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Oxides with the cubic fluorite structure, e.g., ceria (CeO2), are
known to be good solid electrolytes when they are doped with
cations of lower valence than the host cations. The high ionic
conductivity of doped ceria makes it an attractive electrolyte for
solid oxide fuel cells, whose prospects as an environmentally
friendly power source are very promising. In these electrolytes, the
current is carried by oxygen ions that are transported by oxygen
vacancies, present to compensate for the lower charge of the
dopant cations. Ionic conductivity in ceria is closely related to
oxygen-vacancy formation and migration properties. A clear phys-
ical picture of the connection between the choice of a dopant and
the improvement of ionic conductivity in ceria is still lacking. Here
we present a quantum-mechanical first-principles study of the
influence of different trivalent impurities on these properties. Our
results reveal a remarkable correspondence between vacancy
properties at the atomic level and the macroscopic ionic conduc-
tivity. The key parameters comprise migration barriers for bulk
diffusion and vacancy–dopant interactions, represented by asso-
ciation (binding) energies of vacancy–dopant clusters. The inter-
actions can be divided into repulsive elastic and attractive elec-
tronic parts. In the optimal electrolyte, these parts should balance.
This finding offers a simple and clear way to narrow the search for
superior dopants and combinations of dopants. The ideal dopant
should have an effective atomic number between 61 (Pm) and 62
(Sm), and we elaborate that combinations of Nd�Sm and Pr�Gd
show enhanced ionic conductivity, as compared with that for each
element separately.

density functional theory � diffusion � point defects � solid oxide fuel
cells � CeO2

Materials providing high conductivity of oxygen ions are
urged by a number of important technological applica-

tions, such as oxygen sensors and solid oxide fuel cells (1). The
latter are expected to become high-efficiency electrical power
generators that enable clean energy production and support
sustainable development (2–4). A standard electrolyte for solid
oxide fuel cell applications is yttria-stabilized zirconia (YSZ) (1,
5). To increase the ionic conductivity of YSZ to a technologically
useful level, high operating temperatures (�1,000°C) are re-
quired. Lowering of the operating temperatures would consid-
erably increase the applicability and competitiveness of solid
oxide fuel cells. The ionic conductivity (�) can be expressed as
an exponential function of the activation energy for oxygen
vacancy diffusion (Ea),

� � �0�T�exp��
Ea

kBT� ,

where T stands for temperature, kB for the Boltzman constant,
and �0 for a temperature-independent prefactor. Materials with
lower Ea will facilitate ionic conductivity at lower temperatures,
and here rare-earth doped ceria is one of the main candidates (1,
4). The basic principle for the choice of a dopant, advocated by
many researchers, is the ability of the dopant to minimize the
internal strain of the lattice (6–8). Clear understanding of
the physics behind the ionic conductivity in doped ceria and the

factors that determine Ea would be very helpful for future
development of advanced solid oxide fuel cells.

For pure ceria, whose ionic conductivity is not particularly
high because of low concentration of oxygen vacancies, Ea is
equal to the sum of the vacancy formation energy (Ef) and the
migration barrier (Em). Ceria doped with lower valence cations
contains intrinsic oxygen vacancies, which improve the conduc-
tivity. However, because of interactions, the dopants and vacan-
cies form associates with a certain binding or association energy
(Eass), which prevents the vacancies from being mobile (9–12).
The number of mobile vacancies is determined by Eass in the
same way as the concentration of vacancies in pure ceria is
governed by Ef. Hence, for doped ceria, Ea can be identified as
the sum of Eass and Em. At sufficiently high temperature, most
vacancies will be dissociated, and in this regime, the concentra-
tion of mobile vacancies is simply determined by the doping level.
However, in this article, we are interested in properties at low or
intermediate temperatures. The aim is to maximize the concen-
tration of mobile vacancies, which means that the dopant and
dopant concentration should be chosen to minimize Eass. In this
strive, we focus on trivalent cations from the lanthanide series as
well as Y3�, which are widely used to dope ceria (5). Existing
theoretical studies are either based on empirical atomistic mod-
els (12–14) or limited by too restrictive approximations, such as
neglected relaxation of ionic subsystems (15). Quantum mechan-
ical calculations within the density functional theory formalism
can provide a unique understanding of atomic-level properties of
fundamental importance in the search for improved ceria elec-
trolytes. We have carried out such calculations by using the ab
initio total-energy and molecular-dynamics program VASP (Vi-
enna ab initio simulation program) (16, 17). We modeled defect
properties within 2 � 2 � 2 and 3 � 2 � 2 supercells, derived
from the ideal f luorite structure (Fig. 1a). Details about the
calculations can be found in Methods.

