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The development of ABXs-type advanced perovskite materials has become a focus for both scientific
researchers and the material genome initiative (MGI). In addition to the traditional perovskite ABOz and
halide perovskite ABXs, LaWNs is discovered as a new ABXs-type advanced perovskite structure. The
elastic and optical properties of this novel LaWNsz structure are systematically studied via DFT. Based on
the calculated elastic constants, the bulk modulus, shear modulus, Young's modulus and Pugh modulus
ratio are precisely obtained. Results show that (1) LaWNs3 is an indirect bandgap semiconductor with
a hybrid occuring near the Fermi level and the main contributions are La-d, W-d and N-p. (2) LaWNs has
a certain ductility. The optical constants, such as absorption spectrum, energy-loss spectrum,
conductivity, dielectric function, reflectivity and refractive index, are analyzed and the static dielectric

constant is 10.98 and the refractivity index is 3.31. (3) The optical constants of LaWNz are higher than
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Accepted 1st April 2020 ose of other existing s-type materials, showing very promising application as a functiona
perovskite in the future. The existence of this stable LaWNs structure might widen the perovskite

DOI: 10.1038/¢9ral0735e material's application, such as in photodetectors, light-emitting diodes, perovskite solar cells, fuel cells
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1 Introduction

The ABX;-type advanced perovskite materials have become
a research hotspot in recent years, including the traditional
perovskite ABO3, organic-inorganic hybrid perovskite MAPbX;
(X = Cl, Br, and I), halide perovskite ABX; (X = Cl, Br, and I). In
recent years, perovskite materials ABX;, with their special
structural characteristics, have been widely used in the fields of
catalysis,"” piezoelectricity,> solar cells,*” giant magnetoresis-
tance,*"* and light-emitting diode materials** due to their
unique physical structures. They have excellent physical-
chemical properties, ferroelectric performance, ferromagnetic
performance, superconductivity and fluorescence laser perfor-
mance. The designed anisotropic single crystal at nano-scale as
the instinct link helps to predict physical properties of larger
structure at micro-scale and might be used to verify the
isotropic properties of experimental phase using both experi-
ment and simulation techniques.** These basic investigation
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results can be applied in efficient solar modules coated by large-
area perovskite films* and organic solar cells.*

The traditional perovskite ABOj;, organic-inorganic hybrid
perovskite MAPbX; (X = Cl, Br, I) and halide perovskite ABX; (X
= Cl, Br, I)"”” have been studied in theory and experiment. Liu
et al.*® synthesized CH3;NH;PbBr; quantum dots with a tunable
spectrum. The emission peak range is from green-blue to deep
purple (523.6 nm and 432.9 nm, separately), which is wider than
quantum dots made without changing the halide composition;
thus the blue shift mechanism of the photoluminescence
spectrum of CH3;NH;PbBr; quantum dots is clear. Su et al.*®
realized a room temperature polarized laser in an experiment
based on non-epitaxial all inorganic cesium lead perovskite
microcavities. The polarized lasing is characterized by macro-
scopic ground state occupation, narrow linewidth and long-
range spatial coherence accumulation. This significant work
shows that the lead halide perovskites and doped perovskites
have great application prospects in low cost, large area, high
performance room temperature transistors or polarized light
devices.?*** Today, the maximum efficiency of crystalline silicon
cells has exceeded 26% (its limiting efficiency is 29%)> and the
maximum efficiency of perovskite cells is higher than that of
crystalline silicon cells. (The designed cell can theoretically
reach an efficiency limit of 33% and the theoretical conversion
limit of stacked cells is 43%.)**** Although the perovskite
battery has a high energy-saving limit, simple process, rapid
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development, and impressive performance in the laboratory,
there is still a long way to go for large-scale practical application.

