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Abstract: A condensing potential (CP) model was estab-
lished for predicting the geometric structure of two-dimen-
sional (2D) atomic islands on crystal surfaces. To further 
verify the CP model, statistical molecular dynamics simu-
lations are performed to investigate the trapping adatom 
process of atomic island steps on Pt (111). According to 
the detailed analysis on the adatom trapping process, the 
CP model should be a universal theory to understand the 
shape of the 2D atomic islands on crystal surfaces.
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1  Introduction
In thin film growth, the formation mechanism of two-
dimensional (2D) islands on crystal surfaces is of great 
importance for fundamental research on surface science 
and lots of related surface technologies [1–13]. In 1901, 
to determine the equilibrium shape of crystal of fixed 
volume inside a separate phase, the famous Wulff con-
struction based on the minimum free energy principle was 
proposed and now is also widely used to understand and 
predict the equilibrium shape of 2D islands on crystal sur-
faces. However, the theory is not applicable for epitaxial 
islands grown at temperatures lower than the ones for 
equilibrium growth. For instance, the Wulff construction 
can well understand the vacancy 2D islands of truncated 
triangular shapes formed by ion sputtering on Pt (111) 

surface at about 700 K [14–16] but cannot reproduce the 
exact triangular shapes of homoepitaxial 2D islands on Pt 
(111) surfaces at about 400 K [17].

Recent experimental and theoretical studies reveal 
the influence of substrate lattice orientation on the growth 
of 2D film [24–27]. The growth condition of 2D islands or 
film could be in non-equilibrium and thus beyond the 
prediction of the Wulff construction. In our previous work 
[18], a condensing potential (CP) model was first pro-
posed to predict the shape of 2D adatom islands grown 
at low temperatures. For the growth of 2D islands, the 
CP model mainly considers two types of adatom diffu-
sion: approaching island step and moving along island 
step (Fig. 1a), and predicts the shapes of 2D islands by 
evaluating the ability of island steps capturing wandering 
adatoms. The CP model has been applied successfully in 
several cases, including the triangular island shape on Pt 
(111) at 400 K. As the CP model was given with only quali-
tatively analysis, a quantitative explanation by statisti-
cal molecular dynamics (MD) simulations is necessary to 
testify the universality of the CP model.

In this work, statistical MD simulations are performed 
to verify the CP model applied in predicting the growth of 
the 2D atomic epitaxial or vacancy islands. For (100) and 
(111) faceted steps on the Pt (111) surface, their capturing 
ability to wandering adatoms is investigated. According to 
the result, the ability of A and B steps capturing wander-
ing adatoms is in good agreement with the prediction of 
CP model. Density functional theory (DFT) calculations 
are employed to verify the accuracy of empirical poten-
tial used in MD. In summary, the CP model, which can be 
carried on simply, is reliable for the prediction of the 2D 
atomic island shape.

2  The CP Model
In homoepitaxial growth, the atoms deposited onto a 
crystal surface form small 2D clusters, which eventually 
grow into islands with certain shapes by capturing the 
landed atoms wandering on the surface. For predicting the 

Brought to you by | Universita degli Studi di Padova
Authenticated | linzhengzhe@hotmail.com author's copy

Download Date | 3/28/16 7:47 AM

mailto:linzhengzhe@hotmail.com
http://orcid.org/0000-0001-7188-6257


322      C. Yin et al.: Formation Mechanism of 2D Atomic Islands on Crystal Surfaces

Figure 1: (a) Schematics of two ways of an adatom merging into a 2D 
island on a Pt (111) surface and the corresponding energy  barriers. 
(b) On Pt (111) surface the (100) faceted A step becomes shorter in 
length as it grows faster with larger CP than the (111) faceted B step, 
leading to triangular islands surrounded by the B step.

