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Abstract. Collision processes between a single gold atom and a gold cluster are investigated by means
of ab initio techniques. The targets we consider are minimum energy 13 gold atom clusters. The kinetic
energy of the projectile and its impact parameter are chosen within a range such that the three regimes
we are mainly interested in studying (fusion, scattering and fragmentation) are realized. The results of the
collision processes are treated using density functional theory molecular dynamics (DFT-MD), analyzed
in detail, and compared with previous work, which was carried out using phenomenological potentials and
classical molecular dynamics. The differences between classical MD and DFT-MD are quite significant.

1 Introduction

The study of nanostructures is a subject of widespread
attention for scientists and industry alike [1]. In particular,
experimental and theoretical physicists and chemists have,
in recent years, created the tools and equipment to develop
a reliable and relevant description and understanding of
nanoparticles. On the other hand, the interest in our focus
of attention, namely gold clusters, is long dated since they
have been used for centuries in colloidal suspension (to
stain glass). The interest in the physics and chemistry of
gold nanoclusters continues to this date; as an example
we mention the recent studies of catalytic activity of gold
nanoclusters in the selective CO oxidation [2,3].

On the theoretical front ab initio procedures are now
capable of providing incisive insights into the properties
of both bulk and nano-sized systems. In addition, novel
and sophisticated nanostructure fabrication, manipulation
and measurement techniques have given impetus to ex-
periment, and reliability to a large wealth of experimental
data, which in time has led to a significant amount of tech-
nological applications and a large variety of devices. All
in all the activity in the nanoworld has received a strong
stimulus, with nanoclusters playing an important role be-
cause of their special properties, quite different from the
ones the same elements exhibit in the bulk, and because
they can be used as building blocks of novel nanostruc-
tured materials and devices.

Several years ago some of the authors of this paper
already tackled the problem of gold cluster collisions us-
ing classical molecular dynamics [4] in combination with
Foiles et al. [5] phenomenological potentials. In the mean-
time both the increase in the number crunching capacity
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of present day computers and the improvement and re-
finement of the available first principle codes, has allowed
us to partially reexamine our own results using ab initio
methods. In principle, one does expect ab initio proce-
dures to be the definitive tool to handle this type of clus-
ter collisions; however, it is still not feasible (or at least
not practical) to implement such ab initio calculations for
large clusters. Andersen et al. [6–8], not so long ago, pro-
vided an exhaustive review of the literature which covers,
among many other topics, description of ab initio treat-
ments and analysis of its results, ranging from the simplest
case: a proton colliding a hydrogen atom (H+ + H), all the
way to collisions between clusters of strontium and noble
gas clusters.

More recently, collisions of rather large clusters have
been simulated by means of classical molecular dynam-
ics in combination with Lennard-Jones, and also with
more elaborate phenomenological potentials. Kalweit and
Drikakis [9] used Lennard-Jones potentials to investigate
the collision dynamics of clusters as large as 11 000 atoms
to probe these systems near the hydrodynamic limit
(droplet collisions). Mariscal et al. [10] used embedded
atom type potentials to study collisions of two different
chemical species to investigate the formation of binaries
(Pt-Au, Pd-Au and Cu-Ag). Alamanova et al. [11] im-
plemented a similar scheme to calculate the dynamics of
Cu-Cu nanocluster collisions.

Our present aim is an ab initio study of the collision
of a single gold atom with a Au13 cluster target, using
density functional theory (DFT) techniques. Our goal is
to obtain a detailed quantum mechanical description of
the dynamics of the collision process and to contrast this
dynamics with the results we obtained previously with
phenomenological potentials [4].
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This paper is organized as follows: after this introduc-
tion, the method and computational details are presented
in Section 2. Next the choice, characteristics and speci-
fication of the target cluster are given in Section 3. The
energy and impact parameter dependence of the collision
are described and analyzed in Section 4, while the impact
dynamics is discussed in Section 5. In Section 6 we dis-
cuss the consequences of incorporating magnetic effects.
Finally, in Section 7, we draw conclusions and close this
paper.

