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properties of the cubic SrsMN (M=P and As) anti-perovskites. The properties of the
cubic SrsPN are investigated for the first time in this work while those of the SrsAsN
are compared with other theoretical results in the literature. The Density Functional
Theory (DFT) implemented in the Quantum Espresso (QE) package with the GGA-PBE
functional was used throughout this study. SrsPN and SrsAsN were found to be
chemically and mechanically stable with optimized lattice parameters of 5.07 A and
5.11 A, respectively. Results also showed that the two compounds are p-type
semiconductors with direct band gaps of 0.56 eV and 0.45 eV for the respective
compounds. The materials are also predicted to have exceptional optical properties
including high absorption in the order of 10% cm™ in the visible and ultraviolet region
and hence are promising optoelectronic materials. Moreover, the calculated
thermoelectric properties of the two materials strongly suggest that the two materials are

J. Chem., 11(4), 1254-1265 potential for thermoelectric applications.
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1. Introduction
A large number of recent studies (Song et al., 2023; Song et al., 2022; Bouhmaidi et al., 2023;
Bouhmaidi et al., 2022; Nguyen et al., 2022; Pingak, 2022; Pingak et al., 2023; Roknuzzaman et al.,
2017; Bouhmaidi et al., 2022; Pingak et al., 2022; Ho-Baillie et al., 2021; Huang et al., 2021; Aman
et al., 2018) have demonstrated that perovskites with general formula ABX3 possess outstanding
properties, making them promising for applications in optoelectronic and thermoelectric devices.
Similar results were also reported for a large number of double perovskites (Harbi and Moutaabbid,
2022; Behera and Mukherjee, 2022; Harbi et al., 2019; Hassan et al. 2018). Within such materials, A
and B are cations and X is the anion.
Recently, anti-perovskite materials with formula X3AB have also been found as promising
materials for various applications due to their attractive physical properties. The anti-perovskite is a
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derivative of the electron reversal of the perovskite, with the positive and negative ions occupying
opposite positions: the ions at positions A and B of the perovskites (anti-perovskites) are cations
(anions), and the ions at position X are anions (cations) (Li et al., 2023). Some of their interesting
properties include semiconductivity (Mochizuki et al., 2020), outstanding optoelectronic and
photovoltaic properties (Liang et al., 2022; Oyeniyi, 2022; Dahbi et al., 2022; Kadri et al., 2023),
thermoelectricity (Okamoto et al., 2016; Hassan et al., 2018), superconductivity (He et al., 2013;
Oudah et al., 2016), and ferromagnetism (Zhang et al., 2012).

In particular, anti-perovskite nitrides possess remarkable properties and have been a focus of
some recent studies. Beznosikov (Beznosikov, 2003) carried out a crystal and chemical analysis of the
structures of perovskite-like nitrides and he predicted more than 80 new nitrides with anti-perovskite
structure. Recently, Behera and co-workers (Behera et al., 2022) demonstrated that MgsNX (X = Ge,
Sn) anti-perovskites are metallic in nature as well as mechanically and dynamically stable, making
them promising for various applications.

Due to its excellent optoelectronic and thermoelectric properties, SrsAsN anti-perovskite has
been intensively studied by a number of studies (Mochizuki et al., 2020; Farid et al., 2021; Haque and
Hossain, 2019; Ullah et al., 2016; Hichour et al., 2010; Haddadi et al., 2009). The studies have reported
that the SrsAsN anti-perovskite is a promising optoelectronic and thermoelectric material. However,
most of the studies focused on its optoelectronic and elastic properties, only a few (Farid et al., 2021;
Haque and Hossain, 2019) studied its thermoelectric properties. On the other hand, SrsPN anti-
perovskite, which is an isoelectronic form of SrzAsN, has been rarely studied. Investigations on SrsPN
anti-perovskite have been reported in Refs (Mochizuki et al., 2020; Sreedevi et al., 2022), focusing
only on its optoelectronic properties. To the best of our knowledge, the thermoelectric properties of the
compound have not been reported.

