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HIGHLIGHTS

e Sr; xEu,SO4 band profiles show semiconducting nature while the Sr; ,Tb,SO4 depicts full-metallic nature.

e According to a theoretical assessment of optical properties, the compounds show prominent response in UV.

o The positive values of Seebeck coefficient exhibit hole carrier’s dominancy.

o Sr; xEu,SO4 and Sry.4Tb,SO4 compounds are promising for future advanced optical and thermoelectric devices.

ARTICLE INFO ABSTRACT

Keywords: In this study, the density functional theory (DFT) based WIEN2K simulation code is used to calculate the ground state
Celestine properties of [SrS04]:Eu" and [SrS04]:Tb*" compounds with the help of FP-LAPW method. To determine the elec-
First-principles calculations trical and optical characteristics of Sr1.xAx804 (A = Eu?*, Tb?"), the Generalized gradient approximation with the
]CD)FFtroelectronic roperti addition of the Hubbard parameter (GGA + U) was utilized. The obtained band structure results of Sr; \Eu,SO4 com-
Plso toluminescei Cepe o pound show semiconducting nature (which is in the spin up (1) state is 1.4eV while in the spin down (| ) state is 3.45eV),

while the Sry.4TbySO4 compound depicts full-metallic nature through both spin states due to the crossing mechanisms of
the conduction band minimum across the Fermi energy level. According to a theoretical assessment of optical prop-
erties, the compounds under investigation are promising possibilities for active optical devices working in the Ultra
violet region. We have demonstrated in this work the variation of temperature (0-500 K) and pressure (0-10 GPa) on
seven key thermodynamic parameters by Using quasi harmonic Debye model. The thermoelectric properties have been
calculated in the temperature interval 500 K < T < 800 K by using the Boltzmann simulation code. The finding shows
that Sry.xEu,SO4 and Sr; xTb,SO4 compounds are promising for future advanced optical and thermoelectric devices.
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1. Introduction

Scientists always have interest in luminescence properties of novel
storage materials having higher values of thermoluminescence (TL).
With the improvement in nanotechnology, development of nano-
phosphors with various designs is also a new trend because they are
potential candidate to be used in technological applications like sensing,
catalysis, photonics and electronics [1,2]. Nanostructured materials
show remarkably improved properties (especially luminescence prop-
erties) as compared to the bulk material with same chemical formula
[3]. Potential applications of these compounds have been found in ra-
diation dosimetry as inspiringly established by the pioneering studies in
this field [4]. Nanostructured phosphors may show different TL mech-
anism of energy transfer. Recombination of charge carriers and number
of surface states increases by reducing the crystallites size of the mate-
rials that results in the enhancement of TL properties [5,6].

All branches of science dealing with ionizing radiations need an
important instrument known as dosimeter [7]. The most appropriate
tools to measure the absorbed dose are thermoluminescence dosimeters
(TLDs). The process of light emission by an irradiated sample upon
heating is known as thermoluminescence (TL). Properties of numerous
TL materials had been investigated in nano, micro and bulk form to
check their usability in dosimeters. Due to their potential applications in
dosimeters, alkaline earth sulfates doped with rare earth (RE) elements
are widely being studied by the researchers considering their radiation
dose response range, low fading and detection of very small dose [8].
Researcher are trying to develop new alternatives of the phosphors
[9-12]. Because of extremely high TL sensitivity, SrSO4:Eu is a fasci-
nating material [13]. But its long-term use in radiation measurements
needed in environmental studies can sometimes be restricted by high
fading. Zhang et al. [14], investigated the effect of Eu*" and Eu®* ions
on TL properties of XSO4 (X = Ca, Sr, Mg). They reported different
emission temperatures and multiple emissions for both valence states of
Eu. Q. Tang et al. [15], observed emission at 231 °C and reported that
SrSO4:Eu phosphors are highly sensitive to f-rays.

Further the non-classical process of fiber-by-fiber accumulation
using poly (acrylic acid) in an aqueous solution system resulted in the
biomimetic strain SrSO4 crystals. In the early stage, crystals of polymer-
stabilized fibrous hydrate 20-40 nm broad as well as several microme-
ters long were generated. The hydrous fibrils were then oriented
attached to SrSO4 microrods, which were subsequently dehydrated [16].
Repositories, radiation therapy rooms, and research facilities con-
structed using cement-based composites typically employed as an en-
gineering barrier should be capable of handling exposure of radioactive
applications. The Celestite (SrSO4) minerals have been used as aggre-
gates in barrier composites because of their high favorable performance
both in mechanical and shielding capabilities of X-rays at certain levels
[17]. In hydraulic fracturing systems, celestite (SrSO4) precipitation is a
frequent illustration of secondary sulphate mineral scaling problems,
especially in basins with high quantities of strontium found naturally. In
order to mitigate celestite along with other sulphate mineral scale under
harsh circumstances typical of hydraulic fracturing in shale formations,
future experimental research design may be guided by the findings of
this research which lead to the formation of a new multicomponent
reactive transport model [18].

From the above discussion, it is clear that there is still a lack of
theoretical and experimental data on both these doped Sr;.xAxSO4 (A =
Eu?t, Tb?") compounds. Several researchers have been reported first
principle work [19-30] on other class of compounds like (Heusler,
perovskite and Zintl compounds) for achieving their combine physical
properties as we have discussed for the said doped compounds in the
present work. The aim of this research was to look at the effect of doping
Eu?t and Tb? ions on photoluminescence, thermodynamic and ther-
moelectric properties of SrSO4 by using first-principles DFT calculations.
Deep understanding of the electronic properties of aforesaid compounds
are obtained by calculating energy band structures and density of states
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(DOS). Usability of these compounds is checked by calculating optical
parameters like refractive index, absorption coefficient, imaginary part
of complex dielectric function and reflectivity etc. These results will be
tremendously useful in conceptually understanding the photo-
luminescence properties of aforementioned compounds theoretically.
This article will provide a complete reference data to the experimen-
talists and theorists for further studies of these compounds.

