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ABSTRACT

In this paper, we present the first ever theoretical Compton profiles and electron momentum
densities along with energy bands and density of states of rare earth oxide CeO,. We have employed the
linear combination of atomic orbitals method to compute these electronic properties. For this, we have
applied local density approximation, generalized gradient approximation and recently developed second
order generalized gradient approximation within the frame work of density functional theory. The energy
band gap of CeO, is found to be in good agreement with the available data. Theoretical anisotropies in
Compton profiles along [100], [110] and [111] directions are explained in terms of energy bands.

Key words: Band structure calculations, Density functional theory, Electron momentum density, Rare
earth oxides.

INTRODUCTION

The rare-earth oxide CeO, (ceria) attracts much attention due to its technological and
industrial applications. It is widely used in automobile exhaust as an oxygen storage material
and catalyst due to its ability to take and release oxygen under oxidizing and reducing
conditions. CeO, can be considered as a prospective material for future microelectronic
applications due to its high dielectric constant and good epitaxy on Si. Further, CeO, is
considered as a promising candidate for replacing silicon dioxide in electronic appliances'. It
crystallizes in fluorite like cubic structure as shown in Fig. 1.
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(a) (b)

Fig. 1: (a) The crystalline structure of the cerium oxide (space group Fm3m, no. 225)
along with (b) the reciprocal lattice

Earlier theoretical and experimental studies on CeO, mainly include quantum
mechanical calculations, surface properties, elastic properties, X-ray diffraction measurements,
electronic and optical properties'”. Among recent studies, Babitha et al.'” have studied
structural and optical properties of CeO, nanoparticles by chemical precipitation. Graciani et
al.'® have reported the structural and electronic properties of CeO, and Ce,O; using hybrid
density functional theory (DFT). Keating et al."” have determined the intrinsic defects
properties within CeO,. Low energy recoil events in MO, (M = Th, Ce and Zr) have been
investigated by Xiao et al.*® using ab intio molecular dynamics (MD) method. The structural,
magnetic and optical properties of CeO,, PrO, and TbO, have been undertaken by Kanoun et
al.?! within the DFT framework based on full potential approaches. Desaunay et al.* have
reported the structural and electronic properties of CeO, using hybrid DFT method. High-
pressure structural and electronic properties of CeO, and ThO, have been studied by Song
et al.? with density functional calculations. The elastic constants, bulk modulus, shear
modulus and elastic modulus of cubic fluorite CeO, under high pressure have been studied
by Li et al.** using the plane-wave pseudo potential method based on DFT.

In the present paper, we have used first principles calculations to investigate
electronic response of cerium oxide (CeO,). The main objectives of the present work are (i)
to compute the electronic band structure and density of states (DOS) of CeO, using more
accurate second order generalized gradient approximation (GGA) and PBE sol parameters as
embodied in linear combination of atomic orbitals (LCAQ) (ii) to compute for the first time
the electron momentum density (EMD) and Compton profiles (CPs) of CeO, using LCAO
method (iii) to compute LCAO based anisotropies in theoretical CPs and analyze them in
terms of energy bands and (v) to deduce more accurate band gap in CeO, and compare it
with the available data.
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Computational method

We have employed LCAO method, as incorporated in CRYSTALO09 code*®*!
developed by Torino group, to compute the theoretical CPs, energy bands and DOS of CeO..
It is worth mentioning that the CRYSTALO9 package includes various DFT schemes like
local density approximation (LDA), GGA and second order GGA (so called SOGGA). In
this code, the one electron crystalline orbitals are the linear combination of Bloch functions
given as,

@i(r, k) =X X a, (k) D, (r— A, —g) exp (ik.g) ...(D)

The Bloch functions, which are the solutions of one electron equations, are built
from local atom by the linear combination of ng individual Gaussian-type functions.

In the DFT scheme, the one particle Hamiltonian operator involves exchange and
correlation potential operator U (r), which is defined as —

1")XC (l") — 5 Exc [n (r)]

S O Q)

Here, E,. is the exchange-correlation density functional energy and p is the

electronic density at a point r.

