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Charging of Metal Adatoms on Ultrathin Oxide Films: Au and Pd on FeO/Pt(111)
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We present a combined experimental (STM/scanning tunneling spectroscopy) and theoretical (density
functional theory) study on the deposition of Au and Pd metal atoms on FeO/Pt(111) ultrathin films. We
show that while the Pd atoms are only slightly oxidized, the Au atoms form positive ions upon deposition,
at variance to a charge transfer into the Au atoms as observed for MgO/Ag(100). The modulation of the
adsorption properties within the surface Moiré cell and the charging induce the formation a self-assembled
array of gold adatoms on FeO/Pt(111), whereas Pd atoms are randomly distributed.
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Charging of metal atoms or clusters deposited on an
oxide surface or on metal-supported oxide thin films rep-
resents an important physical effect which can deeply
modify the chemical, optical, and magnetic properties of
the supported species [1]. Recently, a new mechanism
leading to a spontaneous charging of supported particles
has been proposed on the basis of theoretical evidence [2—
5] and then confirmed experimentally [6,7]. For Au atoms
[2] and clusters [3] deposited on ultrathin MgO films
supported on Mo(100) or Ag(100) substrates, electrons
flow from the metal substrate to the deposited gold by
direct tunneling through the oxide thin film. The process
is determined by the low work function (®) of the MgO/
metal substrate, the high electron affinity of the deposited
atom or cluster, and the reduced thickness of the film (3—4
layers) being essential to enable tunneling. The resulting
negatively charged Au atoms repel each other and form an
ordered array, contrary to the case of neutral Pd atoms on
the same substrate, which are randomly distributed [6].
Moreover, because of the charge transfer, Au clusters
grow two-dimensional and completely wet the substrate
on ultrathin MgO films, while on thicker films, they grow
in three-dimensions [3,7]. A similar effect has been found
on alumina films on NiAl(110), where deposited gold
forms negatively charged chains due to the formation of
direct Au-Al bonds [8,9]. So far, only negative Au atoms
and particles have been observed on metal-supported oxide
films. The occurrence of positive charging has been found
for alkali metals on oxide thin films [3,10,11], but in
principle, an adequate tuning of the metal/oxide interface
could lead also to the stabilization of transition metal
atoms in a positive charged state. For instance, a metal
with a large work function or an easily reducible oxide may
favor the electron flow from the adatom to the substrate. In
the case of polar oxide films [12—14], the orientation of the
film dipole may be an additional factor which influences
the direction of the charge transfer.
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The well characterized FeO/Pt(111) substrate [15-19]
seems to possess most of the desired characteristics to
stabilize positively-charged adsorbates: a metal substrate
with a high ®, a reducible oxide, and an oxide dipole
moment that favors charge flow into the support. By com-
bining STM/STS with first principles DFT calculations, we
show that in this system, a net electron transfer occurs from
the Au atom to the FeO/Pt(111) substrate. The effect is
much less pronounced for Pd atoms where only a partial
oxidation is observed. The net charging combined with the
modulation of the Au adsorption properties within the
Moiré pattern specific to FeO/Pt(111) produce a self-
assembled array of atoms in case of Au and not of Pd. It
is interesting to note that the same phenomenon, ordered
versus random distribution of Au and Pd atoms, re-
spectively, has been observed on a different system,
MgO/Ag(100) [6]. While the final effect is similar, the
origin of the ordering is different, being the charge transfer
into Au on MgO/Ag(100) but out of the adatoms on
FeO/Pt(111).

All experiments have been conducted in an ultrahigh-
vacuum STM operated at 5 K. The FeO film is prepared by
depositing a monolayer of Fe onto sputtered/annealed
Pt(111), followed by annealing in 1 X 10~® mbar O, at
950 K. It consists of a well-ordered bi-layer of FeO(111),
whereby the interface is formed by positively charged
Fe®* ions and the surface by O° ions. The film carries
a macroscopic dipole moment oriented perpendicular to
the surface plane. Because of the 11% lattice mismatch
between Pt(111) (dp.p = 2.76 A) and FeO (dpe-p. =
3.08 A), the oxide lattice forms a hexagonal Moiré pattern
with 25 A lattice constant on the support. Inside the Moiré
unit cell, the Fe interface atoms adapt three different
registries with respect to the Pt lattice: on top of Pt atoms
(O in fcc-hollow sites), in fcc (O in hep-hollows), and hep
hollow positions (O on top of Pt atoms), see Fig. 1(c) and
Fig. 1(a) in Ref. [19]. The different stacking configurations
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give rise to changes in the Fe-O layer distance and there-
fore in the strength of the surface dipole. The hcp-domains
are associated to the largest surface dipole, while the top
regions show the smallest dipole strength. This assignment
is verified by DFT calculations on model structures of the
FeO Moiré cell [19].

