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Using density functional theory (DFT) with the ONCVVPSP pseudopotential and PBE functional, this study inves-
tigates the structural, electronic, elastic, optical, and thermoelectric properties of the trigonal LaBiO3 perovskite
oxide (space group R3c). Ground-state parameters lattice constant, volume, bulk modulus, and its pressure
derivative were determined using the equation of state. Applying the Hubbard correction (GGA+U) revealed
an indirect, wide band gap of 3.51 eV. Mechanical properties, including the anisotropy factor, elastic modulus,
and Poisson’s ratio, were calculated via the Voigt-Reuss-Hill averaging scheme. The bulk-to-shear modulus ratio
identifies the trigonal phase as ductile. Additionally, Debye temperatures and sound velocities were computed.
Optical characteristics (absorption coefficient, refractive index, and electron energy loss function) were evalu-
ated across a 0-35 eV spectral range. Finally, semi-classical transport coefficients, including electrical conductiv-
ity, Seebeck coefficient, and power factor, were calculated to assess the material's thermoelectric potential.
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1. Introduction

Today, an increase in energy demand all over the world has prompted researchers to seek alternative
materials that support clean and sustainable energy. Perovskite based materials have been established as a
family of materials for light harvesting, energy conversion and storage [[1H3]]. In recent decades, inorganic-
organic or organometal halide perovskites have gained prominence, although their origins trace back to
the early 20th century. For the first time, the synthesis and physical properties of organometal lead halide
perovskite was reported in 1970 [4]. Following this, the organometal lead halide perovskites have emerged
as a candidate for solar cell absorbers with the first solar cell reported in 2009 [S]]. Recently, the perovskite
solar cells have attracted researchers due to a significant increase in power conversion efficiency from
3.8% to 25.5% [6].

Perovskite devices use light-absorbing materials with the perovskite crystal structure, generally ex-
pressed as ABX3. In this structure, A and B are cations of different sizes, while X is typically an oxide or
halide anion linking them [7, |8]. The A-site cations, usually larger and lower in valence such as Ca or La
occupy 12-fold oxygen-coordinated positions. Smaller B-site cations, including Co or Cr, sit in six-fold
octahedral coordination. Both sites can be modified by substituting metals or semi-metals. When lower-
valence cations replace A or B, the charge imbalance creates oxygen vacancies. These vacancies enable
mixed ionic-electronic conductivity, mainly governed by transition-metal centers, and help maintain the
charge neutrality within the lattice [9, [LO].

Despite the growing interest in organic halide perovskite materials, significant challenges remain
before they can be broadly adopted for large-scale commercial applications. One major concern is the
presence of toxic lead (Pb), which poses environmental and health risks. Additionally, these materials

*Corresponding author: menberu.mengesha@ju.edu.et

[(co T2 This work is licensed under a|Creative Commons Attribution 4.0 International License. Further distribution 33703-1

of this work must maintain attribution to the author(s) and the published article’s title, journal citation, and DOL.


https://doi.org/10.5488/CMP.29.33703
https://cmpj2.icmp.lviv.ua
https://orcid.org/0000-0001-8541-6707
https://orcid.org/0000-0002-4911-2455
https://orcid.org/0009-0008-5406-0224
https://orcid.org/0009-0006-8738-1556
https://orcid.org/0000-0003-3843-8326
https://orcid.org/0000-0001-9762-0123
https://orcid.org/0000-0002-1413-4881
mailto:menberu.mengesha@ju.edu.et
https://creativecommons.org/licenses/by/4.0/

M. M. Woldemariam et al.

are highly sensitive to moisture, leading to rapid degradation [11], and they suffer from ion migration,
which raises concerns about long-term stability [12]. Their ultralow thermal conductivity also contributes
to potential heating and mechanical stress during operation [13]]. Whereas ongoing research is making
progress in addressing some of these issues, others may be inherent to the nature of organic lead halide
perovskites and therefore difficult to overcome.

Perovskite oxides have garnered a considerable scientific attention because of their diverse and
flexible potential applications. These materials are being explored across various applications, including
fuel cells, power generation, magnetic sensors, spintronics, actuators, high-pressure magnetic and optical
sensors, supercapacitors, high-strength composites, radiation tracers, piezoelectric and thermoelectric
material. This broad applicability has driven extensive research efforts aimed at unlocking their full
potential [[14}[15]].