To evaluate the potential of strontium based anti-perovskites SrsAsN and SrsPN in
optoelectronic and thermoelectric devices, a comprehensive study on their optoelectronic, elastic, and
thermoelectric properties should be conducted. Therefore, it is the aim of the present work to apply the
Density Functional Theory (DFT) to investigate the structural, electronic, optical, elastic and
thermoelectric properties of anti-perovskite nitrides of the form SrsMN (M = P and As).

2. Computational Methods

In this study, we have conducted first-principles calculations within the framework of density
functional theory (DFT) using the Quantum Espresso code (Paolo et al., 2009). The exchange-
correlation energy was treated with the generalized gradient approximation (Perdew et al., 1996) and
ultra-soft pseudo potentials. To optimize the geometry of the systems, the Broyden-Fletcher-Goldfarb-
Shanno (BFGS) minimization procedure was employed. The wave function cutoff energy was set to
70 Ry for SrsPN and SrzAsN. For the self-consistent field (SCF) and lattice optimization, a 5x5x5 k-
point grid was used, with a convergence threshold of 1078 eV for the total energy. The non-self-
consistent field (NSCF) calculations for the density of states (DOS) and band structure utilized a 8 x 8
x 8 k-point grid. The Thermo-pw package was utilized to investigate the elastic and optical properties,
employing the Voigt-Reuss-Hill approximation for the elastic property calculations. To explore the
thermoelectric properties, the Boltzmann transport formalism embedded in the BoltzTrap code was
employed. A denser 15 x15 x15 k-point mesh was used to accurately sample the Brillouin Zone. The
thermoelectric properties investigated included electrical conductivity (o/t), Seebeck coefficient (S),
thermal conductivity («/t), and figure of merit (ZT). The Fermi energy level in electron volts (eV)
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served as the zero reference level. A relaxation time of 1071 s, as suggested in the BoltzTrap manual,
was utilized.

3. Results and Discussion
3.1 Structural Properties

In their ideal structure, the anti-perovskites SrsPN and SrsAsN crystallize in a cubic structure with
space group number 221 (pm3m). The three Sr atoms occupy (1/2,0,1/2), (1/2,1/2,0) and (0,1/2,1/2)
Wyckoff positions. Meanwhile, As or P atoms are located at Wyckoff coordinate of (0,0,0) whereas N
atom occupies (1/2,1/2,1/2). The unit cell of the crystal is visualized in Figure 1.

Crystal structure: Sr,MN
S.G. : Pm3m/221

Figure 1. The unit cell of SrsMN (M=P and As)

The optimization procedure has resulted in optimized lattice constants of SrsMN (M=P and As),
summarized in Table 1. Since the cubic structure of SraPN is reported for the first time in this study,
its lattice parameter cannot be compared with other studies. Sreedevi et al (Sreedevi et al., 2022) has
studied this material but in its orthorhombic structure, where it was reported that a = 7.29 A, b = 10.09
A, and ¢ = 7.05 A. Meanwhile, there is a discrepancy found in the calculated lattice constant of the
SrsAsN anti-perovskite. Our calculated lattice constant of this compound (5.11 A) agrees very well
with that obtained using GGA-PBE reported in (Haque and Hossain, 2019) (5.13 A) and (Ullah et al.,
2016; Hichour et al., 2010) (5.12 A). On the other hand, a quite large discrepancy is observed between
our result and that of (Beznosikov, 2003) (5.03 A) and (Ullah et al., 2016) (5.05 A). This discrepancy
can be resolved by future experimental studies on this compound.

