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Structural, electronic and optical properties of the ZnSc,S4 and CdSc,S4 cubic spinels have been inves-
tigated by means of the full-potential (linearized) augmented plane wave plus local orbitals based on
density functional theory. The exchange-correlation potential is treated by the GGA—PBEsol [].P. Perdew,
A. Ruzsinszky, G.I. Csonka, 0.A. Vydrov, G.E. Scuseria, L.A. Constantin, X. Zhou, K. Burke, Phys. Rev. Lett.
100 (2008) 136406] and the recently proposed modified Becke—Johnson potential approximation (mB]J)
[E. Tran, P. Blaha, Phys. Rev. Lett. 102 (2009) 226401 ], which successfully corrects the band-gap problem
found with GGA for a wide range of materials. The obtained structural parameters are in good agreement
with the available experimental data. This gives support for the predict properties for ZnSc,S4 and
CdSc,S4. The band structures reveal that both compounds are semiconductor with a direct gap. The
obtained gap values show that mB] is superior for estimating band gap energy. We have calculated the
electron and hole effective masses in different directions. The density of states has been analyzed. Based
on our electronic structure obtained using the mBJ method we have calculated various optical properties,
including the complex dielectric function ¢(w), complex index of refraction n(w), reflectivity coefficient
R(w), absorption coefficient «(w) and electron energy-loss function L(w) as functions of the photon en-
ergy. We find that the values of zero-frequency limit ¢1(0) increase with decreasing the energy band gap
in agreement with the Penn model. The origin of the peaks and structures in the optical spectra is

determined in terms of the calculated energy band structures.

© 2013 Elsevier Masson SAS. All rights reserved.

1. Introduction

The spinel structure is named after the class of mineral spinel
known as MgAl,04 [1]. More generally, the spinel structure refers to
the family of materials with chemical formula AB,C4, where A and B
are either divalent (A = Mg, Zn, Cd...) and trivalent (B =B, Al, Ga,
In...) or tetravalent (A = Si, Ge, Sn...) and divalent cations (B = Mg,
Zn, Cd...) [2]. C usually stands for oxygen or one chalcogen [3].
These materials exhibit many different and interesting optical,
electronic, elastic, thermodynamic and magnetic properties which
make them candidate materials for numerous applications in
geophysics, magnetism, catalysis and environment [4—9].

ZnSc,S4 and ZnScyS4 materials belong to the spinel family [10—
12]. Theoretical and experimental information on these two com-
pounds are scarce. Yim et al. [10] reported some information on the
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structural (lattice parameter) and electrical properties of these
compounds. Reil and his co-workers [11] reported some informa-
tion about the structural properties of CdSc,S4. According to pre-
viously cited references, ZnSc,S4 and ZnSc,S4 have cubic symmetry,
with space group 227 (Fd3m).

To the best of our knowledge, there are no previous detailed
studies on the electronic and optical properties for the ZnSc,S4 and
ZnSc,S4 materials except the band gap values at ambient temper-
ature. So here we report some additional basic studies on these two
less known materials. Ab initio calculations offer one of the most
powerful tools for carrying out theoretical studies of an important
number of physical and chemical properties of the condensed
matter. We therefore think that it is worthwhile to perform an ab
initio study on the structural, band structure, density of states,
charge carrier effective mass, dielectric function, reflectivity coef-
ficient, absorption coefficient, refractive index and electron energy-
loss function for these two cubic spinel sulfides by using the full-
potential (linearized) augmented plane wave plus local orbitals
(FP-(L)APW + lo) method with the GGA—PBEsol method for the
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ground state properties and the modified Becke—Johnson (mB]J)
approximation for the excited-state properties in order to provide
some additional information to the existing data on the physical
properties of these materials.

