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A B S T R A C T

The complexity of adatom diffusion on the Al (1 0 0) surface is reflected by the existence of several low-energy
non-trivial atomic exchange or vacancy formation mechanisms involving concerted motion of several (3–7)
atoms. Interestingly, these mechanisms have energy barriers lower than or comparable to that of the simple (and
intuitive) hopping mechanism commonly observed on other surface facets. While prior studies mainly used
classical potentials to understand diffusion processes active on Al (1 0 0) surface, here we use accurate (and
expensive) density functional theory (DFT) computations to estimate barriers associated with nine low-energy
and non-trivial adatom diffusion mechanisms. We find that there exist several exchange mechanisms with energy
barriers less than or equal to that of the trivial hop mechanism. Furthermore, several of the atomic exchange
mechanisms have barriers within 0.2 eV of that of the simple hop, thereby highlighting mechanisms that can be
relevant during surface/crystal growth. Our results paint a highly complex picture of the diffusion landscape on
Al (1 0 0) and provide insights into how such mechanisms may contribute toward large length- and time-scale
surface phenomena. The results presented in this work may also have implications for other fcc metals. Further,
we show that some of the commonly used interatomic potentials fail to accurately capture the details of adatom
diffusion on Al (1 0 0). The presented benchmark DFT dataset can thus be utilized to parameterize/retrain such
potentials.

1. Introduction

Accurate surface dynamics of materials has become crucial due to
its relevance in technologically relevant applications, such as catalysis,
thin films, crystal growth and functional nano-materials. Although ex-
periments based on field-ion microscopy (FIM) and scanning tunneling
microscopy can be used to elucidate surface diffusion mechanisms and
rates, the information available from these instruments is often limited
in spatial and temporal resolution [1]. Computational methods based
on density functional theory (DFT), on the other hand, allow us to es-
timate the energy barriers and reaction rates associated with plausible
diffusion mechanisms. Typically, numerical approaches such as the
nudged elastic band method (NEB) are used in conjunction with DFT to
discover how energy pathways and transition state structures.

Self-diffusion of adatoms on the (1 0 0) surface of FCC metals is one
particularly interesting problem [2,3]. For some metals, such as Al, Pt,
Pd and Au, the adatom is known to diffuse by an exchange mechanism
[4] (see Fig. 1a) where an adatom pushes a surface atom up onto the

surface, taking its place in the process. In contrast, for Cu and Rh, the
adatom diffuses through a simple (and intuitive) hopping mechanism
(see Fig. 1d) from one 4-fold site to next [5]. Furthermore, a multitude
of non-trivial low-energy diffusion mechanisms have been shown to
exist in the case of Al (1 0 0) surface [4,6–9]. The complexity of such
mechanisms can be seen in Fig. 1. Besides exchange mechanisms being
preferred over the hopping mechanism, past studies have also shown
that some complex vacancy-based mechanisms (Fig. 1f, e) [6,7] have
similar energy barriers to that of the intuitive hop. Such mechanisms
have only been studied with classical parameterized potentials, how-
ever, and the question regarding which processes dominate the (1 0 0)
crystal growth is yet to be answered.

The present study re-addresses and re-assesses the previously stu-
died (using classical potentials) energy barriers of nine Al (1 0 0) sur-
face diffusion mechanisms [6] using DFT, thus providing a robust
benchmark for future similar studies. Nine mechanisms were chosen as
they have been predicted to have relatively low energy barriers while
capturing the diversity of the various processes, ranging from simple
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exchange and hop to concerted multi-atom exchange and defect for-
mations. We find that the 4-fold adatom hop does indeed have a po-
tential energy barrier roughly three times that of the adatom-surface
exchange, agreeing well with previous studies [10,11,4,8,9]. Further,
our results suggest that there exist three exchange mechanisms with
barriers lower than that of the 4-fold hop, as well as a number of highly
complex exchange mechanisms with barriers within 0.2 eV of the 4-fold
hop. We also find two vacancy formation mechanisms with similar
barriers to the simple hop. Overall, these results paint an interesting
picture where complex exchange/vacancy formation mechanisms
dominate the surface diffusion on Al (1 0 0), which are expected to play
a critical role during temperature aided processes such as crystal
growth.

