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�e structural, electronic, optical, and elastic properties of Ceria (CeO2) were investigated using local density approximation
(LDA), PBE, DFT+U, and PBE0 approximations. In all approximations, the convergence test of total energy with respect to
kinetic energy cuto�, k-point, and lattice constant of CeO2 was performed consequently to increase the accuracy of computations.
�e O (2p)-Ce (4f) bandgap of CeO2 calculated using DFT+U (3.0 eV) is consistent with experimentally reported value
(3.0–3.33 eV) than with LDA (2.2 eV), PBE (2.5 eV), and PBE0 (4.47 eV). Both LDA and PBE underestimated the bandgap of CeO2
while the PBE0 overestimated the bandgap of CeO2 as compared to the experimental value. �e optical properties such as the
imaginary part of the dielectric function (ε2), extinction coe�cient (k), and refractive index (n) of ceria obtained using the three
approaches are also consistent with the available theoretical and experimental data. In addition, the maximum peak for absorption
coe�cient was found at about 13 eV for (LDA and PBE) and around 11 eV for DFT+U calculations. Furthermore, the analyses of
optical properties support the electronic properties of ceria. �e elastic properties such as bulk modulus, shear modulus, Young’s
modulus, Poisson’s ratio, Debye temperature, and Debye sound velocity were computed to investigate the mechanical properties
of CeO2 and compared with the experimental and theoretical results. �e result of elastic parameters found con�rms that CeO2 is
mechanically stable and has potential for a variety of di�erent electronic applications.

1. Introduction

Ceria (CeO2) is a technologically signi�cant oxide material
that has a wide range of applications. It is widely used in
automotive three-way catalysts (TWCs) to remove NOx and
CO [1], in luminescence devices, gas sensors, and high-
temperature superconducting tapes [2], as a catalyst in fuel
cells [3–5]. Ceria is a highly correlated material, due to the
fact of their con�ned d- and f-orbitals, where Coulomb
repulsion energy acts on them on the order of the electronic
bandwidth [1, 6]. Only a few researches have been carried
out with density functional theories to de�ne the needed
properties of CeO2. �erefore, it is important to investigate
the properties of ceria for the advancement of their practical
applications with di�erent density functional theories.

�e local density approximation (LDA) or PBE under-
estimates and fails to reproduce the correct electronic
properties (bandgap) of CeO2 due to the f-electron delo-
calization associated with the self-interaction problem [7].
However, the electronic structure of CeO2 is fundamental to
understanding the e�ects of ions, doping, and other prop-
erties that are prerequisites to using CeO2 for di�erent
technological applications. Hence, in order to account for the
strong on-site Coulomb repulsion among the Ce-4f electrons,
a Hubbard parameter U is added (DFT+U approach) so as to
get better electronic properties.�e objective of this study was
to investigate the structural, electronic, optical, and me-
chanical properties of CeO2 using density functional theories.
�e values obtained were compared with the available the-
oretical and experimental data.

Hindawi
Advances in Condensed Matter Physics
Volume 2022, Article ID 3619600, 11 pages
https://doi.org/10.1155/2022/3619600

mailto:lemessaphys@gmail.com
https://orcid.org/0000-0003-2504-8062
https://orcid.org/0000-0002-2084-0010
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/3619600


2. Computational Methods

Structural, electronic, optical, and elastic properties of CeO2
were computed by using density functional theory as
implemented in the Quantum ESPRESSO (QE) open-source
package. )e exchange correlation is described by local
density approximation (LDA) [8, 9], and the generalized
gradient approximation (GGA) with the Per-
dew–Burke–Ernzerhof (PBE) functional calculations was
employed [10, 11]. Moreover, the DFT+U approach was
used with the Hubbard parameter (U� 5 eV) in order to
accurately describe the energy bandgap and to avoid the
underestimation error of LDA and PBE. To obtain accurate
structural and electronic properties, the optimized kinetic
energy cutoff, k-point, and lattice parameter optimizations
were performed using LDA, PBE, and DFT+U calculations.
)e optical properties were calculated using density func-
tional perturbation theory. LDA, PBE, and DFT+U ap-
proaches were employed to calculate the structural, electronic,
optical, and elastic properties of CeO2. Moreover, the band
structure of CeO2 is also computed with a hybrid functional
approximation (PBE0) [7]. Finally, the analysis of the
structure, electronic, optical, and elastic properties of CeO2
was compared with the theoretical and experimental data.

