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Ab initio pressure-dependent vibrational and dielectric properties of CeO,
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We have performed an ab initio study of pressure-dependent dielectric and lattice dynamical properties of

CeO,. The calculations have been carried out within the local density functional approximation using norm-
conserving pseudopotentials and a plane-wave basis. Born effective charge tensors, dielectric permittivity
tensors, the phonon dispersion curves, and their Griineisen parameters are calculated using density functional
perturbation theory. The calculated results agree well with the experiments. Also, we have found that treating
the 4f electrons of cerium as valence states is crucial for a satisfactory description of the lattice dynamical

properties of CeO,.
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I. INTRODUCTION

Cerium oxide (CeO,) or ceria is a rare-earth oxide which
has numerous applications in technology. CeO, is exten-
sively used in the modern catalytic industry because of its
high oxygen storage capability. It is the major component
in catalytic converters to reduce harmful emissions from au-
tomobile exhausts.! The cubic fluorite crystal structure of
CeO, with a small Ilattice-constant mismatch to Si
(~0.35%) makes it suitable for high-quality epitaxy on sili-
con to produce silicon-on-insulator structures’ and stable
buffer layers of high-temperature superconductors in current-
carrying applications.> A CeO, layer on silicon, which has a
high dielectric constant, is also attractive as a high-storage
capacitor.*

In spite of its wide technological usage, the lattice dy-
namical properties of CeO, have been investigated only by a
small number of experimental and theoretical studies. On the
experimental side, the Brillouin zone center (BZC) phonon
frequencies have been measured and reported by using infra-
red (ir) reflectivity’”’ and Raman spectroscopy®'* tech-
niques. The pressure dependence of the Raman- as well as
ir-active BZC modes was investigated in Ref. 15. Phonon
frequencies along high-symmetry directions of the Brillouin
zone have been determined from inelastic neutron scattering
experiments by Clausen et al.'® whose reported data contain
only the modes with frequencies below 500 cm™!. The hy-
drostatic pressure dependence of structural properties of
CeO, were investigated by high-pressure Raman'> and x-ray
diffraction'”!® studies and it has been found that bulk CeO,
has a phase transition from fluorite-type to «a-PbCl,-type
structure at about 31 GPa pressure. For nanocrystalline CeO,
the transition occurs at significantly lower pressures 26.5
(Ref. 19) or 22.3 GPa.?’

On the theoretical side, the whole phonon dispersion
curves of CeO, have been studied by using phenomenologi-
cal models only.!%16:21:22 Model calculations have two main
drawbacks: the types of interactions that are taken into ac-
count might not be enough to account for the binding prop-
erties of the solid, and furthermore, the interaction param-
eters of the model have to be derived from a fit to experi-
mentally measured quantities. This is a major deficiency
when the experimental results are incomplete or contradic-
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tory. For example, Sato and Tateyama®' have employed a
rigid-ion model to calculate the phonon dispersion of CeO,.
Their model uses the elastic constants as part of the input
parameters, but since those were not available for CeO, at
that time, Ref. 21 chose to use those of ThO, which were in
turn found to be quite different from the experimental ones. '’
Also, the LO frequency used in that calculation appears to be
much higher than the value found in infrared measure-
ments.>® Weber et al.® also used the rigid-ion model and the
elastic constants predicted by their model differ markedly
from the experimental values.!” The only previous ab initio
study that we are aware of for the lattice dynamical proper-
ties of CeO, was by Yamamoto et al.,>> who calculated the
dielectric constants, Born effective charges, and ir-active TO
phonon frequency at the BZC with density functional theory
(DFT), the local density approximation (LDA), using ultra-
soft pseudopotentials and plane-wave basis sets.

An important reason for the sparseness of first-principles
studies on the lattice dynamical properties of ceria has been
the difficulty of treating the nature of occupation and bond-
ing of the 4f electrons of cerium in a DFT LDA framework.
Recent studies of structural properties suggest a valence band
picture?* which is also found to be the case for a good de-
scription of the lattice dynamical properties. In this study, we
looked at lattice dynamical properties and their pressure de-
pendencies for CeO,. The dispersion curves of phonon fre-
quencies and the mode Griineisen parameters have been ob-
tained using density functional and density functional
perturbation theory. The Born effective charges, dielectric
permittivity tensors, and their behavior under pressure have
also studied.