In addition to providing a benchmark set of results pertaining to
complex adatom diffusion mechanisms on the Al (1 0 0) surface, this
work also reveals some of the deficiencies of known classical intera-
tomic potentials. In particular, we show that some of the routinely used
embedded atom method (EAM) based potentials do not consistently
reproduce the DFT energy barriers for some mechanisms. While some
barriers are correctly captured, others are overestimated, which may
impact the results of dynamical simulations. The DFT data generated in

this work can be used to develop/train better potentials (both classical
or machine learning based [12–14]) that accurately capture this com-
plex surface science phenomenon.

The outline of this paper is as follows. First, a detailed description of
the nine mechanisms studied in this work is provided. The computa-
tional details are discussed next. The primary results are then pre-
sented, showcasing the various minimum energy pathways predicted by
DFT and the Voter [15], Liu [16] and Mishin [17] EAM potentials. We
then conclude by discussing the implications of this work, and high-
lighting a pathway for how this data can be used for a variety of other
large-scale computational methods.

2. Theoretical methods

2.1. Al (1 0 0) surface diffusion mechanisms

We have created a catalog of nine mechanisms, varying in both
energy and physical complexity, guided by previous work [6,7,18].
These nine mechanisms involve atomic exchange, hopping, and va-
cancy-formation, all involving the same initial configuration of a single
adatom on an otherwise clean (1 0 0) surface. All nine mechanisms are

Fig. 1. The top and perspective views of the nine surface diffusion mechanisms studied in this work. Moving from left to right, the initial, mid-point, and final
configurations along the reaction pathway are presented in each view. The atoms are colored corresponding to their height along the surface normal to serve as a
guide to the eye. For each mechanism, relevant atoms are numbered to help track their trajectory, and red arrows are used to indicate current trajectory of the atoms.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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described in detail throughout this section. The mechanisms are labeled
a–i in the order of increasing barrier height; a corresponds to the lowest
and i to the mechanism with highest barrier energy. In the case where
multiple barriers exist along a given pathway, the largest among them is
reported as the barrier corresponding to that mechanism. All nine
mechanisms are illustrated in Fig. 1.

Mechanism a corresponds to the previously discussed two-atom
exchange involving an adatom and a surface atom. The adatom pushes
a surface atom up onto the surface, taking its place in the process.
Mechanism b is a 3-atom exchange where an adatom pushes its way
into the surface, causing 2 surface atoms to move within the surface
plane until the furthest surface atom involved in the exchange is pushed
up onto the surface as an adatom. The most simple and intuitive me-
chanism considered in this work is Mechanism c which involves an
adatom hopping from one 4-fold site to another, as stated earlier.
Mechanism d is a 4-atom exchange where an adatom pushes its way
into the surface, causing 3 surface atoms to move in a line, within the
surface plane, until the furthest surface atom is pushed onto the surface
as a new adatom.

Mechanism e is a highly complex set of atomic exchanges where
various atoms swap positions. This mechanism, as dilettante as it may
sound, is reminiscent of a game of musical chairs. The adatom first
exchanges with a surface atom, which in turn exchanges, within the
surface plane, with a neighboring atom. This process of surface-plane
exchange continues in a circular path until the original adatom is pu-
shed back atop the surface to its original position. While the adatoms
initial and final positions remain constant, the various surface atoms
involved have all exchanged places. This mechanism is arguably the
most structurally complex of the nine mechanisms considered here, as
reflected by the presence of multiple saddle points along the potential
energy surface (PES), to be discussed later (see Fig. 2).