2.1. Structural Optimization. CeO2 has a fluorite structure
with space group Fm3m; it consists of a simple cubic oxygen
sublattice with the Ce ions occupying alternate cube centers
[7].)e relaxed structure is as shown in Figure 1(a). In order
to achieve the equilibrium structure, one has to calculate the
lattice parameter that minimizes the DFT total energy. )e
result of calculations performed for lattice parameter opti-
mization with LDA, PBE, and DFT+U is described as shown
in Figure 1(b).

Figure 1(b) shows the plot of lattice parameter CeO2
calculated using LDA, PBE, and DFT+U approaches. )e
optimized lattice parameters of CeO2 calculated with LDA,
PBE, and DFT+U approaches are 5.407 Å, 5.418 Å, and
5.425 Å, respectively, and are in agreement with previous
values reported in literature [3, 12–14]. )e value of the
optimized lattice parameter calculated with DFT+U is
greater than in LDA and PBE and is consistent with pre-
viously reported literature [3]. )ese lattice parameters are
used in the subsequent calculations for the respective ap-
proximating approach.

2.2. Electronic Properties of CeO2. )e density of states
(DOS) helps to understand the behavior of state occupancy
over specific energy intervals. It provides detail on the states
that are unoccupied and the states that are occupied. A high
DOS at a specific energy level describes the states available
for occupation. However, there is no state occupied at DOS
equal to zero. For CeO2 the density of states is discontinuous
for the width from the top of the valence band to the bottom
of the conduction band that is normally the bandgap of the
system.

Figures 2(a) and 2(b) show the corresponding band
structure and density of states of CeO2 using LDA

computation.)e density of states described in Figure 2(b) is
formed from the contributions of O2p (−4 eV–0 eV), Ce4f
(2.2–4 eV), and Ce5d (6–10 eV), respectively. As shown in
Figure 2(a), the bandgap of CeO2 calculated with the LDA
scheme between O2p to Ce4f and O2p to Ce5d is 2.2 eV and
6.0 eV, respectively.

Figures 3(a) and 3(b) show the corresponding band
structures and density of states of CeO2 calculated using PBE
approximation, respectively. )e density of states described
in Figure 2(b) is formed from the contributions of O2p
(−4 eV–0 eV), Ce4f (2.5–4 eV), and Ce5d (6–10 eV).
Figure 3(a) depicts the bandgap of CeO2 calculated with PBE
approaches between O2p to Ce4f and O2p to Ce5d is 2.5 eV
and 6.0 eV, respectively.

Figures 4(a) and 4(b) show the corresponding band
structures and density of states of CeO2 using DFT+U
approximation.)e density of states described in Figure 4(b)
is formed from the contributions of O2p (−6 eV–1 eV), Ce4f
(2–4 eV), and Ce5d (5–10 eV), respectively. Figure 4(a) in-
dicates the bandgap of CeO2 calculated with PBE approaches
between O2p to Ce4f and O2p to Ce5d is 3.0 eV and 5.6 eV,
respectively.

As can be seen in Figures 2(a), 3(a), 4(a), and 5, the O2p-
Ce4f bandgap of CeO2 obtained using LDA, PBE DFT+U,
and PBE0 calculations is 2.2 eV, 2.5 eV, 3.0 eV, and 4.47 eV,
respectively. )e LDA and PBE approximations under-
estimated, whereas the PBE0 overestimated the O2p-Ce4f
bandgap of CeO2 compared to the experimental value
(3.0–3.33 eV) [1, 15]. However, the DFT+U approximation
is more consistent with the experimental value.)e values of
the O2p-Ce5d bandgap of CeO2 calculated in the LDA, PBE,
and DFT+U approaches are in the range of previous
findings and experimental value of 5.5–8.0 eV [3, 7, 16]. )e
calculated bandgap of ceria with LDA, PBE, DFT+U, and
PBE0 is summarized in Table 1 and compared with the
experimental results.

