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It has long been known that the size of metal clusters can
tremendously influence the catalytic activity of oxide-sup-
ported metal catalysts.!! To understand the physical and
chemical principles that give rise to this effect, as well as to
establish a relation between the structure and size of the
catalyst particles and their reactivity, a detailed knowledge
about the size-dependent geometrical properties and the
corresponding electronic features is necessary.*! This infor-
mation is of particular importance for very small particles,
constituting only a few atoms, whose properties cannot be
predicted by scaling laws. Recently, progress has been made in
studying the electronic and geometric properties of supported
metal particles only a few atoms in size by depositing gas-
phase selected clusters on oxide surfaces!*® However, the
size and shape of the small clusters on the surface, as well as
the nature of their adsorption site—regular surface sites or
defects—often remains unclear, especially if non-imaging
techniques are applied. Therefore, most of our knowledge of
oxide-supported metal atoms and small clusters comes from
theoretical studies. Herein, we use low-temperature scanning
tunneling microscopy (STM) to investigate experimentally
the smallest oxide-supported metal particles, including the
exact determination of their stoichiometry and adsorption
sites, using Pd/MgO as a model system.

The Pd/MgO system is particularly interesting since MgO-
supported palladium nanoparticles are among the best
studied model catalysts in terms of cluster growth and
structure,™ as well as catalytic activity, which has been
found even in the single-atom regime.!“""! Although exper-
imental techniques have yielded valuable information on the
structure of MgO-supported palladium nanoparticles,"™ the
properties of single atoms and small clusters, such as
nucleation sites, bonding mechanism, geometric structure,
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and diffusion, are only available from theory."®®! Herein we
report the geometry, adsorption sites, and electronic states of
small Pd particles (Pd,, Pd,, Pd;) adsorbed on regular surface
sites of MgO thin films. The manipulation and investigation
capabilities of STM are combined with information obtained
from density functional theory (DFT), to provide a detailed
experimental and theoretical description of the structural and
electronic properties of the particles.

An STM image of the surface of a three-monolayer thin
MgO/Ag(001) film acquired after deposition of Pd at a
substrate temperature of 5-10 K is shown in Figure 1 (see the
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Figure 1. STM image of Pd adatoms on a 3-monolayer-thin MgO film
(T=5K, Vs=+0.5V, i,=10 pA). The inset shows an atomically
resolved image (1.5 nmx1.5 nm, V=15 mV, i,=7 nA) of the surface
of a thin MgO film (only one ionic sublattice is resolved).

Supporting Information for experimental details), together
with an atomically resolved image representing one ionic
sublattice of the MgO surface. The majority of the deposited
Pd is adsorbed as single atoms and only a small fraction forms
aggregates, seen as the brighter spots in Figure 1.2

In Figure2a a small area of the MgO surface with
adsorbed Pd adatoms (1-4) and a small aggregate (5), is
shown. For better visualization, this image has been inverted
and the height scale has been adjusted to reduce the apparent
size of the Pd adatoms (Figure 2b). Superposition of the ionic
sublattice extracted from atomically resolved images of the
MgO surface (inset in Figure 1) reveals that all the Pd
adatoms are located on the same type of site on the
superimposed lattice (Figure 2b). A voltage pulse (typically
1.5-2 V) applied with the STM tip near the location of the Pd
adatom 1 induced a hopping to the new position (1*), which
corresponds again to an equivalent lattice site (Figure 2 ¢ and
d). This result indicates the existence of only one favorable
adsorption site for Pd on this surface, in contrast to Au atoms
adsorbed on MgO films of the same thickness, where several
different adsorption sites are occupied.™ A direct assignment
of the Pd adsorption site (Mg or O) cannot be made based on
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this experiment. However, DFT calculations show that on
bulk MgO(001) the highest binding energy is found for Pd on
top of the oxygen ions of the substrate.’! This result is what
we also find from plane-wave DFT calculations (PW91, see
Supporting Information for more details) for the adsorption
of Pd on a thin MgO film supported by Ag(001) (Figure 21).
Therefore, these experiments provide strong support for the
theoretical prediction that Pd adsorbs on top of the oxide
anions. The calculations also show that Pd behaves in a similar
way when deposited on MgO thin films or on bulk MgO.

