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The nitride perovskite family has attracted widespread attention since the experimental synthesis of polar
nitride perovskite LaWN3. In this work, we investigated the ferroelectric, dielectric, and piezoelectric properties
of two nitride perovskites CeBNj3 (B> = Nb, Ta) using the first-principles calculation. Our results show that
the polarization values of CeNbN; (CNN) and CeTaN; (CTN) approach those of typical perovskites LiNbO3
and BaTiOs, respectively. Interestingly, the A-site cation contributes significantly to the polarization of CNN and
CTN, despite the lack of lone pair electrons in Ce**. In addition, CTN and CNN exhibit unusually large static
dielectric constants (>220) along the x direction, much larger than the y and z directions. This strong anisotropy
primarily stems from the dominant infrared-active mode having a lower frequency or larger mode-effective
charges along the x direction relative to the other two directions. Finally, we found both CTN and CNN have
a comparatively large shear piezoelectric coefficient doy over 70 pC/cm?. Our research provides insights for
understanding the origin of ferroelectricity in nitride perovskites and their potential piezoelectric applications.
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I. INTRODUCTION

Perovskite semiconductors have attracted extensive re-
search interest in numerous fields due to their widely tunable
components and diverse properties [1—4]. For example, the
ferroelectric [3,5], piezoelectric [6], magnetic [7], multiferroic
[8], and superconducting [9] properties of oxide perovskites
ABOj; have led to their extensive research and application in
many technological fields over the past century [3,10]. The
excellent optoelectronic properties of halide perovskites ABX3
(X = Cl, Br, I) make them ideal candidates for a variety of
applications such as solar cells, light-emitting diodes, and
detectors over the past decade [11-13]. Thus, the discovery
of new types of perovskite materials will lead to a revolution
in many fields, which is of great importance to the scientific
and commercial communities.

In the last few years, many computational and experi-
mental efforts have been devoted to the discovery of nitride
perovskites, due to the importance of nitride semiconductors
in the communication and information area [4,14-16]. For
example, Sarmiento-Perez et al. screened 21 thermodynami-
cally stable ABN3, including LaReN3;, LaWN3, and YReN3,
based on a combination of high-throughput techniques and
global structural prediction methods [15]. Ha et al. predicted
the two unknown metallic compounds CeWN3; and CeMoN3
using a thorough ab initio computational screening of ternary
nitride perovskites [16]. Subsequently, KloB et al. reported
the preparation of a metallic nitride perovskite LaReNj
through azide-mediated oxidation at high pressure [17]. And

“gtang @bit.edu.cn
fhongjw @bit.edu.cn

2469-9950/2024/109(11)/115125(9)

115125-1

Talley et al. successfully synthesized and characterized a
polar nitride perovskite LaWN; with a large piezoelectric
response (40 pm/V) [4]. Very recently, Sherbondy er al. ex-
perimentally realized two metallic nitride perovskites CeWN3
and CeMoNj3; using subsequent thin film growth techniques
[18]. It is noteworthy that the oxide states of cations are
A3* and B®* in these experimentally reported ABN3. Theo-
retical efforts have attempted to explore other combinations
(e.g., A**/B>) of oxidation states to discover new nitride
perovskites. For example, Ha et al. recently identified two
compounds ABN3 (A*" = Ce and B>* = Nb, Ta) with suit-
able band gaps through computational screening [16]. They
systematically investigated the thermodynamical and dynam-
ical stability, electronic properties, and optical absorption of
CeTaN3; (CTN) and CeNbNj3 (CNN), indicating their potential
as solar cell absorbers. However, their other properties that
are also critical for photovoltaic applications (e.g., dielectric
constants, ferroelectric properties) are largely unknown at
present.

