Materials Sciences and Applications, 2020, 11, 401-414
https://www.scirp.org/journal/msa

ISSN Online: 2153-1188

ISSN Print: 2153-117X

/
o Reenres
0.00 Publishing

Ab-Initio Self-Consistent Density Functional
Theory Description of Rock-Salt Magnesium
Selenide (MgSe)

Blaise Awola Ayirizial, Yuriy Malozovsky!, Lashounda Franklin!, Uttam Bhandari?,

Diola Bagayoko!

'Department of Mathematics and Physics, Southern University and A&M College, Baton Rouge, LA, USA
“Department of Computer Science, Southern University and A&M College, Baton Rouge, LA, USA

Email: bagayoko@aol.com

How to cite this paper: Ayirizia, B.A,,
Malozovsky, Y., Franklin, L., Bhandari, U. and
Bagayoko, D. (2020) Ab-Initio Self-Consistent
Density Functional Theory Description of
Rock-Salt Magnesium Selenide (MgSe). Mate-
rials Sciences and Applications, 11, 401-414.
https://doi.org/10.4236/msa.2020.117027

Received: June 1, 2020
Accepted: June 27, 2020
Published: June 30, 2020

Copyright © 2020 by author(s) and
Scientific Research Publishing Inc.

This work is licensed under the Creative
Commons Attribution International
License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

Abstract

We report results on electronic, transport, and bulk properties of rock-salt
magnesium selenide (MgSe), from density functional theory (DFT) calcula-
tions. We utilized a local density approximation (LDA) potential and the li-
near combination of atomic orbitals formalism (LCAQ). We followed the
Bagayoko, Zhao, and Williams (BZW) method, as enhanced by Ekuma and
Franklin (BZW-EF), to perform a generalized minimization of the energy,
down to the actual ground state of the material. We describe the successive,
self-consistent calculations, with augmented basis sets, that are needed for
this generalized minimization. Due to the generalized minimization, our re-
sults have the full, physical content of DFT, as per the second DFT theorem
[AIP Advances, 4, 127104 (2014)]. Our calculated, indirect bandgap of 2.49
eV, for a room temperature lattice constant of 5.460 A, agrees with experi-
mental findings. We present the ground-state band structure, the related total
and partial densities of states, DOS and PDOS, respectively, and electron and
hole effective masses for the material. Our calculated bulk modulus of 63.1
GPa is in excellent agreement with the experimental value of 62.8 + 1.6 GPa.
Our predicted equilibrium lattice constant, at zero temperature, is 5.424 A,
with a corresponding indirect bandgap of 2.51 eV. We discuss the reasons for
the agreements between our findings and available, corresponding, experi-
mental ones, particularly for the band gap, unlike the previous DFT results
obtained with ab-initio LDA or GGA potentials.
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1. Introduction

Group II-VI semiconductors and their alloys have attracted attention from
scientific and technological communities, in recent years, due to their various
applications. Specifically, magnesium selenium (MgSe) is an attractive binary
semiconductor utilized as a key component in II-VI semiconductor alloys hav-
ing n and p doping abilities [1]. MgSe can exist in four crystalline phases that in-
clude rock salt (rs), zinc blende (zb), wurtzite (wz) and nickel arsenide (NiAs)
[2] [3]. First principle, self-consistent local density approximation calculations of
properties of MgSe show that it is stable in the rock salt phase [3] [4]. Results
from several groups show the crystallization of MgSe in cubic (zinc blende)
structure from the epitaxial growth on a GaAs substrate by molecular beam epi-
taxy or Metallo-organic vapor phase epitaxy [2] [5] [6] [7] [8] [9].

Rock salt (rs) MgSe has applications in high-temperature and high-power blue
and ultraviolet wavelength optics [2] [3] [10]. It is utilized in photovoltaic devic-
es and in electro-optic crystals with ultra-fast response time spectroscopy. Mag-
nesium selenide (rs-MgSe) has applications in blue-green light-emitting laser
diodes (LEDs) [2] [9] [11] [12] and in integrated optical devices [13]. Studies by
Falke et al. show that ZnMgSe alloy has applications in semiconductor optics
and in active light-emitting components [14].

