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Density functional calculations were performed on electronic and optical properties of C (or N)-doped
cubic cerium dioxide (CeO,). When O is replaced by C (or N) in CeO,, obvious band-gap (Eg) reduction is
observed. Meanwhile, it is interesting to find that the substitutional doping of C (or N) in CeO, obviously
increases the O 2p-Ce 4f transition intensity and also the refractive index. The increase in the O 2p-Ce 4f
transition intensity on going from undoped, N-doped and C-doped CeO, was related to the covalent
character of the Ce-O bond. Compared with the undoped CeO,, the C (or N)-doped CeO,, with steep
absorption peaks at lower energy, can be used for visible-light absorption applications.
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1. Introduction

Lanthanide dioxides (LnO,) with a cubic fluorite structure have
attracted much attention for their wide applications as optical
component materials and laser hosts. Out of LnO, type com-
pounds, cubic fluorite (Fm3m) cerium dioxide (CeO,) is well
known for the broad applications in automobile exhaust catalysts
as oxygen storage, due to its ability to take up and release oxygen
under oxidizing and reducing conditions. With a band gap of
3.2eV and a high UV absorption and a refractive index of 2.35,
cubic CeO, has been proposed as a potential substitute for TiO,
and its optical properties has been the focus of intensive research
[1-9] for recent years. It has been reported that substitutional
doping of N (or C) in TiO, has a profound effect on the electronic
and optical properties [10-13]. So it can be speculated that
incorporation of low concentrations of N or C impurity in cubic
CeO, could induce a different electronic structure and optical
properties that may lead to new applications. It is therefore timely
to investigate the electronic structure of these systems. For recent
years, CeO, based materials have attracted many experimental
and theoretical investigations [9,14-19], in which, the method of
density functional theory (DFT) has been successfully used in
predicting crystal structures and properties of CeO, [9,14-16]. In
this paper, we carried out first-principles calculations based on
DFT to investigate the electronic structures of the C (or N)-doped
cubic CeO, (denoted CeO-:C or N) and probed the role of anion 2p
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and Ce 4f orbitals in the optical properties, including the optical
gap, O 2p-Ce 4f transition intensity and the refractive index. We
focus our attention on the trends in the electronic and optical
properties of C-doped, N-doped and undoped CeO,. We hope that
such calculations could provide more insights into the relation
between the structure and the properties for CeO,.

2. Computational method and details

The first-principles electronic structure calculations based on
DFT [20] within CASTEP 4.1 code [21] were carried out to
determine the stability and electronic structures of the undoped
and C (or N) doped CeO,. The Vanderbilt ultrasoft pseudopotential
[22] with generalized gradient approximation due to Perdew
Burke Ernzerhof (GGA-PBE) [23] for exchange-correlation effects
was used to model our systems. A cutoff energy of 410eV for C
(or N) doped and undoped CeO, in the plane wave expansion was
employed in the calculations. A 4 x 4 x 4 Monkhorst-Pack grid
[24] was used for integration over the irreducible part of the
Brillouin zone of the doped and undoped CeO,. Good convergence
was achieved with the cutoff energy and number of k points. The
default convergence criteria of CASTEP was applied within energy
tolerance 5.0e—6eV/atom, max force tolerance 0.01eV/A, max
displacement tolerance 5.0e-4A and max stress tolerance
0.02 GPa. To explore the electronic and optical properties of these
solid solutions, we employed a 96-atoms supercell (containing
2 x 2 x 2 full cubic cells) with the starting configuration of cubic
CeO, suggested in Ref. [15]. We substituted O atoms by C (or N)
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atoms to model substitutional C or N neutral impurity in CeO,,
the resulting supercells are Ce3;0g0C4 and Ces3;0goN4. Within
the Broyden-Fletcher-Goldfarb-Shanno (BFGS) scheme [25],
geometry optimization was performed under Fm3m space
group allowing both cell parameter and internal coordinates
relaxation. In the electronic and optical property calculation, the
underestimation of the band gap (inherent in DFT calculations)
was corrected by introducing a “scissors operator” (0.9eV), by
which the conduction band positions were raised in energy prior
to the interband transition strength calculation to match the
general features of the measured imaginary part of dielectric
function [9].

