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ABSTRACT: We present experiments and calculations of the deposition and
aggregation of silver clusters embedded in helium droplets onto an amorphous
carbon surface at room temperature. Calculations were also performed for
deposition onto a graphene surface. They involve potentials for the interaction of
carbon atoms with silver and helium atoms, provided by ab initio calculations. The
numerical simulations were performed for few-nanometer-sized silver clusters
including up to 5000 Ag atoms and He droplets with up to 105 4He atoms. The
fluid nature of the 4He droplet is accounted for by the renormalization of the He−
He interaction potential. The numerical results are consistent with deposition
experiments with an average number of 3000 Ag atoms per 4He droplet and
indicate that the aggregation of the silver clusters on the carbon surface is
mediated by secondary droplet impacts. They also reveal nontrivial dynamics of
the Ag clusters within the carrier droplet, showing a tendency to drift toward the
droplet surface. These findings are of relevance in understanding the
heterogeneous deposition patterns (large ramified islands) developed for very large droplets with an average number of Ag
atoms per droplet within the million range. Finally, the simulations of large (5000 atoms) Ag cluster deposition on graphene
reveals strong superdiffusive behavior. In stark contrast, the diffusion is negligible on the amorphous carbon surface.

1. INTRODUCTION

Soft landing of free metal clusters onto surfaces at low collision
velocity has been discussed in the literature (see, e.g., refs 1 and
2) as an attractive technique for the isolation of nanoclusters for
subsequent use in various experiments. Recently, it has been
shown that soft deposition can be achieved upon encapsulation
in cold (0.4 K) He nanodroplets.3−8 It has also been suggested
that the He droplet assembly/deposition technique can be
useful in different applications, since metallic and bimetallic
core−shell nanoparticles9−14 with tunable size, shape, and
composition can be produced. For example, a very recent
experimental study15 has shown that the 4He droplet technique
yields a narrow distribution of gold nanoparticles on a TiO2
surface, a system that is known as a catalyst for CO oxidation
and selective oxidation of alcohols.16

Recently,17 we studied a 4He-droplet-mediated deposition
process using quantum time-dependent helium density func-
tional-based (TDDFT) calculations as described earlier.18,19

We will refer to this work as Paper I. It was found that the
collision of gold atoms immersed in a 4He300 droplet with a
small kinetic energy of less than 0.15 eV per atom with a

TiO2(110) surface at T = 0 K can be described as a process
fulfilling the conditions characterizing a “soft-landing” process
when applied to atoms: sticking probabilities close to unity and
the absence of any significant translational motion of the gold
atoms during the collision. The 4He droplet carries the gold
atom to the minimum of the Au/surface interaction potential,
thus eliminating any translation of Au atoms on the surface
during the impact. In the case of clusters, soft-landing processes
are also characterized by minimal structural changes upon
deposition. It was shown that the atomic soft-landing process is
related to the density fluctuations of the quantum fluid droplet.
Remarkably, the classical molecular dynamics (MD) descrip-
tion of the 4He droplet was insufficient to explain the soft
deposition of the atomic species.17

This article presents some additional measurements and ab
initio atomistic simulations addressing the deposition and
aggregation of metallic nanoparticles embedded in large 4He
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droplets. The experiments involve amorphous carbon surfaces,
whereas the calculations were performed for graphene and
corrugated amorphous carbon. Both experiments and calcu-
lations were performed for collisions with a surface at room
temperature. The calculations involve Ag clusters consisting of
5000 atoms embedded in 4He droplets of 100 000 atoms,
whereas larger clusters and droplets were used in the
experiments. The calculations address the effect of the
interaction with He atoms of the host He droplet during the
collision as well as the influence of the surface corrugation on
the diffusion of the deposited metallic nanoparticles.
The size of the computationally tractable clusters and

