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Abstract. The slowing down of Co1pAgig1 and Coass Agser nanoclusters on a Ag (100) surface is studied
at the atomic scale by means of classical Molecular Dynamics simulations. The slowing down energy,
0.25 to 1.5 eV /atom, is characteristic of low energy cluster beam deposition and aerosol focused beam
techniques. The two clusters differentiate by their size, stoechiometry and structure. While Co forms one
or several groups just beneath the cluster surface in Coi10Agi91, Co2ss Agso1 displays a core-shell structure
where Ag forms one complete monolayer around the Co core. As a consequence of the impact, the smallest
cluster undergoes deep reorganization and becomes fully epitaxial with the substrate. The larger one only
undergoes partial accommodation and partially retains the memory of its initial morphology. For both,
after impact, the Co forms one group covered by Ag. The substrate damage is significant and depends
on the slowing down energy. It results in a Ag step surrounding the cluster which may be more than
one atomic layers high and isolated add-atoms or small monolayer islands apart from the step. The latter
originate from the cluster and the former from the substrate. Further details in the consequences of the
impact are given, concerning the cluster penetration, its deformation and lattice distortions, with emphasis
on the cluster size and stoechiometry.

PACS. 35.40.-c — 61.46.+w Nanoscale materials: clusters, nanoparticles, nanotubes, and nanocrystals —

07.05.Tp Computer modeling and simulation

1 Introduction

Nanoclusters on surfaces are interesting for a wide range
of chemical, magnetic, electronic and optical properties.
Bimetallic particles can be produced displaying either
core-shell structures [1-3] or forming alloys with, even-
tually, a segregated surface [4,5]. The possibilities of syn-
thesis outside equilibrium conditions widely increase the
range of possible cluster composition and structure [6,7].
Such particles can be modelled at the atomic scale [8-11]
allowing detailed comparison with experiment. Such stud-
ies are facilitated either by depositing the clusters on sur-
face or embedding them into a matrix. Deposited and em-
bedded particles can be modelled on their turn, at the
atomic scale [12-16]. By accumulating them, it is pos-
sible to synthesized nanostructured layers with specific
properties. Cluster assembled films are formed by depo-
sition on a surface [17] and such films could be modelled
as well [18-21]. Specifically, clusters on surfaces can be
obtained by atomic deposition followed by thermal diffu-
sion. This method applies for atomic species forming is-
lands rather then wetting the surface. Such a method was
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used, for instance, to produce cobalt clusters on a silver
surface [22]. These clusters precipitate preferentially on
pre-existing defects, or the atoms form defects at landing,
themselves acting as sinks for cluster growth. Clusters in
the gas phase are produced by laser ablation [23] or by
condensation [24] and then extracted into a supersonic
beam directed toward the substrate surface. By the lat-
ter method, clusters at thermodynamic equilibrium are
formed while clusters outside equilibrium can be synthe-
sized with the former. These both techniques allow mass
selection so that homogeneous populations of deposited
clusters can be formed, with identical deposition condi-
tions. It is well-known from both experiment [23] and mod-
elling [14] that clusters slowing down at supersonic veloc-
ities do not fragment upon impact. Whether they remain
intact or undergo restructuring upon impact is still an
open issue which merits attention. In particular, the ques-
tion to know to which extent clusters retain their original
characteristics needs an answer when the clusters are con-
sidered as possible building blocks for transferring their
specific properties to the macroscopic scale.

In the present paper, this question will not be ad-
dressed as a whole. The case of noble elemental clusters
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Table 1. Physical quantities used to estimate the characteristic electron-phonon coupling time in Ag.

