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ABSTRACT

In this work, first principles density functional theory (DFT) was employed
to gain computational insight into ground state, electronics and optical
properties of Ya2MgXu(X =S, Se, and Te) metal chalcogenides. The result
of ground state properties reveals that Y:MgXs compounds are
mechanically and dynamically stable against mechanical distortions.
Electronic properties determined wusing the generalized gradient
approximation (GGA) and Tran-Blaha (meta-GGA) functional, shows that
Y>MgXs compounds are semiconductor materials. The chalcogenides
atoms considerably engineered the band gap from Sulphur to Tellurium
atoms. For the optical properties, Greens function (GW) was employed for
the calculation of optical band gap. The Bether-Salpeter equation (BSE)
applied together with GW to compute the frequency-dependent dielectric
function and absorption coefficient. The estimated optical band gap from
the BSE calculations are 2.35 eV, 2.02 eV and 1.12 ¢V and that of the
meta-GGA are 2.65 eV, 2.15 eV and 1.19 eV for Y:MgS4, Y2MgSes, and
Y>MgTes metal chalcogenides respectively. The results from the two
calculation are comparable. Both calculations suggest that Y-MgXy
compounds are semiconductor materials and are suitable candidates for
energy conversion applications.

1. INTRODUCTION

Metal chalcogenides have received significant
attention in the past decades, compounds in
binary A2Q(A = K, Rb, Cs; Q= Se, Te) [1],

ternary BasGaxSes[2] and quaternary
KBiMS4M= Si, Ge) [3], BasAl:Ses and
BasGaSes [4] phases have been studied both

theoretically and experimentally. The physical
properties, structural diversity and the importance

of the metal chalcogenides have been reported [5].

Part of its potential technological importance and
applications reported are in the area of

thermoelectric heat energy conversion [6 - 7],
photocatalytic and photovoltaic [8] solar energy
conversion, and light emitting devices [9]. These
applications highlighted the importance of metal
chalcogenides in solving potential problems
concerning environmental pollution and energy
crises.

Computational techniques using the state-of-art,
the first-principle calculation have been very
successful in predicting the ground state, stability,
electronic and optical properties of a metal
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chalcogenides compounds [10-11,13—-15]. In
density functional theory calculations, the ground
state properties such as structural properties,
elastic and dynamical stabilities are computed
from well-known established procedures, the
Born stability criteria [16] and finite displacement
techniques [17]. These techniques provide
reliable data on material response to external
forces and perturbation, they predicted Young,
bulk and shear modulus, Poison ratio and elastic
constant [18] and also the phonon dispersion
accurately.

Similarly, the first-principle method using the
well-known functional the generalized gradient
approximation (GGA-approximation) and Meta-
GGA are used to study electronic and optical
properties. The Green’s function (GW) method is
found to predict the electronic and optical
properties close to experimental values. The
growing interest in the search for a sustainable
and renewable alternative energy materials for
energy conversion in the area of photovoltaic,
photochemical  cells,  photo-catalyst  and
thermoelectric heat energy conversion [18-20],
the renewable global status report 2019
(GSR2019) [21] highlighted that by 2040 the
source of renewable energy is expected to
increase by 45% from solar, wind and
hydrothermal. In line with above prediction the
discoveries of metal chalcogenides [3,5-6,22]
were known to contribute significantly in the
drive to sustainable renewable energy. According
to the studies conducted on metal chalcogenides
[18-20] suggested that metal chalcogenides
semiconductors materials with suitable band gap
of 1.3 eV and > 1.8 eV can be useful for
photovoltaic and photocatalytic materials. This
prediction is also in conformity with report from
[8,23] that materials with band gap 1.3 eV and >
1.8 eV are potential candidate for solar cell and
photocatalytic materials.

The role of metal chalcogenides as energy
conversion materials motivate our study of
YMgXu(X= S, Se, Te) metal chalcogenides
compound. In the study, we use the first principle
technique to establish the ground state structure,
mechanical and dynamical stabilities, and the
electronic and optical properties of Y>MgX4 metal

chalcogenides compound. Calculations using the
density functional theory with the generalized
gradient approximation (DFT-GGA) [24] provide
reliable calculations of structural parameters, and
mechanical and dynamical properties of crystals.
We believed this work will open further research
opportunities in the area of applications of
Y:MgX4 metal chalcogenides.

