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Oxide crystals with specific infrared spectra are widely used in the optical energy industry. Conventional
density functional theory calculations reveal various properties of oxide crystals, including their electronic
band structure, electronic density of states, vibrational modes, phonon band structure, and phonon density
of states, but only provide qualitative analyses of infrared spectra. Herein, we provide a theoretical
approach to analyzing how the basic mechanisms of infrared absorption are affected by the above
properties and then predicting quantitatively the infrared spectra. The derivation and details of this method
are clarified, and the CeO, and LaAlOs infrared spectra are finally calculated through an application. The
calculated infrared properties are in good agreement with previously reported experiments, demonstrating
the accuracy of our method. This study provides a less expensive approach to identifying the infrared
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1 Introduction

Oxide crystals with specific infrared spectra play a key role in the
optical energy industry. Solar panels better utilize materials that
effectively absorb visible and near-infrared light and rarely emit
radiation in the mid-infrared or far-infrared range. The radia-
tive cooling surface requires high emissivity in the 3-5 pm and
8-14 pm range, as infrared radiation in this range can easily
travel in air. Moreover, an energy-saving coating is required to
absorb the majority of thermal radiation from the high-
temperature oven. According to Wien's law, an oven operated
at 600-1200 °C has a radiation peak at 2.0-3.5 um. Absorption
and radiation share similar mechanisms as forward and reverse
processes. The discussion below focuses on infrared absorption
but is also applicable to infrared radiation. The growing
industry motivates research in the discovery of suitable appro-
priate infrared materials. These materials include oxide crys-
tals, which have attracted widespread interest due to their ease
of synthesis and stability at high temperatures.

In recent years, a great amount of cost has been paid towards
investigating the infrared properties of various materials by
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optical energy industry, improving the efficiency by which appropriate materials can be selected.

experimentation. Alternatively, theoretical analysis can reduce
these costs. Since 1965, first-principles calculations based on
density functional theory (DFT) have undergone rapid devel-
opment. These first-principles calculations have been applied in
multiple industries with desirable results. DFT calculations
used in the investigation of oxide crystals provide properties
such as electronic band structure, electronic density of states
(DOS), molecular vibrational modes, phonon band structure,
and phonon DOS. However, conventional DFT analyses only
provide qualitative results of the infrared spectra. When the
electronic band structure and the electronic DOS were investi-
gated, the narrow band gap and high density of the free carriers
indicated strong infrared absorption. All modes that may
influence infrared absorption were provided when the molec-
ular vibrational modes were investigated. These molecular
vibrational modes are compared with the experimental infrared
spectra to determine which were infrared active. In addition,
the phonons on transverse optical branches were found to affect
infrared absorption when the phonon band structure and
phonon DOS were investigated. A theoretical method combined
with first-principles calculations and basic mechanisms of
infrared absorption is presented further in the paper, which
provides quantitative predictions of the infrared spectra of
oxide crystals.

Four basic mechanisms result in infrared absorption within
the wavelength range of 0.3-14.0 pm: intrinsic absorption,
exciton absorption, free-carrier absorption, and lattice absorp-
tion.® For semiconductors at temperatures lower than —200 °C,
an exciton absorption spectrum is rarely found near an intrinsic
absorption spectrum. Considering the industrial requirements,
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only the infrared spectra of oxide crystals at 0-1200 °C were
investigated and exciton absorption was considered negligible.
In our method, intrinsic absorption was obtained from the
quantitative analyses of the electronic band structure and the
electronic DOS. Free-carrier absorption was affected by
phonons, electronic band structure, and electronic DOS, while
lattice absorption consists of molecular vibrational absorption
and phonon absorption. Compared with conventional analyses,
our method adds a step to identify the infrared activity of the
molecular vibrational modes and quantitatively predicts the
infrared absorption peaks and their amplitudes.