In this work, we present a detailed study of the fer-
roelectric, dielectric, and piezoelectric properties of nitride
perovskites CeBN3; (B> = Nb, Ta) with polar symme-
try using first-principles calculations. Our results show
that the spontaneous polarization of CTN (CNN) is 29.18
(59.68) uC/cm?. Interestingly, the A-site cation contributes
significantly to the polarization of CNN and CTN, despite
the absence of lone pair electrons in Ce**. In addition, we
obtained the large static dielectric constant of CNN and CTN
along the x direction of 226 and 381, respectively, much larger
than the y and z directions. This pronounced anisotropy is pri-
marily attributed to the fact that the dominant infrared-active
mode exhibits a lower frequency or larger mode-effective
charges along the x direction compared to the other two
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directions. Finally, we found that CTN and CNN have
comparatively large shear piezoelectric coefficient dps over
70 pC/cm?, which is approximately 1.75 times greater than
the experimentally measured ds3 value of LaWN3.

II. COMPUTATIONAL DETAILS

All calculations were carried out in the framework of den-
sity functional theory (DFT) as implemented in the Vienna
Ab initio Simulation Package (VASP) code [19]. The electron
exchange-correlation effects were chosen by the generalized
gradient approximation (GGA) with Perdew-Burke-Ernzerhof
functional (PBE) [20]. Since both CeNbN3; and CeTaN3 con-
tain f-electron elements, we employed the HSEO6 functional
to calculate the density of states (DOS) [21,22]. Energy con-
vergence can be further confirmed by using a cutoff energy
of 520 eV. The k-point grid with a reciprocal space res-
olution of 0.02A~" was employed for lattice optimization
[23]. The lattice parameters and atomic positions were fully
relaxed until the energy difference was less than 107% eV,
and the force on each atom was smaller than 1073 eV/A.
Chemical bonding analysis within the framework of the in-
tegrated crystal orbital bond index (ICOBI) was performed
using LOBSTER [24-26]. The calculation of P, took into
account the deviation of each ion in the unit cell from the
centric reference phase and its rigid core’s nominal charge. On
the other hand, the electronic contribution P,;. was calculated
using the Berry phase approach, which properly accounts
for quantum effects [27]. The elastic constants C;; discussed
in the work below were calculated with finite differences
implemented in the VASP code. The Voigt-Reuss-Hill approxi-
mation was used to estimate the bulk modulus, shear modulus,
Young’s modulus, and Poisson’s ratio. The dielectric tensors
and piezoelectric stress tensors were obtained using the den-
sity functional perturbation theory (DFPT) method [28]. The
structures were visualized using VESTA software [29]. The
Bilbao Crystallographic Server (BCS) was used for symmetry
analysis [30-32].

II1. RESULTS AND DISCUSSION
A. Structural properties and chemical bonding

First, we investigate the structural properties and chem-
ical bonding characteristics of nitride perovskites CeBN3
(B>t = Nb, Ta). According to previous work [16], the para-
electric and ferroelectric structures of CeBN; belong to the
orthorhombic phase with Pnma (No. 62) and Pmn2; (No.
31) space group, respectively, as shown in Figs. 1(a) and
1(b). Through symmetry analysis, we decompose the atomic
displacements associated with the Pnma-to-Pmn2, transition
into the symmetry-adapted mode of the Pnma phase, and the
resulting mode is exclusively given by I'; [see Fig. 1(c)].
Examination of this I'; mode reveals that the dipole moment
in CeBN3 arises from the displacement of the Ce** cation, the
B>t cation, and the N3~ anion along different directions [see
Figs. 1(d) and 1(e)]. It is notable that, in addition to the B-site
cation and N*~ anion, meaningful displacement of the A-site
Ce** cation is observed. The phonon spectra and phonon den-
sity of states (DOS) of Pmn2; phase CeBN3, shown in Figs.
S1 and S2 in the Supplemental Material [33], demonstrate the
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FIG. 1. (a) Centrosymmetric phase Pnma and (b) ferroelectric
phase Pmn2, of CeBN; (B = Nb, Ta). (c) The frame diagram of
ferroelectric phase transition. Panels (d) and (e) show the I'; fer-
rodisplacive vibration modes for CNN and CTN, respectively.

structural stability at 0 K. In the phonon DOS of Figs. S1(b)
and S1(d), the low frequencies near 0 THz mainly originate
from vibrations of the Ce and B (B = Nb, Ta) atoms, while
the high frequencies away from 5 THz mainly arise from the
N atoms.

