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Influence of a Heterogeneous Al,O; Surface on the Electronic Properties of Single Pd Atoms
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Electronic properties of single Pd atoms, deposited on Al,O3/NiAl(110), have been characterized by
scanning tunneling spectroscopy at 12 K. The spectra reveal distinct conductivity resonances, assigned
to discrete electronic levels in the atom. The energy position of the resonances reflects adsorption
properties of Pd atoms on different sites of the oxide support. Mapping the spatial extent of conductivity
channels in the Pd atoms yields the symmetry of the underlying electronic states. The results
demonstrate the effect of a heterogeneous oxide surface on the electronic structure of adsorbed metal

atoms.
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The physics and chemistry of metal-oxide interfaces
are decisively determined by the defect structure of the
oxide support. An oxide defect presents an unsaturated
binding site, which may be active in a catalytic reaction
[1,2]. More often, defects serve as nucleation centers for
metal atoms and small particles, which then catalyze
chemical reactions on the surface [3-5]. A detailed
knowledge of the interaction between oxide defects and
metal atoms is therefore necessary for the understanding
and optimization of the catalytic activity of metal-oxide
systems.

Large band gaps in many oxides usually prevent the
formation of strong bonds to metal overlayers [6—8].
Unsaturated electronic states associated with structural
defects on the oxide surface dramatically increase the
binding potential and enhance metal-oxide interactions.
The bond formation at oxide defects strongly affects the
electronic properties of deposited metal atoms [9-11].
Residual charge trapped in defect states can be trans-
ferred to the atoms and causes a reorganization of their
electronic states. As a consequence of the interaction,
intrinsic adsorption and reaction properties of these
atoms differ considerably from species adsorbed on
defect-free oxide surfaces. For example, the unexpected
catalytic activity of ultrasmall Pd or Au clusters in the CO
oxidation has been partly attributed to point defects in the
MgO support [12,13].

The experimental exploration of oxide defects has
greatly benefited from the introduction of thin oxide films
grown on metal surfaces [14—16]. Because of their trans-
parency for low energy electrons, oxide layers are acces-
sible to electron-mediated experimental techniques,
avoiding the charging problems of insulating bulk oxides.
Using photoelectron and infrared absorption spectros-
copy, the effect of oxide defects on the electronic and
adsorption properties of metal-oxide systems has been
characterized on a mesoscopic length scale. The local
defect structure was studied with electron microscopy
and scanning tunneling microscopy (STM) by imaging
small metal particles decorating the defects [17,18].
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These experiments revealed the importance of zero- and
one-dimensional defects for the nucleation and growth on
oxide surfaces, but could not demonstrate their influence
on the electronic properties of metal aggregates. In the
experiments reported here, STM and scanning tunneling
spectroscopy (STS) were combined for a topographic and
electronic characterization of a metal-oxide system at the
atomic level. An electronic resonance in individual Pd
atoms shifts for bonding on regular and defect sites of an
Al,O5 thin film. The experiments not only provide a local
probe for the microscopic defect structure of the oxide
surface, but also demonstrate the influence of defects on
the electronic properties of deposited metal atoms.