2. Computational details

In this study, density functional theory (DFT) based WIEN2K simu-
lation code is used to investigate ground state (optoelectronic & ther-
mophysical) properties of [SrSO4]:Eu2+ and [SrSO4]:Tb2+ compounds
with the assistance of FP-LAPW (full potential linearized augmented
plane wave) method [31]. The optimized lattice parameters and struc-
tures are determined by using the PBE-GGA functional. Following that,
the compounds’ band structure, total and partial densities of states, and
thermodynamic properties were all examined using relaxed geometry.
In comparison to LDA/PBE-GGA, GGA + U is a thorough generalized
approximation. Although LDA has been used to slowly fluctuating
densities, it failed when the density changes quickly. In contrast to LDA,
GGA provides superior findings in the domain of molecular geometrics
for the ground state energies, while d states are essentially unbound.
This is because molecules hold the gradient of density at all coordinates.
The Generalize Gradient Approximation (GGA) can be expressed as;

ES“(ny,n)) = /8xc(n¢,nl,VnT,an)n(r)dsr (€8]

Here, the electron charge densities for the spin up and down channels
are represented by the numbers n;,n,, and the associated gradients are
enhanced by the numbers Vn,, Vn,.

Generalized gradient approximation in addition to Hubbard
parameter (GGA + U) [32] has been used to compute electronic and
optical properties of Sr14A,S04 (A = Eu?*, Tb*"), where Hubbard
parameter is the computational correction represented by U. The values
of Hund’s exchange (J) and Hubbard parameter (U) are O (screened
exchange energy) and 7.1 eV, respectively. GGA + U model is often used
with strongly correlated electron systems to get their improved ground
states properties as noted by other work [33-35].

The main responsibility of U is to deal with on-site Coulomb in-
teractions, which included localized electrons and a Hubbard-like terms
defined the strongly correlated electrons system in which (d or f orbitals)
are not filled. The strength of on-site interactions is determined by two
parameters U and J, which are connected as Uegf = U-J in ab-initio cal-
culations. Hund’s coupling is accounted by J, which is the exchange
interaction term in the mentioned relation. For atoms with a partially
filled d or f state, the value of U is set to 6.0 €V; in this study, Sr and Eu/
Tb have a partially filled d state on which the GGA + U technique is
implemented to account for self-interaction inaccuracy in d states [36,
37]. Wave functions were stretched up to a kinetic energy cutoff of 500
Ry, and energy convergence was set at 10*. The DFT + U potential was
utilized to calculate the optoelectronic properties of [SrSO4]:Eu®" and
[SrSO,4]:Tb?t compounds in order to study the onsite coulomb’s in-
teractions of Sr/Eu/Tb-d electrons.

For the material computations in the full potential scheme, the unit
cell is divided into muffin tin and interstitial areas, the first of which is
the product of a linear combination of wavefunctions and spherical
harmonics, while the second of which is the expansion of the wave
function into plane waves. In a full-potential system, the (core and
valence) orbitals are treated by both relativistically and semi-
relativistically methods. The unit cell’s dimensions, shape, and rela-
tive atomic locations are relaxed to the point at which the force acting on
each individual atom is less than 0.05 eV/A. For Fourier expansions, the
charge density Gpax = 12, (ao)’1 (where ag Bohr radius) is utilized.
Brillouin zone (BZ) integrations are performed using a mesh of 1000 K-
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points. The greatest value of the angular momentum function is set to 10
and the cut of energy RMT kpyax = 7, where the first term indicates the
lowest muffin tin radii and the second term represents the cut of the
wave vector. The crystalline structures of [SrSO4]:Eu+2 and [SrSO4]:
Tb*2 are shown in Fig. 1. Further the quasi-harmonic Debye model is
used to investigate the thermodynamic findings [38-40]. The band
structure results were employed in thermoelectric calculations through
a Semi-classical Boltzmann transport theory [41].

3. Results and discussion
3.1. Electronic properties

3.1.1. Energy band structure

Energy band structures of Srj xEuxSO4 and Srj xTbxSO4 compounds
for both spin up (1) and spin down (|) states are calculated along higher
symmetry directions R-I'-X-M-I" of Brillouin zones (BZ) using GGA + U
approximation and are shown in Fig. 2(a and b). The zero of the energy
scales lies in between the valence and conduction band regions in both
the compound band structures and is also named the Fermi energy level
(Ep).

The maxima of Sr; xEu,SO4 compound valence band and conduction
band minima in both spin states are present at the I' symmetric point,
which means the nature of the energy bandgaps is direct with values in
semiconductor range, which is in the spin up (1) state is 1.4eV while in
the spin down (|) state is 3.45eV.

In the Sry xTbxSO4 compound, the prominent dispersion of a single
conduction band is minimal at the high symmetry I" point and also along
I'-M direction. Furthermore, the same band crosses the Fermi level and
remains in the valence band region with absent overlapping in both spin
orientations, clearly seen.

Overall, the Sr; xEusSO4 compound shows semiconducting nature
through both spin states, while the Sr; 4\TbySO4 compound band struc-
ture depicts full-metallic nature due to the crossing mechanisms of the
conduction band minimum across the Fermi energy level. Moreover, at
the Femi level in both spin states, there is no energy gap that expresses
the pure metallic nature of the Sry 4TbxSO4 compound.

3.1.2. Density of states

The electronic properties of both these compounds Sr;.4EuySO4 and
Sr1xTbxSO4 are the result of numerous possible electronic-transitions
between conduction band (CB) and valence band (VB). The spectra of
both total (TDOS) in Fig. 3 and partial (PDOS) density of states in Figs. 4
and 5 through both spin configurations can be used to examine the
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impact and contribution of various electronic states in the valence and
conduction bands.

