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Binary nitride semiconductors have important applications in the industrial and technological fields. In this
work, based on the recently reported metastable Pca21 phase of SbN, we investigated its structural stability,
ferroelectric, dielectric, and piezoelectric properties using first-principles calculations. Our results indicate
that the metastable SbN can be stabilized with a small hydrostatic pressure. Furthermore, we theoretically
confirmed the presence of ferroelectricity in SbN, driven by stereochemically active Sb3+ 5s2 lone pair electrons.
The estimated polarization value is close to that of traditional PbTiO3. Moreover, SbN exhibits anisotropic
dielectric constants, particularly in the ionic contribution part, primarily arising from the distinct mode-effective
charges along different directions. In addition, SbN also exhibits a large d33 piezoelectric response, which is
approximately four times larger than that of wurtzite-type AlN. The large d33 value is originated from the
enhanced sensitivity of the atomic coordinates to the external strain du3

dη3
and softening of the elastic constant

C33. Therefore, our study provides meaningful theoretical guidance for the future experimental synthesis of
stable binary nitride semiconductors and their device applications.

DOI: 10.1103/PhysRevB.108.174110

I. INTRODUCTION

Nitride materials have become increasingly important in
the 21st century due to their crucial applications in indus-
trial and technological fields. They possess unique bonding
characteristics that result in electronic structures ranging from
metallic to semiconducting, making them highly versatile
in a wide range of applications. These applications include
solar cells [1], light-emitting diodes (LEDs) [2], photocat-
alysts [3], power electronics [4,5], superconductors [6,7],
piezoelectric materials [8,9], and so on. In the past decade,
there has been increased focus on developing new ternary ni-
tride semiconductors, including ZnSnN2, ZnGeN2, CaZn2N2,
Zn2SbN3, and Mg3SbN [10–13]. More recently, LaWN3, a
nitride perovskite material with polar symmetry, was success-
fully synthesized through experiments, exhibiting a strong
piezoelectric response of 40 pm/V [14–16]. Compared to the
widely developed ternary nitrides, binary nitride semicon-
ductors are currently mostly limited to Group III nitrides in
the wurtzite structure, particularly GaN and AlN, as well as
their alloys such as AlxGa1−xN, InxGa1−xN, ScxAl1−xN. Al-
though GaN and AlN are crucial materials for key components
in fifth-generation (5G) telecommunication technology and
fourth-generation (4G) wireless networks, their development
still faces some challenges. For examples, GaN is currently
limited by the lack of high-quality bulk substrates required

*gtang@bit.edu.cn
†hongjw@bit.edu.cn

for vertical devices as well as its lower thermal conductiv-
ity [5]. AlN exhibits a low piezoelectric response, with d33

values ranging from 4.50 to 6.40 pC/N [17]. Although the
piezoelectric response can be improved by doping Sc in AlN,
it is difficult to achieve a uniform distribution of Sc in AlN
at high alloy content [18]. More importantly, undoped binary
Group III-nitride materials usually lack ferroelectric proper-
ties. Therefore, it is highly desired for exploring new polar
binary nitride semiconductors.

Recently, a new binary nitride, antimony nitride (SbN),
has been synthesized as a transition phase. Based on exper-
imental results by Andriy Zakutayev et al., it was revealed
through in situ x-ray diffraction monitoring that a transient
Sb-N phase formed during the rapid thermal annealing pro-
cess at 500 °C and lasting for 17 s [19]. The observed phase is
related to their predicted ground-state structure of SbN, based
on the kinetically limited minimization approach. In contrast
to binary Group III-nitrides, the crystal structure of SbN is
characterized by space group Pca21 (No. 29), which belongs
to the C2v point group, one of the ten polar point groups. It
is suggested that SbN displays piezoelectric properties and
may also exhibit ferroelectric properties. However, SbN is
currently in a metastable phase, and its properties cannot be
fully characterized through experimental means alone. There-
fore, further theoretical research is required to investigate its
structural stability, as well as the ferroelectric, dielectric, and
piezoelectric properties of SbN.

