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Structural, electronic and optical properties of antiperovskite compounds, SbNCas and BiNCas, are studied
by using the full-potential linearized augmented plane waves (FP-LAPW) method under the framework of
density functional theory (DFT). The exchange-correlation potential is treated by local density approxi-
mation (LDA), generalized gradient approximation (GGA-PBEsol) and GGA developed by Engel and Vosko
(EV-GGA). Furthermore, the modified Becke-Johnson (mB]J) potential is also applied to attain reliable
results for the band gaps of these compounds. The calculated lattice constants are found consistent with
the experimentally measured values and other theoretical results. The band profiles show that both of
Electronic band structure these materials are direct banq ga.p serr}iconduc.tors of about 1.1 eV gap..The direct .band gap nature
Density of states reveals that they may be effective in optical devices and therefore the optical properties of these com-
DFT pounds like the real and imaginary parts of dielectric function, refractive index and absorption coefficient
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are also calculated and discussed.
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1. Introduction

Ternary carbides and nitrides having cubic antiperovskite struc-
ture are emerged as promising compounds for different technolog-
ical applications. These materials have gained importance as they
display variety of physical properties such as giant magnetoresis-
tance [1], nearly zero temperature coefficients of resistivity [2]
and wide range of band gaps, from super conductor to insulator
[3,4]. The general formula for these compounds is AXBs, where A
is group IlI-V element, X is carbon or nitrogen and B is s-d metal
[5,6]. These materials crystallize in cubic structure with space
group Pm3m (#221). The A atoms are positioned at (0, 0, 0) coor-
dinates, X atoms at (0.5, 0.5, 0.5) and B atoms at (0, 0.5, 0.5) of the
unit cell.

Chern et al. [7] reported the synthesis of ANCas (A=P, As, Sb
and Bi) materials by mixing and pressing CasN, powders and group
V elements into a pellet and subsequently heating the pellets at
1000 °C in the flowing dry N, gas. They observed semiconducting
nature for SbNCa; and BiNCas compounds. In the same year, the
electronic structure and bonding properties of BiNCas and PbNCas
materials were studied by Papaconstantopoulos and Pickett [8]
using the augmented plane-wave method. They are of the opinion
that the bandgap of these compounds is very narrow, about
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0.07 eV for BiNCas. A few years later the structural properties of
AsNCas, PNCas and BiNCa; were investigated by Vansant et al. [9]
using local density approximation (LDA) and are also of the opinion
that BiNCas is a narrow band gap semiconductor. In a relatively re-
cent studies, Haddadi et al. [10] investigated the pressure depen-
dent elastic properties of ANCaz (A =P, As, Sb and Bi) using the
plane wave pseudo-potential method, while Moakafi et al. [11] ex-
plored the elastic, electronic and optical properties of SbNCas and
BiNCas using a full relativistic version of the full-potential linear-
ized augmented plane-wave plus local orbitals method based on
the density functional theory.

The results reported in Ref. [11] contradict the claim of the
authors that “SbNCas; and BiNCas are semiconductors in nature”.
As the figures of the band profiles presented in the article clearly
show that for both materials the top of valance band crosses the
Fermi level and enters into the conduction band and hence these
materials are not semiconducting, which is also in disagreement
with the experimental results [7]. In the present article, this anom-
aly is addressed with great care using different theoretical tech-
niques, based on the full potential linearized augmented plane
waves (FP-LAPW) method, like local density approximation
(LDA), generalized gradient approximation (GGA), Engel-Vosko
GGA (EV-GGA) and modified Becke-Johnson (mB]) potential. It is
expected that the present work will not only rectify the errors in
the existing theoretical work, but will also provide a realistic
picture of the compounds which will be helpful in understanding
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various physical properties of these compounds and will also iden-
tify their potential applications in optical and optoelectronic
devices.

2. Computational details

In this paper FP-LAPW method within the framework of DFT
[12,13] as implemented in the WIEN2k package [14] is used to cal-
culate the structural, electronic and optical properties of SbNCas
and BiNCas. In addition to LDA, GGA and EV-GGA, we have also
used the mBJ exchange potential [15,16] assembly with GGA to
handle the exchange-correlation for achieving better band gaps.