From Fig. 3 it is clear that over the entire energy range, both up and
down spin (TDOS) have the exact similar variation (except at -2eV, a
spike appears for Sr; xEu,SO4 in the valence band region), which depicts
that total magnetic moment in the whole energy range is zero for both
the compounds.

From Fig. 4, we have noted that in the (VB) valence band the major
contribution of oxygen (O-atoms) is in the energy range (-1.5eV to
—4.3eV), while minor appearance of Eu and Sr-atoms are lie in the en-
ergy range (-1.8eV to -4eV) in both spin states. Whereas in the con-
duction band, the dominant contribution of S-atoms in the energy ranges
(1.9eV-2.5eV and 3.6eV-5.5eV) and the minor appearance of Eu and Sr-
atoms in the energy range (3.6eV-5.5eV) in both spin states are clearly
observed from the compound PDOS spectra.

The major contributions in the lower energy valence band region are
due to O[p] and Sr[p, d] orbitals, while minor Eu[d, f] and Sr[s] orbitals
lie in both spin channels with the appearance of a minor peak of O[p]
and major spike of Eu[f] at OeV are also present. On the other hand, the
major contributions in the lower and higher energy conduction band
region are due to S[s], O and S[p], Eu and Sr[d] orbitals, respectively,
while minor appearance of O[s], Eu[f] and Sr [s, p] orbitals lie in both
spin channels.

From Fig. 5, we have noted that in the (VB) valence band the major
contribution of oxygen (O-atoms) is in the energy range (-3.4eV to -6eV),
while a spike of Tb-atoms at —4.5eV in the down spin state and a minor
appearance of Sr-atoms are lie in the energy range (-4€V to -6eV) in both
spin states. Whereas in the conduction band, dominant contribution of
Tb-atoms in the energy ranges (1.4eV-4.5eV) and minor appearance of S
and Sr-atoms in the energy range (1.6eV-3.5eV) and (3.6eV-6eV)
respectively in both spin states are clearly observed from the compound
PDOS spectra.

The major contribution in the lower energy valence band region is
only due to O[p] orbitals lying in both spin channels, while a minor
appearance of Tb[f] orbitals at further lower energy levels and a spike of
the same Tb[f] orbital at OeV is also present in the only down spin
channel. On the other side, the major contributions in the lower and
higher energy conduction band region are due to S[s], O and S[p], Tb
and Sr[d] orbitals, respectively, while the minor appearance of O[s], Tb
[f] and Sr [p] orbitals lie in both spin channels.

3.2. Optical properties

The overall optical responses were plotted against the energy range

Fig. 1. The Unit cell structures of [SrSO4]:Eu*? and [SrS0,]:Tb*2.
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in both spin orientations between 0 and 14eV as shown in Figures (4-9).
The frequency (o) dependent optical behavior of both the compounds
Sr1.xEu,SO4 and Sry.xTbySO4 was investigated in terms of (linear optical
response) theory.

The dielectric function &(w) = &1(w)+ies(w), where £1(w) is the real
part (representing the material electronic polarizability) and e3() is the
imaginary part comprised of energy loss (material absorption capa-
bility), shows optical responses at all possible photon energies (E = hc/
A) of the material medium. The solid black lines represent (Eu doped Srj.
xEu,SO4) while the solid red lines represent the (Tb doped Sry 4TbxSO4)
in all the plotted optical parameters.

For SrjxEuySO4 and Sry4EuxSO4 compounds, the real dielectric
constant ¢1(®) is a measure of the polarization of the material and the
imaginary dielectric constant e2(®) is a measure of the dielectric losses in

(b)

Fig. 2. Energy band structures of [SrSO4]:Eu’? and [SrSO4]:Tb*2.

both spin orientations are plotted in Fig. 6.

The &(®) spectrum for Srq xEuxSO4 and Sr; xTb4SO4 compounds start
at low frequency in both spin orientations with values of 2.05 and 2.32
(spin up state) while 2 and -0.98 (spin down state) respectively, which is
termed the static frequency limit of dielectric function.

It is clearly understood from the compounds energy band structure in
Fig. 2, that there is a strong inverse relation between energy band gap of
Sr1 xEu,SO4 (semiconductor) and the static £1(0) dielectric constant
followed by the known Penn model [42-44] as reported in other past
studies in both spin orientations. While Sry 4Tb4SO4 (metallic) disobeys
it due to the abrupt decline of the compound in the down spin state and
the spectra ¢1(m) obtaining the negative values (pure metallic character)
in the low infrared region as well.

Further beyond low frequency limits, ¢1(®) gradually increases for
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both compounds and reaches maximum obtained values of 2.89 at
5.537eV (spin up) and 2.88 at 5.537eV energy (spin down) for Sr;.
xEuxSO4 while 3.3 at 5.455eV (spin up) and 3.19 at 5.510eV energy (spin
down) for SryxTbySO4, respectively. Finally, we discovered that when
the atoms Eu were replaced with Tb, the dominant peaks shifted to lower
energies. The reported compounds main characteristic peaks are located
in the visible high energy range, whereas some minor-peaks with
shoulders lie in the low ultra-violet energy region of the electromagnetic
spectrum.

After achieving maximum dominant peaks, the spectra of &1(®)
gradually decreases and reaches below zero (negative values) at specific
energies of 11.877eV (spin up) and 11.904eV (spin down) for Sr;.
xEuxSO4 while 11.687eV (spin up) and 11.687eV (spin down) for Sr;.
xIbxSO4 compounds, respectively. Furthermore, the ¢;(w) negative
values in both spin orientations depict the overall attenuation of light in
the optical medium for both the understudy compounds, the material
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loses its complete dielectric property and displays metallic like
character.