The optimized lattice parameters for the two phases of
CeBNj are consistent with previous theoretical results [16],
as listed in Table I. It can be found that the average bond
length of Ta-N (2.09 A) is shorter than that of Nb-N
(2.12 A) although the ionic radius of Ta’* (0.6387 A) is
slightly larger than that of Nb>* (0.6375 A) [34]. The adjacent
[BNg] octahedra of CNN exhibit smaller Zg n.g bond angles
(144.86°) than that of CTN (145.95°), the smaller ZgN.p
angles indicate larger octahedron rotation in CNN. To fur-
ther evaluate these distortions in CeBN3, we introduce the
quadratic elongation of bonds ((A) ) and the variance of bond
angles (6%), which can be defined by [35,36]

6 2
1 d;
A = - — 1
(1) 6§:<%), (1)
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(i — 90)%, 2)
{i=1}

where d; is the B-N bond length, dj is the mean B-N bond
distance, and «; is the N-B-N bond angle of the octahedra. The
average (1) and o> of CeNbN; with the ferroelectric phase are
calculated to be 1.00308 and 27.2 deg?, respectively, which is
higher than that of CeTaN3 (1.00050 and 6.1 deg?). A larger
deviation of the value (A) from 1 indicates a larger stretched
or compressed octahedron, and a larger 0% indicates a higher
deviation of B-site atom position from the center. The high
deviation of the Nb>*/Ta>" ions, especially Nb>* ions, from
the [BNg] octahedral center has an impact on the ferroelectric
and piezoelectric properties discussed below.
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TABLE I. Calculated structural parameters of ferroelectric (Pmn2;) and paraelectric (Pnma) phases of CeBN3 (B = Nb, Ta), including
lattice constants a/b/c, volume V, average bond length d, average /3 n.p bond angle, average bond length quadratic elongation (1), and average

bond angle variance o2.

a(A) b (A) c(d) V(A% dpy (A) Zpnp (deg) (x) 0? (deg?)
Pmn2, 7.967 5.812 5.650 261.59 2.119 168.76 1.003 08 27.2
CNN Pmn2, [16] 7.931 5.776 5.650 258.84 2.107 170.71
Pnma 7.972 5.734 5.607 256.14 2.091 173.01 1.000 04 2.0
Pmn2, 7.973 5.734 5.618 256.88 2.092 175.34 1.000 50 6.1
CTN Pmn2, [16] 7.964 5.728 5.615 256.16 2.089 175.99
Pnma 7.792 5.736 5.607 255.67 2.086 176.95 1.00002 1.7

To clarify the intrinsic chemical bonding characteristics in
CeBNj3, we first calculate the electron localization function
(ELF), as shown in Figs. 2(a) and 2(b). A low-ELF region
(<0.5) can be found between the Ce and N ions in Figs. 2(a)
and 2(b), suggesting there exists less covalent interaction on
the Ce-N bonding. This also can be understood by the large
differences in Pauli electronegativity for Ce (1.12) and N
(3.04) atoms. Despite there existing a larger ELF between
Nb (Ta) and N in CNN (CTN), they are still less than 0.5,
revealing the low covalent level connecting the Nb (Ta) and
N ions. We also calculate the integrated crystal orbital bond
index (ICOBI) for CeBN3, which is an intuitive method for
quantifying covalent bonding in solid-state materials [24,25].
As shown in Figs. 2(c) and 2(d) the ICOBI values for Nb-N
(0.708) bonds in CNN and Ta-N (0.672) bonds in CTN further
confirm the coexistence of ionicity and covalency, meanwhile,
ICOBI values for Ce-N bonds in CNN and CTN suggest the
less covalent components. These values also indicate that the
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FIG. 2. Two-dimensional schematic diagram of the electron lo-
calization function (ELF) for (a) CeNbNj (the plane including Ce3,
Nb2, and N2 atoms is selected) and (b) CeTaNj; (the plane includ-
ing Ce3, Tal, and N5 atoms is selected). The isosurface level is
0.90e/bohr?. (c), (d) Crystal orbital bond indices (COBISs) of the se-
lected shortest Ce-N interactions and B-N (B = Nb, Ta) interactions
of the Pmn2; phase of CeNbN; and CeTaNj.