Debye Conduction Thermal Fermi energy Atomic Coupling
temperature (K) electronic density (m™®)  conductivity (W/m.K) (J) mass (kg) time (ps)
215.0 5.86¢° 418.0 0.8796e'®  1.791e"*° 22,557

deposited on a crystalline substrate having the same
elemental nature was the purpose of previous stud-
ies [14,20,21]. The case of metallic alloy clusters and
nanostructured films formed by their accumulation was
discussed in [16,21,25]. The present study focuses on bi-
metallic clusters formed by non-miscible elements. Such
clusters can be synthesized outside thermodynamic equi-
librium. The case of the Co—Ag system is selected, as
it has already been the subject of several experimen-
tal [26-29] and modelling [12,30] studies. Truncated oc-
tahedral Co,Agog_, isolated clusters, with 0 < z < 201
were already studied by means of a Metropolis Monte
Carlo method [11]. They have an fec structure and 201
is the smallest number of atoms with which an ideal com-
pact truncated octahedron can be constructed. The spa-
tial distribution of Co and Ag in this cluster was shown
to be the consequence of a balance between Ag position
relaxation and Co binding. This balance is temperature
dependent. When the amount of Ag is sufficient, it system-
atically forms a layer around a Co core. However, when
Co atoms are only a few (no more than 10), they are lo-
cated just beneath the cluster surface, either as one oblate
group beneath a facet, or as subgroups of no more than
5 atoms beneath a vertex.

The slowing down of such a cluster, with = 10, is
here studied in detail in comparison with a bigger one,
CoogsAgspr. This latter cluster is also an ideal truncated
octahedron and it has a core-shell structure. The stoe-
chiometry is such that the core is pure Co and the shell
is made of one monolayer of Ag. The substrate Ag sur-
face has {100} orientation and the slowing down occurs
at room temperature.

These two clusters undergo different transformations
upon impact, related to their different size and structure
and it is the purpose of the present paper to identify the
consequences of the impact on these transformations.

Section 2 briefly describes the Molecular Dynamics
(MD) model employed and the slowing down conditions.
The detailed study of the cluster slowing down is presented
in Section 3 where a distinction is made between a statis-
tical analysis over several slowing down histories and an
analysis cluster by cluster. An overall picture of the slow-
ing down and related cluster modifications emerges, which
is summarised in Section 4.

2 The model

The MD model employed is already described else-
where [20] and will only be briefly summarised. The equa-
tions of motion of the atoms in the system are integrated
stepwise in time with the algorithm in [31]. Forces are de-
rived from an Embedded Atom Model potential (EAM)

proposed in [32] and account, in addition, for a contribu-
tion of electron-phonon coupling. This is done by means
of a friction term which governs the exchange of energy
between the ionic and the electronic systems, assuming a
constant electronic temperature. It is shown in [20] how
an approximate model can be established to evaluate the
strength of the coupling with no adjustable parameters.
The physical quantities needed are known from experi-
ment in the case of pure elements, and it is assumed that
the electronic density at the Fermi level is one electron per
atom. The electron-phonon coupling contributes to dissi-
pate the energy brought by the cluster in the impact and
enhances the local cooling of the system. As compared to
elemental systems, more complexity occurs in the present
case as we have to deal with two different metallic ele-
ments that are not homogeneously distributed. The ap-
proximated electron-phonon coupling model employed is
unsuitable to correctly describe the transport of heat by
the electronic system through an interface between two el-
emental subsystems as in a core-shell structured cluster. It
is considered here that, since the substrate is pure silver, it
will be sufficient to model the electron-phonon coupling for
pure silver and to neglect the difference with cobalt. The
physical quantities used to estimate the electron-phonon
coupling in Ag, and the characteristic coupling time de-
duced at room electronic temperature are given in Table 1.

The major parameter which governs the interatomic
interactions in the system is, of course, the potential. Its
assessment for the Co—Ag system is thoroughly discussed
in [10,12] and this discussion will not be repeated. This
potential was used to discuss the equilibrium properties
of Co clusters embedded in Ag and Co—Ag free clusters.
The difference with the present case is the impact of the
clusters on a surface, involving energies up to 1.5 eV per
atom, which is much higher than those involved at thermal
equilibrium. However, at this energy, the shortest Ag—Ag
separation distance involved in the simulations presented
below is 2.124 A at 1.5 eV /at. It is similar for Co-Co and
Ag—Co pairs at the same energy. Such distances are still
of the order of the first neighbour distance for which the
EAM potential is designed.

