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In this work, the structural, electronic and optical properties of CeyS3 com-
pound have been explored using CASTEP simulation code. We explore the
crystal structure, lattice parameters, electronic band structure, the total
density of states (TDOS), the partial density of states (PDOS) and the optical
functions of the CeyS; compound using first-principles simulation based on
density functional theory (DFT). The orthorhombic crystal structure with
space group (Pnma) of CegS;3 is stable both chemically and structurally. The
lattice parameters of this compound are obtained by the optimization method.
The lattice parameters measured in this study (@ = 7.53 A, b = 4.10 A and
¢ = 15.73 A) indicate excellent agreement with experimental and previous
theoretical results. The electronic properties are investigated using Perdew—
Burke—Ernzerhof generalized gradient approximation (PBE-GGA) and GGA
observe U approaches within DFT employing CASTEP code. The energy
bandgap value reported in this study (E; = 0.76 eV) is comparable to the
previous theoretical value. This energy bandgap value shows that CeyS3 be-
longs to the semiconductor category. The frequency-dependent dielectric
function and some optical properties such as reflectivity, absorption coeffi-
cient, optical dielectric constant, optical conductivity and the energy loss
function have also been calculated in the present work. The optical reflectivity
is noted to be maximum in the ultraviolet region of the electromagnetic
spectrum.

Key words: Crystal structure, electronic bandgap, CesS3 compound,
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INTRODUCTION

Eastman et al.' and Flahaut et al.? reported that
sesquisulfide compounds (e.g. Ce,S3) have more
than one phase. CesS3 exists as «,  and y phases,
and researchers are attracted to them because of

(Received June 17, 2020; accepted September 9, 2020;
published online October 6, 2020)

their superior physical, thermal, mechanical and
electronic properties, together with better optical
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stability and electrical conductivity.>® However,
tremendous efforts have been made to synthesize
different phases of CesS3 for several applications.

The color and structure of the three phases are
described as follows: a-CesS3 has an orange or black/
brown color and orthorhombic structure, [-CesSs
possesses a burgundy color and tetragonal structure
and 7-Ce,Ss; appears in dark red with a cubic
structure. A literature review®® revealed that the
o,  and y phases occur at temperatures of < 900 °C,
> 900 °C and > 1200 °C, respectively. Many mis-
perceptions still exist about the allotropes of cerium
sesquisulfide and about their transformation
temperatures.

Inorganic colorants have been used ubiquitously
for decoration purposes, especially red pigments.
But the use of traditional red colorants is restricted,
unfortunately, because these have heavy metals
such as Cd, Cr and Pb, and they are dangerous for
both the environment and human health. Because
of its outstanding weather resistance, dispersion
and safety properties, the y-phase of the CeySs
compound has been used to replace these traditional
red inorganic colorants and has become a source of
interest for many researchers.'®'2 As y-Ce,S; is an
environmentally friendly colorant and has out-
standing colorant performance,'® it is very suit-
able for use in plastics, paints and coatings.

1-CesS3 is also suitable for application in
polypropylene, which is an extensively used plastic.
Ding et al.'* suggest the use of rare-earth sulfides as
colorant in polydimethylsiloxane. Although these
works are very helpful for investigating the appli-
cations of y-CesS3 in some plastics, compounds such
as polyvinyl chloride (PVC) and polyethylene (PE)
are rarely reported. That is why researchers are
investigating the coloring properties of the y-phase
for both PVC and PE.'®

For processing molten metals, cerium sesquisul-
fide (CeyS3) can be used as a crucible material.
Because its thermal expansion coefficient is low, it is
stable at high temperatures and also has good
stability in air. Ce,S; compound and the other
sulfides of cerium exhibit low reactivity to molten
metals that are very reactive, like actinides and
alkali metals.'> Because of the low reactivity
between the metals and crucible, these crucibles
are not damaged and are reusable, thereby decreas-
ing expenses and environmental waste by replacing
damaged or corroded crucibles. The properties of
CegSs compounds have made it a particularly
worthy material for use in crucibles for processing
alkali metals.''7

Before this work, no theoretical study for struc-
tural, electronic and optical properties of CeySs
compound is reported by using the CASTEP code.
The present study is performed to compare the role
of Perdew—Burke-Ernzerhof generalized gradient
approximation (PBE-GGA) and GGA+U functionals
for this material. As very little experimental work
has been done for the optical properties of cerium

trisulfide compound, this study provides a deep
understanding of Ce,S3 compounds with regard to
their structural, electronic and optical properties.