The experiments were carried out in an ultrahigh-
vacuum STM, operated at 12 K [19]. The NiAl(110) sur-
face was prepared by cycles of Ne' sputtering and
annealing to 1300 K. The crystal was then exposed
to 180 L of oxygen at 700 K. Further annealing to
1300 K led to the formation of large, well ordered
Al,O5 islands, covering 50% of the surface [14]. The
crystalline structure of the oxide film was verified by
the appearance of characteristic domain boundaries in
topographic STM images [Figs. 1(a) and 1(b)]. The
boundaries separate two kinds of Al,O5; domains, tilted
by *24° with respect to the [110] direction of the NiAl
lattice [Fig. 1(c)]. Pd atoms were evaporated from a cru-
cible and deposited on the surface at 12 K to suppress
nucleation. Atom densities on the NiAl surface are ap-
proximately 3 times larger than on oxide islands, reflect-
ing the higher Pd sticking coefficient on the bare metal
[Fig. 1(a)]. Single Pd atoms appear as protrusions in
topographic images, however, with large differences in
their apparent height on metal and oxide areas. On
NiAI(110), the atoms are uniformly imaged as 1.3 A
high protrusions, which is close to the geometric value
of a metal atom bound to a Ni row [Fig. 1(c)]. In contrast,
the apparent height of Pd atoms on Al,O5; is 4.0 A and
varies by =1 A between different atoms. The height in-
crease is independent of the metal coverage and cannot be
explained by the nucleation of atoms. Oxide-supported Pd
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FIG. 1 (color). STM topographic images of Pd atoms on
(a) NiAl (upper left corner) and (a),(b) Al,O3;/NiAl. Oxide
domain boundaries appear as green lines (375 A X 375 A,
Vaample = 3-1 V, 1 =10.1 nA). (c) Structure model of the
Al,O3 unit cell on NiAI(110). (d) dI/dV spectra of the bare
and oxidized NiAl surface and of a single Pd atom on
Al,05/NiAl

atoms could be imaged only at sample voltages above
2.0 V, whereas no restrictions were found for the bare
metal surface. Lowering the bias resulted in a removal of
Pd atoms from Al,O; islands during the scan.

The electronic properties of Pd atoms on the oxide
support were investigated by STS. Conductivity spectra
were obtained by detecting the derivative of the tunneling
current (dI/dV) with a lock-in technique and provide a
measure of the density of states (DOS) of the sample
surface. The dI/dV spectra of bare NiAl are dominated
by a distinct peak at —0.8 V and a steep increase in
conductivity below —1.6 V [Fig. 1(d)]. The feature at
—0.8 V can be assigned to an occupied d-like surface
state, characterized by a high DOS at the surface [20].
The enhanced conductivity below —1.6 V coincides with
the onset of the NiAl d bands. The growth of an Al,O4
film suppresses the NiAl surface state and removes the
conductivity peak at —0.8 V from dI/dV spectra
[Fig. 1(d)]. Because of a negligible electron density in
the 8 eV oxide band gap, the underlying metal provides
most of the initial and final states for tunneling, and
oxide-related features are absent [14]. Positioning the
tip above a Pd atom on the Al,O; support further in-
creases the tip-NiAl separation and minimizes the con-
ductivity in the tunnel junction. No empty or occupied
states are available in the range between —2.0 and 2.0 V.
The atom is insulating, which explains its instability in
low bias scans.
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Stable imaging conditions above 2.0 V suggest Pd re-
lated electronic levels at higher energies. Extending the
STS bias range reveals indeed strong Gaussian shaped
conductivity resonances around 3.0 V for oxide-supported
Pd atoms [Fig. 2(a)] [21]. For tip positions above the clean
oxide, the peaks vanish and diodelike dI/dV curves are
obtained [Fig. 2(b)]. The conductivity peaks are attrib-
uted to resonant tunneling through discrete electronic
states in the Pd atom. Because of the large tip-NiAl
separation and a negligible DOS in the oxide band gap,
the tunneling probability is small until the Fermi level
of the tip matches a Pd state [Fig. 3(a)]. Above the
resonance, the conductivity in the tunnel junction de-
creases again and negative differential resistance is ob-
served for some Pd atoms [Fig. 2(b), inset]. Resonant
tunneling is detected only for empty Pd states at positive
sample bias. Tunneling out of occupied states is unfavor-
able, as it involves the removal of electrons from a Pd
orbital and its refilling from NiAl states in a two-step
process. Additionally, the tunneling probability from
filled states decreases with energy separation from the
Fermi level, which complicates their detection in STS.
The experimental bias position of Pd resonances is af-
fected by the electric field in the tunnel junction, which
bends the oxide bands and changes the potential at the
atom site with respect to zero bias conditions [Fig. 3(a)].
Because of the high polarizability and small thickness of
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FIG. 2 (color). (a) dI/dV spectra and (c) STM topographic
image of Pd atoms dosed at 12 K on Al,O5/NiAl (175 A X
175 A).  Atoms mainly adsorb inside Al,0O; domains.
(d) Surface as in (c) after manipulating atom D with the
STM tip. (b) dI/dV spectra and (e) STM topographic image
of Pd atoms dosed at 50 K on Al,O3/NiAl (200 A x 200 A).
Atoms mainly adsorb on Al,O; domain boundaries. The inset
shows the -V curve of atom C, exhibiting negative differential
resistance. The tunneling gap was set with Ve = 3.0 V, I =
0.1 nA.
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FIG. 3. (a) Potential diagram of the tunnel junction formed
by a W tip and a Pd atom on Al,03/NiAl, illustrating resonant
tunneling through a discrete Pd electronic state. (b) Histogram
of dI/dV resonance positions for 287 Pd atoms, deposited at 12
and 50 K on Al,O3;/NiAl

