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The structural stability of an FeO(111) film supported on Pt(111) was studied by density functional theory
(DFT) as a function of oxygen pressure. The results showed formation of O-rich phases at elevated O, pressures
and revealed a site specificity of the oxidation process within the coincidence (Moiré) structure between
FeO(111) and Pt(111), ultimately resulting in an ordered pattern of O—Fe—O trilayer islands, as observed by
scanning tunneling microscopy (STM). In addition, high resolution STM images revealed a (v/3 x +/3)R30°
superstructure of the FeO, islands with respect to pristine FeO(111). This structure is rationalized by DFT in
terms of strong relaxations within the Fe sublayer and can be considered as an intermediate state of the
FeO(111) transformation into an Fe,O3(0001) film.

1. Introduction

Thin oxide films grown on metal substrates have attracted
considerable attention for potential applications in microelec-
tronics, magnetic devices, and catalysis.'~® Their peculiar
physical and chemical properties often depend on the atomic
structure of the interface between oxide and metal, which is in
turn driven by the low coordination of atoms, the nature of bonds
at the interface, as well as related elastic and polarity-driven
effects.”® In addition, the structural and electronic properties
of thin films are determined by charge transfers at the interface,
changes in the metal work function upon oxide deposition,”!!
and, specifically for transition metal oxides, the possibility of
having cations in different oxidation states.'> The synergy of
all these effects gives rise to very complex phase diagrams of
low-dimensional oxide structures supported on metals (see ref
13 and references therein).

The ultrathin films consisting of just a single layer of oxide
often show structural and electronic properties different from
their bulk counterparts. The limited thickness has also a strong
impact on the properties of metal clusters deposited onto these
films. For example, while remaining neutral on thicker films,
Au atoms may be positively or negatively charged when
supported on ultrathin oxide films.'*"'® Therefore, for these
systems, the thickness of the oxide film and the nature of the
metal substrate play the decisive role. Very recently, it has been
demonstrated that the film thickness matters not only for metal
particles but also for gas phase molecules reacting at the
surface.!>? Indeed, bilayer FeO(111) films supported on Pt(111)
have been shown to be much more active in low temperature
CO oxidation than Pt(111).2'?> The proposed mechanism
involves, prior to the reaction with CO, the transformation of
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the bilayer Fe—O film into a trilayer O—Fe—0O (FeO,) film,
that further catalyzes CO oxidation via a Mars—van Krevelen
type mechanism.?! Theoretical modeling?? corroborated this
scenario and suggested that the oxidation of the FeO film
proceeds through activation of molecular oxygen by electrons
that are transferred from the oxide/metal interface, thus
resulting in O,>~ species, which ultimately dissociate to form
an O—Fe—O film.

In the present study we aim at a deeper understanding of the
oxidation of the FeO(111) film as a function of oxygen pressure
and at a determination of the atomic structure of catalytically
active O-rich films using density functional theory (DFT) and
scanning tunneling microscopy (STM). The DFT results show
that conditions under which the bilayer transforms into the
trilayer film strongly depend on the region within the Moiré
unit cell of the FeO(111)/Pt(111) film where oxidation takes
place. The site specificity of the oxidation process can explain
the experimentally observed formation of an ordered pattern of
FeO,_, islands rather than of a continuous FeO, film. Moreover,
a high resolution STM study revealed a (V3 x +/3)R30°
superstructure of FeO,_, islands with respect to the pristine FeO
film. This structure was rationalized by DFT in terms of buckling
effects in the Fe sublayer and may be considered as an
intermediate state toward the formation of an iron? or ferryl
(Fe=0)** terminated Fe,03(0001) film at elevated oxygen
pressures.

2. Methods and Materials

The experiments were carried out in an ultrahigh vacuum
(UHV) chamber equipped with low energy electron diffraction/
Auger electron spectroscopy (LEED/AES), quadrupole mass-
spectrometer, and STM. The preparation of the FeO(111) films
includes vapor deposition of ~1 x 10" at/cm? of Fe onto clean
Pt(111) at 300 K and subsequent annealing in 107% mbar O, at
1000 K for 2 min. The temperature was measured by a
chromel—alumel thermocouple spot-welded to the edge of the
Pt(111) crystal, which is in turn clamped to the Pt sample holder.
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For high pressure oxidation, the sample was transferred into
the small (~1I/) cell pressurized to 20 mbar of O, (99.999%)
that was additionally cleaned using a cold trap kept at ~150 K.

