Formation of One-Dimensional
Electronic States along the Step Edges

of CeO,(111)

Niklas Nilius,™* Sergey M. Kozlov,* Jan-Frederick Jerratsch,” Martin Baron," Xiang Shao," Francesc Vines,*
Shamil Shaikhutdinov,”* Konstantin M. Neyman,*5* and Hans-Joachim Freund"

"Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, 14195 Berlin, Germany, *Departament de Quimica Fisica, Universitat de Barcelona, (/Marti i
Franques 1, 08028 Barcelona, Spain, and Sinstitucié Catalana de Recerca i Estudis Avangats (ICREA), 08010 Barcelona, Spain

erium dioxide plays an important role
in heterogeneous catalysis, both as
active material and support.' ~*Its out-
standing redox properties rely on two closely
related aspects. First, ceria exhibits a particu-
larly low formation energy for oxygen vacan-
cies, which renders lattice oxygen available in
chemical reactions.>~” Second, ceria is a good
electron acceptor, as the initially empty Ce 4f
states can be filled up with electrons, thereby
reducing the charge state of respective Ce
ions from +4 to +3.2 The latter effect facil-
itates electron transfer from suitable ad-
species into the oxide surface, promoting
the chemical activity of the material.*°
Naturally, defects and low-coordinated
sites in the ceria surface are most suscep-
tible to reduction processes and therefore
strongly involved in the oxide chemistry.
This has been demonstrated in a number
of recent experiments that revealed a
higher catalytic activity for defect-rich ceria
nanoparticles with respect to the extended
surface.’®™'® Moreover, one-dimensional
(1D) defects, that is, step edges and disloca-
tion lines, have been identified as preferred
nucleation sites for metal particles.'* The
specific properties of such defects have
several reasons. Naturally, atoms along step
edges and grain boundaries are character-
ized by a reduced number of nearest neigh-
bors, which renders them susceptible to
desorption' and explains the small vacancy-
formation energies.'® A reduced atom-
coordination also alters the electronic struc-
ture of line defects, being characterized
by split-off and 1D electronic states that
are not present in the bulk."”” ~2° In addition,
the geometric distortions that are exerted
in the ceria lattice by converting Ce*" into
more spacious Ce®>" ions are better accom-
modated at step edges than in the ideal
surface.%?"?? Another, widely disregarded
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Scanning tunneling microscopy (STM) combined with density functional theory (DFT) are used
to analyze the structural and electronic properties of step edges on the surface of Ce0,(111)
films grown on Ru(0001). Depending on the preparation conditions, (211) or (110)-oriented
steps develop on the surface, which results in the formation of ceria ad-islands with hexagonal
or triangular shapes. STM conductance spectroscopy reveals pronounced differences in the
electronic properties of the step edges, as reflected in different onset positions of the ceria
conduction band. The band shifts are related to the development of distinct edge electronic
states that split-off from the ceria conduction band, as shown with DFT calculations. The
separation of the edge states from the main band is governed by the atom-coordination and
local charge-distribution along the edge, the latter giving rise to the development of
electrostatic dipoles. We expect that the observed edge morphologies determine not only the
electronic properties but also the adsorption behavior of step edges on the Ce0,(111) surface.
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point concerns the charge imbalance that is

produced in an ionic crystal by certain

defects. The (111) surface of ceria comprises

alternating layers of cations and anions

and belongs to type Il polar terminations

according to Tasker's scheme.?*** Whereas * Address correspondence to
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chemical properties of ceria might be
substantial.
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In this work, we have analyzed the topographic and
electronic structure of step edges on the CeO,(111)
surface, using a combined scanning tunneling micro-
scopy (STM) and density functional theory (DFT) ap-
proach. Whereas a detailed geometric characterization
of the ceria steps has been reported in a recent atomic-
force microscopy study,?”®> no information on their
electronic structure has been provided so far. Here,
we demonstrate that step edges on the CeO,(111)
surface have unusual electronic and electrostatic prop-
erties that might be decisive for the adsorption and
reaction behavior of this particular oxide.