For numerical simulation of ABX; structures, Wang et al.>*
found that ordered porous Lag ¢Sty 4MnO; perovskite arrays are
decomposed into hexagonal mesoporous nanoparticles, thus
revealing a new crystal plane that is more active in the catalytic
combustion of methane. The first-principles calculations show
that fractures at the weak joints of the 3DOM structure provide
a large area of (001) plane surface, which indicates that the
energy barrier of hydrogen extraction is reduced, thus
promoting methane oxidation. Based on DFT calculations, Lu
et al” found that there are three in-plane Fe states from
different micro mechanisms, which revealed a new physical
mechanism of 2D ferroelectricity in perovskite oxide films. Ryan
et al.?® screened about 2145 different perovskite compositions
for potential application as SOFC cathodes with high activity
and stability and verified that the screening method qualita-
tively reproduced the stability and conductivity of the cathode
materials. Lanthanide ions can improve perovskite film prop-
erties due to their unique photophysical properties, such as
long excited state life, long wavelength emission in the near
infrared or visible region, and linear emission band.*** With
this background, LaWNj; perovskite material is found as a new
ABX;-type advanced perovskite structure. The above published
works focus on perovskite oxide (ABO;) or inorganic-organic
halide perovskites (MAPDbXj;), while few studies have been found
on the potential LaWN; structure. For this newly discovered
LaWN; perovskite structure, the thermodynamic stability,
mechanical stability and structural stability are studied and
determined using the relevant theories of phonon dispersion,*
elastic constants,* and tolerance factors,**** respectively.

Reviewing previous studies, their investigations of perov-
skites in experiment and theory have made great achievements;
however, as a new ABX;-type material with perovskite structure,
LaWN; has been rarely studied. So far, we are one of the few
research groups to find this substance, apart from Hiroki
Moriwake's group in the Nanostructures Research Laboratory of
the Japan Fine Ceramics Center (JFCC),** and our group has
systematically studied and confirmed that this stable structure
has excellent comprehensive performance. The LaWN; perov-
skite material is a new ABX;-type advanced perovskite structure.
Therefore, the electronic structure, elasticity and optics of
LaWN; are studied using the first-principles method. This
paper aims to study the LaWNj electronic structure and optical
and elastic properties based on DFT, which can provide theo-
retical parameters for experimentation and explore the signifi-
cant value for applications of the designed perovskite with
LaWNj; structure.

2 Modelling and computational
details

The ionic radius matching in perovskite structure should fit the
following relationship
Ra + Rx

= ks 1) v
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where, R, Rg and R, are the ionic radii of sites A, B and X.

The tolerance factor of perovskite allows a variety of
elements to meet the structural requirements, so the materials
show good elemental adjustability. Generally, A-site elements
play a supporting role in perovskite structure, B-site elements
are catalytic active sites, and there is mutual influence and
restriction between A-site and B-site. The charge balance is also
a factor for structural stability. Theoretically, if the radii of A, B
and X ions meet the structural tolerance factor 0.81 < ¢ < 1.11,
the typical perovskite crystal structure can exist stably.

For the LaWNj structure, the ionic radii of La and W and N
are R, = 1.36 A, Ry = 0.66 A and Ry = 1.46 A, respectively. The
tolerance factor is calculated as
P 1.36 +1.46

v/2(0.66 + 1.46)
within the stability region of 0.81-1.11,** showing that the
structure of LaWNj is relatively stable.

=0.941 and the value of 0.941 is

2.1 Structure model

Fig. 1 shows the crystal structure of LaWN3. As can be seen from
Fig. 1, LaWN; can be seen as a WN; octahedron connected at
the top of the three-dimensional common angle. The A-site ions
are located in the centre of the gap surrounded by BX, octa-
hedra. The lattice constants are a = b = 5.71 A, ¢ = 13.96 A, o =
B = 90°, and y = 120° (hexagonal type), the density is
9.2122 g cm ™ and the space group is R3¢ with an H-lattice type.

2.2 Methods of calculations

The generalized gradient approximation (GGA) of Perdew-
Burke-Ernzerhof functional is used to calculate the band
structure and optical and elastic properties of LaWNj; in this
work.’® The Cambridge Sequential Total Energy Package
(CASTEP) is selected for calculation.*”?® The plane wave func-
tion is expanded from the base plane. An ultrasoft pseudopo-
tential is adopted to describe the interaction between electrons
and ions, as it helps to reduce the number of base planes in
convergence calculations and save computational resources.
The function forms of GGA and PBE are selected to be exchange
correlation functions. In the LaWNj structure, the La 5p°5d'6s®
electrons, W 5d%6s® electrons, and N 2s’2p°® electrons are
explicitly treated as valence electrons. The cut-off energy of the
plane wave is taken as E., = 300 eV and Brillouin zone

Fig. 1 Crystal structure of LaWNs. The gray octahedron is WNg.