2. MATERIALS AND METHODS
2.1. Computational details

In this study, we investigate the equilibrium
structural parameters mechanical and dynamic
stabilities of Y2MgX4 metal chalcogenides using
the density functional theory (DFT) [25-26] as
implemented in the Vienna ab initio simulation
package (VASP) [27-28]. VASP is a plane-wave
all-electron code that implements a plane-wave
basis set using projected-augmented-wave (PAW)
[29] formulation for the description of electron-ion
interactions. In solving the self-consistent Kohn-
Sham (KS) Schrodinger like Eigen equation given
by [25]:

{Z_Z\ZZ +f|_1+vext( )+
Vieln(n)]}
w7 (e T (r)

VASP expands the Pseudo part of Kohn-Sham

one-electron spin orbitals l[/?’k(r) on a basis set

of plane-waves. Groundstate energies were
calculated within the Perdew-Burke-Ernzehof
generalized gradient approximation as revised for
solids and their surfaces, PBEsol [24], for the
electron exchange-correlation energy. Equilibrium
structure optimization was conducted on the
primitive cell structure We include the plane-wave

with kinetic energy — |K Gl <E For this

cut-

investigated system energy cut-off E _ . is set to

520 eV and the kpoints sampling of 4 x 4 x 4
Monkhorst-pack mesh [30] is used for sampling
the Brillouin zone. The k-point mesh sampling was
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chosen to achieve convergence energies within less
than 1.0 meV/atom. The elastic tensor was
calculated from the fully relaxed equilibrium
geometry with PBEsol [24]. A supercell method
was employed with 2 x 2 x 2 supercells of the unit
cell, to calculate phonon dispersion curves with a
finite displacement method as implemented in the
PHONOPY package [31] to study the dynamic
properties.  Electronic band  structures are
calculated using the generalized gradient
approximation PBEsol functional and modified
Becker Johnson potential (MBJ) [32]. The MBIJ-

GGA potential (V XC) uses the mBJ exchange

potential together with the GGA correlation
potential to performs the calculation of band gaps
which reproduce band gap similar to the GW

calculations. The mBJ exchange potential (V XC)
is defined as:

MBJ =cv R( ) + (3¢ -
5 |2 (
2L ﬁ\ e
2
where p¢ J:‘77|l,l/i,0| is the electronic

density, t ,is kinetic energy density and Uf?is the

Becke-Roussel (BR) [33] potential which was
proposed to model the Coulomb potential created
by the exchange hole. ¢ in the Equation is chosen
to be linearly dependent on the square root of the

v
average of %.

Moreover, in this study we performed a post-
DFT, the so called many-body Green’s function
GoWo [34 - 36], to obtained the estimate of the
quasi-particle excitation. We used a 180 eV energy
cut-off for the response functions to determine the
fundamental gaps. Finally, the optical absorption
spectrum was obtained by including excitonic
effects using the GoWo together with Bethe-
Salpeter Equation (BSE) [34 35], [37]

approximation. From the optical absorption spectra,

the positions of the optical band gap were
determined using Tauc plots [38].

3. RESULTS AND DISCUSSION
3.1 Structural properties
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The structure of a primitive unit cell and
Brillioun zone of Y>MgX4y are shown in Figure 1
and Figure 2 respectively. From the optimized
structure of Y-MgXs, we derived the ground state
properties. The energy of cohesion, optimized
volume, bulk modulus, and its pressure derivatives
are determined by fitting the total energy to the
well-known 3™ order Murnaghan's equation of
state (EOS) (3) [39], the least-square method. The
method is widely used to extract the equilibrium
parameters from (3). The energy-volume
relationship is displayed in Figure 3, 4 and 5.

2 3
? ’
() -] 5
2 2
V)3 Vo)?
() -] [o- %)
where Eo Vo, Bo and B, are equilibrium cohesive

energy, equilibrium volume, the bulk modulus, and
its pressure derivatives.

9B,V ,
76

Vo

:E0+ V

E(V)

2

+ 3)

where Eo Vo, By and B are equilibrium cohesive
energy, equilibrium volume, the bulk modulus, and
its pressure derivatives.