The computational setup is similar to the one used in our
earlier studies of the FeO/Pt(111) system.?>!” We use the DFT
+ U approach to correct the inherent limitations of the method
in describing late transition metal oxides with localized states.
We adopt the approach of Dudarev et al.,*® with Ug, — Jg. = 3
eV, as implemented in the VASP code.?”*® The present approach
satisfactorily reproduces the properties of bulk FeO and Fe,Os,
involving iron in formal Fe?™ and Fe’' oxidation states,
respectively. The calculations have been performed within the
generalized gradient approximation using the Perdew—Wang
91 (PWO1) functional,”? a plane wave basis set with kinetic
energy cut off of 400 eV, and the projector augmented wave
method.?%3!

Due to the mismatch with the Pt substrate the FeO oxide
bilayer forms a Moiré superstructure with a large periodicity
(about 26 A).3273 The three qualitatively different regions of
the Moiré unit cell in the FeO/Pt(111) and FeO,/Pt(111) systems
can be classified by the local registry of the Fe ions and the
Pt(111) substrate. In the “Fe-fcc” region both Fe and interface
O atoms are in 3-fold hollow positions with respect to the
Pt(111) substrate. In the “Fe-hcp” region the O atoms in contact
with the metal surface are on top of a surface Pt atom, while
the Fe atoms adsorb in the hollow position. Finally, in the “Fe-
top” region the interface O atoms are in the hollow positions
and the Fe atoms are on top of a surface Pt.

In the present study we use two qualitatively different
interface models, which have already been employed and
described in detail in our previous works.!3? For thermodynamic
calculations we use a (2 x 2)-FeO(111) on (2 x 2)-Pt(111)
pseudomorphic configuration for each of the high symmetry
regions of the periodic Moiré cell: Fe-top, Fe-fcc, and Fe-hcp.
Each of these regions is thus described separately by a specific
unit cell, where the lattices are aligned and the Pt(111) substrate
is expanded in order to match the oxide in-plane lattice
parameter (@ = 3.10 A). Used in the past,®>3%% such a
pseudomorphic model provides a local description of the
substrate work function consistent with that obtained from
most recent calculations including the full Moiré cell.*’ Using
the (2 x 2) model we considered FeO, phases with x = 0.75,
1.00, 1.25, 1.50, 1.75, 2.00, and 2.25 by varying the number of
oxygen atoms in the unit cell. The magnetic ordering in the
considered iron oxides corresponds to a row-wise antiferro-
magnetic structure, RW-AF-(2 x 1), used previously in studies
on FeO(111)/Pt(111).»

In order to account for the experimental (v/3 x +/3)R30°
oxygen-rich structure we employ also a nonpseudomorphic
interface model, obtained by the superposition of (+/3 x
V- 3)R30°-FeO(111) and (2 x 2)-Pt(111) structures. This model
requires only a small (3%) distortion of the Pt(111) substrate
to provide the matching between the two lattices at the
experimental value of FeO(111) lattice parameters, and has been
already successfully used for single atom adsorption onto
FeO(111)/Pt(111).'* In the nonpseudomorphic model, similarly
to the real structure, the two lattices are not aligned and the
three high symmetry regions (sites) are located along the cell
diagonal. The considered magnetic ordering is antiferrimagnetic
with %/ of cations with the same magnetization and /3 with
opposite magnetization.

In the above models, the Pt(111) substrate is represented by
five atomic layers and the oxide film is placed on one side of
the metal slab. The slabs are separated by at least 10 A of
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vacuum, and so-called dipole corrections are applied in order
to eliminate the residual dipoles in the direction perpendicular
to the surface. In the pseudomorphic model, in order to mimic
the structural constraint of the Moiré superstructure, for the three
configurations (Fe-top, Fe-hcp, Fe-fcc) the registry between the
FeO and Pt lattices is maintained by fixing the lateral position
of two out of four interface ions (oxygen for Fe-hcp registry;
iron for Fe-top and Fe-fcc registry). Within this model all other
coordinates of the oxide films and the vertical coordinates of the
Pt atoms are allowed to relax. While necessarily approximate,
such an approach maintains the local registry in the Moiré cell
and enables a separate treatment of each of the three different
regions. In the nonpseudomorphic model, all coordinates of the
oxide and the vertical coordinates of the metal substrate are
optimized. The atomic coordinates are relaxed until the residual
forces become smaller than 0.01 eV/A. The Brillouin zone of
the pseudomorphic cell is sampled on a (5 x 5 x 1)
Monkhorst—Pack grid, and a (6 x 6 x 1) grid is used for the
nonpseudomorphic cell. Atomic charges are obtained within the
decomposition scheme proposed by Bader.3”-3

