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Sulfur accelerates coarsening of Ag nanoislands on Ag(100) at 300 K, and this effect is enhanced
with increasing sulfur coverage over a range spanning a few hundredths of a monolayer, to nearly
0.25 monolayers. We propose that acceleration of coarsening in this system is tied to the formation of
AgS2 clusters primarily at step edges. These clusters can transport Ag more efficiently than can Ag
adatoms (due to a lower diffusion barrier and comparable formation energy). The mobility of isolated
sulfur on Ag(100) is very low so that formation of the complex is kinetically limited at low sulfur
coverages, and thus enhancement is minimal. However, higher sulfur coverages force the population
of sites adjacent to step edges, so that formation of the cluster is no longer limited by diffusion
of sulfur across terraces. Sulfur exerts a much weaker effect on the rate of coarsening on Ag(100)
than it does on Ag(111). This is consistent with theory, which shows that the difference between the
total energy barrier for coarsening with and without sulfur is also much smaller on Ag(100) than on
Ag(111). © 2011 American Institute of Physics. [doi:10.1063/1.3635777]
I. INTRODUCTION

Coarsening (ripening) is a pervasive phenomenon in ensembles of small clusters, because it serves to reduce total
interfacial area or length, and thus the energy cost associated
with these interfaces. This is achieved by a decrease in the
number density of clusters, with a corresponding increase in
average size. The most commonly anticipated mechanism of
coarsening is Ostwald ripening (OR), in which mass is carried between clusters by smaller particles. In general, the nature of the carriers is unknown. Identifying them may open
opportunities to manipulate and control ripening, which in
some cases is desirable (e.g., ripening can allow control of
size distributions1, 2 ) and in some cases not (e.g., sintering of
heterogeneous catalysts reduces activity3 ).
Surfaces are good model systems for understanding
coarsening. Surfaces of the coinage metals are particularly
appealing for model studies, since coarsening and surface
mass transport can proceed at reasonably low temperature.
For clean surfaces of Ag and Cu, it is established that single metal atoms are usually the mass carriers. However, the
electronegative adsorbate sulfur can accelerate coarsening of
homoepitaxial islands on (111) surfaces of these metals by
several orders of magnitude.4–8 It has been proposed that the
acceleration of coarsening is due to a change in the nature of
the carrier, from single metal atoms to small clusters that contain both metal (M) and sulfur atoms. Two different clusters
have been identified as potential carriers on the (111) surfaces:
MS2 and M3 S3 .8 The former cluster is linear, while the latter
is shaped like a flat triangle of M, decorated by a sulfur atom
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on each edge. For the M3 S3 cluster, it has been proposed that
these clusters are more abundant than single metal atoms, to
a degree which offsets their slower diffusion and makes them
more efficient transporters overall.5, 7
Both types of clusters have analogs in other systems.
Alkanethiols on Au(111) form clusters with Au atoms that
can be described as M(SR)2 , where R is an alkyl group.9–12
These are analogous to MS2 . On Ni(111), a triangular Ni3 S3
cluster has been identified, although its role in coarsening
was not studied.13 On Cu(111), a triangular Cu3 S3 cluster has
been proposed on the basis of density functional theory (DFT;
Ref. 5) and kinetic measurements.4 Finally, for coarsening of
Co islands on Ag(111) and Au(111) in the presence of adsorbed sulfur, a carrier similar to M3 S3 has been identified:
M3 S4 , which is a M3 S3 triangle capped by a central sulfur
atom.14, 15
These studies open the question of whether and how sulfur affects coarsening on substrates other than (111), particularly since the M3 S3 clusters would not match the symmetry of other substrates. One would not expect to find
them on a (100) surface, for instance, although analogs such
as square M4 S4 might be anticipated. This question motivates the present study of a Ag(100) surface. Its answer may
contribute to a general understanding of adsorbate-enhanced
coarsening of metals.
The system under investigation can be described as
S/Ag/Ag(100), since Ag islands are prepared by deposition of
Ag on Ag(100), followed by adsorption of sulfur. Background
information about both of the simpler systems, S/Ag(100) and
Ag/Ag(100), is available. In the first, sulfur on Ag(100) forms
two ordered structures at room temperature: a chemisorbed
p(2×2) phase with
√
√ ideal
√ coverage 1/4 = 0.25 monolayers (ML), and a ( 17× 17)R14◦ phase (abbreviated 17)
16–18
Between 0.25 and
with ideal coverage 8/17 ≈ 0.47 ML.√
0.47 ML, these phases co-exist. The 17 is a reconstruction
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in which Ag atoms are ejected from the surface plane to form
new islands on top of the terraces.18 A number of possible alternative structures have been investigated with DFT, including the square M4 S4 cluster mentioned above.18 With one exception, none of the alternatives are competitive with the two
observed structures, at coverages up to 0.47 ML. The exception is a p(2×2) structure with c(2×2)-like domain boundaries, which
√ is only slightly more favorable than the mixed
p(2×2) + 17 phase above 0.25 ML. There is some indication that it may exist below room temperature.18
In the second system, Ag/Ag(100), Ag forms homoepitaxial islands via nucleation and growth on sufficiently large
Ag(100) terraces. The islands tend to be square-shaped, with
close-packed step edges. At 300 K, these islands coarsen
through island diffusion and coalescence,19–21 rather than
OR. The diffusion-coalescence mechanism is termed Smoluchowski ripening (SR).22
This paper is organized as follows. Details, both of experiments and computations, are combined in Sec. II. Results and
interpretations from experiment and computations are given
in Secs. III and IV, respectively, followed by a combined discussion in Sec. V.
II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