During scanning at higher sample bias V; (typically 1.5-
2V), a Pd dimer (D) spontaneously formed from the two
monomers 3 and 4 (Figures 2e-h). Similarly, a Pd trimer (T)
was produced from a dimer 5 and a monomer 1 (Figure 2i,j).
The elongated appearance in Figure 2g suggests that Pd, is
lying flat on the surface. Given that the Pd monomers are
located on top of oxygen ions (Figure 2 f), the adsorption of
Pd, along the oxygen-(110) rows of the MgO substrate can
readily be deduced (Figure2h, see also the dimer 5 in
Figure 2b), in agreement with the theoretical prediction of
the energetically most favorable adsorption geometry of Pd,
on MgO(100) (Figure 21).1'! However, from the analysis of
Figure 2h, the Pd dimer seems not to be located directly on
top of two oxygen ions, but is slightly displaced. This
occurrence could either be due to an experimental uncer-
tainty, or the result of a slight lateral displacement along the
[110] direction. Corresponding calculations for Pd, adsorption
on thin MgO/Ag(001) films predict displacements of 0.2—
0.3 A to be almost barrierless.

Like Pd,, Pd; is also elongated along the (110} directions
(Figure 2j), and, under the given tunneling conditions,
appears higher and slightly larger than Pd, and Pd,, as
shown in the line profiles in Figure 2k. This appearance
excludes the presence of Pd; clusters lying parallel to the
surface plane (i.e. flat-lying triangle) because of the expected
deviation from an elongated signature. However, the dis-
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Figure 2. a-d) Detailed view of Pd atoms before (a,b) and after (c,d) applying a voltage pulse. Pd
atom 1 moved to the new position 1%. The STM images in (b) and (d) have been inverted and
contrast enhanced and the ionic sublattice of MgO is superimposed. e~h) Formation of a Pd
dimer (D) out of two monomers (3 and 4). i-j) Formation of a trimer (T) out of a dimer (5) and a
monomer (1). (all STM images were acquired with Vi=+0.5V, i,=10 pA.) k) Comparison of line
profiles taken from STM images of Pd,, Pd,, and Pd, at V;=-+0.5 V. |) Schematic representation of
the structure of Pd;, Pd,, and Pd; on the surface of an Ag(001)-supported, 2-monolayrer-thin
MgO(001) film as obtained from DFT calculations using the PW91 functional.

crimination between a linear configuration (Pd; chain) and a
triangular one oriented perpendicular to the surface is not
possible. The increased apparent height of the cluster hints,
however, towards the triangular conformation. This notion is
corroborated by theoretical calculations predicting perpen-
dicularly oriented Pd; triangles (Figure 21) to be the most
stable conformation.”?’!

An interpretation of the cluster geometry solely based on
the apparent height z and the STM appearance of the Pd
particles has to be treated with caution. On the one hand, z is
affected by the electronic states of the clusters, and on the
other hand, the appearance might be influenced by the orbital
symmetry of the states that are probed at particular bias
voltages V. Concerning the latter point, we did not observe
any change of the cluster shape on changing V. However, the
apparent height of the different Pd particles varies consid-
erably as a function of applied Vs (Figure 3a). An enhance-
ment of z in the constant-current imaging mode reflects an
increase in tunneling probability when an electronic state of
the cluster is probed. The opening of an extra tunneling
channel in the electronic states leads to a step in the z-V;
curves (Figure 3a). Depending on the tunneling polarity,
these states are either filled or empty, whereby positive
polarity corresponds to tunneling into empty states and
negative sample bias tunneling from the filled states. There-
fore, valuable information about the electronic structure of
the Pd particles can be deduced from analyzing the z-V;
dependence.

From Figure 3a it can be concluded that both Pd, and Pd,
exhibit an empty state between 1eV and 1.5eV above the
Fermi energy Eg with that of Pd, slightly shifted towards
lower energies. No feature could be detected in the filled
states region (the V range for this analysis was limited to
max. £ 1.5 V because of instabilities of the small Pd particles
at higher tunneling voltages). For Pdj a filled state is detected
about 1.3 eV below Eg as deduced from the increase in
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Figure 3. a) Bias voltage (V) dependence of the apparent height z for a Pd menomer (Pd,),
dimer (Pd,), and trimer (Pd,). b) Comparison of the experimentally detected and calculated
(using the B3 LYP functional) energies of filled (black) and empty (gray) states of Pd,, Pd,,
and Pd; on the MgO surface, referenced to the Fermi energy (E;). In the experiment, the
energy range was limited between 1.5 eV above and below E. (dashed horizontal lines;

VB =valence band).