Mechanism f is a 2-part exchange and vacancy creation involving 5
atoms. The first process involves an adatom exchanging with its nearest
surface atom, which in turn exchanges with a neighboring surface atom,
pushing that atom onto the surface. This process is identical to me-
chanism b. The second part of this process involves 3 surface atoms
exchanging, one of which gets pushed onto the surface. This ultimately
creates 2 adjacent adatoms, and a surface vacancy.

Mechanism g is a vacancy formation mechanism involving a surface
atom pushing upon an adjacent surface atom on top of the surface. This
new adatom sits adjacent to another adatom. Mechanism h involves 4
surface atoms rotating parallel to the surface plane, similar to that of a
spinning windmill. At the center of the axis of rotation for the 4 surface
atoms exists a 4-fold site. An adatom is located two 4-fold sites away,
following any arbitrary straight path. The adatom is not directly in-
volved in the mechanism, but does exert its influence by keeping all
exchanging atoms to the surface plane.

Mechanism i involves two surface layers rather than one. An atom
on the second layer pushes an atom above it until that atom eventually
makes its way above the surface as an adatom, where the second layer
atom now takes its place. Having a vacancy now formed in the second
layer, another adatom pushes down on a surface atom, which in turn
rushes to fill the vacancy, with the second adatom taking its place.
Images and movies were rendered using the Ovito software package
[19]. All data pertaining to this work are available at our data re-
pository, Khazana (https://khazana.gatech.edu).

2.2. Computational details

The energy barriers for the aforementioned surface diffusion

mechanisms were studied using DFT and EAM to allow for a systematic
and consistent comparison. The DFT calculations were performed on a
4-layer slab containing 101 atoms, plus any adatoms. The bottom layer
remained fixed, giving the impression of a bulk-like region. All DFT
calculations were done using the Vienna Ab Initio Simulation Package
(VASP) [20,21]. The Perdew-Burke-Ernzerhof (PBE) functional [22]
was used to calculate the electronic exchange-correlation interaction.
Projector augmented wave (PAW) potentials and plane-wave basis
functions up to a kinetic energy cutoff of 500 eV were used [23]. All
projection operators (involved in the calculation of the non-local part of
the PAW pseudopotentials) were evaluated in the reciprocal space to
ensure further precision. The NEB routine [24,25], along with the
climbing image method [26] in the Transition State Tools package, was
used with DFT energy calculations to predict the lowest energy pathway
for each mechanism. Ionic relaxations were considered converged at an
energy difference of 10 2 eV, and the electronic convergence was ter-
minated at an energy difference of 10 5 eV.

EAM calculations were performed using a 5-layer slab of Al (1 0 0)
containing 126 atoms, plus any adatoms. The bottom 2 layers remained
fixed, making this structurally identical to the DFT slab. As mentioned
earlier, three EAM potentials were considered (created by Voter, Liu,
and Mishin) [15–17], henceforth referred to as EAM-V, EAM-L, EAM-M.
EAM-V was chosen as it was used previously to predict the barrier
heights of all mechanisms considered in this work [6,7]. EAM-M was
chosen due to its popularity and ability to reproduce several mechanical
and thermal properties of Al [17,27,28], but lack of study with regards
to the surface behavior. Similarly, EAM-L was chosen owing to its
success in reproducing complex behavior in good agreement with DFT
[16].

All EAM calculations were performed using the Large-scale Atomic/
Molecular Massively Parallel Simulator (LAMMPS) [29]. Potential en-
ergy barriers were calculated using the NEB routine in tandem with the
climbing image formalism. Owing to relatively low computational cost,
a stricter convergence criteria of 10 5 eV/Å for forces and 10 8 eV for
energy were used.

For all levels of theory, barrier heights were calculated with respect
to the global barrier height, regardless of the number of local minima
along a given reaction pathway. Such a definition stems from the as-
sumption that the intermediate states can be assumed to be at steady
state. From this assumption it can be shown that the largest barrier will
dominate the overall reaction rate [30,31].

