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Random pairing simulation and low temperature scanning tunneling microscopy (STM) are used to
investigate the detailed O, dissociative adsorption processes at 200 K for various coverages. The
distribution of oxygen adatoms shows a strong repulsion between the adsorbates with a radius of
~0.8 nm. The comparison between STM results and simulation reveals two prominent pairing
distances of 2 and 4 nm and their branching ratio is about 2:1. These findings shed new light on the
origin of the large intrapair distances found and on the process behind the empirical “eight-site
rule.” © 2009 American Institute of Physics. [doi:10.1063/1.3258849]

I. INTRODUCTION

The adsorption of oxygen on silver single-crystal sur-
faces has been widely studied in the past decades.'™® This
interest arises because oxygen chemisorbs on silver systems
in both atomic and molecular form and thus allows molecu-
lar dissociation to be studied at a fundamental level. More-
over, the silver oxygen interaction is of enormous industrial
relevance. It is a familiar catalyst for epoxidation of ethylene
to ethylene oxide (C,H,+0O — C,H,40) and the partial oxida-
tion of methanol to formaldehyde (CH;OH+O — CH,0
+HZO).7’8 The microscopic understanding of oxygen adsorp-
tion and dissociation is a prerequisite to understand the cata-
lytic cycle. Thereby, the distribution of the oxygen atoms as
educts for further reactions is of particular relevance. The
identification of the catalytically active oxygen species on
silver surfaces was consequently the subject of numerous
studies."*!1° Finally, the oxidation process is interesting be-
cause silver oxide nanoclusters were shown to be potential
candidates for optical memories.'!

Three oxygen adsorbed states of oxygen on Ag(001)
were reported: (1) a physisorbed molecular species,'*"” (2) a
chemisorbed molecular species3 below 130 K that forms
two-dimensional ¢(4 X 2) islands,'* and (3) a dissociative
(atomic) chemisorbed oxygen state above 130 K with a very
low sticking coefficient S of 7.4X10™* at T=150 K and
1.3X107* at T=250 K." After oxygen exposure on the
Ag(001) surface at 180 K, low energy electron diffraction
(LEED) measurement exhibited a ¢(2 X 2) pattern,1 and heat-
ing from 180 K to room temperature led to a structural tran-
sition from c(2X2) to p(1X1). A combined scanning tun-
neling microscopy (STM), LEED, and Auger electron
spectroscopy (AES) study revealed the complete complex
phase diagram with a variety of different structures depend-
ing on partial pressure and temperature.lo
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At very low coverage, Schintke et al.* first reported hot
adatom motion on this surface as obvious from a pairing of
O-adatoms over two distinct and large intrapair distances
around 2 nm (* 0.4 nm) and 4 nm (% 0.4 nm) after exposing
the Ag(001) surface to oxygen at 140 K. These distances
correspond to 7 and 14 surface lattice constants (SLCs) of
0.289 nm on Ag(001). There is ample evidence that the oxy-
gen transients are important in a wide range of catalytic sur-
face reactions.'® Previous STM studies on this topic focused
on the pair distribution revealing average intrapair distances
that range from ~2 to ~14 SLCs.' Because of the large
separation of the adsorbates at low coverage under study, an
effect of the adsorbate-adsorbate interaction on the transient
ballistic motions of “hot” adatoms has not yet been investi-
gated and thermal motions of adatoms cannot be completely
ruled out.

In this article, we investigate the dissociation of oxygen
on Ag(100) at a higher sample temperature of 200 K and a
three-times larger coverage of ~1.7% ML than in the pre-
vious study.4 At this coverage, the separation of the atoms is
smaller than the paring distances observed before at 140 K,
allowing the examination of interactions between adsorbates
and dissociated fragments. The ~40% higher sample tem-
perature also provides a mean to differentiate the transient
motions of the adsorption fragments from the thermal mo-
tions. We compare the distribution of adatoms found in STM
images acquired at 5 K to simulations of random pair distri-
butions. A hard repulsive interaction between the oxygen at-
oms is found to limit the nearest neighbor distance to 0.8 nm.
The comparison of simulation and LT-STM results reveals
pairing distances of ~2 nm and ~4 nm with a ratio of 2:1.
This result sheds new light on the large intrapair distances
found and on the process behind the empirical “eight-site
rule.” This empirical rule excludes the adsorption of the sec-
ond atom of a dissociated molecule at the eight neighboring
sites of the first atom.'