2. Calculation details

All physical properties of a material are related to its total energy.
In the present work the electronic total energy calculations at 0 K
were performed within the framework of the density functional
theory (DFT) and an all electron method with the (linearized)
augmented plane wave + local orbitals ((L)APW + lo) basis set as
implemented in WIEN2k code [13]. In this method, the wave func-
tions are expanded in a linear combination of radial functions time
spherical harmonics inside non-overlapping muffin-tin spheres of
radius Ry surrounding each atom and in plane waves in the inter-
stitial region between the spheres. The radii for the muffin-tin
spheres were taken as large as possible without overlap between
the spheres: RZL. = 2.21 atomic units(a.u.), R = 2.36au,
RYSH(ZnSc,Sy) = 2.42 a.u, R3G(CdSc,S4) = 2.34 a.u., Ryp(ZnSc,Sy)
= 1.96 a.u. and R};;(CdSc,S4) = 2.1 a.u. The maximum ! for the
expansion of the wave function in spherical harmonics inside the
muffin tin spheres was taken to be Ihax = 10. A plane wave cut-off
Kmax = 4.0(a.u.)™! is chosen for the expansion of the wave func-
tions in the interstitial region. The k integrations over the Brillouin
zone (BZ) are performed up to 10 x 10 x 10 Monkorst—Pack mesh
(MP) [14] (47 k-points in the irreducible Brillouin zone (IBZ)). The
self-consistent calculations are considered to be converged when
the total energy of the system is stable within 10~ Ry. Atomic po-
sitions were relaxed until the forces were below0.5 mRy(a.u.)’l. The
exchange-correlation potential for structural properties was calcu-
lated using the generalized gradient approximation based on Per-
dew et al. (PBEsol) [15], while for electronic properties in addition to
that, the modified Becke—Johnson (mBJ) potential approxima-
tion [16—18], which describes better many semiconductors and in-
sulators, was applied. It is a well-known problem that the calculated
band gap using DFT within the common LDA and GGA is most of the
time severely underestimated. For example, the reported results of
calculations on the electronic properties of some oxide and sulfide
spinels have showed that the common LDA and GGA systematically
underestimate the band gap value of the spinel compounds family
[9,19—21]. This is due to the fact that DFT within the most popular
approximations LDA and GGA is reliable theory for reproducing
accurately the ground-state properties such as the structural prop-
erties but not for predicting the excited state properties such as band
gap. At present some approximations beyond the LDA and GGA, such
as GW, hybrid functional, LDA + U, LDA + DMFT.. .etc, are developed
in order to describe accurately the electronic structure of semi-
conductors and insulators. However some of these methods are
computationally expensive or not satisfactory in all cases [22]; for
example the LDA + U method can only be applied to correlated and
localized electrons. Fortunately, the recently proposed modified
Becke—]Johnson (mB]J) potential approximation [16—18] is an alter-
native way to have a band gap close to the experimental value but
computationally cheaper than the other mentioned methods. For
spinel semiconductors and isolators, the mB] method has been
demonstrated to obtain band gaps in good agreement with the more
accurate results obtained using GW method [20]. Tran and Blaha
[22] have demonstrated that the mBJ potential yields band gaps
which are in good agreement with experiment, leading to typical
errors of less than 10% for some semiconductors and insulators. The
drawback of the mB]J potential is that it cannot be obtained as the
derivative of an X-Energy functional Ex [22]. Therefore, this potential
cannot be used to calculate properties that depend on energy such
as structural properties. In the present study the results obtained

using GGA—PBEsol are compared to that obtained using the mBJ
approach in order to show the advantage of the mB] for describing
electronic structure of herein studied materials.

3. Results and discussion
3.1. Structural properties

The unit cell of the cubic spinel AB,C4 contains eight AB,Cy
formula units. The atomic positions depend on the chosen unit cell
origin. There are two choices for the unit cell origin: the 43m on an
A-site or 3m on an octahedral vacancy. For the origin3m, the eight A
cations are positioned at the Wyckoff positions 8a (0.125, 0.125,
0.125) site, the sixteen B cations at 16d (0.5, 0.5, 0.5), while the 32
anions, which are adjusted by the so-called C position parameter u,
are located at 32e (u, u, u). For an ideal spinel, the internal
parameter u has the value of 0.25 for the origin 3m. In cubic spinel,
u is often found to be higher than 0.25. The increase in the value of u
is associated with moving the anion C in the (111) direction out-
ward from the nearest A site. So the cubic spinel crystalline struc-
ture is characterized by two parameters not fixed by the symmetry:
the lattice constant a and the internal parameter u.

The first step in any ab initio calculation is to find the optimized
geometry of the crystalline structure. The equilibrium lattice pa-
rameters of a crystal are the lattice parameters that minimize the
total energy. Fitting the Murnaghan’s equation of state (EOS) [23] to
the primitive cell total energy versus its volume (with relaxed atom
positions) yields the equilibrium primitive cell volume Vj, the bulk
modulus By and the pressure derivative of the bulk modulus B'. The
obtained values for these mentioned parameters for the equilib-
rium ground state of ZnSc,S4 and CdSc,S4 compounds are listed in
Table 1 along with available experimental results for comparison.
The calculated values using GGA—PBEsol are in good agreement
with the measured ones [10,11]. When the obtained equilibrium
lattice constant values are compared with the experimental ones,
we find a 0.45% underestimation. We have also calculated the
equilibrium ground state parameters using the GGA in the Per-
dew—Burke—Ernzerhof (GGA-PBE) version [24] and the obtained
lattice constants were with an overestimation of 1.2%. Therefore,
we have performed all present calculation with the GGA—PBEsol.
GGA—PBEsol is a recent approximation which has been developed
specifically to improve the description of exchange-correlation
energy in solids, resulting in structures and energetic for densely
packed solids and their surfaces which are closer to the experiment
in most cases.

3.2. Electronic band structure

For better understanding of the electronic and optical properties
of ZnSc,S4 and CdScyS4 cubic spinel compounds, the investigation
of the electronic band structures would be useful. Fig. 1 displays our
calculated band structures E(k) on a discrete k mesh following high-

Table 1

Ground-state parameters of the ZnSc,S4 and CdSc,S4 cubic spinels: a is the lattice
constant, u is the internal parameter, By is the bulk modulus and B’ is the bulk
modulus pressure derivative.