To our understanding, the structural, electronic, elastic, optical, and thermoelectric properties of
LaBiOs3 have not been thoroughly investigated using first-principles methods. We assessed their structural
stability using the commonly employed octahedral and Goldschmidt tolerance factors. The electronic
properties are calculated by considering GGA-PBE [17]] as well as density functional theory (DFT)
with the Hubbard functional (GGA+U) [18]] for exchange correlation potential using Quantum Espresso
Package (QE). The thermodynamic properties are calculated using the thermo-pw software interfaced
with Quantum Espresso [22]. Moreover, the optical properties were evaluated using time-dependent
density functional perturbation theory (TD-DFPT) within the independent-particle formalism and the
random phase approximation. In addition, the semi-classical transport coefficients are determined within
the Boltzmann transport theory using BoltzTrap code [23]. Overall, with such predictable properties,
these materials hold a considerable potential for thermoelectric and optoelectronic applications, albeit
requiring experimental confirmation.

2. Computational details

In this work, the first principle computations were performed within Quantum Espresso software
Package (QE) [[16] based on the density functional theory (DFT) as implemented within the generalized
gradient approximation (GGA) with the Hubbard correction (GGA+U) [18]. The effective Hubbard
parameter (U.g) was calculated iteratively for La-5d orbital using a linear response formalism utilizing
DFPT with ortho-atomic projection method [19] and found Ueg = 1.65 for La (d). The optimized norm-
conserving Vanderbilt pseudopotential (ONCVPSP) with Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional were used to treat the interaction of the electrons with the ion cores as in [[19].
For the calculations, the relevant valence electrons are La-[Xe]5d!6s!, Bi-[Xe]4 f ]45d106s26p2, O-
[He]2s%2p*. Careful tests were performed to ensure the convergence of calculations concerning the
plane-wave cut-off and k-point mesh. Crystal structure optimization is done using a plane wave cutoff
energy of 60 Ry and the Brillouin zone with an 8 X 8 x 8 Monkhorst-Pack k-point grid [20] based
on the convergence criteria — energy 107 Ry, force 10~3 Ry/Bohr, and cell pressure 0.5 kbar —
with the help of Brodyden—Fletcher—Goldfarb—Shanno (BFGS) method [21]. Thermodynamic properties
were calculated using Thermo-pw code [22]. The semi-classical transport coefficients were obtained by
converting the Quantum Espresso output generated with a dense k-point mesh into a format compatible
with the BoltzTraP code [23]].

3. Result and discussions

3.1. Structure properties

In this study, the trigonal structure of LaBiO3 [with space group R3c (161)], was considered as shown
in figure || In the trigonal structure of LaBiO3, both La®* and Bi** cations are coordinated to six oxygen
atoms forming distorted octahedra. Unlike the corner sharing network found in cubic perovskites, these
LaOg and BiOg units are aranged in a more densely packed framework characterized by edge sharing and
face sharing connectivity. Especially, the Bi** ion is coordinated to six equivalent O?~ atoms, resulting in
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a distorted BiOg octahedron where the distortion is derived by the streochemical activity of the bismuth
652 lone pair. The La>* ion is surrounded by six equivalent O~ atoms, where the La—O bonds measure
2.43 A, the Bi—O bond length is 2.11 A and the La—Bi measure 3.2 A.

The Goldschmidt factor is a crucial parameter for providing structural information on perovskites.
The modified form of Goldschmidt tolerance factor (7) is given by [24]:

:L (rLa +70) (3.1)

V2 (rei+ro)’

where r,, i and ro are ionic radii, respectively.
, *,_{/?b
Figure 1. (Colour online) Crystallographic structures of R3c LaBiOj3.
Typically, a tolerance factor of 0.9-1.0 produces an ideal cubic arrangement, while a factor between
0.71 and 0.9 induces a distorted perovskite structure featuring tilted octahedra. Non-perovskite structures

are formed when the tolerance factor is higher (> 1) or lower (< 0.71) [24]. La** exhibits a calculated
tolerance factor of 0.81, which verifies the stability of a cubic perovskite structure, as displayed in table[T}

Table 1. The ionic radii and calculated tolerance factor of LaBiOs.