Results and Discussion
First, we estimate how Ef, which is defined as the energy needed
to remove an oxygen atom in the form of (half) an oxygen
molecule from ceria that contains two trivalent ions that are
situated next to each other, depends on the local configuration
of vacancies and dopants. We have calculated Ef (Fig. 2) for the
possible vacancy–dopant configurations in Fig. 1b. The negative
vacancy formation energies are consistent with the fact that
vacancies must form spontaneously if ceria contains trivalent
ions. For Pm3� and for ions to the right of Pm3� in the lanthanide
series, vacancies tend to occupy the nearest neighbor (NN)
position, as measured from the dopants, whereas ions to the left
of Pm3� prefer to have vacancies in the next nearest neighbor
(NNN) position. For Pm3� Ef is almost independent of the exact
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atomic level configuration, i.e., a crossover between NN and
NNN preferences occurs. The same type of crossover occurs for
vacancies in sites 1 and 3, however, except for the actual
crossover point, Ef

3 always lies between Ef
1 and Ef

2. According to
the relaxation pattern around vacancies, i.e., the NN distances,
the volume available to the trivalent ions is larger for vacancies
in the NNN position than in the NN position, which means that
‘‘small’’ ions prefer to have vacancies in the NN position and
‘‘large’’ ions prefer to have them in the NNN position. This
finding relates the calculated site preference to the contraction
of ions from left to right in the lanthanide series.

The four cations in the first coordination shell of a vacancy
relax away from the vacancy, and because of symmetry, the
relaxation pattern is split into two groups with two cations in
each group. The relaxation distances are �0.13–0.19 Å. The six
oxygens in the second coordination shell relax toward the
vacancy according to a scheme with three symmetric groups, of

which two groups contain one ion each and one group contains
four ions. The maximum relaxation distances (�0.20–0.40 Å)
are larger than for the cations in the first coordination shell,
although for most dopants (not for Ho3� or Er3�) the spread
between different groups within the second coordination shell is
larger than the corresponding spread in the first coordination
shell. In particular, this is the case for vacancies in the NN
position. The maximum relaxation distances within the second
coordination shell are larger for vacancies that occupy the NNN
position than for vacancies in the NN position. For vacancies in
the NN position, the oxygen, situated closest to and symmetri-
cally in between the trivalent ions, only relaxes very short
distances. Beyond the second coordination shell, the relaxations
are rather small. The relaxation patterns that we have calculated
are consistent with recent extended x-ray absorption fine struc-
ture (EXAFS) and x-ray absorption near edge structure
(XANES) spectroscopy measurements, which show that upon
doping with trivalent ions, the CeOO interatomic distances
decrease (18). In agreement with experiments, we also predict
the size of this decrease to be smaller for an increasing atomic
number of the lanthanide elements (18).

The site preference of vacancies is determined by the strength
and nature of the interaction with the trivalent dopants, which
can be divided into elastic and electronic parts (19). The elastic
part is mediated by lattice deformations and the electronic part
by redistribution of the electronic structure. Because vacancies
and trivalent dopants have effective charges of different signs,
they will attract each other. All vacancy–dopant interactions
vanish if the trivalent ions and the vacancy are sufficiently far
away from each other. This situation can be modeled by sepa-
rating the vacancy from the trivalent ions in our supercell. The
electronic interactions can be evaluated by calculating the un-
relaxed energy difference between a supercell with a vacancy in
the NN or NNN position and a supercell where the trivalent ions
and the vacancy are separated (Fig. 3). An unrelaxed supercell
implies that the atoms are kept in the original f luorite positions.
The same energy difference for relaxed supercells includes both
elastic and electronic interactions. Consequently, it is possible to
extract the elastic interactions by subtracting the electronic
interactions from the total interactions (Fig. 3). As expected
from electrostatics, the electronic interactions are strongest in

Fig. 1. The fluorite structure of ceria and the supercells used to study its defect properties. (a) The 2 � 2 � 2 (96 sites) supercell of ceria (thick lines) and the
3 � 2 � 2 (144 sites) supercell (thick and thin lines). For clarity atoms are only shown in one of the ceria unit cells. (b) A unit cell of ceria centered at the cubic
oxygen sublattice. The cell contains two 3� dopants (M) sitting next to each other and an oxygen vacancy. The numbers designate different locations that the
vacancy can occupy with respect to the dopants, and the arrows schematically show how the vacancy can jump from site 1 to nearby sites, which is equivalent
to oxygen diffusion in the opposite direction. Site 1 corresponds to the NN position, and site 2 corresponds to the NNN position. A vacancy moving from site 1
to site 2 is labeled as 1�2. Other diffusion paths are labeled correspondingly.

