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Abstract. The structural, electronic, optical and thermodynamic properties of Cs3Sbalg compound with
0-D dimer form (hexagonal SP; P63/mmc, no. 194) and the 2-D layered form (trigonal SP; P3m1, no.
164) phases have been investigated and reported using both FP-LAPW and PP-PW methods. Besides, the
thermodynamic properties of the materials of interest have been studied using the quasi-harmonic Debye
model accommodating the lattice vibrations effects. The obtained lattice parameters for dimer and layered
phase reveal very good accord with experiment. The computed electronic band structures show that in the
dimer phase the material of interest is an indirect band-gap (k-I') semiconductor, whereas it is a direct
band-gap (I'-T') in the layered phase. The semiconducting material Cs3Sbalg of interest was found to be
stable against volume change of 0 to +14%. Moreover, the optical properties of the material in question
are also examined and discussed. The effect of pressure and temperature on the studied properties is found

to be highly effective in tuning some of the macroscopic properties of the compound in question.

1 Introduction

Recently, with the fast-growing technological demands
for multifunctional materials, halide perovskite received
growing attention due to their interesting physical prop-
erties such as their application in solar cells [1,2] and
light-emitting diodes(LEDs) [3].

An advantage of the halide perovskite family of com-
pounds is that the properties are highly tunable with
chemical composition [4]. Meanwhile, their excellent opto-
electronic properties, defect tolerance, easy synthesis and
cost effectiveness [5-8]. Furthermore, the power conversion
efficiency of perovskite-based solar cells is now becoming
comparable to that of silicon photovoltaics [9]. The first
record of perovskite-based solar cell efficiency, however,
was reported by Miyasaka et al. [10].

Cesium lead halide perovskite nanocrystals have
attracted attention as a new class of exhibiting high
photoluminescence quantum yields (PLQY), narrow emis-
sion [11] and tunable absorption/emission wavelengths
[12] has accelerated the emergence and development of
perovskite-based nanomaterials for applications such as
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light-emitting diodes (LEDs), [13] lasers, [14] and visible-
light communication [15].

Recently, it has been predicted that the hybrid
organometal trihalide perovskites (OTP) semiconductors
possess strong spin—orbit coupling [16], and Rashba-type
splitting [17] that originate from the heavy metal (Pb);
this implies that (OTP) may also be considered for spin-
tronics applications. As a matter of fact, spintronics is an
emerging domain that will most likely have an important
impact on the electronics aspects [18-24]. One of promis-
ing applications of spintronics is multiple-states memory
devices, such as tunneling magneto-resistance and giant
magneto-resistance, whose functions totally depend on
magnetization and can only be realized by using spin
direction [25].

The structural, electronic and thermodynamic proper-
ties of solid materials are important fundamental param-
eters for an accurate understanding of the physics of
solid-state matter [26]. Under extreme conditions of tem-
perature and pressure, the fundamental properties of solid
materials behave in a manner different from that at nor-
mal conditions [27]. Thus, the knowledge of the new
properties of materials obtained under high temperature
and pressure is extremely useful for the technological
applications of these materials at extreme conditions.
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However, only a limited data has been reported on the
fundamental properties of CszSbolg compound. This has
motivated us to investigate on the structural, electronic,
optic and thermodynamic properties of this material by
performing the band structure calculations using the first
principle methods. The remaining of the paper is orga-
nized as follows: the theoretical background is described
in Section 2. Results are presented and discussed in
Section 3. A summary of the results is given in Section 4.

2 Method of calculations

The experimental crystal parameters as reported by
Yamada et al. [28] have been considered. CszSbslg com-
pound crystallize in the 0-D dimer form (space group
P63/mmc, no. 194, Z = 2) and the 2-D layered form
(P3m1, no. 164, Z = 1). The atomic coordinates for
Cs3Sbslg are illustrated in Appendix A. The crystal struc-
tures of CsgSbalg compound is displayed in Figure 1.
The calculations are performed as follows. The first-
principles calculations are performed by employing the
FP-LAPW method [29], as implemented in the WIEN2K
code [30]. In the study of structural properties, the
exchange correlation energy is treated within the GGA
and Tran-Blaha modified beck Johnson (TB-mBJ) poten-
tials [31]. In order to ensure convergence of the computed
structures and energetic we use the value of plane wave
cut-off Rmt x Kmax = 8, the radii RMT of the muf-
fin tins are chosen to be approximately proportional
to the corresponding ionic radii. The maximum radial
expansion lmax=10. The energy between the succes-
sive iterations is allowed to converge to 10~# Ry and the
forces are minimized to 1 mRy Bohr~!. The Monkhorst—
Pack special k-points were performed using 143 special
k-points in the irreducible Brillouin zone for layered,
and 90 k-points for the dimer phase. Calculations of the
frequency-dependence of the optical properties were car-
ried out using 285 and 176 k-points, respectively for the
layered and dimer phases.