The separation energy, in the present calculations, between the
core and valence states is —6.0 Ry. The wave functions inside the
atomic spheres for both materials, in the full potential scheme,
are expanded in terms of spherical harmonics up to [.x = 10. To
ensure the total energy convergence Ryr’s are fixed as 2.5, 2.23
and 2.34 Bohr for SbNCas and 2.5, 2.25 and 2.36 Bohr for BiNCas.
For both compounds the plane wave cutoff values, RyrKmax's, for
the wave functions in the interstitial region are optimized. The
optimization curves are shown in Fig. 1. The results show that
the optimized value for the dimensionless (RyKwvax Jopt. Parameter
is 8 for which the total energy is reliably converged for both of the
compounds, see Fig. 1. Therefore, in this work the Ry;Kin.x param-
eter is adjusted to (RyrKmax )opt. = 8. The plane wave cutoff value
for the charge density and potential is selected to be Gyax =14
(Ry)'2. The electronic and optical properties are performed using
2300 k-points in the irreducible Brillouin zone.

3. Results and discussion
3.1. Structural properties

To obtain the ground-state properties such as the equilibrium
lattice parameter a, and bulk modulus B, for SbNCas; and BiNCas
materials, the total energy-volume curves are calculated and fitted
to the Birch-Murnaghan’s equation of state [17]. We obtained lat-
tice constants and bulk moduli for these materials using LDA, PBE-
GGA, PBEsol-GGA, WC and three versions of EV-GGA, see Fig. 2.
There are three potential options for applying EV-GGA in these cal-
culations which are called EV1, EV2, and EV3. In the first potential,
EV1, Engel-Vosko 93 GGA exchange term is combined with the
LSDA correlation term in the WIEN2k code, see LAPWO which gen-
erates potential. The LAPWO calculates the total potential by sum-
ming Coulomb and exchange-correlation potentials using the total
electron (spin) density. In the second potential, EV2, a combination
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Fig. 1. Total energy of BiNCa; and SbNCa; compounds in Ry as a function of
dimensionless RyrKwvax. parameter. The light down arrow indicates the optimized
RuiKwmax. parameter, i.e., (RyrKmax. Jopt.-

311
BiNCa, SbNCa,
-47321.92 LDA 1713818, LDA
= : V,=721.4330 a.u’
V,=739.1460 a.u. 17138.20 o au
-47321.94 a=4.78 Ang. a=4.75 Ang.
a™%=4.89 Ang. -17138.22{ a“"=4.85 Ang.
= B=69.11 GPa
-47321.96 B=65.75 GPa AT
-47321.98 -17138.26

°Exp.
600 700 800 900

°Exp.

600 700 800 900

PBE -17159.52 PBE
-47355.33 V,=802.0515 a.u.’ V,=780.2040 a.u.®
M -17159.55 -
.47355.36 aE-4.92 Ang. aE—4487 Ang.
a™"=4.89 Ang. a "=4.85 Ang.
47355.39 B=54.18 GPa -17159.58 B=57.64 GPa
-47355.42 Exp. -17159.61 Exp.
675 750 825 900 600 700 800 900
-47338.42 PBEsol ) PBEsol
V =769.5890 a.u. -17148.46 V =750.0147 a.u.’
-47338.44 i o
a=4.85 Ang. a=4.81 Ang.
47338.46 a""=4.89 Ang. -17148.48 a®"=4.85 Ang.
B=59.13 GP. B=62.54 GPa
-47338.48 -17148.50
-47338.50 Exp. 1714852 Exp.
600 700 800 900 1000 600 700 800 900
we we
-17155.
-47350.54 V,=770.2308 a.u.® 95935 V,=750.7199 a.u.’
= = -17156.950 =
n>:- _47350.56 aE:._BS Ang. a;‘:fﬂ Ang.
~ a =489 Ang. -17155.965 a "=4.85 Ang.
3 4735058 B=58.99 GPa - B=62.33 GPa
o -17156.980
W -47350.60
Exp. -17155.995 Exp.
675 750 825 900 675 750 825 900
-47370.585 EV1 EVA
Vv =988.3552 a.u.’ -17172.64
-47370.600 o Y V,=053.3284 a.u.’
-47370.615 e 17172.66 a=5.21 An|
: a"°=4.89 Ang. -rirz. Eriin i‘
B=34.30 GPa a  =4.85 Ang.
-47370.630 17172.68 B=37.41 GPa
47370.645 | EXP: B
A7172.70 25X
800 900 1000 1100 800 900 1000 1100
-47359.41 Ev2 g EV2
V,=938.7663 a.u. -17164.10 V,=904.8631 a.u.’
-47359.42 a=5.18 Ang. 2512 A
e, -17164.11 b Ay
a =489 Ang. Exp._
-47359.43 a®"=4.85 Ang.
B=37.55 GPa B=41.15 GPs
-17164.12 :
47359441 o
) g °
T 17164.13 {°Exp.
800 900 1000 1100 800 900 1000
arse058| BV e e
V,=800.7175 a.u.® 17162731 Vv =778.1893 a.u.’
4736061 a=4.91 Ang. 1716276\ a=4.81Ang.
-47360.64 a"°=4.89 Ang. A7162.79] \ a°=4.87 Ang.
B=53.75 GPa B=57.24 GPa
-47360.67 -17162.82
-47360.70 Expl -17162.85 Exb:

600 700 800 900 1000 1100

600 700 800 900 1000 1100

Volume (a.u.a)

Fig. 2. Total energy in Ry as a function of volume in Bohr® fitted by Birch-
Murnaghan equation of state within a variety of exchange-correlation functionals,
i.e.,, LDA, PBE-GGA, PBEsol-GGA, WC, and three versions of Engel-Vosko-GGA.
Experimental values are indicated for comparison. Left panel shows E-V curves of
BiNCas, and right panel shows E-V curves of SbNCas.

of Engel-Vosko 93 GGA exchange term with Perdew-Wang 91
GGA correlation term is used in the LAPWO of WIEN2k code. In
the third EV3 potential option, Engel-Vosko 93 GGA exchange
term, LSDA potential correlation term, Perdew-Wang 91 GGA ex-
change energy, and Perdew-Wang 91 GGA correlation term are
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Table 1

Calculated equilibrium lattice constant a (A) and bulk modulus B, (GPa) of SbNCas
and BiNCascompounds in comparison with experimental and other theoretical
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results.
Exchange-correlation SbNCas BiNCas
Lattice constant a (A)
PBE-EV3 4.8674 49139
PBE-EV2 5.1183 5.1815
PBE-EV1 5.2081 5.2712
wWC 4.8094 4.8507
PBEsol 4.8079 4.8494
PBE-GGA 4.8716 49166
LDA 4.7561 4.7846
Exp. 4.8541° 4.888°
Other theo. 4.732", 48 ¢ 4.783", 4.85°
Bulk modulus By (GPa)
PBE-EV3 57.2368 53.7518
PBE-EV2 41.1529 37.5455
PBE-EV1 37.4067 34.3033
WC 62.3284 58.9990
PBEsol 62.5424 59.1330
PBE-GGA 57.6427 54.1805
LDA 69.1133 65.7533
Other theo. 72.48, 55.42° 65.89", 54.01"
@ Exp [7].
> GGA[11].

¢ Anylatical [18].

combined in the LAPWO of the WIEN2k code. Results obtained
from the different theoretical models are presented in Table 1.
The calculated results are also compared with the experimentally
measured values and other theoretical data. The table clearly indi-
cates that our results are in good agreement with the other

Energy (eV)
°

Energy (eV)
5

Table 2
Band gaps (in eV) for SbNCaz and BiNCa; by mBJ, EV-GGA, GGA and LDA.
Exchange-correlation SbNCas BiNCas
mBJ 1.1 1.09
GGA-EV3 0.84 0.80
GGA 0.42 0.40
LDA 0.40 0.38
Other theoretical 0.28%, 0.07°
2 LDA [9].
> LDA [8].

