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A
lloying metals is a very common
way to modify their chemical and
physical properties. In heteroge-

neous catalysis, both reaction activity and

selectivity can be systematically altered via

careful choice of bimetallic.1�4 The complex

interplay between elemental constituents

that leads to superior catalytic performance

is often discussed in terms of ligand and en-

semble effects.1,5 Ligand effects refer to the

change in catalytic properties due to elec-

tronic interactions between the two ele-

ments of a bimetallic alloy. Ensemble ef-

fects refer to the spatial distribution of

atomic sites that host reactants. Some reac-

tions that require larger ensembles of reac-

tive atoms to catalyze the transformation

are halted when the active atom is mono-

dispersed throughout an inert lattice.

Photoelectron spectroscopies have been

used to investigate ligand effects in Pd/Au

alloys with the aim of quantifying the

charge transfer between the different

atoms.6�8 X-ray photoelectron spectros-

copy (XPS) measures the binding energy of

electrons in core levels of the surface atoms

in a sample and can be used to quantify

charge transfer between atoms or, in other

words, determine oxidation states.9 How-

ever, binding energy shifts in XPS occur not

only from charge transfer, but other initial

state effects like changes in coordination

number, orbital rehybridization and also fi-

nal state effects such as screening. There-

fore, XPS alone is unsuitable for determin-

ing ligand effects in alloy systems.

Many experimentalists have studied

Pd/Au surfaces and explained their cata-

lytic performance in terms of geometric ef-

fects. Pd/Au alloys catalyze reactions as var-

ied as the oxidation of CO2,10 and crotyl

alcohol,11 the synthesis of vinyl acetate

monomers (VAM)3,4,12�14 and hydrogen
peroxide,5,15�17 the cyclotrimerization of
acetylene to benzene,7,18,19 the hydrogena-
tion of polyunsaturated hydrocarbons,20

and the electrooxidation of ethanol.21�24

Goodman and co-workers have performed
many surface studies of the alloy system
and demonstrated that although Pd mono-
mer pairs are most catalytically active for
VAM synthesis on Au{100}, Pd monomers
are most active on Au{111}.3 Of particular
relevance to the present study, it has been
reported that annealing Pd/Au alloy films
on Mo{110} results in a Au-enriched surface
that contains only isolated Pd atoms.13

Behm and co-workers have also shown
that these same Pd monomers are catalyti-
cally active for CO oxidation, but that Pd
dimers are needed for hydrogen adsorp-
tion.2 Lambert and co-workers have exam-
ined the increase in catalytic activity and se-
lectivity of Pd/Au alloys as a function of
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ABSTRACT Pd/Au bimetallic alloys catalyze many important reactions ranging from the synthesis of vinyl acetate

and hydrogen peroxide to the oxidation of carbon monoxide and trimerization of acetylene. It is known that the atomic-

scale geometry of these alloys can dramatically affect both their reactivity and selectivity. However, there is a distinct

lack of experimental characterization and quantification of ligand and ensemble effects in this system. Low-temperature,

ultrahigh vacuum scanning tunneling microscopy is used to investigate the atomic-scale geometry of Pd/Au{111} near-

surface alloys and to spectroscopically probe their local electronic structure. The results reveal that the herringbone

reconstruction of Au{111} provides entry sites for the incorporation of Pd atoms in the Au surface and that the degree of

mixing is dictated by the surface temperature. At catalytically relevant temperatures the distribution of low coverages of