3. Results and discussions
3.1. Structural stability and population analysis

The calculated equilibrium structural parameters and the
results of population analysis of three structures are summarized
in Table 1. The calculated equilibrium structural parameter a for
CeO, is 5.464A, which is in good agreement with the
experimental value of 5.416A [26]. This can demonstrate the
applicability of our theoretical model in geometry optimization
for CeO,. For CeO,:C (or N), the equilibrium structural parameters
a is ~5% (or 2%) larger than CeO,.

From the results of population analysis, it is clear to find that
substitutional doping of C (or N) will not change the Mulliken
charge of O atoms, but obviously lower the charge of Ce atoms,
because C (or N) is more likely to donate electron to Ce than O
atoms. The bond order between a pair of atoms is a measure of the
strength of the bond. It can be calculated from the overlap
integrals between the Bloch functions with an atomic basis
expansion [27]. The total bond order of a crystal can be obtained
by multiplying the individual bond order by the number of bonds
per molecular unit. In Table 1, it is interesting to find that the
Mulliken bond order for Ce—-C is ~0.16 (bond length = 2.434A)
obviously decrease, for Ce-N ~0.23 (2.396A) slightly increase
than Ce-O ~0.21 (2.366 A), and the total bond order both for C-
doped (6.74) and for N-doped CeO, (6.92) obviously increase,
compared with undoped system (6.72). The amazing part is that
in going from Ce0,:C (or N) to CeO,, the total 30 Ce-0 bond order
are actually increased by ~1.9 (or ~2.5)%. So it can be predicted
that CeO,:C (or N) is much more covalent than CeO,.

3.2. Electronic properties

Fig. 1 shows the calculated density of states (DOS) of the
C-doped, N-doped and undoped CeO, 96-atoms supercell. In

Table 1
Calculated equilibrium structural parameters and the results of population
analysis of three structures.

Structure g (jn A)  Charge (e) Bond order (bond length, in A)
c-CeO, 5.464 0: —-0.65 Ce-0: 0.21 (2.366)

Ce: 1.30 In total: 6.72

In total of In total of 30 Ce-0: 6.30

c-Ce0,:C 5.495 C: —0.48 Ce-C: 0.16 (2.434)

0: —0.65 In total: 6.74

Ce: 1.26; 1.29 In total of 30 Ce-0: 6.42
c-Ce0,:N 5.476 N: —0.61 Ce-N: 0.23 (2.396)

0: —0.65 In total: 6.92

Ce: 1.28; 1.29 In total of 30 Ce-0O: 6.46
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Fig. 1. DOS of (a) C-doped; (b) N-doped and (c) undoped CeO,.
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Fig. 2. PDOS of (a) C-doped and (b) N-doped CeO,.

Fig. 2, we plot the total DOS (TDOS) and partial DOS (PDOS)
spectra of both C-doped and N-doped structures. In Figs. 1 and 2,
the Fermi energy (Ey) locates at ~0eV for both undoped and
N-doped CeO,, for C-doped CeO, Ef= ~—0.9eV. For the doped
systems, the C (or N) concentration is 6.25%, which results from
substituting four O atoms with four C (or N) atoms in a 96-atoms
supercell. There is only one anion site in c-CeO,, so substituting O
atom with C (or N) needs not consider the site preference. When O
is replaced by C (or N) in CeO,, a bandgap (E;) reduction is
observed. For CeO,:C (Fig. 1a), an impurity band is clearly found in
the band gap. In the case of CeO,:N (Fig. 1b), an obvious increase
at the top of valence band makes the width of valence band
broaden.

From the result of Figs. 1 and 2, it is found that the valence
band is mainly composed of O 2p orbitals and the conduction
band of mainly from the contribution of Ce 5d orbitals is located at
5.38, 4.91 and 6.18 eV, above the valence band for C-doped, N-
doped and undoped CeO,, respectively. Between valence band and
conduction band, the Ce 4f-block band is located at 1.73, 1.21 and
2.45eV, above the top of the O 2p-block bands in C-doped, N-
doped and undoped CeO,. For C-doped system (Fig. 2a), the
impurity band in the band gap originates from the C 2p orbitals,
which are the only state mainly located at the impurity band. In
Fig. 2b, the increase of TDOS at the top of valence band for CeO:N
is introduced by the N impurity, because the N 2p orbitals are the
only states mainly located at the valence band maximum.

The width of valence band varies from 4.0 to 4.5 to 4.1eV on
going from C-doped, N-doped and undoped CeO,. The valence
band is higher in energy for C-doped CeO,, but lower for N-doped
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Fig. 3. Real and imaginary part of dielectric functions of three structures.