Different stages of oxidation of the pristine FeO/Pt(111) film
are described by imposing the chemical equilibrium between
the oxide film and a reservoir of O, molecules in the gas phase,
at a given partial pressure and temperature, characterized by
the chemical potential po. The oxidation-induced variation of
Gibbs free energy with respect to FeO/Pt(111), can be written
as

AG = G(FeO,/Pt) — G(FeO/Pt) — yu,

where y = 4(x — 1) for the pseudomorphic interface model.
Following the usual procedure in ab initio thermodynamics,*
AG is approximated by the difference of the corresponding O
K total energies E(FeO,/Pt) — E(FeO/Pt) and of the chemical
potential of gas phase oxygen containing the rotational and
translational contributions only. As a reference, we choose the
total energy of oxygen in an isolated oxygen molecule, namely
1o(0 K, p) = ',E(O,) = 0. The oxygen chemical potential can
be related to the partial pressure p and the temperature 7 of the
oxygen gas by the expression

1
#o(T, p) = po(T, ") + ST In(p/p’)

where uo(T, p°) gives the tabulated temperature dependence at
the pressure p® = 1 atm.*® The range of oxygen chemical
potentials corresponding to realistic experimental conditions has
been estimated as follows. The O-rich limit, approximated
conventionally by equilibrium with molecular oxygen, corre-
sponds in our case to uo ~ 0 eV. The O-poor limit, where
oxygen progressively leaves the oxide film and iron particles
are formed, is approximated by equilibrium between FeO film
and bulk iron, which corresponds in our case to 4o ~ —3 eV.

3. Results and Discussion

3.1. Experimental Results. Figure 1a,b shows 150 nm x 150
nm STM images of a FeO(111)/Pt(111) film before and after
exposure to 20 mbar of O, at 470 K for 10 min. It is clear that
the oxidized surface (hereafter referred to as FeO,.,) exhibits
the long-range periodicity very similar to that of FeO. This is
also evident from the comparison of LEED patterns shown in
the insets. However, in contrast to the pristine FeO films, where
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Figure 1. STM images of the FeO film before (a) and after (b) exposure
to 20 mbar of O, at 470 K for 10 min. Image size 150 nm x150 nm,
tunneling bias and current are 0.5 V and 0.7 nA (a), and 1 V and 0.7 nA
(b), respectively. The insets show the corresponding LEED patterns at 60
eV. Randomly dispersed bright protrusions on these images are assigned
to contaminations (primarily, carbon as judged by AES).

the Moiré superstructure is extremely well ordered, the oxidized
surface shows a multidomain structure within the same terrace.

STM images of the samples oxidized at 300 K, where both
pristine and reconstructed surfaces coexist,?? reveal that the
Moiré lattice on the oxidized FeO,., patches is expanded by
~3%, as compared to the FeO film. (On the fully oxidized
surfaces formed at ~450 K the expansion, as measured by STM,
is apparently larger (up to 10%), although the uncertainty is
higher, too.) Here, we have to recall that the Moiré pattern of
FeO(111)/Pt(111) arises from the lattice mismatch between
FeO(111) (apeo ~ 3.1 A) and Pt(111) (ap, = 2.77 A). Depending
on the preparation, different coincidence structures have been
observed using SPA (spot-profile analysis) LEED, such as
(/84 x v/84)R10.9° and (+/91 x +/91)R5.2°3* In general, there
is an inverse relation between the lattice constants of the oxide
layer and the Moiré superstructure: The smaller the lattice
constant of FeO(111), the larger the Moir¢ cell, and vice versa.
Therefore, the STM results suggest that the lattice constant of
the FeO,., film is slightly shorter than that of FeO(111). In order
to verify this finding, we performed a comparative analysis of
the LEED patterns where Pt and FeO diffraction spots are clearly
distinguished. The analysis reveals that the lattice constant of
the oxide film, indeed, decreases from 3.09 to 3.05 A (or by
~1.5%), on average, upon high-pressure oxidation. To accom-
modate these small changes while maintaining a coincidence
superstructure, the transformation of the FeO film into the FeO,.,
film must be accompanied by a small rotation with respect to
the Pt(111) substrate, which is difficult to determine precisely
with the conventional LEED apparatus used in our experiments.
Nevertheless, these results can explain the multidomain mor-
phology of the oxidized films, which apparently consists of
domains rotated in a slightly different way (see Figure 1b).