Nb-N bonding in CNN is stronger than the Ta-N bonding
in CTN.

B. Ferroelectric properties

To assess the ferroelectric properties, we employed the
PSEUDO tool from the Bilbao Crystallographic Server
[30-32] to generate four centrosymmetric reference struc-
tures: Pmna, Pnnm, Pmmn, and Pnma, using the low-
symmetry Pmn2, structure as the starting point. Among these,
the Pnma structure showed the smallest atomic displacement
relative to the ferroelectric Pmn2; structure, shown in Fig. S3
in Supplemental Material [33]. Figure 3 shows the total spon-
taneous polarization (Po; = Pon + Pele) of CeBN3 (B = Nb,
Ta) along the path from the —Pnm2; structure (x = —1)
to the paraelectric Pnma phase (x = 0) to the ferroelectric
Pmn2, phase (x = 1), as calculated using the Berry phase
method [37]. The ionic (P,,) and electronic (P,.), and total
contributions (P,) are also plotted in Fig. 3 and S4. The
total polarization along the [001] direction is 59.68 uC/cm?
for CNN and 29.18 uC/cm? for CTN. The electronic and
ionic contributions are in opposite directions, with the mag-
nitude of the ionic contribution being significantly larger than
that of the electronic contribution. The estimated polarization
value of CNN is close to that of the R3c phase LaWNj3
(52-84 uC/cm?) [14,15] and the R3c phase LiNbO; (62—
76 uC/cm?) [38]. Meanwhile, the polarization value of CTN
is comparable to that of the Pna2; phase LaWNj3 (20 uC/cm?)
[14] and traditional BaTiO3 (~25 uC/cm?) [28]. To under-
stand the origin of the spontaneous polarization in the two
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FIG. 3. The calculated polarization values of (a) CNN and (b)
CTN along the path from the —Pnm?2, structure (x = —1) to the
paraelectric Pnma phase (x = 0) to the ferroelectric Pmn2, phase
(x = 1). The displacement from the paraelectric Pnma phase (x = 0)
to the ferroelectric Pmn2, phase (x = 1) is normalized to 1.
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TABLE II. The calculated Born effective charges of the Pmn2,
phase of CeBN; (B = Nb, Ta). The serial number of different ele-
ments represents the Wyckoff positions.

* * * 5 % %
le ZZZ Z33 le ZZZ Z33

Ce-1 5.73 4.98 7.16  Ce-1 6.41 6.65 6.31
Ce-2 6.24 7.10 556 Ce-2 6.11 5.86 7.09
Nb-1 8.77 8.35 7.00 Ta-1 8.95 9.22 8.59

N-1 -802 -323 -320 N-1 —-671 =397 -5.09
N-2 —-6.17 -386 -—-506 N-2 —-746 -3.83 —430
N-3 374 —-506 —-490 N-3 —410 -594 514
N4 =392 578 —433 N4 —402 -563 545

nitride perovskites, we listed the Born effective charges of
CeBN3 in Table II. It is evident that the Z* values differ
substantially from the nominal charge (4-4 for Ce, 45 for Nb
and Ta, and —3 for N). In particular, the anomalously large Z*
values for the B-site metal cations emphasize their significant
role as the driving force behind the ferroelectric distortion.
To further elucidate the origins of the ferroelectric polariza-
tions in CeBN3, the energy gains of partial distortion modes
[Ce + N, Nb(Ta) + N, Ce + Nb(Ta)] were calculated with
HSE, as compared in Fig. 4. These partial distortion modes
represent the displacements of only selected ions, while the
full mode denotes displacements of all ions. For CNN, similar
double-well energy profiles are observed for the partial Nb +
N and Ce + N modes, although the former is shallower
than the latter. These dual double-well profiles imply that not
only does the Nb-N orbital hybridization contributes to its
polarization, but the Ce and Nb ion pairs also have promi-
nent contribution. In contrast, for CTN, only the double-well
energy profile is observed for the partial Ce + Ta mode,
implying that the Ce and Ta ion pairs are the only contributors
to the polarization. This observed phenomenon of significant
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FIG. 4. Double-well energy profiles as a function of normalized
displacement for the full mode and partial modes of (a) CeNbNj;
and (c) CeTaN;.The ferroelectric Pmn2; phase is set at 1 and the
paraelectric Pnma phase is set at 0. The total and projected density
of states (DOS) calculated using HSE06 for (b) CeNbN; and (d)
CeTaN3.