This journal is © The Royal Society of Chemistry 2020
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integration is performed over 3 x 3 x 2 grids using the Mon-
khorst-Pack method. The convergence thresholds for total
energy, maximum force, maximum stress, maximum displace-
ment and Hellmann-Feynman ionic force are respectively less
than 5 x 10~ eV per atom, 0.01 eV A%, 0.02 GPa, 5.0 x 10 % A
and 1 meV A",

3 Results and discussion
3.1 Geometry optimization

Geometric optimization is essential for the theoretical study of
this new ABX;-type LaWN; material. The calculation parameters
are optimized in order to find the stable state and the ground
state. As LaWNj; research is rare, it is difficult to compare the
optimization results with literature results. Therefore, different
functional methods are used to optimize structural parameters
of LaWNj;, with the error less than 2% between the two nearest
optimizations. That is to say, the structural model with the most
unchanged parameters is the structure in the ground state.

The stability of a crystal structure is related to its cohesive
energy and formation heat, where the cohesive energy is often
defined as the minimum work which is needed to decompose
the crystal into single atoms. Generally, the larger the cohesive
energy or the larger the negative value of the formation heat
during the process of formation from its elements in
exothermic reaction, the more stable the crystal structure is.*

The cohesive energy (E.on) of a given phase is a measure of
the strength of the forces which bind the atoms together in the
solid state. The cohesive energy (E.on) can be calculated by the
standard relation*>*!

AB A B AB
Ecoh = Ealom + Eatom - Etotal (2)

where Efea is the total energy of the compound (LaN, WN, and
LaWN;) with equilibrium lattice constants and EA.m and
EB . are the atomic energies of the pure constituents.

Hence, by eqn (2), the cohesive energies of LaN, WN, and
LaWN; are calculated to be —16.674 eV per atom, —18.331 eV
per atom and —20.526 eV per atom, respectively. The formation
enthalpy should be considered the energy per atom of the pure
constituents (LaN and WN,) in their solid states. The formation
enthalpy is determined to be about —14.4795 eV per f.u., which
is lower than the result of Fang.*

Table 1 Comparison of structural parameters calculated with GGA
(PBE, PBESOL, CA-PZ) and LDA (PW91) methods. Lattice parameters a,
b, carein A; , 8, v are in degrees

GGA
Structural parameters PBE PBESOL PW91
a 5.7363 5.7080 5.7368
b 5.7363 5.7080 5.7368
c 14.0038 14.0349 13.9985
a 90 90 90
4 90 90 90
Y 120 120 120
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Table 1 shows the structural parameters of the optimized
LaWNj; structure calculated with different functional methods
(GGA-PBE, GGA-PBESOL and GGA-PW91). It can be seen that
the lattice constants of LaWN; changed very little, with the
relative error between lattice parameters within only 1%. Thus,
we can infer that LaWN; reaches a stable state and further
research into related properties can be performed.

3.2 Electronic structure

The solid energy band theory is used to determine the energy
levels of electrons in solids, that is, energy bands can explain
many basic physical properties of solids.*>*

As seen in Fig. 2, the bottom of the conduction band is not
the same as the top of the valence band, so LaWNj; is an indirect
band gap semiconductor.*® The bandgap is calculated to be
1.181 eV.

The density of states analysis is in Fig. 3; the whole DOS is
divided into five parts, of which part I-part IV are mainly
concentrated on the valence band, while part V appears in the
conduction band. The low valence band (I) is mainly composed
of W-s, with a bandwidth of 3.11 eV. The W-p and La-s orbitals
contribute to part II, with a small amount of N-s contributing.
Part III of the DOS has two peaks composed of the hybrid of L-p
and N-s orbitals from —17.7 eV to —11.3 eV. On the left side of
the Fermi level, part IV contains obvious hybridizations near the
top of the valence band, with three elements (N-2p, La-5d, and
W-5d orbitals) mainly contributing. For the conduction band
region of partV, the orbitals of La-5d, W-5d and N-2p participate
in the hybridization, thus forming a weak hybrid peak.

