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In continuation of our recent report on molybdates [Appl. Phys. A 124, 44 (2018)], the structural, electronic, elastic,
and optical properties of ZMo0O3 (Z =Ba and Sr) molybdates are investigated under pressure (10 GPa—50 GPa) compre-
hensively by deploying the density functional theory. Our investigations show that the studied compounds exhibit stable
cubic phase with metallic attributes. The thermodynamic parameters such as enthalpy of formation, Debye, and melting
temperatures of the compounds are observed to increase with pressure. While the Griininsen parameter and the coefficient
of super-plastic deformation decrease as the pressure increases. Mechanical properties elucidate an increase in measured
values of hardness, bulk, shear, and young’s moduli with pressure. Our results suggest that the studied compounds are use-
ful in high pressure optoelectronic devices. The optical properties of BaMoO3; (BMO) and StMoO3 (SMO) are computed
for the radiation of up to 35 eV. The present compounds show beneficial optical applications in the anti-reflection coating,
lenses, and the high avoiding solar heating applications in the variant applied pressure.

Keywords: optical properties, high pressure, elastic properties, electronic properties

PACS: 61.50.-f, 62.20.D-, 74.62.Fj, 31.15.E~

1. Introduction

Computational techniques such as density functional the-
ory are becoming very popular with time for scrutinizing
chemical and physical attributes of solids.!'~7! One can solve
and understand complex quantum mechanical, many body,
and problems with ease of computation before proceeding
towards experimentation.®~!>! Furthermore perovskite com-
pounds have gained noticeable attention due to their extensive
usage in electronic devices such as infrared sensors, modula-
tors, memory storage devices, detectors, capacitors for high-
frequency microwave devices, photonic crystals and in the nu-
clear magnetic resonance imaging.!'-2?l Molybdenum based
compounds also have topological semi-metallic nature with
applications in the magneto-electric effects. >3]

Recently, research interest in solid state physics has
grown for the exploration of novel emergent phenomena un-
der high pressure conditions. Pressure can reduce the in-
teratomic distances effectively and thus strengthen the elec-
tron transfer by enlarging the orbital overlap integral in the
strongly correlated electron systems. In particular, material
properties will undergo alterations which in result develop a
wide range of new compounds. Thus, pressure is a very use-

24

ful tool for the synthesis of new materials.>*! The application
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of high pressure would allow one to disentangle the physical
properties of interest from the ambient one. It can give not
only a critical check on some of the theoretical proposals but
provides important implications for the practical applications
as well. With the advances of high pressure techniques, re-
searchers have thus focused more on physical properties un-
der extreme conditions.!”! In our very recent study,*®! we
have used the same quantum mechanical technique, i.e., den-
sity functional theory, to understand the behavior of BaMoO3
and SrMoOsperovskite compounds at the ambient conditions.
Here, we are continuing our recent work on BaMoO3; (BMO)
and SrMoO3; (SMO) cubic oxides and going to the 50-GPa
range.

In neutron diffraction study, performed by Nasif ez al.,[>7]
ZMoO3; (Z =Ba and Sr) have been classified as supercon-
ducting materials. While, Mizoguchi et al.?®! pored over
the electronic structure of ZMoO3; (ZMO) experimentally and
found a high conductivity of both of the compounds. In an-
other work, Mizoguchi et al.!*! studied optical properties and
found SMO as an optically transparent material around plasma
frequency, whereas thermoelectric properties of BMO have
been reported®%! as the compound has extremely high ther-

mal conductivity. In another study, catalytic properties of

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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ZMO have been reported by Kubo et al.!3!! While, in a report
by Wang et al., SMO exhibits high metallic conductance!*?!
and shows transparency in ultraviolet region.*?! These afore-
mentioned studies suggest for the application of SMO as
Therefore, SMO was

proposed®3! to be suitable for microwave devices. Most re-

a transparent conducting electrode.

cently, Ba;_,Sr,MoO3 solid solutions have been studied by
Sahu et al.3* They found that the specific heat of the com-
pound increased as the concentration increased. Later on
in 2016, optical properties of Sri_,Ba,MoO3 solid solutions
were investigated as well by Hopper et al.[>>! Because both the
compounds were prepared by reduction process and exhibited
metallic behavior, they are extensively potentially useful for
photo catalytic applications. 273371

In the past, all the above mentioned discussions on
ZMO'’s were primarily on the structural synthesis along with
the origin of metallic conductivity. We have found in the lit-
erature that there are no reports on thermal, elastic, and opto-
electronic traits of ZMO’s under pressure. Therefore, in this
article, our main focus is to elaborate the hidden attributes of
ZMO’s under hydrostatic pressure.