ZnScySy CdSc,Sa
Present Exp. Present Exp.
a(A) 10.4131 10.484 [10] 10.6847 10.733 [10]
10.736(2) [11]
u 0.2544 — 0.2601(3) 0.2601(2)
By (GPa) 823 - 7722
B 4.17 - 4.24
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Fig. 1. Band structure for the most symmetrical directions in BZ, using the mBJ
approximation for the ZnSc,S4 and CdSc,S4 compounds. The critical points that could
compete for the definition of the gap are labeled. The horizontal dashed line indicates
the position of the Fermi energy (Er) which has been set equal to zero.

symmetry directions in the k-space at the equilibrium lattice pa-
rameters within the mBJ] exchange-correlation potential for ZnSc,S4
and CdSc,S4. The calculated band structure profiles using the GGA—
PBEsol and mB] approximations for ZnScyS4 (CdSc,S4) are similar
except for the value of their band gaps which are higher within mB]J.
For both compounds the valence band maximum (VBMa) and the
conduction band minimum (CBMi) are located at I'-point of the BZ,
making them to be a direct band gap (I'—I') materials. The obtained
band gap values for the herein studied compounds using GGA—
PBEsol and mBJ approximations are given in Table 2, along with the
available experimental results [ 10] for comparison. From the results
given in Table 2, it is clear that the obtained energy band gap using
the mBJ approach is in better agreement with the experimental
value than that obtained using the GGA—PBEsol for the two herein
considered materials. The predicted band gap of CdSc,S4 using the
mB] (GGA—PBEsol) approach is 1.84 eV (0.79 eV) and is under-
estimated by about 20% (65%) compared to the only one reported
experiment value of 2.3 eV. The predicted band gap of ZnSc,S4
using the mBJ (GGA—PBEsol) approach is 1.44 eV (0.39 eV) and is
underestimated by about 30% (80%) compared to the only one re-
ported experiment value of 2.1 eV. It is worth to note here that the
experimental band gap values were extracted from the absorption
coefficient versus wavelength spectra at room temperature and we
don’t have any idea about the incertitude of these measurements.
We expect future experimental work to confirm out results. We can
emphasize here that the mBJ approach improves significantly the
band gap value of ZnScyS4 and CdSc,S4 compared to the GGA—

Table 2

Calculated band gap (Eg) at I' and effective mass of the electron (my), the heavy hole
(m;h) and the light hole (ml*h) (in units of free electron mass mp) using PBEsol and
mB]J for the equilibrium ground-state of the cubic spinel ZnSc,S4 and CdSc,S4. The
experimental energy band gaps are given for comparison.

ZnScyS, CdSc,Ss4
PBEsol mB]J Expt. PBEsol mBJ Expt.
Eg (eV) 0.39 1.44 2.1[10] 0.79 1.84 2.3[10]
me(I'—X) 0.24 0.397 0.244 0.397
mg(I'~L) 0.25 0.404 0.25 0.401
my, (I'—X) 0.63 0.82 0.70 0.91
my, (I'—1L) 1.10 143 0.1.40 1.80
my, (I'—X) 0.23 0.35 0.23 0.35
my, (F'—L) 0.18 0.26 0.18 0.26

PBEsol, which is in agreement with recent reports about the ad-
vantages of the mBJ compared to the common LDA and GGA for a
wide range of materials [20,22,25—31].

The calculated total density of states (TDOS) and partial density
of states (PDOS) for the ZnScyS4 and CdSc,S4 cubic spinels in the
energy range between —15 and 5 eV using the mB] approach are
illustrated in Fig. 2. The TDOS spectrum of ZnSc,S4 shows similar
appearance as that of ZnScyS4. Looking more closely to the DOS
spectra of ZnScS4 and ZnScyS4, four groups of valence bands,
separated by direct gaps, can be visually identified. For ZnSc,S4
(CdSc3S4), the upper group of valence bands V1, occupies the en-
ergy range of 0 to —5.95 eV (0 to —4.10 eV). V1 is made up of 32
valence bands (24 valence bands). It is formed by the hybridization
between S-3p states, Zn-3d (Cd-4d) and Sc-3d states, with a little
contribution from Zn-3p (Cd-4p) and Sc-3p states. The second
group V2, immediately below the upper group V1, is emanating
from the hybridization between Zn-4s (Cd-5s), Sc-3d and S-3p
states. The third one V3 is formed mainly from Zn-3d (Cd-4d) states,
with a very small contribution from the Sc-3d and S-3p states. The
lowest groupV4, not presented in Fig. 2 for more clarity of the DOS
spectrum, which is centered at about —27.85 eV in both com-
pounds, is composed of Sc-3p state contributions. The bottom of
the conduction band C1 immediately above the Fermi level is
mainly made up of Sc-3d states.