Pd in the alloy is random, except for a lack of nearest neighbor pairs in both the surface and subsurface sites. Scanning

tunneling spectroscopy is used to examine the electronic structure of the individual Pd atoms in surface and subsurface

sites. This work reveals that in both surface and subsurface locations, Pd atoms display a very similar electronic structure

to the surrounding Au atoms. However, individual surface and subsurface Pd atoms are depleted of charge in a very

narrow region at the band edge of the Au surface state. dI/dV images of the phenomena demonstrate the spatial extent

of this electronic perturbation.
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stoichiometery and temperature.7,18,25 Tierney et al.
demonstrated that individual, isolated Pd atoms in
Cu{111} were active for H2 dissociation and spillover,
whereas Pd in Au{111} was not.26 The Goodman and
Behm groups have separately shown that even dilute
amounts of Pd in Au{111} increase the catalytic ability
of the substrate. Specifically, Pd monomers embedded
in Au{111} are beneficial for VAM synthesis3 and CO oxi-
dation.2 Therefore, elucidating the atomic-scale geo-
metric and electronic structure of isolated Pd atoms in
a Au host is crucial step for a more complete under-
standing of catalysis by Au/Pd alloys.

The aim of the current work is to elucidate the local
geometry and electronic structure in the Pd/Au{111}
system using scanning tunneling microscopy (STM) im-
aging and differential conductance (dI/dV) spectros-
copy. These techniques allow the electronic structure
of individual Pd atoms to be measured both in and un-
der the Au surface. Small amounts of Pd were alloyed
with Au{111} to mimic the structure of individual Pd
monomers which are stable in the Au surface under
catalytic conditions.27 The fact that dI/dV spectra of
both the Au and Pd atoms can be measured with the
exact same STM tip allowed a direct comparison of the
electronic structure of both sites without any spectral
artifacts due to the electronic structure of the STM tip it-
self. Also, as dI/dV spectra represent the local density
of states (LDOS) as a function of energy, the direction
of charge transfer and the involved energy levels could
be determined.

RESULTS AND DISCUSSION
The herringbone reconstruction of Au{111}, for-

mally referred to as the 22x�3 reconstruction has been
thoroughly studied using STM.28,29 A large-scale atomi-
cally resolved image of a clean Au{111} surface is shown
in Figure 1. The bright pairs of lines (soliton walls) arise
due to extra Au atoms in the surface layer and they lie
in three equivalent orientations 120° apart in order to
reduce the surface strain evenly in all directions. Figure
1 also shows the locations of the alternating hexago-
nally close-packed (hcp) and face-centered cubic (fcc)
domains on Au{111} that arise from packing of the sur-
face Au atoms in either the hcp or fcc 3-fold hollow sites
of the layer below.28,29 The electronic structure of Au at-
oms differs in hcp and fcc domains, as previously re-
ported by Crommie and others.30,31 At every outer
bulged and inner pinched elbow of the soliton wall
pairs, an edge dislocation is present, where one atomic
row terminates as shown in the inset of Figure 1.25,28,29

The perturbed geometry and electron density of the
under-coordinated Au atoms at edge dislocations al-
low these regions to act as preferential binding sites for
adatoms or adsorbates.32�34 To ensure that Pd atoms
were indeed being studied, and not defects on the Au
surface, particular attention was paid to the cleanliness
of the bare Au{111} surface before depositing Pd. Clean

Au surfaces like that shown in Figure 1 could be rou-

tinely prepared with less than one defect per �8000

surface atoms.

Figure 2 shows a representative area of Au{111} af-

ter physical vapor deposition of 0.005 monolayers (ML)

of Pd atoms at a sample temperature of 380 K. At this

deposition temperature the majority of the Pd atoms

(imaged as protrusions surrounded by a dark “halo” as

highlighted by the white arrows in Figure 2) were found

to substitutionally alloy in the surface layers of the Au

Figure 1. Large-scale atomic resolution STM image of clean
Au{111} in which the herringbone reconstruction is visible.
The pairs of bright lines are the soliton walls of the herring-
bone reconstruction which separate the hcp and fcc do-
mains. A high resolution image of the atomic structure of
an edge dislocation (present at the 120° bends of the soli-
ton walls) is shown in the inset. Imaging conditions: �0.5 V,
1 nA, 80 K.