In LDA, the exchange-correlation energy of an electronic system is constructed by
assuming that the exchange-correlation energy per electron at a point r in the electron gas is
equal to the exchange-correlation energy per electron in a homogenous electron gas that has
the same electron density at the point r. It follows that —

EQIN(r)=[n(n)ey [n()]d'r -.3)

In the GGA, the appropriate exchange energy is formed from slowly varying
densities is —

ESAIn(r)]=[n(re> (n (M) F& (s(r)d’r (4
In Eq. 4, the variable s is the reduced density gradient, which is given by the formula,

s(n(r))zzzl?—r(]zz), ...(5)
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the GGA and in the case of PBE it is given by —

Fy%* (s(r)) present in Eq. 4 is the exchange enhancement function of

FP (s)=1+k- ...(6)
By

K

1+

where the constants are p = 0.2195 and K= 0.804.

In the case of SOGGA, exchange enhancement factor is taken as equal mixing (50%
each) of the PBE*? and revised PBE (RPBE)* exchange functionals. Mathematically,

A 1_17_76 yA ...(6)

The parameters p and K are redefined as p = u“F = 0.552 and K = 0.552 using Lieb-
Oxford bound™.

In the present computations, we have taken exchange of Dirac-Slater’®?' for LDA
and Wu and Cohen® and PBE sol*® for GGA computations, whereas correlation function of
PZ3? for LDA and PBE* has been used for WCGGA, PBEsol and SOGGA. Due to the non-
availability of all electron basis sets of Ce, we have used the pseudo potential (PP) basis sets
from Kanoun et al.?!, while all electrons Gaussian basis sets for O were taken from
www.tcm.phy.cam.ac.uk/~mdt26/basis_sets. Here, in our study we have assumed that the f-
orbitals are deeply occupied in the bulk, and can therefore be neglected in the Ce basis sets.
The energy optimization of the basis sets was undertaken using the Billy software®'. The
tolerance on the total-energy convergence in the iterative solution of the Kohn—Sham
equations is set to 10 Hartree. BRODYEN Scheme™® was used to achieve fast convergence.

RESULTS AND DISCUSSION
Energy bands and density of states

We have computed the energy bands and DOS of CeO,, using PP-DFT-
LDA/PBEsol/WCGGA/SOGGA theories of LCAO method. In Figs. 2(a,b), we have
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presented the energy bands and DOS using PP-DFT-SOGGA theory, as the overall shapes
(except some fine structures and energy values) of energy bands computed using all the
theories are almost same. Except some fine structures, our energy bands and DOS are seen
to be in good agreement with the earlier reported data®*''*2!*2. As we have taken 4f-orbital
in core part of Ce basis set so f orbital bands are absent in the shown energy range. The
valence band maxima (VBM) and conduction band minima (CBM) exist at I" point, which
confirms the direct band gap character of CeO,. In Fig. 2(b), the total and partial DOS for 6s,
5p and 5d valence electrons of Ce along with 2sp electrons of O are shown. Some salient
features of energy bands and density of states are as follows:
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Fig. 2: (a) Energy bands of cubic CeQ, along the high symmetry directions (b) total
and partial density of states using PP-DFT- SOGGA scheme

Energy bands of CeO, can be divided into two parts. The energy bands below the
Fermi energy (Er) are denser than those present above the Er. The energy bands below the
Er are mainly due to the 2sp states of O atom. A small contribution of 5d electrons of Ce is
also visible near the VBM. While the energy bands above this level are mainly originated by
the 5d electronic states of Ce atom with a very small contribution of O atoms. Further, it can
be seen that the contribution of O atoms in the conduction region is very small. Therefore,
we conclude that the 5d electrons of Ce atom and 2sp electron of O atoms play a major role
in deciding the magnitude of band gap.

In Table 1, we have collated the band gap values in CeO, computed using various
schemes in the present work along with available theory and experiments. We have
presented band gap between O-2sp and Ce-5d because we used pseudo potential basis set of
Ce atom. It is seen that the present band gap is close to experimental value (6.00 eV)?".
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Table 1: The band gap (AE,) for CeO,compound using various schemes of LCAO-DFT,
as mentioned in the text, along with the data available in literature