RESULTS AND DISCUSSION

Step Morphologies. Large-scale STM images of crystal-
line CeO,(111) films exhibit two kinds of step edges
(Figure 1a). The first one delimits wide, atomically flat
terraces and originates from steps in the underlying
Ru(0001) support. The second type borders hexagonal
ad-islands and pits that develop during oxide growth.
We will focus our discussion to the latter type that is
intrinsic to the ceria lattice. Step edges surrounding the
ceria ad-islands have the typical height of one
O—Ce—O trilayer (0.31 nm), indicating that the (111)
surface develops a sole termination. Depending on the
preparation conditions, two prevalent step orienta-
tions are observed:

(i) Low temperature films (T,nneal < 1000 K) develop
two (110)-oriented edge types that run along
the high-symmetry axes of the ceria lattice and
have opposite descents (Figure 1b). In both
cases, the spacing between the edge atoms
amounts to 0.382 nm, which matches the bulk
lattice constant of ceria.?® The length ratio be-
tween the two step types was found to vary with
annealing temperature of the film. Whereas at
1000 K, one step type is roughly two times

longer than the other, producing islands with
truncated triangular shape (Figure 1b), the two
edges are equally long at 900 K and the islands
become hexagonal.?® The orientation of the
triangular islands inverts when crossing a step
edge or domain boundary in the film, suggest-
ing that the respective step type changes posi-
tion within the island (Figure 1a).

(i) The second step type runs along (211) direc-
tions of the oxide lattice and preferentially
develops at annealing temperatures above
1000 K (Figure 1c). In accordance with the 30°
rotation with respect to the (110) edges, the
spacing of the edge atoms is larger by a factor of
/3 (0.67 nm). Only one step configuration is
observed in this case and all ad-islands are
therefore of hexagonal shape.

On the basis of the orientation and topographic
appearance of step edges in the experiment, we
have searched for corresponding structure models by
means of total energy calculations. Out of various
considered configurations, we have concentrated on
those that are characterized by low formation energies
and have the stoichiometry of bulk ceria.'® Optimized
(110)-oriented steps either comprise down-sloping
O—O0 units perpendicular to the edge direction
(Figure 2a, left) or display a concave shape with the
outermost atom row being an O-row in the topmost
atomic plane (Figure 2a, center). Following the estab-
lished notation for step edges on the iso-structural
CaF5(111) surface,”” %° we refer to the two step con-
figurations as type | (positive descent) and type |l
(negative descent) in the following. While the positive
descent of the type | edge corresponds to a (110)
nanofacet, the type Il descent resembles a (111) plane.
The two step types can also be distinguished via their
normal-vectors within the surface, which run along

Figure 1. (a) STM image showing the CeO,/Ru(0001) film-morphology after annealing to a maximum temperature of 1000 K
(Us = 3.0V, 280 x 280 nm?). All islands are delimited by type I and Il steps and invert their shape when crossing a domain
boundary or step edge. (b) Close-up images of a truncated triangular I/l island (20 x 20 nm?) and a type | step shown with
atomic resolution (6 x 3 nm?). (c) STM images of a hexagonal island bordered by type Il steps (20 x 20 nm?) and the same step
type shown with atomic resolution (10 x 5 nm?). The corresponding normal-vectors are indicated in the figures.

NILIUS ET AL.

VOL.6 = NO.2 = 1126-1133 = 2012 W)

WWww.acsnhano.org

11D L¢

1127



[112], [121], or [211] directions for type | edges and
along [112], [121], or [211] for type II.

The crystallographic reason for the occurrence of
two inequivalent (110) steps is that the corresponding
plane perpendicular to the surface is not a symmetry
plane of the fluorite lattice. This also explains why the
relative step positions within a given island change
when going from one trilayer to the next (Figure 1a).
The fact that the island shape inverts also when cross-
ing a domain boundary suggests that two stacking-
domains with a reversed sequence of the oxygen
planes (ABC and CBA) are present in our films. The
observed temperature-driven changes from triangular
to hexagonal island shapes, on the other hand, reflect
the different thermodynamic stabilities of type I and |l
steps, which will be discussed in a forthcoming paper.