droplets is limited by the time required for the nuclear
dynamics calculations. Due to the large mass, the dynamics of
silver nanoparticles can be well described by classical MD
simulations once the underlying interatomic interaction forces
are known. In contrast, a purely classical description of the
motion of the helium atoms is insufficient for a proper
description of the quantum fluid 4He droplet. Earlier studies19

revealed the spreading of 4He droplets during the impact with a
TiO2(110) surface when quantum TDDFT calculations were
performed. Instead, when classical dynamics was applied, a
bouncing of the droplet was observed that is inconsistent with
the experimentally observed deposition of embedded species.
Since the TDDFT treatment become unfeasible for the droplet
sizes considered in our simulations (droplets composed of up
to 100 000 4He atoms), we applied the approach proposed by
Halberstadt and collaborators20 to effectively account for zero-
point effects in classical MD calculations. Very briefly, the
scheme introduces a renormalization of the He−He interaction
potential so that the doped helium droplets are kept liquid, with
the bulk value for the density being that of liquid helium (see
Section S2 of the Supporting Information for details).
Current calculations employ the interatomic interaction

forces that were successfully applied in MD simulations of

silver crystals and carbon materials.21,22 Interactions of helium
nanodroplets and silver clusters with the surface are dominated
by van der Waals (vdW) forces. The combination of the
incremental method23 applied at coupled-cluster level for the
long-range dispersion energy component with the dispersion-
less density functional24 for the short-range interaction energy
has provided accurate He/graphene and Ag2/graphene
interaction potentials.25−27 These interaction potentials have
been used to determine the effective pair He−C and Ag−C
interaction forces, which were then applied in the MD
simulations.
The structure of this article is as follows: Section 2 presents

the experimental measurements, whereas Section 3 describes
the main computational aspects of the MD simulations. Details
of the interaction potentials are provided in the Supporting
Information. Section 4 focuses on the discussion of our
simulation results and presents a comparison with experiment.
Finally, Section 5 contains some concluding remarks and future
prospects.

2. EXPERIMENT

The He droplet experiments have been described previ-
ously.4,28−31 Droplets of average initial sizes ⟨NHe⟩ = 2.2 ×
107 and 1.7 × 1010 were produced by vacuum expansion of the
He fluid at a stagnation pressure of 20 bar at T0 = 7 and 5.5 K,
respectively. The droplets cool rapidly via the evaporation of
4He atoms and reach a temperature (0.37 K)32 well below the
superfluid transition temperature of bulk 4He at 2.17 K. Further
downstream, the droplets are doped with Ag atoms in a hot
pick-up cell. The doped 4He droplets collide normally with a
substrate that was kept at room temperature located at about 1
m downstream from the helium droplet source. The doped
droplets have a velocity of about 200 m/s. In the experiments
15−25 nm thick amorphous carbon (aC) substrates were used
from Ted Pella Co. (#182033). These films were manufactured

Figure 1. TEM images of AgN clusters deposited on a film of amorphous carbon at room temperature. Helium droplets containing ∼2.2 × 107 atoms
were produced at a nozzle temperature (T0) of 7 K and doped with ∼3000 Ag atoms. The TEM micrographs were taken at a magnification of 40 ×
103. The samples were obtained by exposing the surfaces to the doped helium droplet beam during 0.5 min (a), 2 min (b), 8 min (c), and 32 min
(d).
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by deposition of atomized carbon and have an amorphous
structure. After the deposition, the samples were removed from
vacuum and imaged by transmission electron microscopy
(TEM) within less than 12 h following the deposition. The
imaging was conducted on a JEOL JEM-2100 TEM apparatus
at an electron beam energy of 200 keV. The TEM images were
analyzed with the ImageJ processing package.34