AE, (eV)
Method
0-2p-Ce5d 0-2p-Ce-4f
(i) Present work

LCAO DFT-PP-WCGGA 5.27 -

DFT-PP-PBEsol 5.25 -

DFT-PP-LDA 5.25 -

DFT-PP-SOGGA 5.25 -

(ii) Available Theory
LDA+U [16] 5.14 2.45
VASP

LDA+U, GGA+U [12] 5.00 2.30
HSE [10] 7.00 3.30
LDA [15] - 2.11
B3LYP [18] 8.16 3.70
HH [18] 10.64 7.50
HHLYP [18] 10.75 7.18
PBEO [18] 8.52 4.30
B1-WC [18] 7.48 3.18
LCAO LDA [22] 6.36 1.37
PBE [22] 6.46 1.26
B3LYP [22] 8.06 2.39
PBEO [22] 8.45 2.95
LDA [26] 5.61 2.00
PBE [26] 5.64 2.00
PBEO [26] 7.93 4.50
HSE [26] 6.96 3.50

(iii) Available Optical reflectivity [27] 5.5-6.5 -

Experiment XPS, BIS, EELS [28] - 2.6-3.4

Isotropic and anisotropic compton profiles

In the momentum space representation, EMD (p) can be written as the sum of the
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squared moduli of the occupied crystalline orbitals in a momentum representation.
Mathematically,

1

p(P)=5

> j dkly; (k.p)|*0] & —¢; (k) ]. (7

BZ ] Bz

where 0 is the step function, gr the Fermi energy, the k-dependent eigen value of the
j™ orbital and Vg; is the volume of the BZ.

Compton profile is derived by 2-D integration of the p(p) over a plane through p and
perpendicular to p direction. After indicating with p,, the general vector perpendicular to p,
we write

J(p)=[dp.p(p+p.) (8)

In Fig. 3, we have presented the EMDs along [100], [110] and [111] directions using
PP-DFT-LDA approach. From the figure, it is seen that EMD along [100] direction is higher
at p~ 0 a.u., so we can conclude higher momentum density of electrons in [100] direction
than [110] and [111] directions. It is also seen that EMD in [110] and [111] directions are
almost same. Therefore, it is seen that among principal directions, [100] direction has more
anisotropic character.

1.8
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—e— EMD(110)
—a— EMD(111)

EMD

p (a.u.)

Fig. 3: EMD of CeQO; along [100], [110] and [111] directions using PP-DFT-LDA
scheme
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The isotropic valence CP using PP-DFT-WCGGA, PP-DFT-PBEsol, PP-DFT-LDA
and PP-DFT-SOGGA for CeO, are shown in Fig. 4. It is seen that near p,= 0, the valence
CPs of PP-DFT-PBEsol is higher than other theories, which shows less localization of
electron in real space when these are dealt with exchange correlation potentials of PBEsol.
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Fig. 4: Isotropic valence compton profile of CeO; using PP-DFT-GGA/PBEsol/LDA/
SOGGA scheme

The directional differences in momentum densities using PP-DFT-WCGGA, PP-
DFT-PBEsol, PP-DFT-LDA and PP-DFT-SOGGA for CeO, are shown in Fig. 5. The
anisotropies in the directional CPs depict characteristic oscillations, which are governed by
the energy bands. A general trend of oscillations in the directional differences J;11—Ji00, J111—
Ji10 and Jy 107100 1s almost similar, except some fine structures in low momentum region. The
anisotropies above the p, = 3 a.u. are hardly visible because this region is dominated by
tightly bound core electrons whose momentum densities are cancelled while taking the
directional differences. It is also seen that the anisotropies in momentum densities derived
from different approximations are almost same. The higher positive value of anisotropy J;;—
Ji10 near p, = 0 a.u. depicts the higher value of momentum densities along [111] direction
than that along [110] direction. We can explain the trend of oscillations in anisotropies in
terms of degenerate states along the Er. For example, anisotropies in J;;,—J;10 direction can
be explained on the basis of degenerate states in 'L [111] and ['-X [110] branches. In I'-L
branch more degenerate states at I' point are responsible for higher momentum densities.
This leads to positive amplitude of J;;;—J;¢ in the low momentum region. In the similar way,
we can also explain the other positive and negative anisotropies in different directions.
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Fig. 5: Anisotropy in the theoretical Compton profiles of CeQ, calculated using
different density functional schemes within the effective pseudo-core potential.
Since the statistical error + ¢ is within the size of symbols used, it is not
clearly visible. The solid lines are drawn to guide the eyes

Measurements on CP of CeO, will be helpful to validate the applicability of the

exchange and correlation potentials as used in the present investigations.
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