The plots of imaginary part €5 (®) for Srj xEuySO4 and Sri.4TbySO4
through both spin orientations are shown in Fig. 6, which completely
explains the possible absorptive behavior as well as the material band
gaps. From the e2(w) curves, the critical (starting point) occurs at about
1.646eV(spin up) and 4.068eV(spin down) closely related to the Sr;.
xEUuxSO4 compound band gap values, while the Tb based Srj4xTbySO4
compound shows absent critical values (no absorption) due to its
metallic nature in both spin states.

The presence of these points is the attribution towards the electron
optical transitions from the valence to the conduction band. As the
electrons transition happens among different bands (inter-band transi-
tion), several major and minor peaks appear and are detected other than
the threshold points. It can be further characterized by the electrons
transition from O[p] and Sr[p, d] orbitals in the valence band to S[s], O/
S[p] and Eu/Tb/Sr[d] orbitals in the conduction band for Sr; xEu,SO4
and Sr; xTbsSO4, respectively.

After getting the compounds threshold points, the curves increase
almost gradually due to the enhancement of joint (density of states) in
both spin orientations, contributing to imaginary part ez(®). The
dominant two peaks (with high values) in a spin up state with a shoulder
appear, whereas major and minor peaks appearance (with high and low
values) in spin down state is observed and noted in both these
compounds.

However, the reported compounds maximum absorption capabilities
with the main peaks of Sr; xEu,SO4 have magnitudes of 2.39 at 9.293eV
(spin up) and 2.35 at energy 9.319eV(spin down), while Sr; \TbySO4 has
magnitudes of 2.35 at 9.347eV(spin up) and 2.42 at energy 9.319eV
(spin down), respectively. Both the compounds main peaks lie in the
high ultraviolet region whereas one moved towards higher in energy
and became low (spin up) while the other remained at the same energy
and became high (spin down) by replacing Eu by Tb. Furthermore, the
dispersion spectrum of compounds covers up the whole ultraviolet en-
ergy region.

At the end, only Sr; xEuySO4 compound shows a band gap in both
spin states, so being a medium band gap along with the dominant ab-
sorption in the both visible and ultraviolet (UV) energy ranges. Overall,
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Fig. 4. Partial density of states (PDOS) of [SrSO4]:Eu+2.
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the material is claimed to be a good promising candidate for future solar-
cell technology because it is stable and UV-Vis absorbent.

The refractive index n(w) plays a key part in the consideration of
material electronic properties. The plots of calculated refractive index
n(w) for Sry.xEuySO4 and Sry.4TbySO4 through both spin orientation are
shown in Fig. 7.

Interestingly, n(w) almost follows the similar behavior for both the
compounds as €1(®). The well-known theory [43,45-47] supports the
similar trend of both n(w) and &;(®) spectra. The static n(0) values of
refractive indeces were found to be 1.43(spin up state) and 1.41(spin
down state) for Sr; xEu,SO4 while 1.52 (spin up state) and no such value
of n(0) for Sr; x\TbySO4 were obtained due to the abrupt decline of the

compound spectra n(w) in the (spin down state) in the low infrared re-
gion like ¢; (w).

The maximum prominent peaks of n(w) max refractive index lie in the
ultra-violet energy region with values of 1.74 (spin up state) and 1.73
(spin down state) appearing at the same energy of 5.646eV for Sry.
xEuxSO4 whereas 1.86 (spin up state) and 1.83 (spin down state) are
noted at energies of 5.510eV and 5.565eV for Sr; 4\TbySO4 compound,
respectively. It is clearly observed that the compounds with the smaller
band gaps have higher refractive indeces. These reported results indicate
that when the Eu is replaced by Tb, there is a decrease in n(0) and n(®)
max, Similar to &1(0), while the opposite trend is present especially in the
energy band gaps of the Sr; yEu,SO4 compound.
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Overall, after achieving the maximum peak value the spectra
decrease gradually (because the capabilities of material absorbing
further incident light photon stops) with a few minor peaks appearing on
the right side (high ultra-violet region) for both the compounds in both
spin orientations.

These prominent decline in the peaks indicate dispersion with the
photon energy. The refractive indices of both these compounds are high
in the low-ultraviolet range, then gradually fall and remain in the high-
ultraviolet energy range, as seen in the graphs.

The Extinction coefficients K(w) declare a complete picture of the
absorption capacity by passing the incident light through material. It
relies on the incident photon energy as well as the material nature. The
spectra of K(w) through both spin orientations completely follow a

similar pattern just like e3(w) for Sr;yEuySO4 and Srj4TbySO4 com-
pounds as seen in Fig. 7.

From the K(w) curves, the critical (starting point) occurs at about
1.809eV(spin up) and 3.905eV(spin down) closely related to the Sry.
xEuxSO4 compound band gap values, while the Tb-based Srj.xTbxSO4
compound shows absent critical values (no absorption) due to its
metallic nature in both spin states. After getting the compounds
threshold points, the curves increase almost gradually in both spin ori-
entations contributing to the imaginary part ¢3(®). The dominant and
major peaks (with high values) are observed and noted in both these
compounds spin states.

However, the reported compounds maximum absorption capabilities
K(®) max with the main peaks of Sry.xEuxSO4 have magnitudes of 0.954
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Fig. 9. Real optical conductivity 6(w) and absorption coefficient a(w) of [SrSO4]:Eu*? and [SrSO,]:Tb*2.

(spin up) and 0.933(spin down) at energy of 9.455eV, while Sr; xTbsSO4
has magnitude 0.96(spin up) and 0.978(spin down) at energy 9.483eV,
respectively. Both the compounds main peaks lie in the high ultraviolet
region whereas the spectra moved towards higher peak values by
replacing Eu with Tb. Furthermore, the dispersion spectrum of com-
pounds covers up the whole ultraviolet energy region.

Overall, Sr;4TbySO4 shows the maximum values in the ultraviolet
region of extinction coefficient through both spin states which means
(its ability to absorb light is much better in the UV region) as compared
to the Sry xEu,SO4 compound.