© 2009 American Institute of Physics
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Il. EXPERIMENTAL DETAILS

The experiments were performed with a custom-built
low-temperature STM in a ultra-high vacuum (UHV) system
with a base pressure below 5X 107" mbar.”? The single
crystal Ag(001) surface is cleaned by cycles of Ar* sputter-
ing (3.7 pA, 0.55 keV, 25 min) and annealing (900 K, 3
min). We adsorb oxygen from the background pressure mea-
sured by a cold cathode gauge close to the gas inlet to 1
X 107 mbar and by a hot filament gauge in the main cham-
ber to 2X107° mbar. The surface is thereby held at
(200+5) K. At this temperature adsorption is dissociative."
Exposure to 300 and 900 L O, leads to
an O coverage of 0.6% and 1.7% ML, respectively, as
determined in the STM. A monolayer refers to the
surface density of silver atoms in the (001) plane (1 ML
=1.2Xx 10" atoms/cm™).

The sample is then transferred into the cold shields of
the cryostat, where all STM measurements are performed at
5 K. For image calibration the standard method of atomic
resolution of the native surface has been employed. STM
images are measured in the constant-current mode at the pa-
rameters given in the figure captions. Apart from a plane
subtraction and a low pass filter no further image processing
has been employed. The conventional gray scale representa-
tion implies that depressions/protrusions in the STM image
correspond to a reduced/enhanced local density-of-states
(LDOS). Based on comparison to atomic resolution images
(see below) the precision of the distance between two atoms
is better than 0.1 nm.

In order to analyze the distance distributions extracted
from the STM images, we performed random pairing (RP)
simulations. On a rectangle of the size of the STM image, the
program randomly places the number of atoms as determined
from the STM images according to the following rules to
include the origin of two atoms from one molecule and the
repulsion between adatoms. If a randomly selected site for
the first oxygen adatom from a pair is less than 0.8 nm away
from a previously adsorbed adatom, no adsorption is allowed
and a new site is chosen randomly. The previous report for
dissociation at 140 K observed a distribution of =0.4 nm
around the mean distances D.* We attribute this distribution
mainly to the discrete nature of the adsorption sites of the
oxygen atoms in a fourfold hollow sites (see below), which
have a maximum distance of \ESLC =0.4 nm in (100) direc-
tion. The distance of the second oxygen adatom released
from the O, molecule to the first one is thus chosen ran-
domly between (D—0.4) nm and (D+0.4) nm. The direc-
tion of the second oxygen adatom traveling away from the
first one is also generated randomly. Again, if the second
adatom would sit too close to an occupied site (distance less
than 0.8 nm), both the distance and the direction for the
second adatom are regenerated.

The standard deviation o is used for a quantitative analy-
sis comparing the results from the STM measurement with
those from the computer simulations for variant hypothetical
pairing distances. Each simulation data point used for the
standard deviation is the average value of 50 simulation runs.