Fig. 2. Defect formation (a) and migration parameters (b) obtained for NN
3� dopants in the 2 � 2 � 2 supercell. The superscripts of Ef and Em refer to the
labeling in Fig. 1b.
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the NN position (the negative numbers imply attractive inter-
actions), and they decrease as we move from left to right in the
lanthanide series. Because of the effective screening and larger
separation of dopants and vacancies, the electronic interactions
are much weaker in the NNN position. The NN elastic interac-
tions are highly positive for dopants in the beginning of the
lanthanide series and then decrease quickly as the atomic
number increases. They are much stronger than the elastic
interactions in the NNN position, and, additionally, the latter
increase as a function of the atomic number. The decrease of the
elastic interactions (positive) is faster than the decrease of the
attractive electronic interactions. The decisive factor seen by
nature is, of course, the total interactions. Therefore, from Fig.
3 we conclude that it is the balance between elastic and electronic
contributions that determines the NN or NNN site preference.
Naturally, for each dopant, the ground-state corresponds to the
most negative of the total interactions. Remarkably, for the
atomic number close to 61, the elastic and electronic interactions
are balanced in such a way that the total interactions in the NN
and NNN positions are almost identical.

Em depends on the local atomic arrangement. If there are no
trivalent ions around a vacancy, Em is 0.46 eV. This value
corresponds to the diffusion of oxygen ions far away from any
dopants. We have calculated a subset of Em for oxygen diffusion
in the neighborhood of the NN trivalent dopants (Fig. 2). Em

1�2 or
Em

2�1 always provides the lowest barrier and Em
1�4 provides the

highest, which is explained by the fact that it is less favorable for
the oxygen atom to move through a saddle point close to large
trivalent ions than to move close to smaller Ce4� ions. Em

1�3, Em
3�1,

and Em
1�4 all decrease for increasing atomic number of the

lanthanide dopant, which is straightforwardly connected to the
contraction of ions along the lanthanide series. The slope of Em

1�2

and Em
2�1 in Fig. 2 is determined by the preference of vacancies

to occupy the NN or NNN position, i.e., the balance between
elastic and electronic vacancy–dopant interactions. As for the
vacancy formation energies, we notice a crossover for the
migration barriers close to Pm3�. For increasing doping con-
centrations, vacancies, on average, will experience more trivalent
dopants in their immediate neighborhood. As a result, the
number of low barrier migration paths decreases, which at
sufficiently high doping concentrations must limit the ionic
conductivity (20).

Ea can be calculated as the sum of Eass and Em for bulk
diffusion (�0.5 eV). The value of Eass depends on the distribu-

tion and concentration of 3� ions. In the present study, we
considered two limiting cases: (i) NN 3� ions and (ii) separated
3� ions. From Fig. 4, we conclude that case i always corresponds
to the highest Eass. Thermodynamically the defects of type i are
the most stable configurations. Our calculations show that the
binding energies for trivalent dopants range from 0.02 eV for
Pm3� to 0.23 eV for Er3�. The binding energy as a function of
the atomic number has a clear minimum close to Pm3� (data not
shown). Because of slow cationic diffusion, the equilibrium
distribution of dopants on the cationic sublattice may not be
reached; nevertheless, high binding energies should yield an
excess number of dopant clusters compared to the completely
random distribution of cations. In experimental investigations,
one generally assumes that only defects of type ii are present, and
consequently just one effective value of Ea is calculated. Thus,
the measured Ea should lie between the two limiting cases. We
would like to estimate this value. For the present dopant
concentration range (�4.2%), we accomplish this by calculating
an effective association energy, resulting from the presence of
dopants in both type i and type ii configurations. The fraction of
dopants in each configuration can be estimated by treating the
dopants as randomly distributed. A standard system of mass
action equations (22) connecting two types of the vacancy
equilibria (11), one for the 3� dopants being NNs and the other
for the separated 3� dopants, has been solved to extract effective
Eass (Fig. 4). One can clearly identify a minimum in Fig. 4, which
should correspond to the highest ionic conductivity, at a hypo-
thetical atomic number between 61 (Pm) and 62 (Sm). The
minimum Ea is obtained when Ef is approximately independent
of the local atomic configuration, as a result of the optimal
balance between elastic and electronic interactions. Our calcu-
lated Ea can be directly compared to experimental values for
Y3�, Nd3�, Gd3�, and La3�, referring to the same doping
concentration as the theoretical estimates (9). The experimental
values are all slightly higher than our theoretical estimates, which
may be related to deviations from the assumption of randomly
distributed dopants. Such a deviation is supported by the cal-
culated positive binding energies of trivalent dopants, and it
would increase Ea. Our model predicts Pm3� and Sm3� to be the