This paper is organized as follows. In Sec. II computa-
tional details of the work are briefly reviewed. In the follow-
ing section, the results of our calculations are presented, dis-
cussed and compared to experiments. Section IV concludes
the paper with a brief review of the main results.

II. COMPUTATIONAL DETAILS

All of the calculations reported here were performed by
using the ABINIT implementation®> of density functional
theory with a plane-wave basis set for the wave functions
and periodic boundary conditions. Cerium oxide has the
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TABLE L. Calculated equilibrium lattice parameter (ao), bulk modulus (By), its pressure derivative (B),
and elastic constants of CeO, compared to other theoretical and experimental data. (ay is in A, B, and elastic
constants in GPa, and B dimensionless.) (GGA, generalized gradient approximation; FP LMTO, full-
potential linear muffin tin orbital; PP, plane-wave pseudopotential method; PAW, projector-augmented wave
method; SIC, self-interaction corrected; LSD, local spin density approximation.)

ap B, B} Cy Cp» Cuy Method
5.366 210.1 44 386 124 73 This work
5.406 230 4.0 Expt. (Ref. 17)
5411 236 4.4 Expt. (Ref. 18)
5.411 220 4.4 Expt. (Ref. 37)
204 403 105 60 Expt. (Ref. 10)
450 117 57 Shell Model (Ref. 16)
5421 PP GGA (Ref. 38)
5.405 PP LDA (Ref. 23)
5.39 214.7 FP LMTO (Ref. 24)
5.45 1935 PAW GGA (Ref. 39)
5.384 176.9 SIC LSD (Ref. 37)

fluorite structure with three atoms per primitive face-
centered-cubic cell; Ce is located at (0,0,0) while two oxy-
gens are at +(1/4,1/4,1/4) reduced positions.

The interaction between the valence electrons and nuclei
and core electrons is described by using Hartwigsen-
Goedecker-Hutter (HGH) pseudopotentials®® which use the
local density approximation to the exchange-correlation
functional. A pseudopotential DFT description of cerium is
difficult because of questions related to the nature of occu-
pation and bonding of 4f electrons as well as the appreciable
overlap of 5s and 6p core orbitals with the valence orbitals.
First-principles calculations indicate that 4f electron should
be treated as valence electron in CeO, and as core electrons
in hexagonal form of ceria Ce,05.2* We have found that,
among a number of pseudopotentials that were tested,?’~
the HGH one is the only one that is able to reproduce the
lattice dynamical properties with acceptable accuracy. The
cerium HGH pseudopotential used in this study treats semi-
core 5s and 5p electrons and as a result require an extremely
high kinetic energy cutoff; E_ ;=160 hartrees was found to
be adequate for the convergence of the total energy at the
1 meV level.

The Brillouin zone integrations were tested for 4 X4 X4
and 8 X 8 X 8 Monkhorst-Pack grids*® and the 4 X 4 X 4 grid
was found to be enough for the convergence of elastic as
well as dynamical properties.

Lattice dynamical and elastic properties are calculated
within the framework of density functional perturbation
theory.3! Technical details of the computation of responses to
strain perturbations, atomic displacements, and homoge-
neous electric fields can be found in Refs. 32 and 33, while
Ref. 34 presents the subsequent computation of dynamical
matrices, Born effective charges, dielectric permittivity ten-
sors, and interatomic force constants. The details of the cal-
culation of elastic constants in the linear response framework
are given in Ref. 33.

II1. RESULTS
A. Atomic structure and lattice properties

The calculated equilibrium lattice parameter (a,), bulk
modulus (B), pressure derivative of bulk modulus (By), and
elastic stiffness constants of CeO, are displayed in Table I
along with some data in the literature. The equilibrium lattice
parameter «, obtained by energy and force minimization has
only a discrepancy of 0.8% with the experimental value. The
bulk modulus and its pressure derivative are calculated by
fitting to a third-order Vinet equation of state.>> Considering
the fact that the zero-point motion and thermal effects are not
taken into account,*® the calculated B, and B/, values agree
with the experimental values reasonably well.!%!7-1837 In the
framework of DFT LDA, our calculated values of elastic
constants are compatible with the experimental data of Na-
kajima et al.'” which were obtained from Brillouin scattering
measurements.