RESEARCH METHODOLOGY

In the present density functional theory (DFT)-
based study, the structural and optoelectronic prop-
erties for the a-phase of CesSs are investigated
using CASTEP code'® through PBE-GGA along
with the GGA+U approaches. In particular, the
norm-conserving pseudopotential produced by the
CASTEP package with the Perdew—Burke—Ernzer-
hof approach® is utilized for the determination of
exchange correlation potential. In order to exg)lain
the equations of the Kohn—Sham theorem,?® the
conjugate gradient method®' is utilized. In this
work, the total energy of the system is found to
converge within 1 meV, while a cutoff energy of
550 eV is adopted for the considered compounds.
These total energy calculations are performed using
a 6 x 10 x 2 Monkhorst-Pack grid®? for optimiza-
tion and exploration of the structural properties and
estimation of the electronic bandgap. For electronic
wave functions, plane-wave (PW) basis sets are
used. For cerium atoms, 4f* 552 5p° 5d* 65 electrons
and 3s®> 3p* for electrons of sulfur atoms are
considered as pseudo-electrons. The GGA+U func-
tional is also adopted to calculate the optical
properties. The Hubbard parameter “U” is adopted
with a magnitude of 6 eV for each Ce atom to
contribute to the repulsive coulombic potential for f
electrons for the calculation of electronic and optical
properties.

%

Fig. 1. Crystal structure of «-Ce»S3 compound.
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RESULTS AND DISCUSSION

Structural Properties

The crystal structure of the a-phase of CeySs is
shown in Fig. 1. In this crystal structure, the eight
green-colored atoms represent cerium, while the
remaining 12 yellow-colored atoms indicate sulfur.
The crystal structure of the o-CesSs compound is
orthorhombic (PbCls-type structure), which pos-
sesses a Pnma space group (no. 62) with a Doy, point
group. We explored the lattice parameters of o-
CesS; and compared our results with previous
theoretical and experimental studies, which are
illustrated in Table 1. It was found that our results
and previous theoretical work?® deviate by only 2%.
Interestingly, the magnitudes of lattice parameters
computed in the present study are found to replicate
the lattice parameters determined experimentally
as reported by Schleid et al.,** which are also
summarized in Table I. These reported results are
useful for the estimation of all physical properties of
this compound. The main purpose of the present
work is to perform a complete DFT-based study to
explore the structural properties of the CeySs
compound.

Electronic Properties

In this theoretical work, an ab initio study is
conducted using a semi-local exchange correlation
approximation to determine the electronic proper-
ties of a-CesS3. PBE-GGA and GGA+U approaches
are investigated to determine the energy bandgap,
electronic density of states (eDOS) and partial
density of states for the CesS3 compound. The band
structure and electronic density of states using a
PBE-GGA approach are shown in Fig. 2a and b. The
partial density of states are presented in Fig. 3 to
determine the contribution at the elemental level of
the electronic states in the conduction mechanism.
It can be observed from Fig. 2a and b that when the
PBE-GGA functional is used, few valence states are
available in the forbidden region. as these states
have crossed the Fermi level, indicating that the
considered compound behaves as a metallic mate-
rial. Likewise, a similar trend is seen in Fig. 3.
However, contrary to the results of the PBE-GGA, a
significant energy bandgap value of 0.76 eV is
observed in Fig. 4 a and b, which represents the
band structure in comparison to the electronic

density of states of the considered compounds when
using the advanced GGA+U functional. It is well
known that the GGA+U functional is an appropriate
method to account for the f-state electrons of an
element such as cerium, since by adding the Hub-
bard potential U, a shift of energy states is observed
from the valence band toward the conduction band,
leaving a gap between them. This makes the
compound a semiconducting material. Such behav-
ior of the f-state electrons was ignored by the PBE-
GGA when calculating the energy bandgap and
electronic density of states.

As shown in Fig. 4, the electronic band structure
verifies that Ce;S; belongs to a semiconductor
category, since a direct gap value of 0.76 eV is
observed at point G, and since the top of the valence
band and bottom of the conduction band are con-
nected at the G point (Fig. 4). Our calculated
electronic bandgap of 0.76 eV using CASTEP code,
as given in Table I, is found to be quite comparable
to that determined by earlier theoretical study?
using VASP code. Moreover, the electronic band
structure and density of states also depict excellent
agreement with the results of Windiks et al.??