3.3 Phonon dispersion and molecular-orbital bonding

The stability of the perovskite material is key to its design and
simulation. The phonon spectrum is closely related to the
thermodynamic stability and can be used to verify an existing
phase rather than a mesophase, which is beneficial to subse-
quent research and application in laboratory synthesis.**
Phonon spectra represent the collective vibration modes of
the atoms that make up the material. If the primitive cell of the
material contains n atoms, the phonon spectrum has a total of

2 — & >Z
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Fig.2 Energy band of LaWNs structure; red dotted line indicates Fermi
energy level.
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Fig. 3 DOS of LaWNsz structure; black dotted line indicates Fermi
energy level.

3n branches, including 3 acoustic branches and 3n — 3 optical
branches. The acoustic branch represents the overall vibration
of the cell and the optical branch represents the relative vibra-
tions of the atoms in the cell.**** The vibration frequency is

described as
/B |1 &E(x)
©= \/;z T\ m ox? (3)

where w is the vibration frequency, § can be understood as an
elastic constant, E(x) is the interaction energy between atoms, x
is the displacement of atoms from the equilibrium position,
and m is the mass of atoms. Here, w is a virtual frequency. When
0%E(x)
e
is located at the “mountain top” of energy (similar to the
parabolic vertex), the atoms in this equilibrium position are
obviously unstable.

The relationship between the direction of atom displace-
ment and the direction of lattice wave propagation should be
considered in a three-dimensional lattice. If ¢ moves along
a symmetry axis of the crystal and the crystal rotates around this
axis by /2 (or m/3, 27/3) in a symmetry operation, the lattice
wave can be divided into a transverse wave and a longitudinal
wave. The atomic displacement of the transverse wave is
perpendicular to the propagation direction of the wave and
contains two degenerate frequency waves. The phonon disper-
sion diagram for LaWNj is shown in Fig. 4.

As in Fig. 4(a), there are five atoms in a cell of LaWN3;, with 15
dispersion curves, 3 acoustic branches and 12 optical branches.
The frequencies of the acoustic branches are lower than that of
the optical branch, so the three acoustic branches degenerate to
G (shown by the red ring), and the 12 optical branches have
multiple splits (shown by the green ring). The calculated
phonon spectra have no imaginary frequency, which indicates
that LaWNj; is stable thermodynamically.

To clarify the relationship between the transverse and
longitudinal waves, the phonon dispersion diagram is

< 0, that is to say, when the atomic equilibrium position
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Fig. 4 The (a) phonon dispersion curves and (b) transverse & longi-
tudinal waves in optics and acoustics of the R3¢ LaWN3 structure.

simplified, as seen in Fig. 4(b). It can be seen that there are four
coloured curves, the longitudinal optical branch (LO), trans-
verse optical branch (TO), longitudinal acoustic branch (LA) and
transverse acoustic branch (TA). The transverse waves (TO and
TA) are composed by wave degeneracy of the same frequency
(shown by the green and orange curves).

The molecular-orbital bonding of LaWNj structure is shown
in Fig. 5. Based on the theories of crystal-field and molecular-
orbital bonding,*** the d-orbits of transition elements can be
split in electrostatic fields with different symmetries. In LaWNg3,
the d-orbit of the W atom would be split and two crystal field
split levels would be formed in the On field, which are E, (d,>_,
d;2) and Ty (dyy, dyz, dyz). A molecular orbital bonding diagram
derived from the character of the states is presented in Fig. 5 to
examine the chemical bonding of LaWNj;. With an increase of
energy, N-2s and Eg, 62 p, and Ty, 72 (px + py) and Ty, 02 p,
and E,, 72 (px + p,) and T, respectively, contribute to the
bonding from the bottom to the E;. The corresponding anti-
bondings are presented in Fig. 5 from the E; to the top.

3.4 Homogenized elastic moduli of LaWN; structure

3.4.1 Elastic properties based on Reuss-Voigt-Hill
method. Elasticity is not only related to mechanical stability,
but is also closely related to Debye temperature, specific heat,
wave velocity and other physical property parameters.’*** For

W 5p Tw

W 6s

5
g

9
@

Fig. 5 Molecular-orbital bonding of LaWNs.

