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a b s t r a c t

In this paper we report density functional theory (DFT) calculations on bulk cerium oxide (ceria) doped
withmagnetic impurities of cobalt atoms in the presence of oxygen vacancies. Using the framework of the
DFT+U approach to take into account the effects of electronic correlations in the Ce 4f states, we evaluate
the relative stability of different configurations of vacancies. We show that, within the approximations
considered, the vacancies tend to locate close to the Co impurities. In addition, we address the issue of
the charge localization that takes place due to de-oxygenation processes, finding that the excess electrons
reside at Ce atoms which are next-nearest neighbors of the vacancy sites.

© 2011 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, cerium oxide (ceria) has been subject of intense
work in two diverse yet related areas of condensedmatter research
with the driving force of possible technological applications. On
the one hand, the key role played by ceria in catalytic applications
is well known, and hence it is of the utmost importance to study
its capability for oxygen storage as well as the possibility of
reversible oxygen release (see [1] and references therein). On the
other hand, the search for and development of novel materials
that are ferromagnetic beyond room temperature is also currently
being explored for spintronic applications. In this context, ceria
with diluted magnetic impurities is a natural candidate, due to its
good integrability with current electronic devices. However, this
material still poses several questions, the main one being the need
to find a widely acceptable explanation for the observed room-
temperature ferromagnetism (RTFM) [2]. The physical origin of this
RTFM is currently a subject of controversy and debate, but there
seems to be consensus that oxygen vacancies play a determining
role. It is clear, then, that a complete understanding of the physics
involved when oxygen vacancies are created is important for both
catalysis and spintronics.

When using cobalt as dopant, there is experimental evidence
supporting the idea that the excess electrons, left behind by oxygen
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vacancies, localize themselves in specific cobalt and cerium atoms,
changing their oxidation states (Co4+

→ Co2+ and Ce4+ → Ce3+,
respectively) and turning the cerium atoms into magnetic ions.
The location of these magnetic Ce atoms (concomitant with the
charge localization of the excess electrons) has then a two-fold
importance: it will help us to understand the magnetic properties
as well as the catalytic processes in ceria-based systems.

From the theoretical point of view, Skorodumova et al. [3] have
proposed that, in reduced bulk ceria, charge localization occurs
at Ce sites which are in nearest-neighbor (NN) sites of oxygen
vacancies within a framework that coined the name standard
model (SM). Recently, this SM view has been challenged by
calculations in the bulk [4] as well as in the reduced CeO2(111)
surface [5,6]. These works report that the charge localization
occurs at Ce ions which are in next-nearest-neighbor (NNN) sites
of the vacancies.

It has recently been stressed that atomic relaxation is crucial
to properly account for charge localization processes [5,7]. To the
best of our knowledge, the validity of the SM for partially reduced
ceria doped with magnetic impurities has not yet been explored.
In this work, we tackle this problem by focusing on the location of
vacancies along with the charge localization in the corresponding
Ce atoms.

2. Structural configurations

We consider CeO2 supercells with substitutionally doped Co
impurities and with oxygen vacancies, assuming that the dopant
is homogeneously distributed. To evaluate whether the SM is
valid for Co-doped ceria, it is essential to use a supercell with a
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Fig. 1. (Color online) 2 × 2 × 2 BCC-type unit cell corresponding to 6.25% cobalt
concentration. O atoms are denoted by small red (dark) balls, Ce ions by big green
(light) balls and Co atoms by big blue (dark) balls.

Co concentration that is low enough to accommodate the excess
charge into Ce ions located at two possible locations: either at
the NN or at the NNN sites with respect to the oxygen vacancies.
Therefore we choose a 2 × 2 × 2 body-centered cubic (BCC)-type
supercell, corresponding to an atomic Co concentration of 6.25%
(see Fig. 1). This doping concentration is well within the range of
values reported in the literature for real samples [8].

In this situation, there are four electrons left behind by
the oxygen vacancies. As already mentioned, X-ray experiments
suggest that in oxygen-deficient samples the valence of Co is 2+
(see [9–11]). We therefore assume that the Co atom is in this
valence state and that two electrons should be located at certain Ce
sites, with the consequent change of the oxidation state into Ce3+
ions. Within these assumptions, the minimal number of vacancies
per Co atom to get Ce3+ ions is two (namely, 6.25%), as with only
one vacancy there are no extra electrons to be localized into Ce
sites.

