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Oxygen Vacancies versus Fluorine at CeO,(111): A Case of Mistaken Identity?
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We propose a resolution to the puzzle presented by the surface defects observed with STM at the (111)
surface facet of CeO, single crystals. In the seminal paper of Esch er al. [Science 309, 752 (2005)]
they were identified with oxygen vacancies, but the observed behavior of these defects is inconsistent
with the results of density functional theory (DFT) studies of oxygen vacancies in the literature. We resolve
these inconsistencies via DFT calculations of the properties of both oxygen vacancies and fluorine
impurities at CeO,(111), the latter having recently been shown to exist in high concentrations in single
crystals from a widely used commercial source of such samples. We find that the simulated filled-state
STM images of surface-layer oxygen vacancies and fluorine impurities are essentially identical, which
would render problematic their experimental distinction by such images alone. However, we find that
our theoretical results for the most stable location, mobility, and tendency to cluster, of fluorine impurities
are consistent with experimental observations, in contrast to those for oxygen vacancies. Based on these
results, we propose that the surface defects observed in STM experiments on CeO, single crystals reported
heretofore were not oxygen vacancies, but fluorine impurities. Since the similarity of the simulated
STM images of the two defects is due primarily to the relative energies of the 2p states
of oxygen and fluorine ions, this confusion might also occur for other oxides which have been either

doped or contaminated with fluorine.
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The reactivity of oxide surfaces is strongly affected by,
and often dependent upon, the presence of defects [1,2],
but the determination of the nature and properties of the
predominant surface defect(s) for a particular material
remains challenging. One of the most sensitive probes of
surface structure, which has been applied to the study of
defects at the surfaces of numerous metal oxides [3-7], is
scanning tunneling microscopy (STM). The STM tunneling
current depends upon both the surface topography and the
local electronic structure; the latter dependence in particular
implies that ab initio simulation can play a significant
role in the interpretation of STM images. An example of
this interplay between experiment and theory, and the one
which is the subject of this Letter, is the ongoing attempt
to understand the surface defect structure of CeO, (ceria), a
material with broad technological applications, most nota-
bly in catalysis and fuel cell technology [8,9].

The most stable surface facet of CeQO, is that parallel to
the (111) crystallographic plane, a schematic plan view of
which is shown in Fig. 1. The (111) facet has been the
subject of numerous STM studies; the pioneering work
was carried out on single crystals primarily at negative bias
[10-12], thereby imaging the local density of occupied
states derived from the 2p orbitals of the surface oxygen
ions, as illustrated by the simulated STM image in Fig. 1. The
pioneering work culminated in the study of Esch er al. [13],
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in which two types of point defect were observed;
at negative bias, these appeared as dark depressions and
triple protrusions, which, based upon a comparison with
simulated images obtained using density functional theory
(DFT), were identified with surface and subsurface oxygen
vacancies, respectively. Furthermore, the concentration of
depressions increased with annealing time, and they were
observed to be essentially immobile at 300400 °C, on a time
scale of the order of minutes. Finally, the depressions were

FIG. 1 (color online). Left panel: Schematic plan view of
the CeO,(111) surface facet, with the p(4 x 4) supercell used
in the simulations delineated by dashed lines. Ce, surface O and
subsurface O ions are represented by black, white, and grey
circles, respectively. The asterisk indicates a point defect, with
respect to which the nearest-neighbor and next-nearest-neighbor
cerium ions are labeled Ceyy and Cennn, respectively. Right
panel: Simulated filled-state STM image of the stoichiometric
surface, which highlights the sublattice formed by the surface
oxygen ions.
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observed to exist primarily as constituents of triangular and
linear clusters after prolonged annealing.

Intriguingly, subsequent DFT calculations have pre-
dicted behavior for the oxygen vacancy which is at odds
with the observations of Ref. [13] concerning the depres-
sions, on all three of the points detailed above. More
explicitly, calculations predict that the vacancy is more
stable in the subsurface layer than in the surface layer [14],
which would suggest that the number of surface defects
should decrease with annealing time; that its diffusion
barrier is small [15], which would render it highly mobile at
the elevated temperatures at which the experiments were
carried out; and that clustering of surface vacancies is
energetically unfavourable [16], implying that they should
exist primarily in isolation. Despite the doubt cast by these
inconsistencies upon the interpretation of the defect struc-
ture of CeO,(111) in terms of oxygen vacancies alone, no
alternative model has been proposed, and numerous authors
have subsequently used the “vacancy model” to interpret
the results of their experiments, based both on STM and on
other techniques [17-20].