The large scale STM images also reveal a considerably higher
corrugation amplitude of the FeO,., films (~0.6 A) as compared
to the pristine FeO films (~0.1 A), both measured at low bias
voltages. Tentatively, we propose that this effect may be
assigned to the formation of well-ordered, planar O—Fe—0O
islands, rather than of a continuous FeO, film, or to a wavelike
buckling (rumpling) of the Fe and O sublayers, or both. High-
resolution STM images revealed even more structural complex-
ity of the oxidized films (see Figure 2). It has turned out that
the FeO,., island surfaces exhibit a (x/ 3 x A/ 3)R30° structure
with respect to the pristine FeO(111) more clearly seen in Figure
2b.

To explain the observed STM contrast, one could, in principle,
address the stoichiometry of the oxidized film. In order to create
the (v/3 x +/)R30° structure within the ideal FeO, film proposed
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Figure 2. (a) 50 nm x50 nm STM image of the FeO film exposed to
14 mbar of O, at 450 K for 10 min. The inset zooms in the (v/3 x
V/3)R30° structure with respect to pristine FeO, which is more clearly
observed in the image in part b, presented in the differentiated contrast,
where both structures are resolved on the sample oxidized in 0.5 mbar
for 10 min at 350 K. The unit cells are indicated. Tunneling bias and
current are 0.25 V, 0.7 nA (a); 1.0 V, 0.7 nA (b); 0.1 V, 0.7 nA (inset),
respectively.

in the model, one could remove /5 or %/5 of the O atoms in the
topmost close-packed O-layer. (Note that the amount of Fe does
not change during oxidation.) This model would result in FeO ¢4
and FeO,3; stoichiometry, respectively. However, a thermal
desorption spectroscopy (TDS) study?? revealed two O, desorp-
tion peaks (one at ~840 K and another at ~1170 K, the latter
was virtually identical to the peak from pristine FeO) with a
(0.8—0.9):1 ratio. This implies an FeO, g stoichiometry which
is in good agreement with Auger spectroscopy data. Therefore,
the TDS and AES results are inconsistent with models suggest-
ing an oxygen deficiency in the topmost O-layer. The fact that
the experimentally observed stoichiometry of the oxidized films
is not exactly FeO, could be explained by an incomplete
transformation of the film as observed by STM.

In addition, we find that the observation of the («/ 3 x
V/3)R30° structure by STM is not limited to the particular
tunneling conditions and bias polarity. This favors the conclusion
that the STM contrast is determined by Fe rather than O species
forming electronic states near the Fermi level. Therefore, the
combined STM, TDS, and AES results suggest a buckling of
the Fe layer upon oxidation.

3.2. Ab Initio Oxidation Thermodynamics of the FeO/
Pt(111) Film. While the structural characteristics and the
interaction with atomic hydrogen have been recently treated
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Figure 3. Oxidation-induced change of Gibbs free energy AG (eV)
of the FeO/Pt(111) film as a function of oxygen chemical potential
(eV), for the three high-symmetry regions of the Moiré cell. Each line
represents the most stable structure for a given stoichiometry. The bold
lines and the background colors represent the most stable structure for
a given oxygen chemical potential.

explicitly using the full Moiré cell,***! the size of the FeO(111)/
Pt(111) Moiré pattern (about 26 A) renders its direct use for ab
initio thermodynamic calculations computationally prohibitive.
To circumvent this difficulty, we perform separately the analysis
of oxide phases in different regions of the Moiré pattern and
link the results by the common reference to oxidation conditions
(value of oxygen pressure), in order to construct a complete
region-dependent phase diagram. This approach allows us to
unravel the general physical mechanisms related to the structural
transformation and in particular the site-dependent stabilization
of the FeO, phase.