Many theoretical studies report an indirect bandgap for MgSe, from T to X.
Drief et al [15] performed first-principle calculations to determine structural,
electronic, elastic and optical properties of MgSe using the Full Potential Linea-
rized Augmented Plane Wave (FP-LAPW) method, in the zinc-blend and
rock-salt structures. They found an indirect bandgap (T — X) of 1.95eV for the
rock-salt structure. Madu and Onwuagba [10] employed the FP-LAPW method,
within the Generalized Gradient Approximation (GGA), using the formalism of
Perdew, Burke and Ernzerhof [16], to determine electronic and structural prop-
erties of rock-salt MgSe. They reported an indirect bandgap of 1.82 eV. Kalpana
et al. [17] utilized the Tight Binding Linear Muffin-Tin Orbital (TBLMTO) me-
thod, with the Local Density Approximation (LDA), to investigate electronic and
related properties of MgSe. Their calculations produced an indirect gap of 1.5 eV
for rs-MgSe. For rock-salt MgSe, Pandey et al [18] calculated an indirect band-
gap of 4.14 eV by employing the Hartree-Fock method, with correlation correc-
tions. Results from the Full Potential Linear Muffin-tin Orbital (FP-LMTO)
computations of Rached ef al [19] showed an indirect bandgap of 1.75 eV for
rock salt MgSe. A density functional theory (DFT) calculation by Khan ef al
[20], with a modified Becke and Johnson GGA potential and the FP-LAPW me-
thod, found an indirect bandgap of 2.83 eV for rs-MgSe. The above calculations
and others are summarized in Table 1.

The presumed, experimental band gap for bulk rock-salt MgSe is 2.47 eV, as
reported by Heyd ef al [30]. The presumption stems from the fact that these au-
thors compared their calculated band gaps, for bulk rs-MgSe, to this value of
2.47 eV, without any mention of films or nanoparticles. We should note that
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Table 1. Previous, calculated, indirect band gaps of rock salt MgSe, mostly using density
functional potentials.

Formalism Approach Potentials Bandgap Eg (eV)
Full Potential Linearized Augmented Plane Wave )
(FP-LAPW) LDA 1.95%
FP-LAPW LDA 1.69°
Pseudo Potential approximation LDA 1.62¢
Full-Potential Linear Muffin-Tin Orbitals (FP-LMTO) LDA 3.824
Non Local Norm-Conserving Pseudopotentials LDA 1.57¢
FP-LAPW GGA 1.70°
FP-LAPW GGA 1.778
FP-LAPW GGA 182"
Perdew-Burke-Ernzerhof (PBE) GGA 1.78
FP-LMTO GGA 1.75
Norm-Conserving Pseudo Potentials GGA-PBE 1.75%
FP-LAPW GoW, 2.68'
Tight Binding Linear Muffin-Tin Orbital (TB-LMTO) LDA 1.5™
Pseudopotential Gaussian type HF 10.6"
Linear Combination of Atomic Orbitals-Self HF mixes with 8.9°

Consistent Field (LCAO-SCF) LDA-PZ

FP-LAPW mBJ LDA 2.53P
FP-LAPW mBJ GGA 2.834
Tao-Perdew-Staroverov-Scuseria (TPSS) mBJ GGA 2.07"

“Ref [15]; PRef [21]; “Ref [3]; “Ref [19]; Ref [22]; Ref [23]; tRef [24]; "Ref [10]; ‘Ref [25]; 'Ref [19]; ¥Ref [26];
IRef [27]; ™Ref [17]; "Ref [28]; °Ref [29]; PRef [21]; 9Ref [20]; 'Ref [30].