The calculated partial density of states using the
GGA+U functional are presented in Fig. 5. It can be
seen that the s-states of the considered compound
participate significantly only in the valence band
formation away from the Fermi level at about
—11 eV, whereas p-states demonstrate their major
role in the valence band near the Fermi level as well
as at —18 eV. As regards d- and f-states, it can be
seen that these states have contributions across the
Fermi level, with a significant energy bandgap of
0.76 eV, and play a major role in the formation of
the conduction band. These two states are thus very
important for the conduction mechanism, while p-
states show minimal contribution to conduction
band formation.

The spin-polarized total density of states for the
CesS3 compound calculated using the GGA+U func-
tional are shown in Fig. 6, wherein the blue line
indicates the spin-upT channel and the red line
represents the spin-downl channel. A Hubbard
parameter “U” of 6 eV is adopted for each Ce atom
to contribute to the repulsive coulombic potential
caused by f-state electrons. This figure further
reveals that spin-upT and spin-down! states do
not depict symmetry, which means that the two spin
channelsT! are not replicas of each other, leading to

Table I. Summary of the lattice parameters and energy bandgap of the «-Ce;S; compound

Lattice constant (A)

Compound Reference a
CesSs Present work 7.53
Theoretical work® 7.56

Experimental work>* 7.53

b c Energy bandgap E, (eV)
4.10 15.73 0.76
4.12 15.73 0.80
4.10 15.73
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Fig. 2. (a) Calculated electronic band structure and (b) eDOS for the a-phase of Ce»S3; compound using the PBE-GGA functional.
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Fig. 3. Calculated partial density of states (PDOS) of Ce,S;3 using
the PBE-GGA functional.

the fact that there exists magnetic domains with a
suitable net magnetic field; therefore, it can be
concluded that the considered compound (CesS3)
falls within the ferromagnetic category of materials.
The magnetic moment of each Ce atom is noted to be
1 ug. These calculated spin-polarized densities of
states also support the viewpoint that a sufficient
energy gap (0.76 eV) exists between conduction and
valence states when calculations are performed
through a GGA+U approach.

Optical Properties

Optical analysis of the CesS3 compound is essen-
tial for further interpretation of the electronic band
structure. In this work, Gaussian smearing is fixed
at 0.5 eV for fine-tuned calculations of the optical
properties. The optical functions of CeyS3 are
explored by the frequency-dependent dielectric con-
stant as expressed below:

e(w) = e1(w) +iga(w). (1)

Equation 1 has a close relation to the band
structure. The real and imaginary parts of the
dielectric functions are interlinked by the well-
known Kramer—Kronig relation, which is expressed
52529,

2
02(0) = 5o O [ BilplEHF R (1~ £ ()
ij

(2)
S(Ey, — Ey, — w)d®k
2 7 'gg()
0

The reflectivity can be achieved directly from
Fresnel’s formula as expressed below:°

Velw) =1
ve(w)+1

2

R(w) = . (4)

Other optical parameters including the absorp-
tion spectrum o(w), loss function L(w), real part of
conductivity and refractive index n(w) are calcu-
lated from the equations given in Zhang et al.:!

a(w) = @ \/2< &E(w) + &(w) — sl(w)) (5)
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Fig. 6. Calculated spin-polarized total density of states using the
GGA+U functional for Ce,S3 (Color figure online).

The fundamental optical parameters of the CeySs
compound are investigated within a frequency
range from 0 to 20 eV, and particularly, dielectric
functions are illustrated in Fig. 7a. It is reported
that the real component of the dielectric function
displays light polarization, while the imaginary
dielectric function exhibits the absorption of light
on the surface of a material. Figure 7 illustrates
that initially, the real part of the dielectric function
of CeyS3 starts increasing from the critical value,
then drops to zero value at a photon energy of
4.8 eV. This, however, extends toward the negative
region, depicting metallic behavior during the speci-
fic range of photon energy, i.e., from 4.8 eV to
9.0 eV, wherein polarization is found to be lowest
but absorption is highest, as displayed in Fig. 7b.
Contrary to the former case, it has been observed
that the magnitude of the imaginary dielectric
function remains zero up to the value of the energy
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Fig. 7. Plots of calculated data: (a) dielectric function, (b) absorption coefficient, (c) reflectivity R(w), (d) refractive index and extinction coefficient,
(e) optical conductivity a(w) and (f) energy loss function L(w) of CeSs.

