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The effect of replacing the anion from N to Bi down the group in the periodic table is investigated on SrMg; X,
(X =N, P, As, Sb, Bi). A full potential linearized augmented plane wave plus local orbitals method is used along with
different exchange—correlation potentials to obtain the lattice constants, phonons, electronic, and optical properties of the
StMgrX> (X = N, P, As, Sb, Bi) Zintl compounds. A good agreement is achieved and our calculations are validated by
previous experimental and theoretical data. All compounds have shown stable dynamical behavior with gamma centered
longitudinal response having no imaginary frequencies. Electronic band structures reveal the semiconducting nature of the
compounds. The Pnictogen (X)-p state contributed mainly in the valence band and the Sr-d state forms the conduction of
the compounds. Relative charge transfer and low overlapping of the atomic densities indicates the preferable ionic bonding
character of these materials. In the optical properties, real and imaginary parts of dielectric function, complex refractive
index, birefringence, reflectivity, and optical conductivity are calculated. These compounds can be utilized in the optical

and optoelectronic devices.
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1. Introduction

In recent years, nitride materials showed important tech-
nological applications.!! Nitrogen is stable under normal con-
ditions and may react with selected elements with interest-
ing properties to form different compounds.?! Synthesis and
structural characterization of StMg,N, have been reported in
Ref. [3] The single crystal of StMg,N, was colorless plates,
transparent with a hexagonal shape. To improve the mechan-
ical strength of Mg3Sb,, Guodong er al.'¥ suggested that
the weak ionic bond between Mg—Sb should be enhanced by
proper doping strategies, for instance partial substitution of
magnesium (Mg) via more electropositive cation of strontium
(Sr). The SrMgyN, compound shows a ductile behavior and
a striking elastic anisotropy. It is found that StMg;N, had a
direct bandgap (I'-I") and converted to indirect gap (I ' -M) at
5.16 GPa.

Using the quasi-harmonic Debye model, thermal ef-
fects on some macroscopic properties of StMg,N, have been

studied.’®! The electronic profiles and transport phenomena

DOI: 10.1088/1674-1056/27/4/047102

of Zintl phase StMgyPn, (Pn = As, Sb, Bi) compounds
and Mg3Sby by the first principles calculations have been
reported.[®! The theoretical investigations of transport prop-
erties and electronic structures of Zintl compounds StMg, X,
X = Sb, Bi) were calculated by using the ab-initio method and
the semi-classical Boltzmann theory within the constant relax-
ation time approximation.!”) Novel systems, such as AMg, B,
(A =Ca, Sr, Ba; B= As, Sb, Bi) have been arranged and struc-
turally characterized by x-ray single crystal investigations.!®!
They crystallize in trigonal phase and isotypic in the ordered
anti-La; O3(Cey0,S)-type structure. The coordination poly-
hedra of the element (V)-atoms were compared with those in
AsB and A5B3 compounds that belonged to the Zintl phases.
The above discussion induces that II-1I,—V, Zintl com-
pounds possess important semiconducting properties while
many of them are worthy of study. Cation—anion modification
gives the opportunity of improvement in the physical prop-
erties of semiconducting materials. To acquire the insight, we
have systematically studied the structural, electronic, and opti-
cal properties of StMg>X, (X =N, P, As, Sb, Bi). The phonon

*Project supported by a grant from the “Research Center of Female Scientific and Medical Colleges”, the Deanship of Scientific Research, King Saud University.
Yaseen M is thankful to Higher Education Commission (HEC), Pakistan for funding (Grant No. 6410/Punjab/NRPU/R&D/HEC/2016), and also this study is
made possible by the support of the United States Government and the American people through the United States Agency for International Development
(USAID). The contents are the sole responsibility of National University of Sciences and Technology and do not necessarily reflect the views of USAID or the

United States Government.
fCorresponding author. E-mail: murtaza@icp.edu.pk
© 2018 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

047102-1


http://dx.doi.org/10.1088/1674-1056/27/4/047102
mailto:murtaza@icp.edu.pk
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 27, No. 4 (2018) 047102

dispersion calculations carried out promise the dynamic stabil-
ity of these systems. Stable configuration and optoelectronic
properties are of great technological significance of the under-
study compounds by performing the augmented plane-wave
total energy calculations.

