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ABSTRACT

Au(111) surfaces play a central role in many applications, yet studies of fundamental aspects of 
their dynamics are limited. Thus, using Scanning Tunneling Microscopy (STM) at 300 K, we 
analyze the coarsening of first-layer 2D Au islands directly on the Au(111) substrate, and also of 
second-layer 2D Au islands. Specifically, we monitor the decay of Au first-layer islands with 
areas of about 100-500 nm2 in the vicinity of larger islands or extended step edges over a period 
of approximately 40 hours - the relevant time scale for this process. Experimentally observed 
behavior is captured by analytic theory for terrace-diffusion-limited decay incorporating DFT 
results for the Au terrace diffusion barrier and the adatom formation energy. Experimental 
observations of second layer island decay were also compared with appropriate analytic theory 
and stochastic simulations, thereby determining the effective Ehrlich-Schwoebel barrier for Au 
on Au(111).

1. INTRODUCTION

The importance of and interest in Au(111) surfaces derives from their role in diverse 
applications. One of these is the well-recognized use of Au(111) as a substrate for self-assembled 
monolayers.1-3 The interaction between sulfur-containing head groups and the surface of gold is 
central to anchoring and ordering of organic molecules, especially alkanethiols and their 
derivatives, on Au(111). In another application area, Au(111) surfaces are effective catalysis for 
various surface reactions including selective oxidation and oxidative coupling, formation of 
methyl acrylates, etc.4,5 In this context, it should be noted that the Au surface is not necessarily 
static or frozen under chemisorption or reaction environments, but rather can be dynamic or 
fluxional.6,7 In a third application, Surface Enhanced Raman Spectroscopy (SERS) has 
traditionally exploited rough nanostructured (111) surfaces of Au and Ag, where relaxation of 
such morphologies has a significant impact on sensitivity.8 

In addition, currently 3D Au nanoparticles (NPs) are used extensively for various 
applications. These include SERS and more generally plasmonics,9,10 biosensing and medical 
imaging,11-13 and catalysis.14,15 In this context, we note that the equilibrium Wulff shape of such 
NPs in the larger size regime where they have crystalline fcc structure is dominated by (111) 
facets.16,17 Also, synthesis of smaller NPs often produces truncated octahedral growth shapes 
with prominent (111) facets.18 NPs are intrinsically metastable, and for all these applications 
resistance to coarsening (often called ripening or sintering) is critical. Degradation of supported 
metal catalyst NPs is typically associated with this phenomenon.19 Although it is not the focus of 
the current study, analysis of surface-diffusion mediated reshaping of three-dimensional (3D) Au 
NPs synthesized with non-equilibrium growth shapes,20 or of coalescence of pairs of NPs,21 
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requires precise characterization of surface diffusion on (111) and other facets. Fundamental 
studies of diffusion processes on extended single crystal surface are thus invaluable in providing 
the input to achieve predictive modeling of such processes.22,23

One class of fundamental studies of surface diffusion dynamics in metal homoepitaxial 
systems explores the coarsening of arrays of two-dimensional (2D) islands in the submonolayer 
coverage regime under ultra-high vacuum (UHV) conditions. Coarsening is driven by the 
reduction of the free energy cost associated with the cluster edges. Such processes in 
homoepitaxial systems constitute the 2D analogue of coarsening of 3D supported metal NPs 
mentioned above in the context of catalyst degradation. There are extensive studies of such 
coarsening processes for (111) surfaces of Ag and Cu, as summarized in reviews,24-26 in contrast 
to Au. For extended surfaces with broad terraces and large arrays of 2D islands, coarsening 
kinetics can be quantified by tracking the decrease in the number of clusters and an increase in 
their mean size over time. There are two coarsening mechanisms, Ostwald Ripening (OR) and 
Smoluchowski ripening (SR).  SR involves diffusion and coalescence of islands, while OR, the 
more common of the two, involves a transfer of metal across the surface from smaller clusters to 
larger clusters. OR dominates on (111) surfaces of Ag and Cu, in contrast to (100) surfaces,25 
and the same might be expected (and is observed in this study) for Au.

For narrow terraces, where islands are often located nearby extended steps, or for 
observations tracking only a few islands, a more appropriate alternative strategy to characterize 
coarsening kinetics is to track changes in individual island areas with respect to time.24-28 The 
decay of smaller than average metal islands under OR, which can occur on the time scale of 
seconds to days, can be monitored in real time with Scanning Tunneling Microscopy (STM). 
This approach is used in the current study.