As described in ref 4, the average size of the synthesized
silver nanoclusters can be estimated from the initial average size
of the droplets and the attenuation of the He droplet beam
upon doping. In this work, the average sizes of the silver
nanoclusters were ⟨NAg⟩ ∼ 3000 and 2 × 106 in the smaller and
larger 4He droplets, respectively. Figure 1 shows TEM images
of the samples exposed to the He droplet beam produced at T0
= 7 K (⟨NAg⟩ ∼ 3000) for 0.5, 2, 8, and 32 min in panels (a),
(b), (c), and (d), respectively. From Figure 1, it can be seen
that the coverage of the samples increases with exposure time.
At high exposure, the density of the clusters is higher and the
clusters have a larger average size of about 10 nm across. Some
clusters in Figure 1d, obtained at an exposure time of t = 32
min, have an irregular shape as a result of the coalescence of
clusters. Consistent with previous studies,4 the TEM images do
not show any mobility of the large particles. Smaller clusters,
containing a few hundreds of Ag atoms, do display some
mobility onto aC surfaces.4 Therefore, the observed aggregation
is mainly mediated by the accumulation of impacts of successive
He droplets via the aggregation of deposited nanoparticles with
those embedded in incoming He droplets.
Figure 2 shows the TEM images for samples exposed to the

He droplet beam produced at T0 = 5.5 K (⟨NAg⟩ ∼ 2 × 106) for
4 s, 2 min, and 30 min in panels (a), (b), and (c), respectively.
It can be seen that the deposits obtained under these conditions
are much larger in size (up to 100 nm) and have some complex
morphology. The micrographs also show that the clusters are
separated by large areas devoid of noticeable Ag density. As
discussed in refs 29 and 35, in large superfluid 4He droplets that
contain quantum vortices the deposits consist of elongated
metallic wires, which are discernible in Figure 2b. At a long
deposition time of 30 min (see Figure 2c), the morphology
changes remarkably, indicating aggregation of the deposited
nanowires and subsequent reconstruction of the deposit in
thick structures, with large spaces in between. We notice a large
deviation from homogeneity with the emergence of thick
filamentous islands separated by large voids. The pattern is
reminiscent of some of those observed in systems under
complex nonlinear dynamics such as phase separation through
spinodal decomposition36−38 or Turing patterns in diffusion-
reaction-like systems.39,40 Typically, however, a large mobility is
a prerequisite, which is, in turn, affected by competing
processes like diffusion-reaction or diffusion-aggregation. In-
deed, Ag clusters deposited onto graphitic surfaces, where they
show large mobility (see Section 4.3), eventually yield a pattern
of fractal Ag islands owing to a competition between diffusion
and aggregation.41 In the present scenario of low mobility,
however, it is difficult to understand the origin of the pattern. It
is most probably due to a combination of many different
factors, such as the nature of the substrate, the dynamics of the
impact including the excitation of vibrational modes of the
carbon substrate, the dynamics of the He droplet over the
carbon surface including possible dragging of the Ag clusters,
etc.
It could be suggested that the relation between the rate of

deposition and the rate of diffusion is another important

parameter that may change the morphology of the deposits.
Unfortunately, the experimental deposition rate is set by the
fluid dynamics of the nozzle expansion to about 5 × 108 and 5
× 107 droplet collisions per cm2 per second4 in Figures 1 and 2,
respectively, and cannot be substantially changed in our
experiments.

3. COMPUTATIONAL APPROACH
To simulate realistic experimental conditions, we performed
atomistic simulations relying on accurate interaction potentials
and including as many degrees of freedom as possible. As
representative nanoparticles, we have chosen clusters composed
of 100 and 5000 Ag atoms. The largest cluster size (5000) is
characteristic of experiments with readily available smaller He
droplets containing about 107−108 He atoms4 and is close to
the average cluster size of 3000 Ag atoms in Figure 1. On the
other hand, a study of the impact of very large clusters of about
106 Ag atoms in very large He droplets of about 1010 He atoms
remains beyond the reach of the state-of-the-art calculations.
Throughout all simulations in this work, the initial temperature