2. Computational details

The full-potential linearized augmented plane wave
(FP-LAPW) plus local orbitals (LO)1 method realized in
the Wien2k code!'”! was applied to determine the physi-
cal properties of the SrMgy;X, compounds. The Perdew—
Burke—Ernzerhof (PBE)!'!] and Tran-Blaha modified Becke—
Johnson (TB-mBI)!'?! functionals were applied to treating
exchange—correlation effects. The plane wave cutoff was set
to 500 eV in order to relax both the atomic positions and lat-
tice constants. The crystal structure atomic positions of the
elements were relaxed until the energy and forces converged
to 107* eV and 1073 eV/A, respectively. For the Brillouin
zone integration, 1000 k-points were used. The sphere radii of
the Sr, Mg, N, P, As, Sb, and Bi were 2.5, 2.4, 2.0, 2.36, 2.5,
2.5, and 2.5, respectively. Dynamical stability was inspected
through the phonon dispersion calculations in the quantum
espresso package.!!>~15] In this method, the dynamical matrix
is evaluated at a predetermined reference coarse grid in the
wave-vector space through the density functional perturbation
theory.!!3-131 Employing the Fourier transform of the calcu-
lated dynamical matrix at the coarse wave-vector grid, the in-
teratomic force constants are extracted on the corresponding
real-space grid to evaluate the frequencies at corresponding
symmetry points in the irreducible Brillouin zone.

3. Results and discussion

3.1. Structural and dynamical properties

SrMg»X; has a trigonal structure with space group P3ml
(#164), and with a symmetry of a=b # ¢, a = =9, and

Y = 12°. Wyckoff position 15 is for Sr and 2d position for
both Mg and X (N, P, As, Sb, and Bi). The lattice param-
eters a (in unit A), ¢ (A), ¢/a ratio, bulk modulus B (GPa),
pressure derivative (B), ground state volume, and energy are
obtained by unit cell volume optimization of STMg,X> com-
pounds. The specimen crystal structure is shown in Fig. 1,
while the ground state structural optimization (E-V') curves of
all understudy compounds are shown in Fig. 2. The minimum
of these parabolic curves corresponds to the lowest ground
state energy at the optimum volumes of the unit cell.['®! The
calculated ground state structural parameters (lattice constant,
bulk modulus, volume, energy) are summarized in Table 1
along with the previous experimental and theoretical data for
comparison. The results of our calculations are in agreement
with those validated by the previous experimental and theo-
retical data. As a general trend, the lattice constants (a (A)
and ¢ (A)) increase as those move down in the periodic table
for insertion of anion from N to Bi. Bulk modulus B (GPa)
decreases as one move from as we move down the group-V,
showing the more compressibility trend and lowering in the

hardness of these materials.

Fig. 1. (color online) Crystal structure specimen of StMg, X, (X =N, P, As,
Sb, and Bi) systems.

Table 1. The lattice parameters a, c, ¢/a ratio, the bulk modulus B, optimum volume (Vj), and ground state total energy (Ep).

Compound alA clA c/a Vola.u3 B/GPa Ey/Ry
SrMeN 3.65 6.362 1.74 496.57 94.80 ~7380.33
8272 3.622,131 3,624,131 3.629215) 6.359,131 6.346,131 6.342115

SrMg,P, 437 7.240 1.65 809.08 53.03 -8529.75
SiMesA 4.43 7.456 1.68 859.39 48.65 -16205.76
ean 44116 7.4116] 1681

474 7.879 1.66 1037.64 40.23 -33095.85
StMg25b2 47016] 7.83161 1.668]
SrMesBi 481 8.146 1.69 1102.32 34.71 -93487.30
g2 47916] 7.93161 1.668]

Refs. [3] and [8]: experimental results; Refs. [S] and [6]: theoretical results.