Ions Ionic radius (A) Tolerance factor

Lat3 1.36
Bi*3 1.02 0.81
02 1.4

In this study, the structural stability and total energy as a function of atomic volume for La**
were investigated through total energy minimization using PBE-GGA and GGA+U exchange-correlation
functionals. From the optimized geometry, the lattice constant is calculated as 11.3 a.u. using GGA-PBE
and 11.6 a.u. using GGA+U. The equilibrium lattice potential, related to the total energy, was evaluated
via a set of strained lattice configurations. These findings enable the calculation of the equilibrium unit
cell volume (Vj), bulk modulus (By), and its pressure derivatives (B(). A series of volume-dependent
total energy calculations can be fitted to an equation of state consistent with Murnaghan equation of state
(energy versus volume) [25] as

BoV
By

BoVo
B, —1

By
Vo/V) 1

E(V)=Ey+
(V) =Eo B -1

(3.2)

where By is an equilibrium bulk modulus that effectively measures the curvature of the energy versus the
volume curve about the relaxed volume Vj, and BE) is the derivative of the bulk modulus. The calculated
total energy is fitted into the Murnaghan equation [25] for a number lattice constant demonstrated as
shown in figure[2] The computed values of the unit cell volume (Vp), bulk modulus (By), and its pressure
derivative (B,)) are presented in table Furthermore, the results indicate that the GGA+U approximation
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Figure 2. (Colour online) Volume versus energy and pressure.

yields a lower bulk modulus and its derivative, along with an increase in the lattice constants and volume,
compared to those obtained using GGA-PBE.

The formation energy of compound is among the most crucial parameters determining its stability.
The higher are the negative values of the formation energy, the more stable the compound is predicted to
be [26]. The formation energy, AH, for this system as in [27]] can be calculated as:

1
Niot’

AH (LaBiO3) = {E(LaBiO3) — [NLaEot(La) + NpiEior(Bi) + NoEiot(0)]} (3.3)

where Np,, Ngi, and No are total numbers of La (= 1), Bi (= 1), and O (= 3) atoms respectively, and
Niot 1s total number of atoms in LaBiO3 (= 5). The formation energy is determined and given in table
The negative values indicate that the energy gained during the formation confirms that the compounds
are stable.

Table 2. Calculated values of equilibrium lattice constant, unit cell volume, bulk modulus and its derivative
of LaBiOj3 in comparison with existing works.

Source Phase a(au.) Vol(au’) B(GPa) B’ AH (eV/atom)
GGA-PBE Fm-3m 113 1442.89 91 431 —2.6343
GGA+U 11.6 1560.89 89 4.24 -

3.2. Elastic properties
Mechanical properties

The elastic constants of a material define its mechanical behavior. They offer crucial insights into
the properties such as mechanical stability, brittleness, ductility, rigidity, elastic moduli, Poisson’s ratio,
and the elastic anisotropy of materials. The complete elastic constant tensor was determined from
calculations of the stresses induced by slight deformations of the equilibrium primitive cell and thus, the
elastic constants C; ;i are determined as [28),29].

1 9%E
Y B \% 68,’j86k1

(90',']'

) 4
den, 3.4

Cijr =

X
where E denotes the Helmholtz free energy, ;; and &g, represent the imposed stress and Eulerian strain
tensors, respectively, and y refers to the coordinate variables.
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For the case of trigonal crystal, there are six independent elastic constants (Ci1, Cy2, C13, Ci4, C33,
and Cy4) that should satisfy the six well-known mechanical stability criteria [30]

Ci1—Cia>0, (C;1+Cip)C33-2Ci >0, (Cyy—C1a)Cag —2C7, > 0. (3.5)

These criteria ensure that the crystal will not undergo any spontaneous deformation under small pertur-
bations, indicating a mechanical stability. If any of these conditions are violated, the crystal is likely to
be unstable under elastic deformations.