2. Computational formalism

Our calculations are implemented by the density func-
tional theory and linearized augmented plane wave method
(LAPW),38-401 which is embodied within state of the art
WIEN2k code.*!] Quantum mechanics of the strongly corre-
lated system has been solved using exchange correlation po-
tentials and suggested by generalized gradient approximations
(GGA).[*21 We have used the values 2.50 a.u., 1.89 a.u., and
1.72 a.u. (the unit a.u. stands for atomic units) as Muffin—-Tin
radii Ryt for Z = (Ba and Sr), Mo, and O respectively. To
obtain the full convergence of self-consistent field in the entire
Brillouin zone, the denser k-mesh of 2000 k-points was used.
The orbital angular momentum I« value was set at 12 for the
full wave function expansion. To obtain elastic properties, sin-
gle unit cell optimizations were performed under small strains
along tetrahedral and rhombohedral directions.

3. Results and discussions
3.1. Structural optimizations under pressure

The cubic oxide-perovskite ZMoOs3 (Z =Ba and Sr) com-
pounds, with a space group of Pm-3m, hold one molecule in
the unit cell structure. The atomic Wyckoff positions of the
content atoms are at (0, 0, 0)1a, (0.5, 0.5, 0.5)1b, and (0.5,
0.5, 0)3c¢ for Z, Mo, and three oxygen atoms, respectively. The
energy optimizations in Fig. 1 are used to suggest the ground
state of the lattice constants for the stable crystalline struc-

tures.

—0.65 (a) _ 0910 T 7
& \\ /)
0.70 = -0912 \\ /
o 5 \J
> d —0.914 N/
£ —0.75 2
~ ~
> ~0.916
& —0.80
3 \ 400 420 440 460 480 500
+ —0.85 —10 GPa Volume/a.u.?
R : — 20 GPa
— 30 GPa
—0.90 40 GPa
— 50 GPa
—0.95
350 400 450 500
Volume/a.u.?
—0.76 . /
~0.856
é> ’/
S _0.858 /
. —0.78 =
& > —0.860
<t
~ —
= -0.80 & 0862
> ~ _0.864
2 —0.
1 —0.82 400 420 440 460
P 3
EY_J/ —10 CPa Volume/a.u.
—0.84| —20 GPa
—30 GPa
40 GPa
—0.86 _ 50 gpa

360 380 400 420 440 460 480 500

Volume/a.u.?
Fig. 1. The structural optimization under different pressures: (a) BMO and
(b) SMO.

In the first step, optimized lattice constants of the cu-
bic oxide-perovskite BaMoO3; and SrMoOj3 are calculated at
0 GPa with values 4.039 A and 3.999A, respectively, which
are reported in the previous literature.!?®! The obtained data at

0 GPa was then used in the equation!*’]

()

to obtain cubic lattice constants under pressure variations.

B
B

These lattice constants were used further to obtain optimiza-
tions, computed using the Murnaghan equation of states, 44!
under pressure variations. These lattice constants a and ground
state energies E are listed in Table 1. The variations in op-
timized ground state energies with increase in pressure can
also be observed in Table 1. It has been found that as the
pressure increases, the ground state energy decreases. Low-
est ground state energy has been found at 50-GPa pressure, so
compounds retain their stable cubic phase under pressure. This
is because the induced pressure contracts the interatomic dis-
tances (r4 + 7o and rp + ) that also decreases the bonding
distances between ions in the unit cell, as presented in Table 1.
The calculated enthalpy of formation energies AHy under vari-
ant pressures are listed in Table 1 as well. These values are

computed by subtracting the energy of the content atoms of
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the compound from the total energy of the compound, i.e.,
AH; = Ezmo00, — (Ez + Emo +3E0).

The energy of constituent atoms has been obtained by com-
puting the ground state energies of Mo and Sr atoms in Fm3m
phase, Ba in Im-3m phase, and O in C2/m phase. The nega-
tive sign of the calculated AHy values indicates that the studied
compounds are thermodynamically stable under induced pres-

sure.