In this work, we first examined the structural properties and
stability of the polar phase SbN, then systematically investi-
gated its ferroelectric, dielectric, and piezoelectric properties
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through first-principles calculations. Our calculations reveal
the distorted coordination environment in SbN, along with the
distinct atomic arrangement along the three crystallographic
axes. Furthermore, the reported SbN phase can be effectively
stabilized either at a temperature of 300 K or under a hy-
drostatic pressure of 1 GPa. Based on the pressure-stabilized
structure, our results demonstrate a remarkable spontaneous
polarization greater than 70 µC/cm² in SbN, driven by the
presence of occupied 5s² lone pair electrons in the low-valent
Sb³+ state. Moreover, SbN exhibits anisotropic dielectric
properties, with a particularly small ion dielectric constant of
ε

yy
ion = 1.31 along the layered direction. Finally, our investi-

gation reveals a significantly enhanced piezoelectric response
in SbN, with a d33 value of 20.27 pC/N, surpassing that of
wurtzite-type AlN (5.44 pC/N).

II. METHODS

All calculations were performed with the Vienna Ab initio
Simulation Package (VASP) based on the density functional
theory (DFT) and the projector augmented wave method [20].
The strongly constrained and appropriately normed (SCAN)
functional was chosen for structural relaxations and total
energy calculations [21]. The valence electronic configura-
tions for the pseudopotentials are as follows: 5s25p3 for Sb
and 2s22p3 for N. The plane-wave cut-off energy was set to
450 eV. The �-centered 4 × 4 ×5 k-point meshes were em-
ployed for sampling the Brillouin zone. The lattice parameters
and atomic positions were fully relaxed until the energy differ-
ence is less than 10−8 eV, and the force on each atom is smaller
than 10−3 eV/Å. The Heyd-Scuseria-Ernzerhof (HSE) hybrid
functional was employed to calculate density of states (DOS)
and band structure [22]. The spin-orbit coupling was not taken
into account in this study owing to its negligible influence
on the electronic band structure of SbN. The elastic stiffness
tensors were calculated using the strain-stress relationship
with finite differences implemented in the VASP code. The
Voigt-Reuss-Hill approximation [23–25] was used to esti-
mate the bulk modulus, shear modulus, Young’s modulus,
and Poisson’s ratio. The dielectric tensors and piezoelectric
stress tensors were obtained using the density functional per-
turbation theory method [26,27]. Chemical bonding analysis
within the framework of the crystal orbital Hamilton popu-
lation (COHP) was performed using LOBSTER [28,29]. The
phonon dispersion was calculated using the PHONOPY code
with a 2 × 2 × 2 supercell based on the frozen-phonon method
[30]. The room-temperature phonon spectrum was obtained
by considering anharmonic phonon–phonon interactions with
the temperature-dependent effective potential code [31,32].

FIG. 1. Crystal structure of SbN along the (a) ab plane and (b)
bc plane.

The ab initio molecular dynamics (AIMD) simulations were
performed with a 3 × 3 × 3 supercell at an energy cutoff of
500 eV using the SCAN functional. The AIMD simulations
were carried out in the canonical (NVT) ensemble at 300
K. The total simulation time was 6 ps with a time step of 3
fs. The structures were visualized using VESTA software [33].
The Bilbao Crystallographic Server was used for group theory
analyses [34,35].

III. RESULTS AND DISCUSSION

A. Structure properties and stability

According to previous studies [19], the ground-state struc-
ture of SbN belongs to the noncentrosymmetric orthorhombic
phase with a Pca21 (No. 29) space group, as shown in Fig. 1.
It can be seen that SbN exhibits layered features along the b
axis, with armchairlike chains along the a axis and zigzaglike
chains along the c axis, resembling the typical black phospho-
rus. Each Sb (N) atom is surrounded by three nearest neighbor
N (Sb) atoms at nonequidistant distances (2.06–2.09 Å). This
distinct atomic arrangement along the three crystallographic
axes results in highly anisotropic properties. The lattice pa-
rameters of SbN optimized using SCAN functionals are a =
5.465 Å, b = 5.852 Å, c = 5.100 Å, which shows the best
consistency with previous reports (see Table I and Table S1
in the Supplemental Material [36]). The average Sb-N bond
lengths are 2.068 Å and the average Sb-N-Sb bond angles are
111.9 degrees.