contributions from the Ce + Nb(Ta) ion pairs is markedly
different from previous reports on LaWN3 (mainly W + N
mode) and GAWN3; (mainly W + N and Gd + N modes) [39].
The calculated partial density of states (PDOS) with HSE in
Figs. 4(b) and 4(d) and the comparison of HSE and SCAN of
CeTaNj as showed in Fig. S5 also show that the Ce f orbitals
and Nb/Ta d orbitals make meaningful contributions to the
band edges.

C. Dielectric properties

The static dielectric constants (gg) of solids consist of
electronic (£4,) and ionic (&jon) contributions. The calculated
values for &g, £+, and €jo, of CeBN3 (B = Nb, Ta) along the
X, v, and z directions are shown in Table III. The values of
&%, &%, and €%, for CNN (CTN) are 226.19 (381.20), 106.55
(226.94), and 97.83 (259.96), respectively. Such large values
of gy in CeBN3 imply their potential for effective screening of
defects and impurities, which is beneficial for carrier trans-
port properties. This is very advantageous for photovoltaic
applications of these materials. In addition, it is noteworthy
that the orthorhombic phase of CeBNj3 displays significant
anisotropy in their dielectric constants across different crys-
tallographic directions. The strong anisotropy in the dielectric
constants arises primarily from anisotropic ionic contribu-
tions, while the electronic contributions show little directional
dependence. Specifically, the ionic dielectric constant along
the x axis of CNN (CTN) is 197.97 (360.35), markedly higher
than the values along the y and z axes.

To elucidate the strong anisotropy in the ionic contributions
along different directions, the contribution of each infrared
(IR) active phonon mode A to the total ionic dielectric re-
sponse can be obtained from the following formula [40—42]:

gion _ 45 e? Z A 3)
BTMY w0}

where M, is a reference mass, V is the volume of a unit
cell, w; is the infrared active phonon frequency, and Z;,
is the mode effective charge tensors. Z;, can be obtained
by the formula Z;, =3 Zﬁaﬁ(%f)l/zéi,w, where £ ;4 is
the eigendisplacement of atom i in phonon mode A [43].
Therefore, a large ionic contribution could arise from factors
such as low-frequency IR-active phonons, large mode-
effective charges, or an increased number of IR-active modes.

CeBN;3; (B = Nb, Ta) in the Pmn2; phase possesses a
total of 60 mechanical vibration modes. Among these, the 57
optical modes at the Brillouin-zone center are characterized
by irreducible representations, namely, A, A, By, and B;
modes.

Topt = 16A; @ 134, @ 12B, @ 16B,. )

The IR modes contributing to the ionic dielectric constants
are Aj, By, and B,, with respective counts of 16, 12, and
16. Consequently, both CNN and CTN exhibit a total of
44 JR-active modes. For each IR mode A, the w;, Z;‘ and
€),ap are listed in Tables S1 and S2 in the Supplemental
Material [33]. The contributions of the IR-active phonon
modes (w; < 18 THz) to the ionic part of the dielectric tensor
and the corresponding mode-effective charges along different
crystallographic directions are shown in Fig. 5.
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TABLE III. Ionic contribution (&;,,) and electronic contribution (&) to the static dielectric constants (e = €ele + ion) Of the Pmn2, phase
of CeBNj (B = Nb, Ta). Literature values for the band gaps of CeBNj; in eV are also provided. ¢;,, originates from the displacement of ionic
core positions under an external field, while &g arises from the polarization of electron clouds.

fon fon ion &% € €% &% & €% E,
CNN 197.97 79.31 71.37 28.22 27.25 26.46 226.19 106.55 97.83 1.90 [4]
CTN 360.35 204.00 239.84 20.85 22.93 20.12 381.20 226.94 259.96 1.73 [4]
According to Fig. 5, Tables S1 and S2 in the  lower frequency (i.e., 3.08 THz for &% and 5.09 THz for ;. ).