As can be seen in Figures 6(a)–6(c), PDOS analysis
shows that structure I is due to hybridization between O (2s)
and Ce (3p) states, while the peaks in structure II result
mainly from hybridization between O (2p) and Ce (5d) and
also with some contributions of Ce (4f) states forming the
valence band. )e bottom of the conduction band is formed
by localized and empty Ce (4f) states that are lower in energy
than the empty Ce (5d) states. Structure III is highly lo-
calized due to hybridization between O (2p) states and Ce
(4f) atomic states. )e broad structure IV is mainly due to
the hybridization of Ce (5d) states with O (2p) states. )e
empty and delocalized states V reflect the O2p-type states.

2.3. Optical Properties. )e optical properties can be de-
scribed from the dielectric function that gives the linear
response of an electronic system submitted to an applied
external electric field and can be written as follows [18]:

ε(ω) � ε1(ω) + iε2(ω), (1)

where the real part (ε1(ω)) and the imaginary one (ε2(ω))
describe, respectively, the dispersion and the absorption of
the electromagnetic radiation by the medium which it

2 Advances in Condensed Matter Physics



crosses. ε2(ω) spectrum is calculated by summing the
electric dipole operator matrix elements between the oc-
cupied and unoccupied wave functions over the Brillouin
zone while respecting the selection rules [18]. )is is mainly
connected with the electronic structures and characterizes
the linear response of the material to electromagnetic ra-
diation. It therefore governs the propagation behavior of

radiation in a medium. )e imaginary part ε2(ω) of the
dielectric function represents the electron transition be-
tween the valence and the conduction bands. ε2(ω) is cal-
culated by the following relation [19]:

ε2(ω) �
4π2e2

m
2ω2  

ij


BZ

i|M|j
2
Fi 1 − Fj δ EF − Ei − ω( d3k, (2)
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Figure 2: (a) Band structure of CeO2 and (b) density of states of CeO2 obtained with LDA.
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Figure 1: (a) Bulk structure of ceria and (b) lattice parameter of ceria in LDA, PBE, and DFT+U.
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Figure 4: (a) Band structure of CeO2 and (b) density of states of CeO2 obtained with DFT+U approximations.
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Figure 5: Band structure of CeO2 obtained with PBE0 approximations.
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Figure 3: (a) Band structure of CeO2 and (b) density of states of CeO2 obtained with PBE approximations.
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where e is the electron charge;m is the free electron mass; u
is the frequency; i and j are the initial and final states,
respectively;M represents the dipole matrix; Fi is the Fermi
distribution function for the i-th state; and Ei is the energy
of an electron in the i-th state. )e dielectric function
describes a causal response, so the real and imaginary parts
are linked by a Kramers–Kronig transformation. )e real
part (ε1) of the dielectric function can be extracted from the
imaginary part using the Kramers–Kronig relation [19, 20]
as follows:

ε1(ω) � 1 +
2
π

P 
∞

0

ω′ε2 ω′( 

ω′2 − ω2
dω′, (3)

where ω is the frequency of the incident photons and P is the
main part of the Cauchy integral. All other optical

parameters such as absorption coefficient α(ω), refractive
index n(ω), and reflection coefficient R(ω) can be derived
from ε1 and ε2.

n(ω) �
ε1(ω)

2
+

������������

ε21(ω) + ε22(ω)



2

⎧⎪⎨

⎪⎩

⎫⎪⎬

⎪⎭

1/2

, (4)

α(ω) �
���
2ω

√ ������������

ε21(ω) + ε22(ω)



− ε1(ω) 
1/2

. (5)

)e following relation is obtained for the refractive index
at low frequency and x� 0:

n(0) � ε(0)
1/2

. (6)
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Figure 6: Partial density of states calculated with (a) LDA, (b) PBE, and (c) DFT+U.