The structural stability of BMO and SMO under induced
pressure can be checked by Goldschmidt’s tolerance factor,
t=(ra+ ro)/\@(rg +7r0),1*1 where ra + ro and rg + ro rep-
resent the inter atomic distances between Ba—O (Sr-0O), and
Mo-O, respectively. The compound is assumed to be stable
when rlies in between 0.94—1.05 for the cubic perovskite com-
pounds. For the present compounds the value of ¢ lies in the
same range (see Table 1). The tolerance values in Table 1 ap-

prove the reliability of the performed calculations.

Table 1. Pressure P, lattice constant a, total energy of the bulk system E, enthalpy of formation AHg,
interatomic distances between content atoms (7 + 7o and rg + 7g), and tolerance factor 7.

Compound  P/GPa alA E/Ry AHgeV ra +rolau.  rg+ro/au. t

0261 4039 —24829.910974 —13.5800 2.86 2.02 1.001

10 4008 24829913419  -13.5917 2.83 2.00 1.000

20 3.954  —24829.913851 -13.5976 2.80 1.98 1.000

BaMoO3 30 3.909 —24829.914616  —13.6080 2.76 1.95 1.000
40 3.871  —24829.915517 —13.6202 274 1.94 0.999

50 3.838  —24829.915843  —13.6247 2.71 1.92 0.999

0261 30999  _14910.858826  —13.5400 2.83 2.00 1.000

10 3.945  -14910.861837  —13.6300 279 1.97 1.001

20 3.893  —14910.862262 —13.6358 2.75 1.94 1.002

SrMo03 30 3.849  —14910.863256  —13.6493 2.72 1.92 1.001
40 3.811 -14910.863698  —13.6553 2.69 1.90 1.001

50 3.778  -14910.864152  —13.6615 2.67 1.89 0.999

3.2. Electronic morphology of ZMQO’s

The calculated total density of states (DOS) and the band structure along the principal symmetry points in the first Brillouin

zone are used to predict the electronic morphology of ZMO under variant pressures, the results are plotted in Figs. 2—4. These

compounds have metalic and anti-feromagnetic character since the conduction band crosses the Fermi level toward the valence

band. The induced pressure has effects on the interatomic distances and on the lattice constants as well which shifts the valence

and conduction bands to the higher energies and increases the Fermi energy accordingly. The narrow indirect (M-I") band

gap that is located around 2.0 eV above the Fermi level for BMO and SMO compounds decreases as the pressure increases.

This behavior agrees with the fact that the band-gap of perovskite undergoes a transition from indirect to direct band gap with

increased pressure. [8,10,43]
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Fig. 2. Total DOS of BMO and SMO under pressure.
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3.3. Mechanical attributes of ZMO

Mechanical behavior elucidates how a material with-
stands stress deformity. Under pressure treatment is quite suc-
cessful to endure valuable information regarding the cohesion
and stiffness of materials. Using numerical first-principle ap-
proach embodied in WIEN2k, we have obtained three inde-
pendent elastic constants C;; (C1, Ci2, and Cus), as listed in
Table 2.

Table 2. Pressure P, elastic constants C;;, and elastic anisotropy A.

Compound P/GPa C;/GPa C2/GPa C44/GPa A

ol2el 349.9 120.9 81.6 0.71

10 404.3 121.4 929 066

20 460.6 150.0 1147 074

BaMoOs 30 549.8 158.4 1297 0.66
40 637.1 165.4 1350  0.57

50 701.9 181.0 1584  0.61

0126 349.6 108.6 67.7 0.56

10 434.0 117.7 65.6 041

StMoO3 20 5222 129.4 86.0  0.44
30 601.7 143.8 940 041

40 659.2 165.7 1047 042

50 748.6 170.5 1119 039

The stability of the cubic quantum systems can be
checked, under stable equilibrium, by satisfying the criterion
(C1q —Clz) >0,Ci1 >0, Cy4 >0, and B > 0.6 We have
found that ZMO sustained stable cubic phase under high pres-
Elastic
anisotropy A delineates the ratio along [100] to [110] direction

sure by implementing the aforementioned criteria.

of shear modulus. The material is assumed to be isotropic for
the value of elastic anisotropy being one, whereas, the devia-
tion from this unity assumes the degree of anisotropy for the
material. Table 2 predicts that BMO and SMO are anisotropic
compounds.