The phase diagrams for a FeO, film in the three high
symmetry regions of the Moiré pattern as a function of the
oxygen chemical potential are shown in Figure 3. While several
alternative configurations for each oxide stoichiometry x have
been considered and optimized, only the most stable one for
each x is plotted.

As expected, the increase of oxygen partial pressure induces
a progressive stabilization of the phases with higher oxygen
content. Due to the considerable vacancy formation energy, only
in extremely oxygen-poor conditions, uo < —3.0 eV, oxygen
vacancies (violet line in Figure 3) appear in the FeO(111) film,
in agreement with the experimental findings.?

The FeO film (orange line in Figure 3) is stable in a relatively
large range of oxygen chemical potentials, but the stability
window is quite sensitive to the region of the Moiré pattern.
Indeed, it extends up to o = —0.8 eV, —1.1 eV, and —1.5 eV,
respectively, in the Fe-fcc, Fe-top, and Fe-hcp regions. More-
over, while in Fe-hcp and Fe-fcc the incorporation of oxygen
into the pristine film stabilizes directly the oxygen-rich phase
of FeO, stoichiometry (red line in Figure 3), in the Fe-top region
it involves a stable intermediate phase of Fe,O; stoichiometry
(blue line in Figure 3), for —1.1 eV < up < —0.9 eV. Let us
note that the precise stoichiometry of this phase may be partially
biased by the use of the (2 x 2) model. Indeed, analogous
calculations in the nonpseudomorphic (+/3 x +/3)R30° model
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provide evidence for an intermediate phase of an Fe;O4
stoichiometry.

Regardless of the region of the Moiré pattern, the FeO, film
has a trilayer structure with the three atomic layers in fcc
stacking. While detailed structural and electronic characteristics
of this phase will be discussed in the next section, let us point
out that its enhanced stability in the Fe-hcp region is driven
principally by short covalent Pt—O bonds, enabled by the
preferential O on top of Pt geometry.

Finally, in all cases, adsorption of an additional oxygen
atom on the FeO, film requires extremely oxygen-rich
conditions (uo > 0.5 eV, not shown), where it competes with
the condensation of molecular oxygen on the surface. We note
that two qualitatively different configurations are in competition
for atomic oxygen adsorption. Either a ferryl (Fe=0) group is
formed, causing a strong outward relaxation of the Fe atom, or
a peroxo group is formed involving one oxygen atom in the
surface layer of FeO,. Their relative stability depends on the
region in the Moiré.

The above results clearly show that under given conditions
several oxide phases of different structure and stoichiometry
may compete and/or coexist within the Moiré pattern. In
particular, at low oxygen pressure (1o ~ —1.3 eV) one expects
an ordered array of FeO, islands, limited to the Fe-hcp regions
of the FeO(111)/Pt(111) template. At somewhat higher oxygen
pressure (4o ~ —1.0 eV), these islands shall coexist with an
intermediate oxide phase in the Fe-top regions of the Moiré
pattern. Finally, beyond uo ~ —1.0 eV, one expects the FeO,
trilayer to cover the entire Pt(111) surface. The experimental
situation is of course much more complex, even if all kinetic
considerations are put aside. Indeed, one may expect a progres-
sive oxidation-driven change of local in-plane lattice parameters
in the oxide layer, direct and substrate-mediated interactions
between the different regions of the oxidizing pattern, and/or
constraints due to finite sizes of the oxide structures. Addition-
ally, structures present at different stages of the oxidation process
may tend to change their local registry with the substrate in
order to optimize the interface energy. This latter effect is clearly
suggested by the strong preference for the on top Pt position of
interfacial oxygen ions at the FeO,(111)/Pt(111) interface.