Table 1: Calculated and experimental bandgap of ceria in (eV).

Approximation method
Energy bandgap of ceria in (eV)

O2p-Ce4f O2p-Ce5d
LDA 2.2 6.0
PBE 2.5 6.0
DFT+U 3.0 5.6
PBE0 4.47 7.1
Experiment [1, 15, 17] 3.0–3.33 6–8
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)e reflection coefficient R(ω) characterizes the part of
the energy that is reflected at the interface of the integral. It is
given by [21]

R(ω) �

����
ε(ω)


− 1

����
ε(ω)


+ 1





2

. (7)

)e L(ω) optical parameter, called electron energy loss
function, is an important parameter that describes the loss of
energy when a fast-moving electron is traversing through a
material, it is defined by

L(ω) �
ε2(ω)

ε21 + ε22 
, (8)

and the extinction coefficient k is given by

k(ω) �
−ε1(ω) + ε21(ω) + ε22(ω) 

1/2
 

1/2

�
2

√ .
(9)

Figure 7(a) shows the real part ε1(ω) of the dielectric
function obtained by LDA, PBE, and DFT +U that is
equivalent to Kramers–Kronig transformation and ex-
perimental result. )e peak at about 2.5 eV corresponds to
the experimental one at 3.12 eV, and the second broad peak
of ε1(ω) is situated at about 8 eV, corresponding to the
experimental peak at 7.32 eV for LDA and PBE calcula-
tions [7]. However, the first peak was observed at 5 eV for
DFT +U.

)e calculated ε2 curve in Figure 7(b) shows a sharp peak
at about 3.5 eV for LDA and PBE and at about 7 eV for
DFT+U. )e second main peak is situated at about 11 eV,
and the third one is situated at 21 eV for LDA and PBE.
However, in DFT+U calculations, the second and third
peaks were obtained at about 9 and 10 eV, respectively. )e
peaks of ε2(ω) originate from interband transitions from
valence band state to conduction band states. Consistent
with the DOS of CeO2, the first peak in ε2 at about 3.5 eV is
explained as the transition from Ce-5d to Ce-4f states, while
the second peak corresponds to the Ce-5p⟶Ce-5d tran-
sition as described in DOS plot of CeO2 (Figures 2(b), 3(b),
and 4(b)). )e width of the first peak in ε2 depends on the
width of the highest occupied valence band of CeO2 as
shown in Figures 2(b), 3(b), and 4(b).

)e behaviors of optical properties for CeO2 obtained
with LDA, PBE, and DFT+U approximations were de-
scribed in Figures 7(a)–7(e), 8(a), and 8(b).

)e narrowband (Figure 7(b)) at around 3.5 eV (for LDA
and PBE) and at 7 eV (for DFT+U) is associated with the
transitions between occupied Ce (5d) states of the DOS
structure II and the empty Ce (4f) states of the DOS
structure III described on Figures 6(a)–6(c), respectively.
)e DOS structure II is mainly formed by the O (2p) states
and the empty Ce (4f) states that are forbidden within the
dipolar selection rule and do not contribute to the first peak
of the calculated ε2.

)e wide structure (Figure 7(b)) found between 11 eV
and 15 eV on all approaches is primarily for transitions
between O (2p) and Ce (5d) at energy intervals of 5 to 0 eV

(Figures 6(a) and 6(c)). Similarly, wideband is found be-
tween the Ce (5p) and Ce (5d) states in the energy interval 10
to 15 eV as indicated in Figures 6(a)–6(c). )ere is a good
agreement between experimental and theoretical peak in-
tensities, especially in the UV-vis region (peak I), but there
are some differences at high energies. Figures 7(c) and 7(d)
show the refractive index n and the extinction coefficient k of
CeO2, which is the real and imaginary part of the complex
index of refraction N (N¼n+ ik) related to the Kra-
mers–Kronig transformation. )ey are obtained from the
dielectric function by equations (4) and (9).