Klienmen parameter &, presented in Table 3, interprets
ease of minimizing bond bending, bond stretching, and it is di-
rectly related to piezoelectricity. For & — 0, in bond bending

minimization, piezoelectricity decreases, whereas for & — 1,
in bond stretching situation, piezoelectricity increases. For
BMO, we have found that £ decreases as induced pressure
increases, with exception at 20 GPa. This phenomenon can be
explained with the help of anisotropy parameter listed in Ta-
ble 2. We have found that for BMO, the observed anisotropy
at 20 GPa is maximum, i.e., 0.74 which indicates a large di-
rectional dependent property of the compound. Thus, piezo-
electric or internal strain parameter £ indicates the different
response at 20 GPa as compared to the other computed values.
While for SMO, the abrupt increase in the value of £ is be-
cause of near about transition from indirect to direct band gap
at 40 GPa and above.

ZMO compounds exhibit ductile nature according to
Pough’s (B/G) and Frantsevich’s (G/B) ratios. Ductile nature
can be estimated by (B/G) > 1.75 and (G/B) < 0.57 and brit-
tle nature of compound by (B/G) < 1.75 and (G/B) > 0.571.
All the mentioned properties can be observed with the help of
Table 3.

Tetragonal shear constant C,, = 0.5(Cy; — C)2) explains
the dynamical stability. For Cy > 0, material is stable, and
Co < 0 portrays an unstable structure. For Cy — 0, the mate-
rial exhibits superplastic deformation. In the present study,
ZMO does not exhibit plastic deformation/*”! which is ob-
tained by

(6C44)(C11 —C12)

"~ (C11—C12) +8Cus”

We have also appraised the hardness of ZMO’s using Vickers
hardness Hy:* Hy = 0.92(G/B)""137G%7% " This property
expounds the capability of ZMO’s to confront against being
dented. We have found in our study that hardness of BMO is
higher than SMO under all the pressure range. Moreover, the
induced pressure increases the hardness of the stable present
compounds by decreasing the interatomic distances between
the content atoms.

Table 3. Pressure P, bulk modulus B, shear modulus G, Young modulus E, hardness H,, super plasticity , melting temperature 71, Debye
temperature @, minimum thermal conductivity Apy;, (at 0 K), Kleinman parameter &, and Gruninsen parameter 7.

Compound P/GPa B/GPa G/GPa E/GPa H,GPa &/GPa Ty/K£300 O/K  Apin/W-K~'.m™! & y
ol201 197 93 242 - - 2620.87  391.14 - 0.490 -
10 216 110 282 0.028 0.154 294259  421.92 0.6728 0.448 3334
20 254 130 332 0.032 0.174  3275.02 45473 0.7349 0.471  3.330
BaMoO; 30 289 153 390 0.037 0213 380227  491.07 0.7992 0.436  3.254
40 323 169 432 0.039 0246  4318.11  513.86 0.8456 0.409 3276
50 355 194 491 0.045 0279 470120  546.83 0.9034 0.408 3.192
ol2el 189 85 223 - - 2619.12  410.54 - 0.460  —
10 223 94 248  0.020 0.148  3117.86  428.60 0.7112 0.420 3.740
SrMo03 20 260 121 313 0.027 0.188  3639.28  480.82 0.7988 0398 3.538
30 296 136 353 0.029 0213 410897  507.03 0.8534 0.389  3.566
40 330 149 388 0.030 0233  4449.05  528.73 0.9005 0.401 3.598
50 363 166 431 0.033 0263 497694  555.15 0.9523 0378 3.573
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We have calculated the Cauchy pressure, C” = Cjp — Cyy,
which is used to analyze the origin of angular attributes of
atomic bonding present in the unit cell. For a negative value of
C”, the majority of the bonds of a compound exhibits covalent
bonding. While, for a positive value of C”, ionic bonding is
retained in majority of the bonds. Johnson!*! and Pettifor!>°]
suggested the positive values of C” as a metallic character. In
our study, ZMO’s exhibit majority of the bonds in the unit cell
as having ionic character along with a metallic nature of the
compounds. The increase in the measured value of C” under
pressure suggests a more metallic nature.

