those of h-BN and rivaling MoS2

also enhances the potential of these 2D NTs in piezoelectric
applications. These significant findings pave avenues to re-
alize ferroelectricity in single-element materials and furnish
valuable theoretical insights for devising high-capacity ferro-
electric storage devices.
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