Fig. 3. Total, electronic, and elastic vacancy–dopant interactions as calcu-
lated for NN 3� dopants in the 2 � 2 � 2 supercell. The superscripts refer to
the labeling in Fig. 1b.

Fig. 4. Ea for dopants sitting next to each other (a) and separated from each
other (b) and an effective average of the former two (c) (see text). The results
were obtained within the 3 � 2 � 2 supercell, which implies a dopant
concentration of 4.2%. The experimental values refer to the same doping level
(9). Nd�Sm and Pr�Gd represent a mixture of 3� dopants and have been
placed according to their average atomic numbers. Because of its similarities
with Dy and Ho, Y has been inserted at an effective atomic number of 66.5 (21).
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best dopants of single dopants. Unfortunately, because Pm is
radioactive, it is inconceivable to use it in real applications. The
excellent properties of Sm3� have been confirmed in experi-
mental studies (23). The most important point, however, is that
according to the general picture presented here, a mixture of
dopants, one or both of which do not provide low Ea, may result
in a good balance between the elastic and electronic contribu-
tions and therefore improve the ionic conductivity. It is obvious
that for the lanthanide series, the combinations of 3� dopants
producing an average atomic number between 61 and 62 should
be the right choice. We tested two possible combinations,
Nd�Sm and Pr�Gd (Fig. 4). It is especially remarkable that a
mixture of 3� ions may lead to an ionic conductivity that is
higher than the ionic conductivity if any of them is used as a
single dopant.

To summarize, we have quantitatively predicted the connec-
tion between defect association and ionic conductivity directly
from quantum mechanical calculations. Further, we have shown
that a low association energy, and hence high ionic conductivity,
is related to materials with an optimal balance between elastic
and electronic defect interactions. We have shown how the
search for better dopant combinations can be essentially nar-
rowed in a simple and physically transparent way.

Methods
For the density functional theory calculations, we used the ab
initio total-energy and molecular-dynamics program VASP (Vi-
enna ab initio simulation program) (16, 17) with projector
augmented wave (PAW) potentials (24). In this program, the
wave functions are expanded in a plane-wave basis set. The
exchange-correlation effects were described within the general-
ized gradient approximation (25). The CeO2 host was modeled

within the valence band model (26, 27), which considers 4f
electrons of Ce as a part of the valence band. All trivalent
lanthanide dopants were described by treating localized 4f
electrons as a part of the frozen core. As previously mentioned,
we modeled defect properties within 2 � 2 � 2 and 3 � 2 � 2
supercells, derived from the ideal f luorite structure (Fig. 1a). As
the low defect concentration limit was addressed, we assumed
the volume of the supercells to be constant and equal to the
calculated volume of bulk ceria (a � 5.469 Å). This assumption
was justified by test calculations, which showed that volume
relaxation only has a minor effect on the defect parameters of
present interest. We relaxed all internal structural parameters so
that the Hellman–Feyman forces on each ion were negligible
(�0.02 eV�Å) and the total energy was converged to at least the
desired accuracy of �10 meV per cell. To assure accurate results,
we used the plane-wave cut-off energy of 400 eV and a 3 � 3 �
3 (2 � 2 � 2 supercell) or a 2 � 3 � 3 (3 � 2 � 2 supercell)
Monkhorst–Pack k point mesh (28). Further, Gaussian smearing
with a smearing parameter of 0.20 eV was applied. We obtained
the migration barriers for oxygen-vacancy diffusion by calculat-
ing the energy for oxygen in the saddle point positions. These
positions were taken halfway between the oxygen sites involved
in the diffusion process; however, we applied no restriction on
the position in directions perpendicular to the migration path.
Tests showed that the true saddle point was indeed close to the
halfway position and the error introduced by the above assump-
tion was small (�0.01 eV).
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