Figure 2. TEM images of AgN clusters deposited on a film of
amorphous carbon at room temperature. Helium droplets containing
∼1.7 × 1010 He atoms were produced at a nozzle temperature (T0) of
5.5 K and doped with ∼2 × 106 Ag atoms. Note that the droplets in
Figures 2 are 3 orders of magnitude larger than those in Figure 1. The
TEM micrographs were taken at magnifications of 10 × 103 for panel
(a) and 3 × 103 for panels (b) and (c). The samples were obtained by
exposing the surfaces to the doped helium droplet beam during 4 s (a),
2 min (b), and 30 min (c).
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of the nanoparticles was fixed to 0.4 K and the impact velocity
was set to 200 m/s because these represent usual conditions in
He droplet-mediated deposition experiments. First, we studied
the landing as well as secondary impacts of bare, i.e., not
embedded in He droplets, Ag5000 nanoparticles onto a realistic
amorphous carbon structure (see below) at room temperature.
Second, the role of the He droplet in both the landing and
secondary impacts processes was addressed by embedding the
Ag5000 and Ag100 clusters into He droplets containing 100 000
and 10 000 4He atoms, respectively. Finally, we analyzed the
effect of the surface corrugation; we modeled the deposition
and subsequent dynamics of a Ag5000 cluster on a four-layer
graphene surface with graphite stacking, i.e., ABAB, in order to
simulate a typical experimental graphite surface.
3.1. Molecular Dynamics Simulations. All MD simu-

lations were performed using the LAMMPS (Large-scale
Atomic/Molecular Massively Parallel Simulation) package.42

Newton’s equations of motion were solved through numeric
integration using the velocity Verlet algorithm,43 with a time
step of 1.0 fs. During the whole simulation, the momentum of
the center of mass of the carbon atoms was forced to be zero.
With the carbon surfaces in the xy plane, the vertical size

(along z coordinate) of the simulation box was 750 Å in all MD
calculations. In the case of single bare nanoparticles, the
dimension of the simulation box in the xy plane was 100 Å ×
100 Å on the amorphous carbon surface, with about 200 000
carbon atoms having been explicitly incorporated in the
simulation. The xy area is four times larger in simulations
involving the two Ag5000 clusters or

4He10000 droplets. In order
to properly include the collision dynamics of the 4He100000
cluster, the dimension of the simulation box was also increased
in the xy plane up to 500 Å × 500 Å, which also required the
inclusion of about 1 400 000 carbon surface atoms. Atomic
coordinates from a realistic amorphous carbon structure of a
sample with dimensions 50 Å × 50 Å × 50 Å were used, as

reported by Ricolleau et al.44 All simulation boxes were
obtained by periodic replicas of this atomic structure in the xy
plane. Finally, the simulation of the landing of a Ag5000
nanocluster on a four-layer (ABAB stacking) graphene surface
was carried out using a simulation box size of 196.76 Å ×
170.71 Å with a C−C bond length of 1.424 Å.
The MD simulations were performed in an out-of-

equilibrium situation. First, the carbon material was simulated
within the Canonical Ensemble using the Berendsen’s thermo-
stat45 at T = 300 K, which was kept active during the whole
simulation. Second, the Ag clusters and the 4He droplets were
independently stabilized until thermal equilibrium was reached
at T = 0.4 K, within the Canonical Ensemble, and showed
convergence in the density profiles. After the annealing process
and stabilization at 0.4 K, we introduced the silver nanoparticles
(or the 4He droplet with the silver nanoparticles inside) in the
simulation, providing it with a center-of-mass velocity toward
the surface of 200 m/s, as in the experiments (see Section 2).
Then, we allowed the nanoparticle (or the doped 4He droplet)
to evolve through the associated Newton’s equations and to
interact with the carbon material. When simulating the landing
of a second Ag cluster, the previously deposited Ag cluster
along with the carbon atoms of the support had already been
thermalized at T = 300 K.