In the UV-vis region, there is a good agreement between
measurements and calculation since the intensities of the
peaks of ε2 and the k spectra evolve identically (ε2 � 2nk).
Studies from the determined intensity variation of the ε2
structure apply to the k-spectrum of three structures cen-
tered around approximately 3.5, 11, and 21 eV for LDA and
PBE calculations. )e first structure has a higher stiffness at
the absorption edge, which improves absorption in the UV-
vis region. )is effect may be related to the localized Ce (4f)
state. )e result is a high index of refraction for near UV
energy (Figure 7(c); strong absorption gives a strong index of
refraction). In fact, since n has the same shape as the de-
rivative of k, the presence of an absorption peak causes a
large change in the index of refraction.

As can be seen in Figures 7(a)–7(d), DFT+U overesti-
mates the intensities of n and ε1 in the range of 4–6 eV while
the intensities of k and ε2 in the range of 5–10 eV. Obviously,
in the high energy range where the photon energy is above
about 15 eV, the value of the imaginary part is very small and
close to zero. )is result suggests that above 15 eV, CeO2 is
transparent from the ultraviolet to the visible light region. As
can be seen in Figure 7(c), the value of the refractive index
(n0) obtained for CeO2 with LDA, PBE, and DFT+U is 2.6,
2.7, and 2.8, respectively. )ese values are greater than the
experimental value (2.38) of refractive index (n0) previously
reported in literature [6]. It can be seen in Figure 7(d), the
DFT+U overestimates the extinction coefficient k of CeO2
between 5 and 10 eV than in LDA and PBE approximations.
Moreover, Figure 7(e) indicates the overestimated reflectivity
of CeO2 for a wide range of energy values between 5 and 20 eV
in DFT+U than in LDA and PBE approximations.

Figures 8(a) and 8(b) show the CeO2 absorption coef-
ficient and energy loss spectrum calculated using the LDA,
PBE, and DFT+U calculations. As shown in Figure 8(a), the
absorption coefficient of CeO2 calculated by LDA and PBE
and the energy loss spectrum of CeO2 are almost the same.
)e main peaks of the absorption coefficient for CeO2
calculated by the LDA and PBE approximations are obtained
around 7.5, 10, 13, 16, 18, and 21 eV. In addition, the main
peaks of the absorption coefficient for CeO2 computed with
DFT+U are found around 7, 8, 9, 11, 16.5, and 18 eV. )e
maximum peak for the absorption coefficient was found
around 13 eV for (LDA+PBE) and around 11 eV for
DFT+U calculations. As can be seen in Figure 8(b), the
main peaks of the CeO2 energy loss spectrum calculated by
LDA and PBE are found at approximately 14.5, 16, 17.5, 19,
and 21 eV. Similarly, the main peaks of the energy loss
spectrum calculated by DFT+U are at about 14, 17, 18, and
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Figure 7: (a) Real dielectric function, (b) imaginary dielectric function, (c) refractive index, (d) extinction coefficient k, and (e) reflectivity of
CeO2.
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19.5 eV. )e intensities of absorption coefficient and energy
loss spectrum calculated with DFT+U were overestimated
in the energy range (14–16 eV) and (16–19.5 eV) compared
to LDA and PBE calculations, respectively. In order to
compare the obtained result of absorption coefficient and
energy loss spectrum of CeO2, theoretical or experimental
data was not found.

3. Elastic Properties

Mechanical properties play a great role in the design and
application of materials. )e mechanical properties of a
material such as fracture strength, Young’s modulus, shear
modulus, and hardness determine the capability of a ma-
terial to resist external or internal stresses [22–30].)e study
of the mechanical behavior of CeO2 is useful to identify its
various technological applications. Hence, the mechanical
properties of CeO2 are based on its elastic constants, which
indicate response to external forces. )erefore, the elastic
constants of CeO2 are important parameters of a material
and can provide valuable information about the mechanical
stability, bonding character between adjacent atomic planes,
brittleness, ductility, stiffness, and anisotropic character [31].
)ere are six components of stress and a corresponding six
components of strain for the general 3-D case.)us, Hooke’s
law may be expressed as follows:

σi � Cijεj,

εi � Sijσj.
(10)

)e number of independent elastic constants in CeO2 is
three (3), that is, C11, C12, and C44. With reference to

Born–Huang’s lattice dynamic theory, the mechanical sta-
bility of a cubic system is based on the conditions expressed
in equations (14) and (15) [32–34]:

C11 > 0,

C44 > 0,

C11 − C12 > 0,

C11 + 2C12 > 0,

C12 <B<C11.