The reflectivity R(w), which is basically a frequency-dependent
parameter through both spin orientations is plotted for SrjxEuySO4
and Sr; xTbySO4 compounds in Fig. 8. The reflectivity spectrum for Sr;.
xEuxSO4 and Sr; xTbySO4 compounds start at low frequency in both spin
orientations with values of 3.17% and 4.31% (spin up state) while
2.94% and 43.1% (spin down state) respectively, which is termed as
static frequency R(0) limit of reflectivity. It is clearly understood, that
there is a strong direct relation between static frequency R(0) limit of
Sr1.xEuySO4 (semiconductor) and Sr; 4TbySO4 (metallic) with the static
€1(0) dielectric constant in both spin orientations. Furthermore, it is
obvious from the R(w) spectra, the static value decreases for Srj.xEuySO4
due to the fact that the band gaps (spin up (1) state is 1.4eV while in spin
down (]) state is 3.45eV) increased, which actually broadens the high-
reflectivity range. While increases for Sry 4TbySO4 due to the (absent
band gaps) metallic nature which further shortens the high-reflectivity
range for the said compound.

Further beyond low frequency limits, R(w) gradually increases with a
few minor peaks for both compounds and reaches its maximum obtained
values of 28.7% at 12.39eV (spin up) and 28.8% at 12.45eV energy (spin
down) for Sr; yEu,SO4 while 24.3% at 12.42eV (spin up) and 24.9% at
12.31eV energy (spin down) for Sr; 4TbySO4, respectively. From these
values, one can understand that maximum R(w) reflection is depicted by
the Sry.xEuxSO4 compound in high energy range.

Finally, when the atoms Eu are replaced by Tb, the peaks shift toward
higher energies (spin up) and lower energies (spin down) for both
compounds. The reported compounds main characteristic peaks
(maximum obtained values of R(w)) are located in the high ultra-violet
energy range whereas some minor peaks with shoulders lie in low ultra-
violet energy range of electromagnetic spectrum. By obtaining these
results in the energy range between 4 and 14eV, the studied compounds

can be utilized as a shielding material due to high thermoelectric re-
sponses along with a promising blockage from solar heating in this re-
gion.

The energy loss function, L(w), through both spin orientations is
plotted for Sr; xEu,SO4 and Sry 4TbxSO4 compounds in Fig. 8. The said
optical parameter tells us about the loss in energy of fast-moving elec-
trons crossing the material that defines the Plasmon oscillations.

Initially the peak is absent (the spectral structure of L(w) is approx-
imately zero till 3.9 eV) for Srq xEu,SO4 while for Sr; 4y TbySO4 a minor
peak appears in the infra-red region, and the points from where the
peaks further begin to originate for compounds are also called threshold
energy. There is a gradual increase in the spectra and resonant-peak that
appears dominantly in the energy loss L(w) spectrum is known as Plas-
mon peak.

The spectrum shows that Plasmon resonance with maximum peaks
occurs at energies near 10eV and 12.0-14.0 eV through both spin ori-
entations in the high UV region for both the compounds. The dominant
peaks are assumed to appear due to the energy loss (¢1(®) approaches to
zero at these lossless energy regions, as shown in our observations in
Fig. 6.) of electrons, very likely caused by the electrons inelastic scat-
tering within the materials.

The calculated optical conductivity o(w) spectra through both spin
orientations is plotted for Srj4EuySO4 and Sr;4TbySO4 compounds in
Fig. 9. Initially there is no peak (¢(w) is approximately zero till 3.9 eV
(threshold energy)) noted for both the compounds through both spin
orientations, and the points from where the peaks further begin to
originate for compounds are also called threshold energy. There is a
gradual increase in the conductivity spectra which further shows some
prominent extreme values along with several minor peaks at particular-
frequencies predict that optical conductivity occurs at different points
over the entire high energy range for both compounds.

However, the extreme maximum values 6(®) max With the main peaks
of Sry.xEu,SO4 have magnitude of 2990 Q lem™! at 9.32eV (spin up)
and 2950 Q lem ! at energy 9.35eV (spin down), while Sr; 4Tb,SO4 has
magnitude of 2950 Q lem™! at 9.35eV (spin up) and 3000 Q lem ! at
energy 9.26eV (spin down), respectively. Beyond the maximum attain-
ing values, the magnitude of (o(w) sharply decreases with the appear-
ance of two minor peaks through both spin orientations in the high
energy UV range.

Overall, it is interesting to note that the Sr;4TbySO4 shows the



A.A. Khan et al.

maximum values in the ultraviolet region of o(w) through both spin
states which means (the said material could be a potential candidate for
the high-range frequency devices) as compared to SrjxEu,SO4
compound.

The calculated absorption coefficient a(w) spectra through both spin
orientations is plotted for Sr;.xEuy,SO4 and Sr; xTb4ySO4 compounds in
Fig. 9. The said optical parameter tells us how far the incident photon
with a specific energy in the material can penetrate before its complete
absorption. Initially there is no peak (a(w) is approximately zero till 3.9
eV (threshold energy)) noted for both the compounds through both spin
orientations, and the points from where the peaks further begin to
originate for compounds are also called threshold energy.

There is a gradual increase in a(w) spectra beyond the threshold
points for both the compounds and further show prominent extreme
values along with two of the highest peaks in between 8 and 13eV,
which indicate and proves that both these materials are the best
absorber through both spin orientations and can be utilized as pro-
spective candidates for the optical applications operated in high energy
UV region.

