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Usingmolecular dynamics, nudged elastic band andmodified analytic embedded atommethods, the diffusion be-
haviors of Pd adatom on stepped Pd(001) surface have been investigated. Lower than 975 K, Pd adatom just hops
along the perfect [110]-direction step. The diffusion dynamics equation is derived from the Arrhenius lawbetween
875 and 975K, and the correspondingmigration energy andprefactor are 0.76 eVand5.2×10−2 cm2/s respective-
ly, which shows that they adhere to the step in case of adatommoving to the step. The adatom diffuses across the
perfect stepwith an Ehrlich–Schwoebel barrier of 0.09 eVby exchangemechanism. Our calculations show the kink
at step canmarkedly decrease the static energy barrier across the step with a negative Ehrlich–Schwoebel barrier,
and it contributes to form layer-by-layer growthmodel in the epitaxial experiment. Our calculations show that the
kink can also markedly improve the adatom's mass transport of interlayer, contributing to the formation of the
compact film. Lastly, a quantitative result at 300 K shows that the kink affects tremendously the diffusionmobility
of adatom near it, which indicates that the kink plays a key role in the formation of the compact and uniform film
on Pd(001) surface in an epitaxial growth experiment.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

One of the challenges in recent studies of nanomaterials is the un-
derstanding of microscopic processes which control thin film growth,
and this is not only a necessary task if we are to buildmaterials of choice
bydesign, but it is also a daunting task [1]. Atomic level processes in thin
film growth involve complicated diffusion dynamics behaviors giving
rise to an abundant variety of surface morphologies. In this wide field,
the study of growth in the submonolayer regime is most worth paying
attention due to the large impact of the initial dynamics on the resulting
film structure. In an epitaxial growth experiment if atoms or molecules
are deposited on a surface at a constant deposition rate, then they dif-
fuse on various structural surfaces to meet other adspecies, resulting
in nucleation of aggregates or attachment to already existing islands
[2,3]. According to the Terrace Step Kink (TSK) model, the film surface
consists of the terrace, step, kink, and so on. The atomic dynamics diffu-
sion behaviors at the terrace, step and kink are a key for atom mass
transport on the surface. If surface diffusion on terrace is not sufficient,
it is impossible to gain the compactfilm.Moreover the diffusion dynam-
ics behaviors of adatoms across a step play a crucial role in the crystal

growth modes. If adatoms descend easily from an upper terrace to a
low terrace, the growth mode is likely layer-by-layer. If having the pos-
itive Ehrlich–Schwoebel (ES) barrier [4,5], adatoms cannot easily de-
scend from an upper terrace to a low terrace, and the growth is likely
to proceed with formations of 3D model. On the other hand, the shape
of the growing two-dimensional islands depends on how fast is themo-
bility of adatom along steps [6–8].

For atomic diffusion relevant to nucleation and early stage of thin
film growth, a great many experiments based on field ion microscope
(FIM), scanning tunneling microscope (STM), low energy electron mi-
croscopy (LEEM) and quasi-elastic helium atom scattering have been
devoted to the determination of surface diffusion coefficients [9]. By
using FIM, the dynamics behaviors of adatom or clusters can directly
be derived from the Arrhenius law according to the diffusion coefficient
as a function of temperature. However, it only can measure some
highlighting or hardmaterials, such as Re,W, Pt, Ir, and so on. STMmea-
sures indirectly the dynamics behaviors of adatoms based on the nucle-
ation theory, although it is much more successful in looking at soft
materials for example Cu and semiconductors than FIM. In other mea-
surement techniques, such as helium atom scattering, work function
determination can also measure the dynamics diffusion behaviors of
adatoms. However, these experimental methods which may have the
atomic spacial resolution find it very difficult to gain the detailed diffu-
sion processes in transition state because of the very low time resolution
(no more than 103 Hz).
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Multi-scalemodelingwhich has becomepopular these days remains
as yet a challenge. Nonetheless, the field is advancing fast. Based on
macroscopic continuummechanics the films are treated as elastic solids
[10]. Models based on mean field theory and rate equations [11] make
more explicit reference to microscopic processes through scaling laws.
Not just as a useful complement, the theoretical calculation even can ob-
tain some results which the experiment methods cannot arrive at. For
example, the first principles can calculate the static diffusion barriers
on complex surface, even under the stress field [12–14]. Molecular dy-
namic (MD) simulation not only traces the dynamical trajectories of
adatom and clusters on various complex surfaces, but also gives the
available diffusion mechanisms directly, especially for more complicat-
ed diffusion processes, such as detailed steps during the nucleation
[6,8,15,16]. In atomic level, kinetic Monte Carlo (KMC) simulations
have been used successfully to study qualitative, even quantitative be-
havior of growth in limited cases in long time scale [17,18], whose
rates are ideally obtained from first principles and MD calculations
[19,20]. Although a lot of experimental and theoretical results are now
available on the dynamic diffusion behaviors of adatom and clusters
on perfect surfaces, rather little is known about the dynamic behaviors
of adatomnearby the step. Based on the TSKmodel, the diffusion behav-
iors of adatom nearby the step play a key role for the surface morphol-
ogies of film in epitaxial growth experiment.

Palladium (Pd) is a rare metal, which has wide application in cataly-
sis and hydrogen storage [21–23]. However, there is a considerable lack
of studies about nucleation and growth mechanism that controlled the
surface morphology which significantly affects the catalytic capability
itself [24–26]. In this series of papers, the atomic self-diffusion dynamics
behaviors relevant to nucleation and growth mechanism on perfect
Pd(001) and Pd(111) surfaces had been studied [27,28], and the corre-
sponding diffusion mechanisms had been discussed. In this study, we
investigate atomic self-diffusion behaviors relevant to 2D homoepitaxy
growth on the stepped Pd(001) surface with the combination of MD
method, nudged elastic band (NEB) method and a modified analytic
embedded atom method (MAEAM) developed from the analytic em-
bedded atommethod by Hu [29]. Finally, we analyze quantificationally
the impact of the step and kink on Pd(001) surface in an epitaxial
growth experiment at T = 300 K.