The derivation and details of our method are introduced in
the Computational methodology section. Then, the infrared
spectra of CeO, and LaAlO; as calculated by our method are
described in the Result and discussion section. The calculated
spectra are in good agreement with previously reported experi-
mental results. Our method accurately provides the infrared
properties of oxide crystals without the dependence of experi-
ments, with promising applicability in the efficient selection of
oxide crystals with high efficiency and related research.

2 Computational methodology

The DFT-based first-principles calculations were performed
using the Vienna Ab initio Simulation Package (VASP).** In all
calculations, plane-wave pseudopotential approximation was
applied with the generalized gradient approximation (GGA)
Perdew-Burke-Ernzerhof (PBE) exchange functional.®** The
properties of the phonons were calculated by VASP and using
PHONOPY code based on the finite displacement method and
the supercell approach.”** The Hessian matrix was determined
with density-functional perturbation theory (DFPT).

Considering practical applications, we only considered an
infrared spectrum with a wavelength range of 0.3-14.0 pm. Most
solar energy is distributed around 0.5 pm, the wavelengths of
the thermal radiation peaks of objects at 0-1200 °C range from
2.0 to 10.6 um, and infrared radiation can travel in air for long
distances when its wavelength is 3-5 pm or 8-14 um. Thus,
a spectrum with a wavelength range of 0.3-14.0 pm covers all
the necessary infrared radiations and absorptions.

2.1 Conventional density functional theory (DFT) results of
ABO

Assume that there exists a simple hypothetical oxide crystal ABO
whose unit cell is a cube (Fig. 1).

Fig. 1 Molecular geometry of the hypothetical oxide crystal ABO.
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The first-principles calculations provide the electronic DOS
and electronic band structure indicated in Fig. 2, the molecular
vibrational modes are depicted in Fig. 3, and the band DOS and
band structure of the phonons are shown in Fig. 4.

It is assumed that ABO has two molecular vibrational modes
with eigenvalues of 1200 and 700 cm™*, respectively.

2.2 Theoretical infrared spectra of ABO

Our method predicts the infrared spectra based on the results of
the calculations shown above. The method individually
considers the influence of the basic mechanisms of infrared
absorption (ie., intrinsic absorption, free-carrier absorption,
and lattice absorption).

2.2.1 Intrinsic absorption. Intrinsic absorptions take place
when the photons are absorbed by carriers (electrons or holes)
and transitions occur between different bands.

To simplify the analysis, we considered only two transitions
that would lead to intrinsic absorptions. The intrinsic absorp-
tions of ABO are depicted in Fig. 5. The valence band is located
below the Fermi level and is fully occupied by valence electrons,
while the conduction band is located above the Fermi level and
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Fig. 2 Density of states (left) and band structure (right) of ABO.
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Fig. 3 Two molecular vibrational modes of ABO; the vectors repre-
sent the eigenvector of the vibrational modes.
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Fig. 4 Phonon density of states (left) and phonon band structure
(right) of ABO.
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Fig. 5 Intrinsic absorptions of ABO.

is not occupied. If a photon is absorbed by an electron occupied
at state |{) on the valence band, a transition occurs, and the
electron occupies another state |j) on the conduction band.
Considering that a photon transfers at a momentum negligibly
small relative to the size of the Brillouin zone, the conservation
of momentum leads to k; = k;. This equation indicates
a “vertical transition”, which is also known as a “direct transi-
tion”. Direct transitions are the primary process since indirect
transitions occur with much smaller probabilities. Energy is
conserved via the transition, so Eppoton = E; = Ej — E;.

Assuming that 7, represents a direct transition from a state
|7,y at the valence band to a state |j,,) at the conduction band, the
intrinsic absorption spectrum Sinrinsic 1S defined as:

Sintrinsic = ; J 0 [En,, - E} Q(Un))g(|in>)aintrinsicS(E)dE (1)

where E,, is the energy of n,, 2(|i,)) is the density of states of
|1}, S(E) is the spectrum of the absorbed photon, and &;pinsic 1S
a constant scaling factor. The Sininsic Of ABO are depicted in
Fig. 6.