The elastic constants calculated for a trigonal structure R3c (161) LaBiO3; were found to be Cy; =
216.15 GPa, C12 =127.8 GPa, C13 =73.05 GPa, C14 =5.10 GPa, C33 =96.99 GPa, C44 =39.67 GPa,
and Cg = 44.17 GPa with GGA+U approximation that satisfy the above mechanical stability conditions.
From the calculated elastic constants, the mechanical parameters such as the Young modulus (E), shear
modulus (G), Poisson’s ratio (1), and Pugh ratio (r) are determined by using the Voigt—Reuss—Hill
(VRH) average approximation [31]].

The upper limit and lower limit of the actual effective modulus correspond to the Voigt bound based
on uniform strain throughout a polycrystalline assumption and the Reuss bound based on the uniform
stress throughout a polycrystalline assumption obtained by the average polycrystalline modulus [32]. For
trigonal lattices, Voigt bulk modulus (By) and shear modulus (Gy ) are

1 1
By = §[Z(C11+C12)+4C13+C33], Gy = E[2C11—C12+C33—2C13+6C44+3(C11—C12)/2], (3.6)

and the Reuss bulk modulus (Bg) and the Reuss shear modulus (G g) are described as:

(G +C)Cs3 - 2CF; B 15
T Ci +C1p+2Cx3 —4C13° R 42811 + S33) — 4(S12 +2513) + 3(2S4s + )

R (3.7)

where §;; are the compliance constants. The Voigt and Reuss schemes establish the theoretical maximum
and minimum limits of the real polycrystalline elastic parameters. Therefore, the practical approximation
of the bulk and shear moduli can be considered as the arithmetic mean of the two extremes [33]. The
Hill’s average for the shear modulus (G) and bulk modulus (B) is described by

1 1
G = E(GV +Ggr), B= E(BV + BRr), (3.8)

where Bgr and G are the Reuss bulk and shear moduli, and By and Gy correspond to the Voigt bulk and
shear moduli. Moreover, the Young modulus (E), Poisson’s ratio (1), anisotropic index (A’) are given
by [29,[32]33]

9BG 3B-2G Gy By
L A il VY A A 3.9
3B+G T 2(3B+0) Gr ' Br 3-9)

Table 3. Mechanical properties calculated from the elastic constants of LaBiO3.

Source By Gy Br Gr B E G n r Al
GGA+U 119.76 41.81 92.33 38.12 106.045 106.52 3998 0.33 038 0.78

The calculated Bulk modulus is 109.16 GPa using the GGA+U exchange correlation functional. The
bulk modulus values derived from elastic constants (table [3) and from the equation of state (table [2)),
obtained with GGA+U (91 GPa), show a close agreement with only minor variation. The ductile or
brittle nature of a metallic material directly governs its mechanical behavior and likewise dictates its
mode of failure. Pugh et al. [34] introduced the ratio of bulk modulus to shear modulus B/G (2.64) as a
reference for the judgment of the ductility of a material. For a normal material, if its B/G value exceeds
1.75, the material is ductile, otherwise it is brittle [35]]. From table 3] the calculated B/G ratio (GGA+U)
for the trigonal R3c (161) LaBiO3 structure indicates that the material posesses good ductile behavior.
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Furthermore, Poisson’s ratio (77) serves as a mechanical indicator that provides a valuable insight into
the nature of the bonding forces. In the evaluation of Poisson’s ratio, 0.25 and 0.5 are the lower and
upper limits of the central force, respectively [35]. From table 3] the Poisson’s ratio (1) obtained using
the GGA+U approach is 0.33, which falls within the expected bounds and signifies that the interatomic
bonding forces are predominantly central in nature. The universal anisotropic index (A’) is a measure
to quantify the elastic anisotropic characteristics based on the contributions of both bulk and sheared
moduli [34]. Its value equals zero for a perfectly isotropic material. When (A # 0), the magnitude of its
value reflects the degree of elastic anisotropy, with any positive or negative deviation from zero indicating
an increased level of anisotropy. The computed universal anisotropic index (A*) for trigonal structure
LaBiO3 is 0.78 with GGA+U, indicating the anisotropic property.