3. Results and discussion

3.1. DFT results

Fig. 2 showcases the minimum energy profiles for all nine me-
chanisms considered, while Table 1 and Fig. 3 summarize the potential
energy barrier heights. Some available literature results, also calculated
using DFT but with different exchange–correlation functionals, are in-
cluded and show good agreement with our computed values. We see
that the adatom-surface exchange, mechanism a, has a potential energy
barrier roughly 3 times less than that of the 4-fold adatom hop, me-
chanism c. As stated previously, mechanisms b and d also have a po-
tential barrier less than or equal to that of the 4-fold adatom hop.
Mechanisms e and f show a barrier within 0.2 eV of the hop, indicating
they could occur with similar frequency. Mechanisms g through i yield
substantially larger barriers and thus are predicted to occur less fre-
quently.
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3.2. EAM results

We again direct the reader’s attention to Table 1 and Figs. 2 and 3
for a detailed portrayal of transition state energies for the three EAM
potentials considered. It is evident from the results that the EAM cal-
culations show some level of deviation from DFT. EAM-V outperforms
the other two potentials. Although, it fails to accurately predict the

topology of the energy landscape when multiple local minima exist (e.g.
mechanisms e and f), the global barrier of such mechanisms is still
captured well. The most significant deviation from DFT is its under-
prediction of the 4-fold hop’s barrier, causing it to be the second lowest
barrier.

From Table 1 it can be observed that the overall trend in the com-
puted barriers of EAM-V in this work are over-estimated compared to
those reported from previous work. These differences can be attributed
to the surface unit cell area of the structures considered here. Previous
work has shown that the surface unit cell can have a significant impact
on the calculated potential energy barriers [5]. However, due to com-
putational limitations when using DFT, smaller surface unit cells, when
compared to previous work, are considered for all levels of theory to
ensure consistency. Another source of error can be attributed to how
the potential was implemented by different researchers; for example,
how the cutoffs were treated. Overall, the trend in barrier height is the
same for all EAM potentials, regardless of surface unit cell chosen, and
therefore the conclusions drawn regarding how such processes affect
the long time-scale behavior should remain consistent.

Fig. 2 clearly suggests that both EAM-L and EAM-M over-estimate
the energy barrier for almost all mechanisms. Naturally, due to this
inconsistency in barrier heights, the rate of occurrence of each of these
mechanism will be substantially lower than that predicted by DFT
during molecular dynamics simulations. Further, elevated temperatures
will be needed to activate these mechanisms. Interestingly, EAM-L and
EAM-M perform more adequately in terms of the nature of the PES for
the various mechanisms when compared to EAM-V (see Fig. 2b); for
cases with multiple DFT transition states, EAM-V predicts a single
transition state. Thus, no single EAM potential can completely describe
the complex nature of adatom surface diffusion on Al (1 0 0). Although

Fig. 2. Minimum energy profiles for all nine mechanisms studied in this work using DFT, and EAM-V,C, and M. Mechanisms are organized in the order of increasing
DFT potential energy barriers.

Table 1
Al (1 0 0) surface diffusion energy barriers, as computed using DFT, and EAM-V,
EAM-L, and EAM-M, for the nine mechanisms considered in this work. Past
computations are included in brackets.

Mechanism Type DFT (eV) EAM-V (eV) EAM-L (eV) EAM-M (eV)

a Exchange 0.27 0.30 0.63 0.81
(0.20 [4]) (0.23 [6])

b Exchange 0.63 0.63 1.00 1.04
(0.43 [6])

c hop 0.63 0.46 0.52 0.53
(0.65 [4]) (0.372 [6]) (0.48 [32])

d Exchange 0.68 0.66 1.20 1.16
(0.50 [18]) (0.41 [6])

e Exchange 0.75 0.84 1.42 1.60
(0.60 [6])

f Vacancy 0.81 0.88 1.19 1.05
(0.75 [6])

g Vacancy 0.89 0.90 1.05 0.95
(0.77 [6])

h Exchange 1.03 0.94 1.33 1.34
(0.70 [6])

i Exchange 1.22 1.04 1.38 1.49
(0.91 [6])
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further studies are required to establish the cause of discrepancy be-
tween DFT and EAM potentials, a simple explanation could be the in-
capability of the EAM functional form to account for the complex
nature of bonding present in these different surface phenomena.

