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Origin of different piezoelectric responses in elemental Sb and Bi monolayers
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Sb and Bi monolayers, as single-element ferroelectric materials with similar atomic structure, hold intrinsic
piezoelectricity theoretically, which makes them highly promising for applications in functional nanodevices
such as sensors and actuators. Here, using density functional theory calculations, we systematically explore the
piezoelectric response of Sb and Bi monolayers. Our findings reveal that Sb exhibits a negative piezoelectric
response, whereas Bi displays a positive one. This discrepancy is attributed to the dominant role of different
atomic internal distortions (internal-strain terms) in response to applied strain. Further electron-density distribu-
tion analysis reveals that the atomic bonding in Sb tends to be covalent, while the atomic bonding in Bi leans
more towards ionic. Compared to the Sb monolayer, the Bi monolayer is distinguished by its more pronounced
lone-pair orbitals electrons and associated larger Born effective charges. The Coulomb repulsions between
lone-pair orbitals electrons and the chemical bonds lead to the Bi monolayer possessing more prominent atomic
folds and, consequently, more significant atomic distortion in the z direction under strain. These differences result
in a considerable difference in internal-strain terms, ultimately leading to the reversed piezoelectric response
between Sb and Bi monolayers. The present work provides valuable insights into the piezoelectric mechanism
of two dimensional ferroelectric materials and their potential applications in nanoelectronic devices.
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I. INTRODUCTION

Piezoelectric materials, due to their ability to be elec-
trically polarized under an externally applied strain and,
conversely, to be deformed by an applied voltage, provide an
effective means of transducing signals between mechanical
strain and electrical polarization. Piezoelectric materials have
widespread applications in electromechanical systems and
electronic devices such as energy harvesters, pressure sensors,
actuators, strain-tuned electronics, and optoelectronics [1–3].
The piezoelectric performance of materials is quantified by
the piezoelectric coefficients. In most cases, the piezoelec-
tric coefficients are positive, indicating that polarization is
more likely to increase under mechanical stretching [4,5].
However, in recent years, researchers have discovered some
exceptions where certain materials exhibit anomalous neg-
ative piezoelectric responses. For instance, the ferroelectric
polymer polyvinylidene fluoride (PVDF) and its copolymers
exhibit negative longitudinal piezoelectric coefficients [6–9].
In addition, theoretical predictions suggest the presence of
significant negative piezoelectric responses in some specific
organic molecular ferroelectrics [10], hexagonal ABC ferro-
electrics [11], layered van der Walls ferroelectrics [12–14],
group IV-V MX2 [15,16], HfO2 ferroelectric [17,18], and
sphalerite compounds [19–21].
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The piezoelectric effect originates from the electric charge
redistribution under externally applied strains, involving rel-
ative ion displacement and the changes in Born effective
charges. As a result, the total piezoelectric coefficient (e22)
can be decomposed into the clamped-ion term (e0

22) and the
internal-strain term (e′

22) [22]. Recently, Qi et al. discovered
lag of the Wannier center effect that results from the decay of
the Coulombic repulsion between electrons with the separa-
tion of anions and cations [13]. The Wannier centers generally
fail to follow the anions (in fractional coordinates) completely
upon a tensile strain, contributing to the consistently negative
clamped-ion term (e0

22) in piezoelectric materials. The compe-
tition between these two terms determines the sign (positive or
negative) of the piezoelectric coefficient. In the case of hexag-
onal ABC ferroelectrics, the negative clamped-ion term (e0

22)
dominates over the internal-strain term (e′

22), leading to the
overall negative piezoelectric coefficients [11]. However, this
general principle offers limited insights and clues to determine
the negative or positive piezoelectric responses that could be
used for material design.