Single Au and Pd atoms are deposited onto FeO/Pt(111)
at 10 K from a resistively heated W filament. Because of
their thermal energy when impinging the surface, the metal
atoms probe a large number of adsorption sites before
thermalization. The adsorption geometries revealed in the
STM topographies can therefore be considered as equilib-
rium structures. The metal coverage is adjusted to 0.45—
0.75 atoms per Moiré unit cell (® < 0.01 ML). Small
amounts of CO are dosed at 5 K onto the surface after
metal exposure.

In STM images of the FeO film taken at 0.5 V, both Pd
and Au adatoms are discernible as round protrusions of
approximately 1.8 A height [Figs. 1(a) and 1(b)]. Their
preferred adsorption region within the FeO Moiré cell (fcc,
hcp, top) can be determined from the experiment, as each
Fe-Pt stacking domain shows a characteristic contrast evo-
lution with sample bias, as discussed in Refs. [18,19]. Au
adatoms show a strong tendency to bind in the center of the
hcp-domains, leading to the formation of a hexagonal
adatom lattice with an Au-Au distance coherent with the
size of the Moiré cell [Fig. 1(a)]. On the other hand, no
preferred adsorption site could be identified for the Pd
adatoms.

A different long-range spatial arrangement of Pd and Au
atoms on the surface is visible already in the topographic
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FIG. 1 (color online). STM topographic images of (a) Au and
(b) Pd adatoms on FeO/Pt(111) (Usympe = 250 mV, 50 X
50 nm?). The coverage amounts to 0.75 and 0.45 atoms per
FeO Moiré unit cell in (a) and (b), respectively. Arrows in (b)
mark small Pd clusters. (c) Graphical representation of the Moiré
cell with indication of the binding sites. (d) Radial pair distri-
bution function for Au and Pd atoms on FeO/Pt(111), as
deduced from evaluating the distance of atom pairs from several
STM topographic images.

images [Figs. 1(a) and 1(b)], but becomes apparent in
radial distribution functions which plot the probability to
find a neighboring metal atom in a certain distance from a
first one [Fig. 1(d)]. In the case of Au, this distribution
function is governed by well pronounced peaks at (26 *
0.5), (48 = 1), and (75 = 2) A, fully compatible with the
periodicity of the Moiré cell. For Pd, the pair distribution
function shows an initial increase to a broad maximum at
(26 = 3) A but is nearly flat for larger pair separations.
This emphasizes the weak ordering of Pd that has already
been deduced from the topographic images [Fig. 1(b)]. The
different spatial arrangements of Au and Pd adatoms re-
flect, in addition, the different aggregation behavior of both
species. While gold adatoms adsorb principally as mono-
mers, Pd tends to form small clusters, which efficiently
hinders any densification of the adatom lattice. The self
organization of Au-atoms has already been pointed out and
ascribed to a modulation of the surface potential of the
polar FeO film and a repulsion between the adatoms [20].
However, neither the nature of the interaction nor a pos-
sible charging of the adatoms could be clarified from those
experiments [20]. Here, we demonstrate that the ordering is
connected to the occurrence of a charge transfer from the
atoms to the substrate.

