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Origin of chemical contrast in low-energy electron reflectivity of correlated
multivalent oxides: The case of ceria
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A combined experimental and theoretical study of the local chemistry of cerium oxide films and islands on
Ru(0001) is presented. Based on intensity-voltage low-energy electron microscopy [I (V )-LEEM] and resonant
x-ray photoemission spectroscopy, we establish a one-to-one correspondence between the local oxidation state
of Ce3+ [cubic Ce2O3(111)] and Ce4+ [cubic CeO2(111)] and their respective spatially resolved I (V ) curves.
Ab initio scattering theory explains the difference between the I (V ) curves in the low-energy range in terms of
the k‖ = 0 projected band structure arising from the different structure of the Ce 5d states in fully oxidized and
reduced ceria. The theoretical analysis unambiguously attributes the LEEM contrast observed for chemically
reduced cerium oxide to a variation in oxidation state on the nanometer scale, which is not present for the
as-grown islands.
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I. INTRODUCTION

Cerium oxide is a remarkably versatile material and has
attracted persistent interest due to its wide range of existing and
potential applications in, e.g., catalysis,1,2 energy harvesting
and storage,3,4 sensing,5–7 and microelectronics.8 Its inherent
structural and electronic variability arises from the unfilled
shell of highly localized 4f electrons in the valence band
region, making it a particularly attractive model system in fun-
damental studies of electron correlation and chemical bonding
in binary metal oxides. Depending on its formal oxidation
state, i.e., Ce3+ or Ce4+, three major crystallographic phases
have been identified: a hexagonal structure for the sesquioxide
Ce2O3 (space group P3̄2/m1, No. 164), a CeO1.5+δ bixbyite
phase (Ia3̄, No. 206) for slightly higher oxygen concentration
(δ � 0.5), and a fluorite phase (Fm3̄m, No. 225) for cerium
dioxide, CeO2.1 The facile transformation especially between
the bixbyite and the fluorite phase is the main reason for the
pronounced oxygen storage capacity of ceria, i.e., its ability
to take up and release oxygen under oxidizing and reducing
conditions, respectively. This effective switching between
oxidation states makes it a crucial component in, e.g., catalytic
converters of today’s automotive industry9,10 as well as future-
generation intermediate-temperature solid oxide fuel cells.11

For optimized device performance a thorough understanding

of the structure-function relationship of nanostructured ceria-
based compounds is essential.

Many efforts have been undertaken to unravel the structural
and electronic properties of the different crystalline cerium
oxide phases in bulk form1 or as thin epitaxial films.12 So far,
the main focus has been on structure determination and on the
occupied electronic structure. In particular, several attempts
were made in characterizing the local thermal reduction of
CeO2 in real space on the atomic scale using scanning
tunneling microscopy13 and atomic force microscopy.14 While
these techniques provide valuable insight into the formation
of atomic-scale “Ce3+” defects, they usually do not offer
sufficient temporal or spatial resolution due to lack of thermal
stability to allow in situ probing of chemical transformations
at reaction conditions. In this respect, synchrotron-based x-ray
photoemission electron microscopy and related approaches
also are very promising since they transfer established con-
cepts for oxidation state analysis to the nanoscale.15 Yet, it
would be attractive to complement these studies by methods
that offer an even enhanced spatial and temporal resolution.

Here we elucidate the origin of the chemical contrast in
the specular reflectivity of low-energy electrons from a pro-
totypical multivalent, correlated electron system, i.e., cerium
oxide (CeOx , 1.5 � x � 2). To this end, we have prepared
cerium oxide surfaces of varying stoichiometry, which were
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investigated in situ using a combination of laterally averaging
resonant photoemission spectroscopy (RPES) as well as
nanoscopic, very-low-energy electron diffraction (VLEED).
These experiments were performed inside a spectroscopic
photoemission low-energy electron microscope (SPE-LEEM).
Applying ab initio scattering theory, we demonstrate that the
most important differences for fully oxidized and reduced ceria
in the k‖ = 0 projected band structure, which determines the
electron reflectivity,16–22 are due to the localized Ce 5d states.
The transmission by these highly localized Ce 5d states is
shown to dominate the energy-dependent sample reflectivity
R(E). Owing to their atomiclike character, the Ce 5d-derived
bands are strongly modified by the variation in Ce 4f occu-
pation and, thus, are sensitive to the change in oxidation
state. Since these R(E) spectra are a local representation
of the electronic structure on the very-few-nanometer scale,
they provide a nanometric probe of the oxidation state. In the
following, this capability is demonstrated by in situ LEEM on
nearly perfect and defective cerium oxide nanoislands grown
on Ru(0001), which is a frequently studied inverse model
catalyst, e.g., for the water-gas-shift reaction.23