To understand the reasons behind the existence of three
inequivalent Sb-N bonds, we investigated the expression of
Sb 5s2 lone pair electrons. These 5s2 lone pair electrons
have garnered significant interest in three-dimensional tin
halide perovskites [37–39] and low-dimensional emissive
metal halides [40]. Figure 2 illustrates the electron localiza-
tion function (ELF) and the COHP. From Fig. 2(a), it can
clearly be seen that the high values of the isosurface and the
asymmetric spherical electron localization around the Sb atom
are directly linked to its 5s2 lone pair electrons [41]. In the

TABLE I. The optimized structural parameters of SbN at 0 GPa (denoted as SbN@0) and 1 GPa (denoted as SbN@1), including lattice
constants a/b/c, volume V , average Sb-N bond length d and average Sb-N-Sb bond angle θ . For comparison, the literature results are also
provided.

a (Å) b (Å) c (Å) V (Å3) dSb-N (Å) θSb-N-Sb (deg)

SbN@0 5.465 5.852 5.100 163.12 2.068 111.9
SbN@1 5.369 5.678 5.042 153.69 2.068 111.3
SbN (Ref.33) 5.4387 5.8249 5.0854 − − −
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FIG. 2. (a) 2D schematic diagram of the electron localization
function (ELF) for SbN@0, the isosurface level is 1.03 e/bohr3.
(b)1D profile of ELF value for SbN. (c) crystal orbital Hamilton
population (COHP) of Sb-N bonds.

nonnuclear interaction region [as depicted in Fig. 2(b)], the
presence of maximum values (> 0.8) of ELF signifies the for-
mation of strong covalent bonds between the Sb and N atoms
[42]. By combing the projected density of states (PDOS) (see
Fig. S1 in the Supplemental Material [36]) and Fig. 2(c), it
is evident that the Sb 5s states exhibit a strong hybridization
with filled N 2p states in the valence band, resulting in the
formation of bonding and antibonding states positioned at the
lower and upper valence band, respectively. The latter is fur-
ther stabilized by mixing with unoccupied Sb 5p states, giving
rise to a high-energy occupied antibonding “midgap” state
located above the N 2p states within the valence band [43].
Meanwhile, the presence of lone pair electrons also raises
the valence band maximum. Consequently, SbN exhibits a
relatively small band gap of 2.19 eV, which is significantly
lower compared to AlN (6.2 eV) and GaN (3.4 eV) [44,45].
The occurrence of s-state feature in SbN is similar to the
stereochemically active lone pair effects observed in other
semiconductor materials such as SnS and PbO [46,47]. This is
also consistent with the revised lone pair model proposed by
Walsh et al. [48]. Based on our analysis, it is suggested that
the energy difference between the Sb 5s states and N 2p states
is relatively small, enabling the formation of stereochemically
active lone pair electrons. The stereochemically activity of the
Sb 5s2 lone pairs is responsible for the distorted coordination
environment in SbN.

Considering the experimental synthesis of a metastable Sb-
N phase appearing at 500 °C and lasting for 17 s [19], we first
evaluated the thermodynamic stability of Pca21 phase SbN by
calculating the energy above the convex hull (Ehull) relative
to decomposition products. The Ehull value of SbN is 0.172
eV/atom, aligning well with the data reported by the Materials
Project (0.17 eV/atom) [49,50]. Although slightly exceeding
the stringent threshold of 0.1 eV/atom, it remains below 0.2

FIG. 3. Phonon dispersion curves of SbN. (a) At 0 GPa, with the
red line representing 0 K and the blue line representing 300 K. (b) At
1 GPa and 0 K.

eV/atom, generally considered an acceptable range and also
used as a criterion in relevant literature [51,52]. Moreover,
recent studies [52,53] on metastable nitride semiconductors
have demonstrated the efficacy of nonequilibrium synthe-
sis mechanisms for stabilizing thermodynamically metastable
phases. Molecular dynamics simulations and Helmholtz free
energy calculations further confirm the thermodynamic sta-
bility of the Pca21 structure at finite temperatures (see Fig. S2
and S3 in the Supplemental Material [36]).