We have also used the non-local ultrasoft pseudopo-
tential of the Vanderbilt-type [32] according to GGA-sol
approach [33]. A computer program CASTEP (Cam-
bridge Serial Total Energy Package) [34], was already
used to calculate structural, electronic and optical prop-
erties of Cs3Sbyly. The kinetic cut-off energy for the plane
wave expansion is taken to be 370eV for all cases being
considered here. The special k-point sampling for the
integration of first Brillouin zone has been employed by
using the Monkhorst—Pack method with 10 x 10 x 8 and
11 x 11 x 7 k-points for the layered and dimer phases,
respectively. Based on the Broyden Fletcher Goldfarb
Shenno (BFGS) [35] minimization technique, the system
reached the ground state via self-consistent calculation
when the total energy is stable to within 5 x 107% eV /atom
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Layered

Fig. 1. Crystal structure for Cs3Sbalg.

the force is less than 1072 eV /A. To calculate the optical
properties, dense Monkhorst—Pack special k-points were
used. 20 x 20 x 16 and 18 x 18 x 15 special k-points mesh
for the layered and dimer phases, respectively.

To investigate the thermodynamic properties of
Cs3Sbolg compound, the quasi-harmonic Debye model has
been used [36]. Theoretical details of the model used are
available in reference [37] and references therein.

3 Results and discussion

Our basic procedure in this work is to calculate the total
energy as a function of the unit-cell volume around the
equilibrium cell volume V; in both layered and dimer
phases, using FP-LAPW and PP-PW methods. The opti-
mized lattice parameters a (A), ¢ (A), bulk modulus B
and its pressure derivative B’ at the equilibrium volume
are obtained by fitting the total energy to Murnaghan’s
equation of state (EOS) [38]. Murnaghan’s EOS is given
by,

BV

BV
B’ [

(V/Vo)® 3
B —1

B —1

+1]

(1)

where Fj is the minimum energy, B is the bulk modulus
at the equilibrium volume and B’ is the pressure deriva-
tive of the bulk modulus. Pressure P and bulk modulus
B are given by p= —% B = VI — yLE Figure 2
shows the total energy as a function of the unit-cell vol-
ume. This has allowed the determination of a (A) and ¢
(A), B (GPa) and B’. The resulting structural param-
eters for Cs3Sbolg compound being considered in the
present work are listed in Table 1. The optimized ground
state lattice parameters a (A) and ¢ (A) are found in
close agreement with the already available experimental
data [28,39] and previous theoretical calculations [40]. The
obtained lattice constants a (A) and ¢ (A), bulk modu-
lus B (GPa) and pressure derivative of bulk modulus B’
are presented and compared with existing data in the lit-
erature in Table 1. Based on the experimental data, the
equilibrium lattice constants a (A) and ¢ (A) for dimer
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Table 1. Lattice constant a (A), ¢ (A), bulk modulus B (in GPa), first-pressure derivative of bulk modulus B’ and

energy band gap E, (eV) for Cs3gSbely compound.

Cs3Sbalg a(A) ¢(A) B(GPa) B E, (eV)
Dimer
FP-LAPW GGA 8.446 21.212  19.570 4.548  1.880
PP-PW 8.682  21.763 55.213 - 2.001
Exp [28] 8.349 20916 - - -
Exp [39] 8.39 20936 - - -
EoPt [41] - - - -23
E2P* [42] - - - - 2.0
HSE [40] - - - - 2.40
Layered - - - - -
FP-LAPW 8260 10.150 21.401 5.047  1.442
PP-PW 8.764 10.521 69.673 - 1.547
Exp [28] 8.420 10.386 - - -
PAW(LDA) [40] 8.159 10.109 - - 1.12
PBE(GGA) [40] 8.661 10.625 - - 1.55
HSE [40] 8.639 10.618 — - 2.06
EgP* [41] - - - - 2.05
Egpt [42] _ _ _ — 1.89
PBE(GGA) [43] - - - - -
HSE06 [43] - - - - -
PAW-PBE (GGA) [44] 8.664 10.633 - - 2.04
E,(DFT/HSE06) [45] - - - - (1.55/2.13)
' ' B ' ' modulus and its pressure derivative for the material of
0,20 interest, and hence our results are predictions.
The investigation of the electronic band structure and
0,16 1 total density of states are important because most of
Layered the physical properties of solids are related to them.
~ 0,127 For that, the calculated band structure and total den-
& sity of states (TDOS) at equilibrium volume of Cs3Sbalg
:>5 0,08 in its layered and dimer structures have been carried out
g using both FP-LAPW and PP-PW methods. Based on the
= 0,04+ lattice symmetry, the integration paths I'M-K-I'-A-L-
H—-A are performed so as to treat the band structure for
0,00 Dimer layered and dimer phases. At the equilibrium lattice con-
stant of Cs3Sbalg, the calculations of the band structures
0,041 , , , , . have been done for both methods. The obtained results are
3600 3900 4200 4500 4800 5100 displayed in Figure 3. The valence band maximum (VBM)
V(a.u.)3 is located at k-point for dimer, whereas the conduction

Fig. 2. Calculated normalized energy as a function of volume
for CszSbalg compound. The total energies at their equilibrium
lattice constants have been set at zero.