This journal is © The Royal Society of Chemistry 2020
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hexagonal LaWNj3, there are six independent elastic constants
(C11y C33y Cu4y C1zy C13 and Cg). Due to the lack of comparable
elastic constants for LaWNj3, other functional materials (CaCOs,
cubic-SrZrO; and o-SrZrO;) are calculated to compare with
previous calculation results to judge the correctness of calcu-
lation methods used.**** The elastic constants of the relative
crystal structures are listed in Table 2.

From Table 2, the elastic constants of other ABX; functional
materials calculated by ab initio method are very close to those
from previous works, showing that the calculation accuracy and
DFT method are reasonable. Thus, we can safely say that the
obtained elastic constants of LaWNj are precise. Elastic moduli
are important parameters that reflect the extent of a solid's
resistance to both elastic and plastic deformation, using various
simulation techniques.*®

Mechanical stability is commonly based on Born's stability
restrictions, which are as follows.>”

Cus > 0, Cyy > |Cyal, (Cyy > 2C12)Caz > 2C5° (4)

As the elastic constants satisfy Born's stability restrictions,
we can infer that LaWN; is mechanically stable.

Bulk modulus and shear modulus are two parameters crit-
ical for describing the ability of a material to resist volume
change and change of shape caused by shear force and bond
angle, respectively. The bulk modulus and shear modulus can
be obtained based on C;. There exist two limit bounds: one is
from Reuss and can calculate the grain boundary strain conti-
nuity; the other is the grain boundary stress continuity

View Article Online
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1
By = 9 2(Cy1 + Cpp) +4C1;3 + Cs) (5)
1

Gy = %(M +12C4 + 12C¢) (6)

- c? _ (Ci A+ Cpp)Cs3 — 2G5
Br = —= (7)

M Cy+ Cpn+2Cs—4C,

5 C2CuC

GR _ 2 4466 (8)

x
2" 3ByCuCes + C?(Cuas + Cos)

Where, M= Cqq1 + Cip +2C33 — 4Cq3 and CZ = (Cll + C12)C33 —
2Cq3°.
The Young's modulus E of a material can be expressed as

E = 9B,G,/(Gy + 3B,) (9)

where, x = the Reuss, Voigt and Hill models.

The comparison of elastic moduli and available theoretical
data for typical ABX; functional materials is listed in Table 3.
For LaWN3, the Young's modulus Ey is smaller than in other
functional materials.”®** In our calculation of B,/G,, the Pugh
values of LaWN; are higher than the critical value of 1.75
proposed by Pugh,®® showing a certain ductility in LaWNG.

3.4.2 Elastic properties based on Y-parameter method.
Based on the definition of Reuss bounds, the Y-parameters
normal to hexagonal crystal surface (n = (&, v, w)) are calcu-
lated by*®

. . . Ey(u,v,w) =
proposed by Voigt. Hill proves that the calculations of the Reuss (1, w) 1
and Voigt models are the upper and lower limits of the elastic
gt . pP . . . S — [2(S11 = S13) — Saa]w? 4+ (S11 — 2815 + S33 — Sag)w*
constant, respectively. The expressions of homogenized elastic 10
moduli can be calculated as follows: (10)
G (1, v, ) 1 (1)
y(u,v,w) =
' (2811 — S12 — S13) — (5511 — S12 — 5813 + 33 — 3Su)w? 4 3(S11 — 2813 + S33 — Saa)w?
Table 2 Calculated independent elastic constants of LaWN3z and available theoretical data for other materials
Our work Previous work
LaWNj, CaCO; SrZrO; o-SrZrO; CaCO; SrZrO; o-SrZrO;
PBE PWI1 PBESOL PBE PBE PBE PBE PBE PBE
Ciq 320.36 324.55 328.23 147.2 365.27 283.54 149.4 368.3 288.6
Cy — — — — — 286.89 — — 284.6
Cs3 268.94 273.19 262.15 87.6 301.87 85.3 — 305.9
Cio 134.61 135.70 139.81 56.1 72.69 128.32 57.9 77.3 131.5
Ci3 80.30 83.17 81.95 55.3 — 104.96 53.5 — 102.5
Cys — — — — — 87.47 — — 91.4
Cys 44.13 50.37 44.47 33.7 77.52 91.96 34.1 76.6 95.6
Css — — — — — 82.89 — — 86.2
Ces 92.88 94.43 94.21 47.8 — 103.47 45.75 — 105