047102-2



Chin. Phys. B  Vol. 27, No. 4 (2018) 047102

16 SrMgsNy 10-'_ SrMg,P, \_/>
—o3487.41 | (a) T = o=
- s A e~ e
124 - T~
> e — N
£ 9348742 Y " 7]
= > ¥ = ™~
S 8
| —93487.43 g \ 7 4+ \/
i R —
Lﬂg g 1 ==
T 9348744 - o4 2 2.
m 1 4 p
—93487.45 0 01
PR ISV IR N I EU ST ST S (bl) (b2)
400 600 800 1000 1200 1400 % e T e A EE = arE it
Volume/a.u.?
- - — — — —
101 SrMg»As, 101 " SrMg2Sby 101 = SrMg,Bi, =
L —
—.7"\ = TSN ]
Y N\ g - 8
; S
o 6] 4 6 +— 4 61 |
S — | X.\ e N
5 41 A 4 K P/ 47
E — N < |
g / - / 2 / N 2 <]
£ 2 2 2 < ol
P -4 \ -
01 0 1 01
(b3) (b4) (b5)
—92 = —
'A HK I MLH A HK T MLH F'A HK T MLH

Fig. 2. (color online) (a) Volume optimization (E-V) curves for StMg,X, compounds. Egmax is the ground state of the StMg,Bi,, while the equation of
states of other compounds is also represented here by subtracting the ground state energy (Ep) of the compounds from the ground state energy of StMg,Bi,.
(b) Phonon dispersions of StMg,X, compounds.

i P . ZRLS
WV €08 L~z
> 2: StMg,N, : > 25/\/ SrMg,P, /—: =z 2: StMg,As, :
E 0_ = %EF § 0_ T _EF g 0— ........ _EF
AK PREAV AN Y
r M K r A r M K r A

<-— FEp

Energy/eV
Energy/eV

NPV

r M K r A

g

K r A

Fig. 3. (color online) Calculated band gap energy using TB-mBJ for StMg> X, (X =N, P, As, Sb, and Bi) compounds.
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Variations in the structural parameters with insertion of
group-V light to heavy elements probe the electronic and opti-
cal properties that in turn depend on the vibrational behavior.
A real frequency vibrational response guarantees the dynami-
cal stability of the materials. Therefore, the phonon dispersion
calculations are important to investigate the dynamics under
the electronic and optical processes. Calculated phonon dis-
persions are shown in Fig. 3. All compounds have shown sta-
ble dynamical behavior with gamma centered longitudinal re-
sponse having no imaginary frequencies. The general trend of
a decrease in the frequencies of the optical modes can be un-
derstood as the heavier anion insertion reduces the bulk modu-
lus and elasticity of these compounds. The general trend of the
hard to soft optical phonon frequencies also shows the gradual
weakening of the bonding while going down the group-V. No
imaginary frequencies in all understudied systems confirm the
dynamical stability of these materials.

3.2. Electronic properties

Owing to the ground state stable configurations, band
structures of SrMg>X>, (X = N, P, As, Sb, Bi) are calcu-
lated using state of the art TB-mBJ exchange—correlation func-
The conduction band minima (CBM) of StMg;X,
(X = As, Sb) lies at the M symmetry point and valence band

tional.

maxima (VBM) lies at the I" symmetry point, therefore both
compounds are indirect band gap along the I" — M direction,
while the direct band gap of StMg,X, (X = Bi, N, and P) lies
at the I' symmetry point. Our calculation is still in good agree-
ment with the recent published work. [5-7] Tn all the cases, N-
containing cases yielded the highest band gap up to 3.20 eV
at a given pnictogen group. The band gap decreases as the
pnictogen anions goes down the periodic table from N to P
(1.27 eV), then increases for As up to 1.93 eV, again decreas-
ing for Sb up to 1.56 eV, and a sharp decrease in a band gap
value up to 0.42 eV for Bi.