2 Method and computational details

Gold cluster collisions are simulated using the DFT for-
malism [12,13] as implemented in the VASP code [14–16].
In order to avoid self-interactions, or even worse, spurious
interactions between fragments scattered after the colli-
sion, we use the largest possible simulation cell (i.e. com-
patible with our computational resources, that is a cube
of sides close to 20 Å). In addition, we treat the frag-
ments separately when their interaction becomes negligi-
ble. PAW pseudopotentials [17] and PBE [18–20] for the
exchange-correlation, are used. The energy cutoff was set
to 230 eV. The targets we choose are Au13 clusters. For-
tunately, these gold clusters, as well as different size ones,
have been widely studied and reported in the literature at
the DFT level [21–33], and we made sure that our initial
set of parameters yield an adequate description of them.

Although our targets are nonmagnetic the atomic re-
arrangement during the collision process can give rise
to magnetic behavior. Thus, we carried out some spin-
polarized calculations (explained in detail below) in order
to check the relevance of magnetic effects in our calcu-
lations. However, in this context, they turned out to be
negligible and thus we only report detailed results for non
spin-polarized configurations.

The collisions are setup as follows: first we choose a
proper collision target (i.e. a cluster in the minimum en-
ergy configuration) which is positioned at the origin of the
simulation box. The projectile is located some distance
away from the cluster and impinges orthogonally on the
target. We limit our attention to Au13 clusters aligned in
such a way as to maximize their cross sections. The impact
parameter b is measured in Å units relative to the cluster
center of mass, and is positive (negative) above (below)
the center of mass of the clusters illustrated in Figure 1.
The target, which will be described in detail in Section 3,
has no initial center of mass velocity and no vibrational
energy (i.e. T = 0 K). Next, a gold atom is placed at
≈8.5 Å from the nearest target atom. The projectile car-
ries a kinetic energy Ek and flies toward the target with
an impact parameter b, for a time of 2 ps, conserving the
total energy (i.e. the simulation is carried out in the micro-
canonical ensemble). This way the system initially evolves
freely during 2 ps, just constrained by energy conserva-
tion.

After the collision takes place, and depending on the
values of both Ek and b, we contemplate one of the follow-
ing three scenarios: fusion of target and projectile, target

13 AuAu 13
A B

CM

CM

Fig. 1. (Color online) The AuA
13 and AuB

13 configurations used
in our calculations. The projectile is located some distance
away from the plane that is illustrated and impinges orthog-
onally on the target. The impact parameter b is measured in
Å units relative to the cluster center of mass (CM), and is
positive (negative) above (below) CM.

fragmentation, or projectile scattering. It may be worth
mentioning that at least another possibility does exist:
evaporation, but the simulation times involved in this
physical process are beyond the scope of our computa-
tional resources. Certainly, after the collision takes place
the target is left in an excited (high temperature) state
and to systematize our analysis of the data it is necessary
to get rid of this excess excitation energy. Thus, finally
we simulate a radiation process, or cooling down of the
system after collision, by linearly rescaling the atomic ve-
locities until they reach room temperature, which takes
an additional time of around 3 ps.

3 Target cluster

Our first task, in order to carry out a proper simulation,
is to select a physically realistic collision target. Thus, we
search for the minimum Au13 configuration by a method
described elsewhere [34], obtaining the structure denoted
as AuA

13 in Figure 1 as the most stable conformation. How-
ever, we also decided to use the lowest energy configu-
ration of Au13 reported in the literature [31–33], which
corresponds to AuB

13 (see Fig. 1), and has the peculiarity
of being planar and lies ≈0.5 eV below the AuA

13 energy.
Since at this time the AuB

13 conformation is the putative
groundstate we focused most of our efforts on it.

An additional issue of interest is to determine the dif-
ferences between a collision of a gold atom with a planar
and a 3D target. Thus, we carry out simulations for both
type of targets (i.e. AuA

13 and AuB
13 clusters). It should be

mentioned that recent studies on Au clusters, including
spin-orbit coupling terms, showed that relativistic effects
do not change the relative stability among planar and 3D
Au clusters [31,32]. As can be seen in Figure 1 both targets
are not rotationally invariant. Thus, in order to avoid an
excessively large number of time consuming calculations,
we limited our attention to Au13 clusters aligned in such
a way as to maximize their cross sections. The magnetic
moment of both AuA