Thermodynamic properties

One of the fundamental properties of materials, the Debye temperature (6p), correlates with many
physical properties of solids such as specific heat, elastic constant and melting temperature [33]]. One
of the known approaches to calculate the Debye temperature (6p) can be estimated from the averaged
sound velocity (C,,) and is given by [35]]

0 _ h |3nNap
D_kB 4z M

where £ is Plank’s constant, kg is Boltzmann’s constant, N is Avogadro’s number, p is density, M is
molecular weight and » is the number of atoms in a formula unit. Then, C,,, is

Cm = [%(%+%)]_3 (3.11)

N

1
3

C, (3.10)

where ¢; and ¢, are the longitudinal and transverse sound velocity. These velocities can be obtained from
density, shear and bulk modulus of the material as:

B+3G 3
c,:( ) , (3.12)
o
¢ = (9)2. (3.13)
o

Using a relaxed unit cell volume of 1042.064 a.u.? (1.544 x 10722 cm?) from the Quantum ESPRESSO
output, the calculated mass density of BaTiOs is 8.54 g-cm ™3 (8.54x 10° kg-m™~3). This value was derived
using the standard relation between unit-cell mass and volume, which incorporates the atomic masses of
Ba, Ti, and O.

Based on the determined elastic constants and density, the derived longitudinal ¢; and transverse c;
sound velocities, the average sound velocity Cj,, and the Debye temperature 6, for LaBiOs3 are presented
in table

Table 4. Computed parameters of sound velocities, and Debye temperature of LaBiOs.

Sourse c; (m/s) ¢; (m/s) C,, (m/s) 6p (K)
Calculated value (GGA+U) 4322.63 2171.10 2405.32 288.82

The thermodynamic properties of the perovskite structure were further examined using the quasi-
harmonic Debye model [38]]. In this framework, the nonequilibrium Gibbs free energy G(V, P,T) is
described by:

G(V;P,T)=E(V)+PV+F,p[0p(V);T]. (3.14)
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Here, E(V) represents the total energy per unit cell, PV stands for the applied hydrostatic pressure,
0(V) denotes the Debye temperature as a function of volume, and F,;; corresponds to the vibrational
Helmbholtz free energy. Within the quasi-harmonic Debye model, which incorporates the phonon density
of states, the vibrational Helmholtz free energy F;p, is expressed as [38 139]:

96 -0/T fp
ﬁ+3ln(1—e )—D(—)], (3.15)

Foip(0p;T) = nkgT T

where 7 is the number of atoms per formula unit, D(6p /T) denotes the Debye integral. For an isotropic
solid, fp can be expressed as [30,132]

0 = 2= 62V )P (o) VBLTM. (3.16)
B

Here, M is the molecular mass per unit cell and By is the adiabatic bulk modulus, which characterizes
the compressibility of the crystal and is approximated by the static compressibility as [30]:

d*E(V)
Bs=B(V)=V v (3.17)
Heat capacity at constant volume C,, and the entropy are expressed by
3 6p 360p/T
C, = 3nksp [4D (7) ~ op _ 1] , (3.18)
0 _8
S = nkg [4D (T)—filn(l—e r)] (3.19)

We evaluated the thermodynamic properties of LaBiO3 including enthalpy, Gibbs free energy, entropy,
and heat capacity over the temperature range of 0-800 K, as presented in figure [3] For the analysis,
both volume and temperature were considered as independent variables. As demonstrated in figure 3] the
entropy and heat capacity approach zero at 0 K, which is consistent with the third law of thermodynamics.
As temperature rises, the Gibbs free energy decreases gradually, whereas the entropy increases sharply.
These trends are consistent with previously reported results in [[32,133]]. Consequently, the enthalpy rises
nearly linearly with temperature. At higher temperatures, this increment in enthalpy contributes to a
reduction in the defect-related free energy. The heat capacity increases sharply below 200 K and then
approaches the classical Dulong—Petit limit 500 K~'mol~! above 200 K. This trend is consistent with
anharmonic corrections within the Debye model, as reported in [35) [36]. Moreover, the smooth and
continuous variation in heat capacity indicates the absence of any phase transitions up to 800 K, in
agreement with reference [30]. Overall, these results provide useful insights for future studies.
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Figure 3. (Colour online) Debye vibrational energy, free energy, heat capacity, and entropy.