8

~

WO B~ 0O > O

DOS/(states/eV)

S~

=]

| o

Energy/eV

Fig. 4. (color online) Calculated TDOS and PDOS for StMg, X, (X =N, P,
As, Sb, and Bi) compounds.

Total density of states (TDOS) and partial density of
states (PDOS) plots of SrMg;X,> compounds are shown in
Fig. 4. TB-mBJ functional calculations of the TDOS as well
as PDOS are employed to find out the contribution of the elec-
tronic states to charge carriers near the Fermi level. In our
calculations, we set the Fermi level to the maximum of the
valence band and the states with high contribution are plotted
for clarity. Contribution to the valence band occupied states
is dominated by the anion p-state, while the cation (Sr) s-state
has very little and suppressed contribution. The minimum of
the conduction band is contributed mainly by the cation (Sr)
d-state.
lence and conduction band follows the same pattern for all of

The cation—anion contribution of states to the va-

these ionic systems. Hence, the exciton structure of these sys-
tems will be mainly constituted by a combination of the anion
p-state holes carriers and electrons carriers in the d-state of
cation (Sr).

3.3. Chemical bonding

The unit cell charge difference density distributions are
calculated for investigation of the charge transfer and bond-
ing nature in these systems. The iso-surface of electronic
difference charge densities are shown in Fig. 5. It is clear
from the figure that strontium has the least iso-surface out
of the three elements system showing the least part in bond-
ing of the unit cell. Large donor electron density indicated
that magnesium-donated electrons eventually were transferred
to the anions having the abundance (red color) of the elec-
tronic charge. Relative charge transfer and low overlapping
of the atomic densities indicate the preferable ionic bond-
ing character of these materials. Charge transfer can also
be understood in terms of the electronegativity difference

where group-II elements donates the electrons, while group-V

K e

(e)

Fig. 5. (color online) Difference charge density iso-surface display of (a)
StMgy Ny, (b) StMg,Ps, (c) StMgrAss, (d) StMg,Sby, and (e) StMg;Bis
unit cells. Red and blue colors indicate the charge abundance and deficiency,
respectively, as shown in the color strip.
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elements (X = N, P, As, Sb, Bi) are accepter due to their
electronegative nature. Furthermore, we have summarized
the Mullikan charge distribution in Table 2 to understand the
quantitative charge transfer and hence the explanation of the
iso-surafce and bonding character. More electronegativity of

the group-V decreases down the group as less charge accumu-
lation can be noted while going down the group. Magnesium
has the high charge donor value with positive valence charge
while significant charge transfer is witnessed from strontium
by the Mullikan charge analysis.

Table 2. Mullikan total valence charge and band gap energy of present calculations. Previous theoretical and experimental data on energy

gap are also tabulated for comparison.

C d StMg, X; Mullikan ch
X :)I;p;uzg Srb i dzBi) usrl (;r[lgj ;rge Band gap energy/eV Experimental Theoretical
StMgyN, 0.65 (1.00)"132 3.20 - 1.72051
SrMg, P, 0.87 (0.70)~113 1.27 - -
StMg; As; 0.88 (0.59)"103 1.93 - 1.84161
SrMg;Sby 0.80 (0.54)70% 1.56 - 1261671
SrMg;,Bi 0.86 (0.37)7080 0.42 - 0.721671

Refs. [5], [6], [7]

3.4. Optical properties

SrMgrX> (X = N, P, Bi) are direct band gap materials,
and these materials might be promising solar cell absorbents.
To investigate the possibility, we have calculated the important
optical properties like complex dielectric function, reflectivity,
complex refractive index, reflectivity and optical conductiv-
ity of the understudied materials, and the results are shown in
Figs. 6 and 7. The figures show the average optical spectra and
not the diagonal components. The anisotropy of the crystals is
observed through the birefringence, which is shown in Fig. 8.