In order to evaluate the modification of the clusters as
a result of their impact on a Ag substrate surface, a set of
characterisation functions is used.

A structure factor is used to measure the epitaxial ac-
commodation of the clusters with the substrate. It is mea-
sured inside the cluster and gives information about the
periodicity in one direction

1 N
- ikrj. 1
s N;e (1)
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In this expression, k is the wave vector, r; is the position
of the atom j and N is the total number of atoms in the
cluster. If the periodicity in the direction of k corresponds
to the inverse of |k|, then the value of |S|? is unity. If there
is no such periodicity in this direction, |.S |2 is zero. In order
to measure the epitaxial accommodation of the deposited
cluster with the substrate, substrate lattice wave vectors
are used

4
k=~ (hk,I)

(2)
where ag is the substrate lattice parameter, and h, k and
[ are Miller indices of lattice directions.

A pair correlation function is used to characterise
short-range order in the clusters,

1 N-1 N
g(T):mZ Z 6 (rij —r)

i=1 j=i+1

ao

3)

where ¢ is the Dirac function, NV is the number of atoms in
the cluster and r;; the distance between atoms ¢ and j in
the cluster. The pair correlation function gives the num-
ber of atomic pairs separated by a given distance, r. This
function is calculated separately for the different kinds of
pairs: Co—Co, Ag-Ag and Ag—Co. It is characteristic of
the lattice structure.

3 Cluster slowing down

If one defines the impact characteristic time as the time
needed for the cluster to convert its centre of mass kinetic
energy into potential energy, and this potential energy to
convert into kinetic energy into the whole system, it can
be estimated as of the order of 5 ps, which is smaller than
the electron-phonon coupling time at room temperature
(20 ps). The slowing down of a cluster is followed during
150 ps in order to track possible thermally activated pro-
cesses. At the end of these 150 ps MD evolution, particle
trajectories are fully decorrelated from the initial trajecto-
ries and the system is in a thermal equilibrium state which
may be metastable. Whether this state has a sufficiently
long lifetime to be observed is not known and this question
needs comparison with experiment to be settled. However,
if an incident cluster undergoes modifications because of
the impact, the probability to retrieve its initial state once
deposited is vanishingly small. These modifications may
thus be considered as permanent, whatever further ther-
mally activated modifications are still possible.

The discussion of the slowing down of the clusters on
a Ag (100) surface will be split into two parts. The first
one focuses on statistical aspects and the second one to
individual aspects, where the sensitivity of the final state
of the cluster on the slowing down conditions is examined.

3.1 Statistical approach

In order to mimic a uniform collimated beam, the slow-
ing down, always at normal incidence, is repeated ten
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Fig. 1. Initial and final configuration of a Co2s5Agso1 cluster
slowing down at 0.5 eV /atom kinetic energy. The Ag cluster
atoms are in dark, the substrate atoms in medium grey and
the Co atoms in light grey.

times with the same cluster with a given initial kinetic
energy, selecting the impact points on the surface and
its orientations with respect to the surface at random.
Each impact is followed during 150 ps at room tempera-
ture. Within the 150 ps evolution time considered, ther-
mally stimulated configuration modifications may have a
sufficiently high probability to take place. The slowing
down is characterised by several significant features. These
can be illustrated with the help of Figure 1 which rep-
resents a cut in the cluster before its deposition and in
the cluster-substrate system after 150 ps evolution. The
CoagsAgspr cluster is represented and the slowing down
energy is 0.5 eV/atom. The final system is characterised
by a limited penetration of the cluster into the substrate.
It undergoes some deformation accompanied by structural
accommodation of the cluster with the substrate, which is
limited in the case of Figure 1. At the same time, the upper
part of the cluster may retain its initial atomic arrange-
ment. It the case of Figure 1, some damage is created in
the substrate and the Ag cluster shell tends to spread on
the substrate surface. While the Co core is only moder-
ately affected by the slowing down, the Ag lattice, which is
already distorted initially, undergoes further deformation
as a consequence of the impact. All these characteristics
of course depend on the incident energy as well as on the
cluster size, composition and energy. We now turn to their
systematic study for CosgsAgser and CoigAgior-

