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Two-dimensional (2D) elemental ferroelectricity has recently been confirmed and arouses great interest in
exploring new elemental asymmetric structures and their symmetry-breaking related properties. In this study,
our density functional theory (DFT) calculations reveal the existence of coupled in-plane and out-of-plane
electric polarizations in the group V elements α-X6 (X = P, As). These ferroelectric phases are stabilized through
charge transfer between px orbitals. The introduction of compressive strain facilitates the transformation from
blue phosphorene into α-P6 phase with low reaction energy owing to their structural similarity. In addition,
strain engineering or atom substitution can effectively reduce the polarization switching barrier. Furthermore,
α-X6 structure exhibits large longitudinal piezoelectric strain coefficients d11, benefiting from their moderate e11

and flexible character. This discovery not only enriches the family of elemental ferroelectrics but also deepens
the understanding of the origin of elemental polarization, offering potential candidates for ferroelectric and
piezoelectric applications.
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I. INTRODUCTION

The polarization in ferroelectrics is usually caused by the
spatial separation of cations and anions without inversion
symmetry. Conventionally, elemental materials seem to have
no electronegative distinction between atoms and remain non-
polar structures of high symmetry. The first prediction of
elemental ferroelectricity was group-V element α-(As, Sb,
Bi), where charge transfer between sublattice produces lone
pairs on the pz orbital and causes the buckled polar structure
with in-plane polarization [1]. Recently, this ferroelectricity
of monolayer α-Bi has been confirmed experimentally [2].

Inspired by this counterintuitive finding, researches are
under taken to explore the ferroelectric behavior of 2D el-
emental layers. Ferroelectricity has been proposed in 2D
penta-Silicene [3] and the Silicon(001) surface [4]. Sev-
eral quasi-2D structures of group-VI elements also exhibit
in-plane ferroelectricity [5,6]. Based on the sliding ferroelec-
tric theory, out-of-plane polarizations have been discovered
in graphite [7,8] and blue phosphorous [9] with specific
stacking. Notably, these elemental structures show a remark-
able longitudinal piezoelectric effect [10,11] and anomalous
negative piezoelectric properties [12,13], holding signifi-
cant promise for practical applications. In addition, their
symmetry-breaking associated nonlinear optical responses
[13,14] and bulk photovoltaic effects [15] are also under in-
vestigation.

As an element with five valence electrons, group-V ele-
mental materials have abundant allotropes that have been the-
oretically predicted and experimentally synthesized [16–22].
For example, there are black and blue phosphorene showing
excellent properties that are promising for next-generation
electronics [23–25]. However, both of them are inherently
centrosymmetric without polar structures. Different from the
perfect 2D structures, surfaces and interfaces break symmetry

and could introduce noncentrosymmetric structures. Some
polar structures have already been predicted at the boundary
between blue phosphorene domains, possibly exhibiting fer-
roelectric properties [26].

Here, based on DFT calculations, a novel ferroelectric
structure is confirmed in group-V elements (named as α-X6
with X = P, As) possessing coupled in-plane and out-of-
plane electric polarizations. Charge transfer and the formation
of lone pair electrons lower the energy in the ferroelec-
tric phase, constituting a crucial electronic contribution to
polarization. By applying compressive strain, blue phos-
phorene potentially transforms into α-P6 rather than black
phosphorene, as the kinetic process plays a pivotal role in
this transformation. Meanwhile, strain engineering and atom
substitution can decrease the polarization switching barri-
ers. Given their moderate e11 value and soft character, the
longitudinal piezoelectric constants d11 of α-X6 are large
for electrical-mechanical energy conversion. Our discovery
of α-X6 materials not only expands the family of elemen-
tal ferroelectrics but also enhances the understanding of the
mechanisms in elemental polarization, potentially paving the
way for ferroelectric and piezoelectric applications.