Next, we further investigated the lattice dynamical stability
of Pca21 phase SbN. As shown in Fig. 3(a), the presence of
imaginary frequencies in the phonon spectrum, particularly
at the X point (0.5 0 0) and Y points (0 0.5 0), suggests
that the Pca21 structure is dynamically unstable at 0 K. To
stabilize these unstable modes, we displaced the atoms based
on the force constant eigenvectors and generated several sub-
group structures. Each of the obtained subgroup structures
was then fully relaxed. After comparing the total energies of
all the subgroup structures, we found that the Pc structure
(see Fig. S4 [36]), obtained by simultaneously freezing the
unstable phonon modes at the X and Y points, exhibits the
lowest average energy per atom. Unfortunately, the existence
of imaginary frequencies in the phonon spectra of Pc struc-
ture indicates that it was still dynamically unstable (see Fig.
S5 [36]). Therefore, we further performed room temperature
phonon spectrum calculation. The complete elimination of
imaginary frequencies in the curves (see the blue line in Fig. 3)
indicates the stability of SbN at 300 K. Additionally, we also
applied a hydrostatic pressure strategy to successfully stabi-
lize the unstable phonon modes in the original Pca21 structure
at 0 K. After applying a hydrostatic pressure of 1 GPa to the
Pca21 structure, the phonon spectra of pressurized structure
(see Table I) only exhibit the negligible imaginary frequencies
near the � point, indicating its dynamic stability at 0 K [see
Fig. 3(b)]. In the following discussion, we will mainly focus
on the various properties of SbN structure at 1 GPa.

B. Ferroelectric properties

First, we identified the high-symmetry nonpolar crystal
structure of SbN utilizing the PSEUDO tool from the Bilbao
Crystallographic Server [54]. Starting from the low-symmetry
polar structure of SbN (space group Pca21), there are four
centrosymmetric structures: Pcca, Pbcm, Pbcn, and Pbca.
Among these structures, the Pbcm phase exhibits the small-
est atomic displacement relative to the ferroelectric Pca21
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FIG. 4. Crystal structure of SbN in Pbcm phase (nonpolar) along
the (a) ab plane and (b) bc plane. (c) The Kohn-Sham energy plotted
as a function of �−

2 . The inset shows a schematic representation
of the atomic displacement eigenvectors for the �−

2 mode. (d) The
polarization as a function of normalized displacement λ, with the
centrosymmetric structure at λ = 0 and the polar structure at λ = 1.
The ELF of ferroelectric (e) and paraelectric (f) phases of SbN@1.
The isosurface level is set to 0.95 e/bohr3.

phase, as shown in Figs. 4(a) and 4(b). According to group
theoretical analysis [55], there is only one phonon mode that
transforms according to the irreducible representation �−

2 ,
which connects the prototypic Pbcm phase to the ferroelectric
Pca21 phase. By examining the �−

2 mode, it is revealed that
the dipole moment is induced by the displacement of Sb
cations and N anions in opposite directions along the c axis, as
shown in Fig. 4(c). The computed double-well potential [see
Fig. 4(c)] confirms the relative stability of the ferroelectric
Pca21 phase over the nonpolar Pbcm phase. The ferroelectric
switching barrier of the Pca21 phase SbN@1 is calculated
to be 0.43 eV/f.u., similar to that of BiFeO3 (0.43 eV/f.u.),
and lower than that of β-CuGaO2 (0.90 eV/f.u.) [56]. This
indicates that ferroelectric switching is possible in SbN@1.

The calculated spontaneous polarization values utilizing
the Berry phase approach based on the modern theory of
polarization [57], by interpolating between the nonpolar Pbcm
phase (λ = 0) and the ferroelectric Pca21 phase (λ = 1), are
shown in Fig. 4(d). The total polarization value for SbN@1 is
determined to be 93.68 µC/cm2 along the [0 0 1] direction. To
consider the influence of the functional on the stereochemical
expression of the Sb 5s2 lone pair, we also performed hybrid
functional (HSE06) [22] calculations to optimize the structure
and calculate the ferroelectric polarization in SbN. The calcu-
lated polarization value in SbN is 95.81 µC/cm2. Therefore,

TABLE II. The ionic (εion) and electronic (ε∞) contributions to
the static dielectric constant (εstd) for the SbN@0 and SbN@1. For
comparison, the literature results are also provided.