phase are best described by FP-LAPW, compared with
the PP-PW method. Our results indicate that the dimer
phase of Cs3Sboly is at its ground state. Moreover, the
authors of reference [40] have computed the structural
geometry of layered phase using Projector Augmented
Wave (PAW) formalism as implemented in the VASP code
[41]. We see that the bulk modulus is comparatively small
(<100 GPa), thus Cs3Sbylg can be regarded as medium
hard material. To the best of our knowledge, there are
no experimental or theoretical data reported for the bulk

band minimum (CBM) is located at I" points. The energy
gap obtained from FP-LAPW approach is 1.88 eV, while
that obtained from PP-PW calculations is 2.001 eV (see
Tab. 1). A good accord can be observed between our find-
ings and the experimental [42,43]. One can note that the
band gaps calculated using the PP-PW method gave the
best agreement with experimentally reported values. In
the case of layered phase, the (CBM) and the (VBM) are
still at the same point I', which indicate their direct band
gap behavior. The PBE calculated values of band gap (T-
I) for FP-LAPW and PP-PW are 1.442 and 1.547¢V,
respectively. The experimental value of the band gap for
layered is 2.05 eV, obtained by using Tauc plot of the
absorbance data [42]. While McCall et al. [43] found a
band gap of 1.89 eV by using Bridgman method. The pre-
vious computational studies appear to give much values
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Fig. 3. Band structure for high-symmetry directions in the
Brillouin zone using (a) FP-LAPW, (b) PP-PW methods.

than those found in the present work for both phases. It
is worth noting that the computed energy band gaps of
both phases being studied here are calculated better (as
compared to experiment) when using the HSE approxi-
mation [40]. The disagreement of our results with respect
to experiment is due to the use of GGA approach which is
well known to underestimate the energy band gaps with
respect to experiment. Moreover, the DFT results show
several conduction bands with ~0.5eV separation, [44,45]
all of which may contribute to the absorption. The per-
fect semiconductor behavior of Cs3Sbolg has already been
reported by Kresse and Joubert [46] using first-principles
study. Thus, our results confirm those of reference [47]. To
this point, Cs3Sbalg semiconductor material has received
great attention as a promising candidate for photovoltaic
devices.

In order to get a deeper insight into the electronic struc-
ture of Cs3Sbaolg, the total (TDOS) and partial atomic
densities of states (PDOS) have been calculated in both
method. Because of the similarity in the most results, only
FP-LAPW results are presented (See Fig. 4). The Fermi
level is set to be 0eV. As can be seen from Figure 4,
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the DOS can be divided into three parts, at lower energy
where we find the contribution of I s, Cs px + py and pz
and Sb s states; the second part is from —0 to 0 eV that is
mainly derived from I pz , I px + py and I d states with a
small contribution Sb pz, the third part which is beyond
the Fermi level, where the contribution is due to pz and
px + py of Sb atoms.

Meanwhile, the electronic structure has also been com-
puted versus pressure and plotted in Figure 5. We observe
a clear shift of the Fermi level. Nevertheless, one can note a
preserved semiconducting nature for both band structures
of interest in the stress range of 0-14%.

The degree of polarization of a material when it is under
an external electric field is described by the real part of
the dielectric function is described by the real part of the
dielectric function. The imaginary part of the dielectric
function shows the amount of absorption inside the mate-
rial under load. It contributes into both intra-band and
inter-band transitions. Nevertheless, the intra-band tran-
sition contribution is only significant for metals. Besides,
the inter-band transition can be further split into direct
and indirect transitions. The indirect inter-band transi-
tions that involve phonons scattering are expected to have
only a little contribution to the imaginary part of the
dielectric function and hence are neglected. In Figure 6,
we present the dielectric function of CszSbolg as calcu-
lated by FP-LAPW and PP-PW methods. Note that the
values of the dielectric function of the material of inter-
est are large within near and middle ultraviolet regions.
Our analysis of the £3*(w) and 5% (w) spectra shows that
the threshold energy (first critical point) of the dielec-
tric function occurs at about 1.89 and 2.06eV for dimer
phase (Fig. 6a), while in layered phase (Fig. 6b) it occurs
at 0.92 and 1.55eV for FP-LAPW and PP-PW meth-
ods, respectively. These points are mainly coming from
the electron transition from the I pz (VB) to Sb pz (CB)
orbitals. The peaks are positioned at A1, A2, A3, A4, A5
and A6, respectively. These points come essentially from
the transition of electrons between the three levels of the
valence band and the two levels of the conduction band
(see Tab. 2). Therefore, the optimal working regions of the
device lie in the visible—ultraviolet regions that make these
materials more suitable for optoelectronic applications.

On the other hand, it is observed from Figure 6, that
the real parts of the dielectric function €;(w) is extended
in the energy range of 2-5.2 and 1-4.7 eV, for the dimer
and layered phases, respectively. Furthermore, the imagi-
nary part of the dielectric function e2(w) is calculated with
the sharp peaks of 2.62 (3.83) and 1.41(2.02) as calculated
by FP-LAPW(PP-PW) methods in energy ranges of 1.1-
6.2 eV, for the dimer and layered phases, respectively. High
value of the real part €; (w) spectra in the visible and ultra-
violet energy ranges indicates that these materials can be
efficiently applied in optoelectronics domain.

From the dispersion curves of calculated dielectric
constant and refractive index, the calculated dielectric
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constant £77(0) and e7%(0) and the static refractive
index n**(0) and n*?(0) of Cs3Sbyly compound using
FP-LAPW and PP-PW methods are reported in Table 3.