Recently, ceria single crystals from the same source
as those used by Esch et al. [21], and other workers
[10-12,22-29], were found to contain a concentration of
fluorine of the order of 7%—-10% [30], with enrichment
close to the surface. Motivated by this discovery, we
present herein the results of DFT calculations of the surface
fluorine impurity, including its simulated filled-state STM
image, which we use to compare its expected behavior
with that of the oxygen vacancy. Based on these results, we
propose that the “surface oxygen vacancies” observed in
STM experiments on the surface of ceria single crystals
were in fact fluorine impurities.

Our DFT calculations were performed under periodic
boundary conditions, using the Vienna ab initio simulation
package (VASP) [31,32]. We used the Perdew-Burke-
Ernzerhof (PBE) functional [33], with a Hubbard-like U
correction (DFT + U), in the form developed by Dudarev
et al. [34], to mitigate the effects of the self-interaction error
inherent to semilocal functionals such as PBE. We used
an effective-U value of 5 eV, which has been shown to
afford a good compromise in the accuracy of its description
of both the atomic and electronic structure of ceria [35-38].
Additionally, in order to check the dependence of our
simulated STM images on the choice of the functional, we
generated images for the isolated defects using U values of
4 and 6 eV, and also using the hybrid functional PBEO,
and found that all of these functionals produce images
which are essentially indistinguishable. Further details of
the calculations may be found in the Supplemental Material
[39] to this Letter.

An enduring point of interest regarding the oxygen
vacancy has been the localization of the two electrons left
behind upon its creation via the removal of a neutral oxygen
atom [14,40]. It is generally accepted that the electrons

occupy f-orbitals of individual Ce ions, thereby breaking
the symmetry of the bare vacancy, and forming (defect-
bound) polarons. Our calculations of the surface oxygen
vacancy agree with the most accurate theoretical simula-
tions to date, which indicate that the electrons are well
localized, and that they are most stable not on the nearest-
neighbor (NN) Ce ions to the surface oxygen vacancy,
as might be expected on electrostatic grounds, but on the
next-nearest neighbors (NNNs), by 0.27 eV.

The fluorine atom is monovalent, and therefore a
single electron is associated with its substitution into
the oxygen sublattice. We find that, similarly to those
associated with the oxygen vacancy, the excess electron
associated with the surface fluorine is well localized on a
single Ce ion. However, having calculated the total energy
of the system both with the electron located on a NN Ce
ion, and with it located on a NNN Ce ion, we find that,
in contrast to those associated with the oxygen vacancy,
the electron is most stable on a NN Ce ion, albeit by
only 0.04 eV. Spin density isosurfaces associated with
the localized electrons for both defects are shown in the
Supplemental Material [39] to this Letter.

Simulated STM images of the surface oxygen vacancy
and surface fluorine impurity, and their immediate sur-
roundings, are shown in the left panel of Fig. 2; an
experimentally obtained image from Ref. [13] is also
shown for comparison. It is immediately apparent that
the two simulated images are extremely similar; in par-
ticular, both defects reproduce the dark “depression” in the
oxygen sublattice which is the principal feature of the
experimental image. This similarity exists despite the fact
that the fluorine ion protrudes from the surface (see the
Supplemental Material [39] for further details of the defect-
induced relaxation), and we must turn to the electronic
structure of both defects in order to understand the origin
of the similarity.

From the on-site projected densities of states (PDOSs)
shown in the upper plot of the right panel of Fig. 2, one can
infer that, while the dark appearance of the vacancy is due
simply to the absence of the states associated with the
missing surface oxygen ion, the fluorine impurity appears
dark because the occupied 2p levels lie at a lower energy
than those of the surface oxygens; due to the greater charge
of the fluorine nucleus, the electrons are more tightly bound
to it. That this ought to lead to an almost identical STM
appearance is even clearer if one examines the difference
between the PDOS of the oxygen vacancy or fluorine
impurity and that of a surface oxygen ion in the stoichio-
metric slab, since this difference is more closely related to
the contrast in an STM image. In the lower plot of the right
panel of Fig. 2, one can see that it is almost identical for the
two defects within the range of energies between the Fermi
level and 3 eV below it; thus, for the bias voltage of —3 V
used in the experiments of Esch et al., the fluorine ion is as
invisible as the absent oxygen associated with the vacancy.
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FIG. 2 (color online).
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Left panel: Schematic plan views (upper row) and simulated STM images (lower row) of the two defects.