13 and AuB
13 is μ = 1 μB. However,

if the calculation is carried out for the μ = 0 state the
energy difference with the μ = 1 μB state turns out to be
tiny.
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4 Energy and impact parameter dependence

The dependence of the scattering process on the impact
parameter b and the kinetic energy Ek of the projectile, are
illustrated in Figure 2 for the AuB

13 configuration and in
Figure 3 for the AuA

13 configuration. As mentioned above
we limit our interest to three scenarios: fusion, scattering
and fragmentation. Other outcomes are certainly possi-
ble but for the time being we just consider these three
regimes which are the most likely ones. In both figures
these three regimes (fusion, scattering and fragmentation)
are enclosed by red (continuous), blue (short dash) and
green (long dash) frames, respectively.

When the projectile impinges on the AuB
13 configura-

tion it is apparent that, within the parameter space that
we investigated, fusion (red continuous frame) is the dom-
inant collision outcome and it occurs for a large combina-
tion of b and Ek values. Even for b = 4 Å and Ek = 9 eV an
isolated fusion event is observed in an otherwise fragmen-
tation dominated region. This is in contrast with the clas-
sical molecular dynamics results summarized in Figure 7
of the paper of Rogan et al. [4], where a much stronger
tendency towards fragmentation is quite apparent. Upon
inspection of the movies of the DFT collision process one
realizes that charge transfer between the atoms plays a
key role. Actually, one observes atoms “trying” to aban-
don the cluster but they are pulled back by electrostatic
interactions. Thus, we conclude that a quantum descrip-
tion of the collision process is difficult to avoid.

Fragmentation (green long dash frame) is the second
most frequent outcome, and it occurs preferentially for
larger energies and for the projectile impinging in the
vicinity of the center of mass of the cluster. In the frag-
mentation region of Figure 2 isolated black circles indicate
that single atoms have broken away from the cluster. Two
contiguous black circles indicate that a dimer is ejected.
Illustrations of the outcomes of collision against the 0.5 eV
higher energy 3D AuA

13 structure, given in Figure 3, show
similar tendencies, i.e. fusion continues to be dominant,
even more so than before. Scattering (blue short dash
frame) instead is mainly the consequence of large impact
parameter collisions and is of rather low occurrence. More-
over, the large variety of the resulting structures, illus-
trated in Figures 2 and 3, is quite remarkable and has
important implications as a novel method to generate a
bank of diverse configurations, in the process of searching
for minimum energy structures [34].

In Figure 4 we illustrate the transfer of energy between
the projectile and the AuB

13 target. Or, in other words, the
efficiency of the fragmentation process as a way of cooling
the cluster. In spite of the diversity of the results it is pos-
sible to draw several conclusions. For impact parameters
b = 6, 5, 1,−3,−4 Å the fragmentation process is very ef-
fective, the projectile hits one of the cluster atoms head on
and this atom is detached. This occurs mainly when the
impact is with atoms located on the cluster perimeter, or
when the projectile collides an atom head on and replaces
it (b = 1).

In the rest of the cases fragmentation is not a sim-
ple instantaneous process; on the contrary, it implies the

rearrangement of the atoms, mainly in the vicinity of the
released fragment. This atomic reordering implies a signif-
icant amount of energy and fragmentation is insufficient
to cool down the cluster. They correspond to rather large
energy events, mainly the ones displayed on the right hand
side of Figure 2. Finally, there are several cases for which
there is no fragmentation, the projectile does not impinge
head on on a particular atom, and what follows is pro-
jectile scattering and an energy redistribution all over the
cluster.

In order to understand why the projectile energy Ek

required to generate fragmentation is such a discontinu-
ous function of the impact parameter b, we illustrate in
Figure 5 how the process develops for several different b
values. Except for minor changes the way the collision de-
velops is rather insensitive to the magnitude of Ek. We
observe that for b = −2 Å the force induced by the pro-
jectile is limited to basically two atoms, which in turn
interact with their neighbors with the consequent spread
of the energy over the whole cluster, thus avoiding frag-
mentation. If instead the projectile hits orthogonally the
planar cluster just 1 Å lower (b = −3 Å) a force compo-
nent is generated mainly on a single atom, which is signif-
icantly displaced perpendicular to the cluster plane, and
consequently a kinetic energy of just 3 eV is sufficient to
break up the cluster. This is similar to the b = −4 Å case,
except that the in plane component effectively generates
some buckling of the cluster which hinders fragmentation.
Finally, for b = −5 Å a force towards the cluster center
develops, which in turn generates a repulsion of the pro-
jectile that is scattered away from the cluster.