We have calculated Debye temperature @'l and the
melting temperature Ty >

o[

and Ty = 553 4 (5.91 x Cy1)/GPa, respectively, where v; and
v, the longitudinal and transverse wave velocities, respec-
tively, are used to calculate Vp,, i.e., average sound velocity >3]

o[tz 1 -3
T3\ v '

For the temperature range ® < T < Ty, the high-frequency
mode of phonon oscillations may occur. For 7' < ®, phonon
oscillations would expect to be frozen. The increase in Debye
and melting temperatures agrees with the hardness results that
are found above with the increasing pressure. The calculated
Debye and melting temperature values show the high modes
of oscillations in BMO and SMO under variant pressure. This
characteristic of BMO and SMO may have applications in the
appliances which work at high temperatures.

Gruninsen parameter Y may also suggest a degree of an-
harmonicity in the chemical bond. The higher the Gruninsen
value, the higher the anharmonicity, which generally drives
greater phonon-phonon scattering. We have calculated the
Gruninsen parameter using relation® y = [3(14-u)]/[2(2 —
3u)]-

In the case of BMO, we have found that y decreases as the
pressure increases up to 30 GPa and then suddenly the calcu-
lated value of y increases at 40 GPa and then decreases again

! from the relations

as the pressure increases at 50 GPa. Whereas, the calculated
value of y for SMO decreases with the increase of pressure
up to 20 GPa then suddenly increases at 40 GPa and then re-
turns to a decrease at 50-GPa pressure. We conclude from
Table 3 that this abrupt behavior for both SMO and BMO is
because of shifting in electronic states from indirect to nearly
direct band gap transition. This is because of electronic con-
figuration of Ba and Sr atoms. For Ba atom the ionic radius
(268 pm) and filled electronic states (1s2, 2¢2, 2p6, 3s2, 3p6,
3d10, 452, 4p®, 4d'05s2, 5p%, and 6s2) are higher than Sr with
an ionic radius of 255 pm and filled electronic states (152, 2¢2,
2p6, 3s2, 3p6, 3d10, 4s2, 4p6, and 552). Once the states be-
come available with minimum energy to form a stable chem-
ical bond for conduction, it increases the anharmonicity with
the increase of pressure. After the occurrence of transition
and stability, it decreases. The available conduction states in
case of Sr begin to transform from indirect to direct at 30 GPa,
prior to Ba where it occurs at 40 GPa. The full transition from
indirect to direct band gap occurs above 50 GPa for both the
compounds. Using Cahill criteria, > minimum thermal con-
ductivity Apin of BMO and SMO have been computed from
Amin = (k/2.48)(np)?3 (VL + 2Vr), where ny, k, Vi, and V.
are number of atoms per unit volume, Boltzmann constant,
transversal and longitudinal sound velocities, respectively.

To the best of the author’s knowledge, there is no data (ex-
perimental or theoretical) available in literature for the com-
parison of the elastic and thermal properties of these com-
pounds under pressure. So, our results can be used for com-
parison in future experimental or theoretical investigations.

3.4. Optical treatment of ZMO under pressure

The complex dielectric function, e(®) = & (@) +i& (),
is used to depict the response of the applied electromagnetic
field and to calculate the optical properties of the BaMoOj3 and
SrMoOj3; compounds. The imaginary & (®) and real € (w),
part of the dielectric function for the BaMoO3z and StMoO3
compounds, are calculated for different values of pressure in
the energy range up to 35.0 eV, as shown in Figs. 5 and 6,
respectively.

10 — p=0GPa 12
BaMoO, —_ p=10GPa " SrMoO,
8 — p=20 GPa
— p=30 GPa 8
6 —— p=40 GPa
\% — p=50 GPa 6
4
4 ) A
0 0 e
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Energy/eV Energy/eV

Fig. 5. The imaginary part & (@) of the dielectric function €(®) for BMO and SMO.
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16 16
—p=0GPa
14 Bal\/[o()5 p= 10 GPa 14 SI‘]\/IOO3
12 p=20 GPa 12
10 p=230 GPa 10
p=40 GPa
E 3 ——p=>50 GPa 8 I
W 6 6 Y/
A
4 4 i/l \
9 2
0 0
—2
—2
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Energy/eV Energy/eV

Fig. 6. The real part € () of the dielectric function €(®) for BMO and SMO.