Figure 2. STM image of Au{111} after 0.005 ML Pd deposi-
tion at 380 K. The edge dislocations (green arrows) at the el-
bows of the herringbone reconstruction serve as entry sites
for Pd atoms into the surface layer. The white arrows high-
light three Pd atoms substituted into the surface layer. The
majority of the Pd was found close to the elbows of the her-
ringbone reconstruction, and the concentration of Pd at-
oms decreases dramatically further from the edge disloca-
tions. Imaging conditions: 1.3 nA, 0.01 V, 7 K.
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sample in the vicinity of the edge dislocations (green ar-

rows in Figure 2). The reduced coordination and bond

strength of the Au atoms at edge dislocations allowed

for the preferential place exchange of Pd atoms to oc-

cur. This result is in agreement with the predictions

made by Behm and co-workers due to the higher sur-

face free energy and heat of sublimation of Pd in com-

parison to Au.35 The vast majority of the Pd atoms were

found to alloy in the immediate vicinity of the edge dis-

locations. Varga and Schmid explained the origin of

chemical contrast in different alloy systems in terms of

both intrinsic differences in electronic/geometric struc-

ture and tip�sample interaction.36 The Besenbacher

and Goodman groups have recently performed high-

resolution STM studies on Cu/Pt and Au/Pd alloys,

respectively.4,37 Besenbacher and co-workers studied

the alloying of Pt with Au{111} and found that Pt occu-

pied the areas around edge dislocations and step edges

of the Au surface.38 Goodman and co-workers found

that even though Pd atoms have a smaller diameter

than Au (Pd � 0.275 nm, Au � 0.288 nm), individual sur-

face Pd atoms in Au/Pd{100} imaged as protrusions

with apparent height between 0.01 and 0.06 nm.4

Depending on the sample temperature during alloy-

ing, Pd atoms were found to reside in the subsurface

and surface layers of Au{111} as well as on the surface

as adatom islands, as shown by STM images and sche-
matics in Figure 3. High surface temperature deposi-
tions yielded stable alloys with Pd fully coordinated be-
low the surface (subsurface Pd), intermediate
temperatures produced mainly surface Pd atoms, and
lower temperature depositions resulted in a metastable
system with Pd-rich islands on top of the surface. After
a Pd deposition at an average sample temperature of
460 K, most of the Pd atoms were located in the subsur-
face region and imaged as three-lobed depressions, as
seen in Figure 3a. After annealing a 5 ML Au/Pd{111}
sample, Tysoe and co-workers observed that the sur-
face layer was Au-enriched while the second layer was
an intermediate between the top and bulk layer com-
positions.39 Deposition at a sample temperature of 380
K led to the majority of Pd atoms being alloyed substi-
tutionally into the surface layer in the vicinity of the
edge dislocations at the elbows of the herringbone re-
construction. The surface Pd atoms appeared in STM
images as both depressions and protrusions in Au{111}
depending on the imaging conditions.2 At the condi-
tions used to record Figure 3b, the surface Pd atoms ap-
peared as protrusions. Finally, after a deposition at a
lower sample temperature of 290 K, adatom island for-
mation occurred in which Pd atoms were present in the
form of islands on top of the Au surface. These results
reflect the higher surface free energy of Pd compared to
Au (surface free energy: Au � 1.63 J m�2; Pd � 2.05 J
m�2).40 At lower deposition temperatures place-
exchanged Pd atoms at the elbows acted as nucle-
ation sites for the growth of adatom islands as seen in
Figure 3c and in the Supporting Information.41,42 The is-
lands grew toward the fcc areas at bulged elbows, as
previously observed by Lambert and co-workers.25