33703-7



M. M. Woldemariam et al.

3.3. Electronic parameters: band structure and density of states

The density of states and electronic band structure typically offer an appropriate information for a
comprehensive characterization of electronic properties of a material. In this work, the electronic band
structure and density states of LaBiO3 along the high-symmetry directions of the Brillouin zone are
calculated using the GGA and GGA+U approach for the exchange-correlation potential, as illustrated
in figure @ The calculated band structure shows that the trigonal phase of LaBiOj is an indirect large
band gap material. Using the GGA and GGA+U exchange-correlation potential, the computed energy
gap values for trigonal LaBiO3 are 3.48 eV and 3.54 eV, respectively. The band gap value obtained by
GGA+U for exchange correlation potential is somewhat larger than the value calculated using GGA
approximation.

Band Structure DOS Band Structure DOS

6 6
—] —
4 —] ¢ —]
_— _—
2 L———— | 2 L—— |
= =
2 C
w u
w w
.0 © 0
3 3
2 ] s N~ ]
& 1 Y2 N —_—
_—
e
] ]
1 2 3 4 5 1 2 3 4 5
DOS (states/eV) DOS (states/eV)

Figure 4. (Colour online) Band structure and density state of LaBiO3 with respect to GGA-PBE (left-
hand) and GGA+U (right-hand).

3.4. Optical properties

To compute the optical properties, the complex dielectric function &(w) is employed within an
adiabatic exchange correlation functionals (AXCA) [40]]. The imaginary component, &5 (w), is determined
from the dipole transition matrix elements between valence and conduction band states, employing the
long-wavelength approximation. The dispersion of the real part of the dielectric function &;(w) was
determined from the imaginary part using the Kramers-Kronig relations. Furthermore, the experimentally
accessible optical parameters such as the refractive index Re[ep (w)]4—0, the absorption coefficient
Im[ep (w)]4—0, and the energy loss function —Im [1/ep (w)],_,0, are explored in trigonal structure of
LaBiO;. The calculated optical properties are demonstrated in figure [3]

In figure [5] the absorption coefficient for LaBiO3 shows a maximum peak at 10 eV, attributed to
single excitation. By contrast, the peak in the electron energy loss function (EELF), associated with
collective plasmon excitation, occurs at a higher energy of 30 eV. The maximum of the electron energy
loss function is observed when Re )7 (w) = 0 and Im &4 (w) is small. The imaginary component &, (w)
of the dielectric function governs the optical transition processes, with each peak representing a specific
electronic transition.

Atlow energy range (0-10 eV), the optical properties clearly describe the system as shown in figure[6]
The real part Re €)7(w) describes the refractive index of the material and how much it slows down
the light. The anomalous dispersion is observed around 6 eV and 9 eV. At the far right (10 eV), the
value drops below zero which usually indicates the onset of plasma-like behavior. The imaginary part
Im &) (w) represents the energy absorption and LaBiOj3 is transparent until about 3.6 eV due to its wide
band gap. The peaks at 6.2 eV and 9.5 eV correspond to specific electronic transitions from valence band
to conduction band.

The electron energy loss function —Im [1/&3s (w)] describes how much energy an electron loses as
it passes through the bulk of the material. Peaks in this line (10 eV) typically identify plasmone. How the
absorption constant and a refractive index changes with respect to photon enegy is described in table 3]
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Figure 5. (Colour online) The real and imaginary part of macroscopic dielectric function, and the electron
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Figure 6. (Colour online) Absorption coefficient of LaBiOj3 at low energy regime
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Moreover, the absorption coeflicient of trigonal LaBiOs3 is determined using independent particle
approximation (without considering electron interaction) and including electron interactions (Hartree
and exchange correlation effects) as shown in figure [7] The red shift of the peak is observed in the
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Table 5. Calculated values for the real and imaginary parts of the dielectric function and the refractive
index at selected photon energies LaBiOj3.

Photon energy (E) Reepy(w) Imep(w) Calculated refractive index n(w)
2.0 eV (visible range) 33 0.0 1.82
4.0 eV (near UV) 3.8 0.3 1.95
6.0 eV (resonance peak) 53 3.5 2.8
10.0 eV (high energy) -1.4 3.8 1.15

absorption coefficient when electron-electron interaction is considered. Moreover, the absorption spectra
are quenched due to the local field effects.
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Figure 7. (Colour online) Absorption coefficient of LaBiO3 with no interaction and including electron
interactions.