As the (211)-oriented steps follow a symmetry plane
of the fluorite lattice, only one step type is revealed in
this case (Figure 2b). The energetically favored structure
has a vertical descent and all planes of the 0—Ce—0
trilayer terminate at the same position. The normal
vector of (211) steps points to one of the equivalent
(110) directions and the respective nanofacetis a (110)-
type of plane. We will refer to these steps as type Il in
the following. We note again that only stoichiometric
step configurations have been considered here due to
computational limitations. Potential nonstoichiometric
models can be found in the literature.'*

Electronic Properties of Step Edges: Experimental Results.
The easiest way to explore the electronic structure
of the ceria step edges is the acquisition of bias-

dependent STM images, as shown for type | and Il steps
in Figure 3. None of the exposed edges feature a
particular contrast at small positive bias, when electrons
tunnel from the tip into the empty f-states of ceria.>%>’
This situation changes above 4.0 V when the longer
steps of the quasi hexagonal islands (assigned to type I)
and sections of the domain boundaries start to appear
bright. This contrast enhancement gives a first hint on
the different electronic nature of line defects with
respect to the flat CeO, surface. Differential conduc-
tance (d//dV) maps that directly probe the availability
of electronic states at a given bias provide deeper
insight into the state-density along the step edges. A
corresponding image series is shown in Figure 4a for
quasi-hexagonal islands bordered by longer type | and
shorter type Il steps. Below 4.0 V, no topographic
contrast is revealed for the island edges as compared
to the interior, whereas the simultaneously taken
dl/dV map already features an enhanced edge-signal
due to a new, yet weak conductance channel. Above
4.0V, the type | steps exhibit a sharp increase of their
apparent height that is absent for type Il steps and
imprints a distinct 3-fold symmetry onto the actually
hexagonal islands. In the dI/dV maps, the contrast
maximum shifts from the step edges to the flat surface,
suggesting that the new transport channel becomes
available there as well. At even higher bias (4.4 V), the
contrast enhancement of type | steps diminishes again
in the topographic channel and the d//dV maximum
shifts from the flat surface to the interior of the spatially
confined islands. The described contrast evolution is
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Figure 2. (a) DFT structure model of a CeO,(111) trilayer stripe exposing type | (left) and type Il steps (center). Typical building
blocks of the steps are marked by dashed ovals. (b) Structure model of a trilayer stripe delimited by type Il steps.

Figure 3. STM topographic images of the ceria surface exposing type | and Il steps at three different bias voltages
(65 x 65 nm?). Note the bright appearance of type | steps and lines defects at 4.4 V sample bias.
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Figure 4. Topographic (upper row) and conductance
images (lower row) of ceria ad-islands and holes exposin%
(a) type I/ll and (b) type Il steps. The images are 25 x 25 nm
in panel a and 45 x 45 nm? in panel b and have been taken
at the indicated bias voltages.

not specific to the edges of ceria ad-islands, but occurs
in a similar fashion for trilayer-deep holes and grain
boundaries (Figure 4a). Also there, certain fractions of
the line defects turn bright at relatively low bias,
indicating a similar electronic structure.

Ceria islands terminated by type Ill steps show a
comparable behavior, only that the threshold bias at
which the contrast change occurs is higher. Below
4.5V, the inner part of the ad-islands and surrounding
step edges appear with the same topographic height,
while a characteristic brim becomes visible in the
accompanying d//dV maps (Figure 4b). Again, the
signal enhancement at the edges emerges first in the
conductance channel, while the topographic signature
only follows at 0.5 V higher bias. This offset reflects the
integrating nature of STM images, where all electronic
states between a preset sample bias and the Fermi
level contribute to the detected contrast.

