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We have explored the structural, electronic, optical, and mechanical proper-
ties of the magnesium-based chalcopyrites MgSiPy, MgSiAs,, and MgSiSb,
using density functional theory with five different generalized gradient
approximation (GGA) functionals: Perdew—Wang (1991), Perdew—Burke—
Ernzerhof, revised Perdew—Burke—Ernzerhof, modified Perdew—Burke—
Ernzerhof for solids, and Armiento—Mattson (2005) as well as the local density
approximation. Change of the constituent element from P to Sb significantly
affected the lattice constants, elastic constants, and thermal and dielectric
properties. Our theoretically computed results are in reasonable agreement
with experiments and other theoretical calculations. The electronic band
structure results imply that all three considered compounds are semicon-
ductors. MgSiP, has the highest value of elastic constants, and bulk and shear
moduli compared with the other two binary chalcopyrites. Furthermore, the
optical response in terms of the dielectric functions, optical reflectivity,
refractive index, extinction coefficient, and electron energy loss of the com-
pounds were also investigated in the energy range from 0 eV to 15 eV. The
calculated optical results reveal optical polarization anisotropy for all three
compounds, making them wuseful for optoelectronic device applications.
Moreover, specific focus is also given to quantify the dependence of various
thermal properties on finite pressure/temperature within the quasiharmonic

approximation.
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INTRODUCTION

The family of chalcopyrite semiconductor materi-
als with I-III-VI, and II-IV-V, structure type is
unique in that they are natural prime candidates for
use in spintronic, optoelectronic, nonlinear optical,
and photovoltaic applications, due to their wide
variety of interesting physical properties.™°

The Mg-IV-V, (IV = Si, Ge, Sn; V =P, As, Sb)
chalcopyrites span a range of structural, optical, and
electronic properties, making them ideal for integra-
tion into III-V-compound-based optoelectronic
devices and applications.™! Previous theoretical

(Received March 21, 2016; accepted July 28, 2016;
published online August 18, 2016)

studies have determined various structural, elastic,
and optical properties, including detailed study of the
electronic band structure of MgSiP,, MgSiAs,, and
MgSiSb,; For instance, Jaffe et al.® first determined
the structural and electronic band structure of var-
ious II-IV-V,-type compounds, including the title
compounds, using self-consistent band-structure
methods. The linear optical properties of II-IV-V,
compounds (II = Mg, Zn, Cd; IV = Si, Ge; V = P, As)
were investigated by Chiker et al.’® using the full
potential linearized augmented plane wave (FP-
LAPW) method. Shaposhnikov et al.'® obtained the
structural, electronic, and optical properties of II-
IV-V, (IT = Be, Mg, Zn, Cd; IV = Si, Ge, Sn; V=P,
As) chalcopyrite-type ternaries with the aid of the
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Table I. Equilibrium lattice constants (¢ and ¢ in A), c¢/2a ratio, bulk modulus (B in GPa), and pressure
derivative of bulk modulus (dB/dP) for MgSiX, (X = P, As, Sb) calculated using various exchange-correlation
functionals at 0 GPa and 0 K, compared with earlier studies

Compound Reference a (A)
MgSiP, Present (LDA-CA) 5.680
Present (GGA-PW91) 5.747
Present (GGA-PBE) 5.748
Present (GGA-RPBE) 5.780
Present (GGA-PBEsol) 5.7396
Present (GGA-AMO05) 5.7395
Exp.%° 5.718
Theory* 5.700
Theory (LDA)® 5.640
Theory (GGA-PBE)*° 5.852
Theory (GGA)'® 5.733
Theory (LDA)*! 5.694
Theory (GGA-PBE)! 5.440
MgSiAs, Present (LDA-CA) 5.874
Present (GGA-PW91) 5.966
Present (GGA-PBE) 5.969
Present (GGA-RPBE) 6.008
Present (GGA-PBEsol) 5.940
Present (GGA-AMO05) 5.941
Theory® 5.804
Theory (GGA)'® 5.954
Theory (LDA)*! 5.885
Theory (GGA-PBE)?° 5.956
MgSiSh, Present (LDA-CA) 6.323
Present (GGA-PW91) 6.433
Present (GGA-PBE) 6.434
Present (GGA-RPBE) 6.484
Present (GGA-PBEsol) 6.387
Present (GGA-AMO05) 6.394
Theory® 6.221
Theory (GGA-PBE)?° 6.348

c A c/2a u B (GPa) dB/dP
10.020 0.882 0.2915 81.395 4.106
10.242 0.891 0.292 73.018 4.140
10.235 0.890 0.292 72.988 4.139
10.319 0.893 0.293 69.505 4.160
10.054 0.876 0.293 77.341 4.095
10.084 0.878 0.293 76.159 4.108
10.109 0.885 0.292

