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Abstract. The elastic and optical properties of the cubic CeO; and its behavior under
pressure are investigated by using the local density approximation (LDA). The com-
putational results are found in good agreement with the available experimental data
and other theoretical results. The optical properties including dielectric function, ab-
sorption, reflectivity and refractive index are calculated and analyzed. It is found that
CeO,, is transparent from the partially ultra-violet to the visible light area and the trans-
parence is hardly affected by the pressure. Furthermore, the curve of optical spectrum
shifts to high energy area (blue shift) with increasing pressure.
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1 Introduction

As a rare-earth oxide, cerium oxide forms an interesting and extensively studied se-
ries, and has numerous applications in technology. For example, as one of the non-
stoichiometric oxides [1], CeO; is extensively used in the modern catalytic industry due
to its high oxygen storage capability [2-7]. It is the major component in catalytic convert-
ers to reduce harmful emissions from automobile exhausts [2], and has been often used
as a promoter in an automotive exhaust catalyst for purifying carbon monoxide (CO),
nitrogen oxides (NOy) and hydrocarbon (HC) [4-9]. The automotive catalyst system has
been operated under the conditions of a certain range of air/fuel (A/F) ratio . The CeO,
can provide oxygen for oxidizing CO and HC under rich A/F conditions, and remove it
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from the exhaust gas phase for reducing NO, under lean A/F conditions [10]. It is also
found that the CeO; is of the potential interest as optical component materials and laser
hosts [11-14] and as prospective materials for future microelectronic applications [15].

Although CeO; has long been utilized as a material for oxygen storage [2-7], first-
principles calculations on CeO; have hitherto been prohibitive, not least because of the
difficulty in describing or converging the localized f valence electrons [16]. As funda-
mental issues and key features of cerium oxides CO,, like the occupation of the 4f orbital
and bonding, have been investigated by a number of experimental techniques [11,17]. In
the early 1980s, Koelling et al. [18] calculated the electronic structure of CeO, by means
of the linear augmented-plane wave (LAPW) method with Slater exchange and warped
muffin-tin approximation for the crystal potential and charge density. They reported that
the f and d states of Ce atom are hybridized with the oxygen 2p bands.

Hill and Catlow [19] investigated CeO, by the restricted Hartree-Fock method, which
is well known for describing the exchange interaction correctly but entirely missing the
correlation effects [20]. More recently, Skorodumova et al. [21] have calculated the elec-
tronic, structural, bonding, optical and magnetic properties of CeO, by means of the full-
potential linear muffin-tin orbital (FP-LMTO) method in the framework of the density
functional theory (DFT). They showed that in the case of CeO; their calculated density of
states, optical transitions and electron localization function indicate that the unoccupied
4f states of Ce can be considered as essentially equivalent to an empty atomic like 4f
level. Also, Fabris et al. [22] investigated on the defective CeO, by modeling multiple
valence compounds using density-functional theory.

In this work, we give a detailed description for the elastic and the optical properties
of CeO; through the Cambridge Serial Total Energy Package (CASTEP) program [23,24].
The structure and elastic constants obtained here are in agreement with the experimental
data and other theoretical results. The elastic and optical properties of CeO, as well as
their behavior under pressure have also studied.

2 Theoretical method

2.1 Total energy electronic structure calculations

In our electronic structure calculations, we adopt the non-local ultrasoft pseudopotential
introduced by Vanderbilt [25] for the interactions of the electrons with the ion cores, to-
gether with the local density approximation (LDA) [26]. The electronic wave functions
are expanded in a plane wave basis set with energy cut-off of 480 eV. For the Brillouin-
zone k-point sampling, we use the Monkhorst-Pack mesh with 10x10x 10 k-points. It
is found that these parameters are sufficient in leading to well converged total energy,
geometrical configurations and elastic stiffness coefficients.
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2.2 Elastic properties

The elastic stiffness tensor relates to the stress tensor and the strain tensor by Hooke’s law.
Since the stress and strain tensors are symmetric, the most general elastic stiffness tensor
has only 21 non-zero independent components. For a cubic crystal, they are reduced to
three components, i.e., C11, Ci2, and Cy. These elastic constants can be determined by
computing the stress generated by forcing a small strain to an optimized unit cell [27,28].
Moreover, the adiabatic bulk Bs and the shear modulus G are given by