Supplemental Material [33], for CNN, the dominant IR-active
phonon modes along the x, y, and z axes have frequencies of
3.77,7.59, and 3.96 THz, with corresponding mode-effective
charges of —2.79¢, 3.14e, and —1.45¢, respectively. As we
can see from Fig. 5 and Table S3 in the Supplemental Material
[33], the much higher & compared to ¢}, in CNN is mainly
attributed to the lower frequency (i.e., 3.77 THz for & and
7.59 THz for &, ) of the IR-active mode that contributes the
most to the ionic dielectric response. However, this alone can-
not explain why &i is much higher than &7 , since the lowest
frequencies along these two directions are very close (i.e.,
3.77 THz for &7 and 3.96 THz for & ). Furthermore, the ab-
solute value of the mode-effective charge corresponding to the
lowest frequency along the x direction (—2.79¢) is larger than
that along the z direction (—1.45¢), which plays an important
role in making the ionic dielectric constant much higher along
the x direction than the z direction. In addition, the second
largest contributing IR-active modes to the ionic dielectric re-
sponse along the x direction have lower frequencies and larger
mode-effective charges, which have an important contribution
as well (see Table S3 in the Supplemental Material [33]).
Similarly, for CTN, the dominant IR-active phonon modes
along the x, y, and z directions have frequencies of 3.08, 5.09,
and 1.62 THz, with corresponding mode-effective charges of
—3.54e, —3.32¢, and —1.65¢, respectively. From Fig. 5 and
Table S3 in the Supplemental Material [33], it can be seen that
the much higher & compared to &, in CNN can primarily

mon
be attributed to the fact that the dominant IR-active mode has a

on on
On the other hand, the substantial difference between & and
e in CTN is mainly due to the dominant IR-active mode
having a larger absolute value of the mode-effective charge

(i.e., —3.54e for &* and —1.65¢ for £% ).

mon 0on

D. Mechanical properties

Mechanical properties are of critical importance for many
practical applications [44,45]. We calculated the elastic stiff-
ness tensor Cj; of CeBN; (B = Nb, Ta), as presented in
Table IV. Due to their orthorhombic symmetry (Pmn2; space
group), nine independent elastic constants were obtained for
CNN and CTN. Based on the Born criteria for mechanical sta-
bility [46], both CNN and CTN were found to be mechanically
stable. The calculated Cy1, C}2, and Cs3 for the two compounds
are larger than 300 GPa, indicating strong incompressibility
along the a, b, and c axis, respectively. The C;; value ex-
ceeds C33 in CTN, reflecting greater resistance to deformation
along the a axis versus the c axis. Conversely, CNN exhibits
higher Cs3 over Cj, indicating stronger resistance along the
¢ axis than the a axis. It is worth noting that Cy/Css of
CTN/CNN is the smallest among the nine elastic constants,
indicating weak resistance to shear in the (001)/(100) plane.
In addition, it can be seen that the elastic constants of CeBNj3
are slightly larger than that of the analogous LaWN3; com-
pound (R3c space group) [47], but the elastic constants of
nitride perovskite are much larger than those of typical oxide
(i.e., PbTiO3) and halide perovskites (i.e., CsPbls) [48]. The

CeNDN, CeTaN,
3 80 3
40 > 70 2
60
30 1 50 (1)
X 0 40
20 ! % _é
10 20 -
§D*2 10 §D—3
o0 573 S 5 3
= = 3 = =
< 40 <70 2
8 5 S 2 £ 60 S
S 1 8
5 E 0 = 4518 E 0
Y 82 3 2 3 3 -1
210 5 520 g
g o 2 5 10 o3
O o <3 O 0 3
S 3 80 S 3
40 = 70 = 2
60 1
30 1 50 0
Z g 7(1)' ‘3‘8 -1
10 I ' 20 -2
-2 10 -3
0 0