available data. The results show that the EV1 and EV2 cannot sat-
isfactorily predict the lattice parameters. The table also reveals that
PBE-GGA, and PBEsol, as well as EV3 are more appropriate tech-
niques than the others for the calculations of the lattice parameters
of these compounds, while EV1, EV2, and LDA may not be consid-
ered as suitable approximations if we compare the results with the
experimental data. The shortcoming of the EV1 and EV2 is that
they improve the properties that depend on the exchange poten-
tial, such as the electronic properties, but not those depend on
the exchange-correlation energy. Therefore, EV1 and EV2 yield
unsatisfactory results for properties that depend on the ex-
change-correlation energy such as structural properties and forces.
From Table 1 and Fig. 2, it is clear that it is the GGA-PBE and EV3
which provide better values of the lattice constants than EV1 and
EV2, compared to the measured results. No experimental data
about the bulk moduli of these compounds is available in litera-
ture, to the best of our knowledge, for comparison. The lattice con-
stant of SbNCas is smaller than the lattice constant of BiNCas,
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Fig. 3. Band structures for SbNCas; and BiNCaz by mB]J, EVGGA, GGA and LDA.
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which is due to the fact that the radius of Sb (Rs, = 1.4 A) is smaller
than the radius of Bi (Rgj = 1.56 A). It shows that the lattice con-
stant increases with the increase in the atomic size of A atom. Un-
likely, the bulk modulus decreases with the increase in the atomic
size of the A site element which is in concurrence with the well-
known relationship between B and lattice constant, i.e., BaV !,
where V is volume of the unit cell.

3.2. Electronic band structures and densities of states

The experimentally demonstrated semiconducting behavior of
SbNCas and BiNCaz compounds [7] has not been extensively inves-
tigated by any theoretical work, and therefore needs careful anal-
ysis to ensure the real picture of these compounds. In the
present work, the electronic properties of these compounds in
the cubic phase are investigated using four functionals, i.e., LDA,
GGA, EV-GGA and mB]J. The calculated band structures by all the
four models are illustrated in Fig. 3. The careful examination of
the band profiles shows that for the same compound the band
structures obtained by different models are similar with minor dif-
ferences in details, whereas they are different for different com-
pounds. The results obtained by all the four functionals depicted
in the figures indicate that SbNCas; and BiNCajs are direct bandgap
semiconductors, which is consistent with the experimentally ob-
served nature of these compounds [7]| and contradicts with the
theoretical results [11]. The calculated band gaps for these materi-
als are presented in Table 2. It is clear from the table that LDA pro-
vides the smallest, while mB] gives the largest band gaps for these
materials. Similar to LDA, GGA also underestimates [19,20] band
gaps but it provides relatively better results. This is due to the fact
that LDA assumes constant electron density for a system whereas
in real the charge density is not uniform. However, GGA also has
its limitations, as it does not reproduce both exchange-correlation
energy and its charge derivative [21]. To overcome this problem,
Engel and Vosko [22] designed a new functional form of the GGA
at the expense of less agreement in exchange energy. As LDA and
GGA are notorious for the underestimation of band gaps and mBJ
is effective in the estimation of band gaps, hence in the present
study we can rely on the mBJ potential and expect that the exper-
imental band gaps for both of these compounds will be consistent
with the results obtained by mBJ, i.e., 1.1 eV (Fig. 3 and Table 2).
Despite using small number of k-points for mBJ] as compared to
the other three functionals, we get the largest band gap by mB],
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which shows mB]J is the best potential for studying the electronic
structure for these materials. It is well understood that mBJ] works
well for the band gap calculations as compared to LDA and GGA,
because of the extra exchange potential, not only for transition me-
tal compounds but also for sp-type semiconductors [15].

The clear picture of the electronic properties of SbNCas; and
BiNCas compounds can be obtained from the total and partial den-
sity of states (DOS), depicted in Fig. 4. It is clear from the figure that
both materials have approximately same DOS curves with a small
difference in details. It can be seen from the figure that the region
below the Fermi level is divided into two regions; semi-core and
valance states. The semi-core states, lying between —11.5 eV and
—12.8 eV for both materials, are entirely composed of nitrogen s
states while semi-core states, lying between —8 eV to —8.7 eV for
SbNCaz and —9.7 eV to —10.3 eV for BiNCas, are dominated by
Sb/Bi-s states. In the upper valence band, states are mainly
occupied by nitrogen p state, which is strongly hybridized with
Sb/Bi-p states. The band gaps of 1.1 eV and 1.09 eV for SbNCas
and BiNCas are also confirmed by the corresponding DOSs, respec-
tively. The conduction band is dominated by Ca-d states with a
mixture of Sb/Bi and N-p states showing hybridization. It is also
worth noting that the amplitude of Bi-s states is higher in BiNCa;
than the amplitude of Sb-s states in SbNCas; and the amplitude of
N-p states is higher in BiNCas than the amplitude of N-p states in
SbNCas,
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3.3. Optical properties