J. Chem. Phys. 131, 174709 (2009)
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FIG. 1. STM images of Ag(001) surface [(a) and (b)] with an O coverage of
0.6% ML; pairs are marked by ellipses (Ve =—100 mV, I,,,q=10 pA);
image in (b) is split close to the step edge and different contrasts are chosen
for the two terraces in order to make the atoms visible on both sides of the
step edge (c) native substrate in atomic resolution, (V=-21 mV,
I=4.6 nA) with ball model showing most stable adsorption site of an oxy-
gen atom calculated in Ref. 4; white lines show lattice intervals (d) STM
image of surface with an O coverage of 1.7% ML; superimposed atomic
grid deduced from atomic resolution, (V=—150 mV, /=78 pA); crosses in
(c) and (d) indicate fourfold hollow site H.

lll. RESULTS

After exposing the Ag(001) surface to O, at 200 K, iso-
lated oxygen atoms are observed as circular depressions with
a diameter of ~0.6 nm in the STM image [Figs. 1(a), 1(b),
and 1(d)]. In agreement with earlier STM results and Green’s
function STM image calculations,* the depression reflects
the reduced LDOS of the four surrounding Ag atoms induced
by an oxygen atom adsorbed in a hollow site as compared to
the LDOS of the unperturbed Ag atoms. Especially at low
coverage, e.g., 0.6% ML in Fig. 1(a), a pairing of the oxygen
adsorbates is obvious. Two main intrapair distances distrib-
uted around 2.0 and 4.0 nm (corresponding to about 7 and 14
SLCs) are found, exemplified in Figs. 1(a) and 1(b) as ellipse
and dashed ellipse, respectively. This qualitative picture is
quantitatively confirmed below. Such a pair of atoms origi-
nates from the dissociation of a single adsorbing molecule
and the subsequent motion of the formed adatoms. Also this
observation is in agreement with earlier work® performed at
lower temperature (140 K) and over a variety of coverages
(0.1%-0.5% ML).
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Results obtained by indirect means from high resolution
electron energy loss spectroscopy showed an increase in dis-
sociation probability on the stepped Ag(410) surface.” If this
increase was based on an enhanced sticking probability at
step edges, it would imply a larger density of oxygen atom
pairs near step edges than on terraces. However, in our STM
images, e.g., in Fig. 1(b), the oxygen atom pairs are evenly
distributed over the surface and no preference close to step
edges is found. Thus, the higher dissociation probability can-
not be related to the fact that the oxygen dissociates on
Ag(001) only if the molecules are bound to kink sites at step
edges. We suggest that the change in electronic structure on
small terraces is at the origin of the enhanced dissociation
probability on Ag(410).%

The atomic resolution of the surface [Fig. 1(c)] superim-
posed over an image with oxygen atoms at a larger coverage
of ~1.7% ML [Fig. 1(d)] demonstrates that all atoms are
adsorbed in equivalent adsorption sites. According to theory4
this is the fourfold hollow site [Fig. 1(c)]. In conclusion, Fig.
1 demonstrates that at 200 K the oxygen atoms separate in a
hot adatom motion after dissociation on the terrace and ac-
commodate in the fourfold hollow site. Here, we investigate
their nonthermal motion further at the higher coverage.

At this higher oxygen coverage [see Fig. 2(a)], the pair-
ing of oxygen adatoms is not as easily revealed because pairs
may overlap with others and the oxygen atoms seem to be
randomly distributed over the Ag(001) surface. To analyze
the oxygen atom pair distribution, we present a two-
dimensional (2D) radial distribution plot as shown in Fig.
2(f) for the STM image in Fig. 2(a). For this plot we deter-
mine for each atom the direction and distance of each other
atom within 3 nm. Such a pair is then represented by a dot at
the distance from the center of the image in the observed
direction. The same distance and direction can of course oc-
cur more than once and in the graph the density of a
distance/direction pair is visualized by gray levels where
darker areas reflect higher densities. Note that in this proce-
dure each distance is counted twice and the pair distribution
plot shows an inversion symmetry. The shortest distance of
0.6 nm (about 2 SLCs) is only observed for one pair, other-
wise, the pair distances are larger than 0.8 nm (about
22 SLCs), which is shown as a circle of radius 0.8 nm in
Figs. 2(f)-2(j). The minimal distance found here after tran-
sient motion equals the nearest neighbor distance found in a
STM study within small islands showing p(2X2) super-
structure after high dosage of O, (=10'" L) on the Ag(001)
surface at 300 K, i.e., after thermal motion.'°