II. COMPUTATIONAL TECHNIQUES

The first principles calculations were performed via the
Vienna ab initio Simulation Package (VASP) adopting the
local-density approximation (LDA) for exchange-correlation
functional with projector augmented-wave method [27–29].
HSE06 functional based on generalized gradient approxima-
tion structure is also applied to compare with LDA functionals
[30]. The energy cutoff is set as 500 eV. A �-centered k-point
grid of 7 × 15 × 1 was applied for sampling the Brillouin
Zone. The energy and force threshold for structural optimiza-
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FIG. 1. (a) The top views and side views of ferroelectric (FE and FE′) and paraelectric (PE) α-P6. The black arrows denote the polarization.
The purple atoms and pink atoms in the FE′ phase are labeled as P1 and P2 atoms, respectively. (b) The phonon spectrum of α-P6 PE phase
with inset of the Bu phonon eigenvectors. (c) The distortion-polarization curve (green and blue circle) and distortion-energy curve (red circle)
of α-P6.

tion are 10−6 eV and 0.005 eV/Å. A 20 Å vacuum is set to
avoid periodic interactions along the c direction. The polariza-
tions are calculated by the berry phase implemented in VASP
[31]. The density functional perturbation theory (DFPT) is ap-
plied to calculate the piezoelectric and elastic properties [32].
The phase transition process is calculated by climbing image
nudge elastic band (CI-NEB) methods [33]. The Scanning
Tunneling Microscopy (STM) simulation is generated with
VASPKIT code [34].

III. RESULTS AND DISCUSSION

As depicted in Fig. 1(a), the 2D α-X6 structure comprises
six atoms within a primitive unit cell and belongs to polar Pm
space group. Four atoms are three-coordinated, typical sp3

hybridization in group V atoms. The remaining two atoms
possess less common coordination numbers: two and four,
respectively, which is crucial for the emergence of polariza-
tion. Since ferroelectric phase transition is usually connected
with the softened optical modes in undistorted structures be-
low Curie temperature [35], we construct a centrosymmetric
paraelectric phase as a reference in the middle column of
Fig. 1(a), consisting of a four-atom ring and an X-X dimer
with the space group of P21m. In Fig. 1(b), we plot the phonon
spectrum of the paraelectric α-P6. One observes that a soft
optical mode emerges at the center of the Brillouin. From

an analysis of the phonon eigenvector at the � point, this mode
has an irreducible representation of Bu and is associated with
asymmetric displacements of all six atoms as shown in the
inset of Fig. 1(b). With the Bu displacement, the paraelectric
phase distorts into the ferroelectric α-P6 phase without any
soft mode across the Brillouin zone in its phonon spectrum as
shown in Fig. S1 of the Supplemental Material [36].

The distortions of the α-P6 can be understood as the upper
and lower P-P bonds in the four-atom ring rotating in opposite
directions by an angle of �θ = 17.88◦, while the P-P dimer
translates along the out-of-plane direction by �h = −0.81 Å.
This distortion breaks the inversion symmetry, giving rise to
coupled in-plane (7.21 pC/m) and out-of-plane (5.38 pC/m)
polarization as in Fig. 1(c), which is higher than that of experi-
mentally observed double-layer ferroelectric BN (2.08 pC/m)
[37–40]. Furthermore, the distortion-energy curve exhibits
a typical ferroelectric double-well shape as the bottom panel
in Fig. 1(c), and the CI-NEB energy curve shows a switching
barrier of 55 meV/atom (Fig. S2) [36]. Meanwhile, a dy-
namically stable ferroelectric semiconductor α-As6 can also
be obtained with distortion amplitudes of �θ = 15.01◦ and
�h = −0.85 Å as in Table I and Fig. S3 [36].

It is noteworthy that the in-plane polarization of α-P6 ex-
hibits a nonmonotonic relationship with distortions as shown
in the upper panel of Fig. 1(c), analogous to the coupled
electronic and phononic ferroelectric behavior observed in
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TABLE I. The structure parameters, polarizations (in unit of
pC/m), and band gap of α-X6 (X = P, As).