However, the maximum a(®) max values with the main peaks of Sr.
xEuxSO4 have magnitudes of 105 x cm’l(spin up) and 107 x cmfl(spin
down) at the same energy 12.07eV, while Sr;.xTb,SO4 has magnitude of
98.9 x cm™! at 11.85eV (spin up) and 100 x em ! at energy 11.93eV
(spin down), respectively. Moreover, it is worth mentioning that the Sr;.
xEuxSO4 shows the maximum value of a(w) as compared to the Sry.
xIbxSO4 compound, which means the absorption strength is decreasing
by replacing Eu by Tb atom. Beyond the maximum attaining values, the
magnitude of a(w) sharply decreasing through both spin orientations in
the high energy UV range.

3.3. Thermodynamic properties

The exposure of material to high temperature and pressure ranges
becomes very vital for complete understanding of material Thermody-
namic side. We have demonstrated in this work the variation of tem-
perature (0-500 K) and pressure (0-10 GPa) on seven key parameters
like the unit cell volume variation (V), Entropy(S), Griineisen parameter
(y), thermal expansion coefficient (), specific heat at constant volume
(Cy) along with constant pressure (Cp) and finally Debye temperature
(6p).

The variation in unit cell volume (V) as a function of temperature at
particular pressure ranges for Srj xEuySO4 and Sr; xTbxSO4 compounds
have depicted in Fig. 10. A variation in V is quite similar and can be
observed by changing pressure and temperature in the mentioned ranges
for both the reported compounds. In all these curves by increasing
pressure the decrease in volume occurs at a particular temperature while
a lethargic increase in volume is found by increasing temperature at a
particular pressure. Therefore, by enhancing temperature volume plus
inter atomic distance increases whereas a dominant reverse trend with
pressure for both compounds is obtained. The same behavior is
frequently found in almost all solid materials because under temperature
material expands while under pressure material compresses. Overall, the
pressure effect is more dominant on the volume as compared to
temperature.

Entropy (S), a thermodynamic parameter, deals with a system’s
disorder and also gives information on the system’s real physical state.
Fig. 11 depicts the fluctuation of the degree of order and disorder of Sr;.
xEuxSO4 and Sry xTbySO4 compounds with regard to pressure and tem-
perature. Both the plots demonstrate that till 50 K entropy is zero at 0
GPa pressure, and it begins to increase further exponentially as tem-
perature rises at the given pressure. The entropy value is rising which
implies that the degree of disorder in both the compounds increases with
increasing temperature. At 300 K and 0 GPa, the values are 396 J/mol K
for Sry.xEuySO4 and 395 J/mol K for Sr;.xTbxSO4, according to our cal-
culations. Such a rise in entropy is minimal at further higher tempera-
tures, which is related to an increase in the vibrations of the atoms, and
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thus the system’s internal-energy rises.

Fig. 11 depicts the fluctuation of entropy as a function of pressure at
a certain temperature. It has further been discovered that its magnitude
reduces with increasing pressure at the specific temperature, indicating
that with greater pressure the material becomes more ordered. Overall,
the fluctuation in entropy with respect to temperature and pressure does
not exhibit any inconsistency in the data, indicating the existence of a
single phase.

The Gruneisen parameter (y) is a crucial parameter for defining the
softening and hardening of phonon modes in materials, especially when
temperature and pressure are varied. Further it accurately predicts
anharmonic characteristics of materials, such as thermal expansion co-
efficient and phonon frequency temperature dependency [48,49].

The influence of temperature and pressure on the Gruneisen
parameter for Sr;4Eu,SO4 and Sry4TbySO4 compounds is shown in
Fig. 12. Both the plot shows that as temperature rises, y decreases slowly
and under various pressure levels, but as pressure rises with a step size of
5 GPa (from 0 to 10 GPa) at various temperature values, a quick
reduction occurs in y.

Overall, the influence of pressure on y is greater than the effect of
temperature. At 0 K and 0 GPa, we have reported values of 3.95 x 107>
for Sry_xEuySO4 and 5.21 x 107 for Sr1.xTbyxSO4, which drops to 6.19 x
107° for Sr;xFuxSO4 and -5.85 x 107° for Sr14TbySO4 at 0 K tempera-
ture and 10 GPa pressure, indicating that the lattice’s anharmonicity is
diminishing.

For solids, the thermal expansion coefficient () is responsible for
tiny changes in dimension with temperature under constant pressure, as
well as defining a parametric value for the measurements of bonding,
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anharmonic effect and melting temperature. Temperature and pressure
cause solids to expand and contract. As a result, we showed the thermal
expansion coefficient of Srj4Eu,SO4 and Sr; 4TbySO4 compounds as a
function of temperature and pressure in Fig. 13. Figure depicts that by
increasing temperature, fast increase in o (expansion of the materials)
occurs up to 300 K owing to the (Debye T° law) anharmonic effect, then
a increases further slowly at a given pressure.

On the other hand, its value drops dramatically as pressure rises
(solid compression) at a given temperature; these results are analogous
to the Cy variation. At the lower pressure step (0 GPa), the larger values
of a are estimated and reported. Further the thermal expansion coeffi-
cient is also linked to the strength of atomic bonding and the melting
temperature. In the solid, a higher o value indicates weak bonding while
a smaller o value corresponds to strong bonding. Furthermore, strong
bonding leads to solid with high melting point, whereas weak bonding
correlates to a low melting point. As a result, we have attempted to offer
first time a comprehensive analysis of SrjxEuySO4 and Sr;.4TbySO4
compounds thermal properties, which opens the door to additional
future experimental investigation.