We now analyze the experimental 2D radial distribution
plot by comparing it to simulated distributions. Figure 2(b)
displays a simulation for a totally random distribution of the
same oxygen coverage as in Fig. 2(a) on the same size of the
STM image. Its 2D radial distribution plot is shown in Fig.
2(g). This distribution clearly disagrees with the experimen-
tal distribution. In particular, the repulsive ring is not repro-
duced. Therefore, we include a repulsion restricting the dis-
tance to 0.8 nm (~2,2 SLCs) into the random simulation.
The result is shown in Fig. 2(c). Its radial distribution map in
Fig. 2(h) reproduces the STM result much better.

J. Chem. Phys. 131, 174709 (2009)
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FIG. 2. (a) STM image of the Ag(001) surface with 1.7% ML coverage
(V==150 mV, I=78 pA). [(b)—(d)] Examples for the simulations with the
same oxygen coverage as in (a). The black dots indicate oxygen atoms.
Totally random simulations are shown in (b) without repulsion and in (c)
with repulsion limiting the nearest neighbor distance to =0.8 nm. RP simu-
lation for pairs with distances of (2.0+0.4) nm are shown in (d) without
repulsion and (e) with a minimum nearest neighbor distance of =0.8 nm.
The white lines connect oxygen atom pairs. [(f)—(j)] Plot of the 2D pair
distribution function within a radius of 3 nm with respect to each atom from
(a)—(e). The distance between two pixels is 0.15 nm, about half a SLC, and
the radius of small circle is 0.8 nm. [(k)—(0)] Histograms of the nearest
neighbor distance from (a) to (e). Standard deviations for each case are
labeled.

We next discuss whether inclusion of the pairing of the
O-adatoms as observed in Fig. 1 into the simulation leads to
an even better mimicking of the experiment than the repul-
sion. A RP simulation with pair distances of (2.0*=0.4) nm
without exclusion zone is shown in Fig. 2(d), its 2D radial
distribution plot in Fig. 2(i). Both Figs. 2(i) and 2(n) seem
very similar to the simulation of totally random in Figs. 2(g)
and 2(1).

Finally, we include both effects in our simulation. A RP
simulation with pair distances of (2.0 0.4) nm with repul-
sion is shown in Fig. 2(e), its 2D radial distribution plot in
Fig. 2(j). It is not obvious, whether this distribution [Fig.
2(j)] or the one presented in Fig. 2(h) better reproduces the
experimental distribution in Fig. 2(f).

The directions of the pairs are random and thus we now
concentrate on the distances only. Figures 2(k)-2(0) display
histograms of the nearest neighbor distance for a measured
area of 26 X 26 nm? for the experimental and the four simu-
lated distributions shown in Figs. 2(a)-2(e) and the same
oxygen coverage of 1.7% ML. Again, the simulations that do
not take into account the repulsive ring [Figs. 2(1) and 2(n)]
do not reproduce the experiment [Fig. 2(k)]. The distribution
that considers the repulsive ring only [Fig. 2(m)] resembles
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FIG. 3. Standard deviations o of nearest-neighbor distances of RP simula-
tion to STM results for different pairing distances: (a) for one pairing dis-
tance D (b) in dependence of ratio of 2 nm (*+0.4 nm) to 4 nm (+0.4 nm)
pairs.

the experiment less well than the one that also considers
pairing distances of (2.0%=0.4) nm [Fig. 2(0)]. Therefore,
despite the larger coverage the origin of two atoms from one
molecule, i.e., the pairing, is still detectable.

For a quantitative analysis, we compare the results from
the STM measurement to those from the computer simula-
tions via the standard deviation o defined as

1 § _
o= ;E (Ngim.i = Nsta i)

i=1

where N indicates the number within an interval i for the
nearest neighbor distance distribution of the oxygen atoms
and n indicates the total number of intervals. The smaller o
the better the STM measurement is simulated. The simula-
tions in Figs. 2(b)-2(e) give standard deviations of 8.98,
3.03, 8.26, and 1.82 and thus confirm that both, the repulsive
ring and the pairing improve the mimicking of the experi-
mental distribution.