Structure a(Å) b(Å) �θ (◦) �h(Å) Pin Pout Egap(eV)

α-P6 7.16 3.21 17.88 0.81 7.21 5.38 0.78
α-As6 7.90 3.52 15.01 0.85 34.08 6.02 0.44

previously reported h-NbN system [41]. The electronic struc-
ture of α-P6 is shown in Fig. 2(a). In the centrosymmetric
states, the two P atoms (labeled as dark purple and pink)
are equivalent with their px orbitals degenerated in energy.
When the ferroelectric distortions occur, the degeneracy is
lifted and the two px orbitals split, as schematically depicted
in Fig. 2(b). To lower the energy of the system, electrons
transfer from the pink P2 atom to the dark purple P1 atom.
As evidenced in Fig. S4 [36], P1 exhibits a higher Integral
Partial Density of States (IPDOS) value compared to P2 at
the Fermi level, suggesting more electrons accumulating on
P1 than on P2. While in the PE phase, the IPDOS is the
same for P1 and P2 because of degeneracy. Meanwhile, the
px lone pair electrons form on the dark purple P1 atoms,
as the extended electron localization function (ELF) on P1
atom [42] and partial charge density of the topmost band
plotted in Fig. S5 [36]. This mechanism, regarded as the
charge transfers induced symmetry breaking, is important for
the polarization. The charge redistribution contributes signifi-
cantly to the nonlinear electronic component of polarization
as shown in Fig. S6 [36], which competes with the linear
ionic polarization and results in a nonmonotonic relationship
between polarization and distortion amplitude. A similar trend
of polarization variation is also observed in α-As6 as plotted
in Fig. S3(e)–(f) [36], but the structure has already been in

FIG. 2. (a) The projected band structure and density of states of
α-P6. (b) The charge transfers induced distortion schematic from PE
to FE α-P6. The bottom panel is the partial charges of the valence
band at the S point in the Brillouin zone (isosurface of 0.015 e/Bohr3

and 0.03 e/Bohr3 for PE and FE, respectively). The dark purple atom
and pink atom denote P1 and P2.

its most stable state before the polarization starts to decrease.
Therefore, α-As6 exhibits a significantly larger in-plane po-
larization of 34.08 pC/m compared to α-P6, despite having a
smaller �θ value. Moreover, since the semilocal functionals
may overdelocalized the lone pair electrons [43], we perform
HSE06 calculations and the ferroelectricity-related properties
shown in the Supplemental Material part V [36]. The non-
monotonicity in the total polarization by HSE06 functionals is
more pronounced compared to the LDA one. For instance, the
in-plane polarization of α-As6 also becomes nonmonotonic
with distortions in Fig. S9 [36]. These results indicate that
the HSE06 functionals enhance the localization of lone pair
electrons and charge transfer.

Taking advantage of the charge transfer and the special px

orbitals at the valence band maximum, it is feasible to per-
form STM characterizations to flip the polarizations as well
as distinguish the direction. The STM simulations of FE and
FE’ phases are shown in Fig. S11 [36]. When the polarization
is downward, one can observe the px orbitals of P1 atoms,
where two lines of light spots will be shown in STM images.
In contrast, as the polarization is reversed, only one line of
light spots is present besides the original column.