3.3. Ab Initio Characterization of the FeO,/Pt(111) Film.
We now address the experimental results associated with the
oxygen-rich islands, for which both the experimental (section
3.1) and the theoretical (section 3.2) results point toward
formation of a trilayer structure with a formal FeO, stoichiom-
etry at the oxygen pressures and temperatures used in the
experiments. In order to rationalize the experimentally observed
(+/3 x +/3)R30° structure of the oxygen-rich islands, we adopt
the nonpseudomorphic interface model with a (v/3 x v/3)R30°—
FeO(111)//(2 x 2)-Pt(111) unit cell. Structural optimization
shows that this coincidence cell enables all interfacial oxygen
of the FeO, trilayer to form a single short Pt—O bond, which is
consistent with the stabilizing mechanism identified above.

Beyond this general feature, a careful structural optimization
reveals the existence of two quasidegenerate structures of the
FeO, trilayer as shown in Figure 4 (hereafter referred to as
“planar” and “buckled” structures). The small energy difference
obtained from 0 K calculations (less than 0.04 eV/FeO,) may
be hardly sufficient for a valid estimation of the actual stability
under experimental conditions. Since additionally the energetics
is very sensitive to the precise value of the in-plane lattice
parameter and to the choice of U parameter in the DFT + U
approach, in the following we present and discuss both
structures.
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Figure 4. Top and lateral views of the two quasidegenerated structures
of the FeO, trilayer: planar (a) and buckled (b). Platinum atoms are
displayed as large (gray) spheres, oxygen atoms as intermediate size
(red) spheres, and iron atoms as small (blue) spheres. Darker spheres
represent oxygen and iron atoms in the topmost layer.

The “planar” FeO, trilayer is only slightly distorted with
respect to the (2 x 2) structure obtained with the pseudomorphic
model. All Fe cations are 6-fold coordinated and are located at
a similar distance from the Pt(111) surface, forming a nearly
flat Fe sublayer (the intralayer corrugation is less than 0.08 A)
(see Figure 4). All anions in the oxide have three Fe neighbors.
The film is asymmetric: The average Fe—O interlayer distance
at the interface side (1.23 A) is almost twice that at the surface
(0.75 A). The charge analysis provides evidence for a formal
Fe*" oxidation state of all iron ions and an electron transfer
from the metal substrate, which enables a formal O% valence
of surface and interface oxygens.®??

Although the dipole moment due to the asymmetry of the
planar FeO, film considerably attenuates the effect, the electron
transfer toward the oxide film enhances substantially (by 2.0
eV) the work function of planar FeO,/Pt with respect to a bare
Pt(111) surface. At variance, in the FeO(111)/Pt(111) system,
the large electronegativity of Pt drives the electrons toward the
metal, and provokes an outward relaxation of the O layer,
compensating the dipole moment due to the electron transfer.!"!8
In this case, the small reduction of the work function with
respect to the bare Pt(111) surface (—0.3 eV) is driven primarily
by the compression of the electron density at the interface. The
local density of states (LDOS) of the supported FeO, film,
shown in Figure 5, reveals a small separation between the top
of the valence band of mixed Fe—O character and the bottom
of the conduction band of essentially Fe 3d character (full,
dashed, and dashed—dotted black lines in Figure 5). Antibonding
states due to the covalent O—Pt bond at the interface can be
seen in the LDOS of interfacial oxygen (full red line in Figure
5), in this low density region.

The “buckled” FeO, film undergoes a substantial local
distortion. Two out of three cations in the unit cell remain 6-fold
coordinated, but the third Fe ion flips outward almost at the
height of the topmost oxygen layer (Figure 4). The resulting
corrugation of the Fe atomic layer is large (0.87 A), and the
surface of the FeO, film consists of a nearly flat structure of
3-fold coordinated Fe and O ions with a well pronounced
(+/3 x +/3)R30° symmetry. All anions at the interface with Pt
have two Fe neighbors only. Our results show that such a
structural distortion is not associated with a substantial change
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Figure 5. Densities of states of the two quasidegenerated structures
of the FeO, trilayer: planar (left) and buckled (right). The three black
lines (solid, dashed, and dashed—dotted) represent the projection on
the three inequivalent iron atoms in the unit cell. For the buckled
structure, full black line corresponds to the 3-fold coordinated Fe.
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Figure 6. Simulated STM images for the two quasidegenerated structures
of the FeO, trilayer: planar (a) and buckled (b). Image size = 25 A x 25
A, Vois = 1.0 V, and electron charge isodensity = 1 x 1075 e/A%.
Experimental STM image (c) showing the (V3 x +/3)R30° structure of
an oxygen-rich island. Size 25 A x 25 A, bias 1 V, and current 0.7 nA.