The refractive index n(w) is a quantity that describes
how much light is refracted after entering a material [48].
The calculated value of refractive index n(w) and the
extinction coefficient K (w) with the variation of wave-
length is displayed in Figure 7. From the refractive index
plot, we remark that the material possesses high refractive
index within microwave region and decreases at higher
energy in the ultraviolet lointain. It is clearly seen that
the calculated spectra show pronounced peaks originat-
ing from the excitonic transitions at the EO edges. The
strongest peaks in n(w) spectra are related mainly to the
2-D excitontransition (E1) [49]. Furthermore, after 4.5eV
within ultraviolet moyen region the velocity of light is
greater than the light celerity because n(w) =~ 1. From
Figure 7, one can note that the material in question
has strong extinction effects that occur near the ultra-
violet region. These effects are reduced when increasing
the photon energy.

The optical absorption coefficients for Cs3Sbolg with
both layered and dimer structures have been calculated
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based on the electronic structures (see Fig. 8) Comparing
the absorption curve in Figure 8 and Im—¢(w) in Figure 5,
it is observed that most of the absorbed light passes
through the material or is used up on the electron transi-
tions. Meanwhile, an onset energy of about 1.0eV and for
1.8 eV, respectively for the layered and dimer phase.

The electron energy loss spectra give valuable informa-
tion about intra- and interband transition and Plasmon
excitation. The Eloss diagram in Figure 9 by the FP-
LAPW and PP-PW calculation shows that there is no
graph in the gap region as expected. The peaks shown
in Figure 9 are the characteristics that are linked to the
plasma resonance (PR) with a frequency known as wp.
The latter is defined as the bulk plasma frequency and
occurs at £1(w) = 0 and e2(w) < 1 [50,51]. This suggests
that there is a quick reduction in the reflectance. At the
vacuum ultraviolet (VUV) edge, most of the amount of
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loss function (Loss) is occurred. But the maximum Loss
values is occurred in the range of 6-8eV for PP-PW and
18-20 eV for FP-LAPW methods, and also, we see severe
anisotropy in this area by both methods.

In the next stage, we presented the thermodynamic
properties of CsgSboly compound under high temperature
and high pressure, we apply the quasi-harmonic Debye
approximation. As a first step, a set of total energy cal-
culations versus primitive cell volume (E-V) is carried
out using the static approximation. The results are then
fitted with a numerical EOS in order to determine the
structural parameters at P =0 and 7" = 0 and to derive
the macroscopic properties as a function of pressure and
temperature from standard thermodynamic relations.

The diagrams showing the volume unit cell-temperature
at various pressures and lattice parameter-pressure at
different temperatures for dimer and layered phase are
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Fig. 8. Energy loss function L(w) at the equilibrium lattice constants.

for Cs3Sbalg compound.

Dimer Al A2 A3
FP-LAPW PP-PW FP-LAPW PP-PW FP-LAPW PP-PW
1.89 2.06 2.36 2.35 2.7 2.74
Transitions I pz —Sb pz I pz+py — Sb pz I d—Sb pz
A4 A5 A6
FP-LAPW PP-PW FP-LAPW PP-PW  FP-LAPW PP-PW
3.32 3.49 3.6 3.79 4.01 4.23
Transitions 1 pz — Sb px + py Ipr+py—Sbpx+py 1d—Sb pz+py
Layered
Al A2 A3
FP-LAPW PP-PW FP-LAPW PP-PW  FP-LAPW PP-PW
1.45 1.55 1.53 1.90 1.75 2.24
Transitions I pz — Sb pz I pz+py— Sb pz Id—Sb pz
A4 A5 A6
FP-LAPW PP-PW FP-LAPW PP-PW FP-LAPW PP-PW
1.99 2.74 2.30 2.89 2.84 3.28
Transitions 1 pz — Sb px + py I px+py—Sb pr+py 1d—Sbpz+py

16
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Table 3. Calculated plasma resonance (PR), static dielec-
tric, static refractive index, for Cs3Sbolg compound.

Phases This work (FP-LAPW) This work (PP-PW)

Dimer PR 17.87 5.90
ef®(0) 6.12 3.60
£37(0) 5.96 3.70
n**(0) 2.47 1.88
n**(0) 2.44 1.92

Layered PR 18.17 8.16
ef”(0) 10.32 4.91
£37(0) 10.36 4.93
n®*(0) 3.21 2.22
n**(0) 3.22 2.21

plotted in Figure 10. We observe that for a given pres-
sure, the volume unite cell increases monotonically with
increasing temperature. Nevertheless, the rate of increase
appears to be very moderate. On the other hand, for a
given temperature, the volume unit cell is reduced when
enhancing pressure. In the present contribution, the calcu-
lated volumes for dimer and layered phase at zero pressure
and room temperature are found to be 4443.87 and
4164.28 (u.a.)?, respectively.

The temperature dependence of B at various pressures
for dimer and layered phase is displayed in Figure 11.

Eur. Phys. J. B (2020) 93: 191

Energ(eV)

Fig. 9. Calculated absorption coefficients for Cs3Sbaly using FP-LAPW method.

Note that B varies in a quasi-linear way with tempera-
ture. This is true for all pressures in the interval 0-15 GPa.
As a matter of fact, B decreases monotonically and very
moderately when the temperature is increased. At room
temperature and zero pressure, our results yielded values
of B of 76.44 and 83.10 GPa GPa for dimer and layered
phase, respectively. These values are in reasonably good
accord with those obtained in the current work using
PP-PW method (see Tab. 1).