Table 1. Optimized lattice constants (ag) and formation energy of cubic anti-perovskites SrsMN (M=P and

As).
Compounds ao(A): ao(A): Formation energy
this study literature (eV/atom)
SrPN 5.07 ] 4.32
SrzAsN 5.13 (Haque and Hossain, 2019), 5.12

(Ullah et al., 2016), 5.12 (Hichour et
al., 2010), 5.03 (Beznosikov, 2003),
5.11 5.05 (Ullah et al., 2016). -4.26

The formation energy AE; of the anti-perovskites has been calculated using Eqn. 1 to investigate
their chemical and stability:
_ Eyoi(Sr3MN)=3E(sr)-E(M)—-E(N)

AE, = Eqn. 1

n
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where E,:(S7sMN) is the total energy of the unit cell of the cubic SrsMN anti-perovskites, E(Sr), E(M)
and E(N) are the energy of Sr, M (M=As or P), and N atoms, respectively, while n is the number of
atoms in the unit cell. As the calculated formation energies of the two compounds are negative, the two
anti-perovskites are predicted to be chemically stable. The chemical and structural stability of cubic
SrsMN anti-perovskites have also been reported in the previous studies such as in Ref (Haque and
Hossain, 2019), supporting our findings.

3.2 Electronic Properties

The electronic properties of the cubic anti-perovskites SrsMN (M=P and As) have been
calculated using the GGA-PBE functional. The band structure of SrsPN and SrsAsN compounds are
plotted and shown in Figure 2 a & b, respectively. As expected, the general feature of the electronic
structure of the two compounds. Additionally, Figure 2 a & b clearly indicate that the two compounds
are direct-gap semiconductors (I'>T"); with band gaps are predicted to be 0.56 eV for SrsPN and 0.45
eV for SrzAsN anti-perovskites. While the band gap energy of the cubic SrsPN is reported for the first
time in the present work, the band gap of the cubic Srz3AsN has already been calculated using a number
of theoretical approaches. A comparison of our results with other theoretical results is presented in

Table 2.
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Figure 2. Electronic band structure of the cubic SrsPN (a) and SrzAsN (b).

Table 2. Calculated energy gap Eg of cubic anti-perovskites SrsAsN, compared with other theoretical results in
the literature

Ey (eV): this work: Eq (eV): literature Approach used
GGA-PBE (literature)

0.45 ([T->1) 0.52 (Haque and Hossain, 2019) (I'>T) PBE

0.84 (Haque and Hossain, 2019) (I'>T) BJ

1.20 (Haque and Hossain, 2019) (T->T) TB-mBJ

1.22 (Haque and Hossain, 2019) (I'->T) KTB-mBJ

1.24 (Haque and Hossain, 2019) (I'=>T) nKTB-mBJ

0.38 (Hichour et al., 2010) (I'>T) GGA

0.84 (Hichour et al., 2010) (I'>T) GGA-eV

0.49 (Haddadi et al., 2009) (T'=>T) GGA

It is not surprising that there are many theoretical studies performed to study the properties of
Sr3AsN because the material has not been experimentally synthesized yet. From Table 2, all the
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theoretical studies have reported that the material is a direct-gap semiconductor. It is also clear that the
use of other approaches including BJ, TB-mBJ, KTB-mBJ, nKTB-mBJ eventually increases the band
gap of the material. All these values will need to be verified experimentally.

3.3 Elastic properties

The elastic properties of the two anti-perovskites are summarized in Table 3, where comparisons
with other theoretical results in the literature are also presented wherever possible.

Table 3. Calculated elastic properties of cubic anti-perovskites SrsPN and Sr;AsN using the GGA-PBE,
compared with other theoretical results in the literature where available

Elastic properties SrsPN SrzAsN

Thiswork Others Thiswork Others

115.73 - 109.15 GGA:95' 98.57'1 110"
Elastic const. C;,(GPa) LDA: 13411

16.05 - 16.71 GGA:231,14.78'1, 16.9111;
Elastic const. C;,(GPa) LDA: 18711

34.40 - 35.07 GGA:29' 46.41"" 358"
Elastic const. C44(GPa) LDA: 37111

49.27 GGA:A4T! 42,7111 48111

47 441111,

B(GPa) - 4752 LDA:57 1

39.92 GGA:455"1 38.8111:
G(GPa) - 39.17 LDA: 443111

1.23 0.941%1 1.241
B/G (GPa) - 1.21 LDA: 1.29%11

95,51 99.2%1 93.6111:
E(GPa) - 92.18 LDA: 10551

0.18 0.11%1 0.175%t":
v - 0.176 LDA: 0.19***

0.69 1.11% 0. 77111
A 0.75 LDA: 0.64 "1

f(Haque and Hossain, 2019); *f(Hichour et al., 2010); **f(Haddadi et al., 2009); **(Ullah et al., 2016).