The & (®) spectrum is calculated by considering all possible transitions from the valence to the conduction states that are

calculated by the following matrix formula:>®!

h%e?

Tm2w?

&(w)= (

where p is the momentum matrix element between o and 3
bands states with momentum k, v, and ¢ are the crystal wave
functions corresponding to the valence and conduction bands
with crystal wave vector.

The zero-frequency limit of the calculated & (0) of the
BMO and SMO compounds are found to be 3.14 and 2.26 for
the variant pressure, respectively. These values appear as a re-
sult of crossing the valence bands of Mo-d and O-p states to the
conduction bands through Fermi level. Beyond these points,
the different spectra have increased sharply and reached the
maximum sharp peak around 9.56 for BMO and 10.27 for
SMO. The spectra have decreased sharply and reached zero
approximately. The threshold point energy of &(w) is rep-
resented by the fundamental absorption edges. These points
occur around 2.68 eV and 2.93 eV for the variant pressure of
the BMO and SMO compounds, respectively, which are due to
the electrons transitioning from Mo-d and O-p states of the va-
lence bands to Mo-d and O-p states of conduction bands. The
effect of the pressure on the calculated fundamental absorp-
tion edges values is not observed because the locations of the
valence and conduction bands around Fermi level are approx-
imately the same. The spectra are increased as a result of the
increase in the number of points that are participating toward
&(w). The first peaks are located around 3.82 eV and 3.80 eV
for the variant applied pressure of the BMO and SMO com-
pounds, respectively. These are due to the transitions of elec-
trons from the Mo-d and O-p states of the valence band to the
Mo-d and O-p states of the unoccupied conduction bands. Be-

yond the first peak, the spectra are found to be distinguishable

V. @l 11?008~ - ),

ey

and have the same character for different applied pressures.
This dispersion is due to the small difference in the locations
of the valence and conduction bands. The & (w) spectra are
fluctuated to reach a saturation. The second peak is related to
the contribution of the electron transition from the occupied
Mo-d and O-p states of the valence band to the Mo-d, Ba-d (or
Sr-d), and O-p states of the unoccupied conduction bands.
The € (w) spectra of the BMO and SMO compounds
are calculated from & (®) using Kramers—Kronig dispersion

relation 0!

@

2 r~o'g(e)do
g@=1+=P| ————
(@) =1+2p [ T}

where P represents the principal value of the integral.

The zero frequency limits of the real part of the dielectric
function, €(0), represents the static dielectric constant. The
calculated € (0) values are found around 15.62 and 15.76 for
the BMO and SMO compounds, respectively. These values are
found higher than that calculated for the BaTiO3 and SrTiO3
compounds!®’! since the present compounds have a metallic
character. The effect of the applied pressure on the &;(®) val-
ues appears above 3.50 eV approximately. The & (®) spectra
reach the maximum value at 0 GPa, of 8.30 around 4.23 eV
for BMO and 7.92 around 4.48 eV for SMO. The maximum
values of €] (@) are found to be decreasing as the applied pres-
sure increases. The spectra are fluctuated to reach the negative
values in the different energy ranges. In these ranges, the com-
pounds are assumed to have a metallic character. Both com-
pounds have a high dielectric constant which can be assumed

to have useful microelectronic industrial applications.
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The optical spectra such as the refractive index n(®), re-
flectivity R(®), absorption coefficient I(®), energy loss func-
tion L(®), and optical conductivity 6(®), are computed in
terms of & (®) and & (®) with the following formulas: %!

1/2
e(0) + () +&(0)
n(a)) = B (3a)
2
n+ik—1
R(w) = ikl (3b)
I(w) =20k(w), Bc)
I 1(2))
1= o) refto) oo
(o) =g(o)+ M. (3e)

0]
The calculated refractive index spectra of BMO and SMO are

shown in Fig. 7, respectively. The zero-frequency limit of

4

——p=0 GPa
—p=10 GPa
— p=20GPa

Energy/eV

the refractive index, n(0), represents the static refractive in-
dex which is an important optical parameter. This calculated
parameter is found about 3.97 and 4.00 for BMO and SMO,
respectively. These values are approximately equal for both of
the present compounds under the variant applied pressure be-
cause the conduction bands of the present compounds have the
same character. The n(0) values of the present compounds are
found higher than that computed for BaTiO3 and SrTiOj.17!
This variation is due to the metallic behavior of the present
compounds around Fermi level. The n(®) spectra decrease
sharply then they are fluctuating. In the high energy level, the
computed n(®) value is less than unity and reaches its mini-
mum value at about 0.23 for both the compounds. In this re-

gion, the present compounds are expected to be superluminal

for high energy photons.
4
SrMoO,
3

Energy/eV

Fig. 7. The refractive index n(w) of the dielectric function &(®) for BMO and SMO.