With the fast advances of miniaturized electronic devices,
two-dimensional (2D) piezoelectric materials have drawn
great interest [23,24]. Many 2D piezoelectric materials have
been successfully predicted, with some of the predicted mate-
rials being synthesized in experiments [5,25–29]. The Sb and
Bi ferroelectric monolayers, as unique single-element ferro-
electric materials [29–34], have attracted significant attention.
The ferroelectric nature of Sb and Bi monolayers enables
their intrinsic piezoelectricity. Note that unlike the traditional
piezoelectric compounds, where ions primarily contribute the
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polarization, the polarization in Sb and Bi monolayers arises
solely from the electron contribution. The electron cloud
redistribution under applied strains exclusively determines
the piezoelectric response. Since the electron redistribution
behavior could be highly flexible and closely related to the el-
emental species, crystal structure, and bonding types [35,36],
an in-depth understanding of the piezoelectric response of Sb
and Bi monolayers is of great significance for exploring their
electromechanical coupling properties and elucidating their
physical mechanisms.

In this paper, we investigate the piezoelectric response of
Sb and Bi monolayers using density functional theory calcu-
lations. Despite their identical crystal symmetry (Pmn21), our
DFT results reveal an unexpected contrast: the Bi monolayer
exhibits positive piezoelectricity, while Sb exhibits negative
piezoelectricity. By decomposing the piezoelectric coefficient
into clamping-ion (e0

22) and internal-strain (e′
22) terms, we

find that the internal-strain term determines the difference.
Furthermore, we unravel the physical mechanism of the po-
larization change during the internal strain process using the
density of states (DOS), Born effective charges, and atomic
displacement calculations. This work can provide deep insight
into the mechanism of piezoelectricity and can be used to
design potential devices employing the anomalous electrome-
chanical response.

II. METHODS

Our density functional theory (DFT) calculation were
performed using the Vienna Ab-initio Simulation Pack-
age (VASP) [37–40]. The Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional [41] and the projected aug-
mented plane-wave method were adopted. The monolayer is
placed in the x-y plane. The periodic boundary condition was
applied along all three directions. A vacuum space of about 20
Å was used along the z axis to avoid artificial interaction. The
valence configuration is 5s25p3 for Sb. For Bi, the valence
configuration is 6s26p35d10. The spin-orbit coupling (SOC)
was considered in all calculations [42–44]. The energy cutoff
was set to be 500 eV. The Brillouin zone was sampled in k
space within 15 × 15 × 1 mesh for Sb and Bi monolayers.
The positions of all atoms were fully relaxed until the en-
ergy between two consecutive steps was less than 10−6 eV,
and the maximum force was 0.001 eV/Å on each atom. The
Poisson’s ratio effect [45–47] was considered when applying
uniaxial strain. The electric polarization was computed using
the Berry-phase method [48,49].

III. RESULTS AND DISCUSSION

Sb and Bi monolayers are crystallized in the asymmetric
washboard structures with space group Pmn21 and four atoms
per unit cell. The Sb and Bi monolayers have been predicted
as single-elemental ferroelectric materials, which was later
experimentally confirmed for the Bi monolayer in 2023 [29].
In contrast to black phosphorus, which has only one chemical
bonding state, the asymmetric washboard structure of Sb and
Bi monolayers allows for different chemical surroundings,
enabling the adoption of two bonding states in these elemental
materials.

TABLE I. The piezoelectric tensor elements e22 of Sb and Bi
monolayers. e22 is decomposed into the “clamped-ion” term (e0

22) and
the “internal-strain” term (e′

22).

e0
22(×10−10c/m) e′

22(×10−10c/m) e22(×10−10c/m)

Sb −2.623 0.652 −1.971
Bi −2.157 9.810 7.653

The optimized lattice constants of Sb and Bi monolayers
are a = 4.362 Å, b = 4.736 Å, and a = 4.581 Å, b = 4.913 Å,
respectively (Fig. 1). The Sb and Bi monolayers possessed a
stable structure, as confirmed by the phonon spectrum (Fig.
S1 of the Supplemental Material [50]). Our DFT calculations
show that the 2D Sb is a direct band gap semiconductor
(with a band gap of 0.22 eV), while the 2D Bi is an indirect
band gap semiconductor (with a band gap of 0.26 eV). The
energy band structure shows that the atomic buckling of Sb
and Bi monolayers splits the energy level of two pz orbitals,
resulting in two states in one element. In the case of the Sb
monolayer [Fig. 1(c)], the conduction band and valence band
at the � point are mainly contributed by pz orbitals of Sb+ and
Sb− atoms, respectively. The pz orbitals of Sb− are occupied
and the pz orbitals of Sb+ are empty, indicating the electron
transfer from Sb+ to Sb−. The unit cell of the Sb monolayer
contains two sublayers and each sublayer has one Sb− atom
and one Sb+ atom. Similarly, electron transfer also occurs in
Bi monolayer [Fig. 1(d)].