(11)

For an isotropic crystal, the expression that was used for
computing the bulk modulus is as follows:

B �
1
3

C11 + 2C12( . (12)

Similarly, shear modulus, G is described by the following
relation:

G �
1
2

GV + GR( , (13)

where

GV �
2C + 3C44( 

5
, (14)

GR �
6
C

+
9

C44
 

− 1

, (15)

C �
C11 − C12

2
, (16)
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Figure 8: (a) Absorption coefficient and (b) energy loss of CeO2.
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where GV and GR are Voigt shear modulus and Reuss shear
modulus, respectively. Young’s modulus E and Poisson’s
ratio n can be obtained in connection with the bulk modulus
B and the shear modulus G as follows:

E �
9BG

3B + G
,

n �
3B − 2G

2(3B + G)
.

(17)

)eDebye temperature θD is proportional to the average
elastic wave velocity va, and θD may be calculated from the
average elastic wave velocity, va [35] given by [9]

θD �
h

kβ

3n

4πV0
 

1/3

va, (18)

where h is Planck’s constant, kB is Boltzmann’s constant, V0
is the volume of the unit cell, and n is the number of atoms in
the unit cell.

)e elastic constants are important parameters that
provide information on the properties of a material such as
stiffness, strength, mechanical stability, hardness, and
ductility or brittleness [35]. As can be seen in Table 2, the
elastic constants of CeO2 computed using LDA, PBE, and
DFT+U approximations satisfy the Born’s mechanical
stability criteria C11 − C12 > 0, C11 + 2C12 > 0, and C14 > 0
[36]. )at means CeO2 is mechanically stable. )e elastic
constants are described in matrix format [35]. )e elastic
constants Cij (in GPa) of CeO2 calculated by (a) LDA, (b)
PBE, and (c) DFT+U are displayed in Matrixes (a), (b), and
(c), respectively.

a �

294.68 62.780 62.780 0.0000 0.0000 0.0000
62.780 294.68 62.780 0.0000 0.0000 0.0000
62.780 62.780 294.68 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 40.260 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 40.260 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 40.260

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

,

b �

307.51 78.870 78.870 0.0000 0.0000 0.0000
78.870 307.51 78.870 0.0000 0.0000 0.0000
78.870 78.870 307.51 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 41.440 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 41.440 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 41.440

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

,

c �

387.11 218.85 218.85 0.0000 0.0000 0.0000
218.85 387.21 218.85 0.0000 0.0000 0.0000
218.85 218.85 387.21 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 40.160 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 40.160 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 40.160

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

.

(19)

As can be seen in Matrixes (a), (b), and (c), the values
of C11 computed using LDA, PBE, and DFT +U are
294.68 GPa, 307.51 GPa, and 387.21 GPa, respectively.
)ese values are in better agreement with previous the-
oretical results reported in literature (343 GPa) [2] and
26.8%, 23.69%, and 3.9% lower than the experimental
value (403 GPa) [37] for LDA, PBE, and DFT +U cal-
culations, respectively. Moreover, the value of C12
computed with LDA, PBE, and DFT +U is 62.78 GPa,
78.87 GPa, and 218.85 GPa, respectively. )is value is
underestimated for LDA and PBE and overestimated with
DFT +U calculations compared to the experimental re-
sult (105 GPa) [37]) and reported result in literature
(102 GPa) [2]. )e values of C44 calculated with LDA,
PBE, and DFT +U approximations are 40.26 GPa,
41.44 GPa, and 40.16 GPa, respectively, and lower than
the previously reported value in literature (55 GPa) [2]
and experimental value (60 GPa) [37].