In order to determine the underlying paring distance,
variant distances [1.0, 1.5, 1.8, 2.0, 2.2, 2.5, 3.0, 4.0, 6.0, and
8.0 nm (*=0.4 nm)] and the random distribution are simulated
and compared to the related STM data. For all pairing dis-
tances the repulsive ring was included. Figure 3(a) shows
that for pairing distances above 4 nm the pairing distribution
cannot be discriminated from a random distribution. Most
importantly, the best fit of simulation to STM results is found
for pairing distances of 2.0 (= 0.4) nm.

Finally, we include the larger pairing distance of 4 nm
found in Fig. 1 and also at 140 K into the simulation.”
Thereby, we vary the ratio of 2—4 nm pairs. The percentages
of 33, 50, 60, 67, and 75 indicate that the ratios of

J. Chem. Phys. 131, 174709 (2009)

2 nm pairs : 4 nm pairs are 1:2, 1:1, 3:2, 2:1, and 3:1, and
100% denotes only 2 nm pairs. We caution that with increas-
ing coverage the probability increases that a molecule ap-
proaches an adsorption modified surface site and thus may
follow a completely different dissociation path, possibly con-
nected with yet another pairing distance not included in our
analysis. As one adsorbed molecule modifies the LDOS of
four silver atoms,4 we estimate this to be an effect of the
order of 3% —4% for the coverage investigated here. Within
this error margin, the comparison of experiment to simula-
tion reveals that the pairing distance has a ratio of 2:1 for
2—-4 nm pairs [Fig. 3(b)].

IV. DISCUSSION

On a conceptual level, our study demonstrates that at a
coverage, where atom pairs are no longer well separated, the
origin of two atoms from one molecule, i.e., the pairing, is
still detectable. This extents the possibility of STM to inves-
tigate the hot adatom motion beyond single or well separated
pairs. Only at this larger coverage the depletion region
around each adsorbed atom with no atoms closer than 0.6 nm
(about 2 SLCs) and the nearest neighbor distances mostly
larger than 0.8 nm (about 22 SLCs) is detectable. Such a
depletion region implies repulsion in the adatom interaction.
Indeed, density functional theory (DFT) calculation showed
that a repulsive barrier leads to a saturation coverage of oxy-
gen on silver of 0.24 ML only** consistent with p(2 X 2)
superstructure found experimentally on Ag(100) at higher
coverage.10 Most likely, such a repulsion results from a par-
tial charge transfer from the surface to the adatoms. A recent
DFT study calculated this charge transfer for oxygen mol-
ecules in dependence of the work function change upon ad-
sorption for a variety of metals, but not silver.”>*® This study
allows to estimate this charge transfer to be approximately
0.18 electrons for the molecule on Ag(111). A density func-
tional calculation on Ag(110) suggests also a charge transfer
from the metal to the adsorbed oxygen atom.”” Based on
these studies, it is reasonable to assume a partial charge
transfer also to the oxygen atom on Ag(100). This holds for
the atom that is already equilibrated. For a repelling interac-
tion, in addition the atom in transient motion should be
charged. This is possible via the so-called harpooning
mechanism that was found to be rate limiting in the disso-
ciative adsorption of oxygen on Ag(110) and Ag(111).*** In
this process an electron attaches to the oxygen molecule to
form an ion, while the molecule is still quite far away from
the surface. For substrates with low work functions this elec-
tron can further be emitted into the vacuum and was
measured.> Here, the work function of silver will not allow
to do so, and the charge might only be transferred back to the
metal after the transient motion. The origin of the depletion
region is thus electrostatic interaction.