As an extension to the above studies, it is natural to also consider relaxation processes in 
multilayer homoepitaxial films, i.e., smoothening processes. Note that experiments are 
performed well below the thermal roughening transition, so that the metal surface has a smooth 
equilibrium morphology. Deposition in the presence of an additional Ehrlich-Schwoebel (ES) 
barrier for downward interlayer transport (relative to intralayer transport) results in kinetic 
roughening manifested by the formation of mounds (i.e., multilayer stacks of 2D islands).29,30 
Relaxation results in the decay of higher-layer islands, a process which is inhibited by the ES 
barrier. Thus, analysis of such decay processes produces an estimate of the ES barrier, a feature 
which we exploit in the current study for Au(111). Such analysis was first performed for 
Ag(111),31 where the ES barrier was also assessed independently by analysis of film growth 
morphologies.32 As an aside, it is not clear that Density Functional Theory (DFT) can currently 
provide values for such barriers which are sufficiently reliable to precisely describe, e.g., 
kinetically roughened film growth morphologies.30 

Finally, we note that there exist previous UHV STM-based studies of Au(111) surface 
dynamics at room temperature. In fact, a prominent early study was presented as the first direct 
STM observation of surface self-diffusion on metals.33 In this case, a controlled STM tip touch 
generated multi-level vacancy pits on the surface with size of a few thousand (missing) atoms, 
the filling of which is monitored at 300 K. Another study produced features on the Au(111) 
surface by sputtering with Ar, and observed “negligibly slow” decay rates for islands and pits at 
300 K over 12.5 hours.34 They determined an upper limit for the decay of vacancy islands of 0.18 
nm2/min, but did not report any decay rates for adatom islands. Our observations based upon 
monitoring surface evolution over about 40 hours quantifies decay rates for islands under UHV 
conditions at 300 K which are comparable to this upper limit. Exposure of the Au surface to 
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atmosphere was found to significantly enhance decay rates,34 a feature analyzed more 
systematically for other coinage metals.23,35 Another study considered the thermal annealing of 
Au thin films on mica, including analysis of the decay of 2D islands above room temperature.36 
The effect of the herringbone reconstruction of clean Au(111) surface was not considered in 
these analyses, and will also not be considered in our treatment.

In Sec.2, we describe our experimental and theoretical methodology. Experimental 
results are presented in Sec.3, and theoretical analysis and modeling in Sec.4. Comparison of the 
observed behavior for Au(111) with that for Ag(111) and Cu(111) is provided in Sec.5. 
Conclusions are provided in Sec.6.

2. METHODS

2.1. Experimental details
All experiments were carried out in a stainless-steel ultrahigh vacuum (UHV) chamber 

with a base pressure of 2 x 10-10 Torr, equipped with an Omicron variable temperature STM 
(VT-STM). A single crystal of Au(111) was cleaned via Ar+ sputtering (IS = 8 – 12 µA, 2 kV, 5 - 
10 min) and annealing (500K, 10 - 15 min) cycles. These cycles were carried out until no 
impurities were detected by Auger electron spectroscopy (AES). A coverage of 0.3 monolayers 
(ML) of Au was deposited (Flux = 5 10-3 ML/s, 1 min deposition time) onto the sample via an 
Omicron EFM3 UHV metal evaporator with the sample held at room temperature. Au island 
coverage was determined using WsXM software, in which terrace images were flooded to give 
the proportion covered by islands. 

The XY (in-plane) piezoelectrics were calibrated against the (7  7)-Si(111) 
reconstruction on a Si(111) substrate. The Z (vertical) calibration was checked by analysis of 
steps on Au(111) which have a nominal height of  0.236 nm.37 Typical tunneling current (I) was 
1.0 nA, with sample biases, VS, of 1.0 V. A PtIr STM tip was used which was cleaned via pulsing 
to |VS | = 5 - 10 V for several minutes to hours over the Au surface until the Au(111) herringbone 
reconstruction was readily imaged over multiple images. A drift correction in the MATRIX 
software was enabled so one area could be imaged repeatedly over many hours.