It is important to note that a previous study of this
system reported atomic-scale depressions on the sur-
face after Pd deposition at room temperature and as-
signed them as individual Pd atoms residing in fcc
3-fold hollow sites.43 The fact that these features could
be imaged at 300 K for a number of minutes precludes
them from being isolated atoms on the surface. In fact,
isolated metal atoms on {111} facets of noble metal sur-
faces have fairly low diffusion barriers, typically less
than 100 meV. For example the Al/Au{111} system has
an experimentally measured barrier of 30 � 5 meV44

and Ag/Ag{111} has a barrier of 97 � 10 meV.45 Assum-
ing a modest attempt frequency of 1 � 1013 and a dif-
fusion barrier of 100 meV, the rate of diffusing metal at-
oms across a Au{111} surface at room temperature is
�2 � 1011 s�1. Therefore it would be impossible to de-
tect isolated Pd atoms diffusing on Au{111} at 300 K us-
ing STM imaging. We suggest that the depressions re-
ported in the aforementioned study are in fact either
surface Pd atoms imaged with a different tip state, sub-
surface Pd atoms, or impurities.

It is evident from Figures 2 and 3 that there is no
long-range order of surface or subsurface Pd atoms in

Figure 3. Temperature dependence of Pd’s incorporation
site in Au{111} (side view schematic and corresponding STM
image). (a) After a 0.005 ML Pd deposition of 460 K, the ma-
jority of the Pd atoms reside in the subsurface layer and ap-
pear in the STM image as three-lobed depressions (high-
lighted by red triangles). Imaging conditions: 1.5 nA, �0.3
V, 7 K. (b) At a lower sample temperature (380 K) during 0.01
ML Pd deposition, Pd atoms are incorporated in the surface
and subsurface layers. Subsurface Pd atoms appear as three-
lobed features, whereas surface Pd atoms are protrusions.
Imaging conditions: 0.5 nA, 0.1 V, 7 K. (c) Upon deposition
at 290 K, Pd atoms place exchange with Au atoms at the
edge dislocations and then serve as nucleation centers for
the growth of monolayer high islands on top of the Au sur-
face which are a Pd-rich mixture of Pd and Au. Imaging con-
ditions: 0.005 ML Pd, 0.3 nA, 0.3 V, 80 K.
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Au{111}. The only order that exists is a distinct lack of
nearest neighbor Pd atoms.46 This apparent repulsion
between nearest neighbor Pd atoms stems from stron-
ger heteroatom Pd�Au bonds as compared to weaker
Au�Au and Pd�Pd bonds.47 The ramification of this
nearest neighbor repulsion between Pd atoms is that
in any dilute alloy surface Pd atoms will be surrounded
by six Au atoms with the nearest possible Pd atom �3d
away. We show here that this effect is relevant over a
fairly wide range of temperatures (290�500 K) at which
Au/Pd catalysts typically operate.3,5,7 Therefore, elucida-
tion of the geometric, electronic, and reactive proper-
ties of Pd atoms locally coordinated by Au is a crucial
step toward understanding the fundamental workings
of these systems.

Now that we have quantified the atomic-scale ge-
ometry (ensemble effects) of the Pd/Au{111} system
we will focus on using the spectroscopy capabilities of
the low-temperature STM to measure the electronic
structure (ligand effects) of the Pd/Au system. In terms
of electronic structure, the d-band model uses the en-
ergy of the d-band center with respect to the Fermi
level as a predictor of adsorbate binding strength and
therefore reactivity.48�51 The closer the d-band to the
Fermi level, the stronger an adsorbate binds. In alloy
systems variations in elemental composition, and hence
the d-band center, determine adsorbate binding and
reactivity. In general, without the use of theoretical
modeling it has been difficult to separate ligand and en-
semble effects. This is because varying the composi-
tion of the elements in a surface simultaneously affects
both the geometry and the electronic structure of the
alloy. Norskov and co-workers used DFT calculations to
decouple ligand and ensemble effects in the
adsorption of small molecules on Au/Pd{111}
alloy surfaces and found that in the case of ad-
sorption, the ensemble effect dominates.1,52

In contrast, a recent theoretical investigation
of CO oxidation highlighted the importance of
the Au induced ligand effect in Pd�Au al-
loys.53