2.2.2 Free-carrier absorption. Free-carrier absorption origi-
nates from transitions in a single band, in contrast to the
intrinsic transitions from interband transitions. Transitions in
the same band occur only if the band is partially occupied. Let 7,,
be an interband transition. |7,,) and |j,,,) are respectively the initial
state and final state of 7,,. Phonons are emitted or absorbed
during 7, to maintain the conservation of momentum. The
transition probability decreases exponentially when the number
of phonons involved in the transition increases.>'** The free-
carrier absorption spectrum Sgc is defined as:

Sre =) Jé[Enm — E)2(ja)) Qi) atrce 1ol T s () d

(2)

S(En,) S(En,) [——DOS included

" /| = - - DOS excluded

Absorptivity (arb. units)

Wavelength (um)

Fig. 6 Infrared spectra of the intrinsic absorption of ABO.
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where k;,, is the momentum of the state |j,,) and kpponon is the
average momentum of the phonons. Five interband transitions
were observed to influence the free-carrier absorption of ABO,
and the Sgc of ABO is depicted in Fig. 7.

2.2.3 Lattice absorption. Lattice absorption consists of
molecular vibrational absorption and phonon absorption.
Various molecular vibrational modes of different frequencies
exist in a lattice. Moreover, a vibrational mode of frequency fi;,
can absorb photons of the same frequency if the electric dipole
moment varies with the vibration. Change in the electric dipole
moment caused by the vibrational mode shown in Fig. 3(1) can
be obtained by the following steps:

(1) The electric dipole moment of the original molecular
structure is calculated and marked as Py iginal-

(2) The molecular structure is then modified by taking the
eigenvector of the vibrational mode as a perturbation (Fig. 8).

(3) Finally, the electric dipole moment of the modified
molecular structure is calculated and marked as Pp,ogifica- The
change in the electric dipole moment is the difference between
Poriginal and Prodified:

The molecular vibrational absorption spectrum Sy, is
defined as:

Siv =Y J O[E; — E]AP0i, S(E)dE, (3)

1

where E; and AP; are the eigenvalue of the dynamic matrix and
the change in the electric dipole moment of the i-th vibrational
mode, respectively. The S,;, of ABO caused by the two vibra-
tional modes are shown in Fig. 9. The absorptivity of Sy(1) is
greater than that of S,i(2), since the change in the electric
dipole moment AP, is greater than AP,.

Absorptivity (arb. units)

Wavelength (um)

Fig. 7 Infrared spectrum of the free-carrier absorption of ABO.

Fig. 8 Molecular structure modified by the eigenvector of the vibra-
tional mode shown in Fig. 3(1); the transparent atoms indicate their
original positions.
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Fig. 9
ABO.

Infrared spectrum of the molecular vibrational absorption of

The phonon band structure of a lattice consists of multiple
branches. A phonon of frequency fyhonon 0N a transverse optical
branch can absorb a photon of the same frequency. The phonon
absorption spectrum Sphonon can be defined as follows:

Sphonon = JJ 0 [Ephonon (f) - E] aphononS(E)dE'Q(f)df' (4)

The integral over possible frequencies of phonons can be
calculated, where Q(f) is the phonon density of states with
frequency f. The Sphonon Of ABO is depicted in Fig. 10.

A combined infrared spectrum of ABO was then obtained
through the summation of previous results (Fig. 6-10) Fig. 11.

3 Results and discussion
3.1 CeO, infrared spectra

3.1.1 Structural optimization. The molecular structure of
CeO, was optimized by VASP using a conjugate gradient algo-
rithm until the norms of all forces were lower than 0.015 eV A",
For the calculations, Monkhorst-Pack special k-Points were

Absorptivity (arb. units)

Wavelength (um)

Fig. 10 Infrared spectrum of the phonon absorption of ABO.
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Absorptivity (arb. units)

Wavelength (um)

Fig. 11 Theoretical ABO infrared spectrum.
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Fig. 12 Optimized molecular structure of CeO,.

selected when a k-mesh size of 5 x 5 x 5 was used in the full
Brillouin zone. The optimized molecular structure is shown in
Fig. 12. The lattice parameters of CeO, are a = b = ¢ = 3.834 A
and a« = 3 =y = 60°.