B. Born effective charges and dielectric constants

For insulators, the Born effective charge is a measure of
the change in electronic polarization due to ionic displace-
ments. For atom «, Z; Ba quantifies, to linear order, the po-
larization per unit cell, created along the direction 8 when
the atoms of sublattice « are displaced along the direction a,
under the condition of zero electric field. Computationally, it
is the mixed second derivative of the total energy with re-
spect to the macroscopic field component E,, and the 3 com-
ponent of the displacement of «th particle. The form of Z*
for a particular atom depends on the symmetry of the site
occupied by that atom. In CeO,, cerium and oxygens reside
at 4a and 8c Wyckhoff positions, respectively. The point
symmetries of these positions are O, and 7;. So one would
expect the effective charge tensor for both atomic species to
be isotropic. The Born effective charges of cerium and oxy-
gen are calculated to be Z{,=5.5762 and Z5=-2.7881, re-
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TABLE II. Calculated static and high-frequency dielectric con-
stants and zone-center infrared-active phonon frequencies (in units
of cm™).

€ € wrto wLo Ref.
Calc. 6.23 23.0 301 579 This work
Calc. 7.5 24.3 305 23
Calc. 2.85 16.6 16
Expt. 5.31 ~24.5 272 595 5
Expt. 4.7 35.3 218 597
Expt. 6 23 283 7

spectively. The calculation for the effective charges is very
well converged as can be seen from the satisfaction of the
acoustic sum rule (£Z*=0). The calculated values are in
close agreement with those calculated by Yamamoto et al.?
(Z¢.=5.712, Z{=-2.856) who used a similar pseudopotential
plane-wave LDA method.

The pressure dependence of Born effective charges can
reveal important information about the bonding structure of
the material. The hydrostatic pressure dependence of Z* can
be analyzed by defining a charge Griineisen parameter y* as

*:—‘fillr; ZV where V is the unit-cell volume. The Griineisen
parameters of Born effective charges are found to be 0.37 for
both Zg, and Zg,.

The form of the dielectric tensor is determined by the
symmetry of the crystal. Since CeO, is a cubic material its
electronic (€,) and static (&) dielectric tensors have only one
component. We display our calculated dielectric constants
along with theoretical calculations and experimentally avail-
able data in Table II. The experimental €, values range from
4.7 (Ref. 6) to 6 (Ref. 7) while our computed value is 6.23. Tt
is well known that DFT LDA calculations overestimate the
values of the high-frequency dielectric constant because of
the band-gap problem. But also comparing the theoretical ¢,
value computed here (23.0) with the infrared data of Ref. 7,
we can say that the agreement is excellent, though probably
an accidental agreement.

For the pressure dependence of the dielectric constants
one can define a Griineisen parameter as y* =_5112\E/ We have
found that the Griineisen parameters for the electronic and
static dielectric constants are found to be y**=-0.10 and
y0=-2.66, respectively. These numbers indicate that both
constants decrease under pressure but the static part is more
sensitive to pressure changes.

C. Phonons

CeO, has a cubic fluorite-type structure and belongs to the
space group OZ (Fm3m). It has three atoms per primitive unit
cell. The cerium atom is located at (0,0,0) and the two oxy-
gen atoms at (+0.25,+0.25,+0.25). A factor group analysis
gives the decomposition of the zone center modes as 275,
+T,. The threefold-degenerate T}, mode is only Raman ac-
tive while one of the 75, modes is only infrared active; the
other threefold-degenerate 7,, mode is the acoustical mode.
The degeneracy of the optical T,, is partially lifted by the
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FIG. 1. Calculated phonon dispersions of CeO, through high-
symmetry points of Brillouin zone with neutron data (diamonds) of
Ref. 16.

inclusion of polarization effects, which leads to LO-TO split-
ting.