In this paper, the ligand effect was investi-
gated using dI/dV point spectroscopy, in
which the LDOS of individual Pd atoms both
in and under the surface were recorded 1 eV

above and below the Fermi level (EF). Indi-
vidual electronic spectra (either I vs V or dI/dV
vs V) recorded using any scanning probe tech-
nique have the inherent problem that the

spectra contain contributions from the elec-
tronic structure of the probe tip itself as well
as the sample. For example, the dI/dV spectra

of the fcc and hcp regions of clean Au{111}
presented in Figures 4c and 5a are of identi-
cal Au samples but recorded with different
STM tips. It is obvious from inspection of both
sets of spectra that, while the surface state ap-

pears at the same energy, the background dI/dV inten-

sity is markedly different. To eliminate such tip artifacts

in our quantification of dI/dV data we used the same tip

to record spectra over bare Au surface atoms and Pd at-

oms both in and under the Au surface (Figure 4 and

5). Changes in the STM tip state were very noticeable

not only in the topographic images (which were taken

concurrently with dI/dV spectra measurements), but

also large spikes were observed in dI/dV spectra when

a tip change occurred due to saturation of the signal

from the lock-in amplifier. To ensure that all data was re-

corded with the same STM tip state, dI/dV spectra were

always taken multiple times alternating between Pd

and Au atoms. If the tip had changed within the set of

measurements, then the Pd spectra at the beginning

and end of the set would differ and the data set would

be discarded.

The fact that dI/dV spectra of both the Au{111} sur-

face atoms and inserted Pd atoms could be measured

with exactly the same tip allowed a direct comparison

of the electronic structure of both atomic sites with sub-

nanometer resolution without tip artifacts. Spectra

were taken of surface and subsurface Pd atoms in both

the fcc and hcp regions of the Au{111} crystal and com-

pared to the spectra of Au atoms in the respective ar-

eas. The first point to address is the reproducibility of in-

dividual, single-sweep dI/dV point spectra. Figure 4

panels a and b show five individual dI/dV curves for sur-

face Pd atoms in the hcp and fcc regions of the Au her-

ringbone reconstruction and the average of all five. It

is important to note that while we present dI/dV spec-

tra that are the average of five individual spectra in this

paper, the individual single-sweep curves all exhibit

Figure 4. Electronic spectra of individual surface Pd atoms in a Pd/Au
alloy. (a) Five individual, single-sweep dI/dV spectra for a surface Pd
atom residing in the hcp region of the Au{111} surface. The average
(avg) dI/dV curve of the five single-sweep spectra is shown in black.
The spectra have been offset in the y-axis for clarity. (b) Average (black
line) and five single-sweep measurements for individual surface Pd at-
oms in the fcc region of the herringbone reconstruction. (c) dI/dV spec-
tra for surface Au and Pd atoms in both hcp and fcc regions. (d) Back-
ground subtraction spectra of Pd atoms in the respective regions.
Dips in the spectra in Figure 4d are seen for both Pd atoms in hcp
and fcc regions at �0.45 eV below the Fermi energy.

A
RT

IC
LE

VOL. 4 ▪ NO. 3 ▪ BABER ET AL. www.acsnano.org1640



the same features in a reproducible manner. The rea-

son for using five curve averages was that the charge

transfer between atoms could be quantified more accu-

rately. The dI/dV spectra for Au atoms in the fcc and

hcp regions of the Au{111} surface were in good agree-

ment with those recorded by Crommie and co-

workers.30 Figure 4c shows average dI/dV spectra of

both surface Pd and Au atoms in both fcc and hcp ar-

eas of the Au{111} surface. At first glance all of the spec-

tra looked almost identical. Therefore, to first approxi-

mation, isolated surface Pd atoms are electronically

identical to their Au host. However, as all of these spec-

tra were taken using the same STM tip, the Au back-

ground could be subtracted from the Pd spectra to re-

veal subtle differences in the LDOS of the Au and Pd

atoms as seen in Figure 4d.