3.1.2 Conventional DFT results of CeO,. The band struc-
ture and the density of states of CeO, were calculated based on
the optimized molecular structure with a convergence criterion
of energy change less than 10~® eV between the two electronic
self-consistent field (SCF) steps. The DOS and the band struc-
ture of CeO, are depicted in Fig. 13. The arrows in the band
structure indicate the possible direct transitions between crit-
ical points.

The molecular vibrational modes of CeO, were calculated
when the width of the displacement of each ion was set as £0.02
A. Finite differences were used to calculate the second deriva-
tives and Hessian matrix (Table 1).

The phonon properties of CeO, were calculated using a 4 x 4
x 2 supercell. The cut-off energy for the plane-wave basis set was
500 eV, the convergence criterion for SCF energy was 10~ ° eV,
and a Monkhorst-Pack k-mesh size of 5 x 5 x 5 was used in the
full Brillouin zone. The phonon density of states and phonon
band structure are shown in Fig. 14.

3.1.3 Theoretical infrared spectra of CeO,. The intrinsic
absorption infrared spectrum was calculated using eqn (1)
(Fig. 15).

Similarly, the free-carrier absorption infrared spectrum was
calculated using eqn (2) (Fig. 16).

Changes in the electric dipole moment of different molec-
ular vibrational modes are listed in Table 2.

Energy (eV)

X UK r L w X

Density of states (arb. units) r

Fig. 13 Density of states (left) and band structure (right) of CeOs,.

Table 1 Molecular vibrational modes of CeO,

Vibrational mode 1 2 3 4 5 6
Wavenumber (Cmfl) 435.57 435.36 435.35 275.29 275.03 275.00

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Phonon density of states (left) and phonon band structure
(right) of CeO,.
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Fig. 15 Infrared spectrum of the intrinsic absorption of CeO..
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Fig. 16 Infrared spectrum of the free-carrier absorption of CeO,.

The molecular vibrational absorption infrared spectrum was
calculated using eqn (3) (Fig. 17).

The phonon absorption infrared spectrum was calculated
using eqn (4) (Fig. 18).

The theoretical CeO, infrared spectrum is depicted in
Fig. 19.

The spectra obtained from calculations and an experimental
report are shown in Fig. 20.*

The theoretical spectrum is in good agreement with the re-
ported spectrum. The infrared absorption peaks of CeO, are
located at 450 cm ™" and near cm ™" (Fig. 20(a)). The peak near
1200 cm ™' splits and a smaller branch with a higher frequency
appears. The shapes of peaks are similar to those found in
Fig. 20(b), with the peak near 1200 cm™ ' shifting by about
200 cm™'. An obvious difference between the spectra is the

View Article Online
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Absorptivity (arb. units)

0 200 400 600 800 1000

Wavenumber (cm™)

Fig. 17 Infrared spectrum of the molecular vibrational absorption of
CeOz.
e
0 260 460 6[‘)0 8(;0 1000
Wavenumber (cm™)
Fig. 18 Infrared spectrum of the phonon absorption of CeOs,.
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Fig. 19 Theoretical infrared spectra of CeO,.

broad absorption peak at 3425 cm™ " (Fig. 20(b)). This absorp-
tion peak can be ascribed to the O-H group from impurities
during synthesis.’ It is not within the scope of this work to
include the infrared dependence of impurities, thus the
absence of the peak at 3525 cm ™' was not analyzed further. The
experimental absorption properties can be obtained by broad-
ening and shifting the peaks near 1200 cm ™' towards higher
frequencies (Fig. 20(a)). Our calculations present the experi-
mental infrared spectra of CeO, with accuracy.