The Ag(100) sample was grown by the Ames Laboratory Materials Preparation Center.23 The details of sample
preparation and experimental procedures were very similar
to those reported in a previous study of sulfur on Ag(111).24
Notably, S2 gas was generated within UHV in a solid-state
electrochemical Ag|AgI|Ag2 S|Pt cell, following the design of
Wagner.25 Sulfur flux was in the range (7 to 20) × 10−5 ML/s.
The Ag flux was ∼0.018 ML/s, and Ag coverage was around
0.3 ML in all experiments. Tunneling conditions for the STM
images (all constant-current) were typically 1.0 nA current
and −1.5 tip bias. All experiments took place at 300 K.
Uncertainties in experimental values were always calculated as ± 1 standard deviation, unless noted otherwise (as in
Fig. 2).
Sulfur coverage, θ S , is given as the ratio of sulfur atoms
to Ag atoms, also expressed as ML. After each STM experiment the S(LMM)/Ag(MNN) AES intensity ratio was measured and converted to coverage, following a calibration established by Schwaha et al.26 and corroborated by Rovida
and Pratesi.16 This procedure has been supported by a STM
study.18
DFT calculations were performed using the VASP27–29
total energy code, with Perdew-Burke-Ernzerhof (PBE;
Ref. 30) generalized gradient approximation. The projected
augmented-wave (PAW; Ref. 31) method was used, utilizing a new PAW potential with improved treatment of the fchannels32 for Ag instead of the potential in the standard
VASP package. Energetic values were obtained from Ag
slabs, as described below, with the bottom layer of atoms fixed
at their bulk positions. Adsorbates were attached to one side
of the slab, with the induced artificial dipole interactions compensated by an external electrostatic field.33 The lattice constant was set to 0.415 nm, the bulk PBE value at zero temperature using the new PAW potential (versus the experimental
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value of 0.409 nm). Methfessel-Paxton34 smearing of the occupancy function (with N = 1 and σ = 0.2 eV) was used for
efficiency. The energy cutoff was 280 eV for all calculations.
The vacuum spacing between slabs was 1.2 nm.
Due to the need to compare energetics from calculations
using various supercells, it is necessary to carefully consider
convergence of DFT numbers to their bulk limit from calculations on finite slab thickness and with finite k-point grids. We
find that surface energetics on Ag(100) and Cu(100) generally display variations with the slab thickness with a period of
5 ML.35 An effective method to achieve highly accurate energies on these surfaces is to average over results for a range of
slab thickness.35 In this work, that range is 5–9 ML. The numerical errors, which are mainly due to finite slab thickness
and finite k-point grids, can be estimated from the standard
deviation of the results divided by the number of samples (five
in this paper). Note that this is different from the calculation
of errors that are due to statistical noise in the samples.
The DFT calculations of a AgS molecule using different approximations of the exchange-correlation functionals18
show that local density approximation and PBE produce
stronger binding between Ag and S, while a revision of PBE
known as RPBE,36 and the hybrid HSE06,37 produce weaker
binding. Below, we present results for the S/Ag/Ag(100) system using the PBE approximation exclusively. However, we
note that the adsorption energy calculated using RPBE is
weaker for S/Ag(100). For instance, for isolated sulfur atoms,
it is 0.40 eV (about 10%) lower. From this, we conclude that
there is a significant level of uncertainty in the absolute value
of the adsorption energy from DFT.
III. EXPERIMENTAL RESULTS AND INTERPRETATION

Figure 1 shows a series of STM images at different θ S
and times, with 0.3 ML Ag pre-adsorbed. The θ S values range

FIG. 1. STM images showing Ag island coarsening at different θ S at
300 K. Ag coverages are all 0.3 ML, and STM images are 50 nm
× 50 nm. Column (a): clean Ag/Ag(100), 86, 145, 210 min after Ag deposition. Column (b): 0.034 ML sulfur on Ag/Ag(100), 78, 120, 154 min after
Ag deposition (14, 58, 90 min after sulfur deposition). Column (c): 0.083 ML
sulfur on Ag/Ag(100), 90, 155, 215 min after Ag deposition (20, 85, 145 min
after sulfur deposition). Column (d): 0.12 ML sulfur on Ag/Ag(100), 78, 124,
168 min after Ag deposition (9, 55, 99 min after sulfur deposition). Column
(e): 0.21 ML sulfur on Ag/Ag(100), 99, 150, 204 min after Ag deposition (2,
53, 107 min after sulfur deposition).
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FIG. 2. Individual Ag island decay rate at different S coverages on
Ag/Ag(100). Each filled square is an average value, and the error bars show
the entire range of rates measured for a given θ S . The open square at 0 coverage is an estimate of the rate of OR for a Ag island in the absence of sulfur:
0.0006 nm2 /s.

