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Electronic structure and optical properties of cubic
CeosLaosA103; under the different pressures: a DFT study

DAN LI
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Using the Heyd-Scuseria-Ernzerhof screened hybrid functional, we systematically investigate the electronic structure and
optical properties of cubic Ceo.sLaosAlO3 under varying pressure. The lattice constant decreases significantly as pressure
increases. For electronic properties, the band gap exhibits a steady reduction with rising pressure. Meanwhile, the
bandwidths of two higher valence bands and conduction band increase, though the lowest valence band remains
unaffected. Optically, pressure enhances the strongest peak of the imaginary part of the dielectric constant, induces a slow
increase in the static dielectric constant, and causes distinct blue-shift in the prominent peaks of the absorption coefficient,

reflectivity, and energy-loss function.
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1. Introduction

LaAlOs is an active perovskite oxide material with
extraordinary dielectric properties in experimental and
theoretical studies. It is widely used in ferroelectric thin
films, microwave devices, dielectric resonators, high-
frequency capacitors, and high-temperature
superconductor manufacturing [1-6]. Due to the high k-
value, LaAlOs plays a crucial role in the production of fuel
cell electrolytes, automobile catalytic converters, and field
transistors [7-10].

In addition, finding new heavy ion materials suitable
for use as scintillators is very important in physics and
chemistry today. At present, scintillators have been
applied in fields such as geological survey, environmental
monitoring, oil well logging, high-energy physics,
industrial flaw detection, and astronomy [11]. One of the
promising scintillation materials is aluminum perovskite
[12]. Currently, one of the most famous perovskite
scintillators is Ce-doped LaAlOs;, whose growth
technology [13] has been well-established due to its
extensive use as a substrate for thin film epitaxial growth
[3].

LaAlO; has been widely studied due to its high band-
gap value [14, 15]. By doping elements such as Sr, Mg,
and Ce [16, 17] into La or Al sites, band-gap tailoring
plays a key role in modulating the material’s physical and
chemical properties. In order to explore the doping effect
in LaAlOs;, many experimental [16-24] and theoretical
[25-30] studies have been conducted to improve the
electronic, structural, and optical properties of the LaAlOs.

There are also many studies on the optical absorption
and luminescence of Ce-doped LaAlOs;. X. Zeng et al
grew Ce-doped LaAlOs; single crystals using Czochralski

method and characterized them via infrared transmission
spectra and ultraviolet/visible/near-IR absorption spectra

[13]. J. Pejchal et al. used micro-pulling-down method to
grow Ce-doped LaAlO; perovskite single crystals and
found that their radioluminescence efficiency was very
low, with the observed emission attributed to defects [31].
V. Laguta ef al. also performed detailed investigations of
Ce*" EPR and NMR in the La;xCeyAlOs solid solutions
with Ce concentrations ranging from x=0.001 up to
x=1.0[32].

In the situ synchrotron powder diffraction study, it
was found that Ce;.La,AlOs solid solution in the CeAlO;3-
LaAlOs pseudo-binary system exhibited high-temperature
cubic and low-temperature tetragonal modifications. When
x=0.5, CeixLaxAlO; exhibited a simple cubic perovskite
structure belonging to the Pm-3m space group at
T=1173 [33] at ambient pressure. When the external
pressure reached 13.2 GPa, the pressure provided
sufficient driving force to overcome the energy barrier
required for the structural reconstruction. The synchrotron
X-ray diffraction experiments confirmed that LaAlO;
transforms from the rhombohedral phase to the cubic
phase at approximately 13.2 GPa [33]. CesLaosAlOs, as a
solid solution of LaAlO3; and CeAlOs, reached the critical
energy condition for the phase transition at this pressure.
After the phase transition, the cubic structure of
Ceo.sLaosAlO; forms a stable ionic bond framework. The
Ce*'/La*" ions at the A sites coordinate with the AI** ions
at the B sites in a regular octahedral manner with O* ions,
and the uniform distribution of atomic forces significantly
reduces the lattice energy [34]. High-pressure studies have
shown that the cubic phase of LaAlO; remains stable
under a pressure of 63 GPa and does not undergo a
secondary phase transition [33]. Moreover, CeosLagsAlO3,
which has a similar perovskite structure, also exhibits
excellent long-term stability under the high pressure. In
terms of mechanical stability, the elastic constants of the
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cubic CeosLaosAlO; satisfy C,, >0, C,, >0, C,, >0, and
C,—C, >0 . Therefore, this material possesses the