The presence of distinct electronic states along type
| ceria step edges is confirmed with dI/dV spectra taken
in the region of the conduction band (Figure 5). Apart
from a small peak at 2.3 V that marks the empty Ce 4f
states,>® no conductance signal is detected below 3.5 V
in agreement with the large oxide band gap. Surpris-
ingly, the conduction-band onset that shows up as
pronounced maximum is reached at different energies
depending on the surface position selected for spec-
troscopy. The lowest onset is detected for type | step
edges (3.6 V), in correspondence with their bright

NILIUS ET AL.
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Figure 5. Differential conductance spectra taken at differ-
ent step edges and the flat CeO,(111) surface with enabled
feedback loop.

appearance in topographic images taken in this bias
range. The flat surface and type lll edges follow at
around 4.1 V and the highest onset position (4.4 V) is
found for type Il steps that indeed remain featureless in
the topographic images. It is this spatial variation in the
conduction-band onset that is responsible for the distinct
bias-dependent contrast of ceria step edges in the STM.
We note that di/dV spectroscopy can only provide an
approximate value of the band onset, as the oxide states
experience a slight upshift in the tip-induced electric
field. However, relative changes in the band positions are
reliably determined in the experiment.

Electronic Properties of Step Edges: Results of the DFT
Calculations. To analyze the nature of electronic states
emerging on the ceria step edges, we have calculated
their LDOS using the structure models shown in Fig-
ure 2. The lowest unoccupied states are the Ce 4f
orbitals at 2.5 eV above the valence-band edge, that
is, inside the fundamental gap. The conduction band is
reached ataround 5.0 eV (Figure 6), a value that slightly
depends on the size of the considered system and the
proximity to adjacent step edges. On the regular (111)
surface, the states at the band onset have Ce 5d
character with a small 6sp contribution; however this
picture changes at the step edges. Along type | steps,
new states with notable sp contribution occur at 0.6 eV
below the conduction-band onset. Similar states are
found along type Il steps, only their energy splitting
from the main band is just 0.15 eV. A significant sp
contribution and energy position below the main band
renders these split-off states particularly important for
electron tunneling into the step edges. This relevance
becomes immediately clear from the simulated STM
images, as shown for the different edge types in Figure 7.
Below the conduction band onset, that is, inside the
gap, the topographic contrast is entirely governed by
the true height difference between the ad-island and
the oxide surface and the step edges remain feature-
less. At 4.5V, the type | step appears bright because its
split-off band becomes available for tunneling. The
contrast enhancement vanishes above 5.0 V, when the
regular conduction band is reached on type Il steps and
the flat surface as well. A similar behavior is revealed for
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Figure 6. Calculated density of s, p, and d-states along the different step edges and the flat ceria surface. The split-off states

below the conduction band onset are clearly visible for type I and Ill steps.

5.0V

e

Figure 7. Simulated STM images for (a) type I/l and (b) type Il step edges. Depending on the bias voltage, the type | and Il

step edges appear bright with respect to the flat surface.

type lll steps, which also appear with their true topo-
graphic height for bias values inside the gap, but turn
bright once the edge states are reached at 5.0 V. The split-
off states identified in the DFT calculations thus provide a
plausible explanation for the distinct edge contrast ob-
served in the STM. Their presence is also compatible
with the lower conductance onset revealed for type |
steps in the dI/dV spectra shown in Figure 5.
Discussion. In this section, we will address the struc-
tural and electrostatic peculiarities of the ceria step
edges that are responsible for the development of
the split-off states. The most obvious deviation from
he flat surface is the lower coordination number of the
step atoms. Whereas Ce ions along type | and Il steps
are six-fold coordinated (compared to seven-fold in the
flat surface), this number reduces to five at type Il
edges. A smaller coordination number weakens the
Madelung potential and lowers its symmetry at the
edge, which in turn affects the local gap size. This
influence has been explored for the Ce d states that
experience a symmetry-dependent energy shift. On
type | steps, mainly the d(xz) and d(z°) orbitals are
stabilized, whereas on type lll steps the d(xy), d(xz),
and d(x*—y?) states appear at reduced energy. Further-
more, an asymmetric Madelung potential is incompa-
tible with the intrinsic inversion symmetry of d levels,