The effective charge-carrier mass is one of the main factors
determining the transport properties, the Seebeck coefficient and
electrical conductivity of materials. Here, the effective charge-
carrier mass m" has been evaluated by fitting the E—k diagram
around the valence band maximum (VBMa) or the conduction band
minimum (CBMi) by a paraboloid. The evaluated effective charge-
carrier masses at the I' point from the band dispersions of the
VBMa and CBMi toward X and L directions in the Brillouin zone are
summarized in Table 2 for the two materials under investigation
(all in units of electron mass). The effective electron mass is indi-
cated by the under script “e” (mg), the heavy hole mass by “hh”
(m;h) and the light hole by “Ih” (mfh). Our calculations show that
the charge-carrier effective masses have practically the same values
in both materials, which predict that ZnSc;S4 and CdSc,S4 have
practically same mobility of the charge-carrier. The electron effec-
tive mass values along the ' — Xand I' — L directions in the BZ are
practically equal, indicating its isotropy, and are close to that ones
for typical semiconductor. The effective masses of holes are quite
anisotropic.
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Fig. 2. Calculated total and partial densities of states (DOS and PDOS, respectively) by
using mBJ approximation for the ZnSc,S4 and CdSc,S4 compounds. The vertical dashed
line indicates the position of the Fermi energy (Eg) which has been set equal to zero.
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3.3. Optical properties

Optical properties of a material are generally described by some
physical parameters such as the dielectric function, absorption
coefficient, refractive index, reflectivity coefficient, optical con-
ductivity, and so on. All these optical parameters can be theoreti-
cally calculated from the frequency-dependent dielectric function
dw) = e(w) + ie(w) using the known formulas [32—34]. The
dielectric function ¢(w) can be computed from knowledge of the
electronic band structure of the considered material. The imaginary
part e(w) = Im(s(w)) of dielectric function &(w) is calculated
numerically by a direct evaluation of the matrix elements between
the occupied and unoccupied electronic states [35]. The real part
£1(w) = Re(e(w)) is calculated from e3(w) using the Kramers—Kronig
transform. It is worthwhile to note that in these calculations the
local field effects are neglected. Phonon contributions to the optical
spectra, which are especially important for the crystals with indi-
rect band gap, are also not taken into account. However, even with
these limitations the calculated spectra give reasonable agreement
with experimental results [36].

Calculation of the optical properties requires a dense mesh of
energy eigenvalues and the corresponding eigenvectors, so one
needs to use finer meshes for the discretization of the BZ. Since
e2(w) is usually calculated first, we chose it as a reference for the
assessment of convergence. The energy eigenvalues and eigen-
functions are then solved at 256 special k-points in the irreducible
part of the BZ (20 x 20 x 20 k-point grids in BZ) for the optical
properties.

Figs. 3 and 4 illustrate the computed imaginary part of the
frequency-dependent dielectric function e(w) for the ZnSc,S4 and
CdSc,S4 cubic spinels, respectively. The general patterns of e(w)
curves of these two investigated compounds are rather similar. This
similarity is attributed to the fact that the band structures of these
compounds are similar with minor differences causing insignificant
changes in the features of ¢;(w). We note here that the increase of
the band gap moving from ZnSc,S4 to CdScyS4 causes the shift of
the whole structures of e(w) spectrum to higher energy by 0.40 eV.
There are no experimental or theoretical results on e(w) to
compare with. The notable features of the e(w) spectrum were
labeled (E;) and quantitatively assessed in Tables 3 and 4.

We now address the origin of the transitions that are responsible
for the spectral structures in the optical spectra. The determination
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Fig. 3. Left-hand panel: contributions to the imaginary part of dielectric function ex(w)
from different band combinations. Right-hand panel: calculated transition band
structure energy for the ZnSc,S4 compound. For the fine structure see Table 3. Con-
duction bands have been indexed starting from the lowest energy, while valence bands
have indexed from the highest energy.
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Fig. 4. Left-hand panel: contributions to &(w) from different band combinations.
Right-hand panel: calculated transition band structure energy for the CdSc,S4 com-
pound. For the fine structure see Table 4. Conduction bands have been indexed starting
from the lowest energy, while valence bands have indexed from the highest energy.

of the origins of the different peaks and features of (w) are per-
formed on the basis of its decomposing to its individual pair
contribution, i.e., contribution from each pair of valence v; and
conduction ¢jbands (v; — ¢;) (left-hand panels in Figs. 3 and 4), and
plotting the transition (from valence to conduction) band structures,
i.e,, transition energy E(k) = Eg(k) — Eyi(k) (right-hand panels in
Figs. 3 and 4). These techniques allow the knowledge of the bands
which contribute more to the peaks and their locations in the Bril-
louin zone [37]. The main contributions to the optical spectra orig-
inate generally from the top valence bands to the lower conduction
bands. The left-hand panel in Fig. 3 (4) represents the decomposi-
tion of e(w), performed for ZnScyS4 (CdSc,Sy), taking into consid-
eration the fourteen top valence and the forty-two lowest
conduction bands (thirty-one top valence and the thirty-eight
lowest conduction bands) since these were the only ones found to
contribute significantly to the dielectric function in the energy in-
terval that include the transitions listed in Table 3 (4). The region, in
which &(w) is different from zero, can be related to the absorption
spectrum. The onset of the optical absorption edge in ¢(w), labeled
Ep in Figs. 3 and 4, occurs at approximately 1.44 eV and 1.84 eV in
ZnSc,S4 and CdSc,S4, respectively. This corresponds to the direct
optical band gap I'y — I'¢, which gives the threshold for direct optical
transition between the highest valence band and the lowest con-
duction band. This is known as the fundamental absorption edge.
After that there is a sharp increase in the slope of ¢(w) and some
structures centered at E; points appear in &(w) spectrum. The po-
sitions of the main E; peaks and the corresponding interband tran-
sitions and their locations in the Brillouin zone are reported in
Tables 3 and 4.