To the best of our knowledge, calculations on elastic properties of the cubic SrzPN have not been
reported. On the other hand, a number of theoretical studies have reported the elastic properties of the
cubic SrsAsN. One of the most important elastic properties of materials is their mechanical stability,
which can be analyzed from their elastic constants. The Born-Huang mechanical stability criteria
(Born, 1940), i.e. C11> 0, Cas> 0, (C11-C12) > 0, (C11+2C12) > 0, and C12 < B < C13, were applied to
evaluate the mechanical stability of the two anti-perovskites. The calculated elastic constants of the
cubic anti-perovskites SrsPN and Sr3AsN, as presented in Table 3, meet these Born-Huang criteria and
therefore they are mechanically stable. This has also been predicted for the cubic Sr3AsN by a number
of previous investigations (Haque and Hossain, 2019; Hichour et al., 2010; Haddadi et al., 2009).

It is predicted that SrsPN has higher bulk modulus (49.27 GPa) than SrsAsN anti-perovskite
(47.52 GPa), indicating that the anti-perovskite SrsPN is more resistant to external pressure than
SrzAsN. Similarly, SraPN also exhibits stronger shear resistance than Srz3AsN, as seen from their shear
modulus G. In addition, from their Young modulus, the cubic SrsPN is also expected to be stiffer that
Sr3AsN. Furthermore, materials are ductile if their Poisson ratio is larger than 0.26 and are brittle
otherwise (Ghaithan et al., 2021). Based on the calculated Poisson ratio v in Table 3, it can be inferred
that both SrsPN and SrsAsN anti-perovskites have brittle behavior. This is also supported by their
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Pugh’s ratio (Pugh, 1954) which is smaller than 1.75, confirming their brittle behavior. As for the
anisotropy factor A, representing the extent of single crystal anisotropy, our results indicate that the
two anti-perovskites have relatively considerable degree of anisotropy. Table 3 also shows that our
calculated elastic properties of the cubic Sr3AsN agree very well with other theoretical results,
especially those using the GGA approaches. The GGA results of (Haddadi et al., 2009), in particular,
are in excellent agreement with ours for all elastic properties considered. This is an indication that our
results are a reliable prediction of the elastic properties of SrsAsN and this should apply for the cubic
SraPN anti-perovskite, which has not been previously studied.

3.4 Optical properties

The real part of the dielectric function & (w) as a function of photon frequency ® and its
imaginary part e,(w) have been computed and the results are illustrated in Figure 3a-b, respectively.
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Figure 3. Real dielectric function &; (w) (a) and imaginary dielectric function &, (w) (b) of the cubic SrsPN
and SrsAsN.

Figure 3a and 3b clearly show that the general feature of the real and imaginary part of the two
anti-perovskites is similar. The static dielectric constants €;(0) of SrsPN and SrzAsN are found to be
8.00 and 7.99, respectively. The real dielectric constants &; (w) of the two materials then increase and
reach their highest peaks in visible energy range, as illustrated in Figure 3a. These values then decrease
and reach negative values at 4.17 eV and 4.62 eV for the respective compounds, and remain negative
up to 6 eV. Figure 3b visualizes the imaginary part of the dielectric functions €, (w), which describes
the absorption behavior of the compounds. As seen from the figure, the corresponding values for the
two compounds tend to increase and reach the maximum values of 10.68 for SrsPN and 10.17 for
Sr3AsN, both appearing at 3.96 eV. The &, (w) values then experience a decrease towards 6 eV. These
results agree very well with those reported by (Ullah et al., 2016) on Srz3AsN anti-perovskite, which
are also similar to those of a number of isoelectronic compounds including CasAsN, CasSbN, CasBiN,
Sr3SbN, Sr3BiN, BazAsN, BasSbN, and BasBiN. Likewise, Farid and co-workers (Farid et al., 2021)
reported similar findings on the cubic and orthorhombic SrzAsN.