Table 2 depicts the value of bulk modulus, shear mod-
ulus, Young’s modulus, Poisson’s ratio, Debye sound ve-
locity, and Debye temperature of CeO2 obtained with LDA,
PBE, and DFT+U approaches in the Voigt–Reus–Hill av-
erage approximations model. )e bulk moduli of CeO2
found with LDA, PBE, and DFT+U computations are
140.8GPa, 155.08GPa, and 274.97GPa, respectively. )e
values of bulk modulus obtained with LDA and PBE ap-
proximations are lower than the reported experimental value
(204 and 220GPa) [37, 38] but near to the reported value in
literature (124 and 174GPa) [39, 40]. However, the value of
bulk modulus of CeO2 obtained with the DFT+U approach
is greater than the experimental value. Moreover, the value
of the shear modulus of CeO2 calculated with LDA, PBE, and
DFT+U are 62.51GPa, 63.11GPa, and 54.28GPa, respec-
tively. )ese values of shear modulus are also lower than
previously reported experimental value (87Gpa) [37] and
reported results in literature (76Gpa) [2]. )e values of
Young’s modulus of CeO2 found using LDA, PBE, and
DFT+U are 162.96Gpa, 166.48GPa, and 152.75GPa, re-
spectively. )ese values of Young’s modulus are less than
previously reported experimental value (228GPa) [37] and
reported result in literature (200GPa) [2]. But it is greater
than previous reported results in literature (102.15GPa)
[32].

)e Poisson’s ratio is often utilized to measure the
malleability of crystalline compounds [41]. Moreover, it
provides information about the bonding forces character-
istics that is a measure of compressibility, that is, it is a ratio
of lateral to longitudinal strain in uniaxial tensile stress and
is given by [42]:

n �
C12

C11 + C12
. (20)

Amaterial is characterized as brittle when the Poisson’s
ratio value is (n≤ 1/3) and as ductile materials when
(n≃1/3) [2]. In this study, the Poisson’s ratio obtained in all
approximations is higher than the values previously re-
ported in literature (0.293) [32]. As shown in Table 2, the
Poisson’s ratio of CeO2 computed in this study is between
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0.3and 0.4 constituting CeO2 as ductile material. )e Debye
temperature value calculated with LDA, PBE, and DFT +U
are 395.48 K, 399.37 K, and 380.25 K, respectively. )ese
values are less than the experimental value (489 K) [37] and
reported results in literature (462 K) [2]. But consistent
with the result reported in literature (395.5 K) [43]. )e
Debye sound velocities computed are 3,200.07m/s,
3,231.59m/s, and 3,076.84m/s with LDA, PBE, and
DFT+U schemes, respectively. )ese values are nearly in
agreement with the previously reported experimental and
theoretical results [2, 37]. As seen in Table 2, all the me-
chanical parameters of CeO2 computed with LDA, PBE,
and DFT +U approximations were compared with avail-
able experimental results.

4. Conclusion

)e structural, electronic, optical, and elastic properties of
CeO2 have been investigated using LDA, PBE, PBE0, and
DFT+U (U � 5 eV) approaches. )e calculated lattice pa-
rameter, bandgap, dielectric constants, refractive index,
and extinction constant agree well with the available the-
oretical and experimental data. )e bandgap of CeO2 found
using DFT +U calculation is more consistent with the
experimental value than with LDA, PBE, and PBE0 ap-
proximations. )e intensities of absorption coefficient and
energy loss spectrum calculated using DFT +U were
overestimated in the energy range of 14–16 eV and
16–19.5 eV compared to LDA and PBE calculations, re-
spectively. )e peaks of dielectric constants and refractive
index of ceria obtained are consistent with the feature of the
density of states properties found in the three scheme
calculations. )e obtained value of bulk modulus of ceria is
underestimated in LDA and PBE whereas overestimated in
DFT+U calculations compared to experimental results.
)e Young’s and shear moduli values are underestimated in
all approximations compared to experimental results. )e
Poisson’s ratio is in good agreement with the experimental
result.
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