The frequency-dependent real part of the dielectric function
¢1(w) and frequency-dependent refractive index n(w), which
indicate how electromagnetic energy is dispersed when it pene-
trates in a material medium, are shown in Fig. 5 for the ZnSc,S4
and CdScyS4 cubic spinels. The 1(w) curve of ZnScyS4 (CdScaSa4)
presents two sharp peaks at 3.09 and 4.67 eV (3.29 and 4.70 eV)
and two negative valleys, the first one is extended between 6.37
and 7.17 eV and the second one is between 10.75 and 19.05 eV (the
first one is extended between 5.99 and 7.18 eV and the second one
is between 10.83 and 18.37). As materials behave metallic for
negative values of ¢;(w) and are dielectric otherwise [38]. The
static dielectric constant ¢1(0) is given by the value of ¢(w) in the
limit of zero energy limit (or infinite wavelength). Note that we do
not include phonon contributions to the dielectric screening, and



Table 3

Peak positions (in eV) and the calculated origins of major contributions to structure
in g5(w) for ZnSc,S4. Conduction bands have been indexed starting from the lowest
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energy, while valence bands have been indexed from the highest energy.

Structure Peak Major contribution transitions Energy (eV)
position (eV)

E; 3.39 (V1—Cy) W—L, X—W 3.28
(V1—C3) W—L, X—W 3.29
(V1—C3) W—L, I-X 3.12, 3.46
(V1—C4) W—L-T—X 3.19, 3.37
(V4—Cs) W—L-TI'-X 3.43,3.71
(V1—Cg) W—L, T-X 341, 3.77
(V1—C7) W—L-T, X—W—-K 3.73,4.35
(V1—Cg) W—L, '-X—W-K 4.02,4.39
(V1—Co) W—L, T-X—W—K 4.18, 4.52
(V1—Cq0) W—L, X—W 453
(V1—Cy1) W—L-T—X, W—K 4.16, 4.55
(Vo—Cq) W—L, X—W—K 3.49
(Vo—Ca) W—L, X—W 3.31
(Vo—C3) W—L, I-X—W—K 3.14, 3.84
(Vo—Cy4) W—L-T—X 3.20, 3.38
(Vo—Cs) L-T—X 3.58

E; 5.01 ((V1—Cq2) W—L, T'-X, W—K 4.54, 461, 4.70
(V1—Cy3) L-T—X 4.64,4.78
(V1—Cy4) W—L-T—X—W—-K 4,94
(V1 Ci5) L-I'-X, W—K 4.66, 5.00
(V1—Cy6) W—L-T—X—W—-K 5.05
(V1—Cy7) W—L, T—X 5.14
(V1—Cig) W—L, I'-X, W—K 5.37
(V1 Ci9) W—L-T 5.29
(Vo—Co) W—L, X—W—K 4.74
(Vo—Ci0) W—L, X—W 4.74
(Vo—Cqp) W—L, W—K 4.83
(Vo—Cy2) W—-L, W—K 4.83
(Vo—Cy3) W—L 5.10
(Vo—Cy4) L-T—X—-W 4.83
(Vo—Cy5) W—L-T—X 5.03, 5.22
(Vo—Cy6) W—L 5.30

Es 5.49 (Vo—Cy7) W—L, X—W—K 5.54
(Vo—Cqg) W—L, X—W—K 5.54
(Vo—Cyo) W—L-T 5.46
(V13—C4) W—L, T-X—W—K 5.30, 5.47
(Vi3—Cs) L-T'—-X 5.19
(V13—Cg) W—L, I'-X 5.37
(V13—C7) W—L-T'—-X, W—K 5.72
(V13—Cg) W—L-T 5.64
(V43—Co) W—L—I'—X 5.72
(V13—Cy0) W—L, I'-X 5.91
(V13—Cy1) W—L, I-X, W—K 5.99
(V13—Cy2) W—L, IT'-X 5.99

E4 6.35 (V1—Ca1) W—L-T—-X 6.78
(V1—Cqp2) W—L-T—X 6.84
(V1 Co3) L-T—X 6.80
(Vo—Ca1) W—L, T-X—W—K 6.79, 7.47
(Vo—Cq2) W—L, T'-X 6.88
(V13—Cy3) W—L-T—-X-W—-K 6.43
(V13—Cy4) W—L-T—-X—W—-K 6.43
(Vi3—Cy5) L-T'—X, W—K 6.43
(V13—Cy6) I'-X, W—K 6.43
(V13—Cy7) W—L-T'—-X, W—K 6.70
(Vi3—Cy8) W—L-T 6.70
(Vi3—Cy9) W—L-T 6.88
(V13—Ca0) W—L-T 6.88