2.2. Analytic theory for island evolution
The traditional formulation considers the evolution (growth or shrinkage) of a specific 

first-layer island of radius R in an array of other first layer islands which are described within an 
effective medium framework.23-26,38,39 Atoms detach and reattach from island edges and diffuse 
across the surface. The density of adatoms diffusion across on the surface is denoted by . We 
assume that there is no additional barrier for lateral attachment of atoms to island edges, as is 
confirmed by experiment, corresponding to terrace-diffusion (TD) limited OR. This implies the 

boundary condition   =   , based upon the Gibbs-Thompson relation, for the 𝜌𝑒𝑞(∞) 𝑒
(  Ω

𝑘𝐵𝑇𝑅)
equilibrated adatom density at the edge of the island of radius R. Here,  denotes the step energy 
per unit length,  denotes the area of the surface unit cell, kB denotes Boltzmann’s constant, and 
T denotes the surface temperature. The array of other islands is described by imposing a 

boundary condition  =   on an outer boundary with radius Lc, where Rc denotes 𝜌𝑒𝑞(∞) 𝑒
(  Ω

𝑘𝐵𝑇𝑅𝐶)
the mean radius of nearby islands. See Fig.1. The choice of Lc is discussed later. It is common to 
select (Rc/Lc)2 = , the specified island coverage, so then Lc reflects the mean island separation, 
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although in some cases we make a different choice. Also,  = exp[-Eform/(kBT)] is the 𝜌𝑒𝑞(∞)
equilibrium adatom density at an extended straight step in dimensionless units of atoms per 
surface unit cell, corresponding to R = . Also, Eform denotes the adatom formation energy, 
corresponding to the total lateral interaction energy in an extended overlayer or island. Analysis 
of the above boundary-value problem (BVP) for the diffusion equation for  in the steady-state 
regime yields determines the net flux of attaching/detaching atoms at the perimeter of the 
specific islands, which in turn determines the evolution of its radius via

∂𝑅
∂𝑡 =

𝐷𝑇𝐷

𝑅 𝜌𝑒𝑞(∞)[𝑒
(  Ω
𝑘𝐵𝑇𝑅𝐶)

― 𝑒
(  Ω
𝑘𝐵𝑇𝑅)][𝑙𝑛(𝐿𝐶

𝑅 )] ―1

, (1)

where DTD is adatom terrace diffusion coefficient. Then, R(t) is determined by numerical 
integration of (1) where R(t=0) corresponds to the experimental initial size.

Figure 1. Schematic of the geometry used for analysis of diffusion-limited decay of a first-layer 
island with radius R. An outer boundary condition is imposed at radius LC reflecting the feature 
that the mean radius of nearby islands is RC. 

Decay of second-layer islands of radius R is treated by similar approach but with a 
different boundary condition at the edge of the supporting island of radius RS (with the second-
layer island assumed to be centrally located). See Fig. 2. Let r denote the radial distance from the 
island center. Then, the presence of an ES barrier, δ, inhibiting downward transport, one has 
that23-25,39 /r = [ - ]/L for r = RS for ES attachment length, , 𝜌𝑒𝑞(∞) 𝐿𝛿 = 𝑎(𝑒(𝛿/(𝑘𝐵𝑇)) ―1)
where a = 0.289 nm is the Au surface lattice constant. Solving the appropriate BVP for steady-
state diffusion equation determines the evolution of the radius of the second layer island via

∂𝑅
∂𝑡 =

𝐷𝑇𝐷

𝑅 𝜌𝑒𝑞(∞)[𝑒
(  Ω
𝑘𝐵𝑇𝑅𝑆)

― 𝑒
(  Ω
𝑘𝐵𝑇𝑅)][𝑙𝑛(𝑅𝐶

𝑅 ) +
𝐿𝛿

𝑅𝑆] ―1

. (2)

R(t) is determined by integration of (2) with the experimental values of R(t=0) and RS.
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Figure 2. Schematic of the geometry used for analysis of diffusion-mediated decay of a second-
layer island with radius R supported on a first-layer island of radius RS.