2. Computational methodology

In this paper, the interactions among Pd atoms are described by the
MAEAM potentials. The corresponding details and parameters can be
found in Refs. [29–31], and MAEAM potentials have been successfully
applied in the calculations of nanoparticles and bulk materials
[29,32–35]. Recently our researches [32,36,37] have indicated clearly
that the MAEAM combined with the MD simulations is a powerful
tool for studying the phenomenon of the self-diffusion on themetal sur-
face. Using identical Pd MAEAM potential parameters and MD simula-
tions, the migration energy (Em = 0.62 eV) of the single Pd adatom on
Pd(001) surface has been deduced from the Arrhenius law in the
range from 600 to 900 K [27], which is in good agreement with the ex-
perimental result (Em = 0.60 eV) [38], and the diffusion dynamics be-
haviors about 2D clusters on Pd(111) surface, the surface energy and
the vacancy migration energy [28] are in good agreement with other
theoretical data [39–41]. These results indicate that Pd MAEAM poten-
tial parameters can provide a reasonable description of surface dynam-
ics properties.

Our systems which are shown in Fig. 1 are the Pd(001) slabs with
enough thickness in the z direction, normal to the surface. On the sur-
face plane, where periodic boundary conditions have been applied, the
size of the slab is 12 rows and 16 columns, as illustrated in Fig. 1(a).
The top layer of slab consists of a smaller terrace of 8 columns,
delimiting a step along [110] direction on Pd(001) surface, as shown
in Fig. 1(b). And then, half of the atoms in the rightmost atomic column
are removed on the top layer, forming a typical kink, as illustrated in

Fig. 1(c). The slabs used here are large enough so that the finite size ef-
fects, which have been tested, can be ignored in the present cases. The
six-value Gear predictor–corrector algorithm and the Nosé constant-
temperature technique are employed during the MD simulations. For
diffusion dynamics behavior of Pd adatom along compact [110] direc-
tion, an adatom is placed on the step of the slab first, under the condi-
tions of constant temperature and constant volume (NVT ensemble),
and then the MD simulation at desired temperature is done. The classi-
cal equations of motion are solved by the standard Verlet algorithm
with a time step of 2 fs. Data are recorded after a thermalization of
10,000 steps, which are enough to achieve equilibration. After that the
simulation is performed for a considerable number of steps, of the
order of 107, in order to accumulate reliable statistical data.

In the present work, the static energy barriers (Es) of atomic diffu-
sion are calculated by using quenched MD and the NEB method
[42,43]. At 0 K, quenched MD consists of canceling the velocity of a par-
ticle whenever its product with the force acting on the particles is neg-
ative. The NEBmethod allows one to find theminimum energy path for
a rearrangement of a group of atoms from a given initial position to a
given final position and to estimate the static energy barriers of a diffu-
sion process. The initial and final states are determined from quenched
MD simulation. Ea is defined as Ea= Esad− Emin, where Esad and Emin are
the total system energy with the adatom or dimer at the saddle point
and at the initial or final site, respectively.

3. Results

3.1. Self-diffusion dynamic behavior along the [110]-direction step

When a Pd adatom is placed at the step of slab, the adatom vibrates
in fourfold equilibrium site because of the thermal fluctuations. Move-
ment of the adatom away from the step at the low temperature range
is very difficult because it requires breaking more bonding with sur-
rounding atoms. Essentially, this is a process where a two-dimensional
cluster containing (N + 1) atoms dissociates a cluster containing N
atoms and a dissociated adatom, and the adatom needs to overcome
binding coming from the cluster except for spanning the surface saddle,
which requires much higher energy. If an adatom always diffuses along
the [110]-direction step in a certain temperature range, the self-
diffusion dynamics behavior can be derived from the Einstein equation
and Arrhenius law.

A Pd adatom is placed at the step of slab as shown in Fig. 1(b). MD
simulations are performed in the temperature range from 875 to 975
K with the interval of 25 K, and the simulation time varied from 20 to
30 ns according to the simulation temperature. The lower end of the
range corresponds to the limit for appropriate diffusion mobility by
way of economizing computation time, while the upper end of the
onset of the surface disordering, such as the disordering of step atoms,
spontaneous creation of adatom-vacancy of step atoms, adatom away
from the step, and so on. The detailed analysis of the trajectories
shows that Pd adatom diffuses along the [110]-direction by bridge hop-
ping mechanism in the temperature range from 875 to 975 K, in con-
trast to the simple exchange mechanism with the substrate atoms on
Pd(001) terrace [27,44–46]. With simulation temperature increasing,
when T=1000K, a little diffusion events away from the [110]-direction
step appear by exchange mechanism with substrate atoms, and the ex-
change direction is along the [001]-direction. The diffusion dynamics
equation between 875 and 975 K is shown in Fig. 2; the corresponding
prefactor andmigration energy are 5.2 × 10−2 cm2/s and 0.76 eV. Com-
paredwith the adatom's prefactor (D0= 6.2–8.7× 10−1 cm2/s) andmi-
gration energy (Em = 0.63 eV) on Pd(001) terrace, not only is the
migration energy along the [110]-direction step more than 0.13 eV,
but also is the prefactor lower than 1 order of magnitude. Therefore,
the adatom diffusion is more difficult along the step than on Pd(001)
terrace at the same temperature. In other words, once a Pd adatom
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