Es 8.54 (V4—Ca3) W—L, I'-X, W—K 8.64
(V1—Caq) W—L, T-X—W—K 8.02, 8.67, 8.85
(V1—Ca6) W—L-T—X, W—K 8.13,9.29
(V1—Ca7) W—L-T—X 8.58
(V1—Cag) W—L, I'-X 8.69, 8.93
(V1—Ca9) W—L-T—X 8.05, 8.61
(Vo—Ca3) W—L, X—W 8.71
(Vo—Caq) W—L, X—W 8.85
(V13—Ca1) W—L, I-X 8.58
(Vi3—Ca2) W— 'T -X 8.40

Table 3 (continued )

Structure Peak
position (eV)

Major contribution transitions Energy (eV)

(V14—Co7) L-T—-X 8.81

E¢ 9.70 (Vi3—Ca3) W—L-T'-X 9.03, 10.01
(Vi3—Caq) W—L, I-X 9.12,9.54
(Vi5—Cas) WL, T—X 9.40
(Vi3—Cg6) L-T—X 9.40
(Vi3—Ca7) L-T—X 9.93
(Vi3—Ca9) LT 9.83
(Vi4—Cay) L-T—X 991

E; 10.19 (Vi3—Ca4) W—L, T-X—W—-K 10.14
(Vy3—Cag) WL, T—X 1028
(V13—C30) W—L-T-X 10.63
(V13—C31) W—L, I-X 10.73
(V14—Ca7) WL, T—X 1037
(V14—Cag) W—L, I'-X 10.36
(V14—Ca9) L-T—X 9.90, 10.32
(V14—Cs0) W—L—T—X 10.73

Es 10.81 (Vi3—Cs2) W—L, IT-X 11.08
(V13—Ca3) W—L—T—X 11.25
(Vi3—Cas) [-T—X 1125
(V13—C35) W—L—-I'—-X, W—K 11.29,11.51, 11.80
(V14—Ca1) WL, T—X 10.81
(V14—C33) W—L, T-X—W 11.35
(V14—Cs3) L-T—-X 11.25
(V14—Csa) I-T—X 11.25
(V14—C35) L-I'-X 11.30, 11.62

Eo 12.34 (V13—C36) L-T—X, W—K 11.97
(V13—C37) W—L, I'-X, W—K 12.16
(V13—C38) W—L-T—-X—W—-K 12.33
(Vi3—C39) L-T—X, W—K 12.33
(V13—Cag) L-T—X—W 12.60
(Vi3—Ca7) W=L—T—X, W—K  12.60
(V13—Cq2) W—L-T—-X—W 12.78
(V14—Css) L-T—X, W—K 11.89
(V14—C36) W—L-T—-X—W—-K 12.06
(V14—C37) W—L-T—-X—W 12.24
(V14—C38) W—L-T-X—W—-K 12.33
(Vis—Cso) W—L—T—X—W—K 1251, 12.06
(V14—Cyq0) W—L-T'-X—W—-K 12.68

€1(0) corresponds to the static optical dielectric constant ¢.. The
calculated static dielectric constants ¢1(0) values for ZnSc,S4 and
CdSc,S4 are given in Table 2. We find that the values of ¢(0) de-
creases with increasing energy gap. This could be explained on the
basis of the Penn model [39,40]. Penn model is based on the
expression £1(0) = 1 + (hwp/Eg)z. It is clear that ¢1(0) is inversely
proportional with Eg, hence smaller E; yields larger £(0). We can
determine Eg from this expression by using the value of ¢1(0) and
the plasma energy 7wp.

The static refractive index n(0) values and energy for which
dispersion is null E(n = 1) for ZnSc,S4 and CdSc,S4 are summarized
in Table 5. In the far infrared region, the refractive index of ZnSc,S4
(CdSc,S4) is about 2.56 (2.49) and itincreases with photon energy on
the visible region reaching a peak in the ultraviolet at about 3.15 eV
(3.32 eV). It then decreases to a minimum at 18.24 eV (17.15 eV). The
origin of the structures in the imaginary part of the dielectric
function also explains the structures in the refractive index. Unfor-
tunately, no experimental values of these optical parameters were
found in the literature, so these estimations remain to be purely
theoretical. Knowledge of the refractive index is essential for devices
such as photonic crystals, wave guides, solar cells, detectors and so
on, therefore in addition to the mechanic quantum calculation, we
have used some empirical models [41—43], relating the refractive
index to the energy band gap, to estimate the static refractive index
n(0). The following models are used:
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Table 4 Table 4 (continued )
Peak positions (eV) and the calculated origins of major contributions to structure in
e5(w) for CdScyS4. Conduction bands have been indexed starting from the lowest
energy, while valence bands have been indexed from the highest energy.