3.2. Interatomic Interaction Forces: Pair Interaction
Potentials. The potential obtained via the embedded atom
method (EAM) of Foiles et al.21 was used to describe the Ag−
Ag pair interactions within the Ag clusters. The silver EAM
potential was built to fit the experimental data for the bulk
metal in the fcc phase such as the sublimation energy, the
equilibrium lattice constant, elastic constants, and vacancy-
formation energies. It well reproduces other properties of silver
in solids such as phonon frequencies, surface energies, melting
points, and Ag atomic cohesion energies in finite clusters of
various size. The potential also includes contributions for the

Figure 3. Top panel: Snapshots illustrating the time-dependent evolution of a Ag5000 nanoparticle (Ag atoms are shown in gray) at impact with an
amorphous carbon surface (C atoms are shown in green), including indications of the associated times: 8 ps (a), 17 ps (b), and 40 ps (c); see also
Movie S1. Bottom panel: Evolution of the internal temperature of the Ag5000 nanoparticle.
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embedding energy of each Ag atom in the electron density
defined by the surrounding Ag atoms.
In order to describe the interaction between the carbon

atoms in the surface, the adaptive intermolecular reactive bond
order (AIREBO) potential was employed.22 Unlike the classical
reactive empirical bond-order (REBO) functional46 form, long-
range vdW and dihedral terms are included in the AIREBO
potential. The AIREBO potential has been shown to well
reproduce binding energies and elastic properties of carbon
materials.22 The LAMMPS implementation of the AIREBO
potential employes a σC−C value of 3.5 Å for the vdW term
(Lennard-Jones-type) with the usual Verlet cutoff of the
potential at a distance of 2.5 × σC−C (8.75 Å).
As shown in the Supporting Information (see Sections S1

and S2), the previously validated Ag2/graphene
25 and He/

graphene26,27 interaction potentials were used to calculate the
silver nanoparticle/surface and helium droplet/surface force
fields. The dispersion energies of these vdW-dominated
interactions were obtained at the coupled-cluster single, double,
and perturbative triples [CCSD(T)] level. The short-range
interaction was described via the dispersionless density
functional approach,24 which was shown to provide highly
accurate potentials when combined with the CCSD(T)
treatment of the dispersion part.25−27 The parameters of the
of the effective pair Ag−C and He−C interactions were
extracted from these Ag2/graphene

25 and He/graphene26,27

interaction potentials. To model the interaction of 4He droplets
with silver nanoparticles inside, we fitted the results of very
accurate CCSDT calculations of the pair Ag−He interaction,47
including a variational treatment of triples excitations, to a
highly flexible form (see Section S3 in the Supporting
Information). Finally, in order to include the 4He droplet
dynamics into the MD simulations, we applied a simplified
technique following the method proposed by Bonhommeau et
al.,20 as described in detail in the Supporting Information.

4. RESULTS AND DISCUSSION
4.1. Landing and Secondary Impacts of Bare Silver

Nanoparticles on Amorphous Carbon. The dynamical
simulations start with the landing of a pure Ag5000 nanoparticle
on the amorphous carbon surface, which models the atomistic
structure of realistic TEM support44 thermalized at room
temperature. After an annealing process and stabilization at 0.4
K, the silver nanoparticle is provided with an impact velocity of
200 m/s (as in the He droplet experiments) toward the surface,
which is located at 25 Å from the proximal edge of the
nanoparticle. This initial distance of 25 Å is large enough for
the nanoparticle to be free from any interaction with the carbon
surface at the initial time. The same initial distance between
proximal edges is considered in all simulations. All carbon
atoms were allowed to relax, and no predetermined structure
was assumed for the silver nanoparticle. However, an initial
(icosahedral) structure was formed through the annealing and
stabilization processes.
Figure 3 shows the evolution of the nanoparticle/surface

system (see Movie S1). Figure 4 presents the evolution of the
center-of-mass velocity of the cluster. The silver nanoparticle
sticks to the surface at the low velocity of 200 m/s, whereas at a
higher velocity of 1000 m/s, the particle melts upon impact,
spreading as a thin film. After sticking, the nanoparticle does
not diffuse, rebounds a little, and suffers some deformation until
thermalizing on the surface. The bottom panel of Figure 3
shows the internal temperature of the nanoparticle as a function

of time. It is seen that the sticking occurs in just 10 ps, similar
to that previously found for the deposition of a single gold atom
on a titanium dioxide surface.17