NILIUS ET AL.

which explains why the split-off states have a pro-
nounced sp character. The role of the Madelung
potential on the local gap-size has been previously

discussed for step edges in the MgO(001) surface. 3233

A reduced coordination number at the edge also

induces qualitative changes in the chemical bonding
between cations and anions. Whereas ionic contribu-
tions are strengthened in a dense-packed lattice, cova-
lent interactions gain importance among under-
coordinated atoms and ions. Such modifications in
the binding character can be probed by the Bader
charges calculated for the different step confi-
gurations.>* Indeed, the absolute charges of Ce and
O ions are slightly reduced by up to 0.1e at the step
with respect to the ideal surface (Ce: +2.35e, O: —1.2¢e),
indicating a larger covalent contribution. The more
covalent character of the bonds results in the formation of
mixed Ce—O states that may be displaced from the main
bands. Such a splitting of discrete states from a bulk
continuum is a common phenomenon and has been
observed for surfaces and step edges of various metallic,
semiconducting, and insulating materials.
split-off states revealed here are therefore fully compatible
with the concept of 1D edge states.

17,20,35,36 The

Although the occurrence of distinct edge states

may be rationalized by the deviating binding properties
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Figure 8. Electrostatic potential energy of a probe electron
in a Ce ion at different distances from type I/l step edges.
The potential course reflects the repulsive/attractive forces
induced by negative/positive excess charges at different
positions of the step edge. A corresponding structure
model is shown in the top panel.

along the ceria steps, their energy positions is gov-
erned by another parameter that is the local charge
distribution. CeO,(111), as a layered ionic material, is
particularly susceptible to polarity effects, as defects
often break the charge balance within the surface
0—Ce—O trilayer.?® In general, an accumulation of
positive charges leads to a stabilization of the oxide
electronic states and lowers their energy, while extra
electrons push the oxide bands upward. The largest
perturbation in the charge balance occurs on type |
steps, which feature a positive descent with the O-top
plane terminating earlier than the O-bottom plane
(Figure 2a). This gives rise to a lack of negative charges
at the top of the edge and an electron accumulation at
its bottom, producing a positive electrostatic dipole
pointing toward the vacuum. As sketched above, such
a charge distribution stabilizes the electrons and leads
to a rigid shift of the edge electronic states to lower
energies. The magnitude of this effect is derived from
the calculated potential energy experienced by an
electron in a Ce ion at different distances from the
edge (Figure 8). When approaching a type | edge from
the upper terrace, the potential energy first decreases
before it jumps to higher values once the step is passed.
This potential switch reflects the stabilizing effect of the
positive charges at the top of step | followed by a
destabilization due to the excess electrons at its bottom.
The strength of the associated dipole moment projected
onto the surface normal u, can be estimated with: u, =
>giz; . Using the computed ion charges and vertical
positions, g; and z; the dipole moment at the type | step
is determined to be +1.2 D per CeO, unit. This edge
dipole is the main reason for the down-shift of the type |
split-off states.

METHODS

The experiments were performed in an ultrahigh vacuum
chamber equipped with a custom-built Beetle-type STM

NILIUS ET AL.

The type Il steps with their negative decent exhibit
the opposite trend, as extra charges accumulate in the
top plane and the resulting dipole points away from
the vacuum (u, = —1.1D). As a result, the edge states
move toward higher energy, merging with the main
conduction band, and the electrostatic energy rises
when approaching the step from the upper terrace.
The absence of low-lying split-off states in this case is
reflected in the dark appearance of type Il steps, both in
topographic and conductance images. Finally, the type
Il steps have the most compact configuration and are
nearly dipole compensated («, = +0.04 D). The energy
position of the split-off states is therefore mainly
determined by the low coordination number of the
edge ions, while electrostatic contributions play a
negligible role. In fact, the good polarity compensation
of type lll steps might be responsible for a preferred
development at high temperature, where low-energy
and nonpolar configurations become favored.