Structure  Peak Major contribution transitions  Energy (eV)
position (eV)

- — — (V31—Cs) L—T'— 10.81
Structure  Peak Major contribution transitions  Energy (eV) (V31—Cg) L-T—X 10.90
position (eV)
E; 351 (Vi—C) W—L-I'=X-W 2.24,3.40 E; 12.14 (V13—Cs6) W—L—T—X—W-K 11.71
(Vi—C) W—L-TI'-X-W 3.14,3.46 (V13—C37) L-T—X, W—K 11.84
(V4—C3) WL, T—-X 351 (V43—Csg) L-T'—X, W—K 12.06
(V1—Cq) W=L, I'-X 333 (Va9—Co) W—L—T—X-W 11.25
(V1=Cs) W—L-T'—X 3.76 (Va9—Cro) W—L, T-X—W 1135
(V1—Ce) W—L-T—X 347,379 (V29—Cy1) L—T, X—W—K 11.44
(V1—C7) W—L—T, X-W 3.79, 4.34 (V29—C13) W—L—T'—X 11.90
(V1—Cg) W—L—-T—X-W 3.93,439 (Vag—Cra) L-T—X—W 11.60, 12.12
(Vi—Co) W—L, I'-X 4.16 (Va9—Cys) W—L, T-X 12.06
(V1—C10) W—L—T—X-W 3.92, 448 (Va9—Cig) W—L, T—X 12.16
(V1—Ci1) W—=L-I'-X-W 4.02,4.53 (Vag—Ci7) W—L, W—K 12.16
(Vi—Ci2) W-L, I'=X 447 (Va9—Cig) W—L, X—W 12.24
(Vo—Cq) W=L-TI'-X-W—K 3.15, 3.61 (Va9—Ci9) W—L—T—X 12.33, 12.78
(V31—C7) W—L-T 11.08
E» 524 (V1=Cy3) L-T—-X-W-K 476 (V31—Cs) W—L-T-X-W-K 11.17
(V1—Ciq) L-T—X-W-K 4.80
(Vi—Ci5) W—L—T—X-W-K 4.94 Es 13.08 (Vag—Ci9) W—L—T'—X 12.33,12.78
(V1—Ci6) L-T—X 498 (Vag—Ca0) W—L—T'—X 1233, 12.78
(V4—Cy7) W—L-T—X 5.10 (Vag—Ca1) W—L, T—X—W 12.78, 13.67
(V1—Cig) W—L, T-X 525 (Vag—Ca2) W—L—-T—X 12.98, 13.54
(V1—Ci9) W—L-T—X 521 (Vag—Ca3) WL, T—X 14.65
(V2—Co) W—L, X—W 4.47 (Vag—Casg) W—L—T—X—W 14.56, 15.37
(Va—Ci0) W—L, X—W—K 4,65 (Va9—Ca0) L-T—X 12.81
(Vo—Ciq) W—L, T-X—W—K 465 (Va9—Ca1) W—L—-T—X 12.86, 13.67
(V2—Cy2) W—L, X—W—K 4.74 (Vag—Caz) W—L, I'=X 13.58
(Va—Ci3) W—L 4.98 (Va9—Ca3) L-T—X 13.99
(Vo—Ciq) W—L—T—X-W 4.84,5.06
(Va—Cys) L-T—X 4.92
(Vig=C1) L-T—X 465 (i) The Moss’s formula [41] based on atomic model and given by:
(V16—C2) L-T—X—-W 493
Es 5.45 (V14—C2) W—L, T-X—W 498,522 4
(V14—C3) W—L, I-X 527 Egn® =k 1)
(V14—Cq) W—L, T-X 527
(V14=Cs) W—L-T=X-W-K 5.27,5.64 E, is the energy band gap and k is a constant with a value of 108 eV.
(V14—Ce) W—L, T—X 5.53
E&;gg a/,i 1“F—))<(—‘/‘1A// g:g?’ >77 (ii) The Harve and Vandamme’s empirical relation [42]:
(V14—Co) W—L, T-X—W 591
(V16—Cq) W—L-T—X 537
(V16—Cs) L-T—X 5.54 3
— 1 (A )
Ea 9.24 (V13—Ca3) W—L—I'—X, W—K 9.03,9.77 n= * E;+B
(V13—Caa) L-T—X 8.93
(V13—Cas) W—L—-T—X 8.53,9.17,9.49
%li_iiii PR st with A = 13.6 eV and B = 3.4 eV.
(V13—Cag) L-T—X 8.40, 10.01
(V43—Ca9) W—L-T—X 9.92,10.63 12 12
(V14—Cas) W—L—-T—X—-W 8.85,9.39, 10.36 Zn30284| CdSc284|
(V14—Ca6) W—L, T-X 9.83 8/ 8l
Es 10.15 (V13—Cz0) W—L-T—X 10.54, 10.81 o
(Vag—Cs1) WL, T—X 10.81 = 4 41
(V13—C3p) L-T—X 10.46
(Vag—Cq) W—L—T, X—W 10.32 0 0
(V31—Cy) L-T—X 10.00 4 . ; 4 i 1
Es 10.73 (V13—Cz) W—L, T-X 10.90 3 3
(V13—Cz3) W—L-T—X, W—K 11.17
(V13—Cz4q) L-T—X 11.17 =
(V13—C3s5) W—L—-T—X, W—K 11.43,11.61 3 27 21
(V13—Cz7) L-T—X 11.43 g
(V13—Csg) L-T—X 11.44 14 14
(Vag—Ca) W—L, X—-W—K 10.54
(Vag—C3) W—L, T-X—W—K 10.63 0 . . 0 . .
(V31—C1) W—L, X—W—K 10.36 0 10 20 30 0 10 20 30
(V31—C2) W—L, X—W—K 10.50 Photon energy (eV
(V31—C3) W—L, T-X—W—K 10.63 Photon energy (eV) ay (4}
(V31—Cq) L-T—X—-W-K 10.73

Fig. 5. Calculated real part of the frequency dependent dielectric function ¢(w) and
refractive index n(w) for the ZnSc,S4 and CdSc,S4 compounds.
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Table 5
Characteristics values of the real part of the dielectric function ¢; and the refractive
index n. Energy is in eV, ¢/(0) and n(0) are adimensional.