The Berry phase calculation results show that the spon-
taneous polarizations along the y direction of Sb and Bi
monolayers are −38 pc/m and −43 pc/m, respectively. The
z coordinates of Sb+(Bi+) and Sb−(Bi−) atoms are signifi-
cantly different, leading to the considerable tilting of Sb-Sb
bonding within the sublayer. This is different from nonpo-
larized black phosphorene (space group Pmna), where the z
coordinates of the P atoms within a sublayer are identical [51].
Thus, when the Sb and Bi monolayers (with the space group of
Pmn21) were transformed to a high-symmetric structure, the
same as the phosphorene (Pmna), eliminating the difference
in z coordinates could give rise to the nonpolarization state.
It is confirmed by removing the energy level splitting of the
two pz orbitals in such a high-symmetric structure (Fig. S2
[50]), indicating one chemical bonding state only. Thus, the
spontaneous polarization of Sb (Bi) was highly dependent on
the z coordinates of atoms.

To quantify the piezoelectric response of Sb and Bi mono-
layers, the polarization changes with uniaxial strain (−0.5%
to 0.5%) in the polarization direction (y) were determined as
shown in Figs. 2(a) and 2(b), respectively. The polarization re-
sponse to fully relaxed Sb and Bi monolayers under different
strains is fitted into straight lines. Their slopes are the piezo-
electric tensor elements (e22) for full structural relaxation. As
reported in Table I, the e22 is negative (−1.971 × 10−10 c/m)
for Sb and positive (7.653 × 10−10 c/m) for Bi, indicating
completely reversed piezoelectric responses despite a similar
structure.

As shown in Table SIII and Fig. S3 of the Supplemental
Material [50], the results show that the piezoelectric coeffi-
cients are insensitive to the strain range for Sb monolayer.
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FIG. 1. Crystal structure and electronic properties of Sb and Bi 2D monolayers. (a),(b) The crystal structure of Sb and Bi monolayers.
Solid line boxes represent the unit cell of Sb and Bi. The red arrows indicate the intrinsic polarization direction. (c),(d) The electronic band
structures of Sb and Bi monolayers. The size of red (blue) circles represents the contributions of the pz orbitals of Sb− (Sb+) and Bi−(Bi+).
The valance band maximum (VBM) and conduction band minimum (CBM) were identified as the end of green arrows. The energy difference
of them was the band gap (Eg).

However, due to the nonlinear piezoelectric response, dis-
cussed in the Supplemental Material [50], the piezoelectric
coefficients between two strain ranges show more significant
differences for Bi monolayer, despite both being positive. This
paper focuses on whether the piezoelectric response is positive
or negative instead of their magnitude. Therefore, the piezo-
electric response in a small strain range (−0.5% to 0.5%) was
discussed.

In modern piezoelectric theory, the total piezoelectric co-
efficient (e22) can be decomposed into the clamped-ion term

(e0
22) and the internal-strain term (e′

22) [22],

e22 = e0
22 + e′

22. (1)

The e0
22 value can be computed with the internal atomic

fractional coordinates fixed at their zero-strain states, corre-
sponding to the uniform scaling of the atomic positions in
the unit cell as the strain state is changed. This clamped-ion
piezoelectric coefficient features the change of Born effective
charges, reflecting the redistribution of electrons with respect
to a homogeneous strain.