CeO, than for undoped CeO,. The bottom of conduction band is
higher in energy for both C-doped and N-doped CeO, than for
undoped CeO,. The width of the Ce 4f-block band increases from
1.2 to 1.4 to 1.5eV on going from undoped, N-doped and C-doped
systems. The position of the Ce 4f-block band obviously shifts to
lower energy for both C-doped and N-doped CeO,. These may
reflect the stronger mixing between Ce 4f-C (or N) 2p than Ce 4f-
O 2p orbitals, which may be the reason to cause the O 2p-Ce 4f
gap and also the band gap reduction. Fig. 2 clearly shows a
substantial obvious mixing between Ce 4f and anion 2p orbitals.

3.3. Dielectric constants

The optical properties of C-doped, N-doped and undoped CeO,
were also calculated. For all the three systems, the calculated
dielectric functions, including the real part ¢; and imaginary part
&, were calculated up to 30eV and shown in Fig. 3.

The static dielectric constant ¢(0) is obtained as the zero
frequency limit of the real part of the frequency-dependent
dielectric function. The calculated &(0) is 3.74 for undoped, 5.11 for
N-doped and 6.28 for C-doped CeO,. Both C-doped and N-doped
CeO, are larger than undoped system. A larger ¢(0) means a larger
refractive index [27]. From a chemical point of view, the refractive
index of a compound is a measure of its polarizability [9]. The
C (or N)-doped CeO, are more covalent than the undoped system,
so the overall covalent character is stronger in C (or N)-doped
systems than in undoped system. Thus, the polarizability and
hence the refractive index should be higher in C (or N)-doped
systems. A higher optical density for the C (or N)-doped CeO, may
have special applications in certain optical components.

In Fig. 3c, the &, plot for undoped CeO, exhibits one major
absorption peak at 3.17 eV, which is associated with the O 2p-Ce
4f transition [9]. For C-doped system (Fig. 3a), the &, plot exhibits
three major absorption peaks at 0.9, 2.3 and 3.6 eV, respectively. In
Fig. 3b, the ¢, plot for N-doped system also exhibits three major
absorption peaks at 0.9, 2.9 and 3.7 eV, respectively. It is clear that
the dielectric functions of C (or N)-doped CeO, are quite different
from those of the undoped system. The splitting of the absorption
peak in C (or N)-doped CeO, should be attributed to the effect of
the impurity band introduced by C (or N) atoms. From the results
of Fig. 3, it can be found that CeO, present a proper absorption
edge for an UV absorber and can be used for UV absorption
applications, with a steep absorption peak at the absorption edge
~3.2 eV, which is in good agreement with the results of Goubin
et al. [9]. The C (or N)-doped CeO,, with steep absorption peaks at
lower energy region ~0.9-2.9eV, can be used for visible-light
absorption applications.

From the ¢, curves of C (or N)-doped CeO,, it is also clear that
the absorption intensity associated with the O 2p—-Ce 4f transition
increases on going from undoped, N-doped and C-doped CeO,.
Compared with undoped c-CeO,, the C (or N)-doped system has
more extended major absorption region. These observations can
be understood by comparing the Ce 4f surroundings. Each Ce atom
is surrounded by eight O atoms in c-CeO,. The O 2p-Ce 4f
transition is associated essentially with the electron excitation
from the 2p orbitals of eight Ce-connected O atoms to the Ce 4f
orbitals. Due to the increasing donating electrons ability on going
from O, N and C atoms, the O 2p-Ce 4f transition intensity should
increase on going from undoped, N-doped and C-doped systems.
This can be explained by the increasing covalent character of the
Ce-0O bond on going from undoped and C (N)-doped CeO, with
increasing total bond order (presented in Table 1).

In summary, by first-principles pseudopotential calculations, it
is predicted that the substitutional doping of C (or N) in cubic
CeO, lowers the Eg and also O 2p-Ce 4f gap, and increases the O
2p-Ce 4f transition intensity and also the refractive index. The
optical gap is associated with the O 2p-Ce 4f excitation and is
influenced by the local environments of Ce atom. An increase in
the covalent character of the C (or N)-doped CeO, lowers the O
2p-Ce 4f excitation gap. The increase in the O 2p-Ce 4f transition
intensity on going from undoped, N-doped and C-doped CeO, was
related to the covalent character of the Ce-O bond. Compared
with undoped CeO,, the C (or N)-doped CeO,, with steep
absorption peaks at lower energy, can be used for visible-light
absorption applications.
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