II. EXPERIMENTAL

The LEEM and RPES measurements were performed in
a commercial Elmitec SPE-LEEM (spectroscopic photoemis-
sion and low-energy electron microscope) installed at beam-
line U5UA of the National Synchrotron Light Source (NSLS)
at Brookhaven National Laboratory (BNL), Upton, NY (USA).
This setup enables in situ microscopy with either low-energy
electrons or monochromatized photons from the storage ring
and also spatially resolved photoemission spectroscopy with
synchrotron radiation.24 Atomic force microscopy (AFM) was
conducted ex situ at the Center for Functional Nanomaterials
(CFN) also located at BNL using a commercial system (Veeco
Multimode V). Data processing and analysis were performed
using the software package GXSM.25

Polished Ru(0001) single crystals (Mateck) with a nominal
orientation better than 0.1◦ served as substrates and were
cleaned by repeated cycles of oxygen dosing followed by
high-temperature flash annealing as described in Ref. 26.
Cerium oxide growth was achieved by reactive molecular
beam epitaxy under ultrahigh-vacuum (UHV) conditions, with
metallic Ce deposited from a home-built, calibrated electron
beam evaporator at substrate temperatures between 360 °C and
800 °C and preset oxygen (O2) background pressures between
1 × 10−8 and 5 × 10−7 mbar.

III. RESULTS AND DISCUSSION

A. Cerium oxide growth and island morphology

On ruthenium, cerium oxide adopts a Volmer-Weber growth
mode, as can be seen from the time-lapse LEEM image
sequence in Figs. 1(a)–1(e) recorded for deposition of metal-
lic cerium in an oxygen background pressure of p = 5 ×
10−7 Torr and at a substrate temperature of 800 ◦C. Stable
nuclei are most frequently observed at atomic step edges
and step bunches, which are represented as dark bands.
Further deposition leads to the formation of essentially trian-
gular, single-crystalline islands, whose apices exhibit varying

3 µm

(a) (b)

(c) (d)

(e) (f)

200 nm

FIG. 1. (a)–(e) Low-energy electron micrographs illustrating the
growth of cerium oxide on Ru(0001) by reactive molecular beam
epitaxy at 800 °C and an O2 partial pressure of 5 × 10−7 Torr. The
change in contrast between (a),(b) and (c)–(e) is due to a change
in electron energy. Coverages: (a) 0 ML, (b) 0.02 ML, (c) 0.20 ML,
(d) 0.60 ML, and (e) 1.21 ML. (f) Close-up view of triangular, single-
crystalline cerium oxide islands as imaged by ex situ AFM (image
differentiated).

orientations relative to the substrate and whose average size
and density depend on growth temperature.27 From AFM
[Fig. 1(f)], it is evident that the islands typically are only a
few nm thin and overgrow the substrate atomic steps in a
carpetlike fashion.

While micron-scale selected-area low-energy electron
diffraction as well as x-ray photoemission confirm the growth
of fluoritelike, (111)-oriented CeOx islands,27 chemical iden-
tification on the true nanoscale remains very challenging to
achieve with these methods. This, however, is mandatory for
in situ analysis of the local oxidation state under reaction
conditions.

B. Linking oxidation state and intensity-voltage curves

The I (V )-LEEM approach has already demonstrated its
capability of providing detailed local information on adsorbate

235428-2



ORIGIN OF CHEMICAL CONTRAST IN LOW-ENERGY . . . PHYSICAL REVIEW B 88, 235428 (2013)

film thickness and layer spacings,28 elemental composition
of bimetallic surface alloys,29 and identification of individual
oxygen-rich phases in chemical reactions,26,30 at length scales
down to less than 10 nm. In the following, we demonstrate that
I (V )-LEEM also allows accessing the local oxidation state of
multivalent oxide compounds and that it additionally provides
detailed information about the unoccupied band structure and
electronic correlation effects.