The variation of the heat capacity at a constant volume
Cy as a function of temperature at various pressures rang-
ing from 0 to 15 GPa for dimer and layered phases is shown
in Figure 12. We observe that Cy augments at elevated
temperatures. The behavior seems to be quick at low tem-
peratures but becomes slower at elevated temperatures.
For temperatures less than 500K, Cy depends on both
temperature and pressure. At high temperatures, Cy
approaches approximately 348.42 and 348.61 Jmol ' K~ !,
respectively for dimer and layered phase.

The plot of the heat capacity at a constant volume
Cy versus temperature at various pressures in the inter-
val 0-15GPa for dimer and layered phase is illustrated
in Figure 9. We remark that Cy augments at elevated
temperatures. The behavior seems to be quick at low tem-
peratures but becomes slower at higher temperatures. For
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temperatures less than 400 K, Cy depends on both tem-
perature and pressure. The behavior seems to be quick at
low temperatures but becomes slower at higher tempera-
tures. For temperatures less than 400 K, Cy depends on

both temperature and pressure. At high temperatures, Cy
approaches approximately 304.21 and 337.04 Jmol ! K1,
respectively for dimer and layered phases. The details in
the change appear to depend on pressure. The behavior of
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Cy for all compounds of interest exhibits similar features
in a wide range of pressures and temperatures.

The temperature dependence of the thermal expansion
coefficient a of the dimer and layered phase at various

pressures are depicted in Figure 13; it is clear that below
400 K, the thermal expansion coefficient increases rapidly,
whereas at temperatures higher than 400 K, the a value
initially remains constant and then increases linearly at
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high pressure. At zero pressure and 7' = 300 K, a takes
the values of 2.28 x 107° and 2.53 x 107> K~! for dimer
and layered phase, respectively.

4 Conclusion

Using the FP-LAPW and PP-PW methods where the
exchange—correlation potential was calculated with the
frame of Cs3Sbsly, we have analyzed the structural, elec-
tronic and optical properties of Cs3Sbolg for both dimer
form layered phases. Special attention was given to the
effect of temperature and pressure on these features. The
obtained lattice parameters for dimer form layered phase
reveal very good accord with experiment. The computed
electronic band structures show that in the dimer phase
the material of interest is an indirect band-gap (k-T")
semiconductor, whereas it is a direct band-gap (I'-T)
in the layered phase. The semiconducting materials
Cs3Sbolg of interest were found to be stable against
volume change of 0 to +14%. Moreover, the optical prop-
erties of the material in question are also examined and
discussed. The thermal effects on the macroscopic proper-
ties of the Cs3Shaolg compound of interest were predicted
and discussed using the quasi-harmonic Debye model in
which the lattice vibrations were taken into consideration.

Publisher’s Note The EPJ Publishers remain neutral with

regard to jurisdictional claims in published maps and institu-
tional affiliations.

Appendix A:

Table A. Atomic coordinates for CszSholg compound.

Atom Site X Y Z
Dimer Cs 2b 0 0 0.25

Cs 4f 0.3333 0.6667 0.0850

Sb 4f 0.3333 0.6667 0.8453

I 6h 0.4929 0.9858 0.25

I 12k 0.1653 0.3306 0.9189
Layered Cs la 0 0 0

Cs 2d 0.6667 0.3333 0.672

Sb 2d 0.6667 0.3333 0.196

I 3e 0.5 0.5 0

I 6i 0.149 0.851  0.646
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nature of the studied complex perovskite. Moreover, the thermoelectric properties of this compound
were studied using the transport quasi-classical theory. The effects of pressure and temperature on the
studied properties are found to be highly effective in tuning some of the macroscopic properties of the
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1. Introduction

Perovskite-type materials have become very interesting in the
field of photovoltaic devices [1-5]. A new generation perovskites of
double perovskites have caused widespread concern because of
their promising technological applications in the photovoltaic,
photodetector or photocatalytic fields [6—8]. Among them, the
complex perovskite oxides are versatile materials with trigonal
structure and space group P-3m1 that show a wide variety of
magnetic and electronic properties [9—12] which are related to the
strong interplay between structure, charge and spin ordering.
These materials found useful applications in the field of spin elec-
tronics [13]. As a matter of fact, spintronics is an emerging domain
that will most likely have an important impact on the electronics
aspects [14]. This is due to their amazing optical and electronic
properties [15].

Half-metallic materials are those materials that act as conduc-
tors for electrons of one spin orientation, but as insulators or
semiconductors for electrons of opposite spin orientation [16,17].
These materials have attracted much attention due to their po-
tential use in spintronics [18,19]. Many studies investigated the half

* Department of Physics, Faculty of Science, University of M'sila, 28000, M'sila,
Algeria
E-mail addresses: berrisaadil2@yahoo.fr, saadi.berri@univ-msila.dz.
Peer review under responsibility of Vietnam National University, Hanoi.

https://doi.org/10.1016/j.jsamd.2020.06.002

metallicity property in pervoskites, this is the due to the possibility
of using such systems in spintronic applications. One of promising
applications of spintronics is multiple-states memory devices, such
as tunnelling magneto-resistance and giant magneto-resistence,
whose functions totally depend on magnetization and can only
be realized by using spin directon [20].