— p=0 GPa

0.6 p=10 GPa BaMoO,
—p=2 P

05 p=20 GPa

0 5 10 15 20 25 30 35
Energy/eV

0.6 SrMoO,

Energy/eV

Fig. 8. The reflectivity R(®) of the dielectric function &€(®) for BMO and SMO.

Figure 8 presents the calculated reflectivity spectra of the
studied compounds. The zero-frequency limit of R(0) for the
BMO and SMO compounds under the variant applied pres-
sure is found at 36.1% and 36.3%, respectively. Beyond R(0)

value, the R(w) spectra decrease sharply then fluctuate to
reach minimum value under 0 GPa about 3.0% at 14.87 eV and
3.6% at 14.82 eV for the BMO and SMO compounds, respec-

tively. The maximum calculated R(w) value is found around
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51.7% at 25.92 eV and 60.4% at 25.59 eV under 0 GPa for
the BMO and SMO compounds, respectively. The calculated
R(w) is found to be higher than 10% in the most part of the en-
ergy range. From this behavior, we can expect that the present
compounds have a high ability in avoiding a solar heating and
beneficial for the thermoelectric applications. In the energy
range 13.67 eV-16.85 eV for BMO and 13.35 eV-25.59 eV
for SMO, the R(w) values are lower than 10% and the incident
photons have a high transparency through the compounds.
Thus, we can expect that in this energy region, the present
compounds under the variant pressure could be used as anti-
reflection coating and lenses. The minimum and maximum
calculated R(w) values of the present compounds are slightly
varying under applied pressure due to minute distinctions that
occur in their conduction band. These variations shift the R(®)
curve to the high energy level that yields to increase the so-
lar sheltering heating in the energy around 15.0 eV due to the
increase of the pressure. At the energy around 26.0 eV, the
R(w) value is slightly decreased due to pressure. We suggest
that for the present compounds, the values of reflectivity differ
slightly, depending on the energy level with small effect from
the applied pressure.

350 —p=0GPa BaMoO
— a o 3
300 | P= 10 GPa
p=20 GPa
250 p=30 GPa
E p=40 GPa
&)
S 200 ——p=>50 GPa
Al
=
3 150
=
100
50
0
0 5 10 15 20 25 30 35
Energy/eV
400
SrMoO,
300
\
T \
£ 200 \
= . ‘
S Y
= ‘
3 s \
~ 100 / \
\\ /
I\l
0

0 5 10 15 20 25 30 35
Energy/eV

Fig. 9. The absorption coefficient /() of the dielectric function €(®) for
BMO and SMO.

The calculated absorption coefficient /() of the present
compounds as a function of energy are displayed in Fig. 9. The
effective energy point from which a compound starts absorb-
ing the electromagnetic radiations sharply is called the thresh-
old in /(w). This energy is found around 2.92 eV and 3.09 eV
for BMO and SMO, respectively. In the high energy level,
the maximum /(@) value is found to be 318.5 x 10* cm~! at
19.22 eV for BMO and 394.5 x 10* cm ™! at 23.82 eV for SMO
under 0 GPa. These values are found lower than that calcu-
lated for BaTiO3 and SrTiO3.7] Both compounds have a high
absorption coefficient in the ultraviolet spectrum region.

The electron energy loss function L(®) depicts the plas-
mon oscillations of the electrons passing through the com-
pound that is shown in Fig. 10. The plasmon peak is the
sharpest resonant peak that appears in L(®) spectrum. These
peaks are found at around 25.37 eV and 28.69 eV for BMO
and SMO under 0 GPa, respectively. The plasmon peak tra-
verses to the high energy level as the applied pressure on the
compound increases. At these peaks, the calculated € (®)
value approaches zero.