The major difference in the electronic structure of

surface Pd atoms and Au atoms lies at an energy very

close to the Au{111} surface state band edge (ca. �0.45
eV30). The surface Pd atoms quench a narrow region of
this electron density and are thus themselves depleted
of electron density at this energy. Figure 4d reveals that
Pd atoms in the hcp area are more electron deficient
with respect to their neighboring Au atoms than Pd at-
oms in the fcc area.

Figure 5 shows dI/dV spectra of subsurface Pd at-
oms in the fcc and hcp regions of the Au{111} surface.
Spectra were taken over both isolated Pd subsurface at-
oms and subsurface Pd atoms in “clusters” with 4�8
other subsurface Pd atoms within an area of �1.6 nm2.
Figures 5 panels b and c show subsurface Pd spectra in
which the Au background has been subtracted in or-
der to demonstrate how the presence of subsurface Pd
atoms affected the electron density of the Au{111} sur-
face above it. It is evident from these spectra that both
the surface and subsurface Pd atoms quench the same
region at the surface state band edge of the Au{111} as
do surface Pd atoms. Comparing Figure 5 panels b and
c revealed that, just like surface Pd atoms, subsurface Pd
atoms in hcp areas quench the surface state to a greater
degree than those in fcc areas. Clusters of subsurface
Pd atoms depleted the surface electron density to a
greater extent than individual atoms. The charge trans-
fer from the Pd atoms to the Au substrate was quanti-
fied by integrating the region of the dI/dV spectra that
corresponded to the surface state of Au{111}. Then, by
referencing the Wigner�Seitz radius of Au (8.9 Å), the
original electron density contained in the surface state
of Au{111} was calculated. Quantifying the difference
between the dI/dV spectra of individual Au and Pd at-
oms allowed the depletion of electron density at the Pd
atom positions, and therefore the charge transfer be-
tween Pd and Au, to be quantified. There was a slightly
larger charge transfer from surface Pd atoms to Au in
the hcp regions (0.0007 e�) as compared to the fcc re-
gions (0.0004 e�). Clusters of subsurface Pd atoms
transfer a greater number of electrons to Au as com-
pared to single subsurface Pd atoms in both fcc and hcp
regions (0.001 e� and 0.0002 e�, respectively, in fcc re-
gions; 0.008 e� and 0.0006 e� in hcp regions). The hcp
sites in Au{111} are more electron-rich than fcc sites at
an energy of �0.45 eV as shown by Crommie’s group.30

Therefore, greater charge transfer occurs in hcp re-
gions due to the larger amount of electron density
available to quench at this energy.

After measuring the magnitude of the charge trans-
fer, its spatial effect was investigated using dI/dV imag-
ing which outputs the spatial variation of the electron
density of the surface as a function of the energy. In this
way the size of the area depleted of charge around
the Pd atoms could be measured. Figure 6a is an atomi-
cally resolved topographic image of two surface Pd at-
oms that appear as protrusions. The dI/dV image in Fig-
ure 6b was obtained at a sample bias of �0.45 V, which
corresponded to the energy of the charge depleted re-

Figure 5. Electronic spectra of subsurface Pd atoms and
clusters in a Pd/Au alloy. (a) dI/dV spectra taken over each
of the following atoms: subsurface Pd atoms, either indi-
vidually or in a cluster of subsurface Pd atoms and Au at-
oms in the fcc and hcp domains of the Au herringbone re-
construction. (b and c) Spectra in which the relevant areas
of the bare Au{111} background electron density have been
subtracted from the Pd spectra for fcc and hcp regions of the
surface, respectively. Panels b and c show that a single sub-
surface Pd atom has a relatively small effect on the surface
electron density in fcc regions and a larger effect in hcp ar-
eas. However, the spectra of Pd atoms at the center of clus-
ters of subsurface Pd atoms show a much greater quenching
of the electron density of the Au{111} surface than do iso-
lated subsurface Pd atoms.
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gion that arises from the presence of surface Pd (Fig-