9.804 0.860 0.288
10.942 0.970 0.300 75.000 4.300
10.422 0.891 0.297
10.242 0.893 0.292
10.124 0.889 0.292

9.683 0.890 0.292 73.920 3.820
10.531 0.896 0.285 66.455 4.178
10.802 0.905 0.285 58.417 4.230
10.795 0.904 0.285 58.230 4.227
10.899 0.907 0.286 54.744 4.254
10.590 0.891 0.286 63.109 4.190
10.623 0.894 0.287 61.757 4.204
10.853 0.935 0.284
10.800 0.907 0.286
10.569 0.898 0.285
10.614 0.891 0.290
11.708 0.926 0.278 49.574 4.286
11.946 0.929 0.279 43.05 4.303
11.938 0.928 0.279 42.576 4.472
12.060 0.930 0.280 39.805 4.327
11.729 0.918 0.280 46.943 4.265
11.775 0.921 0.281 45.443 4.286
11.683 0.939 0.281
11.604 0.914 0.287

modified Becke—Johnson (mBJ) exchange—correla-
tion potential and GW approximation. Ouahrani'®
studied the structure, phase transition (from chal-
copyrite to NaCl), electron localization function, and
local compressibility of XSiP,; (X = Be, Mg, Cd, Zn,
Hg) under pressure using first-principles calcula-
tions with Elk and WIENZ2k, a full potential linear
augmented plane wave (FP-LAPW) code, within the
Perdew—Burke-Ernzerhof (PBE) generalized gradi-
ent approximation (GGA). Subsequently, the calcu-
lated dynamical and anisotropic behaviors of the
same compounds were newly reported by Ouahrani
et al.'?

Due to the technological importance of these
compounds, it appears necessary to comprehend
the behavior of their thermal properties at high
temperature or pressure, which is the focus of this
work. Althouggh a very similar approach was used by
Ullah et al.'” to explain the electronic and optical
properties of MgYZs (Y =Si, Ge; Z =N, P), our
calculations differ in the use of various exchange—
correlation functionals. They also used the full
potential linearized augmented plane wave plus
local orbital (FP-LAPW) method based on DFT, as

implemented in the WIEN2K package, performing
the Engel-Vosko (EV) GGA scheme. They deduced
that the bandgap and reflectivity calculated for
their compounds were high in the visible and
ultraviolet regions of the energy spectrum, making
them useful for photonic, optoelectronic, and optical
applications. Recently, in another similar study, Shi
et al.Z® carried out calculations for BeSiV, and
MgSiV, (V =P, As, Sb) in chalcopyrite phase to
predict their elastic properties, phonon dispersion
relations, phonon density of states, infrared absorp-
tion spectra, and Raman scattering spectra within
the PBE GGA as implemented in the Cambridge
Serial Total Energy Package (CASTEP) code.
Despite these various theoretical first-principles
studies, there remains considerable uncertainty
regarding the electronic, optical, and mechanical
properties, especially for the compound MgSiSh,.
The main aim of this study is to predict the ground-
state, elastic, electronic, optical, and thermal prop-
erties using density functional theory (DFT). To
provide significant information for application and
design of these compounds, we attempt to use
several exchange—correlation functionals,?*?" as
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Fig. 1. Total energy versus volume calculated using several exchange—correlation functionals for MgSiX, (X = P, As, Sb) compounds in

chalcopyrite phase.

mentioned above. The main results were obtained
using the projector augmented-wave method®® as
implemented in the Vienna ab initio Simulation
Package (VASP).? After careful tests, the kinetic-
energy cutoff for the plane-wave expansion was
taken as 500 eV and the Brillouin zone was sampled
using a special 9 x 9 x 5 k-point grid, except for the
electronic density of states and charge density,
because such calculations require a dense mesh,
hence the Brillouin zone was sampled using a
17 x 17 x 10 k-point grid. The convergence crite-
rion for structural optimization was 10~ ' eV.