some authors [10] [15] [21] [24] who did calculation for rs-MgSe quoted an ex-
perimental gap from Fleszar [31] whose calculation was for zb-MgSe. Experi-
mental, optical studies of MgSe thin films, grown with the spray pyrolysis me-
thod, found band gap values between 2.45 and 2.75 eV [32]. In Table 2, below,
we show these results and others, obtained for films or nanocrystals of rs-MgSe.
Ab-initio LDA potentials led to results that vary from 1.57 eV to 1.95 eV, with
an outlier of 3.82 eV. Ab-initio GGA calculations produced band gaps between
1.75 and 1.82 eV. These calculated values, except for the outlier, are much lower
than the reported, experimental findings in Table 2. The outlier of 3.82 eV is
much larger than the experimental gaps in Table 2. The calculated values ob-
tained with ab-initio DFT potentials are also much smaller than the reported

bands for films and nanocrystals. Despite the known enhancement of the band
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Table 2. Experimental band gaps reported for films and nanocrystals of rock salt magne-
sium selenide (rs-MgSe). The presumed, measured gap for the bulk is as reported by the
shown authors.

Rock Salt Sample Characteristics Bandgap Eg (eV)

Presumed, experimental band gap of rs-MgSe,

2.47
as reported by Heyd et al. [30]
Nanocrystalline MgSe thin films grown by spray pyrolysis 2.45°
MgSe thin films grown by chemical bath deposition 2.65 - 2.82"
N ) .
anocrystz.ilhne Mg?e thin films frorfl spray 2,45 - 2758
solution utilizing spray pyrolysis
Nanocrystalline MgSe thin films deposited
. . . 2.65-2.79"
by chemical route triethanolamine
Nanocrystalline MgSe thin films deposited
249 -2.7%

at room temperature by solution growth

‘Ref [32]; ‘Ref [8]; “Ref [33]; "Ref [34]; “Ref [35].

gaps of films and nanocrystals, in comparison to that of the bulk, by quantum
confinement, it is not expected to be as large as 0.88 eV, the difference between
the lowest of the measured gaps (2.45 eV) and the lowest of the calculated ones
(1.57 eV). The resolution of this disagreement between experiment and theory is
our central motivation for this work. Indeed, the importance of the band gap re-
sides in part in the fact that several properties of materials depend on it, includ-
ing optical, dielectric, and transport properties. For transport properties, this
dependence is partly through the effective masses that are inversely proportional

to mobility.

2. Computational Method and Details for Replication

In this work, our implementation of the linear combination of atomic orbitals
(LCAO) followed the Bagayoko, Zhao, and Williams (BZW) method [36] [37]
[38] [39], as enhanced by Ekuma and Franklin (BZW-EF) [40] [41] [42] [43]
[44]. We employed the local density approximation (LDA) potential of Ceperley
and Alder [45] as parameterized by Vosko et al [46]. We utilized the General
Atomic and Molecular Electronic System Software (GAMESS), a computational
package developed at the Ames Laboratory of the United States Department of
Energy (DOE), Ames, Iowa [47] [48]. Our self-consistent calculations com-
mence with a small basis set that can account for all the electrons in the system
under study. As such, this basis set is not smaller than the minimum basis set.
Calculation I is performed with this small basis set. Calculation II is carried out
with the basis set of Calculation I, augmented by one atomic orbital. The occu-
pied energies of Calculation I and Calculation II are compared, graphically and
numerically, with the Fermi energy set to zero. Some occupied energies from

Calculation II are always lower than their corresponding values from Calculation
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I. The second DFT theorem requires the attainment of the ground state through
a generalized minimization of the energy. This lowering of the occupied energies
shows that the basis set of Calculation I is not sufficient to give the true
ground-state description of MgSe. Not having any proof that the eigenvalues
from Calculation II are the lowest possible, are compelled to proceed with Cal-
culation III, using the basis set of Calculation II plus one orbital. Then, the oc-
cupied energies from Calculations II and III are compared. This process contin-
ues until three (3) consecutive calculations (Ze, N, (N + 1), and (N + 2)) yield
the same occupied energies, within our computational uncertainty of 5 meV.
These three (3) consecutive calculations producing the same occupied energies
are the rigorous criterion for the attainment of the absolute minima of the occu-
pied energies, ie., the ground state of the material. As extensively explained
elsewhere [41] [43] [44] the first of these three (3) consecutive calculations is the
one providing the DFT description of the material. Its basis set is referred to as
the optimal basis set. This basis set is the smallest one that produces the ground
state charge density, upon reaching self-consistency. Calculations with an aug-
mented, optimal basis set do not change the occupied energies [36]-[44] [49];
however, the unoccupied energies from these calculations are lower than or
equal to their corresponding values produced with the optimal basis set [41] [42]
[43] [44]. We address this extra-lowering of some unoccupied energies, while
the occupied ones are not changed, in the section on discussion. The quintessen-
tial point to underscore here is the fact that values of unoccupied energies that
are lowered below their respective values obtained with the optimal basis set no
longer belong to the spectrum of the Hamiltonian which is a unique functional
of the ground state charge density [41] [42] [43] [44].