mechanical stability of a cubic crystal [35].

Since the physical properties of the material change
significantly with pressure, we decided to theoretically
investigate the structural and optoelectronic properties of
the CeosLaosAlO; compound under varying pressure
conditions in detail.

2. Method of calculation

According to the report by L. Vasylechkoa et al., the
space group of the cubic pervoskite CeosLagsAlOsz is Pm-
3m at around 7 =1173K [33] with the position of Ce/La
atom being (0.25, 0.25, 0.25), the position of Al atom is (0,
0, 0), and the position of O atom being (0.5, 0, 0). In this
calculation, we used a 2x1x1supercell and replaced half
of the Ce atoms with La atoms.

Our calculation was based on the density functional
theory (DFT) with the generalized gradient approximation
(GGA) in the CASTEP codes [36, 37], which was used to
solve the Kohn-Sham equation with the minimum of the
function of total energy. Compared with the actual band
gap, the semilocal approximation to the exchange-
correlation energy leads to the smaller calculated one, so
we used the hybrid density functionals including a certain
amount of Hartree-Fock exchange to increase the band gap
[38—43]. To investigate the variations in electronic and
optical properties under different pressure conditions, the
Heyd-Scuseria-Ernzerhof screened hybrid functional with
norn-conserving pseudopotential was employed [44]. Here,
the electronic configuration of cubic CeosLagsAlOs for Ce
was 4f15p®5d'6s%, for La was 5p®5d'6s?, for Al was 3s23p',
and for O was 2s22p*. A discrete plane-wave basis set with
a cutoff energy of 300 eV was used to expand the valence
wave function. For the calculations of electronic and
optical properties, 9x9x9 and 11x11x11K points were
set by Monkhorst—Pack method for integration over
Brillouin-zone (BZ). The parameters of the self-
consistence energy calculations were as follows: the
convergence threshold of total energy was 1x10-3 eV/atom,
the maximum force of per atom was 0.01 eV/A, the
maximum stress was 0.02 GPa, the maximum
displacement of atom was 0.0005 A, and the tolerance was
110 eV/atom.

3. Results and discussions
3.1. Structural properties analyses

Structure optimization was performed prior to single-
point energy calculations. The optimized lattice constant
of cubic CeosLagsAlO; at ambient pressure is
a=3.79796A. This value is in good agreement with the
result of the previous report [33]. Therefore, based on the
optimized structure, the following calculations of the

electronic structure and optical properties under different
pressures with the same method are highly reliable. Fig. 1
shows the dependence of the lattice constant of
Ceo.sLaosAlO; on pressure. It can be clearly seen that the
lattice constant sharply decreases, this downward trend is
attributed to the fact that increased pressure enhances
atomic interactions, thereby reducing the interatomic
distance [45].
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Fig. 1. Variation of lattice constant with different pressures
3.2. Electronic properties analyses

To investigate the electronic characteristics of cubic
CeosLaosAlO; under different pressure conditions, their
respective band structures are presented in Fig. 2. Analysis
reveals that the valence band maximum (VBM) and
conduction band minimum (CBM) of the compound
coincide at the G point within the first Brillouin zone,
indicating it is direct band gap material. The theoretical
value of band gap of the cubic CegsLagsAlOs at ambient
pressure is 2.55 eV. As pressure increases, the band gap
deceases, as shown in Fig. 3 [45].