1 1
Bs= g(Cn —|—2C12), G= E(GV+GR)’

where
c=tch-cn), Gr=l(c+3Cw), Gr=—at>
=5tn—Ctn), Gv=g “) OR= ey
Gy is the Voigt shear modulus and Grp, is the Reuss shear modulus [29]. For cubic crystals,

the mechanical stability of crystals under pressure P is judged by
Cu>0, Cn>|Cp|, Cn+2Cp>0,
where Cyy = Cpy — P (x=1,4), Cro=Crp+P [30]. Moreover, the internal strain parameter ¢
can be obtained from the relation [31]
_ C11+8Cyp2
7C11+2Crp’
As an important physical quantity, the Debye temperature is closely related to the

elastic constants. From the elastic constants, one can obtain the elastic Debye tempera-
ture. The Debye temperature may be estimated from the following formulas [32]

__h[3n (Nap 1/3
o= | (Me0)] v 0

where V), is the average sound velocity, 1 the Planck’sconstant, k the Boltzmann’s con-
stant, N4 the Avogadro’s number, n the number of atoms per formula unit, M the molec-
ular mass per formula unit, p(=M/V) is the density, and V,, is obtained from

-1/3
1<2+1>
3\ve VP

, )
where Vs and V] are the shear and longitudinal sound velocities, respectively. The prob-
able values of the average shear and longitudinal sound velocities can be calculated from
the Navier’s equation [33]

V=
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2.3 Optical properties

Generally, the optical properties of a material can be described by many physical param-
eters, including complex refractive index N, absorption coefficient 7, reflectivity coeffi-
cient R, optical conductivity ¢, complex dielectric constant ¢, and so on. All the optical
constants can be derived from the real part ¢1(w) and image part €2(w) of the the com-
plex frequency-dependent dielectric function ¢(w) = ¢1(w) +iez(w). The imaginary or
absorptive part > (w) of the frequency-dependent dielectric function is given by [34]

£2(w) nm2w2 Z / O 6lwe (k) —w]dk. 5)

The integral is carried out over the first Brillouin zone, and the momentum dipole ele-
ments My (k) =<ucle- V|ug >, where e is the potential vector defining the electric field,
are matrix elements for direct transitions between valence-band 1., (7) and conduction-
band u.(r) states, and the

hwey (k) =Eg—Ewk

is the corresponding transition energy.
The real part €1 (w) of the frequency-dependent dielectric function can be derived
from the imaginary part using the Kramers-Kronig relations

el<w>=1+% 0 i‘fff_()d ’ ©)

where P denotes the principal value of the integral. Based on the knowledge of both real
and imaginary parts of the frequency-dependent dielectric function, we can calculate the
important optical functions such as the refractive index n(w)

2 2 12
e1(w) e1(w)+e3(w)

n(w)= > + 5 . (7)

In order to investigate the optical properties, a sufficiently dense k-mesh is used in the
present work.

3 Results and discussion

3.1 Structure and elastic properties

Cerium oxide CeO has the fluorite structure with three atoms per primitive face-centered-
cubic cell; Ce is located at (0,0,0) while two oxygen atoms are at +(1/4,1/4,1/4) reduced
positions. First of all, we calculate the equilibrium properties of CeO, for the sake of
judging whether the computational methodology is reliable and effective. Together with
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Table 1: Calculated equilibrium lattice parameter a (A), bulk modulus By (GPa)and its pressure derivative By,
and elastic constants Cﬁ(GPa) of CeO, together with the experimental data and other theoretical results.

a By Bj, Cn Ci2 Cyy 4 B;
Present 537 20359 441 37140 11789 68.10 046 202.40
Expt. [35] 204 403 105 60
Expt. [36] | 5411 220 44
Ref. [37] 539 214.7
Ref.[38] | 545 1935
Ref. [39] 5366 210.1 4.4 386 124 73

Relative volume V/V

0 5 10 15 20 25 30
Pressure (GPa)

Figure 1: Relative volume versus pressure of CeO; at 0 K, 800 K and 1600 K, respectively.

the experimental data and other theoretical results, the calculated ground state proper-
ties, i.e., the equilibrium lattice constant, bulk module By and its pressure derivative B(’),
and elastic constants of CeO, are given in Table 1. The obtained results and its pressure
derivative B are in excellent agreement with the experimental values and other theoret-
ical results.

The pressure and temperature dependences of the relative volume V' /V; of CeO, are
illustrated in Fig. 1. It is seen that, as the pressure P increases, the relative volume V /V;
decreases at a given temperature, and the relative volume V' /Vj of higher temperature is
less than that of lower temperature at the same pressure. On the other hand, the volume
V decreases with the elevated pressure P, and increases with the elevated temperature T.
This effect of increasing pressure on CeQ; is just the same as decreasing temperature.