2.3. DFT and other analysis of energetics, stochastic modeling, KMC simulation
Previous analyses of the terrace diffusion barrier for Au on Au(111) included estimates of 

Ed = 0.12-0.14 eV using a Tight Binding-SMA potential,40 Ed = 0.20 eV from DFT LDA and Ed 
= 0.15 eV from GGA-XC,41 and more recently Ed = 0.12 eV from GGA-PW91.42 See Ref. 43 for 
a more comprehensive listing of previous theoretical analyses including early results from lower-
level semi-empirical treatments.  There are no experimental estimates for Ed. Our own DFT 
analysis used a 5 layer Au slab, a 55 lateral unit cell (so that the Au(111) surface in this analysis 
is unreconstructed), and a 991 k-mesh with energy cutoff of 400 eV. Using the PBEsol 
functional, our Nudged Elastic Band analysis obtained Ed = 0.125 eV. From analysis of the 
energetics of a complete Au layer on Au(111), one obtains a total energy per Au surface atom of 
3.925 eV. Together with the knowledge of the adsorption energy, Ead = 3.138 eV, for an isolated 
Au atom, one obtains a value for the lateral interaction energy of Au atoms in a complete layer 
which corresponds to the formation energy of an Au adatom of Eform = 0.787 eV. Previous 
additional rough analysis indicated edge diffusion barriers in the range, Ee = 0.35-0.45 eV,23 and 
our analysis with a 55 unit cell finds higher values of Ee = 0.43-0.55 eV. However, the Ee are 
not critical parameters for the current analysis which instead is sensitive to Ed, Eform, and . 

A stochastic lattice-gas model was implemented for island decay, and specifically applied 
to assess fluctuations in second-layer island decay. The model assumes effective nearest-
neighbor attractive lateral interactions between adatoms of strength  = Eform/3 = 0.26 eV. Since 
in this model, each atom in a complete surface layer has six shared NN interactions, this recovers 
Eform listed above. It also follows that the step energy satisfies  = /a = 0.26 eV/a. Atoms hop to 
NN empty sites with Arrhenius rate h =  exp(-Eact/(kBT)], where the choice of Eact must be 
consistent with detailed-balance. Again, T denotes the surface temperature, and kB is 
Boltzmann’s constant. For terrace diffusion and attachment-detachment at island edges, we 
select Eact = Ed – Ei (+ δ), where + is included only for interlayer transport. For edge diffusion, 
we select Eact = Ee – (Ei – Ef)/2. Here Ei(f) = -ni(f)  is the lateral interaction energy for the adatom 
before (after) hopping. We set Ed = 0.125 eV, Ee = 0.35 eV and regard the ES barrier, , as a free 
parameter. Model behavior was analyzed via Kinetic Monte Carlo (KMC) simulations which 
implements various hopping processes with probabilities proportional to the physical rates.

As an aside, we note that the terrace diffusion coefficient is given by DTD ~                     
a2  exp[-Ed/(kBT)]. As a result, based on Eq. 2, the effective energy barrier for coarsening in the 
absence of an attachment barrier is given by EOR(Au) = Ed + Eform = 0.91 eV for Au islands on 
Au(111). This result neglects a contribution which depends on typical island size or curvature,44 
but this contribution is typically small.

3. EXPERIMENTAL RESULTS

3.1. Evolution of first-layer islands
Fig 3. shows a sequence of STM images of Au islands on Au(111) from t = 40 min to t = 

2384 min, where t represents the time since island formation by Au deposition. The majority of 
islands are in the first layer, with a few generally smaller second-layer islands. Second layer 
island decay is discussed in Sec. 3.2. Apart from one very small island and one large partly 
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coalesced pair, first-layer island sizes are in the range of approximately 100 - 1000 nm2. 
Throughout the 2384 min observation period, some islands undergo reshaping towards the 
preferred equilibrium structure. Restructuring and reshaping of islands are discussed elsewhere.23 

Apart from the very small island at the top of the first image which quickly disappears, 
four other “smaller” islands with initial sizes from 90-400 nm2 were observed to fully decay 
(colored circles in Fig. 3). The island in the white dashed circle does fully decay, but due to tip 
drift the island shifted partly out of the field of view so its decay was not tracked. All the islands 
decay via Ostwald Ripening, as confirmed by the observed gradual decrease of the island area 
over time. For the four islands circled in multiple colors, three of the islands are located next to 
an extended step edge, while the island circled in gray is further away from that step edge and 
surrounded by substantially larger islands. The island areas decay with time in a non-linear 
fashion as shown in Fig. 4 consistent with TD-limited OR. The color coding in Fig. 4 matches 
that in Fig. 3. The initial decay rate of the first layer Au islands is roughly 0.08 ± 0.02 nm2/min 
and the rate increases during the late stages of decay.