Figure 2: On the Pt (111) surface, movement of an adatom from the A step to the corner and then to the B step in an epitaxial island (a) or a 
vacancy island (b). Potential energy profile and energy barriers in the (a) and (b) processes calculated by TB potential (c) and (d), respec-
tively. Potential energy profile and energy barriers in the (a) and (b) processes calculated by DFT calculations (e) and (f), respectively.

growth of 2D islands, the CP model [18] mainly considers 
two types of adatom diffusion: approaching island step 
and moving along island step (Fig. 1a), with correspond-
ing potential energy barriers Pz and Ps, respectively. The 
ability for an island step to capture a wandering adatom 

should increase with Pz and Ps, i.e. the larger Pz and Ps are, 
the more probably the wandering adatom is captured by 
the step. For an island step with a large Pz (or Ps) but small 
Ps (or Pz), the wandering atom cannot be strongly fastened. 
Therefore, the CP is defined as P = Pz × Ps. Obviously, for 
an island step with a larger CP, it is more probable for the 
adatoms to stay stable on it, resulting in a faster growth of 
the step and shorter in length correspondingly (Fig. 1b).

On a Pt (111) surface, there exists two close-packed 
island steps: the (100) faceted A step and the (111) faceted 
B step (Fig. 2a and b). For the CP values of the adatom on 
the A and B steps, the calculations are performed by semi-
empirical tight-binding (TB) potential [19]. The simulation 
system is modelled as an infinite A or B step with a nine-
layer substrate with 12 × 10 Pt atoms in each layer. The 
surface consists of upper and lower terraces separated by 
a (111) microfaceted monatomic steps. Periodic boundary 
conditions are imposed both parallel and perpendicular 
to the surface. The detailed method of CP calculation can 
be seen in Yin et al. [18]. According to the result (Tab. 1), 
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by the TB potential the CP value of A step is about 1.6 times 
that of B step.

3  DFT Calculation
To verify the aforementioned CP values of the adatom on 
the A and B step derived by TB potential, calculations are 
performed by DFT method. The Vienna Ab Initio Simula-
tion Package [20] is employed. Ultrasoft pseudopoten-
tials are used for the electron–ion interactions [21] with 
a cutoff energy of 191.4 eV, and the exchange-correlation 
effect is described by the generalised gradient approxi-
mation [22]. Periodic boundary conditions are imposed 
both parallel and perpendicular to the model surface. The 
Brillouin zone is sampled with 2 × 4 × 1 k-points sampling 
of the Monkhorst–Pack grid [23]. The simulation system 
is modelled as an infinite A or B step on a four-layer Pt 
(111) slab with 8 × 5 atoms per layer. According to the result 
(Tab. 1), by DFT calculation the CP value of A step is about 
1.8 times that of B step, which is close to the ratio 1.6 by the 
TB potential. So the credibility of the TB potential is veri-
fied, and the following results inferred by the TB potential 
can be trusted.

4  MD Simulations
Before performing MD simulations, we first examined the 
reliability of TB potential [19] by comparing the potential 
energy barriers of adatom on the island steps obtained 
from the TB potential with DFT calculations. For the TB 
potential, the system is modelled by a nine-layer substrate 
with 12 × 10 Pt atoms in each layer. Then, a Pt adatom was 
initially located on the surface near A step and moved 
along the periphery. To obtain the potential energy 
profile, the X coordinate of the adatom increased by 0.1 Å 
step by step, and at each step the system is relaxed to local 
energy minimum with the X coordinate of the adatom and 
the bottom layer of the substrate fixed. For the processes 
shown in Figure 2a and b, the potential energy profile and 

Table 1: The Ps (eV), Pz (eV) and CP (eV2) values of the A and B steps 
on Pt (111) surface via TB potential and DFT calculations.