εxx
ion ε

yy
ion εzz

ion εxx
∞ ε

yy
∞ εzz

∞ εxx
std ε

yy
std εzz

std

SbN@0 3.77 0.99 5.28 7.28 5.64 7.87 11.05 6.63 13.15
SbN@1 3.98 1.31 5.86 7.85 6.56 8.49 11.83 7.88 14.34
AlNa 3.58 3.58 3.42 4.64 4.64 4.40 8.22 8.22 7.82
GaNa 3.81 3.81 3.73 5.87 5.87 5.69 9.68 9.68 9.42

aSee Ref. [69].

the choice of functional does not severely impact the result.
In addition, we also estimated the polarization value (76.61
µC/cm2) of SbN@1 by multiplying the Born effective charges
(BECs, see Table S2 [36]) by their atomic displacements
relative to the Pbcm phase. This is smaller than the value ob-
tained from the Berry phase approach, indicating a substantial
electronic charge redistribution [58]. Such significant discrep-
ancies between the two methods have also been observed in
previous studies on ferroelectric materials CsGeCl3 [58] and
SrBiNbSe5 [59]. The calculated polarization value in SbN@1
is comparable to well-known ferroelectrics: such as LiNbO3

(∼71 µC/cm2) [60,61], PbTiO3 (∼90 µC/cm2) [16,62] and
LaN (∼60 µC/cm2) [63]. However, the polarization value of
SbN@1 is slightly smaller compared to III-V semiconduc-
tor based ferroelectrics (i.e., PAl0.73Sc0.27N = 110 µC/cm2 [64]
and PAl0.94B0.06N = 130 µC/cm2 [65]). Since the Born effective
charges of Sb3+ (3.32 e) and N3− (−3.32 e) along the c axis
are only slightly larger than their normal charges (see Table
S2 [36]), we attribute the large ferroelectric polarization in
SbN@1 primarily to a large polar displacement arising from
the lone pair electron effect.

Furthermore, we calculated the three-dimensional ELF of
the ferroelectric and paraelectric phases of SbN@1 to inves-
tigate its ferroelectric origin, which may be potentially driven
by the stereochemically active Sb 5s2 lone pair. As show
in Fig. 4(e), in the paraelectric structure, the local dipoles
from 5s2 lone pairs are fully compensated along the adjacent
Sb-N chains. In contrast, the ELFs of the Sb3+ ion exhibit
nonopposing distributions along the neighboring Sb-N chains,
resulting in an uncompensated dipole along the c axis in the
ferroelectric phase [Fig. 4(f)]. Therefore, these results con-
firms that the 5s2 lone pair of Sb3+ ion is a strong driving
force of ferroelectricity. The driving mechanism is similar to
the recently reported ferroelectric Bi6O9 [66].

C. Dielectric properties

Table II presents the static dielectric constants of SbN@0
and SbN@1. For SbN@1, the calculated dielectric constants
are εxx

std = 11.83, ε
yy
std = 7.88 and εzz

std = 14.34. These val-
ues exhibit strong anisotropy related to the orthorhombic
symmetry and distinct atomic arrangement along the three
crystallographic axes. Notably, the dielectric constant along
the b direction (εyy

std) is significantly smaller than that in the
ac plane (εxx

std and εzz
std), indicating that SbN@1 possesses

anisotropic screening capabilities for charged impurities and
defects [67]. Furthermore, it is worth mentioning that the elec-
tronic contribution to the dielectric constant (ε∞) of SbN@1 is
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TABLE III. Elastic constants and mechanical properties including bulk modulus (B), shear modulus (G), Young’s modulus (E ), and
Poisson’s ratio (ν) of SbN@0 and SbN@1. For comparison, the literature results are also provided.

Cij (GPa) BV RH GV RH E

C11 C22 C33 C44 C55 C66 C12 C13 C23 (GPa) (GPa) (GPa) υ

SbN@0 50.6 19.3 87.5 4.0 49.4 1.5 0.9 −11.6 3.5 14.0 30.3 13.3 0.14
SbN@1 62.3 38.7 90.2 4.6 52.9 1.7 4.6 −7.5 7.3 21.5 36.4 14.9 0.22
AlNa 407.6 − 386.8 128.4 − − 128.8 93.5 − 203 137.8 337.3 0.22
GaNa 334.6 − 385.7 93.8 − − 113 76.3 − 176 110.4 274.1 0.24

aSee Ref. [73].

larger than that of III-V nitride semiconductors AlN and GaN,
which can be attributed to the smaller band gap of SbN@1
relative to AlN and GaN [68]. On the other hand, compared to
AlN and GaN, the ionic contribution to the dielectric constant
(εion) of SbN@1 is markedly smaller along the b axis, but
significantly larger along the c axis.