apparent height in this Vs range. In addition, a drastic
decrease of z corresponding to a negative differential
conductance is found above Eg This behavior points to the
existence of an unoccupied state located close to Er which
dominates the current at low positive bias but looses influence
at higher bias. The decreasing apparent height with increasing
positive bias indicates the absence of unoccupied states in the
Pd trimer in the energy window between 0.5-1.5 eV above Eg
causing an approach of the tip to the sample surface to
maintain a constant tunnel current. The gap between highest
occupied and lowest unoccupied states in Pd; is about 1.5 eV,

The analysis of the z-V dependence indicates that the
electronic properties of the monomer and dimer are quite
similar while that of the trimer is significantly altered. This
observation does not fit into the simple picture of a weak
metal-oxide interaction and a rather strong metal-metal
interaction, because a more severe difference between
monomer and dimer would have been anticipated.

To corroborate the experimental findings on the energetic
position of the Pd filled and empty states, we compared the
experimental results with DFT embedded cluster calculations
using the B3LYP hybrid functional and localized basis sets.
The reason for using B3LYP is that it provides, in comparison
to the standard plane-wave approach with the PW91 func-
tional, a more accurate description of the energy gap of
insulators, such as MgO,” and of the position of the Pd filled
and empty states with respect to the MgO valence band (VB)
edge. The results of the B3LYP calculations are compiled in
Figure 3b, with the position of the states aligned with respect
to £ The comparison between experimental and theoretical
results yields qualitatively similar trends for the unoccupied
orbitals of Pd;, Pd,, and Pd;. For Pd,/MgO the empty state
probed in experiment corresponds to the lowest unoccupied
level, which is of exclusively 5s character. The calculated
HOMO-LUMO gap is about 2.9 ¢V. Given that the com-
puted energies are slightly underestimated, this result
explains why the Pd, filled state is not observed in the V;
range accessible in the experiments.

The empty state of Pd, has s character and its energetic
position is very similar to that of Pd,, in accordance with the
experimental findings (Figure 3b). This unexpected behavior

largely dominated by those of single atoms.
In particular, the HOMO-LUMO gap of
Pd,, calculated to be 2.1eV, is large,
although less than in the monomer
(29eV). Note that the probability for
detecting filled electronic d states of small
transition-metal clusters by STM could be
rather small, this is either because of
ionization of the cluster resulting from small tunneling rates
of electrons through the insulating thin film, or because of
insufficient overlap between the wavefunctions of cluster and
tip. The presence of filled states for Pd, and Pd, in the V;
range from 0 to —1.5eV can, therefore, not be completely
excluded.

In contrast to Pd; and Pd,, the gap between filled and
empty states is considerably reduced for Pd,—1.5¢eV in
experiment and l.1eV in the calculations—indicative for
enhanced metal-metal bonding. Both the HOMO and the
LUMO of Pd; have mixed 4d and 5s hybrid character. The
LUMO +1 is separated from the LUMO by 1.9 eV, which
explains the experimentally observed decrease of the appar-
ent height of Pd; with increasing bias voltage up to 1.5V
above Ep Note that this qualitative one-electron picture is
corroborated by more elaborate calculations which include
many electron effects. The close agreement between exper-
imentally deduced and calculated electronic properties of the
Pd particles supports the results concerning their geometric
structure as inferred from the STM images in Figure 2. This
situation provides strong evidence that the artificially created
Pd particles exhibit the equilibrium structures for adsorption
on a regular, defect-free MgO surface as calculated from
DFT.

There are several aspects worth highlighting at this point:
first, the STM results provide the first experiments to
characterize the geometric and electronic structure of metal
clusters on oxide surfaces with direct control on the cluster
stoichiometry. To this end, these are benchmark studies for
theoretical calculations. Second, STM manipulation of metal
atoms already has a long tradition®™ however, on oxide
surfaces only single metal adatoms or self-assembled struc-
tures have been investigated.’> The study presented herein
provides a first step towards using STM to assemble small
metal clusters that exhibit theoretically predicted equilibrium
structures on oxide surfaces. In the future, this could provide
relevant information on, for example, diffusion of selected
clusters, trapping at different kinds of defects, or agglomer-
ation.

In summary, we have shown for P&/MgO(001) as a model
system that by manipulation of adatoms with a STM tip small



metal particles adsorbed on oxide surfaces can be created and
subsequently characterized with experimental control over
the stoichiometry and the adsorption sites of the particles. The
comparison of information from experiment and from DFT
calculations confirms that the artificially created Pd particles
exhibit geometric and electronic properties expected for the
energetically most stable configurations of Pd particles with
the same stoichiometry adsorbed on regular sites of the
MgO(001) surface.
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