Figure 3. STM images showing the coarsening of 2D Au islands on an Au(111) substrate from t 
= 0 min to t = 2384 min. Colored circles in the STM image are around islands that fully decay. 
All images are 200 x 200 nm2, I = 1.0 nA, VS = 1.0 V.

Page 6 of 28

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



7

Figure 4. Island area versus time for the four islands that are circled in Fig. 3. The color coding 
matches that in Fig. 3

Next, we provide two additional examples of behavior reflecting TD-limited OR kinetics 
where island decay shows a sensitivity to the local environment. First, consider the “medium” 
sized island circled in blue in Fig. 5, located next to a step edge, which shows partial decay. 
When the smaller neighboring island circled in green disappears, the decay rate of the island 
circled in blue increases, a signature of TD-limited kinetics.24-27 Second, Fig. 6 compares two 
initially similar sized islands at different locations. One is right next to the step edge, and the 
other is further away and is surrounded by multiple islands of a similar size. The island next to 
the step edge (blue circle) exhibits area decay, while the island further away (black circle) shows 
a slight increase in area. Islands next to step edges are expected to decay more rapidly since the 
extended step is a more effective sink for diffusing atoms having lower chemical potential than 
finite sized islands. 

Figure 5. Island area versus time for two nearby islands. The dashed line shows the time at 
which the island circled in green has disappears, after which the larger island circled in blue 
starts to decay. STM insert shows the two islands that were monitored.
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Figure 6. (a) STM image of Au islands on Au(111) at t = 252 min. (b) Island area versus time 
comparing two islands of similar size. The black (blue) curve corresponds to the island that is 
circled in black (blue) in Fig. 6a.

3.2. Decay of second-layer islands
Fig.3 provides one example of a decaying second-layer island appearing in the lower 

portion of the STM images. However, the shape of the supporting first-layer island appears 
anomalous perhaps due to the influence of a defect in the substrate. Specifically, the lower edge 
is initially severely indented, in contrast to the quasi-hexagonal equilibrium shape, although this 
indentation does heal over time.  Thus, we performed additional experiments to find a more 
conventional example shown in Fig. 7, which presents a sequence of STM images of a second-
layer island decay from t = 47 min to t = 1303 min. The second-layer island has an initial area of 
170 nm2. It is located slightly off center of the supporting island which has an initial area of 
roughly 1350 nm2 increasing to about 1600 nm2 over the observation period. The areal increase 
of around 250 nm2 is larger than the initial area of the second-layer island. The feature that the 
increase in area of the supporting island exceeds the total area of the second-layer island (which decays 
transferring all of its atoms to the supporting island) reflects the scenario wherein other nearby smaller 
islands on the substrate also decay transferring atoms to the supporting island. The observed decay of 
the second-layer island is quantified below in Sec.4.1.

Figure 7. STM images showing second-layer island decay over the course of 1303 min. Image 
area 67 x 67 nm2, I = 1.0 nA, VS = 1.0 V.
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Fig. 8 compares the decay of area of the second-layer island (blue line) shown in Fig.7 
with that of a first-layer island (red line) of a similar size. The first-layer island is not located 
next to a step edge, but is surround by larger islands of comparable size to the supporting island 
in Fig.7. The second-layer island fully decays in 1303 minutes, while the first-layer island fully 
decays in 928 minutes. A second-layer island is expected to decay more slowly than the first-
layer island due to the presence of the ES barrier at the edge of the supporting island.

Figure 8. Island area versus time examining the decay of similarly-sized first-layer (red) and 
second-layer (blue) islands. Note that individual data points, which are sparser for the first-layer 
island than for the second-layer island, are not shown individually, but instead are joined by 
smooth curves.

4. THEORETICAL ANALYSIS

4.1. Analytical modeling of the decay of first- and second-layer islands
For first-layer islands, R(t) versus t was determined for the four islands tracked in Fig.3 

and Fig.4 from numerical integration of Eq. 1 with the experimental initial sizes, R(t=0). We 
choose parameters  =1013/s and Ed = 0.125 eV determining DTD, together with Eform = 0.76 eV 
and  = 0.865 eV/nm guided by DFT results described in Sec.2C, T = 300 K, and  = (3/2)a2 = 
0.0723 nm2. For islands away from the step edge we choose RC = 56 nm, and set LC = -1/2 RC 
with  = 0.3 ML. This applies for just one of the tracked islands, specifically the one with initial 
size R(t=0) = 24.7 nm and initial area 155 nm2 (purple curve in Fig.9). For the other three islands 
close to the extended step, it is more natural to choose LC to reflect the distance of the island 
from the step (LC = 40, 17, and 35 nm for islands with R(t=0) = 27.7, 18.6, and 38.6 nm indicated 
in green blue, and yellow, respectively). RC is assigned a very large value for these islands 
reflecting the strong adatom sink provided by the extended step (and behavior is not sensitive to 

this value RC  300 R(t=0) as   1).  Fig. 9 compares the calculated decay of islands 𝑒
(  Ω