The computational details that permit the replication of this work follow.
Magnesium selenide, in rock-salt structure, is three-dimensional and crystallizes
in the cubic Fm-3m space group with four (4) formula units of MgSe per unit
cell. The Mg atom is located at the edges and on the six faces. Two in-
ter-penetrating face-centered cubic (FCC) lattices are formed with the Se atom.
Mg** ions in the crystal structure are bonded to six (6) equivalent Se’” ions. The
positions of the ions of Mg and Se are (0, 0, 0) and (1/2, 1/2, 1/2), respectively.

Our self-consistent calculations were performed utilizing a room temperature,
experimental lattice constant of 5.460 A [50]. We first performed ab-initio,
self-consistent calculations for the ionic species, Mg** and Se*”. We employed a
set of even-tempered Gaussian exponents to expand the radial parts of the
atomic wave functions in terms of the Gaussian functions. The number of
even-tempered Gaussian exponents used for the s, p, and d orbitals for Mg**
were 18, 18 and 16, respectively. Likewise, the s, p and d orbitals for Se*". were
18, 18 and 16, respectively. The maximum and minimum exponents used for
Mg** were 1.1 x 10° and 0.1822, respectively, whereas the corresponding ones for
Se*” were 0.24 x 10° and 0.135, respectively. The computational error for the va-

lence charge was 3.289 x 107 per electron. Self-consistency was reached after 60
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iterations, with 81 k-points in the irreducible Broullouin zone, when the differ-
ence between the potentials from two consecutive iterations was less than or

equal to 107°.

3. Results

We list below, in Table 3, the valence orbitals in the basis set for the successive,
self-consistent calculations, along with the resulting band gaps. Calculation IV is
the first of the three consecutive ones (IV, V, and VI) that produce the same,
occupied energies. It provides the DFT description of the material; its basis set is
the optimal basis set. Our calculated band gap for rock salt MgSe, as produced
by Calculation IV, is an indirect one, from I'-X, of 2.49 eV.

Figure 1 shows the electronic band structures of rock salt MgSe, as obtained
from Calculation IV (solid lines) and Calculation V (dashed lines). As explained
in the section on our method, the occupied energies from Calculations IV and V
are the same, as shown by the perfect superposition of the valence bands from
the two calculations. The unoccupied energies below 4 eV are also the same for
the two calculations. For higher energies, the Rayleigh theorem for eigenvalues
[36] [37] [38] [39] [41] [42] [43] [44] explains the lowering of some unoccupied
energies, in Calculation V, from their corresponding values obtained in Calcula-
tion IV.

Table 4 lists the electronic energies at high symmetry points (L-point, I'-point,
X-point, and K-point) in the Brillouin zone, as obtained with the optimal basis
set of Calculation IV. The minimum of the conduction band is at the X-point.
The content of this table lends itself to comparison with findings from future
experimental studies, including UV and X-ray spectroscopy ones.

Figure 2 and Figure 3, respectively, show the total and partial densities of

states energy, DOS and pDOS, respectively, derived from the bands resulting

Table 3. The successive, self-consistent calculations of the BZW-EF method. The basis set
is augmented from one calculation to the next. Columns 2 and 3 show the valence orbitals
on Mg?* and Se*". A superscript of zero (0) indicates an orbital unoccupied in the ionic
species. We utilized a room temperature experimental lattice constant of 5.460 A. As ex-
plained in the text, Calculation IV provides the DFT description of the material.