CONCLUSIONS

STM imaging and spectroscopy revealed distinct
differences in the electronic structure of ceria step
edges with respect to the perfect (111) surface. Three
kinds of trilayer steps have been identified, which differ
in their orientation, in the inclination of the associated
nanofacet and the local charge distribution. One of
them, the type | step, stands out as it appears bright in low-
bias STM images and has a downshifted conduction band
onset in di/dV spectra. Density functional GGA+U calcula-
tions ascribed this experimental finding to the formation
of edge-electronic states that are displaced from the main
conduction band of ceria. The split-off states have sig-
nificant sp contribution and therefore dominate the tun-
neling into the step edges at low sample bias. The edge
electronic states develop due to a lower atom-
coordination number and a more covalent nature of
bonds along the step edges. A sizable electrostatic
dipole at type | steps further promotes the splitting of
the respective states from the main band.

The peculiar electronic structure in combination
with an uncompensated edge-dipole will largely affect
the adsorption behavior of ceria step edges and might
provide an explanation for the high chemical activity of
ceria nanoislands.>* We will explore this issue in future
studies that address the interaction of adsorbates with
the different step types. Also, the dominance of specific
step edges at certain preparation conditions calls for
additional experiments, as this might open an inter-
esting route to alter the chemical properties of CeO,-
(111) by tuning the step morphology.

operated at 10 K. While imaging was accomplished in the
constant current mode (/ =5 pA), the electronic properties were
deduced from differential conductance (d//dV) measurements
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performed with a lock-in amplifier. The ceria film was prepared
by depositing a Ce wetting layer in 10~ mbar O, onto the
0O(2 x 1) Ru(0001) surface at 100 K378 After an increase in the
temperature to 700 K, additional Ce was dosed at constant O,
pressure, and the sample was finally annealed to temperatures
between 900 and 1100 K for 10 min. The procedure resulted in
the formation of crystalline and atomically flat CeO,(111) films,
as concluded from STM images and low-energy-electron-
diffraction data displaying a sharp (1.4 x 1.4) pattern with respect
to the substrate spots. The average film thickness was deter-
mined to be six O—Ce—O trilayers (1.8 nm), using the attenuation
of the Ru 3d signal in X-ray photoelectron spectroscopy.

To gain theoretical insight into the properties of ceria step
edges, spin-restricted DFT calculations were performed with the
VASP code,***° using the generalized gradient approxima-
tion and the PW91 exchange-correlation functional.*’ Test
calculations including spin-degrees of freedom gave similar
results. In accordance with earlier studies, the Hubbard correc-
tion scheme* with Us¢ = 4 eV was applied to reinforce the
localization of the Ce 4f orbitals.**** The core—valence interac-
tion was treated with the projector augmented wave method,*®
setting the energy cutoff to 415 eV. The local density of states
(LDOS) was computed with dense (1 x 11 x 1)and (1 x 7 x 1)
Monkhorst grids, while structural optimization was performed
witha (1 x 3 x 1) grid. As the Fermi level in an insulating system
depends on both defect structure and temperature, all energies
are given with respect to the valence band edge, that is, the
highest occupied state of the system. The STM images were
simulated with the Tersoff—Hamann approach.*® The different
step edges were modeled with stoichiometric O—Ce—O stripes
located on top of a double-trilayer thick CeO,(111) slab. To
minimize mutual interactions between the steps, relatively
large unit cells were used that consist of 61 Ce and 122 O atoms
(top layer, Ce130,6; second and third trilayer, Ce»404g each). The
(110)-oriented steps were modeled with a rectangular 7.935 x
0.382 nm? supercell, while (211) steps were described with a
rhombic 5.291 x 0.661 nm? cell. The slabs were separated by
1.7 nm of vacuum from their nearest periodic image. The
topmost trilayers were relaxed during geometry optimization
until atomic forces decreased to 0.15 eV/nm, whereas the
bottom trilayer was kept at its bulk position. The potential
energy of a trial electron was calculated by using spatial
charge-density distributions without assigning the electron
density to specific atoms.
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