For the calculations, we used the DFT + U approach
(U =4, J=1), as formulated by Dudarev [21] and im-
plemented in the VASP code [22,23], with the generalized
gradient approximation (GGA) and the Perdew-Wang 91
(PWO1) functional [24] (plane wave basis set with kinetic
energy cutoff of 400 eV, and projector augmented wave
method [25,26]). The FeO/Pt(111) interface is modeled by
a non-pseudomorphic cell that corresponds to a superposi-
tion of (/7 X /7)R19°-FeO(111) and (3 X 3) — Pt(111)
structures [19]. The computational study implies an analy-
sis of the preferential Au and Pd adsorption sites, consid-
ering O-top, Fe-top, bridge, and hollow site in the top, hcp,
and fcc domains of the Moiré unit cell. The calculated
adsorption site for Au that best matches the experimental
evidence is the O-top one. The corresponding adsorption
energy of about 0.6 eV is 0.2 eV larger than that of the Fe-
top sites, while bridge and hollow sites do not produce
stable adsorption geometries. By comparing O-top sites in
different domains of the Moiré pattern, we found a prefer-
ence of about 0.2 eV for the hcp one, in agreement with the
experimental results. At this site, the Au-O distance is
2.1 A, and the Au adsorption induces a considerable local
increase of the rumpling of the FeO layer (20%) and a
small reduction of the FeO-Pt interface distance (1%). This
strong polaronic distortion is a signature of the charged
nature of the adatom [3]. For the sake of completeness, it
should be mentioned that the calculations predict another,
qualitatively different adsorption configuration, where the
Au adatom binds directly to a Fe ion that has relaxed above
the oxygen layer, reversing locally the rumpling of the FeO
film [27]. We attribute the absence of such configurations
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in the experiments to a kinetic barrier to reverse the local
rumpling. A full discussion of this specific configuration
will be presented elsewhere [27].

The local density of states (LDOS) projected on an Au in
an O-top site is reported in Fig. 2(a). Because of the well-
known limitations of DFT methods to describe empty
states, and considering the delicate choice of the U pa-
rameter in DFT + U calculations, the comparison with
dl/dV curves is by necessity qualitative. The 6s state is
clearly above the Fermi level (Ef), providing a strong
indication that one electron has been transferred from the
Au 65 level to the substrate. This is also consistent with the
calculated local decrease of ® by 0.9 eV. The reduction is
partly counterbalanced by the Au-induced FeO rumpling
which acts to increase ®. The presence of an unoccupied
Au 65 orbital is also suggested by dI/dV spectroscopy,
which provides a measure of the LDOS according to the
Tersoff-Hamann model. In spectra taken above an Au atom
located in an hcp domain, a pronounced peak is revealed at
500 meV above E, in good agreement to the calculated 6s
position of 300 meV (Fig. 3). Experimental evidence for
the Au 6s character of the state in the dI/dV spectra is
revealed by dosing the surface to CO. In AuCO complexes
formed upon CO adsorption, the resonance is quenched
and the carbonyl species therefore appear with smaller
topographic height than bare Au atoms [Fig. 3(a)].
Indeed, the DFT calculations show that the 6s state, hy-
bridized with the Au 54 orbital, interacts with the CO 5o
state and splits into a bonding state at —3.5 eV below Er
and an antibonding one at +3.5 eV [Fig. 2(b)]. This ex-
plains the experimentally observed CO-induced shift of the
500 meV peak out of the accessible spectral range for
dI/dV spectroscopy. At the same time, the 5d,, and 5d,,
components strongly mix with the CO 77* states to give an
additional empty resonance at = 1 eV above Ef in the
LDOS [Fig. 2(b)]. This peak is not seen in the dI/dV
spectra because of small overlap of the tip wave function
with localized d states.
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FIG. 2 (color online). Density of states projected on transition
metal adatom d (dashed lines) and s (full lines) states, for (a) Au
adatoms at Oy, sites, (b) AuCO complex at Oy, sites, and
(c) Pd atoms in hollow site of the fcc domain. The zero energy is
aligned with the Fermi level (dotted vertical lines).

Although some care is necessary when probing the
charge state of a metal atom by CO adsorption [28], the
computed properties of the AuCO complex are clearly
indicative of adsorption at a positively charged species.
In contrast to neutral or negatively charged AuCO com-
plexes, the calculations show that CO is strongly bound to
Au on FeO/Pt(111) by 2.3 eV, and the AuCO complex is
linear and normal to the surface with short r(Au — CO) =
1.9 A. Such a strong AuCO bond is typical of gold cations:
the measured bond strength in gas-phase Au*-CO is
2.08 = 0.15 eV [29].