ure 4). In the dI/dV map the Pd atoms appeared as lo-

calized depressions the same size as the Pd atoms

themselves. This indicates that the depletion of charge

affected an area no larger than the isolated Pd atom it-

self (�0.28 nm in diameter). In Figure 6c, the dI/dV im-

age was recorded at �1 V, corresponding to an energy

at which the electron density of Pd and Au spectra are

the same. In this case, the Pd atoms were barely visible

in the dI/dV map, verifying that the Pd and Au atoms

were nearly electronically identical at this energy, as in-

dicated by the dI/dV point spectroscopy.

To put these results in context, the effect of surface

defects and adatoms on the electronic structure of sur-

faces has been reported by several groups.54�57 Using

dI/dV spectroscopy, Eigler and co-workers revealed that

monatomic step edges quenched the entire Cu{111}

surface state over an energy range �1 eV.55 Similarly,

Weiss and co-workers found that in the vicinity of Br

adatom islands on Cu{111} the entire surface state was

quenched.56 In both studies the effect was explained by

the strong electron scattering produced by defects

and adsorbates. Pd has been observed to quench a nar-

row region of the surface state of another noble metal,

Cu{111}, as well.58 In the present study the surface state

quenching was very localized spatially, as well as in en-

ergy with a FWHM of �0.05 eV.

To investigate the origin of the charge transfer ef-

fects observed here larger scale dI/dV imaging was per-

formed to examine the effect of Pd atoms on the sur-

face state electrons. The wavelike nature of the

electronic surface state was directly visualized in the re-

gions of any defects that acted as scattering centers.

Figure 7 shows topographic and dI/dV images for both

bare Au{111} and the 0.005 ML Pd/Au{111} surface.

The depression near the center of the clean Au{111} im-

age originated from residual subsurface impurities that

weakly perturbed the surface electronic state density

but did not contribute to scattering. On the bare

Au{111} surface it is evident in the dI/dV images that

the step edge in the upper right-hand corner of the im-

age acts as the predominant scattering site for the

surface-state electrons. Importantly, the dI/dV images

of bare Au{111} reveal that the elbows of the herring-

bone reconstruction do not contribute significantly to

electron scattering. However, inspection of the dI/dV

image in the bottom right panel of Figure 7 shows that

scattering occurs in the Pd/Au alloy surface at the el-

bows of the herringbone reconstruction where the Pd

atoms reside. The scattering which appears as a diago-

nal line (top left to bottom right) tracks the elbows of

the herringbone reconstruction and has a similar ampli-

tude as the scattering observed at step edges. These re-

sults reveal that, unlike earlier work in which Pd layers

on Au{111} were found to shift the surface state elec-

trons to longer wavelengths, addition of small amounts

of Pd atoms in the surface and subsurface layers of

Au{111} act as scattering centers for the surface state

electrons but do not change their wavelength.59,60 This

demonstrates that the presence of a small amount of Pd

does not quench the surface state as might be ex-

pected for impurities that perturb the flat 2D surface

state potential but leads to substantial scattering ef-

fects of similar magnitude to step-edge defects. While

this scattering is a possible mechanism by which Pd at-

oms are depleted of charge, our data reveals that elec-

tron scattering occurs over a wide energy range (�0.7

eV) but that the Pd atoms are depleted of charge in a

much narrower range of energies (�0.05 eV) and that

this charge depletion is very localized in space (�0.3

Figure 6. Topographic and dI/dV images of surface Pd at-
oms in Au{111} at various energies. Figure 6a is an atomi-
cally resolved topographic STM image in which two surface
Pd atoms appear as protrusions. Imaging conditions: 2 nA,
�0.5 V. Figure 6b shows a dI/dV image of the same area of
the surface shown in 6a at recorded at a sample bias of
�0.45 V, corresponding to the energy at which dI/dV spec-
tra show differences for Pd and Au atoms. This dI/dV image
reveals that the Pd atoms are indeed depleted of charge at
this energy and that the charge depletion is spatially local-
ized on the atom itself. In Figure 6c the dI/dV image was re-
corded at a sample bias of �1.0 V, corresponding to an en-
ergy at which the Pd and Au atoms are electronically very
similar and the Pd atoms are almost indistinguishable from
the Au host.