To obtain quantitative information about the amount of
Ce3+ and Ce4+ species, we prepared continuous ceria films
in the SPE-LEEM system by extended deposition at reduced
substrate temperature of 430 ◦C and an O2 partial pressure
of 1 × 10−8 mbar, in a similar vein to the original recipe by
Mullins and co-workers.31 These continuous films enable the
use of laterally averaged RPES monitoring the Ce 4f-related
peaks in valence band spectra following resonant excitation
of the Ce 4d core level by monochromatized synchrotron
radiation. This technique was first applied by the Matolin
group to quantify the ceria oxidation state with very high
sensitivity.32,33 Briefly, depending on the photon energy and
the resonance energy for the specific oxidation state, i.e.,
for Ce3+ (121.5 eV) or Ce4+ (124.5 eV), strongly enhanced
photoemission is observed. Furthermore, if compared to the
relative intensities in photoemission spectra taken in an off-
resonance condition (115 eV) below the Ce 4d level, it yields
a precise measure of the relative abundance of Ce3+ and
Ce4+ species in the probed region.33 Here, we apply the same
methodology in the SPE-LEEM setup to establish a one-to-one
correspondence between the energy-dependent reflectivity,
i.e., the I (V ) curve, and the corresponding oxidation state
to sequentially enable local analysis using the full capabilities
of I (V )-LEEM.

In Fig. 2, we present RPES data along with the corre-
sponding I (V ) curves recorded for ceria films after vari-
ous treatments. In the as-grown state [Fig. 2(a)], we ob-
serve a pronounced change of the peak intensities in the
valence band spectra for both the Ce3+ and the Ce4+
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FIG. 2. (Color online) (a) RPES data of cerium oxide on
Ru(0001): as grown at reduced O2 pressure (solid curves), after
postoxidation by O2 (dash-dotted curves), and after reduction by
methanol exposure (dashed curves). (b) Electron reflectivity data
for cerium oxide on Ru(0001) acquired at elevated temperature
corresponding to the RPES data presented in (a): as grown (top), after
oxidation by O2 (center), and after reduction by methanol exposure
and subsequent annealing (bottom).

resonance energies. From the ratio D(Ce3+)/D(Ce4+) of
the individual resonance enhancements D(Ce3+,Ce4+) ≡
Ires(Ce3+,Ce4+) − Ioff−res(Ce3+,Ce4+) for both ionic species,
an average stoichiometry of CeO1.73 may be inferred33 to
within a few percent. The corresponding I (V ) curve, which is
displayed in Fig. 2(b), shows two pronounced maxima in the
very-low-energy range (labeled “A” and “C”, respectively), a
rather weak shoulder “E”, and a broad maximum “F”.

However, after postoxidation at 430 ◦C and an O2 partial
pressure of 2 × 10−6 Torr, both the RPES [Fig. 2(a)] and the
I (V ) [Fig. 2(b)] data differ significantly from their as-grown
counterparts. First, the presence of a fully oxidized CeO2 film
can readily be deduced from the complete absence of the
Ce3+ resonance peak. Second, the I (V ) curve also exhibits
systematic changes, the most prominent being the change of
the shape of feature C, the appearance of a new shoulder “D”,
as well as the shape of feature E, which is discernible as
a distinct peak at slightly increased electron energy. Also, a
similar shift in energy can be observed for feature F.

Cyclic exposure to methanol at a partial pressure of
1 × 10−6 Torr followed by thermal annealing at 480 ◦C induces
complete reduction of the cerium oxide film as evidenced by
RPES depicted in Fig. 2(a). While there is no difference in the
resonance and off-resonance Ce4+ peak intensity, the Ce3+-
related valence band peak is strongly developed, and is even
more pronounced than for the as-grown sample. Hence, these
data confirm an average stoichiometry of CeO1.5 after reduc-
tion by methanol. This profound difference is again reflected
by the I (V ) curve, which in this case exhibits a new maximum
“B”, a significantly reduced intensity of C, and the absence
of shoulder D. Also, E apparently turns into a broad shoulder,
while peak F has shifted toward lower electron energies.