The real and imaginary parts are given in Fig. 6(a) and
6(b), which identify the optical dielectric response function
for SrtMg, X, compounds in the energy range of 0 eV to 10 eV.
Also, the maximum values for real and imaginary parts of the
dielectric function are determined. It is clearly seen from the
figures that the static dielectric function &;(0) increases from
SrMg,oN; to StMg,Bi; as expected, while the energy band
gap decreases. This inverse feature could be associated with
Penn’s model.['”) For StMg, Ny, the sharp peak of £ (@) noted
to be 7.08 at energy 3.85 eV. Similarly, for StMg, P, the sharp
peak of € () noted to be 12.38 at energy 3.11 eV. In the same
way, € (@) for StMgyAs;, StMg,Sb,, and StMg,Bi, com-
pounds are noted to be 13.71, 16.97, and 20.98 at energy points
3.03, 2.68, and 2.08 eV, respectively. Except StMg,N», whose
energy values lie in the ultraviolet spectrum, all the other four
compounds have peaks in the visible region of a spectrum. In
Fig. 6(b), we display the imaginary part of the optical dielec-
tric function as a function of energy & (), which is the sum
of total ground state transitions from the occupied states of the
VB to the unoccupied states CB. This spectrum starts from the
fundamental transition edge, which is the excitation of elec-
tron from the maximum of valence band to the minimum of the
conduction band exhibiting the agreement with the band gap of

the materials. This fundamental transition is called the thresh-
old point beyond which the curve increases sharply due to the
large interband transitions. Large interband transition incor-
porates more electrons as the energy of the incident photons
increase and hence more optical absorption. Being a narrow
band gap material, StMg,Bi; showed large absorption cover-
ing the entire visible region together with the near ultraviolet
photons. Hence the stable and UV-Vis absorbent StMg,Bi, is
a potential candidate for solar cell technology. The StMg,N,
has a wide gap (3.20 eV), which cannot accumulate the visible
spectrum and show absorption in the ultraviolet region. On the
other hand, StMg,P; is a medium gap material showing the
absorption in part of the visible region and extending to the ul-
traviolet photons. Collectively, the family of semiconductors
StMg>X> (X =N, P, As, Sb, and Bi) are potential candidates
for the solar cells accumulating the visible to ultraviolet en-
ergy spectrum. The maximum absorption peaks in the spectra
are situated at 5.98, 12.54, 12.59, 16.45, and 22.60 for 8.28,
4.83,5.31,4.14, and 2.73 eV for StMg»X>, respectively.

Reflectivity of a compound provides information to the
surface of the material. In Fig. 7, non-zero components of the
optical reflectivity coefficient R(®) values are 0.12, 0.19, 0.20,
0.23, and 0.32 for StMg, N, StMg,P,, StMg, As,, StMg,Sby,
and SrMg;Bij, respectively, which correspond to reflection at
0 eV. After the limit of zero frequency, reflectivity coefficient
R(®) enhances with increasing incident photon frequency.
Reflectivity maximum arises from the inter band transitions.
The figure indicates the prominent reflectance of SrMg,X>
(X =N, P, As, Sb, Bi). For SrtMg;N,, the maximum reflec-
tivity is noted to be 0.33 at 9.23 eV. Similarly, for StMg,P»,
SrMgy Asjy, StMg,Sb,, and StMg, Bi,, the maximum reflectiv-
ity was found to be 0.54, 0.56, 0.59, and 0.64 at energy 6.95,
6.81, 5.45, and 5.64 eV, respectively.
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Fig. 6. (color online) (a) Real €;(w) and (b) imaginary €,(®) parts of the dielectric functions for StMg, X5, (X = N, P, As, Sb, and Bi) compounds.
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Fig. 7. (color online) Calculated (a) reflectivity spectra, (b) optical conductivity spectra, (c) refractive index, and (d) extinction coefficient versus incident

photon energy of StMg> X5, (X =N, P, As, Sb, and Bi)

The optical conductivity spectrum 8(®) is shown in
Fig. 7(b). The photoconductivity is an optical phenomenon
in which electrical conductivity of a material increases due to
the absorption of electromagnetic radiation. This spectrum
represents the conduction of electrons when applying elec-
tromagnetic field. It refers to the conductivity of a material
which is created by electron transportation due to photon radi-
ation. The maximum value of §(®) is found to be 6669, 8162,

9055, 9235, and 8412 Q'.cm~! around 8.3, 4.8, 5.3, 4.2, and
2.8 eV for StMgyN», StMgrPy, StMgrAsy, StMg,Sb,, and
SrMg,Biy, respectively. Investigations of this quantity help
us to offer new optoelectronic applications for electro-optical
devices.