the Al,O; film, deviations are expected to be small. The
intrinsic resonance width of approximately 0.35 eV indi-
cates a distinct interaction between Pd atom and oxide
surface. Its delocalized character in the tip-sample
junction points to an electronic state with Pd 5s, p char-
acter [22].

Conductivity spectra shown in Fig. 2(a) are character-
istic for Pd atoms on large Al,O3; domains. All spectra are
dominated by resonances around 3.0 V, although their
exact position and width changes from atom to atom.
These variations are also reflected in the different appear-
ance of atoms in topographic images [Fig. 2(c)]. The
dl/dV signature obviously reflects Pd binding properties
at different adsorption sites on the Al,O5 film. To support
this assumption, the STM tip was used to move atoms
between different sites, as shown for atom D [Figs. 2(c)
and 2(d)]. Decreasing the sample bias to 1.0 Vand ramp-
ing the current to 5.0 nA triggered a jump of the atom to a
new position, accompanied by a drastic change of its
conductivity spectrum [Fig. 2(a), spectrum D, D*].
Conductivity resonances around 3.0 V were mainly ob-
served for Pd atoms on large oxide domains, away from
domain boundaries. These peaks may therefore be indi-
cative for Pd adsorption on regular oxide sites. The var-
iations in peak energies around 3.0 eV are attributed to the
presence of different binding sites in the oxide unit cell,
such as on-top and hollow positions with varying rela-
tions to neighboring AI** ions [Fig. 1(c)]. No atomic
resolution of the oxide film could be obtained, which
makes a differentiation of regular adsorption sites on
the Al,O; film not feasible from the experimental data.

The correlation between the electronic signature of
single Pd atoms and their binding properties on the oxide
film is further supported from an analysis of dI/dV peak
positions in several hundred atoms [Fig. 3(b)]. For Pd
deposition at 12 K on Al,O;/NiAl(110), the histogram
reveals the two most probable energies for Pd atomic
resonances. The maximum around 3.0 V reflects Pd ad-
sorption inside oxide domains and suggests binding to
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regular oxide sites. A second peak in the histogram
around 2.5 V represents Pd atoms mainly found along
oxide domain boundaries. Conductivity peaks in this
energy range may therefore indicate Pd adsorption on
defect sites, either line defects separating two oxide
domains or point defects in the Al,O5; surface. Defect
sites provide higher binding energies, which modifies the
Pd-oxide interaction and affects the electronic signature
of Pd atoms [9,10]. To test the correlation between Pd
resonances at 2.5 Vand defect adsorption, the occupation
of defect sites was influenced by enabling Pd diffusion. At
a deposition temperature of 50 K, Pd atoms have longer
trajectories on the surface and are more likely trapped on
oxide defects than at 12 K. As expected, more atoms were
observed on domain boundaries of the Al,O; film
[Fig. 2(e)]. Conductivity spectra of the corresponding
Pd atoms are dominated by resonances around 2.5 YV,
although peak positions are scattered in a wider energy
range [Fig. 2(b)]. In the energy histogram obtained from
deposition experiments at 50 K, the low energy peaks
clearly gain weight at the expense of resonances around
3.0 V [Fig. 3(b)]. The result supports an interrelation
between redshifted Pd resonances and adsorption on de-
fect sites of the Al,O; film. An additional maximum
around 2.0 V in the histogram is attributed to small Pd
aggregates and marks the onset of nucleation for high
temperature deposition.