The first characteristic of the slowing down in the en-
ergy range considered is the penetration of the clusters
into the substrate and the related damage. Surface damage
production induced by the soft landing of Co atoms was al-
ready studied, both experimentally and by MD in [30] and
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surface tunnelling microscopy showed it to be significant.
The situation may be different if the incident Co atoms
are bound inside clusters as in the present case. At the
low energies considered (no more than 1.5 eV per atom),
the cluster penetration, if any, is only partial. Co is always
found regrouped into one cluster surrounded by a layer of
silver. When it penetrates, the cluster displaces Ag atoms
from the substrate with the consequence of the formation
of add-atoms. For both clusters, the fraction of cluster
atoms with final positions below the substrate surface is
the same and is close to linearly increasing with the slow-
ing down energy. It is close to 3 percent at 0.25 eV /at and
30 percent at 1.5 eV /at. According to a rule of volume con-
servation, in the case of the smallest cluster, the number
of substrate atoms displaced above the surface is exactly
equal to the number of cluster atoms below this surface. It
is somewhat smaller for the larger cluster since the volume
per Co atoms below the surface is less than the volume per
Ag atoms in the substrate. Figure 2 shows the maximal
penetration depth of the incident clusters (Fig. 2a) and
the height of the layer formed by substrate atoms above
the surface (Fig. 2b) as functions of the incident energy.
The distinction is made between the penetration of each
of the elements forming the incident clusters. The results
are averaged over ten independent slowing downs at each
energy and the standard errors on the mean are given. Not
surprisingly, the maximal penetration is a monotonically
increasing function of the incident energy and it is limited
to 4 atomic layers for the largest cluster. The smallest clus-
ter does not penetrate two layers, in the average, at the
highest energy considered. The largest cluster systemati-
cally penetrates deeper than the smallest one. Systemati-
cally as well, Co, initially surrounded by Ag atoms has less
penetration than Ag and still remains surrounded by its
silver shell. Except for the smallest cluster with incident
energy lower than 0.5 eV/at, Co and Ag atoms are always
found at least one layer deep in the substrate. This sug-
gests that, in real experiments, substrate damage would
be particularly difficult to avoid.

As a consequence of the impact, Ag atoms leave the
cluster and form add-atoms. Add-atoms are either found
regrouped and forming a step at the periphery of the clus-
ter, or they are found isolated at larger distances from
the cluster. The latter, in their large majority, are found
to originate from the cluster itself while the former are
substrate atoms displaced during the penetration of the
cluster. Part of the induced damage can be appreciated in
Figure 2b where it is shown that displaced Ag atoms form
layers around the cluster which height, in the average, is
also an increasing function of the incident energy. Figure 3
illustrates the second contribution to surface damage. It
shows, as a function of the impact energy, the mean frac-
tion of Ag atoms, originated from the cluster and found
as isolated add-atoms or isolated add-atoms groups at the
end of the simulation. An add-atom is considered as iso-
lated if no other add atom is present in its first neigh-
bourhood. An isolated add-atom group is a group of first
neighbouring add-atoms. Each of them is at a distance
from the step around the cluster larger than a first neigh-
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Fig. 2. Maximal penetration (a) and mean height of the step
around the clusters (b) as functions of the slowing down energy.
In Figure 2a, dark squares represent the results for Ag in the
small cluster, dark circles for Ag in the big clusters, open circles
for Co in the small clusters and open squares for Co in the big
clusters. In Figure 2b, circles provide the results for the small
cluster, squares for the big clusters. The error bars displayed
represent the standard error on the mean and are only shown
for one curve per plot. They are similar for the other curves.

bour distance. This fraction is found increasing with the
impact energy in the case of both clusters. It is system-
atically larger however and its increase with the slowing
down energy is the fastest in the case of the biggest clus-
ter. This shows that the kinetic energy of the incident
Ag atoms stimulates their diffusion away from the cluster
area.