3.2 Infrared spectra of LaAlO;

3.2.1 Structural optimization. The molecular structure of
LaAlO; was optimized by VASP using a conjugate gradient
algorithm until the norms of all forces were lower than 0.02 eV

Table 2 Changes in the electric dipole moment of the molecular vibrational modes of CeO,

Vibrational mode 1 2 3 4 5 6
Wavenumber (Cmfl) 435.57 435.36 435.35 275.29 275.03 275.00
Change in the electric dipole moment 0.004 0.006 0.004 2.460 2.458 2.461

(arb. units)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 20 (a) Theoretical infrared spectrum of CeO, and (b) experi-
mental infrared spectrum of CeO, cited from ref. 16 with permission.

Fig. 21 Optimized molecular structure of LaAlOs.

Energy (eV)

La
---A

Density of states (arb. units)

Fig. 22 Density of states (left) and band structure (right) of LaAlOs.

A, For the calculations, Monkhorst-Pack special k-Points were
selected when a k-mesh size of 7 x 7 x 7 was used in the full
Brillouin zone. The optimized structure is shown in Fig. 21. The
lattice parameters of LaAlOz area =b =c=3.783 Aanda=g=
v = 90°.

3.2.2 Conventional DFT results of LaAlO;. The density of
states and band structure of LaAlO; were calculated based on
the optimized structure with a convergence criterion of energy
change less than 10 ® eV between the two electronic SCF steps.
The density of states and band structure of LaAlOj; are depicted
in Fig. 22.

Table 3 Molecular vibrational modes of LaAlOz
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Fig. 23 Phonon density of states (left) and phonon band structure
(right) of LaAlOs.

Absorptivity (arb. units)

20000 25000 30000 35000 40000 45000

Wavenumber (cm™)

Fig. 24 Infrared spectrum of the intrinsic absorption of LaAlOs.
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Fig. 25 Infrared spectrum of the free-carrier absorption of LaAlOs.

The molecular vibrational modes of LaAlO; were calculated
with the same procedure as for CeO, (Table 3).

The phonon properties of LaAlO; were calculated fora 2 x 2
x 2 supercell and a 3 x 3 x 3 Monkhorst-Pack k-mesh. The
phonon density of states and phonon structure are depicted in
Fig. 23.

3.2.3 Theoretical infrared spectra of LaAlO;. The spectrum
of intrinsic absorption Sinuinsic was calculated using eqn (1)
(Fig. 24).

The free-carrier absorption of LaAlO; originates from the
highest valence band. The spectrum of the free-carrier absorp-
tion Sgc was calculated using eqn (2) (Fig. 25).

Changes in the electric dipole moment (AP) of different
molecular vibrational modes of LaAlOj; are listed in Table 4.

The molecular vibrational absorption spectrum S, was
calculated using eqn (3) (Fig. 26).

Vibrational mode 1 2 3 4 5
Wavenumber (Cmfl) 645.98 645.95 645.84 401.87

24060 | RSC Adv, 2022, 12, 24055-24062

401.85

6 7 8 9 10 11 12
401.77 271.39 271.31 271.11 133.14 133.12 132.84

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Changes in the electric dipole moment of the vibrational modes of LaAlOs

Vibrational mode 1 2 3 4 5
Wavenumber (em ™) 645.98  645.95 645.84  401.87  401.85
AP (arb. units) 11.507 11.507 11.507 0.183 0.183

Absorptivity (arb. units)

0 200 400 600 800 1000

Wavenumber (cm™)

Fig. 26
LaAlOs.

Infrared spectrum of the molecular vibrational absorption of

Absorptivity (arb. units)

AN

0 200 400 600 800 1000

Wavenumber (cm™)

Fig. 27 Infrared spectrum of the phonon absorption of LaAlOs.
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0 10000 20000 30000 40000

Wavenumber (cm™)

Fig. 28 Theoretical spectra of LaAlOs.