The knowledge and evolution of specific heat (Cy) at constant vol-
ume gives overall information about the nature of molecules motion,
lattice vibration as well as phase transition. A clear decrease in Cy curve
is observed with a step size of 5 GPa(from 0 to 10Gpa) for both Sr;.
xEuxSO4 and Sr; xTbxSO4 compounds whereas a clear gradual increasing
trend are noted over the entire temperature ranges as depicted in Fig. 14.
The plots indicate that both temperature and pressure variation have
almost similar notable impact with opposite trend on the compound Cy
values.
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Fig. 13. Calculated thermal expansion coefficient at various pressures and
temperatures for [SrSO,4]:Eu™? and [SrSO,4]:Tb*2.
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For a given pressure, the influence of temperature is more noticeable
than the effect of pressure for a given temperature. Cy correlates to the
T2 law at low temperatures (<300 K) owing to the anharmonic effect of
the Debye model. Further at 0 Gpa and 300 K, the obtained value of
specific heat is 477 Jmol 'K~ for Sr;4Eu,SO4 and Sr;<TbySO4 com-
pounds. Finally rise in temperature (over 6p) decreases anharmonicity
and causes the Cy to become practically constant for noted pressure
ranges, indicating the Dulong-Petit limit [50-54]. This particular point
denotes the excitation of phonon modes by thermal energy.

A clear decrease in specific heat (CP) curve is observed with a step
size of 5Gpa (from O to 10Gpa) for both Sry xEuxSO4 and Sr; xTbySO4
compounds, whereas a clear gradual increasing trend is noted between
0 and 500 K temperature as depicted in Fig. 15. Moreover, we can see
that when temperature rises, the variation in Cp at lower and higher
temperatures is comparable (similar trend) to Cy, but for both the
compounds, Cp appears to display similar characteristics under the
mentioned pressures. Cp declines as pressure increases (from 0 to 10
Gpa) and does not completely converge (beyond 130 K) at a constant
value.

The Debye temperature (6p) is a crucial thermodynamic term in the
quasi-harmonic Debye model to comprehending the vibrations in the
lattice. When the temperature is below the Debye temperature, the vi-
brations in the material are caused by acoustic vibrations, but they have
a minor influence when the temperature is above the Debye tempera-
ture. A clear increase in the Op curve is observed with a step size of 5 GPa
(from O to 10Gpa) for both Sr;4Eu,SO4 and Sr;4TbySO4 compounds,
whereas clear gradual decreasing trends with a moderate pace are noted
over the entire temperature ranges as depicted in Fig. 16. The plots
indicate that both temperature and pressure variation have an almost
similar notable impact, with the opposite trend on the compound 6p
values. So, for Sr; 4xEu,SO4 and Sr; 4TbySO4 compounds, the reported
values of 6p at 300 K (room temperature) and (0 GPa) of pressure are
656.88 K and 660.82 K, respectively.

A substance’s bulk modulus is described as its resistance to
compression and sensitivity to temperature and pressure. Temperature
and pressure have an influence on materials, resulting in softness and
strain, respectively. The fluctuation of bulk modulus with temperature
at certain pressures from O to 10 GPa is shown in Fig. 17. At a given
pressure, the bulk modulus falls as temperature rises. At 0 GPa and 0 K, it
has a value of 138.36 GPa and 141.88 GPa, which drops to 125.41 GPa
and 127.98 GPa at 0 GPa and 500 K for Sr;_yEu,SO4 and Sr; 4Tb,SO4
compounds, respectively. At temperatures up to 500 K, the bulk
modulus grows monotonously with increasing pressure at every step size
of 5 GPa (from 0 to 10Gpa). The variation of the bulk modulus as tem-
perature and pressure function is pretty general, with increasing tem-
perature reducing hardness and increment in pressure causing stress in
materials.
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Fig. 14. Calculated specific heat at constant volume at various pressures and
temperatures for [SrSO4]:Eu™? and [SrSO,]:Tb*2.
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3.4. Thermoelectric properties

Thermoelectric materials are utilized to produce electrical energy
efficiently. Now a days, scientists are studying and working on the
properties of such materials in order to develop applications for them e.g
detector components, computer cooling, thermoelectric refrigeration
etc. The thermoelectric properties are crucial and provide value able
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information about studied materials at different temperatures and car-
rier concentrations. The thermoelectric properties of [SrSO4]:Eut and
[SrSO4]:Tb2+ have been calculated in the temperature interval 500 K <
T < 800 K by using of semi-classical Boltzmann theory implemented in
the Boltzmann simulation code. The materials have attained good
thermoelectric efficiency when they have a high value of electrical
conductivity and a low value of thermal conductivity. The Seebeck co-
efficient, which is formed as a result of temperature differences, is
another important parameter that is given as 3%. The contribution of
thermal energy is large at the hot end due to the adjustment of two
different conductors. The higher value of the Seebeck coefficient pro-
vides a good figure of merit, which is a parameter conversion of wasted
heat into useful purposes.

Thermal conductivity refers to the flow of heat caused by a tem-
perature difference from a high to a low temperature. The flow of free
electrons conducts heat in metals, while lattice vibrations carry heat in
semi-conductors. For good TE materials, thermal conductivity plays a
key role and is assumed to be low value in thermoelectric generator
applications. The electronic thermal conductivity for Sr;.xEusSO4 and
Sr1xTbxSO4 compounds is shown in Fig. 18. The results of thermal
conductivity observed in our computations match with other so far re-
ported compounds [39,47,55-58].

The thermal conductivity curve till 650 K shows no change and re-
mains stood at zero. Beyond the temperature of 650 K, the thermal
conductivity (k) curve started with the lesser value for both the com-
pounds and quickly reach at its higher value as noted in Table 1 at about
800 K. This follows a similar pattern to electrical conductivity (o) as
illustrated in Fig. 7. From the electrical and thermal conductivity curves,
which have a similar profile, we have confirmed the Wiedemann-Franz
law, according to which the contribution of electronic thermal con-
ductivity is directly in proportional to the electrical conductivity [46,59,
60].

Another key parameter for computations of TE properties is electrical
conductivity, which contains a large value for good performance. The
heating effect is minimized by achieving a high value of electrical con-
ductivity due to the joule heating effect. The calculated result of elec-
trical conductivity for Sr; x<EuySO4 and Sri xTbySO4 is shown in Fig. 19
from 500 to 800 K. It can be analyzed from the mentioned figure, there is
no change seen till 650 K for both investigated materials, but a very high
value occurred at 800 K for Sr;.xTbySO4. Both investigated materials
show increasing trends in electrical conductivity, this is because they
both get sufficient energy by raising the temperature. The electrical
conductivity is tabulated in Table 1 for both the understudy compounds.