The energy of cohesive (Econ) is the energy
required to decompose a solid into its constituents.
The more negative energy, the more energetically
favorable and stable the constituent atoms mixed
to form a stable compound [40]. The structural

parameters, Eo Vo, Bo, Byand Econ are equally
mention in Table 1 and 2.
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Figure 2. First Brillious zone of Y2MgX4 unit cells.
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Figure 3. Variation of total energy as a function of
volume for Y-MgS,.
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Figure 4. Variation of total energy as a function of
volume for Y,MgSes.
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Figure 5. Variation of total energy as a function of
volume for Y>MgTes.

Table 1. Calculated lattice parameters a, b, ¢ (A),
volumes in Angstrom, angles a, B, y in degrees.

Compounds a=b=c V((){}l)me a:él[;
Y2MgS4 7.90 348.54 90
YMgSes 8.16 384.50 90
YMgTey 8.78 478.24 90

Table 2. bulk modulus By in Giga Pascal (GPa),
derivative of Bulk Modulus By and cohesive
energy Econ in eV.

Compounds By By Econ
YoMgS, 61.97 4.25 -5.06
Y MgSes 51.58 3.92 -4.98
YoMgTey 42.86 4.38 -4.41

3.2 Elastic stabilities
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We calculated the elastic constant to investigate
the mechanical stability of Y2MgXs. YoMgXy is a
cubic structure in Fd-3m symmetry (space group
227) and has three independent elastic constants
Ci1, Ci2 and Cs. We compute the elasticity
components of Cj using the energy — strain
relationship method described by [41]. The elastic
constant is calculated using PBEsol functional and
the values are depicted in Table 2. Also, depicted
are the calculated bulk modulus (Bu), shear
modulus (G) and Young modulus (E) all in GPa
and the Poissons ratio calculated using the Hill
approach [42]. To the best of our knowledge there
is no theoretical or experimental values to use for
comparison. To ensure the reliability of our
calculation, the calculated elastic constant is
checked by well-known Born-stability criteria [41]
for cubic crystals [43]. Born-stability criteria are a
set of elastic constant (Cj) conditions that are
related to the second-order change in the internal
energy of a crystal under deformation. These
criteria can be derived by applying the convexity
condition on (4).

C77—C72>0,C77+2C72>0,C44>0
4)

The listed elastic constants in Table 3, satisfy all
Born stability criteria for the mechanical stability
stated in (4) for the cubic crystal. From the
reliability conditions, Y>MgXs are mechanically
stable compounds. The values of the Poisson's
ratio listed in Table 4 0.35, 0.38, 0.38 for Y2MgSa,
Y>MgSes and YMgTes respectively reveals that
all the compound possess ionic bonding. Since the
Poisson's ratio (v) determined are greater than 0.25.
To investigate material response to external forces
the Bulk and shear moduli are calculated, the
chalcogenides atoms in the material structure of
Y>MgXs4 brings a considerable decrease in bulk
moduli as well as the shear modulus. This
indicates that there are increase in compressibility
and decrease in resistance to plastic deformations
from S to Te chalcogenide atoms of Y>MgXs this
is seen in Table 4.

Table 3. Calculated values of independent elastic
constant Ci1, Ci2 and Ca4 Giga Pascal (GPa).
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Compound | Cyy Cn Cau
YoMgS4 84.38 57.04 29.86
Y,MgSes | 66.36 | 32.56 23.75
Y>MgTes | 4732 | 37.01 16.96

Table 4. The Bulk modulus Bu, the Young
Modulus E and Shear Modulus G all in (GPa) and
the Poisson's ratio v.

Compound | By E G y
Y>MgS,4 66.15 | 58.98 | 21.82 | 0.35
YMgSes | 57.16 | 40.15 | 14.51 | 0.38
Y MgTes | 40.45 | 29.10 | 10.54 | 0.38

3.3 Dynamical stabilities

Phonon band structure, the total and projected
density of states (TPDOS) of Y>MgX4 computed
with PBEsol are shown in Figure [6 - 7] and 8
respectively. In harmonic approximation the
dynamic properties of a compound are obtained by
solving the eigenvalue problem of the dynamical
matrix D(q) [44 - 45]

ap Bk’ 2 _ak
Zp D ()eg; =wy;eq;
6))

and the atomic contribution to DOS of phonon
density of state is given by the relation:

g(w) =W72qj6 ((x) - wqj)
(6)

In (5) D(q) is the dynamical matrix, € 4 and o are

the phonon polarization and frequency respectively.