FIG. 2. The polarization of Sb (a) and Bi (b) as a function of uniaxial strain. “ε = 0” represents the ground states of Sb and Bi monolayers.
The slopes of Sb/Bi-relaxed curves are the total piezoelectric coefficient (e22) of Sb/Bi monolayers. The slopes of Sb/Bi-clamped curves are
the clamped-ion terms (e0

22) of Sb/Bi monolayers.
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The internal-strain term e′
22 originates from the internal mi-

croscopic polar distortion in response to a microscopic strain
applied in the y direction [(Eq. (2)],

e
′
22 =

∑
s

e

V

(
Z∗

12
a × ∂μ1(s)

∂η2
+ Z∗

22
b × ∂μ2(s)

∂η2

+ Z∗
32

c × ∂μ3(s)

∂η2

)
, (2)

where μ1, μ2, and μ3 represent the fractional atomic coor-
dinates and η2 denotes the macroscopic strain applied in the y
direction. The summation runs over the atoms (s) in the unit
cell of Sb (Bi). V represents the volume (in 3D systems) or
area (in 2D systems) of the unit cell. The parameter e repre-
sents electron charge, and a, b, and c are the lattice constants.
The Born effective charges related to the displacement of
μ1, μ2, and μ3 are Z∗

12, Z∗
22, and Z∗

32. The internal-strain
term mainly reflects the polarization change from the internal
atomic distortion. Due to the change of Born effective charge
values, the internal-strain term is difficult to calculate directly.
It is usually obtained by subtracting the clamped-ion term
from the total piezoelectric coefficient.

The results of the clamped-ion (e0
22) and internal-strain

(e′
22) terms are summarized in Table I. The clamped-ion term

for Sb (−2.623 × 10−10 c/m) and Bi (−2.157 × 10−10 c/m)
are both negative with a similar magnitude. Note that due
to the lag of Wannier centers effect, the clamped-ion term
should always be negative [13]. The similar magnitude could
be attributed to their similar crystal structures. The internal-
strain term values for Sb and Bi are both positive but with
a significantly different magnitude, i.e., 0.652 × 10−10 c/m
for Sb and 9.810 × 10−10 c/m for Bi. The internal-strain term
for Bi is over ten times larger than that of Sb. Consequently,
the piezoelectric effect of the Sb monolayer is negative, as
the negative clamped-ion piezoelectric response dominates
over the internal-strain contribution. On the other hand, the
piezoelectric response of Bi is dominated by the internal-
strain term, resulting in a positive piezoelectric effect. The
clamped-ion term is not responsible for the reversed piezo-
electric coefficients of Sb and Bi, but rather the internal-strain
term.

We also calculated the Wannier functions using the WAN-
NIER90 code [52,53]. The band structure calculated by
WANNIER90 overlapped with that by DFT, as shown in Fig.
S4 [50], showing the high-quality Wannier functions. For
the Sb monolayer, the intrinsic polarization calculated by
WANNIER90 was −35.89 pc/m, close to our Berry phase cal-
culation (−38 pc/m). The total piezoelectric coefficient (e22)
was −0.24 ×10−10 c/m and the clamped-ion term (e0

22) was
−3.46 ×10−10 c/m (Table SI [50]), showing the negative
piezoelectric response dominated by the negative clamped-ion
term. When the tensile strain was applied, the Wannier center
moved from 0.47 Å (−0.5%) to 0.44 Å (0.5%), resulting in the
negative clamped-ion term. However, the polarization of the
Bi monolayer calculated by WANNIER90 was 2.77 pc/m, which
was different from the results of our Berry phase calculation
(−43 pc/m). It was found that the polarization was sensitive
to the “dis_froz_max” parameter (Table SII [50]). We cannot
get a reliable calculated polarization value that is close to the
experiment (−41 pc/m) [29]. This could be due to the strong

TABLE II. The Born effective charges of Sb and Bi monolayers
(the ground state). Sb− (Bi−) and Sb+ (Bi+) are two states of 2D Sb
(Bi). By taking symmetry into account, the values were averaged and
normalized.