The Seebeck coefficient is computed under the assumption of
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Fig. 18. Calculated thermal conductivity at various temperatures for [SrSO4]:
Eu*? and [SrSO,4]:Tb*2.
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Table 1
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Calculated values of Sr;_yEu,SO4 and Sr; ,Tb,SO4 compounds Thermoelectric Parameters.

Seebeck coefficient (pV/K)

Thermal conductivities (W/m.K)

Compounds
Sty Eu, S0, 3.07 x 1072 2.63 x 10°
Sr1.,Tb,SO, 312 x 1072 1.46 x 10°

constant relaxation time without fitting parameters for Sr; x\Eu,SO4 and
Sr1 xTbxSO4 compounds, and plotted in Fig. 20. According to the figure,
both materials achieve isotropic nature as seen in the electrical con-
ductivity part (S remains at zero) until 500 K for Sr; xEu,SO4 and 450 K
for Sr; xTbxSO4. The positive values of S exhibit that both compounds
show P Type (the Hole carriers dominate the electronic transport) nature
over the entire mentioned temperature range. Further beyond these
mentioned temperatures, the curve increases sharply and reaches its
peak values as noted in Table 1 for both the compounds. The highest
values of S recorded for Sr; xEu,SO4 and Sr; 4TbsSO4 compounds are
3.076 x 1073 (pV/K) and 3.12 x 1073 (pV/K), at a temperature of
roughly 550 and 500 K, respectively.

Power factor depends upon relaxation time and hence it is related to
electrical conductivity, written as PF/ 7. The power factor is used to
check the efficiency of materials (P.F = S0), the variations of PF by
temperature are shown in Fig. 21 for Srj4Eu,SO4 and Sr;4TbySO4
compounds. From the mentioned figure, there is no change seen in PF
spectra till 650 K for both investigated materials. Further beyond this
mentioned temperature, the curve increases sharply and reaches its peak
values as noted in Table 1 for both the compounds. It is observed that
Sr1.xTbySO4 material exhibits a high value at 800 K as compared to Srj.
xEuxSO4. Moreover, as seen in Fig. 19, electrical conductivity (c) reaches
its maximum value with the same trend at the same temperature. It is
observed that both materials are good at high temperatures instead of
low temperatures region. So, by obtaining a high PF value, the Sr;.
xIbxSO4 compound is good in waste heat management systems.

The efficiency of thermoelectric materials is investigated by (ZT)
figure of merit. The material acquiring a high value could be more
effective, which is possible at high electrical conductivity, Seebeck co-
efficient and lower values of thermal conductivity as indicated in Fig. 22
for Sr;xEu,SO4 and Sr;4TbySO4 compounds. It is observed that Sr;.
xIbxSO4 has a higher figure of merit compared to Sry xEuxSO4 as noted in
Table 1 throughout the temperature range (500-800 K). The spectra for
both understudy compounds begin at (ZT > 1) and increase/decrease
with temperature, reaching a maximum (about 1.0027) value for Sr;.
«I'bxSO4 at 700 K and a minimum (about 0.988) value for Sr; yEuySO4 at
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Fig. 19. Calculated Electrical conductivity at various temperatures for [SrSO4]:
Eu*? and [SrSO4]:Tb™2.
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Electrical conductivities (Q 'em ™) Power factor (W/mK?) ZT
0.716 x 108 3.24 x 10% 1.0014
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Fig. 20. Calculated Seebeck coefficient at various temperatures for [SrSO4]:
Eu™? and [SrSO4]:Tb*2.
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Fig. 21. Calculated Power Factor at various temperatures for [SrSO4]:EuJr2 and
[SrSO4]:Tb*2.

800 K. Furthermore, at 550 K, both compounds exhibited the same ZT
value of 1.0014, but at around 800 K, Sr;xEu,SO4 lags behind Srj.
xIbxSOy, as seen in the ZT plots.

4. Conclusions

The density functional theory (DFT) based WIEN2K simulation code
is used in this study to calculate the ground state properties of [SrSO4]:
Eu?" and [SrSO4]:Tb?>* compounds with the help of FP-LAPW method.
To determine the electrical and optical properties of Sr;.xAxSO4 (A =
Eu?', Tb2"), the Generalized gradient approximation with the addition
of the Hubbard parameter (GGA + U) was utilized. The obtained band
structure results of Sr1.xEuySO4 compound show semiconducting nature
through both spin states, while the Sry 4TbxSO4 compound depicts full-
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Fig. 22. Calculated ZT at various temperatures for [SrSO4]:Eu’? and
[SrSO41:Tb*2.

metallic nature due to the crossing mechanisms of the conduction band
minimum across the Fermi energy level. From demonstration of pro-
jected densities, it can be further characterized by the electrons transi-
tion from O[p] and Sr[p, d] orbitals in the valence band to S[s], O/S[p]
and Eu/Tb/Sr[d] orbitals in the conduction band for Sr; yEu,SO4 and
Sr1xTbxSO4, respectively. According to a theoretical assessment of op-
tical properties, the compounds under investigation are promising pos-
sibilities for active optical devices working in the Ultra violet region. By
obtaining these optical results in the energy range between 4 and 14eV,
the studied compounds can be utilized as a shielding material due to
high thermoelectric responses along with a promising blockage from
solar heating in this region. The positive values of Seebeck coefficient
exhibit that the material shows a P Type nature due to the dominancy of
the hole carriers in electronic transport. The finding shows that Srj.
xEuxSO4 and Sry.4Tb4SO4 compounds are promising for future advanced
optical and thermoelectric devices.
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