from 0.00 to 0.21 ML. Column (a) is the sulfur-free surface. STM confirms that the evolution of Ag islands on this
Ag(100) surface proceeds through SR as expected. There is
no observable OR, even for very small islands (about eight
atoms on a side). Column (b) shows a different experiment
after sulfur adsorption to θ S = 0.034. Most Ag islands stay
square but their corners are slightly more rounded. Column
(c) shows ripening at θ S = 0.083. The islands are irregularly
shaped, with many rounded regions, and some straight regions
that are not quite aligned with the original step orientation on
the clean surface. Column (d) shows the progression of STM
images at θ S = 0.12, and column (e) reveals fast island decay at θ S = 0.21. Here, the Ag islands display linear edges
with various orientations, many of which seem to be rotated
by about 45o with respect to the original Ag island orientation on the clean Ag(100) surface. Round edges are also common. Through the entire coverage range θ S = 0.034–0.21,
there is evidence for OR in addition to SR. For instance, the
dumbbell-shaped island in the first image of column (d) is evidence of a collision and merger between two islands.38 The
contribution from OR increases with θ S , however. This means
that sulfur introduces OR as a competitive ripening pathway.
Oxygen exerts a similar effect on the mechanism of Ag island
ripening on Ag(100), i.e., conversion from SR to OR.39
√ Experiments at θ S ≥ 0.25 are complicated by the fact that
a 17 phase develops, in which Ag atoms are displaced from
√
the terrace plane.18 These Ag atoms form new islands of 17
phase on the surface. It is impossible to tell whether a Ag
island is a result of this reconstruction or is a vestige of Ag
deposition before sulfur adsorption. Therefore, θ S = 0.21 is
the highest coverage studied for coarsening.
One measure of the coarsening rate for either OR or SR
is the growth rate of the average island size. For OR, this can
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be calculated using the Lifschitz-Slyosov-Wagner theory.40
However, specifically for OR, a valuable alternative experimental approach which does not require analyzing large ensembles of islands on broad terraces is to assess the decay
rate of smaller individual islands. Figure 2 shows this type of
data, for OR at different θ S . In all cases, the initial island size
is 10.0 ± 0.3 nm2 and the island edge is close to a terrace step
(4.9 ± 1.6 nm away), so the terrace step acts as a strong sink
for Ag atoms. The results are not significantly different if islands are chosen that are surrounded by much-larger islands
in the middle of terraces. As shown in the plot, the island decay rate changes little from 0.03 to 0.12 ML, then begins to
increase significantly at 0.15 ML. The highest rate is reached
at the highest measured coverage, 0.21 ML.
In Fig. 2, the OR decay rate changes from about
0.0022 nm2 /s at 0.034 ML to 0.013 nm2 /s at 0.21 ML. This
implies an enhancement of 6x in the coarsening rate. However, this is not an enhancement relative to the clean surface.
A comparison with experimental OR data for the clean surface is impossible, since there OR is not observed. However,
the corresponding rate of OR for the clean surface can be calculated as 0.0006 nm2 /s. This value is shown by the open
square in Fig. 2. Relative to this value, the average rate at
0.21 ML is 22× higher. For simplicity, we will refer to the
enhancement as being about an order of magnitude.
For sulfur-induced OR, one can ask, what is the ratelimiting step? In traditional discussions, two possibilities are
usually suggested: either attachment and detachment of particles from island edges (AD), or diffusion of particles across
terraces (TD). In the former case, an island’s rate of decay
or growth is independent of its environment, which provides
a way to test the kinetics experimentally. For S/Ag/Ag(100),
evidence for terrace diffusion (TD) limited OR at θ S = 0.12
is shown in Fig. 3. The area of a shrinking island (indicated
by an arrow) is shown. This island first decays slowly, while
a neighboring smaller island (circled) is present. When the

FIG. 3. Island area vs. time at θ S = 0.12 on Ag/Ag(100). The arrow in
the STM inset shows the island monitored. The circle shows a small island
that disappears at about 3300 s, as indicated by the vertical dashed line. The
STM image was recorded 3126 s after sulfur deposition ended and its size is
49.6 nm × 49.6 nm.
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smaller island disappears, the rate increases abruptly. Hence,
the decay rate of the island depends strongly on the surrounding islands, which is a signature of TD-limited kinetics. We
caution, however, that even for additive-free systems, one can
find systems with features of AD and TD behavior.41 For
more complex systems, such as S/Ag/Ag(100), where OR can
be mediated by complexes involving chemical additives, one
must also consider other regimes associated with reactionlimited behavior.4, 7
In summary, the main experimental observations are as
follows:
(1) Sulfur can accelerate the rate of Ag island coarsening on Ag(100) by a factor of 6–22 at 300 K. The
effect increases with θ S over the measured range of
0.03–0.21 ML.
(2) With increasing θ S , the Ag islands become rounder and
more irregular. Some edges are rotated by about 45o
from their sulfur-free orientation.
(3) Sulfur changes the mechanism of ripening of Ag islands,
from SR to TD-limited OR.
We now turn to a model that can explain these observations, based upon DFT.