In contrast to Au, no preferential adsorption site or
domain could be identified for Pd, and all three stacking
regions of the FeO Moiré cell are occupied with similar
probability, Fig. 1(b). This is consistent with the DFT
results which show that the Pd binding energies are rather
similar for the different adsorption sites and depend only
moderately on the particular domain. In general, bridge
sites where Pd adatoms are coordinated to two oxygens are
preferred over Fe-top and O-top sites. The most stable
adsorption site is a threefold coordinated hollow site in
the fcc Moiré domain, located directly atop of a substrate
Pt atom. The computed adsorption energies are always
larger than for Au, and range from 1.3 eV for bridge to
1.5 eV for the hollow site. The adsorption induces a modest
increase of the FeO rumpling (3%) and a negligible modi-
fication of the FeO-Pt interface separation.

The calculated LDOS, Fig. 2(c), shows that the Pd 4d
states are between —2 eV and E, with a small component
crossing the Fermi level. This is indicative of a bonding
with the surface oxygen which leads to a partial oxidation
of the adatom and results in a reduction of the calculated
local work function by 0.9 eV. Notice that this value is the
same as computed for the Au cation only because in the Au
case, the large polaronic distortion acts to partially cancel
the effect. In the computed LDOS, the diffuse Pd 5s state is
located 2 eV above the Fermi level. Experimentally, the Pd
atoms in different adsorption environments show no dI/dV
features in a spectral window between —1.5 and +1.5 V
(not shown). Larger bias voltages cannot be applied as they
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FIG. 3 (color online). STM image and dI/dV spectra of Au
and AuCO complexes on FeO/Pt(111) (Ugympie = 650 mV,

12 X 12 nm?). The setpoint for spectroscopy was fixed with
800 mV and 0.5 nA.
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stimulate diffusion and desorption of the adatoms. The
absence of conductance peaks is consistent with the calcu-
lated LDOS, as the Pd 5s state is outside the spectral range
for spectroscopy and, as mentioned above, the d states are
usually too localized to induce substantial overlap with the
tip wave functions [Fig. 2(c)]. Also, CO adsorption has no
measurable effect on the apparent height or electronic
structure of Pd adatoms on FeO/Pt(111).

The previous discussion shows that upon adsorption on
the Pt-supported FeO(111) oxide film, Au loses its 6s
electron and forms a cationic species, while Pd is only
partly oxidized and remains formally ‘“‘neutral.” One im-
portant difference between the two metal species is that Pd
atoms have a clear tendency to form covalent bonds with
substrate oxygen ions, which leads to larger adsorption
energies, and preferred adsorption on sites where the co-
ordination is high. Conversely, the adsorption of Au ada-
toms is weaker and only atop adsorption geometries are
stable. The contribution of covalent bonding is consider-
ably smaller, and electrostatic effects play a more impor-
tant role. Unfortunately, due to the very different nature of
the electronic states involved and the known deficiencies of
charge evaluation methods, we are unable to provide a
quantification of the different charge state in the two cases.

In conclusion, we have presented a study on Au and Pd
adatoms deposited on Pt-supported FeO(111) films. Au
atoms form a regular array while Pd atoms are randomly
distributed at the surface. The combined experimental and
theoretical approaches provide an explanation for this
behavior: whereas Pd remains neutral upon adsorption,
Au becomes cationic, thus stimulating repulsion and self-
ordering of the adatoms. A similar effect has been observed
already for the same atoms on MgO ultrathin films on
Ag(001), but there, the charge transfer occurs in the op-
posite direction [6]. The formation of Au anions on
MgO/Ag(001) versus cations on FeO/Pt(111) manifests
the work function influence on the charge flow in both thin
film systems. The magnesia layer reduces the Ag(001)
work function [30], supporting electron transfer into the
half-filled Au 6s orbital. The FeO/Pt(111) system, on the
other hand, has an exceptionally high work function. As a
consequence, the Au 6s level is pushed above the Fermi
energy and empties into the support in the latter case.
Because of the predominately covalent bonding, Pd atoms
are less affected by the high work function and become
only partly oxidized. This study shows for the first time the
possibility to induce a charge transfers in both directions
for Au atoms adsorbed on different oxide thin films, thus
providing another step in the direction of designing metal/
oxide interfaces with specific and uncommon properties.
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