The second characteristic is the deformation of the
cluster due its interaction with the substrate surface. This
deformation can be estimated by an aspect ratio. If one
considers the z-axis perpendicular to the (001) substrate
surface and the x and y axes parallel to the [100] and [010]
direction respectively, we use, to estimate an aspect ratio,
the distance [ between the cluster atoms having the high-
est and the lowest z-coordinate, the distance L, between
cluster atoms with the lowest and highest z-coordinate
and L, similarly. The ratios [/L, and [/L, are measured
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Fig. 3. Fraction of isolated Ag add atoms as relative to the
total number of Ag atoms in the clusters, as a function of the
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Fig. 4. Aspect ratio of the deposited clusters as a function of
the slowing down energy. Results using L, and L, are cumu-
lated. Squares: small cluster, circles: big cluster.

and averaged over 10 impacts. Within statistical uncer-
tainty, these ratios are equal and their dependence on the
slowing down energy is given in Figure 4 for the two clus-
ters considered. As truncated octahedra, the initial clus-
ters have an aspect ratio close to unity. Their diameters
are 1.6 nm and 2.4 nm respectively. The results in Fig-
ure 4 show that, as a consequence of the impact, the clus-
ters are strongly deformed, spreading out over the clus-
ter surface. If one excepts the lowest energy considered
(0.25 eV/atom) the spreading is not significantly energy
dependent for the smaller cluster and only weakly for the
largest. Strikingly enough, the biggest cluster undergoes
less deformation than the smaller one. This can be ex-
plained in terms of binding energy of the free clusters.
Indeed, the 0 K binding energy of the smallest cluster
(2.503 eV/atom) is smaller than that of the larger one
(3.249 eV/atom). The binding energy is an increasing

function of the number of atoms in the cluster, and the
effect is here reinforced by the fact that the relative con-
centration of Co is higher in the large cluster, which has a
larger binding energy than Ag. Therefore, the deformation
of the smallest cluster subsequent to the impact requires
less energy per atom and it is larger. Since mean aspect ra-
tios are estimated over 10 statistically independent cases,
the associated standard deviations are only three times
larger than the standard error on the mean represented
in Figure 4. This demonstrates that the dispersion of the
results is rather small and thus that, for both kinds of
clusters, the aspect ratio is only weakly dependent on the
impact point or the incidence cluster orientation.