IV. THEORETICAL RESULTS AND INTERPRETATION
A. Sulfur adlayer structure and equilibration (sulfur
diffusion)

The highest experimental coverage, 0.21 ML, is just below the ideal coverage of the p(2×2). From previous DFT
work,18 we know that sulfur atoms in the p(2×2) occupy the
fourfold hollow (4fh) site. We also know that the p(2×2)
forms because of repulsive interactions at nearest-neighbor
(NN), second-NN, and fourth-NN sites (in order of decreasing strength). The existence of fourth-NN repulsions means
that the phase diagram is qualitatively similar to that of
Se/Ni(100)42 and O/Rh(100).43 It can be reasonably assumed
that, if it were in equilibrium, the sulfur layer would be disordered at low θ S and would progress to p(2×2) order close to
0.25 ML. In experiment, a p(2×2) is observed near 0.25 ML,
but its development at lower coverages has not been studied
systematically.
From DFT, we find that—for isolated sulfur—the diffusion barrier is very high, 0.84 eV. This corresponds to a hop
rate of only ∼1/min at 300 K. Therefore, it is unlikely that
the adlayer is in equilibrium, at least at low coverage. As
coverage approaches 0.25 ML, repulsive interactions between
sulfur atoms probably enhance the mobility of sulfur and
facilitate equilibration. This would explain observation of the
well-ordered p(2×2).18
In the picture developed in the following subsections,
formation of Ag-S clusters at steps is responsible for enhanced coarsening, but slow sulfur diffusion at low coverage
is responsible for kinetic limitations to enhancement in this
regime. This feature will be key to understanding coarsening
behavior in this system.

FIG. 4. Schematic of the different types of sites, and step edges, on Ag(100).

B. DFT: Adsorption of sulfur atoms on terraces and
near steps

The structure of the clean Ag(100) surface is shown in
Fig. 4. There are two types of steps. One is close-packed, i.e.,
parallel to the 0 1 −1 direction. In this type of step, there can
be defects—kink sites—like the one circled. The second type
of step is open and parallels the 001 direction. It can be considered a continuous chain of kink sites. Corners, where closepacked steps meet, often display properties that are similar to
kink sites.44 In our calculations, small Ag clusters—like those
in Fig. 5—serve as models for step edges.
Consider first the adsorption energies, Ead , of single sulfur atoms. Figure 5 shows local minima in the energy landscape, and the corresponding values of Ead . A sulfur atom
binds more strongly at a 4fh site in the middle of a terrace
[Fig. 5(a)] than at any other site. Sites at or adjacent to step
edges are all less favorable as shown by the examples in
Figs. 5(b)–5(e).
Figure 6 shows (meta)stable configurations of pairs of
sulfur atoms near a square cluster of Ag atoms. The value
of Ead for each panel is half the total Ead for the pair. The

FIG. 5. Schematic of possible adsorption sites for single sulfur atoms (yellow on-line). For each configuration, the adsorption energy per sulfur atom is
given. In (a)–(d), the surface unit cell used in DFT is p(3×3). (a): Sulfur at
a 4fh site on a terrace. There is no difference in Ead for a p(2×2) unit cell,
within numerical uncertainties. (b): Top sulfur at a 4fh site adjacent to a corner/kink site. (c): In-plane sulfur at a 4fh site adjacent to a corner/kink site.
(d): In-plane sulfur at a 4fh site adjacent to two Ag atoms. (e) In-plane sulfur
at a pseudo-3fh site along a close-packed step. The surface unit cell in DFT
is p(3×2).
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orientations. These results show that the adsorption energy of
a pair of sulfur atoms at a kink site exceeds that at a close
packed step edge. This should make the step energy for the
open step closer to that of the close-packed step. This means
that sulfur should make the Ag islands rounder than islands
on clean surfaces, in agreement with the experimental results
in Fig. 1.
FIG. 6. Clusters of four Ag atoms with two S atoms. For each system, the
adsorption energy per sulfur atom is given. In-plane sulfur atoms are slightly
darker (orange on-line) than on-top sulfur atoms (yellow on-line). In (a), the
surface unit cell in DFT is p(4×4); results are similar for a p(3×3). In (b) and
(c), the surface unit cell in DFT is p(3×3).

configuration in Fig. 6(a) resembles a combination of the
single-atom configurations in Figs. 5(b) and 5(c), but there
are important differences. First, the Ag and sulfur atoms have
shifted slightly, becoming more linear than a superposition of
the two single-atom configurations. The shift includes a displacement of the Ag atom slightly away from the other Ag
atoms. Second, the value of Ead is lower than the average of
Figs. 5(b) and 5(c). We can attribute this to an attractive interaction that spans the two sulfur atoms and the Ag atom
between them. Together, these factors lead us to interpret the
configuration in Fig. 6(a) as an incipient linear AgS2 cluster.
There are a number of other local energy minima for pairs
of sulfur atoms around a step edge, but we have found none
as favorable as that in Fig. 6(a). Figures 6(b) and 6(c) show
two examples. In both cases, the S-Ag-S unit is nearly linear,
and the Ag atom is displaced slightly away from the other
Ag atoms. The existence of these configurations supports a
propensity for nascent linear AgS2 clusters at step edges.
Figure 7 shows adsorption energies of pairs of sulfur
atoms near extended clusters that mimic steps with different

FIG. 7. Models of possible Ag step configurations decorated by sulfur. For
each configuration, the adsorption energy per sulfur atom is given. In-plane
sulfur atoms are slightly darker (orange on-line) than on-top sulfur atoms
(yellow on-line). (a), (b): Models of close-packed steps. (c), (d): Models of
steps with kink sites.