The static refractive index n(0) is obtained in Fig. 7(c),
and these results are found to be 2.08, 2.57, 2.67, 2.88,
and 3.63 for SI‘MgQNz, Sngsz, SI’MngSz, SI’Mngbz, and
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SrMg,Biy, respectively. These results show that n(0) in-
creases as we move from StMg; N, to StMg,Bi,. The imagi-
nary part of the refractive index or extinction coefficient K (®)
spectrum as a function of the incident photons shows the ab-
sorption behavior and closely follows the interband transition
of & () spectra. The local maxima of K(®) corresponding to
the zero values of €] (@) as shown in Fig. 6(b), are found to be
1.63 at 8.44 eV for StMgyNj, 2.63 at 6.02 eV for StMg, P,
2.67 at 5.53 eV for StMg,As;, 3.03 at 4.66 eV for StMg;,Sby,
and 2.96 at 3.82 eV for SrMg,Bi», respectively. The K (w), as
plotted in Fig. 7(d) has a similar trend to & (®), which indi-
cates absorption of the incident electromagnetic energy.

The birefringence is the difference between the extraor-
dinary and ordinary refraction indices, An = n.—n,, where n.
is the index of refraction for an electric field oriented along
the ¢ axis and n, is the index of refraction for an electric field
perpendicular to the ¢ axis. Figure 8 shows the spectral be-
havior of the birefringence An(®) for SrMg>X, compounds.
The presence of birefringence is actually in the nonabsorbing
region, which is below the energy gap and contributing to the
nonlinear optical behavior. The An(®) spectral dependence
shows strong oscillations around zero in the energy range up
to 10 eV.

0.8 T T T T
——SrMgsNy
. > Sng2P2
+SI‘Mg2AS2
0.4 - SI‘MgQSbQ
) + SrMg,Bis
)
= T
i
3]
R 0+
m
—0.41
0 2 4 6 8 10
Energy/eV

Fig. 8. (color online) Calculated birefringence for StMg,Xs, (X =N, P,
As, Sb, and Bi).

4. Conclusions
The FP-LAPW+LO method along with different

exchange—correlation potentials is used to obtain the lattice
constants, phonon, electronic and optical properties of the
StMgrX> (X = N, P, As, Sb, Bi) Zintl compounds. An in-
verse relation of the lattice constants and bulk modulus was

observed in these compounds by replacement of the cations X
from N to Bi. All compounds have shown stable dynamical
behavior with gamma centered longitudinal response having
no imaginary frequencies. Electronic band structures revealed
that StMg> X5 (X = As, Sb) are indirect bandgap semiconduc-
tors while SrMg, X, (X = Bi, N, and P) are direct bandgap.
The energy gap decreases by replacing the X anion from N to
Bi except for StMg,P,. The Pnictogen (X)-p state contributes
majorly in the valence band and the Sr-d state mainly forms
the conduction band of the compounds. Relative charge trans-
fer and low overlapping of the atomic densities indicate the
preferable ionic bonding character of these materials. The real
part of the dielectric function, refractive index, and reflectivity
static values varies inversely to the energy bandgap. Further,
the optical structures are red shifted by replacement of the an-
ions X from N to Bi. All the compounds show strong optical
response in the visible and ultraviolet regions of the electro-
magnetic spectrum. Our study suggested that the proper anion
replacements probe the electronic structure and optical absorp-
tion profile and might be promising materials in electronics

and photovoltaics.
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