A third characteristic is the structural accommodation
of the clusters with the surface substrate. This one is mea-
sured by means of the structure factor defined above and
measured for the cluster atoms only. Typical time evolu-
tions of the structure factor are given in Figure 5. In this
figure, the k-vector used is (0,0,4w/a), pointing toward
the substrate surface normal. In order to provide general
trends, the time dependencies of the structure factor are
given for all impacts, for both clusters at the lowest and
the highest energies considered in this work. Only the re-
sults for the contribution of Ag atoms are shown in Fig-
ure 5. In the case of the small cluster, the epitaxial accom-
modation is quite efficient. The distribution of the final
|S |2—va1ues is narrow and somewhat lower than unity, be-
cause of thermal vibrations and lattice distortions caused
by the presence of some Co atoms in the cluster. In con-
trast, the final values obtained for the larger cluster are
lower and more widespread. This is a consequence of the
larger distortion caused by the larger fraction of Co in the
cluster, and of a more limited epitaxial accommodation
due to the larger cluster size. Mean final values are insen-
sitive to the impact energy of the small cluster, epitaxy be-
ing reached anyway. For the larger cluster, the mean struc-
ture factor value is somewhat higher at the highest energy,
showing, as already found in other systems [16], that the
impact energy helps enhancing epitaxial accommodation.
Figure 5 also provides information about the cluster ac-
commodation evolution. In Figures 5a, 5b and 5d, for most
cases, the evolution is terminated after 30 ps. This is how-
ever not always the case, as pointed for one cluster in Fig-
ure Ha where a jump of the structure factor is identified,
which is the signature a thermally activated process. Sim-
ilar events were found in other cases not represented in
Figure 5. The time of one impact, as defined above, is no
longer than 5 ps. The typical evolution time is close to
one order of magnitude larger (30 ps) and, therefore, the
cluster modifications cannot be assigned to the impact.
This conclusion is supported by a detailed analysis of Fig-
ures ba, 5bb and 5d showing that the structure factor keeps
close to zero during the time of the impact. It can be at
least partially assigned to the local heating since the char-
acteristic electron-phonon coupling time is 20 ps at room
temperature in the present model. One thus has to con-
clude that the process of epitaxial accommodation starts
after the impact is terminated and the combined effect of
local heating and the substrate temperature is responsible
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Fig. 5. Structure factor as a function of time during the slowing down. (a) Ten small cluster slowing downs at 0.25 eV /atom,
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slowing downs at 1.5 eV /atom. In (a), the arrow shows the occurrence of a thermally activated increase of the structure factor.
In (c), one evolution is emphasised and a regression line, plotted to guide the eyes, shows the corresponding regular increase of

the structure factor with time.

for the epitaxial accommodation. The case of Figure 5c¢ is
different. This figure shows that, for the larger cluster, at
low impact energy, the epitaxial accommodation is a still
slower process. As shown by a regression line drawn for one
of the clusters, the evolution is not always terminated af-
ter 150 ps. In this case, the impact energy (0.25 eV /atom)
produces less damage in the cluster than at 1.5 eV/atom
(Fig. 5d), so that the energy barrier to surmount for reach-
ing epitaxial accommodation is higher. This energy barrier
is probably to a large extent the energy required to rotate
the Co group toward epitaxial correspondence with the
substrate orientation.

A fourth characteristic of the slowing down is the mor-
phological accommodation of the cluster with the sub-
strate. This accommodation is not conveniently described
by one single parameter. In the many impacts investi-
gated, the main morphological features observed are a
re-faceting of clusters and an interfacial alignment with
(100) and (110) substrate surface directions. By system-
atic 3-dimensional visualisation of the slowing down of
the clusters, it is found that the small cluster truncated
octahedral morphology is indeed fully destroyed by the
impact at all energies investigated. Simultaneously to the

Fig. 6. ColoAglgl cluster after deposition at 0.25 eV /atom.
The cluster was initially an truncated octahedron and trans-
formed upon impact into a half octahedron truncated on top.

epitaxial accommodation with the substrate, new facets
are formed with {111} and {100} orientations. One typi-
cal example is shown in Figure 6. The facets induce align-
ment with either (110) or (100) surface directions, lead-
ing to a markedly polygonal cluster-substrate interface,
often, as shown in Figure 6, in the form of a octahedron
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Fig. 7. Pair correlation functions measured in the Cozss Agso1

cluster after slowing down with 1.5 eV /atom incident energy.

Solid line: Ag—Ag pairs, dashed line: Co—Co pairs, dotted line:

Ag—Co pairs.

truncated on top. At the highest energies considered how-
ever, because of the partial implantation of the clusters,
such accommodation with surface rows is more difficult
and no polygonal aspect of the interface is observed. As
seen in Figure 6, this does not prevent a high degree of
epitaxy. The consequences of the larger cluster impact are
different. If the energy of incidence is low enough, the Co
core and the top part of the Ag surrounding layer are un-
affected by the impact. Facets at the cluster surface are
thus those before slowing down. The cluster regions close
to the surface accommodate partially with the substrate.
As noticed above, a step is generally formed surrounding
the cluster and its edge displays partial alignments with
surface directions. It may be anticipated that thermal sur-
face diffusion may enhance this alignment.