C. DFT: energetics of coarsening

Acceleration in coarsening generally requires a reduction
in the effective activation barrier for Ostwald ripening, EOR .
This is the total energy barrier for a carrier to leave a kink site
and move far out into the terrace. For a specific mechanism
involving a metal carrier X, this can be broken down into three
components
X
X
X
EX
OR = Ed + Eform + Eatt ,

(1)

X
where EX
d is the terrace diffusion barrier of the carrier, Eform is
X
the formation energy of the carrier, and Eatt is any extra barrier
to attachment or detachment at step edges. (These quantities
are illustrated in Figs. 8 and 9, and 11.) The term EX
form controls the density of carriers of type X on terraces. The term
EX
att is zero or negligible for TD-limited kinetics.
The natural benchmark for assessing acceleration of
coarsening, and EOR , is the sulfur-free surface. Based upon
experiment, the hierarchy of coarsening rates on Ag(100)
must be OR(clean) < SR(clean) < OR(with sulfur). In other
words, any OR mechanism involving sulfur must be faster
than OR would be if it occurred on the clean surface.
OR on the clean surface would be controlled by detachment of Ag atoms from (or attachment to) kink/corner
sites as illustrated in Fig. 8(a), plus Ag diffusion across
the terrace, i.e., X = Ag. The pathway that would be

FIG. 8. (a) Schematic of an extended, close-packed step edge, with a kink
site. S1 and S2 show potential sulfur adsorption sites. (b) Potential energy
surface for a Ag atom detaching from a four-atom Ag cluster as illustrated in
the schematics. The surface unit cell in DFT is p(4×4). (c) Extrapolation of
the potential energy surface to a Ag atom far away from the Ag cluster, using
DFT calculations of isolated Ag atoms.35
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FIG. 9. Left side: Potential energy surface for a AgS2 cluster detaching from
a four-atom Ag cluster, as illustrated in the schematics. The surface unit cell
in DFT is p(4×4). In-plane sulfur atoms are slightly darker (orange on-line)
than on-top sulfur atoms (yellow on-line). Right side: Extrapolation of the
potential energy surface far from the Ag cluster, using DFT calculations of
isolated AgS2 clusters, as illustrated in the schematics. The formation energy
of AgS2 is calculated relative to sulfur in the p(2×2) overlayer.

followed is illustrated in Fig. 8(b). The local maxima in the
curve represent saddle points in the energy landscape as the
Ag atom moves from the kink/corner site (at 0.0 eV) toward an isolated 4fh site on the terrace. The total barrier in
Ag
Ag
Fig. 8(b) is EOR = 0.84 eV. An alternative way to assess EOR
Ag
is to evaluate the individual components of EOR expressed
in Eq. (1). Accurate values for two of those components,
Ag
Ag
Eform = 0.42 eV and Ed = 0.44 eV, have been obtained previously from DFT.35 Their sum, 0.86 eV [Fig. 8(c)], is close
to the total barrier of 0.84 eV calculated from the energy landAg
scape [Fig. 8(b)]. This indicates that Eatt ≈ 0 and so from this
Ag
approach EOR = 0.86 eV. The small discrepancy between the
two methods (0.84 eV vs. 0.86 eV) is likely due to the small
(4×4) supercell used in the energy landscape calculations,
where interactions between Ag atoms and clusters probably
have some residual effect.35

√
√
FIG. 10. Schematic of the ( 17 × 17)R14◦ structure for sulfur on
Ag(100), discussed in detail in Ref. 18. Ovals encase S-Ag-S motifs like
those favored at extended step
√ edges, with one top sulfur and one in-plane
sulfur. The square shows the 17 surface unit cell. In-plane sulfur atoms are
slightly darker (orange on-line) than on-top sulfur atoms (yellow on-line).

J. Chem. Phys. 135, 154701 (2011)

FIG. 11. Left side: Potential energy surface for a Ag vacancy detaching from
a model kink site, as shown in the schematics. The site marked S1 is a sulfur
adsorption site used to test sulfur’s effect on the energy barrier going from
(e) to (d), for reasons described in the text. The surface unit cell used in DFT
is p(4×3). Right side: Extrapolation of the potential energy surface far from
the Ag cluster, using DFT calculations of isolated Ag vacancies.35