ZnScySy CdSc,Ss
£(0)
Ab initio 6.525 6.174
Model [32] 8.64 7.62
Model [33] 8.88 7.73
Model [34] 9.78 8.47
n(0)
Ab initio 2.5623 2.4858
Model [32] 2.94 2.76
Model [33] 2.98 2.78
Model [34] 3.13 291
En=1) 12.39 12.28

28.64 28.92

(iii) The Ravindra and collaborators’ relation [43]:

n = o+ Bk,

where & = 4.048 and § = —0.62 eV,

The obtained values of the static refractive index for ZnSc,S4 and
CdSc,S4 using previously mentioned empirical models with the
calculated band gaps are summarized in Table 5. If we take in ac-
count that the calculated band gap could be slightly under-
estimated compared to the measured one, it appears that the
refractive index values obtained using the empirical models are in
agreement with the ones obtained using the ab initio calculations.
Using the known relation £0) = n® we have also estimated £(0) via
the previously mentioned models.

The numerically computed spectral dependence of the extinc-
tion coefficient k(w), reflectivity coefficient R(w) and absorption
coefficient a(w), which represent different ways to describe how
the electromagnetic energy is taken when interacting with a ma-
terial medium, is depicted in Fig. 6.

The optical absorption coefficient a(w) is one of the most crucial
evaluation criterions for the photoelectric materials. Our calculated
absorption coefficient spectra «(w) for the herein investigated
compounds show that these materials are a good optical absorption
in a wide energy range (3—20 eV). These compounds can absorb in
all frequency region which existed in ultraviolet light, so it can be
used as a filter for various energies in the far UV spectrum. Fig. 6
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Fig. 6. Calculated absorption coefficient a(w), extinction coefficient k(w), reflectivity
coefficient R(w) and electron energy-loss function L(w) for the ZnSc,S4 and CdSc,S4
compounds.

shows similarities in the trends of extinction coefficient k(w) and
absorption coefficient.

The obtained R(w) values for the therein studied materials do
not approach to the unity toward zero energy (R(0) = 19%), which
means that these compounds behave like semiconductors. The
computed reflectivity reaches a maximum value of around 40%. The
reflectivity of both compounds is on the average between 16% and
40% up to 20 eV then beyond that it drops. The behavior of
reflectivity makes these compounds particularly good for applica-
tions in visible and ultraviolet region.

Fig. 6 presents also the electron energy-loss function L(w). L(w) is
an important factor describing the energy loss of a fast electron
traversing the material. The peaks in L(w) spectra represent the
characteristic associated with the plasma resonance and the cor-
responding frequency is the so-called plasma frequency w,. The
most remarkable descending branch in the reflectivity spectra co-
incides with a strong peak group in the energy-loss spectra as a
result of the collective plasma resonance. The peaks of L(w) corre-
spond to the trailing edges in the reflection spectra, for instance,
the maximum resonant electron-energy loss is at 19.48 eV for
ZnSc,S4 and at 19.65 eV for CdSc,S4 corresponding to the abrupt
reduction of R(w).

4. Conclusions

In the present work, we have used an ab initio FP-L/APW + lo
method to investigate the structural, electronic and optical prop-
erties of the ZnSc,S4 and CdScyS4 cubic spinels. We have obtained
very good agreement with the experimental lattice parameters by
using GGA—PBEsol to the exchange-correlation energy. In order to
provide a more accurate description of the electronic structure, we
have also used the mBJ approximation to the exchange-correlation
potential. We show that these two compounds are direct band gap
semiconductors. Calculated energy band gap values by using the
mBJ approach for the herein studied spinel sulfides are consider-
ably improved and in better agreement with the experimental
values compared to the GGA—PBEsol. The obtained DOS spectra are
discussed. The effective charge-carrier masses are estimated from
the band structure. We have investigated the photon-energy
dependent dielectric function, refractive index, extinction coeffi-
cient, reflectivity coefficient, absorption coefficient and loss func-
tion. The decomposition of the dielectric functions into individual
band-to-band contributions and the plotting of the transition
band structures allowed identifying the microscopic origin of the
features in the optical spectra and the contributions of the different
regions in the Brillouin zone. We find that the values of ¢(0)
increase with decreasing the energy gap. This could be explained
on the basis of the Penn model. Our calculations of optical prop-
erties indicate that the herein studied materials could be candi-
dates for applications in visible and ultraviolet region. As far as
ZnSc,S4 and CdSc,S4 cubic spinels are concerned, some of our re-
ported results are predictions and we welcome experiments to
prove them.
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