An experimental STM image from Ref. [13] is shown for comparison. Og and Ogg stand for surface and subsurface oxygens,
respectively, while Vq stands for oxygen vacancy. Right panel (Upper plot): Projected densities of states (PDOSs) of a surface oxygen
(white), the surface fluorine (yellow), and the Ce* ions (red) associated with the defects. The PDOS of the surface oxygen was
calculated using the stoichiometric slab, while those of the fluorine and Ce** ions were calculated using the relevant defective slabs. The
PDOSs of the Ce** ions have been scaled down to one fifth of their original size, in order to improve visibility. Note that the PDOS of the
two Ce>* ions associated with the oxygen vacancy overlaps with that of the single Ce3* ion associated with the fluorine. The band edges
of the stoichiometric slab (dashed lines) are also shown. (Lower plot): Difference between the PDOS of the fluorine ion or oxygen
vacancy and that of a surface oxygen ion (see text and Supplemental Material [39] for details). The energy with respect to the Fermi
level, corresponding to the —3 V bias voltage used in Ref. [13], is indicated. Experimental STM image reprinted with permission
from F. Esch er al., Science 309, 752 (2005). Copyright 2005, American Association for the Advancement of Science.

We note that this is due solely to the relative energies of
the occupied levels on the oxygen and fluorine ions, and
that as a result, it is plausible that fluorine impurities, which
have been noted to be common in other oxides (see, e.g.,
Ref. [30] and references therein), would have a similar
appearance to oxygen vacancies in filled-state STM images
of their surfaces also.

Because of the similarity of the simulated STM images
of the oxygen vacancy and the fluorine impurity, their
experimental distinction via these images alone will likely
prove difficult. We now go on to show that they may be
distinguished more readily by their stabilities relative to
their subsurface counterparts, their mobilities, and their
propensities to form clusters.

We first examine the two defects’ stabilities relative to
their subsurface counterparts. In agreement with what has
been found previously by other workers [14], we find that
the oxygen vacancy is more stable in the subsurface layer
than in the surface layer, by 0.15 eV. This would indicate
that the number of surface defects should decrease in favor
of subsurface defects as the sample approaches equilib-
rium, in contrast to the experimental observation of Esch
et al. of a growth in the number of surface defects with
prolonged annealing. However, we find that the fluorine ion
is more stable in the surface layer than in the subsurface
layer, by 0.48 eV, and therefore the concentration of surface
fluorine would be expected to grow with increased
annealing time, consistent with experimental observation.

In the experiments of Esch et al., the surface defects were
observed to be immobile on a time scale of the order of

minutes. Thus, we now go on to examine the mobilities
of the two defects. The height of the diffusion barrier for
the surface oxygen vacancy has been calculated by other
workers [15]; based on a two-step process, in which the
vacancy moves between the surface and subsurface layers,
the rate-limiting barrier was found to be 0.61 eV. For the
fluorine ion, we consider an augmented version of this
process, which proceeds via a metastable configuration in
which the fluorine is on top of the surface and the vacancy
is in the subsurface layer; from there, the vacancy can move
back up to a neighboring surface lattice site, at which point
the fluorine refills the vacancy at its new location (see
Fig. 3). Using the climbing nudged-elastic-band method
(CNEB) [41] with seven images (including the two end
points), we find that the height of the barrier to the
metastable configuration, which represents a lower bound
to the barrier for the full diffusion process, is 1.47 eV
(further details of the barrier calculation, including its
profile, are given in the Supplemental Material [39] to this

10.0.0.0,:0.0.0.0,.:0.0.0.0,
.A.L.A.A. .;.;.;.;. .A.L.A.A.
20.0.0.0.1.0.69.0,
0.0.0.0.0500.006
0000400000

Initial Metastable Final

FIG. 3 (color online). Schematic plan views of the structural
configurations involved in the diffusion pathway of the fluorine
ion. The legend is the same as that of Fig. 2.
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FIG. 4 (color online). Schematic plan view (left) and simulated
STM image (right) of the surface fluorine pair. The legend is the
same as that of Fig. 2.