We have investigated whether the presence of a sulfur
atom at the step edge sites marked S1 and S2 in Fig. 8(a) could
affect the OR energetics of the Ag atom carrier. At S1, sulfur
Ag
has a negligible effect on EOR . At S2, sulfur actually stabiAg
lizes the kink site and EOR increases to about 1 eV. Hence,
adsorption of a single sulfur atom at a step site fails to enhance coarsening via Ag atom carriers.
Another possibility is that sulfur on the terraces enhances
Ag
coarsening by lowering the diffusion barrier of Ag, Ed . At
the highest observed enhancement (at 0.21 ML), much of
the terrace is covered by p(2×2). However, for a single Ag
Ag
adatom in a sulfur p(2×2) matrix, we calculate that Ed
= 0.46 eV. Since this is slightly higher than the value for the
sulfur-free surface, 0.44 eV, it seems that sulfur does not accelerate diffusion of Ag atoms.
Coarsening can be accelerated significantly if the nature
of the carrier changes to AgS2 . The total barrier for the AgS2
cluster to detach from the kink/corner site of a model Ag cluster is 0.70 eV, as illustrated on the left side of Fig. 9. This
AgS
means EOR 2 ≈ 0.70 eV, which is considerably lower than the
Ag
value of EOR = 0.86 eV. This difference could lead to a strong
enhancement in the coarsening rate.
It is useful to examine the formation energy and diffusion
barrier of AgS2 (shown on the right side of Fig. 9). First, the
sum of these two quantities is 0.67 eV, only slightly lower than
AgS
EOR 2 ≈ 0.70 eV from above, meaning that there is no sigAgS
nificant extra barrier to attachment/detachment (Eatt 2 ≈ 0).
In turn, this is consistent with TD-limited OR. Second, comAgS
parison with Ag shows that Eform2 ≈ 0.45 eV, only slightly
Ag
higher than Eform = 0.42 eV. However, the diffusion barriers
AgS
Ag
are much different: Ed 2 ≈ 0.22 eV, whereas Ed = 0.44 eV.
AgS
Therefore, the reason for the lower EOR 2 lies in the lower diffusion barrier of AgS2 .
The diffusion of AgS2 is key to enhanced coarsening.
Diffusion of this species along the chain direction is very easy,
but the cluster cannot easily hop across or rotate out of the
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channel that it lies in. These features will result in unusual
diffusion trajectories.
If AgS2 formation at step edges is responsible for enhanced coarsening, why does the coarsening rate increase
with θ S ? One might think that at low θ S , an energy penalty
for bringing an isolated sulfur atom to the step edge (from
AgS
the terrace) must be added to the quoted values for Eform2 and
AgS2
EOR making this OR pathway less favorable. Then these energies would be reduced at higher θ S, where population of step
sites is forced. However, this is not the case. Relative to terrace sites, there is a small energy penalty for having two sulfur
atoms individually at step sites that are closest to those occupied in the nascent AgS2 cluster. Compare Fig. 5(a) where Ead
= −4.16 eV, with Figs. 5(b) and 5(c) where on average Ead
= −4.08 eV. However, there is no significant energy penalty
for simultaneously having two sulfur atoms at the step edge
in the form of an actual nascent AgS2 complex. Compare
Fig. 5(a) where Ead = −4.16 eV, with Fig. 6(a) where Ead
AgS
AgS
= −4.14 eV. Thus, Eform2 and EOR 2 should not depend significantly on θ S .
Instead, we propose that the increase in coarsening rate
is essentially a non-equilibrium effect due to slow sulfur diffusion at low θ S . (See Secs. IV A and V A).
Finally, we have considered the possibility that Ag vacancies are involved in sulfur-enhanced coarsening. On the clean
Ag surface, coarsening by vacancies is only slightly less favorable than coarsening by Ag atoms, and sulfur might tip the
balance in favor of vacancy coarsening. However, DFT shows
that this mechanism, plus several other vacancy-mediated
mechanisms are unlikely. Details are in the Appendix.
V. DISCUSSION
A. Comments about the mechanism proposed for
accelerated coarsening in S/Ag/Ag(100)

The experimental data clearly show that sulfur accelerates coarsening of Ag islands on Ag(100). Based upon DFT,
the following explanations can be ruled out:
(i)

(ii)

Reduction of the total energy barrier to OR via single
Ag
Ag atom carriers, EOR . Specifically, sulfur near a kink
site does not reduce the total detachment barrier, and
p(2×2) sulfur on the terrace does not reduce the diffusion barrier of a Ag atom, relative to the sulfur-free
surface.
Reduction of the extra barrier to attachment/detachment
via Ag vacancies, EV
att . On the clean surface, this extra
energy barrier is the main factor that makes vacancies
less efficient than Ag atoms as carriers. Sulfur does not
change this balance. We also checked that sulfur does
not change the formation energy or the diffusion barrier
of Ag vacancies.

The following explanation is supported by DFT. Acceleration of coarsening in this system is tied to the formation of AgS2 clusters primarily at step edges. These AgS2
clusters can detach from step edges according to the path
illustrated in Fig. 9. There is no appreciable extra barrier to
attachment/detachment, meaning that the kinetics should be