Strain engineering has proven to be a powerful tool in ma-
nipulating 2D ferroelectric materials. For instance, strain can
drive phase transition between different In2Se3 ferroelectric
phases [44] or even introduce ferroelectricity in black phos-
phorene [45]. Upon careful examination of the α-P6 structure,
one observes that it shares similarities with blue phospho-
rene but with strong out-of-plane displacements on two of
the atoms, leading to much smaller a lattice. Therefore, it is
possible to achieve the ferroelectric α-P6 by applying uniaxial
compressive strain on blue phosphorene along a direction
that has been fabricated experimentally [46,47]. The strain-
phase diagram is constructed in Fig. 3(b) and shows that the
α-P6 is a metastable phase compared to blue and black phos-
phorene without any strain. However, in experiments, some
metastable elemental allotropes with relatively high energy
have been successfully synthesized through some nonequi-
librium growth processes, or grown on certain substrates and
boundaries, such as well-known C60 fullerene, biphenylene,
pentagonal Si nanoribbons and so on [48–51]. Here, by ap-
plying a compressive strain of 6.3%, blue phosphorene may
transform into black phosphorene. To achieve the desired po-
lar α-P6 phase, a larger strain of 10% is required. However,
the phase diagram only shows the thermal stability and the dy-
namical process is also important for the phase transition. We
further perform CI-NEB calculations to examine the reaction
energy at each phase transition point in Fig. 3(c). Although
a smaller strain is required, the phase transformation from
blue phosphorene to black phosphorene exhibits quite a high
energy barrier of 0.49 eV/atom, which is difficult to over-
come in the experiment. In contrast, the structural similarity
between blue phosphorene and α-P6 is helpful in reducing the
barrier considerably, and only ∼ 0.11 eV/atom is required.
We also confirm that α-P6 will not transform into black phos-
phorene spontaneously due to the high reaction energy shown
in Fig. S13 [36]. It is noted that the experimental fabrication of
blue phosphorene is still difficult and that suitable substrates
are needed [45,46]. Besides, though there have been practical
researches working on inducing strain on 2D materials [52],
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FIG. 3. (a) The geometric structures of monolayer black phosphorene and blue phosphorene. (b) The strain phase diagram of P allotropes.
The color line represents the optimized lattice of each allotrope. (c) The energy variation between blue phosphorene and other allotropes at
the phase transition points. The CI-NEB path number zero denotes the blue phosphorene, and six denotes black phosphorene and α-P6. (d)
Ferroelectric switching energy curve of α-P6 under uniaxial compressive strain and As substitution. The inset is the structure of α-P0.66As0.336,
with purple and green atoms corresponding to P and As.

large compressive strain is still challenging and often induces
buckling and folding. As a result, we may expect that α-P6
could form under extreme strain conditions, particularly in
regions such as buckling boundaries within blue phosphorene,
where this polar structure was initially proposed [26].

Meanwhile, as shown in Fig. 3(d), the application of
compressive strain on α-P6 facilitates the reduction of the po-
larization switching barrier, owing to the shorter a lattice
of paraelectric structure (depicted in Fig. S3 [36]). Another
strategy to achieve switchable polarization is inspired by
works that introduce other trivalent ions in wurtzite AlN
[53], where the resulting enhancement of ionicity is beneficial
for stabilizing the multicoordinated centrosymmetric structure
and thus reduces the ferroelectric transition barrier [54,55].
For phosphorous, As substitution has been confirmed feasible
in α − P1−xAsx [56]. Therefore, we replace 33% P atoms
by As atoms (Fig. S14 [36]) and the most stable structure
is shown in the inset of Fig. 3(d). Bader charge analysis
shows that the ionicity is indeed increased (Fig. S15 [36])
accompanied by a reduced barrier of 41 meV/atom. These
modified polarization switching barriers are comparable to
Cu(CrS2)2 (30 meV/atom, 2 pC/m) [57,58] and the distorted
monolayer GaSe (180 meV/atom, 4.89 pC/m) [59], whose
ferroelectric polarizations are small but successfully examined
by Piezoresponse Force Microscopic (PFM) and utilized in
a ferroelectric field effect transistor and other devices. The

switchable polarizations of α-P6 enable its applications for
next-generation nonvolatile memory.

Ferroelectric materials also exhibit piezoelectric effects,
which are useful to generate a change of surface charge in
response to external strain. This property renders them in-
valuable in a wide range of applications including sensors,
nanogenerators, catalysis, and other fields [60–62]. Given that
2D materials are stress free in the out-of-plane direction, the
piezoelectric stress tensor of α-X6 with Pm space group can
be described with five independent components, and the rela-
tive parameters obtained by DFPT are listed in the following
Table II.

ei j =
⎛
⎝

e11 e12 0
0 0 e26

e31 e32 0

⎞
⎠.