Optical properties of a material are very helpful to identify the
internal character of that material. The real and imaginary parts of
the dielectric function, refractive index and absorption spectrum
are calculated to observe the response of SbNCaz and BiNCas to
the applied electromagnetic field. The calculated optical properties
for these materials with the mB]J formalism are presented in Figs. 5
8. It is clear from the figures that both materials show approxi-
mately same behavior with small differences in details.

The dielectric function &(w), consists of real part ¢;(w) and an
imaginary part &;(w). The calculated results for &;(w) and &(w)
are presented in Figs. 5 and 6 for SbNCaz and BiNCas, respectively.
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Fig. 6. Dielectric function &(w) for BiNCa; by mB]J.
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Fig. 7. Absorption coefficient for SbNCas and BiNCa; by mBJ.
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Fig. 8. Refractive index for SbNCaz and BiNCa; by mB].

The value of the static dielectric constant &£;(0) for SbNCas is 7.8
and for BiNCas is 8.5. The & (w) increases steadily with energy
and reaches to its peak value at 2.36 eV for SbNCas and 2.1 eV for
BiNCas. Then it decreases to minimum negative value at 4.9 eV
for SbNCaz and 4.6 eV for BiNCas. Collective excitations of large
effective mass in the interfaces induced by electric field may be
responsible [23] for the negative ¢;(w) showing absorption in this
energy range. After this point, it increases with some variations
and becomes positive after 12.5 eV for both materials. The imagi-
nary part &(w), presented in these figures clearly show the critical
point (Ep) at 1 eV for these materials, which also confirms the band
gap. After this point, we have a threshold (E,) for transition from
valance to conduction band. For higher energies, ex(w) keeps
increasing which shows steady increase in absorption up to
3.2 eV (E;). In the energy range from 3.2 eV to 3.9 eV, the curve
stays at the same point and shows constant absorption for SbNCas
but slowly increase for BiNCas. After this point, we see a sharp in-
crease in the curves for both materials and receive peaks at 4.5 eV
(E3), where materials show maximum absorption. The absorption
curves, in Fig. 7, also confirm this pattern as we see zero absorption
up to 1 eV (Ep). At higher energies, we see peaks at 4.5 eV (E;) and
7.5 eV (E3), hence, the materials can be used as filters in this energy
range of ultraviolet spectrum. Fig. 8 shows refractive index n(w) for
these materials. At zero energy the value of n(w) is 2.8 (Ep) and
2.92 for SbNCasz and BiNCas respectively. n(w) reaches to maxi-
mum value at 4.3 eV (E;) for SbNCasand 2.4 eV (E;) for BiNCas.

4. Conclusions

In summary, we investigated the structural, electronic and opti-
cal properties of the antiperovskites SbNCas and BiNCas using the
full potential linearized augmented plane waves method (FP-
LAPW) within density functional theory. For the reliability of the
work we used LDA, GGA and GGA-EV exchange correlation poten-
tials. We found the lattice constants and bulk moduli are in good
agreement with the available experimental data. For the batter
band gaps, we also used mBJ, which gives the largest band gaps
than all other potentials. All these potentials show that these mate-
rials are direct band gap semiconductors. LDA provides the small-
est band gaps in comparison to the other potentials. The calculated
band gaps using mB]J are 1.1 eV and 1.09 eV for SbNCas and BiNCa;
respectively which are expected to be the experimental band gaps
of these compounds. The imaginary part of the dielectric function
also confirms these band gaps for the materials.The materials show
maximum absorption at 4.5 eV and then at 26 eV. Hence, in these
energy ranges of ultraviolet spectrum the materials can be used as
filters.
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