To understand the anisotropic εion in SbN, we examined the
contribution of individual phonon modes to εion. The mode-
dependent dielectric permittivity tensor [70,71] is given as

εion
αβ (ωλ) = Z̄*

λαZ̄*
λβ

V ε0m0ω
2
λ

, (1)

where V is the volume per unit cell, m0 = 1 a.m.u., ε0 is the
permittivity of the free space, and Z̄∗

λα is the mode-effective
charge along the α-Cartesian direction for the λth phonon
mode, which can be calculated from the atomic Born effective
charges as

−
Z ∗

λα =
∑

iγ

Z∗
iαγ (

√
m0/mivλiγ ), (2)

in which Z∗
i is the Born effective charge tensor for atom i,

mi is its atomic mass and vλiγ is the normalized component
of phonon eigenvector for mode λ on atom i along the γ

Cartesian direction. According to Eqs. (1) and (2), the magni-
tude of εion is governed by the mode-effective charge, infrared
(IR)-active optical phonon frequency, and the total number of
vibrational modes.

Based on the structure symmetry and group-theoretical
analysis, SbN possesses 21 optical modes, of which 15 (�IR =
5A1 + 5B1 + 5B2) are IR active. Figure 5 illustrates the rel-
ative contribution of each IR mode to the ionic dielectric
response along the three principal axes for SbN@1. It can be
seen that εxx

ion, ε
yy
ion, and εzz

ion are primarily contributed by the
IR mode at 16–19 THz, with a secondary dominant IR mode
at 8–11 THz. These optical modes mainly correspond to the
motions of N atom. In the case of εxx

ion, the IR mode at ωλ =
18.29 THz contributes the most to the ionic response. For
ε

yy
ion, the most prominent mode has a frequency of 18.89 THz.

Regarding εzz
ion, the dominant mode is located at 16.83 THz.

According to Eq. (1), the magnitude of ωλ partially explains
why ε

yy
ion is the smallest and εzz

ion is the largest. However, it does
not fully account for the observed strong anisotropy. Next, we
further analyzed the mode-effective charges. It can be found
that the mode-effective charges of the dominant IR modes in
εxx

ion (−1.608 e) and εzz
ion (−1.756 e) are approximately twice

as large as those of the dominant IR modes in ε
yy
ion (−0.816 e).

Therefore, the mode-effective charges are the key factors

determining the pronounced anisotropy in εion observed in
SbN@1.

D. Mechanical properties

Based on the orthorhombic symmetry of SbN, nine inde-
pendent elastic constants were obtained, as shown in Table III.
These constants fulfill the criteria for mechanical stability
[72]. C11, C22, and C33 measure the resistance to linear com-
pression along the crystallographic a, b, and c directions.
From Table III, the trend of the principal elastic constants
in SbN@1 being C33 > C11 > C22 can be well understood
in light of the sequence of their three lattice constants (c <

a < b). This implies that in terms of uniaxial strains, the
crystal exhibits its highest compressibility when the applied
stress is oriented along the b direction, and its lowest com-
pressibility when the stress is applied along the c direction.

FIG. 5. Phonon mode contributions to the ionic part of the low-
frequency dielectric tensor for SbN@1. The abscissa indicates the
phonon frequencies. The second column pictures show atomic mo-
tions for the dominant mode in each direction: for εxx

ion, 18.29 THz;
for ε

yy
ion, 18.89 THz; for εzz

ion, 16.83 THz.
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FIG. 6. Two-dimensional (2D) projection in polar coordinates in the (a) (001), (b) (010), and (c) (100) planes of the Young’s modulus E
of SbN@1.

This phenomenon can be attributed to the weak van der
Waals interaction along the b direction, which greatly reduces
the stiffness of the crystal. Meanwhile, the shear stiffness
constants associated with the layered direction (i.e., C44 =
4.6 GPa and C66 = 1.7 GPa) also exhibit notably smaller
values compared to the nonlayered directions (i.e., C55 =
52.9 GPa). This implies a very weak resistance to shear in the
(100) and (001) planes.