Conductivity images can provide information on the
spatial extent of electronic resonances by mapping the
dl/dV signal at the peak position. Figure 4(b) displays
conductivity images for three Pd atoms on Al,O3 in
addition to their dI/dV spectra [Fig. 4(a)]. Atom A,
adsorbed on a regular oxide site, shows a 3.1 V resonance
with circular symmetry [Fig. 4(b), A]. The shape of
the conducting channel might be indicative for an s
symmetry of the corresponding Pd orbital. Above the
resonance energy, the dI/dV signal of the atom decreases
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FIG. 4 (color). (a) dI/dV spectra and (b) conductivity images
of three Pd atoms on different Al,O; adsorption sites (35 A X
35 A, 1= 0.1 nA). To compare the spatial distribution of con-
ducting channels, the apparent size of atoms in topographic
images is marked by circles.
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below the level of the surrounding oxide and leaves a
depression at the atom site [Fig. 4(b), A*]. The image of
the electronic resonance at 2.5 V in atom B is dominated
by a nodal plane in the center of the conducting channel
[Fig. 4(b), B]. Its different shape compared to resonances
around 3.0 V may reflect interactions between the Pd
orbital and oxide defect states. The 1.8 V resonance of
atom C is characterized by an asymmetric spatial distri-
bution [Fig. 4(b), C]. The low energy and the unusual
symmetry of the conducting channel suggest strong cou-
pling to a local defect underneath the atom.

The results on the electronic properties of single Pd
atoms on Al,O;/NiAl(110) can be compared with theo-
retical models describing the bonding of metal atoms to
oxide surfaces. For sapphire and Al,O5 films on Al(111)
and Ru(0001), density functional theory calculations pre-
dict strong binding of single transition metal atoms [23].
The adsorption is accompanied by a charge transfer from
the atom to the oxide and yields binding energies of 3.2 eV
for Pd atoms on Al,O3 hollow sites [24]. In contrast, the
Pd binding to MgO(0001) has mainly been attributed to
electrostatic interactions induced by the oxide Madelung
field and leads to adsorption energies of approximately
1.0 eV [22,25]. The binding strengthens dramatically for
Pd atoms at oxygen vacancies in the MgO surface [10].
The stability of Pd atoms in our experiment points to a
considerable binding energy on regular and defect Al,O3
sites, but does not allow any quantitative estimation of the
interaction strength. Following the theoretical predic-
tions, the observed unoccupied state in Pd atoms is tenta-
tively assigned to the Pd 5s orbital. Although this state is
also empty in the free atom, the unknown occupation of
the Pd d levels in this experiment prevents a determina-
tion of the possibility of charge transfer in the binding
process. The shift of the Pd resonance towards the Fermi
level for an adsorption on oxide defect sites is in agree-
ment with a gradual filling of the Pd 5s orbital, as calcu-
lated for Pd adsorption on color centers of MgO(0001)
[10]. The position of the Pd resonance is a sensitive probe
of the oxide adsorption site and can, therefore, be used to
test different binding models by comparing experimental
and calculated resonance energies.

The present study demonstrates the influence of local
defects on an Al,O5 surface on the electronic properties
of single Pd atoms. The approach should be applicable to
other metal-oxide systems, providing necessary informa-
tion to refine existing models of metal-oxide interactions.
Because of their heterogeneous and complex structure,
oxide surfaces are in general challenging for theory and
experiment. However, the importance of metal-oxide sys-
tems in various technologies, such as electronics and
catalysis, warrants a continuing effort toward their char-
acterization on the atomic scale.
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