3.5. Transport properties

Boltzmann transport theory based on the first-principles electronic structure calculations was em-
ployed to determine the semi-classical transport coefficients. In this transport property investigation, only
the electronic contribution is considered. This approach helps to evaluate the temperature dependence
of the power factor (PF), electrical conductivity per relaxation time (o/7), and Seebeck coefficient ().
The resulting transport coefficients for LaBiOj3 are presented in figure [§].

In figure[§](top) the Seebeck coeflicient increases considerably as Fermi energy is shifted towards the
p-type region. Moreover, its magnitude increases with an increment of temperature. Particularly, strong
thermopower especially in the p-type side indicates that LaBiO3 has favorable thermoelectric behavior.
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Figure 8. (Colour online) [Top] Power factor per relaxation time (10" W/m-K?-s), [middle] conductivity

per relaxation time (101° /Q-cm-s), and [bottom] Seebeck (nV/K) as a function of energy [E — Er] (Ry)
for different temperatures 50-800 K with step of 50 K.

Figure [§] (middle) describes a strong peak of electrical conductivity per relaxation time near the
Fermi level (E — Er = 0), and then rapidly drops. This is attributed to the high density of states
near the Fermi level, which enhances the carrier concentration and, consequently, the conductivity.
As the carrier density decreases further from the Fermi energy, the conductivity per relaxation time
(o /7) drops accordingly. The result indicates that LaBiO3 becomes more conducting near the intrinsic
Fermi level. Figure [§] (bottom) reveals that the PF initially rises as the Fermi level moves away from
the reference point (towards p-type region). It reaches a maximum for each temperature and then
sharply decreases. Higher temperatures (> 600 K) show a larger peak of PF, which indicates a better
thermoelectric performance at higher temperature. Moreover, at a specific temperature of 600 K, the
estimated relaxation time 7 is 10™'% s, while the computed maximum conductivity per relaxation time
o/t is 4.3 x 101 (Q-cm-s)~!. By combining these parameters, the resulting electrical conductivity o
is determined to be 4.3 x 10° (Q-cm)~!, a value that indicates high conductivity for the material under
these specific thermal conditions. Thus, LaBiO3 shows promise for thermoelectric applications especially
in p-type regime at elevated temperatures. The transport coefficients as a function of temperature are
described in figure 0]
The transport properties indicate that the material is a p-type semiconductor, as evidenced by the
positive Seebeck coefficient which rises from 20 pV/K and plateaus near 125 nV/K at higher temperatures.
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10 Transport Properties at 0.57 x 10° /em®
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Figure 9. (Colour online) [Top] Seebeck (nV/K), [middle] conductivity per relaxation time ( 1019 /Q-cm-s),
and [bottom] power factor per relaxation time (10" W/m-K2-s) as a function of temperature.

Both the scaled electrical conductivity (o/7) and the scaled power factor (PF/t) exhibit a steady
monotonous increase across the temperature range from 50 K to 800 K, suggesting that the electronic
performance of the material is optimized for high-temperature applications. Specifically, the sharp upward
trajectory of the power factor, driven by the squared relationship with the Seebeck coefficient (S2),
indicates that the material reaches its maximum thermoelectric efficiency at approximately 800 K, where
it reaches its peak value of 7 x 10! W/(m-K?-s).

In conclusion, LaBiO3 demonstrates a promising thermoelectric performance, particularly under p-
type doping and high temperatures (> 500 K). Enhanced power factor and Seebeck coefficient at elevated
temperatures indicate suitability for waste heat energy conversion and thermoelectric devices.