Moreover, structural, electrnic and magnetic properties of
Sr,GdReOg double perovskite were studied and the calculations
predicted that Sr,GdReOg is half-metallic, the ferromagnetic phase
is found more favorable to occur [21]. In a very recent study the
structural, electronic, and half—metallic properties of double
perovskite RBaMn;0g.5 (X = Nd, Pr, La and 8 = 0, 1) compounds
were studied, the results show that they are half metallic ferro-
magnets [22]. Furthermore, the Sr,XOsOg (X = Cs, Rb and K)
compounds have been investigated theoretically, half-metallically
is found in all the three compounds, all elastic constants “Cj”, the
Shear moulus “G”, Young modulus “E”, Poisson ratio “v”, anisotropic
factor “A” and Cauchy's pressure “Cq;—Cyq4” for the studied com-
pounds were also calculated [23].

The structural, electronic, thermoelectric and thermodynamic
properties of solid materials are important fundamental parame-
ters for an accurate understanding of the physics of solid state
matter [24—26]. Under extreme conditions of temperature and
pressure, the fundamental properties of solid materials behave in a
manner different from that at normal conditions [27—29]. Thus, the

2468-2179/© 2020 Vietnam National University, Hanoi. Publishing services by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.

org/licenses/by/4.0/).
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Table. 1
Lattice constants a (A) and c (A), bulk modulus B (in GPa), first-pressure derivative of
bulk modulus B/, individual, net magnetic moments (i), energy band gap Eg.

BasMnNb,0s FP-LAPW Exp

a(A) 5876 5.7698 [30]
5.8036 [38]

o(A) 7.210 7.0855 [30]
7.0808 [38]

B (GPa) 152.87 -

B 438 -

Eg (1) 1.05 _

Eg (1) 2.67 _

Myn 422373 4.4(38]

Mg, 0.00039 -

M 0.04996 -

mo 0.00736 -

Minterstitial 0.44670 —

Mrotal 5.00051 491 [38]

knowledge of the new properties of materials obtained under high
temperature and pressure is extremely useful for the technological
applications of these materials at extreme conditions.

However, only a limited data have been reported on the
fundamental properties of BasMnNb,;Og compound. This has
motivated us to investigate on the structural, electronic, thermo-
electric and thermodynamic properties of this material by per-
forming the band structure calculations using the full-potential
linear augmented plane wave (FP-LAPW) method within the
generalized gradient approximation plus Hubbard parameter
(GGA + U). The remaining of the paper is organized as follows: the
theoretical background is described in Section 2. Results are pre-
sented and discussed in Section 3. A summary of the results is given
in Section 4.

2. Method of calculation

As mentioned already, we have considered the experimental
crystal parameters as reported by Liu et al. [30]. BasMnNb,0g
compound crystallize in the trigonal space group P-3m1(No.164),
Z = 1. The crystal structures of BasMnNb,Og compound is shown in
Fig. S1. The crystal structures, are provided in the supplementary
information S1. Band calculations are performed by using the full-
potential linearized augmented plane wave (FP-LAPW) method
[31] as implemented in WIEN2K code [32]. In the study of structural
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and electronic properties, the exchange correlation energy is
treated within the GGA + U [33]. The effective Hubbard parameter
Uetf = U-] = 3 eV was also applied to the 3d electrons of Mn ion. The
mesh of K points in the first Brilluen zone by center of I" point was
selected to 15 x 15 x 13. We have chosen the Imax, RMTKmax and
Gmax to be 10, 9 and 14, respectively. The thermoelectric properties
of this BazMnNb;Og compound were calculated by applying
Boltzman transport theory and BoltzTraP code [34]. To investigate
the thermodynamic properties of BasMnNb,Og9 compound, we
apply the quasi-harmonic Debye model [35]. Theoretical details of
the model in question are available in Ref. [36] and references
therein.

3. Results and discussion

The optimized lattice constants a and ¢, bulk modulus B and its
pressure derivative B’ at the equilibrium volume are calculated by
fitting the total energy to Murnaghan's equation of state (EOS) [37].
Murnaghan's equation of state (EOS) is given by:

,
BV) =B+ [%“] - (1)

where Ej is the minimum energy. The pressure P and bulk modulus
Baregivenbyp = — 9% B = — v 4 — v &E Fig S2 shows the total
energy as a function of the unit-cell volume (supplementary
information SII). This has allowed the determination of a, ¢, B and
B'. The resulting structural parameters for BasMnNb;Og compound
being considered in the present work are listed in Table 1. Also
shown for comparison are the available experimental data quoted
in the literature. A good accord can be observed between our
findings and the experimental data reported in Refs. [30,38]
regarding a(A) and c(A) lattice parameters.

Investigations of the electronic band structure and the
density of states are important because most of the physical
properties of solids are related to them. The spin-polarized
band structure in its tetragonal structure has been calculated
using the FP-LAPW method. Based on the lattice symmetry, the
integration paths P (0, 0, 0.5)- I'(0, 0, 0)-N (0.5, 0.5, 0.5)-H (0,
0.5, 0.5)- I'(0, 0, 0) are performed so as to treat the band
structure for trigonal structre. The obtained results are plotted

in Figs. 1-3.
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Fig. 1. Total densityof states (TDOS) for (a) non-magnetic and (b) ferromagnetic state.