A fifth characteristic is lattice distortions. Lattice dis-
tortions in the clusters result, at short range, in changes
in atomic separation distance distributions. These are ex-
amined by means of pair correlation functions. Such cor-
relation functions for Ag, Co and Ag—Co pairs are shown
in Figure 7. They were obtained as time averages over
the last 50 ps evolution of the large cluster impacting at
0.25 eV/at. Figure 7 is representative of all cases investi-
gated. The first neighbour peaks are well defined. Their
positions, indicated in the figure, can be evaluated as func-
tions of the slowing down energies and the results are
given in Figure 8 for all cases considered. These positions
are clearly independent of the incident energy and only
slightly depend on the cluster size and the amount of Co
in it. They are also similar to the positions of the first
neighbour peak in the free clusters. Hence, the slowing
down and the interaction with the substrate do not modify
the mean first neighbour separations significantly. A close
analysis of the pair correlation functions indicates that, ex-
cept for Co—Co pairs, the first neighbour peaks are signifi-
cantly asymmetrical. This asymmetry is a combined effect
of anharmonicity in thermal vibrations and lattice distor-
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Fig. 8. First neighbour peaks positions as functions of the
slowing down energy. The error bars are smaller than the
points. Dark squares: small cluster, Ag—Ag peak, open trian-
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peak in the small cluster, open squares: Ag—Ag peak in the big
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Table 2. Characteristics of the first peak profile in the three
pair correlation functions, measured in the free Coags Agso1, af-
ter its deposition at 300 K and 0.25 eV /atom and after quench-
ing. The total peak width at half maximum is denoted by w,
its left component by w; and its right component by w,. They
are given in Angstroms.

Ag-Ag Co-Co Ag—Co
Free, w 0.29 0.21 0.32
300 K wy 0.11 0.10 0.11
Wy 0.18 0.11 0.21
Deposited, w 0.34 0.23 0.33
300 K wy 0.13 0.09 0.12
Wy 0.22 0.13 0.21
Deposited, w 0.20 0.11 0.20
0K wy 0.05 0.07 0.04
Wy 0.16 0.04 0.16

tions. The numbers in Table 2 illustrates the situation.
This table compares full widths at half-maximum, noted
w, of the first peak in the correlation functions for Ag-Ag,
Co—Co and Ag—Co pairs. It also gives their left and right
half widths, noted w; and w, respectively, namely toward
small and large separations. The results are given for the
free CoogsAgser cluster at 300 K, the same cluster after
its deposition at 0.25 eV/atom and the same tempera-
ture, and after quenching this deposited cluster and the
substrate to 0 K. The full widths are the largest for the
deposited cluster at 300 K. This corresponds to a situ-
ation where the cluster is only partially accommodated
to the substrate (see Fig. 6¢). w; is unchanged after de-
position, suggesting the thermal contribution to the peak
width to be unchanged by the deposition. In all cases,
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w, is larger than w;, except for the Co—Co peaks that are
close to symmetrical. The peak asymmetry in the free clus-
ter, which is the most pronounced for the Ag—Co pairs, is
consistent, in principle, with an anharmonic character of
thermal vibrations. If this was true, anharmonicity would
also contribute to the peak structure after deposition. An-
harmonicity is not sufficient to explain the asymmetry. In-
deed, while w; is quite small at 0 K, w, is significant, in-
dicating distortion toward large separations. The increase
of w; and w, from 0 K to 300 K are similar, indicating
that the effect of anharmonicity is small. Hence, among
the different possible contributions to the first peak struc-
ture, lattice distortion appears to be the dominant effect.
Finally, comparing the numbers in Table 2 suggests that
most of this distortion already occurs in the free cluster,
and its enhancement due to the deposition is only limited.