C. Ab initio scattering calculations for cerium oxide

In the previous section, we have established that the I (V )
curves are characteristic of the stoichiometry of the cerium
oxide crystal. I (V ) curve shapes in the VLEED region are
closely related to the unoccupied band structure, which,
especially in correlated electron systems, can be expected to
substantially deviate from free-electron-like behavior. Thus,
in interpreting I (V ) curves, it is important to fully take
into account band structure effects. We have performed an
analysis of the electron reflectivity R(E) of CeO2(111) and
both cubic Ce2O3(111) and hexagonal Ce2O3(0001) surfaces
based on an ab initio scattering theory, in which both the
bulk band structure and the potential at the surface are treated
realistically. The relaxation of the surface layers34 is neglected
in the present work; i.e., the bulk geometry is assumed to
hold right up to the surface. We expect surface relaxations to
be less significant at very low energies, where the inelastic
scattering is reduced, and the elastic scattering in the bulk is
most important.

As the general computational methodology has been
presented in detail in our preceding work on NiO,35 here
we only briefly recap the main steps and state the essential
approximations. First, a self-consistent crystal potential in the
local density approximation (LDA) is constructed36 both for
the bulk crystal and for the surface, the latter being obtained
from a supercell made of a slab and a vacuum region. Thus,
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the elastic scattering is treated fully ab initio, and the crystal
structure is not being adjusted to the experimental spectrum.

Generally, elastic scattering determines the energy location
of the maxima and minima of the R(E) curve, but the
intensity and sharpness of the structures is known to depend
on inelastic scattering.37 The latter is described by the optical
potential, the energy-dependent imaginary potential Vi, which
is spatially constant in the crystal and zero in the vacuum half
space. The LEED wave functions are obtained as solutions
of the Schrödinger equation for the complex potential using
the augmented-plane-waves-based embedding method.38 At
present, it is not possible to determine the optical potential
from first principles; however, its typical values and qualitative
energy dependence Vi(E) are known from experience, and
they are not strongly material dependent.39–43 To make the
comparison of CeO2 and Ce2O3 maximally conclusive we use
the same linearly growing function Vi(E) [Fig. 3(c)] and the
same computational parameters for both crystals.

In contrast to the simple fluorite structure of CeO2, the
bixbyite structure of Ce2O3 has 16 formula units per unit cell,
which is computationally forbidding. A much simpler crystal
lattice for Ce2O3, which enables ab initio calculations but still

closely mimics the bixbyite reference structure, can be derived
from a 2 × 2 fluorite supercell with one oxygen vacancy per
unit cell; see Ref. 44. Another difficulty with the reduced oxide
arises from the partially occupied Ce 4f shell, which cannot be
obtained within a one-particle approach.

The 4f electrons do not contribute to the LEED wave
functions, as they lie below the vacuum level;45 however, via
the Coulomb interaction they affect the unoccupied scattering
states. One way to force the actual occupancy of the 4f shell is
the LDA + U approach.46–49 In the present work, we achieve
this by including one 4f electron per atom into the atomic core,
so the 4f band of Kohn-Sham eigenvalues remains unoccupied.

At energies of several eV above the vacuum level, the states
carrying electron current are especially sensitive to the 4f shell
because the Ce 5d states there retain their localized atomiclike
character. Generally, the 5d states form narrow bands with a
small group velocity normal to the surface, and one would not
expect them to transmit any significant fraction of the incident
current into the crystal. Still, in CeO2 the conducting bands
have an appreciable contribution of 5d character; see Figs. 3(a),
3(b), and 3(h). Figures 3(f)–3(h) compare the Ce 5d band in the
cubic and the hexagonal Ce2O3 crystals with the fluorite CeO2.
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FIG. 3. (Color online) (a) k‖ = 0-projected band structure of CeO2(111) with thickness of the line indicating angular-momentum character
of the bands (f character below 5 eV, d character above 5 eV); (b) k‖ = 0-projected band structure of CeO2(111) with thickness of the branch
indicating the Bloch-wave resolved transmitted sample current; (c) assumed energy dependence of the optical potential Vi(E); (d) experimental
(open diamonds) and calculated (dashed line) electron reflectivity R(E) for Ce2O3(111); and (e) experimental (open circles) and calculated
(solid line) electron reflectivity R(E) for CeO2(111). The subfigures (a),(b),(d),(e) share the same abscissa. EVBM denotes the valence band
maximum. Also note that the “thick” line in (b) is not symmetric about the � point because only the waves that travel inside the crystal (i.e.,
have the same sign of the group velocity) enter the LEED state. (f)–(h) Comparison of the energy-momentum distribution of partial charges
of d character in (111)-oriented cubic and (0001)-oriented hexagonal cerium oxide crystals for k‖ = 0. The size of the circle is proportional
to the d-projected charge in the Ce sphere. For the fluorite CeO2 (h) and for the hexagonal Ce2O3 (g) the conducting bands are indicated by
red arrows. Panel (h) is a magnified fragment of panel (b). The energy axis for Ce2O3(0001) has been shifted to align the Ce 5d bands of all
structures.
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FIG. 4. (Color online) (a) k‖ = 0 projected band structure of
hexagonal Ce2O3(0001) with thickness of the line indicating the d