Based on the obtained elastic stiffness matrix Cij, we have
also calculated the values of the bulk modulus (B), shear mod-
ulus (G), and Young’s modulus (E ), which are determined to
be 21.5, 36.4, and 14.9 GPa, respectively. These values are
significantly smaller compared to the corresponding values
of III-V nitride semiconductors, such as AlN and GaN (see
Table III), although the absolute ICOHP values for the Al-N
and Ga-N bonds are 4.90 eV and smaller than that of the Sb-N
bond at 5.27 eV. This suggests the difference in mechanical
properties is more likely attributed to the stacking pattern
of the crystal structure. The Pugh’s ratio, which is the ratio
between the bulk modulus, B, and the shear modulus, G (i.e.,
B/G), serves as an indicator of the ductility or brittleness of a
material. According to the literature [74,75], the critical value
separating ductile and brittle materials is 1.75. In the case of
SbN@1, its Pugh’s ratio is below 1.75, indicating that it ex-
hibits a brittle nature. Finally, the directional Young’s modulus
E (θ ) of SbN@1 are displayed in Fig. 6. The Young’s modu-
lus E projections on the (100) and (001) planes are highly

anisotropic and reach the maximum value at 0 degree. This
can be well understood from the layered nature of SbN@1
along the b direction.

E. Piezoelectric properties

In the case of SbN, the piezoelectric-stress have five in-
dependent elements, namely e31, e32, e33, e24, and e15. Their
calculated values for SbN@0 and SbN@1 are listed in Ta-
ble IV. When the strain or shear strain is applied along the
b direction, the piezoelectric stress constants exhibit negative
values (i.e., e32 = −0.075 C/m2 and e24 = −0.015 C/m2).
This can be attributed to the relatively weak van der Waals
interaction along the layered direction [76]. All other piezo-
electric stress constants, namely e31, e33, and e15, exhibit
positive values with the same sign. Among them, e33 exhibits
the largest magnitude (e33 = 1.695 C/m2 for SbN@1). Fur-
thermore, the e33 values of SbN@1 surpasses those of III-V
nitride semiconductors, such as AlN (1.498 C/m2) and GaN
(0.73 C/m2).

To have a deeper insight, we decompose e33 into two con-
tributions:

e33 =eclamp
33 +

∑

κ

eint
33 (κ ) = eclamp

33 + c

�

∑

β,κ

Z∗
3β (κ )

duβ (κ )

dη3
.

(3)
The first term is the clamped-ion or homogeneous strain

contribution to the piezoelectric tensor and it mainly arises

TABLE IV. The calculated stress and strain piezoelectric strain constants of SbN@0 and SbN@1. For comparison, the literature results are
also provided.

eij (C/m2) dij (pC/N)

e31 e32 e33 e24 e15 d31 d32 d33 d24 d15

SbN@0 0.507 −0.050 1.451 −0.005 0.073 14.43 −6.72 18.77 −1.35 1.47
SbN@1 0.493 −0.075 1.695 −0.015 0.097 10.88 −7.09 20.27 −3.35 1.84
AlNa −0.685 − 1.498 − −0.327 −2.76 − 5.44 − −2.91
GaN −0.49b − 0.73b − −0.40b −1.70c − 3.40c − −3.10c

aSee Ref. [77].
bSee Ref. [78].
cSee Ref. [79].
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TABLE V. Born effective charges (Z∗
33) (|e|), du3

dη3
, internal-strain

eint
33 (C/m2) for the atoms of each class, total internal-strain eint

33 (total)
(C/m2), clamped-ion eclamp

33 (C/m2), and total e33 (C/m2).

Materials atom Z∗
33

du3
dη3

eint
33 eint

33 (total) eclamp
33 e33

SbN Sb 3.321 0.195 1.36 2.720 −0.880 1.840
N −3.321 −0.195 1.36

w-AlNa Al 2.680 0.093 0.94 1.880 −0.423 1.457
N −2.678 −0.093 0.94

w-GaNb − − − − 1.5 −0.95 0.6

aSee Ref. [9].
bSee Ref. [80].

from the electronic contribution. The second term represents
the contribution from the internal relaxation of ions. Here κ la-
bels the atom within the primitive unit cell with volume �; Z∗
is the Born effective charge, and duβ (κ ) is the fractional co-
ordinate of the κth-atom along the β direction of the unit cell.
Table V provides the individual atomic contributions to the
internal strain (eint

33 ) term. The disparity in eint
33 values between

SbN@1 and AlN can be attributed primarily to the variation
in du3

dη3
, which quantifies the response of the κth atom’s internal

coordinate along the c direction (u3) to a macroscopic strain
(η3). Notably, SbN@1 exhibits twice the du3

dη3
value compared

to AlN. Furthermore, the larger Born effective charge Z∗
33 of

SbN@1 also contributes to this discrepancy. Consequently,
these factors together contribute to a higher e33 value in
SbN@1 compared to AlN, even though SbN@1 possesses a
larger primitive cell volume � and a more negative eclamp

33 . On
the other hand, the lower e33 value in GaN, in comparison
to AlN and SbN@1, can be attributed to a combination of a
smaller eint

33 and a more negative eclamp
33 .