RESULTS AND DISCUSSION
Structural Properties

Whereas MgSiP, crystallizes in a body-centered
tetragonal phase (space group no. 122, I-42d, D2,),
MgSiAss, and MgSiSb, have not yet been synthe-
sized. Throughout this study, we optimized all the
considered compounds in space group D2; with Mg
atoms at (0 0 0), Si atoms at (0.0 0.0 0.5), and X
(X =P, As, Sb) atoms at (z 0.25 0.125). As is well
known, the body-centered tetragonal structure can
be simply defined by three lattice parameters: a and
¢, and an internal parameter u. Since crystal
structure optimization plays a fundamental role in
determining the electronic and thermal properties
of a material, we selected several exchange—corre-
lation functionals to increase the reliability of our
results. The calculations of the structural properties
of MgSiX, (X = P, As, Sb) were performed with full
structure relaxation for all free internal atomic

positions. A comparison between the calculated and
experimental values of all of the relevant equilib-
rium unit-cell parameters, bulk modulus (B), and
pressure derivative of bulk modulus (dB/dP), as
obtained by fitting the Murnaghan equation of state
(EOS), for these compounds is presented in Table I.
The cell volume increased from the P to Sb com-
pound, as expected. It is well known that the ideal
crystal has tetragonal distortion with n = 1 (where
n = c¢/2a) and u = 0.25 in the body-centered tetrag-
onal phase. In all the MgSiX, (X =P, As, Sb)
compounds, both the tetragonal distortion ratio
(c/2a) and internal parameter (z) are nonideal due
to deviation from the ideal crystal structure.

The total energy computed as a function of the
unit-cell volume for MgSiX, (X =P, As, Sb) is
presented in Fig. 1 for several exchange—correlation
functionals. Whereas the lattice constant a of
MgSiP; obtained from the current calculations with
the LDA is nearly 0.7% smaller ({) than the
experimental value (@ex, = 5.718 A),2% the values
obtained with the PW91, PBE, RPBE, PBEsol, and
AMO5 GGA functionals are higher (T) by 0.5%,
0.53%, 1.08%, 0.378%, and 0.376%, respectively,
compared with the experimental result. For
MgSiP,, the lattice constant ¢ shows a small error
of 0.88% (1), 1.32% (1), 1.25% (1), 2.08% (T), 0.54%
(1), and 0.25% ({) for the LDA, PW91, PBE, RPBE,
PBEsol, and AMO05 calculations, respectively, as
compared with the experimental result
(Cexp = 10.109 A).?° This noticeable error is typical
for both the GGA and LDA functional. Obviously,
we infer that, for the lattice constants a and c¢ of
MgSiP,, the best agreement with experiment is
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obtained using the AM052 calculations.® It is also
noticeable that the result for the lattice constant a is
very similar for the AMO05 and PBEsol functionals.?”
It should be stated here that both PBEsol and AM05
give reliable results for structural properties, as
shown in Ref. 31. Unfortunately, no experimental
data for the lattice constants or bulk modulus of
MgSiAss or MgSiSb, are available in literature to
discuss which exchange—correlation functional gives
better results. We noticed a small mismatch with
respect to other computational studies.'*'®*2° From
Table I, the order of the lattice constants from low
to high is: LDA < AMO05 < PBEsol < PW91 <
PBE < RPBE for MgSiP, and LDA < PBE-
sol < AMO05 < PW91 < PBE < RPBE for MgSiAs,
and MgSiSb,. The obtained bulk modulus (Table I)
predicts an order of RPBE < PBE < PW91 <
AMO5 < PBEsol < LDA for each compound. The
calculated dB/dP is reasonable compared with other
theoretical studies, with deviation nearly less than
10% compared with Ref. 11 and 9% compared with
Ref. 9.

Mechanical Properties

The elastic constants of a material provide funda-
mental useful information about its mechanical
properties. The results of our calculations were
obtained using the “stress—strain method.”®%33 We
predicted many useful mechanical properties,
namely the bulk modulus B, shear modulus G,
Poisson’s ratio v, and anisotropy factors, all derivable
from the elastic constants. Details of the calculations
and equations can be found elsewhere.?*37 The

results are summarized in Tables II and III together
with other corresponding first-principles calcula-
tions. The positive values obtained for the six inde-
pendent elastic constants indicate that all the title
compounds are stable in this phase. As usual, the
elastic constants obtained using the LDA are larger
than those calculated using the GGA functionals. As
can be seen from these tables, the values of the elastic
constants increase in the following sequence: C;;(Mg-
Slez) < CLJ(Mg81AS2) < CLJ(MgSIPQ) Similar stud-
ies to calculate the elastic properties were reported in
Refs. 12 and 20. While the elastic constants calcu-
lated using the LDA have high error compared with
Ref. 20, the results calculated using the GGA func-
tionals, especially PBE and PW91, are consistent with
Ref. 20. It is also found that the elastic constants lie in
the order LDA > PBEsol > AM05 > PW91 >
PBE > RPBE for each compound. It is important to
note that all the investigated GGA functionals provide
similar results to one another. In particular, the
values of the elastic properties obtained using the
PW91 and PBE functionals were highly similar; These
values decrease with the size of the anion atom from P
to Sb. It is noticed that C;; is larger than Css,
indicating that the c-axis is more compressible than
the a-axis for each compound. Also, Cy4 is lower than
Cee, indicating that shear along the (001) plane is
easier than shear along the (100) plane.