Our calculated I' point phonon frequencies are displayed
along with several infrared data in Table II. Before discuss-
ing these results, we should point out that an interesting find-
ing from the phonon calculations is the relative insensitivity
of zone center phonon mode frequencies to the energy cutoff
for the wave functions compared to the convergence of the
total energy. The total energy is converged at 1 meV level
for E_,;=160 hartrees while the phonon modes seem to con-
verge at a lower cutoff; as part of the convergence study, we
have compared the I' point vibration frequencies for E
=60, 100, and 160 hartrees. While there is a considerable
difference between the frequencies calculated at £ ;=60 and
100 hartrees, the difference between those calculated at
E.+=100 and 160 hartrees is less than 0.5%. The agreement
between the theoretical results and experimental data is very
good for the Raman and the 7,, LO modes. The T,, TO
mode frequency reported by Ref. 6 seems to be too low
compared to the infrared data of Refs. 5 and 7 as well as our
calculated result. Compared to the frequency reported in
Refs. 5 and 7, our computed 7,, TO frequency is =9%
higher. In LDA linear response calculations a difference up
to 10% might be expected, but here such a large difference is
seen only for one of the modes. A similar overestimation of
the TO branch has been encountered in previous ab initio
pseudopotential calculations of other fluorite structures such
as CaF,,*%4! PbF,,* BaF,,*? and at the I" point of Ce0,.??

The phonon dispersions along the high-symmetry direc-
tions were calculated from the interatomic force constants
which were obtained from the interpolation of 4X4X4
(eight irreducible ¢ points) and 8 X8 X 8 (28 irreducible ¢
points) grids. The overall difference between the frequencies
obtained from the two grids is less than 1%. The calculated
phonon dispersion relations along the I'-X-K-I'-L-X-W-L di-
rection is displayed in Fig. 1 along with the neutron scatter-
ing data of Clausen et al.'® The overall agreement between
the theoretical results and the experimental data is excellent
except for the moderate disagreement mentioned in the pre-
vious paragraph. The disagreement for the 7,, TO branch,
which is =9% around the BZ center, decreases toward the
zone boundary points (X and L). Another observation from
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FIG. 2. Calculated mode Griineisen parameters of CeO, through
high-symmetry points of the Brillouin zone. Closed circles at the I’
point are the experimental results of Ref. 15.

Fig. 1 is the near-dispersionless character of the LO mode
which is also found in other fluorite structures.*-42

D. Mode Griineisen parameters

The volume dependence of the phonon frequencies can be
characterized by the mode Griineisen parameters

dIn w;(q)

Yi(q)=— TV

where w;(q) is the frequency of the mode i at wave vector q
of BZ and V is the unit cell volume of the crystal. Figure 2
presents the dispersion of the mode Griineisen parameters
along the high-symmetry directions of the BZ. As can be
seen from the figure, y; ranges mostly from 1 to 3 and all are
positive, which indicates that all mode frequencies increase
with increasing pressure. The experimental mode Griineisen
parameters of CeO, are available only for the zone center
modes. Kourouklis et al.'> have calculated the mode Grii-
neisen parameters of the Raman mode (yg=1.44) and infra-
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red mode (v, 0=1.5) of CeO, at the zone center by using
their experimental dw/dP and bulk modulus B value from
the relationship y=(B/wy)(dw/dP). Our calculated zone
center mode Griineisen parameters for 7', and 75, LO modes
are y=1.55 and 1.39, respectively, which show a reasonably
good agreement with the data reported by Ref. 15.

IV. CONCLUSION

We have presented the results of first-principles calcula-
tions on structural, elastic, dielectric, and lattice dynamical
properties of CeO,. The Born effective charges, dielectric
constants and phonon dispersion curves have been calculated
by using density functional perturbation theory. The pressure
dependence of these quantities has also been investigated by
the determination of the proper Griineisen parameters. Our
results indicate that for a proper description of these quanti-
ties one needs to take into account the semicore states of
cerium and treat the 4f electrons of cerium as valence elec-
trons. We have found a surprisingly good agreement between
the calculated and experimental dielectric constant using
HGH pseudopotentials that possess the mentioned electronic
properties. The calculated phonon dispersion curves are
found to be in good agreement, in magnitude as well as in
shape, with the neutron data throughout the high-symmetry
directions of the Brillouin zone except for a slight overesti-
mation of the infrared-active TO mode. The overestimation
of the frequency of this branch is a typical behavior in the
fluorite-type materials. From the calculation of the hydro-
static pressure dependence of the phonon frequencies, we
have found that all the modes have positive Griineisen pa-
rameters, which indicates that mode frequencies increase
with increasing pressure.
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