Figs. 4 and 5 show the total density of states (TDOS)
and the corresponding partial density of states (PDOS) of
cubic CeosLagsAlO; under different pressures, with the
PDOS for Ce, La, Al and O atoms are presented in Figs.
5a-5d, respectively. The low valence band, ranging from -
33.92 eV to -30.02 eV, is mainly occupied by s-states of
Ce and La. Strong hybridization occurs between the
middle and high valence bands. The middle valence band,
spanning from -20.75 eV to -12.17 eV, mainly originates
from O-s states, Al-s/p states, Ce-p and La-p states. The
high valence band ranges from -9.36 eV to the Fermi
energy dominated by Ce-s/p/d, La-s/p/d states, Al-s/p
states, and O-p states. The conduction band is mainly
come from Ce-d/f and La-d states [46]. The increase in
pressure for the cubic CepsLagsAlO; increases the
bandwidth of the middle valence band, high valence band,
and conduction band.
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Fig. 2. Band structures of Ceo.sLao.sAlO3 under (a) 0GPa, (b) 10GPa, (c) 20GPa, (d) 30GPa and (e) 40GPa
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Fig. 3. Variation of band gaps with different pressures
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Fig. 4. Total density of states of Ceo.sLao.sAlOs. The insert shows the close-up figure of the total density of states from -10 to 5 eV’
(colour online)

3.3. Optical properties analyses

The electronic and optical properties of cubic
CeosLaosAlO; are inherently interconnected, with
pressure-induced band-gap tailoring serving as the core
bridge that modulates their correlation. Pressure induces a
significant reduction in the lattice constant of
CeosLagsAlOs. This structural compression directly
narrows the material’s band-gap, and increases the widths
of the middle and high valence bands as well as the
conduction band, and reshapes the density of states (DOS)
[33]. These electronic changes directly modulate the
energy threshold, transition probability, and state energy
levels of electron-photon interactions, thereby governing
the intensity, spectral position, and functional behavior of
optical properties. We systematically studied the dielectric
function, absorption coefficient, reflectivity, and energy-
loss function of cubic CepsLaosAlO; under different
pressures.

Dielectric function ¢(w) can elucidate the dispersion

and absorption of light energy based on the band gap and
density of states, which represents the interaction of
incident photons. The real part g (w) and the imaginary

part g,(w) of the dielectric function can be calculated
using the following equations [47, 48]:

2 mwe(w),
gl(a))=1+;PjO a),z%(a)z)dw (1)
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Here @ is the light frequency, e is the electronic

v c
charge, Wk and Wi are the valence and conduction band
wave functions at wave vector k, respectively.
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Fig. 5. Partial density of states for (a) Ce, (b) La, (c) Al and (d) O under different pressures (colour online)

Fig. 6 shows the effect of pressure on the complex
dielectric function of cubic CegsLaosAlOs. From Fig. 6a,
the static dielectric constant presents the slow upward
trend with the increase of the pressure, which is exactly
opposite to the variation of the band gap with the
increasing pressure and is in excellent agreement with
Penn’s model [30, 49]. Under the different pressures, the
value of the real part of the dielectric function & (@)
increases rapidly from zero frequency and then drops
sharply. Fig. 6a also displays the metallic nature of
CeosLaosAlO; when the value of the real part of the
dielectric function &, (@) becomes negative at around 7.6
eV. It is well-known that the value of the imaginary part
of the dielectric function ¢&,(w) represented the
attenuation of light discloses the absorption rate of
electromagnetic waves. Fig. 6b shows that the imaginary

part of the dielectric function &,(®) of CegsLagsAlOs at
ambient pressure starts to absorb light at 2.55 eV, which is
consistent with the previously calculated band gap due to
the compatibility between the energy of incident light and
the band gap of the material. As photon energy increases,
two major absorption peaks are observed at about 7.31 eV
and 21.16 eV for cubic Ceg sLagsAlO; at ambient pressure,
indicating strong light absorption. It is evident that the
intensity of the strongest peak of ¢,(®) increases with
increasing pressure.