0 2 4 6 8 10 12 14

Frequency (THz) Frequency (THz)

-3
0 2 4 6 8 10 12 14

0 2 4 6 8 1012 14
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0 2 4 6 8 1012 14
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FIG. 5. Mode contribution (%) and mode effective charges along the x/y/z direction to the ionic dielectric constants for the Pmn2; phase of
CNN and CTN. For simplicity and clarity, the top three contributions and corresponding mode effective charges are shown here, the detailed

data are shown in Tables S1 and S2 in Supplemental Material [33].
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TABLE IV. Elastic stiffness tensor G, mechanical moduli (GPa), and hardness of the Pmn2, phase of CeBN3 (B = Nb, Ta), and the data
of LaWNj3 (R3c), PbTiO3 (P4mm), and CsPbl; (Pm3m) are listed for comparison. The data of PbTiO; (P4mm) was calculated with the same

computing environment as CTN and CNN.

CTN CNN LaWN; [47] PbTiO3 CsPbl; [48]

Cn 395.42 376.10 327.80 235 26.07
Cx» 321.25 387.74 243.53 235 32.02
Cs3 335.18 388.53 323.84 105 13.77
Cy 97.52 117.81 95.52 65 4.61
Css 117.67 116.29 109.23 65 11.20
Ces 131.93 128.18 63.73 104 5.97
Ci 138.05 130.48 81.95 101 8.51
Ci3 147.17 135.16 139.81 99 13.78
Cx 132.98 136.51 81.95 99 9.51
Bulk modulus B 208.77 217.37 169.56 101.80 14.07
Young’s modulus E 309.12 282.47 202.04 147.07 15.67
Shear modulus G 110.82 122.38 77.62 58.40 5.96
Poisson’s ratio v 0.27 0.26 0.37 0.26 0.31
Hardness Hv 2.95 2.76

BIG 1.88 1.78 2.18 1.74 2.36

mechanical moduli, including bulk modulus (B), shear modu-
lus (G), and Young’s modulus (E), show the same trend. This
may be attributed to the fact that nitrogen has high chemical
hardness and intermediate electronegativity, which allows it
to form strong metal-nitride bonding [49]. Pugh’s ratio B/G
and Poisson’s ratio v are usually used to evaluate the brittle
or ductile behavior of solid materials [50,51]. If the value of
B/G is greater than 1.75 or v is greater than 2/7, then the solid
is flexible; otherwise, it is brittle [52,53]. According to this
criterion, the two nitride perovskites are all ductile, despite
the high hardness of the nitrogen element.

To understand the directional dependence of elastic proper-
ties, we derived the directional dependence of Young’s moduli
and Poisson’s ratios for CeBN3 with respect to different crys-
tallographic directions [54], as displayed in Fig. 6. It can
be seen that CTN exhibits almost isotropic Young’s mod-
uli and Poisson’s ratios along the three crystal planes. For

FIG. 6. Two-dimensional (2D) projection in polar coordinates in
the (a), (d) (001), (b), (e) (010), and (c), (f) (100) planes of Young’s
modulus E (the upper plane) and Poisson’s ratio v (the bottom plane)
of the Pmn2, phase of CTN (red) and CNN (blue).

CNN, Young’s moduli and Poisson’s ratios projections on the
(100) and (010) planes show almost similar isotropic behavior.
However, Young’s modulus (Poisson’s ratio) projected on the
(001) plane is anisotropic and reaches a maximum value at 0°
(45°) or 90° (135°).