J. Chem. Phys. 135, 154701 (2011)

TD-limited as observed. The main difference between the potential energy surface for detachment of a AgS2 cluster and
a Ag atom—and the reason why a AgS2 cluster can enhance
AgS
coarsening—lies in the diffusion barrier. At Ed 2 ≈ 0.22 eV
Ag
and Ed = 0.44 eV, the cluster has a clear advantage over the
Ag atom. However, to contribute to coarsening, formation of
AgS2 clusters and their equilibration with edges of Ag islands
must be facile. We claim that due to the very limited mobility
of isolated sulfur atoms on terraces, these conditions are only
achieved for high θ S , and correspondingly the coarsening rate
increases as θ S increases.
In TD-limited OR, the traditional picture is that there is
complete local equilibration of surface species, in which case
the details of adsorption at step edges should not strongly impact OR kinetics. (They may have a weak effect by changing
step energies.) However, for systems with a propensity for formation of clusters, such as AgS2 or Ag3 S3 , TD-like OR does
not imply complete local equilibration of all adspecies. This
richer and more complicated type of behavior was noted first
for S/Cu/Cu(111)4 and later for S/Ag/Ag(111).7 In both systems, there are distinct regimes of OR with different degrees
of local equilibration, depending on θ S . For S/Ag/Ag(100),
there may well be complete local equilibration for higher S
coverages where TD-like behavior was observed. However,
our picture is that a lack of complete equilibration at lower S
coverages behavior can be sensitive to details of the kinetics
of cluster formation/dissociation.
In our model, it is implicitly assumed that clusters do
not form on terraces. No doubt there are kinetic limitations
to cluster formation on terraces at low θ S related to slow sulfur diffusion. The situation is less clear at higher θ S . However, even if clusters do form on terraces, we anticipate that
this does not necessarily enhance coarsening as effectively as
clusters formed at step edges. This is because enhancement
would require strong coupling between the cluster and Ag
atom concentrations on terraces, which seems unlikely.4, 7
The mechanism proposed here for coarsening acceleration is plausible because it is qualitatively consistent with experimental data. A more quantitative test using detailed modeling, like that implemented for S/Ag/Ag(111),7 is planned.
B. Comparison with accelerated coarsening in
S/Ag/Ag(111)

In two ways, the mechanism proposed here for
S/Ag/Ag(100) is the opposite of the mechanism proposed for
S/Ag/Ag(111). First, on Ag(111), sulfur saturates the step
edges before the terrace sites, because the step edges present
pseudo-4fh sites, whereas the terraces present less-favorable
threefold hollow (3fh) sites. Second, on Ag(111), sulfur at the
steps plays no direct role in coarsening, whereas on Ag(100)
sulfur at steps is crucial to accelerated coarsening.
On Ag(111), both Ag3 S3 and AgS2 have been proposed
to play a role in accelerated coarsening. On Ag(100), we propose here that AgS2 is important. Elsewhere, we have shown
that this type of cluster is energetically feasible as a carrier on
Cu(111) and Au(111) surfaces also.8 It may be generally important on coinage metal surfaces. Experiments planned for
the Ag(110) surface will test this possibility.
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Interestingly,
local linear S-Ag-S arrangements can be
√
found in the 17 reconstruction of S/Ag(100). Two examples
of local S-Ag-S units are enclosed by ovals
√ in Fig. 10, and
the unit cell is shown by the square. This 17 structure was
deduced from DFT calculations of energies and supported by
comparison of measured and predicted STM images.18
In this paper, we have not discussed any cluster analogs
of Ag3 S3 as possible Ag carriers on Ag(100). The natural geometric analogs would be square Ag4 clusters decorated by sulfur, but their formation energy is prohibitively high—at least
1.2 eV. (See Fig. S2 of Ref. 18.) The driving force for formation of Ag3 S3 on Ag(111) is the creation of pseudo-4fh sites
for sulfur at the edges of the Ag3 triangles. This driving force
does not exist on Ag(100), since the terraces already have 4fh
sites. On Ag(100), AgS2 has lower formation energy than any
other cluster.18
The magnitude of the enhancement in coarsening rate is
considerably larger for S/Ag/Ag(111) than for S/Ag/Ag(100).
For S/Ag/Ag(111), at 300 K, the rate of OR increases by
at least three orders of magnitude, in going from 0 to
0.035 ML.7, 8 This is comparable to the enhancement observed for S/Cu/Cu(111) (at higher temperature), which is
about 2.5 orders of magnitude in going from 0 to 0.014 ML.
For S/Ag/Ag(100), we estimate that the enhancement is only
about one order of magnitude, occurring over a much wider
θ S range, spanning 0.2 ML. (See Sec. III.)
This trend correlates with the findings from DFT, which
AgS
Ag
shows that EOR 2 is somewhat lower than EOR on Ag(100),
AgS
the difference being 0.84 − 0.67 = 0.17 eV. However, EOR 2
Ag
is much lower than EOR on Ag(111)—where the difference is
between 0.45 and 0.55 eV.7, 8 This line of reasoning is valid
also if Ag3 S3 is the carrier on Ag(111), because then the difference is 0.35 eV.
In summary, from experiment, sulfur enhancement of OR
is much smaller on Ag(100) than on Ag(111). From DFT, the
Ag carrier
with and without sulfur is also
difference between EOR
much smaller on Ag(100) than on Ag(111). These two findings are self-consistent.