This journal is © The Royal Society of Chemistry 2020
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Table 3 Calculated bulk modulus, shear modulus, Young's modulus and Pugh ratios of other typical ABXs functional materials
B G Young's moduli Pugh
By Bg Gy Gr Ey Fgr Ey By/Gy Bg/Gr Bu/Gyy
LaWN;(PBE) 166.68 162.97 77.19 65.80 200.6 173.98 187.39 2.16 2.48 2.31
LaWN;(PW91) 169.60 166.04 80.38 71.45 208.25 187.46 197.90 2.11 2.32 2.21
LaWN;(PBESOL) 169.56 164.42 77.62 66.21 202.04 175.13 188.67 2.18 2.48 2.32
SmAIO; (ref. 58) 194.42 194.42 148.96 148.19 134.71 120.91 107.12 1.31 1.31 1.31
SmCoO; (ref. 59) 204.63 204.63 137.57 124.52 337.16 310.57 323.98 1.49 1.64 1.56
CaCOs (ref. 60—62) 76 69.63 36 28.71 93.27 75.72 84.56 2.11 2.43 2.25
89.78 83.84 39.17 37.49 102.59 97.88 100.24 2.29 2.24 2.26
77.81 71.55 36.72 35.08 95.19 90.46 92.83 2.12 2.04 2.08
SrZrO; (ref. 63-65) 160.2 160.2 99.72 92.75 247.75 233.24 240.54 1.61 1.73 1.66
192.83 192.83 97.94 91.08 251.28 236.07 243.71 1.97 2.12 2.04
147.64 147.64 92.19 89.31 228.92 222.97 225.95 1.60 1.65 1.63
2
833 = (Cip + C)/[C33(Cry + Cro) — 2C137] (19)
where w is the normal direction cosine of the hexagonal crystal
-1
surface. Sas = Cyy (20)

Similarly, for the Voigt bounds of hexagonal polycrystals, the
Y-parameter containing the surface normal can be described as
follows.*

Ey (u, v, w) = {[Cy; + Cp» + Ci3 — wX(Cyy + Cia — Ci3 — C33)]
2Ci — Cip — Cy3 — W2(5C11 = Ci = 5Cy3
+ Cy3 — 12C4) + 3wH(Cyy — 2Cp3 + Css
— 4Cul}{2Cy + Cia + Ci3 — w(3CYy
+ Cpp — 3Cy3 — 4Cy) + wH(Cyy
= 2C13+ C33 — 4Cay)} (12)

1
4_1 [2C11 —Cp—C;3— W2(5C11 —Cp—5C3+ Cs
— 12C44) + 3W4(C11 —2C;3+ G35 — 4C44)]

Gy (u,v,w) =

(13)

Based on the elastic compliance, the Young's modulus Eg
and shear modulus Gg in either direction of the hexagonal
crystal making an angle @ with the c-axis can be described as®”

1 2
7 = Su(l=5°)" + Sybs* + (2815 + Su)ly* (1 = 15%)
4

(14)

1 S.
Yo Saq + (Su — S — %) (1= 15%) +2(Si + S3 — 2813
¢

— Su)h*(1 - L)
(15)

where I; = cos # is the cosine of the normal orientation Lj

within the crystal plane and S;; is the compliance coefficient.
For a hexagonal structure, the relationships between elastic

stiffness C;; and elastic compliance S;; are as follows.*”

Si1 = S =(Cpy — Cpp) ™! (16)
Sii+ Stz = C3/[C33(Chy + Cra) — 2C157] (17)
Si3 = —C3/[C33(Chy + Cra) — 2C157 (18)
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From eqn (10)-(13) and eqn (14)—(20), the elastic moduli of
hexagonal LaWN; can be calculated using the Y-parameter. The
elastic moduli based on the Y-parameter can then be deter-
mined by the Reuss and Voigt models.

(@ P
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Fig. 6 LaWNg3z surface construction of the bulk modulus, shear
modulus and Young's modulus.
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Fig. 7 Relationship between elastic moduli and plane orientations for
LaWN3z by Reuss and Voigt bounds of Y-parameter.