Figure 7. Topographic and dI/dV images of bare Au{111}
and 0.005 ML Pd/Au{111}. The images in the left panels are
topographic images of bare Au and Pd/Au{111}. Monatomic
Au step edges are present in the upper right-hand corner of
each image. The elbows of the alloy surface contain the ma-
jority of the Pd atoms. The images in the right panels are
dI/dV images which show the LDOS of the surface while re-
moving all topographic features. It is seen that while the
step edge is the predominant scatterer on bare Au{111}, Pd
sites scatter strongly in the alloy surface. Imaging condi-
tions: 1.5 nA, 0.1 V, 7 K.
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nm). This indicates that electron scattering is most
likely not the cause of the charge transfer effect. We
suggest that further modeling work is needed to ex-
plain the origin of the effect we observe experimen-
tally.

CONCLUSIONS
Gold’s ability to temper palladium’s reactivity and

tune its selectivity makes the Pd/Au alloy a crucial com-
ponent of a variety of industrially important catalysts.
Different compositions lead to a complex geometry and
associated electronic structure, both of which have
been shown to have dramatic effects on the alloy’s
chemistry. This study was aimed at elucidating the
atomic-scale structure of a Pd/Au{111} model system
and measuring subtle local electronic differences be-
tween the constituent atoms. We found that at the di-
lute limit the most stable configuration consisted of iso-
lated Pd atoms beneath the Au surface. Pd deposition
at lower sample temperatures yielded isolated mono-
mers in the surface layer and room temperature alloy-
ing resulted in the growth of arrays of Pd islands. We

discovered that isolated Pd atoms both in and under
the Au surface had an electronic structure almost iden-
tical to their host metal, except for a very small charge
depletion from the Pd near the peak in the Au surface
state. dI/dV imaging revealed that this effect was en-
tirely localized on the Pd atom itself and that while the
Pd “defects” do not quench the surface state the iso-
lated Pd atoms serve as scattering centers. While the
measurements were conducted at low temperatures,
the actual geometric arrangements of atoms studied
are similar to those in Pd/Au alloys at catalytically rel-
evant temperatures. At high temperatures (�400 K) Pd
diffuses to more stable sites in the subsurface and bulk
of Au. However, in the presence of reactive species Pd
will actually segregate back to the surface as both single
atoms and clusters. Therefore, our study of the geomet-
ric and electronic properties of both surface and subsur-
face Pd has relevance to real catalytic Pd/Au alloy par-
ticles which will contain similar ensembles of Pd atoms.
Future studies are aimed at extending the energy of
these measurements and making comparisons to
theory.

EXPERIMENTAL SECTION
Experiments were performed in an Omicron Nano-

Technology LT-UHV STM.61 The very high stability of the micro-
scope at 7 K allows imaging to occur in a particular area of the
surface for many hours with minimal thermal drift. A Princeton
Scientific Corporation Au single crystal surface was prepared by
many consecutive Ar	 sputter (1 keV/12 
A) and anneal (1000 K)
cycles. A home-built Pd source (0.05 mm Pd wire doubly
wrapped around a 0.25 mm W wire) was used to deposit Pd di-
rectly onto the Au{111} sample at a variety of sample tempera-
tures in the preparation chamber. All of the scanning conditions
are reported for the sample voltage. Sample temperatures are
accurate to within �10 K. Differential conductance (dI/dV) im-
ages/spectra were acquired using a lock-in amplifier by modulat-
ing the bias voltage with a 1 kHz ac 12 mV amplitude signal
and recorded with a 10/300 ms time constant, respectively, at a
sample and tip temperature of 7 K.
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