character of the bands. (The f -character bands are at the bottom
of the conduction band.) (b) k‖ = 0-projected band structure of
Ce2O3(0001): thin black lines show the real band structure, and the
circles indicate the Bloch waves that effect the transmission of the
incident current into the crystal. The size of the circle is proportional
to the partial transmitted current. (c) Assumed energy dependence of
the optical potential Vi(E). (d) Calculated electron reflectivity R(E)
for the hexagonal Ce2O3(0001) and acquired Ce2O3 I (V ) data.

In all the crystals the 5d states occupy an interval of about
6 eV just above the 4f band. For the fluorite CeO2 and for the
hexagonal Ce2O3 the conducting bands (i.e., the partial Bloch
waves that transmit the incident current) are indicated by red
arrows. They correspond to thick fragments of the red line in
the conducting band structure plots of Fig. 3(b) for CeO2 and
Fig. 4(b) for hexagonal Ce2O3.

In both sesquioxides, the d contribution to the current
carrying states at around E − EVBM = 10–11 eV is much
smaller than in CeO2. This is in agreement with the data of
Figs. 3(f)–3(h): The 5d bands in both cubic and hexagonal
Ce2O3 have considerably smaller group velocities than in
CeO2, which points to their more localized character. This
is especially well seen for the hexagonal Ce2O3 [Fig. 3(g)],
owing to its simple band structure and relatively large (com-
pared to the cubic Ce2O3) Brillouin zone extent perpendicular
to the surface. Figures 4(a) and 4(b) show that in the hexagonal
Ce2O3 above 9 eV the current is carried by a highly dispersive
band, which does not hybridize with the 5d states.

Our theory yields convincing agreement with the experi-
ment simultaneously for CeO2 and for the cubic (“bixbyite”)
Ce2O3; see Figs. 3(d) and 3(e). In comparing the experimental

I (V ) curves with the theoretical R(E) spectra the experimental
curves in these figures have been scaled in intensity and shifted
in energy to match the energy location of high-energy peaks
in the calculated spectra. This accounts for the theoretical
uncertainty in the location of quasiparticle states (known as
the band-gap problem), which is caused by our using an
LDA-derived potential for the self-energy.45 In the theoretical
spectra, irrespective of the choice of Vi (the only adjustable
parameter in the calculation), in coming from CeO2 to Ce2O3

the characteristic conducting channel [R(E) minimum] at
E − EVBM = 11 eV closes, and the reflectivity maximum
moves to lower energies (peak B), so the maxima A and
C turn into shoulders, see Fig. 2(b). On the contrary, the
theoretical R(E) curve for the hexagonal Ce2O3 [Fig. 4(d)]
shows a dramatic difference to that of the cubic Ce2O3

and a striking disagreement with experiment. This rules out
the formation of hexagonal Ce2O3 after cyclic reduction by
methanol adsorption and subsequent thermal redesorption.

From a methodological perspective, the preceding dis-
cussion demonstrates that RPES and I (V )-LEEM should be
viewed as complementary experimental techniques although
both provide information on oxidation states: On one hand,
RPES is highly sensitive to the presence of Ce3+ species
and allows quantifying the cerium oxide stoichiometry of
the near-surface region. On the other hand, I (V )-LEEM is
highly sensitive to crystal structure while retaining sensitivity
to stoichiometry changes within globally the same lattice. This
latter aspect will be exploited when turning toward micro-
scopic investigations targeting chemical reduction processes
with lateral resolution, as presented in the following section.