Fig. 6(a-c) show the anisotropy of the bulk modulus, shear
modulus and Young's modulus. Meanwhile, the Young's
modulus of LaWN; in Fig. 6(c) has a great deviation in shape
from a sphere, indicating that it shows great anisotropy.
Fig. 6(d-f) clearly point out the projection curves of the three-
dimensional diagrams from Fig. 6(a-c) when the value is zero
in the Y-direction and we can see that the various GGA methods
(GGA-PBE, GGA-PBESOL and GGA-PW91) have little effect on
the curves, with the outer curve being the GGA-PW91 method.

As seen in Fig. 7(a and b), the Young's modulus of LaWN;,
using various GGA methods is between 272.23 GPa and
141.58 GPa for the Voigt bounds and between 259.52 GPa and
136.65 GPa for the Reuss bounds as a function of the crystal
plane orientation. The maximum value of the Young's modulus
is 272.23 GPa and the minimum value is 136.65 GPa. The shear
modulus of LaWN; by Reuss and Voigt bounds of the Y-
parameter is between 108.68 GPa and 50.65 GPa, with the
Voigt in the region of 52.31-108.68 GPa and the Reuss in the
region of 50.65-100.94 GPa. Moreover, in comparison, the
Young's modulus and shear modulus of LaWN; are very close to
each other when using various exchange functions (GGA-PBE,
GGA-PBESOL and GGA-PW91).

3.5 Optical properties

The reflection spectrum varies with the reflection of electro-
magnetic wave wavelength characteristics. Materials with
different composition or surface structure contribute to the
differences in reflection spectrum curves. Light absorption

This journal is © The Royal Society of Chemistry 2020
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generally follows Beer-Lambert law, where the absorption
coefficient is a constant and the symbol « is the absorption
coefficient of the medium to monochromatic light. The energy
level and intensity of the absorption peak are related to the
imaginary part of the dielectric function. Meanwhile, the
absorption coefficient is consistent with the corresponding
electron transition probability, which can explain the transition
of the electron well.

The optical constants of LaWNj;, including conductivity,
dielectric constants, absorption spectra, refractive index, loss
function and reflectivity, can be calculated by the following
equations,

¢ SIS0 a0 o
- VAETEE oo o
o) =2 e12<w>+e12<w>—e1<w>f (24)
R(w)—‘ \/%J (25)
7(0) = 01(0) + 32(0) = — 12 e() — 1 (26)

where & (w) is the dielectric function, the loss function L(w)
corresponds to the trailing edge of the reflection spectrum, n(w)
is the refractive index and k(w) represents the extinction coef-
ficient. The loss function L(w) describes the loss of energy when
electrons pass through the material rapidly. The conductivity
function represents the response of a material to an external
electric field whose frequency varies with time and refers to the
change of conductivity caused by light. The optical properties
are usually used to describe the complex dielectric, defined as
&(w) = &1(w) + iey(w), which is closely related to the interaction
between electrons and photons. The extinction coefficient and
refractive index are relative to the imaginary part and the real
part, respectively, of the dielectric constant. Thus, we can get
the spectrum and band transition of electrons.

Generally, the appearance of peaks in the spectrum can be
considered the result of plasma excitation, while the peak
position indicates the frequency of the collective excitation of
electrons.

The optical constants of LaWNj3, including the absorption
spectrum, energy-loss spectrum, conductivity, dielectric func-
tion, reflectivity, refractive index and extinction coefficient, are
calculated and shown in Fig. 8.

Itis noted in Fig. 8(a) that there are three absorption regions (0-
10.83 eV, 11.59-21.88 eV and 37.9-44.24 eV, respectively), due to
the transition from the N-2p state at the top of the valence band to
the unoccupied W-5d state at the bottom of the conduction band.

RSC Adv, 2020, 10, 1731717326 | 17323
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trum, (b) energy-loss spectrum, (c) conductivity, (d) dielectric function,
(e) reflectivity, and (f) refractive index and extinction coefficient.