The computed dielectric functions were then used to compute other optical properties of the
compounds namely the reflectivity R(w), absorption coefficient a(w), refractive index n(w), and the
extinction coefficient k(w). The results of these properties as functions of the photon frequency ® in

Bouhmaidi et al., Mor. J. Chem., 2023, 11(4), pp. 1254-1265 1259



the range [0,6] eV are illustrated in Figure 4a, 4b, 4c, and 4d, respectively. In general, SrsPN and
Sr3AsN anti-perovskites have relatively low reflectivity (not exceeding 50%) across the whole energy
range [0,6] eV, with the maximum values of reflectivity predicted to be 43.84% at 4.84 eV and 43.25%
at 5.50 eV, for the respective compounds (see Figure 4a). The static reflectivity values R(0) of the two
anti-perovskites are the same, i.e. 22.8%.
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Figure 4. Reflectivity R(m) (a), absorption coefficient o(w) (b), refractive index n(w) (C) and extinction
coefficient k(w) (d) of the cubic SrsPN and SrsAsN.

The two materials are also predicted to show strong absorption within this energy range, in the
order of 10° cm, as clearly seen in Figure 4b. This is also in agreement with the results reported in
Refs (Farid et al., 2021; Ullah et al., 2016) for Sr3AsN. The computed refractive index as a function of
photon energy n(w) can be seen in Figure 4c, where the static refractive index values 1n(0) of SrsPN
and Sr3AsN are the same (0.282). The general feature of this n(®) curve is very similar to that of the
real part of the dielectric constants ¢, (w) (Figure 3a), as expected. Likewise, the general shape of the
extinction coefficient k(w) of the two compounds (Fig. 4d) closely resembles that of the imaginary part
of the dielectric function &,(w) (Figure 3b). The maximum extinction coefficients of SrsPN and
Sr3AsN are found at photon energies of 4.18 eV and 4.84 eV, respectively.
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3.5 Thermoelectric properties

The thermoelectric properties of the cubic SrsPN and Srz3AsN anti-perovskites have been
calculated in the range [0,800] K and the results are presented in this section. It is important to note
that the properties of the cubic SrsPN are reported for the first time in this study. The thermoelectric
properties include the thermal conductivity over relaxation time (x/t), the electrical conductivity over
relaxation time (o/1), the Seebeck coefficient (S), and the electronic figure of merit (ZTe), plotted in
Figure 5a, 5b, 5c, and 5d, respectively.

(a) (b)
4\" T T T T T T T 7 T T T T T T T
—ea— Sr,PN
3.5 [—v—S8r;AsN 6
FT__3.!] = ‘IF 5
" )
L o :
: 4
- c
. ! 2,0 =
BT e 3
—
& East =
< e 2
~— 1.0 | "B
05} 1
(L" " 1 " 1 " L " 1 " 1 " ﬂ i 1 i 1 " 1 i 1 i 1 i 1 " 1 i
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
Temperature (K) Temperature (K)
(d)
240 —T T T T T T T
0,7 |
200 ;E! 0,6 F
< N
=} S— 0‘5 -
> e
=160 -
()
S 04|
X g™
1) — I
8120 O 3b
o -
=
/7] o 0.2}
80 [
0.1 |
40 1 L 1 1 1 1 1 0,0 . 1 i 1 . 1 . 1 L 1 . 1 . 1 .
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
Temperature (K) Temperature (K)

Figure 5. Electronic thermal conductivity (a), Electrical conductivity (b), Seebeck coefficient (c), and figure
of merit (d) of the cubic SrsPN and SrzAsN.