The bulk modulus measures the resistance to
volume change for constant shape.?® For these
compounds, the bulk modulus increases in the
order: B(MgSiSby) < B(MgSiAs,) < B(MgSiPy). We
conclude that the bulk modulus calculated from the
elastic constants within the Voigt—Reuss—Hill

Table III. Shear anisotropy factors A and A°, percentage of elastic anisotropy for bulk modulus A.omp and
shear modulus Ag,.., (%), and universal anisotropy index A" of MgSiX, (X = P, As, Sb) calculated for several

exchange—-correlation functionals

Compound Present A®
MgSiPy LDA-CA 2.24
GGA-PWI1 2.06
GGA-PBE 2.06
GGA-RPBE 2.03
GGA-PBEsol 2.05
GGA-AMO05 2.05
Theory?° 2.39
MgSiAs, LDA-CA 2.29
GGA-PWI1 2.04
GGA-PBE 2.03
GGA-RPBE 2.00
GGA-PBEsol 2.05
GGA-AMO05 2.04
Theory?° 2.66
MgSiSb, LDA-CA 2.22
GGA-PW9I1 2.01
GGA-PBE 2.00
GGA-RPBE 1.96
GGA-PBEsol 2.05
GGA-AMO05 2.02

Theory?° 2.42

A° Acomp Ashear A"
1.39 2.14 11.71 1.37
1.42 1.31 9.01 1.02
141 1.39 9.12 1.03
1.42 1.24 8.33 0.93
1.34 2.54 12.19 1.44
1.35 2.35 11.41 1.34
1.13

1.57 1.63 11.01 1.27
1.48 0.88 7.63 0.84
1.47 0.92 7.67 0.85
1.47 0.83 6.92 0.76
1.43 1.58 9.91 1.13
1.43 1.45 9.20 1.04
141

1.79 0.34 8.50 0.94
1.62 0.40 5.96 0.64
1.61 0.41 5.96 0.64
1.57 0.38 5.31 0.57
1.59 0.67 7.07 0.77
1.58 0.59 6.48 0.70
1.40
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approximation®**! matches with that obtained
from the total energy minimization calculation
(Table I) for each compound. The order of the bulk
modulus values calculated using the various func-
tionals in the present work is consistent with that of
the elastic constants. The shear modulus, a mea-
surement of the resistance to shape change, is more
pertinent to hardness,® and high shear modulus is
mainly due to larger C44. The mechanical properties
of a material are usually classified into two main
types, namely brittle and ductile, based on the B/G
ratio. 12 If this ratio is smaller than 1.75, then the
material is brittle, whereas a value of B/G higher
than 1.75, as in these compounds, indicates a ductile
material. From Table II, it is clear that the B/G
ratio calculated for all the investigated compounds
was larger than 1.75, therefore predicting ductile
nature, for all the functionals. Moreover, the ductile
nature of all the investigated compounds is con-
firmed by their positive Cauchy pressures (Ci3 —
Cys> 0, C1p — Cgs > 0).%%*

The P01sson s ratio (v) provides more information
about the characteristics of the bonding forces than
any of the other elastic constants. The lower and
upper limits of the Poisson’s ratio v are given as 0.25
and 0.50 for central forces in solids, respectively.*’
It should be noted that the obtained values of v are
about 0.298 to 0.335, suggesting that interatomic
forces are central in these compounds. The brittle or
ductile nature of a material can also be determined
from the Poisson’s ratio.*® The values calculated for
these compounds (Table II) are smaller than ~0.33,
confirming their ductile nature.

One further point of interest is the shear aniso-
tropy, an important property representing the
degree of elastic anisotropy in a solid. Our calcu-
lated results are presented in Table III. For tetrag—
onal structure, the shear anisotropy factors A®
the {100} plane and A€ in the {001} plane are g‘lven
by the following equations, respectively?’*>*

R &
(Cy1 + C33 — 2C43)’
2Cés
14C = 2
(Cr1— 2C) @

The calculated anisotropy factor values in Table 111
indicate that these compounds have a certain aniso-
tropy in both the {100} and {001} planes for this crystal
structure. It is also revealed that the c-axis anisotropy
factor is smaller than that for the a-axis.