Letter). In possession of the two barrier heights, we can
estimate the rates of diffusion of the two defects using the
Arrhenius equation: With an attempt frequency of 10'* Hz,
which is a typical phonon frequency, and a temperature of
600 °K, which is within the temperature range used in the
experiments of Esch et al., we obtain a hopping frequency
of 7.5 x 107 Hz using the activation energy for vacancy
diffusion (0.61 eV), but 4.9 Hz using the activation energy
for fluorine diffusion (1.47 eV). Clearly, the value for
fluorine is in better agreement with the experiments of
Esch et al.

Finally, we have determined whether or not oxygen
vacancies or fluorine impurities exhibit a propensity to
form clusters at the surface. In the experiments of
Esch et al., the surface defects were observed to exist
primarily as constituents of triangular and linear clusters
after prolonged annealing; in contrast, previous DFT
studies [16] have found that oxygen vacancy clusters at
the surface are not energetically favorable with respect to
isolated vacancies. We have calculated the energy of two
fluorine impurities located next to one another in the
surface layer, for all six symmetrically inequivalent combi-
nations of nearest-neighbor localized electrons; the simu-
lated STM image of such a defect is shown in Fig. 4, along
with a schematic representation showing the lowest-energy
electron-localization pattern. Significantly, we find that
the formation of such a pair is energetically favorable with
respect to two isolated impurities, with a binding energy
of 0.08 eV for the lowest energy configuration. A more
comprehensive investigation of the formation and proper-
ties of fluorine and fluorine-vacancy clusters at the ceria
(111) surface facet is currently underway, and will be the
subject of a forthcoming paper.

The results of our DFT calculations show clearly that the
behavior of the surface fluorine impurity is more consistent
with experimental observation than the oxygen vacancy.
However, our work also raises the question of what other
defects could be mistaken for an oxygen vacancy at the
surface. One obvious candidate is hydrogen, which was
recently shown to exhibit a similar STM appearance to
anion vacancies at III-V semiconductor surfaces [42].
Hydrogen is a ubiquitous contaminant, with many sources,
not least the dissociation of water molecules, which are
usually present even under ultrahigh vacuum conditions. To
investigate this possibility, we have produced the simulated

FIG. 5 (color online). Schematic plan view (left) and simulated
STM image (right) of the surface hydroxyl group. The hydrogen
is represented by a black dot; the legend is otherwise the same
as that of Fig. 2.

STM image of a surface hydroxyl group, which is shown in
Fig. 5, and found it to be identical to those of the F impurity
and the oxygen vacancy. However, we do not believe that
this corresponds to the surface defect seen in the experi-
ments of Esch et al., given the high temperature at which
the experiments were performed, and also given that the
number of defects was observed to increase with annealing
time. However, we note that such species could play a role
in STM experiments conducted at lower temperatures, or in
a softer vacuum.

We note that the apparent pairing of the oxygen ions
neighboring the surface defect is reproduced in the simu-
lated images of neither the oxygen vacancy nor the fluorine
impurity using the p(4 x4) supercell. We are able to
reproduce the pairing only when using the p(2 x 2) cell
employed by Esch er al., indicating that this aspect of
the agreement between theory and experiment reported by
the latter authors was an artefact of their smaller supercell.
We ascribe the discrepancy to tip-induced effects which are
not taken into account under the Tersoff-Hamann approxi-
mation, while noting that this point does not invalidate the
fact that the behavior of the fluorine impurity is in better
agreement with the experimental observations of Esch than
that of the oxygen vacancy.

In conclusion, we have presented the results of theo-
retical calculations of the fluorine impurity at the (111)
surface facet of ceria, motivated by the recent report of high
concentrations of fluorine in single-crystalline samples of
the material, and compared its expected behavior with that
of the surface oxygen vacancy, and that of the surface
defects observed in the atomically-resolved STM experi-
ments of Esch er al. We find that the two defects produce
simulated filled-state STM images which are indistinguish-
able, but that their energetics and kinetics are qualitatively
different; specifically, we find that the fluorine impurity is
most stable in the surface layer, has a low mobility, and
that it is energetically favorable for it to form clusters.
These last three findings are in contrast to the vacancy, but
in agreement with experimental observation; thus, our
results suggest that what have been previously believed
to be surface oxygen vacancies may in fact be fluorine
impurities.
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