While in (6) N is the number of unit cells in Born-
Von Karman supercell and is determined by the
choice of kpoints and g(w) is the density of state.
Calculated phonon dispersion mode display along
the high-symmetry kpaths shown in Figure 6, 7
and 8 have no negative frequencies, which
indicates that YMgX, structures are dynamically
stable. There are 14 atoms in a unit cell of
Y>MgXy structures, and 42 independent vibration
modes can be found, from the 42, there are 3
acoustic mode and the remaining are optical mode.
Careful examination of PDOS reveals that in
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Figure 6 the acoustic modes are dominated by the
Y atom and the optical modes by the S atom. In
Figure 7 both the acoustic and optical modes are
dominated by the Se atom, while in Figure 8 Te
atom dominating the acoustic mode with Y atom
dominating the optical mode of vibration.

3.4 Electronic properties

Electronic band structure calculations were studied
with PBEsol (GGA) [24] and MBJ functional
(Meta-GGA) [32] with basic generalized Kohn-
Sham method [20] which approximates the
derivative discontinuity of the exact exchange
potential for the band structure calculation. The
combined band structure, total density of state
(TDOS), and projected density of state (PDOS) are
displayed in Figure 9, 10 and 11 for comparison.
The PBEsol approximation is reported always to
underestimate the band gap [46].

12
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Figure 6. Phonon dispersion with TDOS and
PDOS for Y>MgSa.
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Figure 7. Phonon dispersion with TDOS and
PDOS for Y>MgSea.
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Figure 8. Phonon dispersion with TDOS and
PDOS for Y>MgTes.

To improve the representation of the band
structures, we employed the meta-GGA that is
reported on average to reproduces band gaps with
about 10% error compared to experiment and GW
calculation [30]. Figure 9, 10 and 11 are band
structures determined from the high symmetry
kpaths direction in the Brillouin zone. In Figure 9,
10 and 11, we show that Yo2MgX4 compounds are
direct band gap materials. Also, shown are the
locations of GGA and meta-GGA band gap
GGA(red) and metaGGA(blue). The GGA under
estimated the band gaps of Y2MgX4 and the meta-
GGA improves the band gaps by causing the rigid
displacement of the conduction band toward higher
energy. It is well-known that Energy band gaps
calculated with Meta-GGA are comparable to the
GW calculations. Hence, for an accurate
description of band gap energies, we employed
Green’s function GoWo approach. For comparison,
the computed band gap base on GGA, Meta-GGA,
and GoWo (fundamental gap) and the GoWo
together with BSE (optical gap) are listed in Table
5.

In Figure 9. 10 and 11, the right side of each
band-structure is the calculated total density TDOS,
which is the sum of atomic contribution of
Y>MgXs4 compounds. The projected density of
state. PDOS which is the contribution of the
individual atom, with Fermi-level set at zero. It is
observed from PDOS that the lower conduction
bands are dominated by the contribution of Y-(4d)
and the upper valence bands are dominated by the
contribution of chalcogenides atoms (X= S, Se,
and Te-(4p) respectively.

Our calculation revealed the impacts and effects of

the chalcogenide S, Se, and Te atoms composition
on electronic properties of Y>MgX4 compounds.
The substitutions of chalcogenide atoms in
Y>MgX4 engineered the band gaps. There is a
decreasing in band gap value from S atom to Te
atom. This characteristic is important in
determining the applications of the semiconductor
materials.
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Figure 9. Electronic band structures calculated
using PBEsol (red) and MBJ (blue), total (TDOS)
and projected (PDOS) density of state compared
along high symmetry points for Y2MgSs.
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Figure 10. Electronic band structures calculated
using PBEsol (red) and MBJ (blue), total (TDOS)
and projected (PDOS) density of state compared
along high symmetry points for Y>MgSea.
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Figure 11. Electronic band structures calculated
using PBEsol (red) and MBJ (blue), total (TDOS)
and projected (PDOS) density of state compared
along high symmetry points for Y2MgTa.