3.2 Individual approach

At the low energies considered, the fate of incident atoms
is not expected to drastically depend on their impact point
as is the case at kilovolt energies. This was found in the
case of the slowing down of Co atoms with 5 to 30 eV ki-
netic energies on a Ag surface by MD [30] with the same
potential as in this study, consistently with experimental
findings [22,29]. As clusters are concerned, since they are
three dimensional objects, additional degrees of freedom
may lead to some sensitivity on the impact location in a
complex way. In order to estimate the magnitude of this ef-
fect, the penetrated fraction and the number of substrate
atoms displaced to add-atom positions were determined
cluster by cluster for ten different impacts, using the same
incident energy but selecting the initial cluster orientation
and location at random. The standard deviation was found
equal to 30 percent of the mean for both quantities, indi-
cating, even at energies as low as 0.25 eV per atom, that
the final state of a cluster is significantly dependent on
the impact conditions. In order to measure the influence
of the cluster orientation on the final state, three differ-
ent cases were compared for the small cluster, namely,
slowing down at 1.5 eV /atom with a {111} facet parallel
to the substrate surface, with a {100} facet parallel and
with no facet but an edge parallel to the surface. In the
first case, the penetration is inhibited but the aspect ratio
decreases more than average, while the opposite is found
in the latter case. Finally, ten impacts were selected at
random, but the cluster orientation was kept constant. In
this case, the standard deviations of the penetrated frac-
tion and add-atoms numbers are similar to those obtained
when orientations are at random. Hence, from these three
computer experiments, it is possible to conclude that fluc-
tuations due to impact point and orientation selection are
statistically indistinguishable, but that both contribute.

4 Summary

The present study embraces several aspects of cluster
modification subsequent to their slowing down. The com-
parison of these aspects in the case of well-defined different

clusters is made and the picture which emerges is as fol-
lows: Whatever the cluster size and energy — in the range
investigated —, damage is produced in the substrate. Not
surprisingly, the amount of damage increases with the
slowing down energy. This damage results in the forma-
tion of add-atoms at the substrate surface either origi-
nating from the cluster or from the substrate. The latter
result from the partial penetration of the cluster. They
form a step at its periphery, which may be several atomic
layers high. The former flow from the cluster surface and
dissipate their initial kinetic energy by diffusing toward
more distant isolated add-atom sites or small monolayer
islands, well-separated from the cluster area. The core-
shell structure of a cluster enhances this flow, decreasing
this way part of the excess energy associated with the in-
terface between the core and the shell. The impact does
not induce dissociation of the Co groups in the cluster,
whatever the stoechiometry. As already known from previ-
ous work, both experimental and numerical, small clusters
accommodate epitaxially with the substrate. This accom-
modation is however inhibited when the Co core is large
enough. Since this one does not dissociate upon impact,
it can only accommodate with the substrate by a rigid
rotation which turns out to be hardly induced. Therefore,
core-shell clusters — depending on the binding energy of
the core — may display defects resulting from the compe-
tition between epitaxial accommodation and the random
core orientation. The lattice in the free clusters is distorted
and this distortion is enhanced by the impact. The mem-
ory of the initial cluster morphology is partially preserved
after the impact of the larger cluster, both as the core and
the shell are concerned. No such memory effect was found
for the small cluster, which morphology is destroyed by
the impact and its reshaping is governed by the epitaxial
accommodation. This process is only partial for the larger
cluster considered, within the simulation time of 150 ps.

Hence, at the atomic level, the cluster-substrate sys-
tem displays a complex structure after deposition and the
memory of the initial geometrical properties is only par-
tial. This may have consequences relevant to catalysis,
magnetic and optical properties and further work is in
progress to gather a better insight about the possibilities
to monitor the consequences of the cluster-surface inter-
action.
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