3.3. Discussion

We first restrict the focus of our discussion to the implications of the
DFT results. The combination of complexity and low-energy barriers
seen here for exchange and vacancy-based mechanisms dwarfs that of
the hop-based mechanism. There can conceivably be a plethora of other
non-hopping mechanisms with potential barriers comparable to that of
the hopping mechanism c. Due to the fact that hopping is inhibited by
its large potential barrier, exchange mechanisms would appear to
dominate Al (1 0 0) surface diffusion. Vacancy creation and hopping
mechanisms appear to have similar barriers, and thus could occur with
similar probability during high temperature molecular dynamics si-
mulations.

This scenario could lead to vacancy-based mechanisms aiding
crystal growth under the appropriate conditions. Vacancy mechanisms
generate new adatoms by forcing surface atoms up onto the surface. In
dynamic environments some fraction of a given monolayer will be
composed of such atoms. Therefore, vacancy-based mechanisms could
influence properties such as the nucleation of islands. These mechan-
isms could also influence the rate of adsorbants onto the surface, as the
creation of new adatoms can lead to the depletion of active sites.

EAM potentials, with the exemption of the EAM-V potential, gen-
erally tend to over-estimate the energy barrier relative to DFT. Barrier
heights for all mechanisms and levels of theory are compared in Fig. 3,
highlighting the differences between DFT and EAM. These dis-
crepancies establish the need for more accurate interatomic potentials
that accurately capture the complexity of surface phenomena on Al
(1 0 0). Going forward, the data—surface diffusion barriers and
pathways—emerging from the present contribution can be used to
create better surface science oriented interatomic potentials (semi-em-
pirical, machine learning [12–14], etc.) that can be used to study large
length-scale and time-scale dynamics, such as nucleation and crystal
growth.

4. Conclusion

In summary, we have explored a variety of surface diffusion me-
chanisms of an adatom on the Al (1 0 0) surface using DFT, and three
different EAM potentials. Inspired from past studies, we considered nine
mechanisms that differ significantly in terms of their structural and
energetic complexity. Our DFT results suggest that multiple atomic
exchange mechanisms (involving concerted motion of 3–7 atoms) have
lower energy barrier than the simple (and intuitive) adatom hopping
mechanism, making the diffusion phenomena on (1 0 0) surface parti-
cularly unique. Further, we find several vacancy formation mechanisms
to have energy barriers comparable to that of the hopping mechanism.
Thus, at moderate temperatures, we predict vacancy formation me-
chanisms to serve as an energetically “inexpensive” way of adding
adatoms to free surface layers, which will play a crucial role in island
nucleation and crystal growth.

As modeling of large length- and time-scale phenomena such as
crystal growth are beyond the present capabilities of DFT, inexpensive
potentials that accurately capture diverse surface processes must be
used. However, as shown in this work, commonly used classical po-
tentials may have difficulties in accurately capturing the diffusion
mechanisms on the Al (1 0 0) surface, and thus, are consequently the
corresponding surface dynamics. Nonetheless, the DFT data generated
in this work could be used to parameterize such interatomic potentials
or force fields to correctly account for relevant diffusion mechanisms.

5. Data Availability

The raw data required to reproduce these findings are available to
download from https://khazana.gatech.edu. The processed data re-
quired to reproduce these findings are available to download from
https://khazana.gatech.edu.
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