We also calculated the percentage elastic anisotropy
for the polycrystalline materials, defined as
Acomp = [(By — Bp)(By + Br)land Aghear = [(Gv — Gr)/
(Gv + Gr)] for compressibility and shear, respec-
tively.?”*"*® In these equations, the subscripts “V”
and “R” indicate the Voigt and Reuss approximations,
respectively. The calculated results for A omp (in %)
and Aghear (in %) are presented in Table III. From
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these results, we conclude that these compounds
exhibit large elastic anisotropy in shear but small
elastic anisotropy in compressibility. The obtained
values of Acomp and Aghear decrease as the X atom is
changed from P to Sb. It may also be noted that the
value of Aomp obtained for the compound MgSiSb,
is about 0.34 to 0.67, indicating that the MgSiSbh,
compound is slightly isotropic in compressibility, as
a value of 0% corresponds to elastic isotropy
whereas a value of 100% identifies the largest
elastic anisotropy.

Another important elastic amsotropy factor is the
universal anisotropy index A",*® calculated using
the relation A" = [5(Gv/Gr) + (BV/BR)] — 6. If A" is
equal to zero, elastic isotropy exists, while devia-
tions of A" from zero indicate elastic anisotropy. Our
results for these compounds for all the investigated
functionals suggest that they exhibit elastic
anisotropy.

Thermophysical Properties

Adjustment of the thermal properties of a mate-
rial can have a variety of benefits in applied science.
Here, we discuss the thermophysical properties of
all the considered compounds at high pressure/
temperature calculated using the GGA-AMO5 func-
tional, which gave better results than the others for
the lattice constants of the compound MgSiP,. The
calculations were performed using the quasihar-
momc Debye model as implemented in the GIBBS
code.?® This approach allows one to discussion the
pressure/temperature dependence of important
thermal properties of the compounds. Detailed
description of the theoretical background can be
found in Refs. 51-53. The energy—volume data allow
us to predict the thermal properties. Based on our
estimated results, the dependence of the equation of
state (EOS) data can provide reliable predictions to
explain basic thermal quantities such as the nor-
malized volume (V/V,), bulk modulus (B), linear
thermal expansion (), Debye temperature (0), and
Griineisen parameter (y) in detail. Due to the lack of
experimental data, our ab initio study will provide
insightful information on the thermophysical prop-
erties of MgSiX, (X = P, As, Sb) at high pressure
and temperature.

Throughout this section, we discuss the temper-
ature and pressure dependence of the thermal
properties of each compound in the temperature
range from 0 K to 1000 K and for pressures up to
25 GPa. Even though all the computed results
presented below seem to be identical, the obtained
values present small discrepancies. The depen-
dence of the normalized volume V/V, on tempera-
ture and pressure is shown in Fig. 2a—c. It should
be noted that V/V, decreases with increasing
pressure at constant temperature. It is also seen
that V/V, tends to decrease with increasing tem-
perature at constant pressure, albeit at a very
moderate rate.
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Fig. 2. Contours of normalized volume V/V, versus pressure (Pin GPa) and temperature (T in K) calculated for (a) MgSiP,, (b) MgSiAs,, and (c)

Figure 3a—c presents the calculated bulk modulus
(B) as a function of temperature and pressure for
each compound. It is noticeable that the calculated
zero-pressure and zero-temperature value of B
(76.57 GPa for MgSiP,>%% 49 GPa for MgSiAs,,
and 46.25 GPa for MgSiSbs) is compatible with
those obtained from both the Murnaghan equations
(Table I) and the Voigt—Reuss—Hill approximation
(Table II) using the AMO05 functional. At tempera-
ture of 300 K and zero pressure, B is found to be
73.2 GPa, 58.8 GPa, and 42.95 GPa for MgSiX,
with X = P, As, and Sb, respectively. MgSiP, has
the highest B value among these compounds, while
MgSiSby has the lowest value over the whole
temperature range. It is clearly seen that B
increases with pressure at constant temperature,
while B decreases with temperature at constant
pressure. It is important to note that the effect of

pressure on the bulk modulus is greater than that of
temperature.

The thermal expansivity is a very important
parameter for interpreting the thermodynamic and
thermoelastic behavior of solids at high tempera-
ture. The dependence of the thermal expansion
coefficient (x) on temperature and pressure is
depicted in Fig. 4a—c. From Fig. 4, we find
oMeSiPy o (MeSiAs; o (MeSiSh, gt a]l pressures. It is
concluded that o decreases with increasing pressure
at constant temperature. Furthermore, the effect of
pressure on o is slight below 100 K, although the
effect of pressure is enhanced with increasing
pressure. At constant pressure, o increases with
increasing temperature. It can be seen that «
increases quickly below temperature of 300 K at
zero pressure. After a sharp increase, o becomes
nearly insensitive to temperature, and the
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increasing trend becomes moderate at higher
temperatures.54

The variation of the heat capacity at constant
volume (Cy) with temperature and pressure is
plotted in Figs. 5a—c and 6a—c for these compounds.
From Figs.5 and 6, while at lower tempera-
tures/pressures (~T < 300 K) Cy is strongly depen-
dent on both pressure and temperature, at higher
temperatures/pressures Cy reaches the classical
Dulong—Petit limit, a generally known tendency.
Cy increases from P to As to Sb
(163.04 Jmol "K', 180.36 Jmol 'K ', and
188.96 J mol ! K1, respectively) at 300 K and zero
pressure. We also observe that temperature has a
strong influence on Cy, being the most noticeable
point for these graphs.