Step  
 

TB potential  
 

DFT

Ps   Pz   CP Ps   Pz   CP

A   0.65   1.86   1.21   0.82   2.43   1.99
B   0.84   0.91   0.76   0.97   1.13   1.11

Figure 3: (a) Schematics of the MD simulation model doubling the 
top view of the system, with the dashed line presenting the periodic 
boundary in the X direction. (b) The energy barriers of the adatom 
on the terrace.

energy barriers are shown in Figure 2c and d, respectively. 
For DFT calculations, the system was modelled by a four-
layer Pt (111) slab with 8 × 5 atoms per layer. The surface 
consists of upper and lower terraces separated by a (111) 
microfaceted monatomic step. Periodic boundary condi-
tions are imposed both parallel and perpendicular to the 
surface. For the processes shown in Figure 2a and b, the 
potential energy profile and energy barriers are shown in 
Figure 2e and f, respectively. According to the results, the 
energy barriers obtained by the TB potential are all about 
80 % of those by DFT calculations. Because the poten-
tial energy profiles obtained by the TB potential and DFT 
calculations have the same trend, we believe that the TB 
potential is reliable for MD calculations on the Pt (111) 
surface.

Then, MD simulations are performed to investigate 
the probability of Pt adatom captured by the A and B 
step. The simulation system is modelled by a nine-layer 
Pt (111) substrate with 15 × 15 atoms in each layer arranged 
in perfect lattices. A and B steps are structured on the 
substrate (Fig. 3a). An adatom is initially located on the 
Pt (111) terrace with the same distance h to the A step as 
to the B step. The periodic boundary condition is applied 
on the X and Y directions. The dashed line in Figure 3a 
shows the periodic boundary in the X direction, and thus 
Figure  3a actually doubles the view of the simulation 
system. A thermal bath at constant temperature T = 800 K 
is applied on the bottom layer of the substrate. Velocity 
Verlet algorithm is employed with a time step of 0.2 fs. After 
a sufficient long time of constant-temperature MD simula-
tion, the adatom would be captured by the A or B step, 
or trapped in the corner during diffusing. As soon as the 
adatom is captured, it is relocated at its initial position as 
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the black ball shows in Figure 3. This process is repeated, 
and the count of the adatom captured by the A step (fA), B 
step (fB), and the corner (fC) is recorded in Table 2.

The previous simulation is performed with the initial 
distance of the adatom the island step h = 5 and 8 Å. As 
shown in Table 2, for h = 8 Å fA/fB = 1.01, and for h = 5 Å 
fA/fB = 1.75. This indicates that there should be a critical 
distance hC between the freely diffusing adatom and the 
island step. As shown in Figure 3b, as h gets larger there 
is more diffusion energy barriers between the trapping 
potential valley of A step and that of B step. When h > hC, 
the wandering adatom may diffuse on the terrace ran-
domly, because the steps are quite far way. When h < hC, 
the movement of the adatom is strongly affected by the 
steps, and the trapping ability for the steps dominates the 
diffusion of the adatom. So the value fA/fB = 1.75 should 
be more reliable. This ratio presents the ratio of trapping 
ability between A and B steps.

In Table 1, we see that the CP value of the A step is 
about 1.59 times that of the B step by the TB potential. By 
DFT calculation, this proportion is about 1.81. Because 
this ratio of CP values is close to fA/fB, we suggest that the 
CP values of the steps thoroughly describe their atom-
trapping ability. It is worth noting that the atom-trap-
ping ability cannot be simply evaluated by the potential 
energy barrier Pz. By the TB potential, the proportion of 
Pz between A and B steps is 2.03, and by DFT calculation 
this value is about 2.15. The fact that the proportion of Pz 
between A and B steps is far away from fA/fB indicates that 
Pz cannot be used to evaluate the atom-trapping ability of 
the steps.

5  Conclusions
In summary, this work consolidates the reliability of the 
CP model in predicting the shape of 2D atomic islands 
on crystal surfaces. We obtained the statistical data of 
the adatom trapping by the island steps through huge 

Table 2: The count of the adatom captured by the A step, B step, 
and the corner in MD simulations.

Position  h = 5 Å   h = 8 Å

A step   2412   1805
B step   1375   1784
Corner   592   217

amounts of MD simulations and proved that the CP 
model could actually generalise the physical processes of 
adatoms captured by the island steps. Thus the prediction 
of the 2D atomic island shape can be carried on simply 
and precisely by the CP model.
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