380 S. Berri / Journal of Science: Advanced Materials and Devices 5 (2020) 378—384

Ba MnNb, O, (up) Ba . MnNb, O (down)

Energy (eV)

20 T T
—_ ~~
z £ 1 Nb-d | (b)
& RS Nb-dxz_y;rdXy
> > 081 Nb-d, +d_ '
s > z yz
8 g .
< s v
- +~
2 2
8 8 0,9 i
@) A
A~ A~ 1,8
o 6 3 0 3 6 o
8 I 2
—_
£ ol Ba-p © - =z
2
=
L, ] =
2 QL
= 0 4 o
has -
2 8
w2 ) 2
o .l | %)
A o
e~ ] ] o
o~
! ) ) I . . ) >2 T T T T T T T T T T
A28 -6 -3 0 3 6 9 12 18 15 12 9 6 3 0 3 6 9 12 15
Energy (eV) Energy (eV)

Fig. 3. Projected density of states for BasMnNbyOg compound a) Mn-(d,, dxa-yo+dxy and dxz + dyz), b) Nb-(d,2, dxayo+dxy and dxz + dyz), ¢) Ba-p and d) O-(s, p).



S. Berri / Journal of Science: Advanced Materials and Devices 5 (2020) 378—384 381

60 — .

S(uv/’K)

300K

------ 600K
900K

ki I T I

1,5x10"

1,2x10" -

| ===== 300K

9,0x10™ -

| ===== 600K
6,0x10" - ceeee 900K

3,0x10"

k/t(WK’ms)™

\ \ \
-0,15 -0,10 -0,05

T T
0,00 0,05 0,10 0,15

H-Ho

Fig. 4. Calculated (a) Seebeck coefficient and (b) Electrical conductivity against the chemical potential.

Fig. 3 shows the calculated total density of states (TDOS) of
perfect BasMnNb,Og in the non-magnetic (NM) and ferromagnetic
state, the Fermi level is regarded as reference zero point.

The calculated spin-polarized band structure and density of
states of spin-up (majority spin) and spin-down (minority spin) of
BasMnNb,Og are depicted in Figs. 1 and 3, respectively. For ferro-
magnetic case show an indirect band-gap of 3.23 eV in the spin-
down channel with valence band maximum (VBM)
being —2.23 eV at P points and conduction band minimum (CBM)
being 0.48 eV at I" point with wide semiconducting gap. For spin-up
case, both VBM and CBM were pushed up to 0.00 eV and 1.00 eV,
respectively, slightly reducing the direct band-gap at P point to
1.00 eV. Similar band structure have been observed for CaCu3Ge4012
compound calculated with a full-potential linearized augmented
plane wave method [39].

The calculated energy band gap in both spin are listed in Table 1.
In order to get a deeper insight into the electronic structure of
BasMnNb,0Og, the partial densities of states (PDOS) have been
calculated in both the majority and minority spin (See Fig. 3). The
Fermi level is set as 0 eV. As can be seen from Fig. 3, the DOS can be
divided into four parts, at lower energy where (below —12.0 eV) we

find the contribution of Ba p and O s states; the second part is
from —6 eV to —3 eV that is mainly derived from O p states; the
third part which is beyond the Fermi level, is essentially contrib-
uted by the d,, dxzy2+dxy and dxz + dyz of Mn atoms; the
conduction region is mainly contributed by the s state of dj,
dx2-y2+dxy and dxz + dyz of Nb atoms.

The obtained total, interstitial and atom-resolved magnetic
moments of BasMnNb;Og are shown in the Table 1. For
BasMnNb,0g, the total magnetic moment agrees with recent
experimental data [38]. The principal contribution to the total
magnetic moment comes from the Mn atoms and small contribu-
tions from the interstitial region, whereas the moments of Ba, Nb
and O are small. The magnetic moments of the Mn atoms (Table .1)
shows agreement with the experiment as quoted in Ref [38]. The
exchange-splitting between the spin-up and spin-down sub-bands
of the Mn d, dxyy+dxy and dyxz + dyz states is the main
contributor in the magnetic moment of BasMnNb,0Og compound.

In the next stage, we presented the thermoelectric parameter
diagrams of the BazMnNb;Og compound including the Seebeck
coefficient (S), the electrical conductivity (o), the electronic thermal
conductivity (Kel) and the figure of Merit (ZT) in Fig. 4.
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Fig. 5. Calculated (a) electrical thermal conductivity and (b) merit (ZT) as a function of temperature.

Fig. 4(a) shows the Seebeck effect of Ba3MnNb,0Og compound.
the Seebeck effect takes place as a result of the temperature
gradient across a thermoelectric material. The mobility of charge
carriers triggered by the temperature difference results in the
voltage gradient which is considered as the main principle of
thermoelectric power generation. Seebeck coefficient holds inverse
relationship the o/t and are therefore strongly influenced by the
size and nature of bandgap as well as the effective mass of the
charge carriers. The major Seebeck coefficients occur correspond-
ing to the separation between the valence and conduction band
edges due to the reduced density of charge carriers corresponding
to the energy bandgap.