Z∗
12 (e) Z∗

22 (e) Z∗
32 (e)

Sb− −0.10 −0.34 −0.29/0.29
Sb+ 0.10 0.34 −0.84/0.84
Bi− 0.09 −0.74 −0.07/0.07
Bi+ −0.09 0.74 −3.28/3.28

spin-orbit coupling of Bi, which brings great challenges to
calculating Wannier functions. In contrast, our Berry phase
results were close to the recent experiment and other DFT
calculations [32]. Wannier functions may not be suitable for
calculating polarization and piezoelectric response of 2D Bi.

According to Eq. (2), the products of Born effective
charges and atomic displacements play important roles in
polarization and the internal-strain term of piezoelectric coef-
ficient. The Born effective charges of Sb and Bi are calculated
and summarized in Table II. Due to the symmetry breaking,
the Born effective charges (Z∗

32) of two atoms in the same state
are reversed. The absolute values of Z∗

32 for Sb− (0.29e) and
Sb+ (0.84e) are quite different, indicating the transfer of elec-
trons between atoms. A similar behavior was also observed
in Bi monolayer. In addition, the difference between Z∗

32 for
positive and negative charged atoms within Bi monolayer
(0.07e and 3.28e) is much more significant than that of Sb
monolayer, indicating that more electrons transfer from Bi+

to Bi−. More importantly, the Born effective charges Z∗
22 of

Bi are more than twice as large as those of Sb, and the Z∗
32 of

Bi+ is almost four times as large as Sb+, suggesting that the
polarization of 2D Bi would change more significantly at the
same atomic displacement.

According to Eq. (2), the atomic displacement (μi) under
uniaxial strain also plays an important role in the internal-
strain term. Since the Born effective charges and atomic
displacements in the x direction are almost zero, they are not
considered in this work (Table II). The displacement in the
y and z directions may play a major role in the change of
polarization. The structural parameters under uniaxial strain
are measured, as shown in Fig. 3. When the strain was applied
in the y direction, the lattice constant b can be decomposed
into y1 and y2 (y1 + y2 = 0.5b), as shown in Figs. 3(a) and
3(b). Figures 3(c) and 3(d) show that the y2 component always
changed faster than y1 both in Sb and Bi monolayer. This sug-
gests that rotating chemical bonds between sublayers is easier
than extending chemical bonds within a sublayer. During the
clamped-ion process, all chemical bonds extend or shorten to-
gether proportionally, resulting from the homogeneous strain.
However, during the internal-strain process (internal stress
release), the y1 decreased while the y2 increased, and the
lattice constant b was fixed [Figs. 3(e) and 3(f)]. Meanwhile,
the atomic displacements of Sb are about two times larger than
that of Bi. The Born effective charges Z∗

22 of Sb are about
half as large as those of Bi. As a result, the products of Z∗

22
and atomic displacement of Sb and Bi have similar values,
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FIG. 3. Changes of structural parameters of Sb and Bi under uniaxial strain. (a),(b) Crystal structure of Sb and Bi. The parameter b is
the lattice constant in the y direction. y1 and y2 represent distances between adjacent atoms in the y direction, and the sum of y1 and y2 is
equal to half the lattice constant b (y1 + y2 = 0.5b). The parameter z1 represents the distance between Sb−(Bi−) and Sb+(Bi+) atoms in the z
direction. (c),(d) Changes of fully relaxed structural parameters of Sb and Bi. (e),(f) Changes of structural parameters of Sb and Bi during the
internal-strain process.

indicating that the y direction displacement is not responsible
for the huge difference in the internal-strain terms (e′

22).
Furthermore, the structural parameter z1 [defined as the z-

coordinate difference of Sb+(Bi+) and Sb−(Bi−) atoms] also
decreases in both Sb and Bi when the stretching is applied in
the y direction [Figs. 3(c) and 3(d)]. During the clamped-ion
process, the z1 is constant and equal to the value of the ground
state, resulting from the protection of the z-direction vacuum
layer. Thus, the displacement in the z direction only occurred
during the internal-strain process. As shown in Figs. 3(e) and
3(f), the z1 of Bi always changed faster than that of Sb and the
atomic displacement of Bi is about four times larger than that
of Sb in the same strain. Besides, the Born effective charges
Z∗