Fig. 2 shows the six calculated configurations for different
positions of both oxygen vacancies and the Ce3+ sites with respect
to the impurity atom. To denote the configurations, we use a
notation to describe if the atoms are in either NN or NNN sites
(see description in the caption of Fig. 2). Note that only two
configurations (i.e. 111 and 211) satisfy the SM, namely the ones
where the excess charge gets localized at Ce sites that are NN sites
to the vacancies.

3. Computational details

The calculations are performed using self-consistent first-
principles density functional theory (DFT) within the local
spin density approximation (LSDA) for the exchange–correlation
potential as implemented in the ab initio code Wien2k [12].
This code implements the full-potential augmented plane waves
method. We use muffin tin (MT) radii values RMT

Ce = 2.3 a.u.,
RMT
Co = 1.9 a.u., and RMT

O = 1.6 a.u. The number of plane waves
in the interstitial region is given by RMTKmax = 7, and we use 200
k-points in the irreducible part of the Brillouin zone.

In order to describe the charge localization on the 4f states oc-
cupied in the Ce3+ ions, it is necessary to go beyond LSDA to prop-
erly account for the local strong Coulomb interaction [13–15]. The
structures are first allowed to relax by taking these 4f electrons as
core levels, until the forces on the atoms are below 1 mRy/au. This
procedure is performed to facilitate symmetry breaking, which
Table 1
∆E is the total energy per Co atom with respect to E0 , the lowest-energy
configuration, namely ∆E = E − E0 . The configurations are depicted in Fig. 2.

Configuration 111 121 122 211 221 222

∆E (eV) 0.23 0.14 0 0.23 1.71 1.99

is crucial to effectively localize the 4f electrons. Afterwards, the
relaxation is carried out further with the 4f electrons in the va-
lence band and using the LSDA+U approach to switch on the local
Coulomb interaction in the Ce3+ ions. We take Ueff = U − J =

6 eV [14,15]. In order to check the effect of strong correlations in
the Co impurity, we have performed calculations with and with-
out a DFT + U treatment in the Co 3d levels.1 The inclusion of U in
the treatment of Co modifies the absolute values of the total ener-
gies but not the differences among the considered configurations,
which remain invariant. Hereafter, to discuss the effect of charge
localization, we present the results obtained without a DFT + U
treatment of the Co sites.

4. Oxygen vacancies, charge localization, and relaxation pro-
cesses

Within the approximations used,we find that the lowest energy
configuration is the 122 one, depicted in Fig. 3(c). Table 1 shows
the calculated total energy differences with respect to this lowest-
energy configuration. In this case, the oxygen vacancies are in NN
sites to the Co atom and in NNN sites to the Ce3+ site. Therefore,
two out of the four extra electrons tend to locate far away from the
vacancy sites, in particular in an NNN Ce site. This result indicates
that the SM is not themost favourable situation for the present case
of reduced Co-doped ceria.

Another important conclusion that can be drawn from this table
is that the vacancies prefer to be close to the Co atom. The 221
and 222 configurations, in which the vacancies are located further
away from the Co atom, are around 2 eV higher in energy than
those where the vacancies are in NN sites of the Co atom. This
nucleation capability of the Co impurity has also been obtained
even within the SM [7], suggesting that the physical origin of the
nucleation might be independent of the charge localization.

The 211 configuration deserves special consideration. Although
we started off with this configuration (as depicted in Fig. 2(d)),
i.e. with the vacancies located far away from the Co atom, at the
end of the relaxation process the structure evolves into a 111-type
configuration (see Fig. 3(d)). This atomic rearrangement can also
be seen as the oxygen vacancies ‘‘moving’’ to an NN site of the
impurity, a fact that is also evident in the value of the total energy,
as shown in Table 1.

Asmentioned above, the atomic reorganization after the release
of oxygen atoms directly affects the physical properties in these
systems. On the one hand, the relaxation of the atoms facilitates
not only the adjustment of the electronic structure of the charge-
receptive Ce atoms [17], but also the reduction process itself,
making it more feasible [5]. On the other hand, the magnetic
properties are very sensitive to the atomic positions, as relaxation
allows for the existence and location of the magnetic Ce3+ ions.