bandgap of the considered compound. Then &(w)
raises its flight and approaches a maximum value,
indicating the highest absorption at an energy value
of 4.25 eV. Thereafter, the imaginary part of the
dielectric function descends to zero values at
8.34 eV. In a higher energy range, both components
of the dielectric function become approximately
parallel to the energy axis, with slight variations
occurring due to different rates of inner band
transitions.

The absorption spectrum of CesSs is shown in
Fig. 7b, in which maximum absorption occurs in the
visible range of the electromagnetic radiation. This
indicates that CesS3 is a good absorptive material.
Figure 7b shows that absorption rises from zero to
the maximum value at energy of 6.36 eV, where the
dispersion of light is very small. In the region of
higher energy, the fluctuation in absorption peaks
indicates the different inter-band transition rates,
and finally, no light is absorbed by a material due to

the metallic behavior of the investigated compound.
Figure 7c demonstrates the reflectivity spectrum of
the CesS3 compound with respect to frequency (eV).
Due to the reflection of photons at various incident
angles from the surface of CesS3, only a single broad
peak is detected in the frequency range of 0—20 eV,
as shown in Fig. 7c. The highest peak indicates that
reflectivity is greatest (0.95) at a frequency value of
8.97 eV in the ultraviolet range, after which reflec-
tivity starts to decrease at a higher frequency.

The refractive index n(w) is a dimensionless
number that can express how light radiation
spreads through a specified optical medium. To
design optoelectronic devices, the complex refractive
index and extinction coefficient are very important.
The refractive index and extinction coefficient for
the CesS; compound are shown in Fig. 7d. For
cerium trisulfide, the value of n(0) is 2.18. Two
broader peaks are observed: one for the real part
showing the transparency of this compound, and the
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other for the extinction coefficient describing the
absorption of light rays. The refractive index starts
to decrease from 3.0 eV and approaches zero at an
energy of 9.14 eV, wherein the transparency is seen
to be very small with approximately maximum
absorption. Extinction coefficient k(w) shows that
the absorption of electromagnetic radiation remains
zero until the bandgap energy; however, after the
threshold frequency, the maximum absorption peak
is attained. The imaginary refractive index exhibits
one main peak at an energy of 5.56 eV. The analysis
of the optical refractive index indicates that the
absorption or extinction coefficient is high in the
ultraviolet region.

The real and imaginary parts of the optical
conductivity of cerium trisulfide are shown in
Fig. 7e. In this plot, two sharp peaks are detected:
one for the real conductivity and the other for
imaginary conductivity. The real conductivity is
highest at energy of 4.60 eV. Figure 7e shows that
the imaginary part of the optical conductivity is
greatest at an energy value of 7.16 eV in the
ultraviolet region.

Figure 7f is a plot of the energy loss function with
respect to frequency for CeySs. It defines the loss of
energy when fast-moving electrons move across the
material from the top of the valence band to the
bottom of the conduction band. A prominent peak is
observed at 9.14 eV, which is associated with the
sudden decrease in reflectivity in this energy range.
This energy-loss spectrum indicates an intense
maximum at about 9.14 eV due to plasmon
excitation.

CONCLUSIONS

In the present work, the structural, electronic and
optical properties of a CesSs compound are reported
using PBE-GGA and GGA+U approaches within the
density functional theory (DFT). The lattice param-
eters calculated in this work area = 7.53 A, b = 4.10
A and ¢ = 15.73 A, which indicate that ~ 2% devi-
ation has occurred as compared to the experimental
result and 0.5% deviation from the previous theo-
retical result due to different approaches used for
calculations. The band structure calculations show
that the ¢-CeySs compound is a semiconductor with
a direct bandgap value of 0.76 eV. Moreover, we
have investigated the optical functions (absorption
coefficient, reflectivity, real and imaginary dielectric
function, conductivity, refractive index and energy
loss function). From the absorption spectrum, a high
value of absorption is observed in the ultraviolet
region of the electromagnetic radiation. The spin
DOS calculations show that the CesS3 compound is
a ferromagnetic material.
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