Table 5. Calculated band gap in (eV) from PBEsol,
MBYJ, functionals, and GoWo, BSE approximations.

Compound | PBEsol | MBJ | GoW, | BSE
Y2MgS4 1.58 2.65 3.06 2.35
Y2MgSe4 1.21 2.15 2.51 2.02
YMgTes | 0.51 1.19 1.47 1.12

3.5 Optical properties

Optical properties are directly related to electronic
properties, it described the materials optical gaps
from the dielectric function for a better
understanding of material applications. The

complex dielectric function 8(&)) =& ,(w) +

£ 2(0)) provides information about optical
properties of materials, the polarization response to
an external applied electric field and photon
absorption. The imaginary part e(®) of the
complex dielectric function is expressed as the
momentum matrix elements between the occupied
and unoccupied electronic states as defined by (7)
[47]:

2e?my 1~ V) 2
g(w) e, |<q/k u.r|q/k

5(E§—EZ—E) %

where o is the light frequency, € is the electronic
charge, 1 is the vector defining the polarization of

the incident electric field, and l,l/i, l,l/Z are the

conduction and valence band wave functions at k
respectively.

The real part €; is derived from the imaginary part
by a Kramers-Kronig transformation relations [48].
Other optical parameters such as the refractive
index n(w), extinction coefficient k(w), optical
reflectively R(w), absorption coefficient a(w), and
energy loss functions L(®) can be calculated from
the complex dielectric function &(w) [49]. The
imaginary part of the dielectric function & (®) is a
quantity that explains the actual response in the
band structure plot in relation to the absorption
behavior of a material.

Figure 12, 13 and 14 shows the optical absorption
spectra which is determined from the imaginary
functions &(w) of the complex dielectric. The
positions of the optical gap on the absorption
spectra Figure 12, 13 and 14 are determined using
the Tauc method [38]. On the absorption spectra,
the method determines the absorption edge by

7

linearly extrapolating (ahl));to Zero x-axis using

n
equation ahv = K(hv - Eg) , where K is
proportionality constant, hv is the photon energy,

Eg is the energy gap and n the exponential with

2 7 .
3 and 3 for direct,

indirect, allowed and forbidden transitions
respectively. The absorption edge according to the
Tauc plots seen in Figure 12, 13 and 14 are located
at 2.35, 2.02, and 1.12 eV for Y>MgS4, Y2MgSes,
and Y>MgTes respectively, and from our band
structure calculations both are direct transition.
This confirmed our band-structure calculation, and
the energy gaps listed in Table 5. From the Tauc
absorption values, it is observed that Y>MgSs,
Y2MgSes and Y:MgTes compounds have good
optical absorption in both the visible and infrared
regions.

7
values represented by 2, 5

10

(aw) ¥* (arb.units)
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Figure 12. Tauc plot from the BSE absorption
spectra fitting the linear region to evaluate the
band gap at x-intercepts for Y>MgSa.
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Figure 13. Tauc plot from the BSE absorption
spectra fitting the linear region to evaluate the
band gap at x-intercepts for Y>MgSes.
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Figure 14. Tauc plot from the BSE absorption
spectra fitting the linear region to evaluate the
band gap at x-intercepts for YoMgTea.

4. CONCLUSIONS

We successfully use the density functional theory
to study the structural, electronic, and optical
properties of metal chalcogenides YoMgXa(X= S,
Se, and Te). The calculated structural parameters
including the energy-volume equation of state
(EOS), equilibrium lattice structural parameters,
and the cohesive energy reveals that Y- MgX, are
cubic phase structures. The calculated independent
elastic constant, bulk modulus, shear modulus,
Young modulus, cohesive energy, and Poisson’s
ratio shows that the compounds are mechanically
stable and can be synthesized. Phonon calculations
of Y:MgXs compounds indicate they are
dynamically stable, negative vibrations are not
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seen in Figure 6, 7 and 8. The electronic structure
and optical property calculations reveal that
Y2MgX4 compounds can absorb light in the visible
and infrared regions. These properties are
calculated for the first time and we hope that the
present work will serve as a reference for other
theoretical and experimental studies on the metal
chalcogenides Y:MgXs compounds and their
potential applications.
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