To get insight into the physical origin of our results regarding
the different configurations for charge localization in Co-doped
ceria, we now describe the atomic relaxations for two particular
configurations (i.e. 122 and 111). The comparison between them
is interesting because the 111 configuration satisfies the SM, while
the energetically most favorable one (i.e. 122), does not.

1 For the DFT + U treatment of the Co 3d levels, we take Ueff = 5 eV, which is
within the range of values considered in the literature [16].
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(a) 111. (b) 121. (c) 122.

(d) 211. (e) 221. (f) 222.

Fig. 2. (Color online) Structural configurations taking into account different positions of the oxygen vacancies (denoted with small gray/bright balls) and Ce3+ sites (big
green/bright balls) with respect to the Co atom (big blue/dark balls). For simplicity, the other atoms (oxygen and Ce4+ atoms) within the supercell are not shown in the
picture. The bond sticks labeled as ‘‘1’’ refer to NN sites while sticks labeled as ‘‘2’’ stand for NNN sites. The three-number code denoting each configuration describes the
character (either NN or NNN) of the Co–vacancy/Ce–vacancy/Co–Ce distances.
(a) 111. (b) 111.

(c) 122. (d) 122.

Fig. 3. (Color online) Relaxation of the oxygen atoms surrounding the impurity and the Ce3+ for two configurations, namely 111 (a) and (b) and 122 (c) and (d) (see text).
The relaxed oxygen positions (small red balls) are superposed to the unrelaxed ones (small bright grey balls). The color coding for the other atoms is the same as in Fig. 2.
The numbers indicate the atomic displacement with respect to the unrelaxed position in Å.
Fig. 3 describes the relaxation of the oxygen atoms which are
neighbors to the Co impurity and to the Ce3+ ions for the 111
and 122 configurations, respectively. This figure shows that during
the relaxation process the oxygen atoms move towards both the
vacancy sites and the Co atoms, while migrating away from the
Ce3+ ions. In the lowest-energy configuration, the average Ce3+–O
bond length is 2.44 Å while in the 111 structure it is 2.40 Å. We
note that the former value is closer to the Ce–O bond length in
Ce2O3 (2.50 Å), where all Ce atoms are in the 3+ valence state.
This gives some indication about the 122 configuration beingmore
energetically favorable than the 111 configuration. Similar results
have been reported in reduced CeO2(111) surfaces [5].
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Fig. 4. (Color online) Density of states for Co-doped CeO2 with oxygen vacancies.
(a) 122 configuration and (b) 111 configuration. Total DOS (black line), partial DOS
for cobalt (blue) and Ce3+ (orange). Theminority spin channels are shown inverted.

5. Electronic structure

In Fig. 4,weplot the total densities of states (DOSs) aswell as the
partial ones for both Co and Ce+3. The occupied bands aremainly of
O 2p character and the unoccupied ones are mostly Ce 4f. Within
the gap, several sharp peaks appear, when oxygen vacancies are
formed, due to the presence of Co impurities and Ce+3 ions.
The presence of the Ce+3 peak is the signature that the charge
left behind by the oxygen vacancies is localized at a particular
Ce site as a 4f1 state. There is also some band hybridization of
both Co and Ce states with the O 2p ones. The above description
applies qualitatively for 122 configuration as well as for the 111
configuration (Fig. 4(a) and (b), respectively). The main difference
between them is that two of the majority impurity peaks are
further apart in energy in the 111 configuration than in the 122
one. The relative shifts of the impurity peaks might be understood
by taking into account that there is a stronger hybridization
between the Co and the Ce+3 peaks in the 111 configuration. This
hybridization is, in turn, a consequence of the Co and Ce+3 ions
being closer in the 111 configuration compared to the 122 one.

6. Discussion and conclusions

We have evaluated the relative stability for different configu-
rations of oxygen vacancies and charge localization in Co-doped
ceria within the framework of the LSDA + U approach. We found
that oxygen vacancies lying close to the Co impurities renders the
lowest-energy situation. Regarding charge localization, we have
demonstrated that the excess electrons due to a de-oxygenation
process reside at those Ce ions which are NNN sites of the vacan-
cies. This configuration, in turn, allows Ce3+ ions to get nearer to
their usual ionic volume. Summarizing, from the energetic point of
view, the SM is not themost favorable configuration for the present
case of reducedCo-doped ceria. Our results are consistentwith pre-
vious ab initio studies for reduced CeO2(111) surfaces [5] where
charge localization also occurs at NNN sites of the vacancies.
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