of the electronic structure. In particular, the electron transfer at
the interface and the oxidation state of all ions remain practically
unaltered. We note that the outward buckling of the Fe sublayer
enhances the asymmetry of the oxide film (separation between
centers of gravity of positive and negative charges) and thus
opposes the dipole moment due to the electron transfer toward
the oxide film. As a consequence the work function of a buckled
FeO,/Pt film is only 1.1 eV larger than that of the bare Pt(111)
surface. In analogy to the adsorbate-induced rumpling inversion
found in Pt-supported FeO(111) films,'® we note that a similar
buckling effect can be induced by adsorbates.

The structural buckling modifies the Fe-projected density of
states (see Figure 5). The LDOS of the 3-fold coordinated
cations (full black line in Figure 5) is considerably narrowed
(majority valence d states) and shifted toward lower energies
(minority conduction d states) with respect to the 6-fold
coordinated ones (black dashed and dashed—dotted lines in
Figure 5). This latter effect results in a small downward shift
of the bottom of the conduction band of the FeO, film.

Isodensity plots of electronic states in the [0, 1] V energy
window, shown in Figure 6, are used to simulate STM images
taken in the constant current mode at a bias of 1 V. Our results
suggest that, at this bias, the STM images are dominated by
ions in the topmost layer: surface oxygens in the case of planar
film structure and both surface oxygens and the flipped Fe ion
in the case of buckled film structure. In particular, the contribu-
tion of Fe ions is substantially different in the two structures.
While in the planar structure Fe ions contribute only a little to
the STM contrast, the 3-fold coordinated Fe atoms of the
buckled structure are clearly visible and dominate the STM
image at all biases (not shown). As a consequence, three spots
per (+/3 x +/3)R30° unit cell are visible for the planar structure,
while only one spot appears for the buckled one. Bearing in
mind that STM images may depend on the precise tip config-
uration during the experiments, the simulated images are in fair
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agreement with the STM results (see Figure 2a) suggesting that
the buckled surface may explain the experimentally observed
(v/3 x +/3)R30° structure.

Interestingly, the buckled film, with all the iron atoms in the
formal Fe** oxidation state, approaches the structure of the Fe-
terminated Fe,O3(0001) hematite. It is well-known that the
formation of bulk Fe,O; is thermodynamically favorable at high
oxygen pressures. The surface termination of Fe,O5;(0001)
depends on the oxygen partial pressure® and may, under certain
conditions, be ferryl (Fe=O) terminated.** The preliminary
infrared spectroscopy results did not reveal either Fe or Fe=0O
surface species in our samples studied at relatively low oxidation
temperatures (~450 K). Therefore, we can consider the (\/ 3 x
N 3)R30° structure as an intermediate state in the transformation
of the FeO(111) into the Fe,O3(0001) film.

4. Conclusions

The oxidation of the FeO(111) film as a function of oxygen
pressure was studied using STM and DFT. The DFT results
show that conditions under which the bilayer FeO film
transforms into the trilayer FeO, film depend strongly on the
region within the coincidence (Moiré) unit cell of FeO(111)/
Pt(111). The results allow us to sketch a quite general mech-
anism, revealing a progressive oxidation of a patterned oxide
film, where strongly region-dependent stability of oxide phases
may lead to different iron oxidation states in different regions
of the film, and, thus, to the formation of ordered oxide structures
with different stoichiometries. Indeed, the strong site specificity
of the FeO(111) oxidation process explains the experimentally
observed formation of an ordered pattern of FeO, islands.
Moreover, a high resolution STM study reveals a (/3 x v/3)R30°
superstructure of the FeO, islands with respect to the pristine FeO
film. This structure was rationalized by DFT in terms of the
preferred O on top of Pt interface registry associated with a buckling
effect in the Fe sublayer. This buckled structure, where one out of
three Fe atoms flips outward at the height of the topmost oxygen
layer, may be considered as an intermediate state in the transforma-
tion of the FeO(111) into Fe,03(0001) film.
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