Based on the obtained piezoelectric stress constants eik and
elastic stiffness constants Ck j , the corresponding piezoelectric
strain constants di j can be determined as follows:

di j =
6∑

k=1

eikSk j, (4)

where Sk j is the elastic compliance matrix (Sk j = (Ck j )−1).
All of the subscripts in the piezoelectric and elastic constants
are given in Voigt notation. The values of di j for SbN@1 are
presented in Table IV. It is evident that d31 (10.8 pC/N), and
d33 (20.27 pC/N) exhibit favorable piezoelectric response. In
particular, the calculated d33 value is approximately four times
higher than that of AlN (5.44 pC/N) and even comparable to
ScxAl1−xN (27.6 pC/N) [81,82].

To clarify the significant difference in d33 between SbN@1
and AlN, we further delved deeper into the reasons by an-
alyzing Eq. (4). For SbN@1 with the Pca21 phase, the
piezoelectric strain tensor component d33 can be expressed as
d33 = e31S13 + e32S23 + e33S33. However, the combined con-
tribution of the first two terms is relatively small, accounting
for less than 5% of the total value of d33. Therefore, the pre-
dominant factor influencing d33 is the interaction between e33

and S33, which is approximately given by e33/C33. Previous
studies [83,84] have estimated the value of d33 for AlN as

e33/C33. In our calculation, the value of S33 for SbN is mea-
sured to be 0.0114 GPa−1, which is approximately four times
larger than that of AlN (0.0026 GPa−1). Such large difference
in d33 values can be attributed to the softening of the elastic
constant C33 in SbN compared to AlN.

Finally, we evaluated the electromechanical coupling co-
efficient ki j of SbN@1, which reflects the efficiency of
energy conversion for piezoelectric materials. Interestingly,
the value of ki j for SbN@1 (k33 = 0.53) is larger compared
those of typical inorganic piezoelectric materials such as
ZnO (k33 = 0.41) and BaTiO3 (k33 = 0.35) [85]. Therefore,
SbN@1 shows promise for applications in piezoelectricity.

IV. CONCLUSION

In summary, we have systematically investigated the struc-
tural, ferroelectric, dielectric, and piezoelectric properties of
SbN with Pca21 space group using the first-principles cal-
culations. Our calculations indicate that the stereochemically
active 5s² lone pair electrons in the low-valent Sb³+ state
lead to the distorted coordination environment in SbN. This
is evidenced by the analyses of the PDOS, the COHP, and the
ELF. After increasing the temperature to 300 K or applying a
hydrostatic pressure of 1 GPa, the metastable SbN can be ef-
fectively stabilized. Furthermore, the pressure-stabilized SbN
exhibits a spontaneous polarization greater than 70 µC/cm²
along with a moderate switching barrier of 0.43 eV/f.u. be-
tween the ferroelectric and paraelectric state. The Sb3+ 5s2

lone-pair electrons play a crucial role in driving ferroelectric-
ity by breaking the symmetry of the crystal and inducing the
large polar displacements. Moreover, SbN exhibits anisotropic
dielectric constants, particularly in the ionic contribution part
(εxx

ion = 3.98, ε
yy
ion = 1.31 and εzz

ion = 5.86), primarily arising
from the distinct mode-effective charges along different direc-
tions (Z̄∗

11 = −1.608 e, Z̄∗
22 = −0.816 e, and Z̄∗

33 = 1.756 e).
Finally, the calculated d33 value in SbN (20.27 pC/N) is
approximately four times higher than that of AlN (5.44 pC/N)
and even comparable to ScxAl1−xN (27.6 pC/N). This en-
hancement can be attributed to the higher sensitivity of the
atomic coordinates to the external strain du3

dη3
in SbN (±0.195)

compared to AlN (±0.093), as well as the softening of the
elastic constant C33 in SbN (90 GPa) compared to AlN
(386.8 GPa). Our results suggest that SbN hold potential for
applications in the fields of ferroelectricity and piezoelectric-
ity, highlighting a potential new avenue for exploring polar
binary nitride semiconductors.
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