9
— p=0GPa
8 p=10 GPa
7 p=20 GPa
p=30 GPa
6 p=40 GPa
E 5 p=50 GPa
N4
3
2
BaMoO,
1
0

0 5 10 15 20 25 30 35
Energy/eV

Energy/eV

Fig. 10. The electron energy loss function L(®) of the dielectric function
&(w) for BMO and SMO.

Figure 11 presents the optical conductivity o(®) spectra
of the studied compounds. These spectra depict the conduc-
tion of the electrons due to the applied electromagnetic field.
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The threshold points in o(®) are located around 2.92 eV and
3.09 eV for BMO and SMO, respectively. These points are
consistent with the calculated threshold points in /(®). The
calculated highest peak of o(®) is around 11082 Q! .cm™!
around 18.87 eV for BMO and 12395 Q7' -cm ™! at 23.41 eV
for SMO. At these extrema points, the €;(®) spectrum is in
the negative region and the studied compounds have metallic
behavior. The calculated maximum peak value of the studied
compound is found to be lower than that calculated for SrTiO3
and BaTiO3.1571 We expect that BMO and SMO compounds
are more effective protecting material from solar heating than
SrTiO3 and BaTiO3 due to their high optical parameters.

12
——p=0GPa
" BaMoO, p=10 GPa
p=20 GPa
g p=30 GPa
p=40 GPa
—— p=50 GPa

o(w)/kQtcm™!
o

2
0
0 5 10 15 20 25 30 35
Energy/eV
14
12 SrMoO,
10

o(w)/kQtem™!
o

0 5 10 15 20 25 30 35
Energy/eV

Fig. 11. The optical conductivity o(®) of the dielectric function €(®) for
BMO and SMO.

The oscillator strength of the sum rule spectra N(o) for
the present compounds is displayed in Fig. 12. These spec-
tra are used to calculate the effective number of valence elec-
trons per unit cell that are contributing in the inter-band tran-
sitions. The calculated effective number of electrons is zero
up to 3.54 eV. Beyond that, the N(®) spectra are increased
until they saturate at about 26.46 eV for BMO and 28.45 eV
for SMO. This shows that the deep lying valence states do not
participate in the inter-band transition.

The optical results expect that the BMO and SMO com-

pounds own beneficial optical applications in high energy re-

gions due to their high optical conductivity and absorption
range. It is found that there are no significant variations in the
calculated optical spectra of the present compounds under the
variant applied pressure due to their conduction bands being
almost the same.

25
—p=0GPa
p=10 GPa
20 | ——p=20 GPa
p=30 GPa
15| ——r= 40 GPa
. —p=50GPa
3
< 10
5
BaMoO,
0
0 5 10 15 20 25 30 35
Energy/eV
25
20
15
3
Z
10
5
SrMoO,
0

0 5 10 15 20 25 30 35
Energy/eV

Fig. 12. The sum rule N(®) of the dielectric function &(®) for BMO and
SMO.

4. Conclusions

First principles calculations based on density functional
theory (DFT) are used to perform the structural, electronic,
elastic, and optical properties of the cubic ZMoO3 (Z =Ba
and Sr) molybdates in the pressure range of 10 GPa-50 GPa.
The enthalpy of formation energy and elastic constants predict
that the present compounds are thermodynamically and elasti-
cally stable under pressure up to 50 GPa. The electronic prop-
erties predict that BMO and SMO have anti-ferromagnetic
and metallic characters. These compounds exhibit anisotropic,
ductile, and ionic bond nature. The hardness and metallic na-
ture of BMO are found to be higher than that expected for
SMO. These nature properties are predicting to increase as
pressure is increasing. BMO and SMO expect to own bene-
ficial industrial applications for appliances that work at high
temperature under variant pressure. The optical properties of
BMO and SMO are investigated using the real and imaginary
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part of dielectric function. The main peaks in the optical spec-
tra are discussed using the projected density of states for the
content atoms. The static refractive indices of BMO and SMO
are found to be about 3.97 and 4.00. The optical parameter
values have small variation under the variant applied pressure.
The different optical parameters of BMO are found higher than
that computed for SMO. Due to the optical properties of BMO
and SMO, we predict these compounds are useful in the anti-
reflection coating, lenses, and the high avoiding solar heating
applications in the variant applied pressure.
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