E. Piezoelectric properties

Based on the crystal point group (mm?2) of CeBN; (B =
Nb, Ta), the piezoelectric stress tensor has five independent
elements, namely e, e3;, €33, €24, and e;5. Indeed, the piezo-
electric tensor can be written as

0 0 0 O €15 0
0 0 0 €24 0 0. (5)
€31 €32 €33 0 00

e[j =

The calculated values for these five elements are presented
in Table V. First, it can be seen that the five piezoelectric
stress constants for CNN are all positive, while those for CTN
are all negative. This is due to the dominant internal-strain
piezoelectric stress coefficients being positive in CNN, but
negative in CTN (see Table S4 in the Supplemental Ma-
terial [33]). The piezoelectric strain coefficients of CeBNj3
can be attained through the formula d;; = 22=1 eirSk; [55]
(see Table V), where Sy; represents the elastic compliance
matrix [Sy; = (ij)_l]. The piezoelectric strain component

TABLE V. The calculated piezoelectric stress and strain tensors
for the Pmn2, phase of CeBN; (B = Nb, Ta).

CNN CTN
Index (ij)  e;(C/m*)  d;; (pC/N)  ¢; (C/m?)  d;; (pC/N)
31 1.98 —4.05 —1.24 12.52
32 4.11 11.03 —7.80 —20.06
33 5.04 15.72 —8.61 —23.21
24 4.56 78.41 —6.85 —70.23
15 1.57 15.59 —0.76 —6.47
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with the largest absolute value for both CNN and CTN was
d»4, exhibiting values of 78.41 and 70.23 pC/N, respectively.
According to the relationship drs = ez4 X Su4, the notably
high dy4 likely arises predominantly from the large Si4. As
discussed in the preceding section on mechanical properties,
it was found that C44 was relatively small compared to the
other elastic constants in both CNN and CTN. Compared
to prototypical inorganic perovskite oxides such as BaTiO3
(dis = 270 pC/N) [56], the shear piezoelectric coefficients
in CeBNj; are smaller. However, they are much larger than
those for common inorganic crystals such as LiTaO3 (di5 =
26 pC/N) [57] and CdS (d;5s = —14 pC/N) [58].

In terms of applications, the electromechanical coupling
coefficient k;; represents the effectiveness of energy conver-
sion for piezoelectrics. The coupling coefficient is calculated

as kjj = J?T,,’ where the g;; is the staic dielectric constant.
Interestingly, the computed electromechanical coupling coef-
ficients (for CNN, k4 = 0.47; and for CTN, kyy = 0.41) are
comparable to those of typical inorganic piezoelectrics like
ZnO (k33 = 0.41) [58] and BaTiO3 (k33 = 0.42) [59]. Our
results demonstrate that CeBN3 (B = Nb, Ta) exhibits a large
piezoelectric response and is a promising candidate material
for various piezoelectric applications.

IV. CONCLUSION

In summary, we have investigated the ferroelectric, di-
electric, and piezoelectric properties of CeBN3 (B*T = Nb,
Ta) with Pmn2, space group using first-principles calcula-
tions. Our results show that the spontaneous polarization of
CTN and CNN is 29.18 and 59.68 pLC/cmz, respectively,

approaching those of typical perovskite LiNbO; (62-76
uC/cm?) and BaTiO3; (~25 uC/cm?). Interestingly, the A-
site contributes significantly to the polarization of CNN and
CTN, despite Ce** lacking lone pair electrons. Additionally,
we obtained the large static dielectric constant of CNN and
CTN along the x direction as 226 and 381, respectively, much
larger than the y and z directions. This pronounced anisotropy
primarily arises from the fact that the dominant infrared-active
mode exhibits a lower frequency or larger mode-effective
charges along the x direction compared to the other two di-
rections. We found that CNN and CTN have comparatively
large shear piezoelectric coefficients dy4 of 78.41 and —70.23
pC/cm?, respectively. These d,4 values are approximately 1.75
times greater than the experimentally measured ds; value of
LaWNj3. This is attributed to the relatively small Cyy values
in CNN and CTN. Moreover, the estimated electromechan-
ical coupling coefficients for CNN and CTN are over 0.41.
Our results reveal that nitride perovskite has the potential for
application in the field of ferroelectricity and piezoelectricity
as a multifunctional material and opens a different avenue to
explore nitride semiconductors.
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