C. Comparison with accelerated coarsening in
O/Ag/Ag(100)

We have previously investigated coarsening in the
O/Ag/Ag(100) system.39, 45 From experiment, oxygen bears
three main similarities to sulfur: (1) it accelerates coarsening relative to the clean Ag(100) surface; (2) it introduces OR
as an observable ripening mechanism; and (3) it causes reorientation of Ag island edges. However, the low adsorption
probability of O2 (gas), and problems with measuring oxygen
coverage with AES, prevented us from quantitatively correlating these observations with oxygen coverage.
DFT also reveals some similarities between oxygen and
sulfur in this system. First, the energy landscapes are similar for single oxygen atoms and single sulfur atoms near
Ag island edges. Our preliminary DFT results for isolated
adsorbed oxygen atoms are consistent with those reported
by Savio et al., for oxygen adsorption on a surface vicinal to Ag(100).46 Furthermore, our DFT suggests that in-
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cipient, AgO2 -like clusters or chains may form at Ag step
edges, analogous to the incipient AgS2 clusters/chains of
Figs. 6 or 7. However, DFT shows that the exact mechanism by which coarsening is enhanced in O/Ag/Ag(100) is
not the same as for S/Ag/Ag(100). Details will be reported
elsewhere.
VI. CONCLUSIONS

Using STM, we find that sulfur can accelerate the rate of
Ag island coarsening on Ag(100) by about an order of magnitude at 300 K. The effect increases with θ S over the measured
range of 0.03–0.21 ML. With increasing θ S , the Ag islands
become rounder and more irregular. Sulfur also changes the
mechanism of ripening of Ag islands, from SR to TD-limited
OR. These observations can all be explained by a model in
which a linear AgS2 cluster forms and detaches from step
edges. The barrier to diffusion for this cluster is only half
that of a single Ag atom, while the formation energy is about
the same, so the AgS2 cluster plausibly enhances the rate of
coarsening. It also stabilizes kink sites, which accounts for the
rounder shape of the Ag islands. The total barrier for detachment of AgS2 is close to the sum of its formation energy and
its diffusion barrier, meaning that OR should be TD-limited in
the presence of sulfur as observed. AgS2 formation is kinetically limited at low θ S , because of the low mobility of sulfur
atoms, and thus enhancement increases with θ S . Other possible mechanisms for accelerated coarsening, involving Ag vacancies or Ag atoms as carriers, have been examined but are
not viable based on DFT.
Sulfur exerts a much weaker effect on the rate of coarsening on Ag(100) than it does on Ag(111). This is consistent with DFT, which shows that the difference between
EAg carrier OR with and without sulfur, is also much smaller on
Ag(100) than on Ag(111).
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APPENDIX: ENERGETICS OF COARSENING WITH
CARRIERS CONTAINING Ag VACANCIES

First, consider a type of coarsening mechanism in which
adsorbed sulfur facilitates Ag vacancies as the agents of Ag
transport, rather than Ag atoms or clusters containing Ag
atoms. We have previously determined the formation energy
(0.37 eV) and diffusion barrier (0.37 eV) for vacancies on
clean Ag(100).35 There is an additional energetic component,
due to the difficulty of attaching/detaching vacancies to/from
a kink/corner site, which involves interlayer movement of Ag
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atoms. One pathway is illustrated in Fig. 11. From left to right,
the kink position moves upward because a vacancy is created.
We have explored other pathways, including a more cooperative process like that proposed for Cu/Cu(100).47 But the process illustrated in Fig. 11 is the most competitive we have
found for Ag/Ag(100).
Two parts of the process are energetically costly. The first
is creation of the vacancy in the vicinity of the kink ((a)–(c)
in Fig. 11), and the second is diffusion of the vacancy away
from the kink ((c)–(e)). We find that the second process is
associated with the higher saddlepoint (cf. Fig. 11). The total
barrier, EV
OR = 0.90 eV, is larger than the sum of the formation
energy and diffusion barrier of vacancies (0.74 eV),35 which
means there is an extra attachment/detachment barrier EV
att
= 0.16 eV for vacancies.
Ag
(Note that EV
OR = 0.90 eV is slightly larger than EOR
= 0.86 eV, consistent with the assertion in Sec. IV C that OR
on the clean surface would occur via Ag atom carriers, not via
vacancy carriers.)
It is thus reasonable to ask whether adsorbed sulfur might
simply reduce EV
att . This energy manifests at the highest saddlepoint along the reaction coordinate, i.e., at Fig. 11(d). To
determine the effect of sulfur on this saddlepoint, we calculate the energy barrier for a Ag vacancy to move from (e) to
(c) with a sulfur atom on the site labeled S1 in Figs. 11(d)
and 11(e). With sulfur, the energy barrier is about 0.54 eV,
slightly higher than 0.48 eV for the sulfur-free surface. The
conclusion is that sulfur does not reduce EV
att .
Finally, we have investigated the formation energy and
the diffusion barrier of vacancies in the presence of sulfur.
The main conclusion is that for low θ S , neither is affected
significantly. This, plus the fact that EV
att cannot be reduced by
sulfur, means that vacancies are not likely to be responsible
for acceleration of coarsening.
It is noteworthy that at higher θ S (above 0.25 ML), the vacancy formation energy can be lowered. This requires rather
complex structures, which have been
√ investigated but are not
shown here. Along these lines, the 17 structure observed experimentally (Fig. 10) has an ideal coverage of 0.47 ML and
can be regarded as a complex network of sulfur-stabilized Ag
vacancies.
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