The Debye temperature (0), another thermal
property important for material design, is reported
in Fig. 7a—c. The calculated values of 0 are 616.4 K,
431.3 K, and 315.1 K at 300 K for MgSiPy, MgSiAs,,
and MgSiSb,, respectively. On changing the anion
atom X from P to Sb, the value of 0 decreases.
Moreover, it is seen that the increase of 0 with
applied pressure at constant temperature is almost
linear. Another important point regarding the
Debye temperature is that it decreases with increas-
ing temperature at constant pressure, in agreement
with the bulk modulus graphs.

Finally, the effect of temperature/pressure on the
Griineisen parameter (y) is illustrated in Fig. 8a—c.
The Griineisen parameter defines the effect of a
change of volume on the dynamics of the crystal
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lattice. The Griineisen parameter at 300 K and
0 GPa was calculated as 2.04, 2.09, and 2.14 for
MgSiP,, MgSiAs,, and MgSiSb,, respectively. We
observed that the value of y remains constant at low
temperatures, but at higher temperatures it
increases almost linearly with temperature for
these compounds. It should be noted that vy
decreases with increasing pressure at constant
temperature.

Electronic Properties

The electronic band structure calculated along
several high-symmetry directions in the first Bril-
louin zone and the related partial density of states
(PDOS) for the MgSiXs compounds with X = P, As,

and Sb are presented for the body-centered tetrag-
onal structure in Fig. 9a, b, and c, respectively. As
seen in Fig. 9a—c, as the conduction-band minimum
and valence-band maximum are located at the I
point, all three compounds are direct-bandgap
semiconductors. This implies that they may be
candidates for use in photonic device applications
instead of III-V compounds. The values of the
bandgap (E,) of the considered chalcopyrites are
collected in Table IV. Clearly, these values calcu-
lated using the LDA and GGA functionals are lower
than experimental values, with the best overall
description being provided by the GGA-RPBE
method for the MgSiP, and MgSiAsy compounds
and GGA-AMO5 for MgSiSb,. This deficiency is
generally expected when applying pure DEFT.
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Shaposhnikov et al.’® used the modified Becke—
Johnson (mBdJ) potential and GW approximation to
obtain accurate results for the electronic band
structure and optical properties of these com-
pounds. It seems that the mBdJ method is successful
in overcoming this problem. Moreover, similar
investigations on first-principles study of some
materials are reported in Refs. 11 and 19. The
choice of several exchange—correlation potentials in
the projector augmented-wave (PAW) formalism
also seems to influence the E, results, but all the
exchange—correlation functionals considered herein
are inadequate for accurate prediction of E, We
decided to use the GGA-RPBE functional for
MgSiP, and MgSiAs, and the GGA-AMO5

functional for MgSiSb, hereinafter for the electronic
and optical properties.

As shown in Fig. 9a—c (right side), whereas the
occupied part of the valence band can be subdivided
into three regions, the conduction band has one part.
The first and lowest-lying states between about
—12.5eV and -9 eV mainly originate from anion
(P, As, Sb) s-states with a minor contribution from a
mixture of Si s- and p-states, whereas the higher
energy range between about —7.5 eV and —5 eV is
mainly due to Si and anion atom (P, As, Sb) s- and
p-states. The PDOS in the region from —4.5 eVto 0 eV
is mainly constructed from anion atom (P, As, Sb)
p-states with Si p-states. The conduction band is
formed by Siand anion atom (P, As, Sb) s- and p-states.
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To obtain detailed understanding of the interac-
tion among the different atomic orbitals, we present
contour plots of the charge density in the (100)
plane of MgSiX, (X =P, As, Sb) in Fig. 10. The
overall charge density contour profiles are quite
similar for all the compounds, with small differences
in the details, and these results are compatible with
earlier studies.*%'? It can be concluded that charge
is shared between Si and anion (X =P, As, Sb)
atoms, indicating the covalent nature of the Si—X
bond. Furthermore, the spherical charge distribu-
tion indicates that the bonding interaction between
Mg and X (X = P, As, Sb) has ionic character. Thus,
the bonding nature for all three compounds can be
characterized as mixed ionic—covalent. It can also be
seen that our charge density maps are compatible
with the PDOS analysis.