No. of Magnesium(Mg?**) Selenium (Se?") No. of Band Gap
Calculation (1s%-Core) (1s*2s*2p®-Core) functions (eV)

I 2s%2p°3p° 3s23p°®3d'%4s?4p°® 40 6.20 (T-L)

II 2s2p®3p° 3s?3p®3d'°4s?4p°4d° 50 6.21 (T-L)

111 25%2p°®3p°3s® 3s?3p°3d'°4s?4p®4d° 52 2.80 (T-X)

v 2522p®3p3s° 3523p53d1%45s%4pS4d5p° 58 2.49 (I-X)

v 2572p°3p?3s°4p°® 3s?3p°3d'°4s?4p®4d°5p° 64 2.50 (T-X)

VI 2522p°3p°3s°4p° 3s?3p®3d'°4s%4p®4d’5p°58° 66 238 (I'-X)
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Figure 1. The electronic band structures of rock-salt MgSe, as obtained from Calculation
IV (solid lines) and Calculation V (dashed lines), using the BZW-EF method, for a room
temperature experimental lattice constant of 5.460 A. The horizontal dashed and dotted

line indicates the location of Fermi energy, which is set to zero.
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Figure 2. Calculated DOS of rock-salt MgSe obtained from the optimal basis set IV for
Calculation IV. The dashed vertical line is the location of Fermi energy (Es) set at zero.
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Figure 3. Calculated pDOS of rock salt MgSe obtained from the optimal basis set IV for
Calculation IV. The dashed vertical line is the location of Fermi energy (Es) set at zero.
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Table 4. Calculated, electronic energies (in eV) of rock-salt MgSe, at high symmetry
points in the Brillouin zone, obtained from Calculation IV. We used the experimental
room temperature lattice constant of 5.460 A. The indirect band gap is Eg = 2.49 eV, from
I'to X.

L-point I'-point X-point K-point
14.654 34.882 23.504 19.386
8.936 11.259 12.389 11.965
7.403 11.259 12.389 10.665
7.349 11.259 12.293 10.267
6.314 4.372 2.492 4.005
—0.503 0.000 -1.816 —-1.431
-0.503 0.000 -1.816 -3.305
-4.975 0.000 —4.281 -3.748

—-11.302 -12.535 —-10.956 -10.954

from Calculation IV, in the energy range of —14 eV to 12 eV. The total valence
band width is about 12.61 eV. The width of the lowest laying valence band is
1.75 eV while that of the uppermost group of valence bands is 5.0 eV. The con-
tent of Figure 3 shows that the lowest conduction band is mostly dominated by
Mg-s and Mg-p states. The group of uppermost valence bands is mostly from
Se-p states, with a feint contribution from Mg-p. The lowest laying valence band
is entirely from Se-s, with no other meaningful contributions.

Effective masses are needed for the calculations of several transport properties
of materials. These properties include electrical conductivity, mobilities. The
latter are inversely proportional to applicable effective masses. For this reason,
we calculated electron and hole effective masses for rs-MgSe. We obtained elec-
tron effective masses at the conduction band minimum (CBM), at X, and at the
lowest point on the conduction band at I. We produced the heavy and light hole
effective masses at the valence band maximum (VBM) at I'. The calculated effec-
tive masses in Table 5 include electron effective mass at the T point (M.r), the
longitudinal and transverse electron effective masses at the X point, Mexiong and
Mexurans, respectively, and the effective masses for heavy holes 1 and 2 (Mph1, Mhn2)
and for the light hole (My,), in various directions, at the VBM at I'. These effec-
tive masses are inunits of free-electron mass (m,). At the center of the zone, the
electron effective mass at T is isotropic. While the electron effective masses at X
and the light hole effective masses are mildly anisotropic, the ones for the heavy
holes are strongly anisotropic. Along the directions of (I'-L):;; and (I'-X)00, We
obtained the same respective results for the effective masses of heavy hole 1 and
heavy hole 2. Due to the splitting of the bands by the Coulomb crystal field, the
effective masses of the heavy holes are different in the (I'-K); direction. We
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could not find any experimental measurements or theoretical calculations for
electron and hole effective masses of rock salt MgSe. The results below are pre-
dictions expected to be confirmed by experiment.