The electrical conductivity against chemical potential at 300 K,
600 K and 900 K temperature are plotted in Fig. 4(b). It is clear
from the figure that for different temperatures, the magnitude of
the electrical conductivity increases with the increase of absolute
values of the chemical potential; and the high value of electrical
conductivity is observed in the positive range of chemical poten-
tial. On the other hand, It is clear that the thermal conductivity
(see Fig. 5(a)) at room temperature is lower than those corre-
sponding to 450 and 900 K, so the thermal properties of this
compound is also completely sensitive to the external magnetic
field.

Dimensionless figure of Merit (ZT) is the most important ther-
mal transport parameters that can be used to determine the ther-
mal efficiency of compounds. In Fig. 5(b), in general at all
temperatures the ZT coefficient is a very slight number especially at
temperatures from 50 to 100K. We observe that at temperatures
below room temperature the ZT value is about 0.99 so in compar-
ison with other values of the figure of Merit at the room temper-
ature in the previous theoretical and experimental studies, such as:
NiTiSn [40] and Cul—Pb co-doped Bi,Te3(ZT = 0.96) [41] it can be
concluded that this compound will be very suitable for application
in the thermoelectric cooling industry. With increasing tempera-
ture the amount of ZT has decreased but it is important to note that
this value is about 0.95 at room temperature which is still signifi-
cant. Even in 800K the figure of Merit has an acceptable extent so
this compound has also the ability to use in power generators.

The thermodynamic properties of BasMnNb,0g compound un-
der high pressure and at different temperatures have been deter-
mined using the quasi-harmonic Debye approximation. As a first
step, a set of total energy calculations versus primitive cell volume
(E—V) is carried out, in the static approximation. The results are
then fitted with a numerical EOS so as to determine the structural
parameters at P = 0 and T = 0, and to derive the macroscopic
properties as a function of pressure and temperature from standard
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thermodynamic relations. The diagrams which show the volume
unit cell-temperature at various pressures and lattice parameter-
pressure at different temperatures for BasMnNb,Og compound
being considered in this work are plotted in Fig. 6(a). We observe
that for a given pressure, the volume unite cell increases mono-
tonically with increasing temperature. Nevertheless, the rate of
increase appears to be very moderate. On the other hand, for a
given temperature, the volumes unite cell decreases with applying
pressure. In the present contribution, the calculated volumes for
BazMnNb,0g compound at zero pressure and room temperature is
found to be 1453.98 (u.a.)>.

Fig. 6(b) displays the temperature dependence of B at various
pressures for BasMnNb;Og compound. Note that all the relation-
ships between B and temperature are almost linear at various
pressures ranging from 0 to 30 GPa. As a matter of fact, B decreases
monotonically and very moderately when the temperature is
increased. At room temperature and zero pressure, B for

420 . . ! : !
(g |
360 ( ) & 4
] 0 GPa ]
300 10GPa
2 1 |
~ 240 30 GPa
°
E 4 4
= 180 - .
Q
120 + 4
60 + -
0 i T i T i T i T "
0 300 600 900 1200 1500
Tempurature(K)

alpha(10°/K)
3
|

BazMnNb,0g compound is found to be 176.29 GPa. This value is in
reasonably good accord with those obtained in the current work
using FP-LAPW method (see Table 1).

The variation of the heat capacity at a constant volume Cy as a
function of temperature at various pressures ranging from O to
30 GPa for BasMnNb,Og9 compound is shown in Fig. 7(a). We
observe that Cy augments at elevated temperatures. The behavior
seems to be quick at low temperatures but becomes slower at
elevated temperatures. For temperatures less than 500 K, Cy de-
pends on both temperature and pressure. At high temperatures, Cy
approaches approximately 371.24 Jmol 'K~! for BasMnNb,Oq
compound. The details in the change appear to depend on pressure.
The behavior of Cy for this compound of interest exhibits similar
features in a wide range of pressures and temperatures.

The temperature dependence of the thermal expansion coeffi-
cient a of the BasMnNb,0g compound at various pressures are
depicted in Fig. 7(b), it is clear that below 600 K, the thermal
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Fig. 7. Temperature dependence of (a) heat capacities Cv and (b) thermal expansion coefficient « at various pressures.
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expansion coefficient increases rapidly, whereas at temperatures
higher than 600 K, the « value initially remains constant and then
increases linearly at high pressure. At zero pressure and T = 300 K,
o takes the values of 1.28 x 107°K~\,

4. Conclusion

In summary, based on first-principle calculations in the frame-
work of DFT within the GGA + U, the structural, electronic, mag-
netic, thermoelectric and thermodynamic properties of trigonal
BasMnNb,0Og were investigated. Special attention was given to the
effects of temperature and pressure on these features. The opti-
mized lattice parameters are found to be in good accord with
experiment. Features such as bulk modulus and its pressure de-
rivative, electronic band structure and density of states are re-
ported. The electronic band structures as well as density of states
reveal that the studied compound shows magnetic semiconductor
behavior under ambient conditions. Moreover, the novelty of our
work is the study of thermoelectric properties of BazMnNb,Og
complex perovskite such as Seebeck coefficient, electrical conduc-
tivity, electrical thermal conductivity and merit. The thermal effects
on the macroscopic properties of the compound of interest were
predicted and discussed using the quasi-harmonic Debye model
where the lattice vibrations were taken into consideration.
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