Heat conduction in materials is due to lattice vibrations and electronic contribution. In this
study, because of the limitation of the BoltzTraP package, only the electronic contribution to the
thermal conductivity (x.) of the compounds as a function of temperature was calculated and the results
are presented in Figure 5a. It can be seen from the figure that at very low temperature, only a slight
increase is observed but for larger temperature, it experiences a sharp increase and reaches its
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maximum values at 800 K, i.e. 3.49 x 10* Wm~1Kk~1s~1 for SrsPN and 3.14 x 10** Wm~1K~1s~1 for
Sr3AsN. At room temperature, the predicted electronic thermal energy values of SrsPN and SrsAsN are
3.64 x 10183 Wm™1Kk"1s71 and 3.26 x 1013 Wm~1K~1s~1, respectively. The trend in this electronic
thermal energy has also been observed for the cubic and orthorhombic Srz3AsN and their isoelectronic
such as MgsAsN, CasAsN, and BasAsN (Farid et al., 2021), within temperature range between 0 and
300 K. Moreover, similar feature was also predicted for CasSnO and Sr3SnO (Hassan et al., 2018).

Similar to the electronic thermal conductivity, the electrical conductivity as shown in Figure 5b
increases with the increase in the temperature for the entire temperature range [0,800] K, as expected.
This is also consistent with the results reported in (Farid et al., 2021) for SrsAsN within energy range
[0,300] K. On the other hand, Haque and Hossain (Haque and Hossain, 2019) predicted that the
electrical conductivity of Sra3AsN increases sharply to reach a peak at about 550 K, and then slightly
decreases.

Figure 5¢ illustrates the variation of the calculated Seebeck coefficients of the cubic SraPN and
Sr3AsN anti-perovskites. As seen from the figure, the Seebeck coefficients of the compounds increase
dramatically until about the room temperature and they then only experience a slight increase until 800
K. This significant rise in the Seebeck coefficient in the temperature range [0,300] K was also reported
for SrzAsN in (Farid et al., 2021). Interestingly, the Seebeck coefficients of Srz3AsN are reported to
decrease in the temperature range [200,700] K (Haque and Hossain, 2019). The positive Seebeck
coefficients of SrsPN and Sra3AsN anti-perovskites imply that the two materials are p-type
semiconductors. The electronic Figure of merit (ZTe) is an important property to predict performance
of promising thermoelectric materials (Mir and Gupta, 2021). In general, larger ZTe values correspond
to better thermoelectric materials (Maughan et al., 2016). Computed ZTe of SrsPN and SrzAsN is
displayed in Figure 5d, where an increase in the ZTe values as a function of temperature is clearly seen.
The most significant increase is observed between [0,300] K while only slight increase is found in
higher temperature range. This trend is in good agreement with the results reported in (Haque and
Hossain, 2019). It is also clear from Figure 5d that SrsPN and Srz3AsN anti-perovskites are predicted to
have almost the same performance as thermoelectric materials since they have almost the same ZTe
values for the entire temperature range. At 800 K, the ZTe values of the two materials are predicted to
be 0.70, slightly lower than the prediction of about 0.75 at 700 K (Haque and Hossain, 2019). This
indicates that the two anti-perovskites are promising thermoelectric materials.

Conclusion

The elastic, optoelectronic and thermoelectric properties of SrsPN and SrzAsN anti-perovskites have
been successfully obtained and interpreted. Negative formation energy of the compounds implies their
chemical stability and the evaluation of the elastic constants based on the Born-Huang stability criteria
demonstrates their mechanical stability. The two compounds are predicted to have p-type
semiconducting behavior with strong absorption in the visible and ultraviolet region, making them
potential for optoelectronic applications. Finally, analysis of their thermoelectric properties suggests
that they are promising thermoelectric materials.
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