𝑘𝐵𝑇𝑅𝐶)
(solid lines) with the experimental data (dashed lines).

The analytical modeling matches reasonably well experimental behavior for the larger 
three islands, particularly given the substantial fluctuations expected for actual decay (as 
discussed in Sec. 4.2). The more significant discrepancy for the smallest island presumably 
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results from both fluctuations and an overestimation of the strength of the sink for diffusion 
atoms provided by the nearby extended step edge. In the vicinity of this smallest island, the 
extended step edge has a finite curvature, rather than the assumed near-zero curvature. Also, the 
analytic theory assumes that a strong sink (corresponding to a near straight step) surrounds the 
island, whereas the extended step is just on one side of the island.

Figure 9. Comparison between analytic results for island decay (solid line) and experiment 
(dashed line). The color of the line corresponds to the island in Fig.3 with the same color.

 For the second-layer island tracked in Fig.7 and Fig.8, R(t) versus t was from numerical 
integration of Eq. 2 with the experimental initial size, R(t=0)  7.4 nm, corresponding to an 
initial area  A(t = 0) = 170 nm2, and a supporting island with constant size corresponding to RS  
20 nm (i.e., the analytic treatment ignores the slight increase in radius of the supporting island 
during decay of the second layer island). Model parameters were selected as above, except that 
now the ES barrier must also be specified. We analyze behavior for four values in the range  = 
0.1078 to 0.1183 eV. The results shown in Fig.10 all exhibit non-linear decay similar to 
experiment. We suggest that an ES barrier of   0.112 eV best matches experiment. However, it 
should be emphasized that we expect large fluctuations in experimental behavior. (As an aside, 
analysis of second-layer island decay from the example in Fig.3 reveals unusually linear area 
decay, although perhaps just due to fluctuations, and an ES barrier estimate of    0.13 eV not 
much different from that above.) See Sec.4.2. An early semi-empirical EMT treatment gave  = 
0.16 eV for hopping over steps,45 and a Tight Binding-SMA assessment produced  = 0.18 eV 
for exchange at A-steps and also for hopping over B-steps.46 

Page 10 of 28

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



11

Figure 10. Comparison between experimental second-layer island decay and analytic results 
using multiple ES barriers.

4.2. KMC simulation of second-layer island decay
Experimental analysis of island decay cannot readily assess the extent fluctuations in the 

decay process, i.e., the variation in decay behavior if the experiment could be repeated multiple 
times starting from the same initial configuration. Likewise, the analytic theory presented above 
gives no insight into fluctuations since the prediction corresponds to behavior averaged over 
many stochastic decay processes. In this respect, KMC simulation of an appropriate stochastic 
model is ideal since one can repeat the “simulation experiment” for the same initial conditions. 
Thus, we perform simulations of the decay of a second-layer island analogous to the 
experimental configuration using the lattice-gas model described in Sec.2.3. For computational 
efficiency, we choose a smaller initial area of about A(t=0) = 100 nm2 and also perform the 
simulations at 600 K (rather than 300 K). The stochastic model and its parameters are selected as 
described in Sec.2.3, and we also select an ES barrier of  = 0.112 eV corresponding to our 
estimate for Au on Au(111). We note that this value should be regarded as an effective barrier 
since it is likely that there exist different “local” ES barrier for different step orientations or local 
geometries.30,32,46 Results shown in Fig.11 for 20 simulation trials indicate substantial 
fluctuations in A(t) versus t. For comparison, the prediction of the analytic theory for the same 
parameters is also shown. Some difference from simulation behavior likely at least in part 
reflects the different island geometry.