32 of Bi are also about four times larger than those of Sb,
making the product of Z∗

32 and displacements of Bi over ten
times larger than that of Sb. As a result, the internal-strain

term (e′
22) of Bi is one order of magnitude larger than that of

Sb. The z-direction displacement and Z∗
32 play a dominant role

in the internal-strain term of Sb and Bi monolayers.
To explore the mechanism of Born effective charge differ-

ences between Sb and Bi monolayers, the density of states
(DOS) was calculated to analyze their electronic structure
(Fig. 4). The first peak of Sb− (Bi−) near the valence band
maximum (VBM) is higher than that of Sb+(Bi+) atom, as
highlighted in the figure by red boxes, indicating the electron
transfer from Sb+(Bi+) to Sb− (Bi−). The electron-density
distributions in the energy range of the first peak (−0.9 to 0
eV for Sb and −0.35 to 0 eV for Bi) exhibit distinct differ-
ences between Sb and Bi. In particular, the electron-density
distribution of Bi is more localized than that of Sb. When
comparing the electron-density distributions in the energy
range of the second peak (−1.4 to −0.9 eV for Sb and −1.0 to
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FIG. 4. Bonding analysis of Sb (a) and Bi (b) monolayers. The density of states of Sb+ (Bi+) and Sb− (Bi−) versus E − Ef are shown
in light blue, where Ef denotes Fermi level. The red boxes highlight the difference in DOS between the two atoms near the valence band
maximum, and the electron-density distribution (isosurfaces = 0.0007 e/bohr3) in this energy range are visualized in the bottom subfigures.

−0.35 eV for Bi), there is no significant difference (Fig. S5
[50]). It can be concluded that the electron-density distribution
of the first peak primarily reflects the difference in bonding
between the two materials.

The first peak of the Bi monolayer is narrower and higher
than that of Sb, indicating the electron-density distribution is
more localized, which is also reflected in the charge distribu-
tion plot, as shown in the comparison of the bottom subfigures
in Fig. 4. The electrons of Bi are predominantly localized
within each single atom and appear like lone-pair orbitals, dis-
playing the characteristics of ionic bonding. In contrast, some
electrons of Sb are shared among neighboring atoms, ex-
hibiting the characteristics of covalent bonds. Consequently,
the Born effective charges of Bi are larger than those of Sb,
resulting in the reversed piezoelectric response ultimately. The
results suggest that negative piezoelectric effect is more likely
to occur in covalent piezoelectrics which was also concluded
in wurtzite piezoelectric semiconductors [54].

Furthermore, the pronounced lone-pair orbitals electrons
around Bi− atoms [electron localization function (ELF) anal-
ysis shown in Fig. S6 [50]] may be related to the intrinsic
folds (z1) of Bi. The Coulomb repulsion between the lone-pair
orbital electrons and the surrounding chemical bonds drives
the Bi− away from Bi+, creating the large intrinsic folds (z1)
of Bi [45,55]. The large intrinsic fold allows Bi atoms to
undergo more significant displacements along the z axis under
uniaxial strain.

IV. CONCLUSION

In this work, using DFT calculations, we found unexpected
reversed piezoelectric response of Sb and Bi that have similar

crystal structure. The Sb has a negative piezoelectric coeffi-
cient (e22), whereas Bi has a positive one. Our analysis shows
ten times differences of internal-strain terms e′

22, which plays
the dominant role in their reversed piezoelectric response.
In-depth electronic structure analysis revealed that the chem-
ical bond of Bi is predominantly ionic, whereas the chemical
bond of Sb is more covalent. This difference results in Bi
having larger Born effective charges than Sb. Furthermore,
the lone-pair electrons of Bi create more prominent folds and
z-direction displacements. Consequently, the positive internal-
strain term of Bi is much larger than that of Sb, dominating the
piezoelectric coefficient. In contrast, the piezoelectric coeffi-
cient of Sb is dominated by the negative clamped-ion term.
This work provides valuable insights into the piezoelectric
mechanism of Sb and Bi monolayer materials and potential
applications in nanodevices using their anomalous electrome-
chanical response.
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