The peak values of L(w) correspond to the trailing edge of the
reflection spectrum; 10 eV, 15.6 €V, 18.8 eV and 41.8 eV are the
obvious peaks in Fig. 8(b). We can see that the energy loss near
10 eV is larger, while the energy loss in the other region is the
smallest. The peak around 10 €V is very steep, indicating that the
energy loss is too small, which is very beneficial to reduce loss and
improve the storage efficiency. In Fig. 8(c), there are four obvious
peaks, among which the strongest peak is located at 3.18 eV with
a value of 6.05 fs™* and the other three peaks are located at
15.12 eV, 18.35 €V and 41.21 eV.

As seen in Fig. 8(d), when the frequency is zero, the real part
(&1) of the dielectric function corresponds to the static dielectric
constant and the calculated ¢, is about 10.98. It can be seen that
there are three peaks (2.77 eV, 18.28 eV and 41.27 eV) from the
imaginary part of the dielectric function and the strongest peak
appears at 2.77 eV with the ¢, value of 17.14. These differences
can be attributed to the N common -2p and W-5d transitions
between the conduction band and the valence band.

In Fig. 8(e), as the optical reflection is an important optical
loss, the reflection spectrum of LaWN3; is given, in which the
positions of some peaks are consistent with the calculations of
the energy-loss function. It can be seen that the crystal has high
reflectivity in the energy region of 3.17-10 eV. Moreover, Fig. §(f)
shows the refractive index n(w) and extinction coefficient k(w)
and the calculated static refractive index of n(0) is 3.31 at 0 eV.
The maximum of the static refractive index is about 4.13 when
the frequency is 1.89 eV and the minimum is about 0.75 at
15.23 eV.

In all, it is interesting to find that the spectral characteristics
of n(w) in Fig. 8(f) are very similar to the dielectric function ¢;(w)
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in Fig. 8(d), which means that the static dielectric constant &,(0)
corresponds to the static refractive index n(0). For the LaWNj;
structure, the value of n(w) arrives at a maximum value of 4.13 at
the energy of 1.89 eV and then decreases gradually to the
minimum value of zero at the energy of about 9.87 eV.

In summary, the high conductivities in the low frequency
(3.18 eV) and medium frequency (41.21 eV) allow future possible
application of LaWN; in optical materials, such as optical fiber
transmission to reduce the loss of light in long-distance trans-
mission due to absorption and scattering. This work is mean-
ingful in the synthesis of nitride perovskites for future

application in modern optoelectronics devices.®***

4 Conclusions

Based on DFT, the geometric parameters of LaWN; were opti-
mized. Then, the elastic constant, band structure, density of
states, dielectric constant, refractive index, reflectivity, absorp-
tion coefficient and conductivity were calculated and analyzed.
The results are as follows:

(1) After geometric optimization with different functional
methods, the ABX;-type LaWNj; structure is confirmed to be
stable.

(2) From the calculation results of the phonon dispersion
spectrum and elasticity criterion, LaWNj; is thermodynamically
and mechanically stable.

(3) LaWN; is an indirect band gap semiconductor (E, = 1.181
eV) and a hybrid orbital is formed near the Fermi level by the
contributions of N-2p and W-5d, as well as a small amount of
La-5d.

(4) Through study of the elastic properties, LaWN; produces
deformation under stress and shows good ductility.

(5) As for the optical properties of LaWNj;, the optical
constants, Le., dielectric constants and refractive index, are
higher than those of other ABX;-type materials, which shows
that LaWNj is a very promising functional perovskite material.

The above results provide a theoretical basis to explain the
relationship between the electronic structure and physical
properties of LaWN;. For further research on LaWNj3, surface
adsorption, quantum dots, doping, thermodynamics, photo-
catalysis and piezoelectric properties will be investigated.
Investigation of this novel LaWN; ABX;-type material based on
first principles can accelerate the future practical synthesis of
the piezoelectric and ferroelectric properties of LaWNj; nitride
perovskite using well-established design principles, such as
increasing the piezoelectric response in nitride perovskites
using morphotropic phase boundaries to better understand the
boundary between the polar R3¢ LaWN; and non-polar I4
LaWO,N;_, structures.’”* In all, this investigation helps
accelerate the practical synthesis of R3¢ LaWN; and improve the
efficiency by narrowing the scope of specific chemical reaction
conditions.
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