4. Conclusion

The structural, electronic, elastic, thermodynamic, optical and thermoelectric parameters of trigonal
LaBiO3 perovskite were investigated via first-principles calculations employing the Quantum Espresso
package. Using the GGA-PBE functional, the lattice parameter was computed as 11.3 Bohr, while the
GGA+U method yielded 11.6 Bohr. The formation energy is determined and its value is —2.6343 eV/atom
(negative values) indicating that the energy gained during the formation confirms that the compounds
are stable. The elastic constants of LaBiO3; were determined and employed to evaluate the mechanical
properties, including the bulk modulus, shear modulus, Young’s modulus, and elastic anisotropy. Using
GGA+U, the Poisson’s ratio is found to be 0.33, suggesting that the interatomic forces are predominantly
central. The computed B/G ratio of 2.7 using GGA+U confirms that LaBiO3 exhibits a ductile behavior.
The band gap value was calculated using GGA+U approximation for the exchange correlation potential.
The band gap obtained using the Hubbard-corrected GGA+U method for on-site interactions is 3.51 eV.
Optical properties, including the absorption coefficient, refractive index, and electron energy loss function,
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were calculated and analyzed in detail. The Hartree and exchange correlation effect in absorption spectra
results in blue shift of the peak. Moreover, the absorption spectra are quenched due to the local field effect
when the electron-electron interaction is considered. Finally, the semi-classical transport coefficients
were calculated, and they demonstrate that LaBiO3 may be suitable for waste heat energy conversion and
thermoelectric devices. It can also be used for photocatalysis, for energy conversion and storage.
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AocnipxeHHs nepoBcKiTy LaBiO3 ana ¢poToenekTpuUyHuX,
TepmMoeneKTPUYHNX Ta ONTOENIEKTPOHHUX 3aCTOCYyBaHb

M. M. Bongemapiam, H. T. fle6eno, T. K. Tyda, E. M. l'ypmeca, C. X. Jigy, C. H. Acdas,
A. T. KeHo

®i3nyHnin pakyneTeT yHiBepcmTeTy [xmmmu, n/c 378, xxumma, Edionis

BukopucToBytoun Teopito pyHkuioHany ryctuHu (DFT) 3 ncesgonoTeHuianom ONCVVPSP ta ¢pyHKuioHanom PBE,
BOCAIMKYIOTECA CTPYKTYPHI, @1eKTPOHHI, MPY>Hi, ONTUYHI Ta TepMOeeKTPUYHI BNaCTUBOCTI TPUTOHaAbLHOrO ne-
poBckiTHOro okcugy LaBiO3 (npoctopoBa rpyna R3c). 3a 4onomoroto piBHAHHS cTaHy 6yan BU3HaYeHi napame-
TPV OCHOBHOTO CTaHy: CTasna I'patku, 06'eM, MoAynb 06'€MHOI MPYXXHOCTI Ta A0r0 MOXifHa 3a TUCKOM. 3acTocy-
BaHHA nonpaBkn Xabbapga (GGA+U) BUABUNO HenpsMy LLMPOKY 3a60poHeHy 30HY 3.51 eB. MexaHiu4Hi Bnactu-
BOCTI, BK/IHOYato4un koedillieHT aHi3oTponii, MOgynb NPYXHOCTI Ta koediLieHT MyaccoHa, bynn po3paxoBaHi 3a
cxeMoto ycepegHeHHs Polirta-Polica-Xinna. BigHoleHHA Moayns 06'€eMHOT MPYXHOCTI 40 MOAY/S 3CyBY iA€HTU-
dikye TproHanbHy ¢asy sk nnactuyHy. Kpim Toro, 6ynmn obumncneHi temnepatypu [lebas Ta LWBUAKOCTI 3BYKY.
ONTWYHI XapakTepmncTukm (koedilieHT MOrMHAHHSA, MOKa3HWK 3a/I0MAEHHS Ta GYHKLiA BTpaT eHeprii enekTpo-
HiB) 6y OLjiHeHi B cnekTpanbHOMY jiana3oHi 0-35 eB. [15 OUiHKM TepMOeNeKTPUYHOro NoTeHLiany Matepiany
6ynu po3paxoBaHi HaniBkAacU4Hi koediLieHTN NepeHoCy, BKIOYAOUM eNeKTPonpoBigHicTb, koediLieHT 3eecbe-
Ka Ta KoediLieHT NOTYXHOCTi.

KnrouoBi cnoBa: Teopisi pyHkyioHany ryctuHu, LaBiOs, efeKTpoHHI BAaCTUBOCTI, NPYXHi BAaCTUBOCTI,
ONTUYHI BAaCTUBOCTI, TPAHCMOPTHI BAaCTUBOCTI
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