D. Application to local surface reduction by methanol exposure

The theoretical analysis presented above correlates qual-
itative characteristics in the I (V ) curve shapes with certain
electronic features in the material, which are related to its
oxidation state. Furthermore, a comparison of the I (V ) curves
for CeO2 and cubic Ce2O3 suggests certain regions in electron
kinetic energy in which the contrast in LEEM images can
primarily be attributed to local differences in oxidation state. In
the following demonstration, we have chosen a kinetic energy
(15.4 eV) that is located near feature D of the I (V ) curve
of CeO2 [Fig. 2(b)] and where the trailing, “high-energy”
slopes of the characteristic R(E) peaks of reduced ceria
are found. Hence, around this particular energy we expect
an increased local reflectivity for a higher local oxidation
state and a diminished local reflectivity for a lower local
oxygen concentration. Also, our example will readily show
that this energy is highly sensitive to changes in oxidation
state [Fig. 5(d)].

In Fig. 5(a), a LEEM image of cerium oxide islands on
Ru(0001) is displayed that has been recorded at an energy of
15.4 eV after growth at 800 °C and subsequent cool-down
to RT. In the image, all ceria islands appear homogeneously
bright, suggesting a uniform oxidation state after growth.
However, significant intensity variations are observed after
a single cycle of methanol adsorption, subsequent desorption
of the reaction products by thermal annealing, and final cool-
down to room temperature (RT) [Fig. 5(b)]. Therefore, this
image contrast clearly indicates a local variation in oxidation
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FIG. 5. (Color online) (a),(b) LEEM images (E = 15.4 eV)
recorded (a) after growth and (b) after reduction by a single cycle
of methanol exposure and subsequent annealing. The contrast on the
ceria islands is due to local varying stoichiometry. (c),(d) Normalized
local I (V ) curves acquired after reduction by methanol exposure [i.e.,
from image (b)] and extracted along indicated paths in 11-nm steps
from single cerium oxide islands. In (c), the average oxidation state
is almost constant while in (d) substantial variation is observed. The
arrows in (d) indicate systematic changes in the I (V ) curves relating
to local oxide reduction.

state. Interestingly, these brighter and darker patches show no
apparent relation to the island shape or size.

While the preceding simplified analysis indicated differ-
ences in local oxidation state after reduction by methanol
exposure, the amount of local reduction cannot readily be
estimated from the intensity variation at a given energy. For
a measure of the local oxidation state, the full set of local
I (V ) curves needs to be investigated and compared to R(E)
reference spectra.

After reduction, local I (V ) curves [Figs. 5(c) and 5(d)]
were extracted along selected paths in 11-nm steps (see
insets). Only negligible intensity and shape variation are
noticed when following a bright stripe [Fig. 5(c)], with the
overall shape closely resembling the CeO2(111) reference
spectra [Fig. 3(b)]. Therefore, we conclude that these stripes
have not been reduced within the redox reaction and have
remained fully oxidized ceria. Quite in contrast, the I (V )
curves extracted from areas of different brightness exhibit

substantial, characteristic shape variations [Fig. 5(d)], namely
the strong reduction in intensity near feature D, a concomitant
significant decrease and left-shifting of feature E, and the
gradual shifting of intensity from feature C, which appears
to be composed of two separate peaks, toward B. Hence, we
can deduce that the brighter and darker regions in Fig. 5(b)
represent defective cerium oxide, i.e., CeO2−δ(111), with few
and many oxygen vacancies, respectively. Interestingly, the
reduced cerium oxide regions do not seem to have formed
predominantly at the oxide-metal phase boundary, as often
assumed.

We note that the local I (V ) curves in Fig. 5(c) display
an even closer match to the theoretical curve [Fig. 3(e)]
than the experimental reference curve [Fig. 2(b)]. Since the
main differences in sample preparation and I (V ) analysis
are the significantly higher growth temperature, leading to
the formation of well-defined ceria islands, and the lack of
averaging in the subsequent nanoscale I (V ) curve extraction,
we conclude that the apparent splitting of feature C, which is
clearly predicted by theory, is directly related to the crystalline
quality of cerium oxide.

IV. CONCLUSION

To summarize, using the surface chemistry of cerium
oxide as an example, we have shown that the combination
of low-energy electron microscopy and ab initio VLEED
theory readily explains the LEEM image contrast observed
in surface-chemical reduction-oxidation reactions, providing
visual access to the local reduction of CeO2 to Ce2O3 and hence
the spatial distribution of oxygen vacancies. This approach
has thus been shown to be a powerful tool for revealing local
chemical transformations on the nanometer scale, and it has
great potential for other correlated electron materials systems.
By extending it to time-resolved measurements, novel insights
into the dynamic behavior of inverse model catalyst systems
under reaction conditions are expected.
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