5 Impact dynamics

The potential energy during the evolution of the collision
process in time is also a matter of interest and here we
discuss two special, but quite representative, cases. As
expected initially, when the projectile is far away from
the target, the potential energy remains constant until
projectile-cluster attraction becomes significant and there
is an increase of the kinetic and a reduction of the poten-
tial energy, until the first minimum of Figure 6 is reached.
Right afterward repulsion appears, since the projectile is
too close to the target, and a significant increase of poten-
tial energy leads to a potential energy maximum. Next a
slightly different dynamics for AuA

13 and AuB
13 takes place.

While for the latter an atom is immediately expelled, the
former cluster has to transfer forces to the second layer
(second maximum in the figure) before expelling an atom
and in this way reducing the potential energy of the sys-
tem. However, this atom carries less kinetic energy than
the incident projectile, while the energy difference sets the
cluster in oscillation.

6 Magnetism and electronic states

Magnetism, and the underlying electronic structure that
determines the characteristics of the magnetic behavior,
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Fig. 2. (Color online) AuB
13 configurations after heat radiation. The impact parameter b, indicated at the left in Å units, is

measured relative to the center of mass of the target. The kinetic energy of the projectile Ek is given at the top in eV units.
The red (continuous), green (long dash) and blue (short dash) frames denote fusion, fragmentation and scattering, respectively.
In the fragmentation region two isolated black circles indicate that two single atoms have broken away from the cluster. Two
contiguous black circles indicate that a dimer is ejected. No black circle in the fragmentation region implies the ejection of one
gold atom.
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Fig. 3. (Color online) AuA
13 configurations after heat radia-

tion. The impact parameter b, indicated at the left in Å units,
is measured relative to the center of mass of the target. The
kinetic energy of the projectile Ek is given at the top in eV
units. The red (continuous), green (long dash) and blue (short
dash) frames denote fusion, fragmentation and scattering, re-
spectively.

are also issues of interest. Thus, we carried out some spin
polarized electronic state calculations to investigate the
relevance that magnetic phenomena have in our context.
In Figure 7 we display, for two representative cases, the
magnetic moment μ of the whole system (target + projec-
tile) as a function of time. The moment μ is carried either
by the projectile or the expelled fragment. The values of
Ek and b used here are the same as in Section 5. For AuA

13

we observe that the magnetic moment μ is quenched as
the projectile reaches the vicinity of the cluster. But, when
the atom is expelled μ recovers, apart from an irrelevant
change of sign, its original magnitude. On the contrary,
for AuB

13 we notice that the value of μ first increases and
then is quenched by the interaction. However, the ejected
atom looses completely its magnetic moment. In order to
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Fig. 4. (Color online) Projectile kinetic energy difference, be-

fore and after collision Ek − E
(out)
k , as function of the original

kinetic energy Ek for the values of the impact parameter b in-
dicated in the inset. The b = −1 and −2 cases are omitted
since they correspond to simple fusion processes. The lines are
a guide to the eye.

Fig. 5. (Color online) Details of the collision, with illustrations
of the force vectors, for several values of the impact parame-
ter b measured in Å units. The energy Ek = 7 eV, but the
tendencies illustrated are only weakly dependent on Ek. The
projectile (colored red) approaches the target from right to
left. As can be seen by inspection of Figure 2 the b = −2 cor-
responds to fusion, b = −3 and b = −4 to fragmentation and
b = −5 to scattering.
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tative cases.
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Fig. 7. Total magnetization μ before, during and after the
collision, for two representative cases.

Fig. 8. (Color online) Energy levels before (I), during (II) and
after the collision (III), for the AuA

13 cluster. The colors label
the majority (red continuous) and minority (blue dashed) spin
levels. In region I (III) the projectile (expelled atom) energy
levels are denoted by + symbols.

understand the contrast between these two different be-
haviors we plot, in Figures 8 and 9, the time evolution of
the up and down energy levels, during the collision process
both for AuA

13 and AuB
13. At t = 0 (region I) both cases

are similar, i.e. the projectile energy eigenvalues are the
same, as expected. As the projectile approaches the target
its energy eigenfunctions start to hybridize with the tar-
get ones and rapidly evolve during the collision process,
denoted as region II in Figures 8 and 9.