Optical Properties

We start the discussion of the optical properties of
these compounds by deriving the complex dielectric
function &(w) = ¢1(w) + ieo(w). The imaginary part of

the dielectric function &3(w) represents the optical
absorption by the crystal, which can be calculated
from the momentum matrix elements between
occupied and unoccupied states as follows:

V92 3
e2(®) :m/d >

f(kn)(1 — f(kn))0(Ep, — Epw — hw),
where e is the electronic charge, V is the unit cell
volume, p is the momentum operator, |kn) is a
crystal wavefunction, f (kn) is the Fermi distribu-
tion function, and Aw is the energy of the incident
photon. The real part ¢(w) can be evaluated from
the Kramers—Kronig relationship as

(knlplkn’)? 5

2 3 . AP
e1(w) = 1+EM/%01@, (4)
0

where M is the principal value of the integral.?®-52

The optical constants calculated using the different
exchange—correlation functionals are presented in



258
(a) 25
20

15 -

10

Pressure (GPa)

0 200 400 600

Temperature (K)

800 1000

Pressure (GPa)

0 200

400 600
Temperature (K)

800

1000

Kocak, Ciftei, and Surucu

Pressure (GPa)

400
Temperature (K)

600 800 1000

Fig. 7. Contours of Debye temperature (0 in K) versus temperature (T in K) and pressure (P in GPa) calculated for (a) MgSiP,, (b) MgSiAs,, and

(c) MgSiSb,.

Table V together with results from other available
theoretical studies. We can say that the use of the
different exchange—correlation functionals did not
affect the results substantially (Table V).

The calculated real &(w) and imaginary eo(w)
parts of the dielectric function &(w) as a function of
photon energy are illustrated in Fig. 11a and b
from 0.0 eV to 15 eV. Since the MgSiX, (X = P, As,
Sb) compounds are body-centered tetragonal, they
are characterized by two principal tensor compo-
nents, perpendicular and parallel to the c-axis of

the dielectric tensor. As shown in Fig. 11, there is
considerable anisotropy between the perpendicular
and parallel dielectric tensors. It is clearly seen
that, as one changes from P — As — Sb, the
peaks in ¢(w) shift to the low energy region and
the static real dielectric function increases for each
functional. For energies larger than about 5.1 eV,
4.7 eV, and 3.8 eV, the real part becomes negative
for MgSiP,, MgSiAs,, and MgSiSb,, indicating that
these compounds exhibit metallic nature, because
incident electromagnetic waves are totally
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reflected by the medium in these
regions.”®

As can be seen from Fig. 11b, the dominant peak
of the imaginary part of the dielectric function
eol(w) is located at 4.41 eV, 4.21 eV, and 3.57 eV for
MgSiP,, MgSiAs,, and MgSiSby, respectively. o/ (w)
also shows peaks, at 4.313 eV, 3.59 eV, and 3.0 eV
for MgSiPy, MgSiAs,, and MgSiSb,, respectively,
which are related to interband transitions between
valence and conduction band. This figure clearly
indicates that the maximum peak for these com-
pounds shifts to lower energy as the value of E,
decreases from MgSiP, — MgSiAs, — MgSiSbs.
However, no experimental studies on the optical
properties of these compounds exist.

energy

The values obtained for the complex dielectric
function enable us to predict the refractive index
n(w), extinction coefficient k(w), reflectivity R(w),
and energy loss function L(w) with the aid of the
Kramers—Kronig relations,® %% as given by the
following expressions:

2 2
Blw) = ((n(a)) —1)2 4 k(w) ) 5)

(n(w) + 1)? + k(w)?

1/2
() = 8“{(w)+s%2<w)+sl(w> ®
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Table IV. Bandgap energy (E, eV) of MgSiX, (X=P, As, Sb) compounds as calculated using various
exchange—-correlation functionals

E, (eV)