As widely recognized, the absorption coefficient
a(w), the reflectivity R(@), and the energy-loss function
L(w) can be achieved by the complex dielectric function,
as followed [50]:
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Fig. 6. Variations of the (a) real part and (b) imaginary part of the dielectric constant with different pressures for Ceo.sLaosAlOs3. The
inset shows the edge of real part of the dielectric constant (colour online)
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The absorption coefficient a(w) can describe the
decay of light, and the critical values of a(w)and &,(w)

may present the optical band gap. Fig. 7 shows the
a(w)of CepsLagsAlO; under different pressures according
to the Eq. (3) [50]. The two prominent absorption peaks
for cubic CegsLagsAlOs represent the changes in the rates
of intraband transition and interband transition, and both
the absorption peaks shift toward higher energy with
increasing pressure [51].
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Fig. 7. Variation of the absorption coefficient with different pressures for Ceo.sLaosAlOs (colour online)
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According to the Eq. (4) [50], the influence of
pressure on the R(w) of cubic CeosLagsAlO; is presented

in Fig. 8. All the values of R(®) have undergone large

fluctuation owing to the different rate of electron
transitions. Due to the metallicity of CeosLaosAlOs, the

0.8

reflectivity rapidly increases from zero frequency to its
maximum value, which corresponds to the real part of the
dielectric constant being close to zero. With the increase of
pressure, a significant blue-shift has also been observed in
Fig. 8 for the peaks of R(®) of CegsLagsAlOs.
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Fig. 8. Variation of the reflectivity with different pressures for Ceo.sLao.sAlO3 (colour online)

In addition, the value of L(w) closely related to
heating, scattering, and other resistive effects reveals the
energy loss of fast electrons when passing through
materials [52]. As electrons are excited by light, they are
not limited to their natural lattice sites and will generate
plasma oscillations. The main peak of L(®), known as the

bulk plasma frequency indicates the sharp decline of R(w)

and happens at €,(®) <1 and &(®) tends to zero [53]. In

Fig. 9, there are two plasmonic peaks for CeosLagsAlOs at
ambient pressure and the sharpest one is located at 10.77
eV. Both peaks of energy-loss function obtained for

Ceo.sLaosAlO; exhibit a blue-shift with increasing pressure.
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Fig. 9. Variation of the energy-loss function with different pressures for Ceo.sLao.sAlOs (colour online)
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4. Conclusions

This DFT-based investigation with the Heyd-
Scuseria-Ernzerhof screened hybrid functional clarified
how the pressure modulated the core properties of cubic
CeosLagsAlOs, delivering findings critical for both
fundamental research and practical applications.
Structurally, increasing pressure led to a significant
reduction in the lattice constant. It was driven by enhanced
atomic motion that shortens interatomic distances, which
in turn served as the basis for subsequent changes in
electronic and optical behaviors. Electronically, the band
gap decreased continuously with pressure. The detailed
analyses with TDOS and PDOS further revealed that
pressure increased the bandwidths of the middle valence
band, high valence band, and conduction band, while the
low valence band remained unchanged. Optically, pressure
induced multiple key effects. It raised the static dielectric
constant, strengthened the intensity of the strongest peak
in the imaginary part of the dielectric function, and
triggered clear blue-shifts in the major peaks of the
absorption coefficient, reflectivity, and energy-loss
function. These results confirmed pressure as an effective
tuning parameter for the properties of CeosLagsAlOs.
Given the material’s relevance to scintillators and
optoelectronics, this work offered essential guidance for
optimizing its performance in pressure-sensitive devices,
while also laid the groundwork for future experimental
validation and expanded application development.
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