Furthermore, the depletion region might also be related
to the so-called eight-site rule.”! The eight-site rule is an
empirical rule that excludes the adsorption of the second
atom of a dissociated molecule at the eight neighboring sites.
A physical explanation for this rule was not provided. Our
results suggest that this depletion region is not the result of a
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separation of the atoms originating from the same molecule.
Instead, one of the adatoms is already settled on the surface,
the other one is still mobile and is not allowed to approach
the adatom too closely because of electrostatic repulsion.

Further implications of our study for the understanding
of hot adatom motion result from the temperature indepen-
dence of the pairing distances and distance ratio. An adatom
separation measured at one temperature only4 could still
have been explained by a thermal motion during deposition.
However, the same separations found at ~40% higher tem-
perature as observed here cannot be explained by a thermal
motion in view of the exponential temperature dependence
of a thermally induced random motion of adparticles. The
distances found thus reflect the dissociation process at or
close to the Ag(001) surface. Furthermore, the temperature-
independent distance ratio excludes one of the two possibili-
ties discussed before for the two pairing distances.” The dif-
ferent distances thus may not result from either a molecule
dissociating upon approach or equilibrating as a molecule.
The latter should be negligible at 200 K and in any case the
ratio of these processes is expected to be temperature depen-
dent. Indeed, an independent annealing experiment of mol-
ecules adsorbed at 100 K, which desorb from defect-free
terrace sites already between 130 and 160 K, supports this
conclusion. As no calculations for Ag(100) exist, we discuss
the results qualitatively in light of recent calculations on
Al(111), although the energy gain upon dissociation differs
on the two surfaces. A nonadiabatic quantum dynamical
calculation® for oxygen dissociation over Al(111) provides
two possible dissociation processes named indirect dissocia-
tion and ballistic dissociation. In the ballistic case, all ener-
gies, which are originally equally distributed between the
atoms, are almost completely transferred to the moving atom
by momentum transfer due to repulsive forces. The two dif-
ferent processes originate from the differing orientations of
the molecular axis with respect to the surface normal during
approach. Thus, it is more likely that the two different pair
distances are connected to two different predominant disso-
ciation events A and B. In A the dissociation energy E g is
distributed equally between the two adatoms (initial energy
E,=Ey;/2), while in the other one the dissociation energy is
predominantly transferred to one of the two adatoms (Eg
=Eg;,). As the diffusion distance of an adatom increases with
its initial energy E as ~E!© this could explain the two dif-
ferent distances.”” Such a scenario should not be restricted to
Al(111), although the branching ratio will depend on the ex-
act potential energy surface and thus differ on Ag(100).

However, also the repulsive barrier sheds new light on
the process of hot adatom motion. The adatoms are during
the dissociation process initially closer than this barrier and
thus their initial motion either along the surface or in a
cannonball-like trajectory will be accelerated by the electro-
static repulsion, possibly even aiding or affording a
cannonball-like dissociation. The charge distribution be-
tween the two atoms would need nonadiabatic quantum dy-
namics calculations as were employed for NO.* If the
charged states are not the same for all dissociated O, mol-
ecules this might be a further possibility to explain the two
different distances observed.

J. Chem. Phys. 131, 174709 (2009)

V. CONCLUSIONS

We investigate terrace dissociation of oxygen on
Ag(100) at 200 K and at coverages up to 1.7% ML. The
results generalize earlier reports for dissociation at 140 K
and coverages below 0.5% ML. Through comparison with
RP simulations we reveal pairing distances of 2 nm (*0.4
nm) and 4 nm (*£0.4 nm) with a ratio of 2:1. A repulsive
barrier found suggests that both the equilibrated atoms and
the ones in transient motion are charged. We suggest that this
transient repulsion is at the origin of the empirical “eight-site
rule.” This charging sheds new light on the origin of the
unusually large adatom distances found between the oxygen
atoms after oxygen dissociation on Ag(001) and opens fur-
ther explanations for the two distinct distances.
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