GGA

Compound LDA PWI1 AMO5 PBE RPBE PBEsol Exp. Other

MgSiP, 1.076 1.356 1.2 1.347 1.491 1.113 2.3% 1.37GGA18
3.50'6 2.08mBJ18

MgSiAs, 1.000 1.238 1.119 1.231 1.373 1.027 2.671¢ 1.26G0A18

MgSiSh, 0.823 0.819 0.933 0.811 0.755 0.826 1.08616 1.40°
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The computed results for the title compounds are
shown in Fig. 12a-d. The calculated refractive
index is shown in Fig. 12a for all three compounds.
The difference between the perpendicular and

parallel refractive index clearly demonstrates opti-
cal anisotropy. The main peak value of the refrac-
tive index is found to be 4.5 at 2.97 eV for MgSiPs,
4.35 at 2.34 eV for MgSiAs,, and 4.9 at 1.5 eV for
MgSiSby,. As shown in Fig. 12b, the calculated
maximum peak values of kl(w) and k/(w) are
located at 5.36 eV and 4.36 eV, 4.84 eV and
3.9 eV, and 3.2 eV and 3.1 eV for MgSiP,, MgSiAs,,
and MgSiSb,, respectively. The reflectivity spectra
are plotted in Fig. 12c. Notice that both the static
refractive index and static reflectivity increase as
one changes the anion atom from P to Sb. It is found
that the reflectivity of these compounds is high in
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Table V. Calculated static real part of dielectric function [¢;1(0), &;,(0)], static refractive index [n1(0), n/(0)],
static reflectivity [R1(0), R/,(0)], static birefringence [An(0)], and plasmon frequency (o, in eV)

271

—-- Mgsisb, £, AM05

Compound Reference £11(0) £1//(0) nl1(0) n,(0) An(0) R1(0) R,(0) op
MgSiPy LDA-CA 11.363 11.442 3.371 3.383 0.012 0.294 0.296 18.65
GGA-PWI1 10.852 11.006 3.294 3.317 0.023 0.285 0.288 18.20
GGA-PBE 10.902 11.041 3.302 3.323 0.021 0.286 0.289 18.67
GGA-RPBE 10.566 10.745 3.250 3.278 0.03 0.280 0.284 18.14
GGA-PBEsol 11.379 11.432 3.373 3.381 0.008 0.294 0.295 18.89
GGA-AMO5 11.157 11.232 3.340 3.351 0.01 0.291 0.292 18.67
Theory™® 2.826 2.952 0.126 0.228 0.244
MgSiAs, LDA-CA 11.463 11.658 3.386 3.414 0.029 0.296 0.299 16.89
GGA-PWI1 11.346 11.668 3.368 3.416 0.047 0.294 0.299 17.04
GGA-PBE 11.377 11.692 3.373 3.419 0.046 0.295 0.300 17.04
GGA-RPBE 11.090 11.450 3.330 3.384 0.054 0.289 0.296 16.86
GGA-PBEsol 11.609 11.802 3.407 3.435 0.028 0.298 0.301 17.15
GGA-AMO05 11.350 11.565 3.369 3.400 0.032 0.294 0.298 17.15
MgSiSh, LDA-CA 14.815 15.447 3.849 3.930 0.081 0.345 0.353 15.55
GGA-PWI1 14.574 15.624 3.817 3.907 0.089 0.342 0.351 15.35
GGA-PBE 14.312 14.715 3.783 3.836 0.053 0.339 0.344 15.40
GGA-RPBE 14.295 15.092 3.781 3.885 0.1 0.338 0.349 15.18
GGA-PBEsol 14.772 15.230 3.843 3.903 0.06 0.345 0.351 15.57
GA-AMO05 14.315 14.745 3.784 3.840 0.06 0.339 0.344 15.55
(a) 24 ——MgSiP, &, RPBE (b) ——MgSiP, &, RPBE
,’;'A — — MgSiP, €, RPBE — — MgsSiP, £, RPBE
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Fig. 11. Computed (a) real ¢1(w) and (b) imaginary &(w) part of the dielectric function as a function of photon energy.

the ultraviolet—visible region up to nearly 16 eV

(reaching their maximum at 14.5 eV to 16 eV),

suggesting that these compounds may be promising
candidates for use in optical devices such as ultra-

violet radiation shields.

One further point of interest is the energy loss

function, which is an important factor describing
the energy loss of a fast electron traversing a
material, shown in Fig. 12d for these compounds.
The maximum peaks in the energy loss function
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give the plasmon frequency. The results indicate
that the plasma frequency of MgSiPs is higher than
for MgSiAsy or MgSiShs.

CONCLUSIONS

Ab initio density functional theory calculations
were performed to obtain the general features of
MgSiX, (X =P, As, Sb) compounds, revealing the
effects of the six different exchange—correlation
functionals applied. Unfortunately, none of the
functionals could simultaneously estimate the elec-
tronic bandgap value well. We conclude that these
compounds are direct-bandgap semiconductors,
exhibiting ductile elastic nature and anisotropic
behavior of both elastic and optical properties. The
obtained elastic constant values are quite typical
according to available literature. Changing the
anion atom strongly affects all the properties for
these compounds. Generally, we suggest that these
compounds are quite favorable for use in thermo-
physical and nonlinear optical applications.
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