In Table 2, we present the pressure dependences of the elastic constants C;;, the ag-
gregate elastic modulus B, G of CeO; at 0-30 GPa. Unfortunately, no experimental and
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Table 2: Calculated lattice parameters a (A), elastic constants Cij(GPa) and aggregate elastic moduli B(GPa),

B}, shear modulus G(GPa), Debye temperature ® (K), and anisotropic factor Ag; of CeOy under pressure P
(GPa).

a C11 C12 C44 B B(/) G (C) ASl
537 37140 117.89 68.10 20359 441 87.65 503.76 1.86
534 395.77 136.85 7355 22316 429 9241 51645 1.76
530 421.54 158.03 79.43 24587 4.18 97.39 528.78 1.66
527 44545 17775 85.67 26698 4.09 102.51 541.03 1.56
20 523 46791 19640 9145 28688 4.01 109.06 551.83 148
25 520 49051 21537 96.97 307.08 394 11158 561.73 142
30 5.18 511.28 233.13 101.35 32585 3.87 11506 569.25 1.37

[ —
moU‘lO'ﬁ

theoretical data of elastic constants are available for our comparison. It is shown from
Table 2 that the elastic constants C;1, Cip, C44, bulk modulus B and shear modulus G
increase monotonously when pressure is enhanced. Moreover, C44 and G increase very
slowly with the elevated pressure. It is noted that the Debye temperature of CeO, tend
to increase with increasing pressure. On the other hand, for the shear waves of CeO,, the
wave polarized perpendicular to the basal plane (S1) and the one polarized in the basal
plane (52) have the anisotropies

1 Cn—C2

Acy— — —
17 Asy 2Cy4

(8)
In Table 2, we also list the calculated Ag;. It is noted that, As; generally descends as
pressure increases from 0 to 30 GPa. As pressure increases, the anisotropy will weaken.

3.2 Optical properties

In Fig. 2(a), we display the imaginary part of dielectric function curves to the photon
energy from 0 to 40 eV at 0 and 30 GPa. It can be found that, at 0 GPa, there are two
pronounced peaks E; and E; localized at 2.85 eV and 10.11 eV, respectively, and one
weak peak Ej at 22.33 eV in ¢y(w). The three peaks all decrease and shift to the right
with a small extent when the applied pressure is up to 30 GPa. When compared with
Figs. 2(b) and 2(c), we found that in the area where absorption is intense the reflectivity
is also larger. That means if a kind of material can absorb light in some range strongly it
can effectively reflect the same area light too. At 0 GPa, it is noted that there is a lossless
region from 0 to about 1.46 eV in absorption spectrum, and in the lossless region the
reflectivity is lower than 20%, indicating that just the frequency less than 1.46 eV can be
transmitted in CeO;.

Further more, the reflectivity for frequency at about 13 eV is even high than 60%, but
a sharp decrease happens subsequently. Then, at about 27.8 eV there is a peak too, but is
only 28%. When the pressure increased to 30 GPa, the absorption became more intense
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Figure 2: Optical properties of CeO; at 0 GPa (solid line) and 30 GPa (dashed): (a) Dielectric function, (b)
Reflectivity, (c) Absorption spectra, and (d) Refractive index.

and the reflectivity decreased accordingly. For the study of pressure induced influence
on optical properties of CeO,, complex refractive index is also an important objective. In
Fig. 2(d), both the real and imaginary part of complex refractive index at 0 and 30 GPa
are illustrated. Obviously, at high-energy region, where photon energy is larger than
about 28 eV, the values of imaginary part are very small even close to zero. The result
suggests that for the high frequency electromagnetic wave the absorption is very weak,
and the refractive index is almost constant at high frequency area, indicating that the
CeO, is transparent from the ultra-violet (mainly UV-A, UV-B and partially UV-C) to the
visible light area and it seems that hardly does the transparence affected by the pressure.
Compared with Fig. 2(a) to Fig. 2(d), it is found that the pressure has little effect on the
shape of optical spectrum curve, but the positions of the peaks are moved towards the
higher energy direction.

4 Summary

In summary, we give a detailed description for the elastic and the optical properties of
CeO; and their behavior under pressure by using ab initio plane-wave pseudopotential
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density functional theory method within the local density approximation (LDA). The
calculated results are in good agreement with the available experimental data and other
theoretical results reasonably. The optical properties including dielectric function, ab-
sorption, reflectivity and refractive index are also calculated and analyzed. It is found
that the CeO; is transparent from the partially ultra-violet to the visible light area and
hardly does the transparence affected by the pressure. Furthermore, the curve of optical
spectrum will shift to high energy area (blue shift) with increasing pressure.
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