A conclusion from this KMC analysis is that when comparing experimental results for 
island decay with predictions from the deterministic analytic theory (such as in Fig.9 or Fig.10), 
any assessment of consistency or otherwise should account for substantial fluctuations in the 
stochastic island decay process.
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Figure 11. KMC simulations results (20 trials) for second-layer island decay compared with 
analytical results (smooth black curve) both at 600 K. Inset: simulated island configurations at 
t=0 (lower left) and at a late stage of decay (upper right). Red atoms in the second-layer island, 
and purple atoms in the supporting island.

5. COMPARISON OF BEHAVIOR FOR Au(111) WITH Ag(111) AND Cu(111)

It is natural to compare the rate of TD-limited OR for 2D Au islands on Au(111) with 
those for TD-limited OR on (111) surfaces of other coinage metals, Ag and Cu. As discussed, 
below observed difference in rates correlate with the different values of the effective barrier, 
EOR, for OR, which are summarized in Table 1. 

Au island decay on Au(111) is far slower than that of Ag islands on Ag(111). 
Morgenstern et al.27 observed that a somewhat isolated a 113 nm2 Ag islands decay within 21 
minutes on Ag(111), while we observed a similar size Au island on Au(111), located next to a 
step edge took almost 500 minutes to decay. This difference in behavior is readily understood 
since the effective barrier, EOR, for OR is much lower for Ag and for Au. Specifically for Ag on 
Ag(111), earlier DFT-PBE analysis predicted that Ed = 0.06 eV and Eform = 0.60 eV,47 so that 
EOR(Ag) = 0.66 eV which should be compared with EOR(Au) = 0.91 eV reported in Sec.2.2. (The 
commonly used value of Ed = 0.10 eV for Ag on Ag(100) based on analysis of island formation 
during deposition is plausibly an overestimate since the modeling does not account for weak 
long-range oscillatory interactions between Ag adatoms.48) We also note an experimental 
estimate of EOR(Ag) = 0.71 eV.24 

Table 1.  Energies controlling OR. Values for EOR in parenthesis include the ES barrier as applies 
for second-layer island decay.  a = Ref. 44, b = Ref. 32 (cf. Ref. 31), c = Ref. 47

values in eV Au Cu Ag
ES barrier  0.11 0.12a 0.08 & 0.16b

terrace diff. Ed 0.12 0.05c 0.06c

formation en. Eform 0.79 0.82 0.60c

eff. OR barrier EOR 0.91 (1.02) 0.87 (0.99) 0.66 (0.74-0.82)

Page 12 of 28

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



13

Au island decay on Au(111) also appears to be somewhat slower than that of Cu islands 
on Cu(111). Icking-Konert et al.44 observed that Cu islands with initial area around 300 nm2 
decayed within 12 hours. They also provided an experimental estimate of EOR = 0.78 eV. An 
earlier DFT-PBE analysis predicted that Ed = 0.05 eV and Eform = 0.80 eV.47 We repeated this 
analysis with the same settings as used in our DFT analysis for Au(111) (55 lateral unit cell, 
etc.) to recover the same value for Ed and a slightly higher value for Eform = 0.82 eV. These 
results indicate that EOR(Cu) = 0.85-0.87 eV compared with EOR(Au) = 0.91 eV, consistent with 
somewhat slower decay for Au islands on Au(111).

6. CONCLUSIONS

Our STM observations reveal very slow decay of Au islands on a Au(111) surface at 300 
K (on the time scale of 10’s of hours), consistent with previous observations of Peale et al. of 
very stable islands at 300 K.34 Unlike this previous study, we have quantified the decay, and 
shown that it is consistent with predictions of analytical theory incorporating DFT values for the 
terrace diffusion barrier and the adatom formation energy, as well as an estimate of the step 
energy. We note again that our analysis ignores the herringbone reconstruction of Au(111), but 
evidently this reconstruction does not have a significant impact on coarsening processes on the 
length scale of 10’s of nm. Coarsening of Au islands on Au(111) corresponds to TD-limited OR, 
just as for the analogous process on (111) surfaces of the other coinage metals, Ag and Cu. 
However, there is a difference in the coarsening rates.

From analysis of the decay of second-layer islands, we obtain an estimate for the ES 
barrier of   0.11 eV for Au on Au(111) from comparison of experimental and analytic theory. 
The analogous approach had been effectively used previously to assess the ES barrier for Ag on 
Ag(111).31 We note that in making such comparisons, it is appropriate to be aware of substantial 
fluctuations in the decay process which we realize by KMC simulations of a suitable stochastic 
lattice-gas model for island decay.
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