Once the projectile leaves the vicinity of the cluster (re-
gion III) its energy eigenvalues approach constant values,
but the AuA

13 and AuB
13 clusters exhibit a significantly

different behavior during (region II) and after the colli-
sion takes place (region III). While the AuA

13 projectile
eigenvalues are not altered by the collision (except for an
irrelevant sign change), the AuB

13 projectile reaches new
constant energy eigenvalues. The outgoing atom is scat-
tered into an excited state while a strong s–d hybridization
is preserved after the atom leaves the main cluster. This
hybridization causes a complete degeneration of the en-

Fig. 9. (Color online) Energy levels before (I), during (II) and
after the collision (III), font the AuB

13 cluster. The colors label
the majority (red continuous) and minority (blue dashed) spin
levels. In region I (III) the projectile (expelled atom) energy
levels are denoted by + symbols.

Fig. 10. (Color online) Charge redistribution Δρ(r) = ρ(r) −
ρatomic(r), where ρ and ρatomic are the charges of the system
after scattering and the superposition of the atomic charges of
14 non-interacting gold atoms, respectively. The AuB

13 atoms
correspond to the horizontal blue spots, the fragmented atom
is the orange-yellow circle on the lower left. The units of Δρ(r)
are electrons per Å3.

ergy levels thus generating a spurious nonmagnetic state.
Also, in region II inspection of Figures 8 and 9 display
quite different behaviors. While in Figure 8 a clear cut
hybridization process is apparent, a sharp discontinuity is
observed in Figure 9 which reflects the formation of a sort
of virtual bound state between the projectile and an atom
of the target. This energy is subsequently transferred to
the rest of the atoms in the cluster, generating the energy
oscillations observed in region III of Figure 9, accompa-
nied by a significant increase of the HOMO-LUMO gap.

Clearly, the s–d hybridization here plays a central role,
as already pointed out by Häkkinen et al. [33], which must
be reflected in the charge rearrangement. To underline this
point we have plotted, in Figure 10, the charge redistri-
bution Δρ(r) = ρ(r)− ρatomic(r), where ρ and ρatomic are
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the charges of the converged system after scattering and
the superposition of the atomic charges of the 14 non-
interacting gold atoms. The plane we have chosen is the
one formed by the fragment, the projectile and the widest
region of the AuB

13 cluster. We observe that the charge
density of the projectile after collision differs from the
groundstate showing a displacement of charge towards a
region farther away from the nucleus (dark orange ring on
the lower left hand side).

7 Conclusion

In summary, we report on the study of the collision of
a gold atom impinging on a Au13 cluster, carried out by
means of ab initio techniques. The minimum energy con-
figurations of Au13 are almost planar and, for the time
being, we have limited our interest to collisions where
the projectile impacts orthogonally the cluster plane. The
present work constitutes a new look at a problem treated
some time ago by means of classical molecular dynam-
ics [4] and the results turn out to be significantly different,
which shows unambiguously that quantum effects cannot
be ignored in these processes. This is due to the fact that
classical computations do not include the possibility of
charge transfer between the colliding atoms, which once
included significantly favors fusion over fragmentation of
projectile and cluster, in relation to classical molecular
dynamics.

The dynamics of the collision is determined by the pro-
jectile kinetic energy and mainly by its impact param-
eter. Among the three regimes that we investigated in
detail (fusion, scattering and fragmentation) and within
the parameter space we investigated (i.e. the magnitude
of the kinetic energy and the impact parameter) fusion
is dominant and fragmentation the second most frequent
outcome. Scattering instead is mainly the consequence of
large impact parameter collisions and is of rather low oc-
currence.

By carrying out spin polarized calculations we also in-
vestigated the relevance that magnetic phenomena have
in the proper description of cluster collision processes,
finding out that the inclusion of magnetic effects leads
to rather minor differences.

The rich diversity of the cluster structures generated
by collisions strongly suggests that this type of treatment
has the potential to be a powerful tool in the search of
putative minimum energy cluster configurations.
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