The total piezoelectric stress tensor ei j can be decomposed
into clamped-ion term ēi j and internal-strain term e

′
i j to dis-

tinguish the origins of piezoelectricity [63]. The clamped-ion
term ēi j is obtained by calculating the change of polarization
under strain with fixed the atomic positions, which represents
the electronic origins. The internal-strain term e

′
i j stands for

ionic contributions, which is defined as the product of Born
effective charge Z∗

n,ik and the variation of atomic fractional

coordination with strain ∂un,k

∂η j
. Here, n is the atomic number
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TABLE II. The piezoelectric stress coefficients ei j (pC/m), elastic stiffness modulus Cjk (N/m), and piezoelectric strain coefficients dik

(pC/N) of α-X6 (X = P, As).

Structure e11 e31 e12 e32 e26 C11 C12 C22 C66 d11

α-P6 168.4 1.8 −165.6 −13.4 131.5 37.8 5.8 96.7 13.8 4.8
α-As6 222.7 4.8 −240.8 −3.0 257.8 21.0 7.3 65.0 6.6 11.8

and η j is the strain. S represents the in-plane area and lk is
the lattice along k direction. Thus, the definition of e11 is as
following:

e11 = ē11 + e
′
11 = ē11 +

6∑
n=1

3∑
k=1

∂un,k

∂η1
× Z∗

n,1kelk
S

.

We analyze the most relevant longitudinal piezoelectric
constant e11 of α-X6 with the aforementioned equations.
The total e11 of α-P6 is dominated by a positive ē11 of
235 pC/m [Fig. 4(a)], while the negative ionic contribution
e

′
11 = −33pC/m is quite small, which is close to the DFPT

results. The small e
′
11 can be attributed to the opposite con-

tributions along the x and z directions, which cancel out each
other as shown in Fig. 4(b). The total e11 of α-P6 is 202 pC/m,
larger than 2D honeycomb compounds GaSe (147 pC/m) and
h-BN (138 pC/m) [64].

Finally, since it is the piezoelectric-stress tensor dik that
can be directly characterized by PFM, we introduce the stress-
strain tensor Cjk for converting ei j to dik :

dik =
3∑

k=1

ei jC
−1
jk .

The piezoelectric strain constant d11 of α-P6 is 4.8 pC/N,
while α-As6 exhibits a larger d11 value of 11.8 pC/N. This
enhanced piezoelectric response in α-As6 can be attributed to
both a larger e11 as well as smaller elastic stiffness modulus as
in Table II. Notably, even though α-X6 have a smaller e11 than
MoS2 (e11 = 364 pC/m, d11 = 3.73 pC/N), their d11 is larger.

This is attributed to the higher flexibility of α-X6 structure
compared to MoS2 [65]. As a result, taking advantage of the
moderate piezoelectric strain constants and flexible structure,
α-X6 emerges as a potential candidate for efficient energy
harvesting and conversion devices.

IV. CONCLUSION

In conclusion, α-X6 (X = P, As) is a novel elemental ferro-
electric material exhibiting coupled in-plane and out-of-plane
polarization. Charge transfer and the formation of px lone pair
electrons contribute significantly to its elemental polariza-
tion. Compressive strain may facilitate a phase transformation
from blue phosphorene to the metastable α-P6 phase, since
the equilibrium transition to black phosphorene is kinetically
suppressed. In addition, strain and substitution can reduce the
energy barrier for polarization switching for practical ferro-
electric utilizations. Moreover, the moderate e11 and flexible
characters result in the high longitudinal piezoelectric coeffi-
cient d11 in α-X6, making it suitable for energy-mechanical
conversion applications. Our findings enrich the family of
elemental ferroelectrics and hold great promise for elemental
ferroelectrics and piezoelectric applications.
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FIG. 4. The polarization-strain variation of α-P6 decomposed into (a) clamped-ion and (b) internal-strain term.
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