The phonon absorption spectrum Sphonon Was calculated by
eqn (4) (Fig. 27).

Finally, the complete theoretical LaAlO; spectrum is pre-
sented in Fig. 28.

The calculated and experimental infrared spectra of LaAlO;
are shown in Fig. 29."

The theoretical spectrum is in good agreement with the re-
ported spectrum. The absorptivity is high at 0.3 pm and 4-14
pum. The absorptivity decreases slightly when the wavelength is
14 pm. The spectrum shown in Fig. 29(b) can be reproduced by
broadening the absorption peaks observed in Fig. 29(a). Overall,
the experimental infrared properties of LaAlO; were in good
agreement with our calculations.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 29 (a) Theoretical infrared spectra of LaAlOz and (b) experimental
infrared spectra of LaAlOs cited from ref. 17 with permission.

4 Conclusion

In this study, we have used a new theoretical method to predict
quantitatively the infrared spectra of oxide crystals with high
accuracy.

First, the principles and derivations of the method were
shown, with a hypothetical oxide crystal ABO used as an
example. Conventional DFT calculations were applied in the
analysis of ABO, revealing properties including the electronic
band structure, electronic DOS, molecular vibrational modes,
phonon band structure, and phonon DOS would be provided.
Based on these properties, our calculations predicted the
spectra caused by basic mechanisms including intrinsic
absorption, free-carrier absorption, molecular vibrational
absorption, and phonon absorption. Intrinsic absorption was
determined by the interband transitions of electrons; free-
carrier absorption was determined by the transitions of elec-
trons in one partially occupied band, in which phonons are
involved; molecular vibrational absorption was determined by
the vibrational modes changing the electric dipole moments;
phonon absorption was determined by phonons on the trans-
verse optical branches. The theoretical infrared spectra of ABO
were presented through the summation of the spectra of
different mechanisms.

The method was verified by comparing the theoretical and
experimental CeO, and LaAlO; spectra. The theoretical spectra
of CeO, successfully reproduced the experimental spectra, with
similar shapes in the characteristic absorption peaks at 450 and
1200 cm™'. Two differences hindered the accuracy of our
method. At 1200 cm ™', the frequency of the absorption peak in
the theoretical spectrum differs from the peak in the

RSC Adv, 2022, 12, 24055-24062 | 24061
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experimental spectrum by nearly 200 cm ™" and was ascribed to
a mathematical error in the first-principles calculations. The
absorption peak in the experimental spectrum at 3425 cm ™",
which was likely caused by impurities during synthesis, is
absent in the theoretical spectrum. For LaAlO3, the theoretical
and experimental spectra are in good agreement. Moreover,
both the thin absorptivity peak at 0.3 um and the broad
absorptivity peak at 4-14 um are similar. In all, the method
successfully provided a rapid and accurate preview of the
infrared spectra of oxide crystals.

This method sheds light on the theoretical investigation of the
infrared properties of oxide crystals. The only initial requirement
for our method is the molecular structure of the oxide crystal.
Theoretical spectra that are in good agreement with the experi-
mental results can then be provided. Applying this method in the
initial assessment of materials will reduce the cost of numerous
experiments, improving the efficiency of material screening.

There are still problems with this method. Even though the
characteristic CeO, and LaAlO; peaks are accounted for in the
theoretical spectra, the exact positions of these peaks differ
slightly from the experimental peaks. The method works well
for CeO, and LaAlO;, whose unit cells are both small and simple
but is less accurate in predicting the peaks for larger complex
oxide crystals. Future studies aim to solve these problems. The
equations used in this methodology would account for more
complex models to carry out the mechanisms more precisely.
Different calculation conditions and exchange functionals in
the DFT calculations will be tested to improve the accuracy of
the proposed method. The ignored parts in the analyses of basic
mechanisms, such as the exciton absorption and indirect
interband transitions, will be reintroduced to provide more
detailed results. The improved method aims to be more accu-
rate and practicable for future studies.
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