Figure 4 is a graph of the total energy versus the lattice constant, within a
range of 5.30 A - 5.60 A, with a scale of 0.05 A units on the horizontal axis. Our
predicted value of the equilibrium lattice constant, at zero temperature, is 5.424
A, with a corresponding zero-temperature, indirect bandgap of 2.51 eV. We
calculated the bulk modulus to be 63.1 GPa. This result is in excellent agreement
with the experimentally determined value of 62.8 + 1.6 GPa [51].

4. Discussion

The large difference between our calculated band gap and the ones previously
obtained with ab initio DFT potentials needs an explanation. The detailed de-
scription of our method unveiled the crucial difference between BZW-EF calcu-
lations, that perform a generalized minimization of the energy, and other DFT
calculations. Indeed, most of the other ab initio DFT calculations employ a sin-
gle basis set to obtain self-consistent results that are assumed to be those for the
ground state. Such results, however, are stationary ones among an infinite num-
ber of such solutions [37] [41] [43] [44] [52]. In contrast, DFT BZW-EF calcula-
tions search for and verifiably reach the ground state of systems under study.
The Rayleigh theorem [41] [52] [53] for eigenvalues ascertain that the results

of self-consistent calculations depend on the size of the basis set. As the basis set

Table 5. Calculated effective masses of rock-salt MgSe, in units of the free electron mass

(mo).

Mhh1 Mhh2 Min
Mexiong Mextrans  Mer
(100) (110) (111) (100) (110) (111) (100) (110) (111)

0.488 0.283 0.317 0939 3.268 1.471 0.939 1.064 3.268 0.265 0.231 0.187

'3450 [ T T T T T ]

-3.460 | ]
@ -3.470 . .
3 [
5 -3.480 | .
c r ‘ 1
L r , ]
S -3.490 - : :
= r 1
~ + . o

-3.500 [ Teeern =" -

_3510 L 1 1 1 1 1

5.30 5.35 5.40 5.45 5.50 5.55 5.60
Lattice Constant (Angstrom)

Figure 4. The graph of the total energy versus the lattice con-
stant, for rock-salt MgSe, obtained from our optimal basis set IV
of Calculation IV.
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size increases, either a given eigenvalue is lowered or it remains the same.
Therefore, once the ground state is reached, further augmentation of the basis
set does not affect the occupied energies. However, these larger basis sets lower
some unoccupied energies, including the lowest laying ones. This extra-lowering
of unoccupied energies, a mathematical artifact [53], while the occupied ones do
not change, is a plausible explanation of the widespread underestimation of the
band gaps by mainstream DFT calculations. Indeed, single basis set calculations
are generally performed with large basis sets, to ensure completeness. Such large
single basis sets seem to be over-complete for the description of the ground state,
resulting in the spurious lowering of unoccupied energies while the occupied
ones do not change.

The referenced attainment of the true ground state of materials guarantees
that our results possess the full, physical content of DFT. Consequently, our re-
sults agree with available, corresponding experimental ones. Bagayoko [41] [43]
discussed our outright predictions of electronic and related properties of SisNj,
wurtzite InN, cubic InN, and rutile TiO,; these predictions have been confirmed
by experiment [41] [43]. This fact, in addition to our correct description of
properties of over 40 semiconductors, portends the likelihood that our calculated

effective masses for rs-MgSe will be confirmed by experiment.

5. Conclusion

We utilized our well-established BZW-EF computational method to calculate the
ground state electronic and related properties of rock salt MgSe. Unlike the pre-
vious, ab initio DFT results, our calculated band gap of 2.49 eV agrees with ex-
periment. The same is true for our calculated bulk modulus of 63.1 GPa. Our
predictions for the effective masses and hybridization patterns, where the latter
are derived from the calculated partial densities of states, are expected to be con-

firmed by experiment.
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