One fundamental question motivating this work is whether
soft-landing conditions are realized in 4He droplet-mediated
deposition processes at the nanoscale. Soft landing is usually
characterized by the sticking of the nanoparticle to the solid
surface at the impact point with a probability near unity while
the shape of the particle remains unchanged. Despite some
deformation (flattening) of the nanoparticle (see Figure 3), our
simulation confirms the existence of a soft landing mechanism.
Interestingly, in contrast with the case of a single metallic atom
(see Paper I17), a bare silver nanoparticle soft lands, which can
be explained by its low velocity and temperature. The center-of-
mass kinetic energy is dissipated by the plastic deformation of
the particle upon impact and other inelastic processes in both
the Ag cluster (observe the sharp increment of its temperature
in Figure 3) and the amorphous carbon surface. On the other
hand, the soft landing of single Ag atoms was observed only for
the embedded atoms (see Paper I17). In short, the soft landing
of nanoclusters is assisted rather than mediated by the helium
drop. Our MD simulation results are similar to those previously

Figure 4. Top panel: Snapshots showing the evolution of an Ag5000
cluster embedded in an 4He100000 droplet (Ag atoms are shown in gray;
He atoms are blue) at impact with an Ag5000 cluster previously
deposited onto an amorphous carbon surface (C atoms are turquoise).
Bottom panel: Evolution of the velocity component along the surface
normal. The blue line corresponds to the center of mass of the two
colliding Ag5000 nanoparticles shown in the top panel. The green line
refers to the bare colliding Ag5000 clusters shown in Figure 5, and the
black one (Vz, right y axis) corresponds to the center of mass of the
soft landing of the bare Ag5000 nanoparticle displayed in Figure 3. The
black dashed line indicates the first passage by zero velocity shifted to
60 ps in all cases, whereas the blue dashed line marks the time
associated with snapshot (e), when the He droplet can be considered
evaporated. Notice that the scale of the right y axis corresponding to
the single nanoparticle is double. With this scaling, the left y axis can
also be interpreted as the momentum in Ag5000 mass units for all cases.
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reported for silver48 and gold12 nanoparticles landing onto the
same surface. In previous simulations, however, the interaction
with the surface was modeled by a one-dimensional potential,
without consideration of its specific atomic structure or atomic
dynamics.
As discussed in Section 2, the measurements at different

exposure times indicate that the aggregation of silver nano-
particles on amorphous carbon is mediated by the 4He droplets
impacting the surface rather than determined by the diffusion of
the deposited nanoparticles. In order to obtain further insights
into the mechanism of the cluster aggregation on the surface,
we modeled the landing of a silver nanoparticle over a similar
particle that was previously soft-landed onto the amorphous
carbon film. The dynamical simulation starts with the edge of
the incoming bare silver nanoparticle at 25 Å from the proximal
edge of the previously deposited silver one and with the center
of mass also separated by 25 Å (half of the mean nanoparticle
radius). Once again, the incoming bare nanoparticle was
provided with a velocity of 200 m/s pointed toward the surface.
As shown in Figure 5 and Movie S2, immediately after the

first contact, a very fast merging process occurs so that a

merged nanoparticle is formed in just a few picoseconds. This
short time scale is similar to that found for the single
nanoparticle plastic deformation above. Once merged, the
nanoparticle acquires some angular momentum and falls
toward the surface in about 220 ps, sticking to it in a horizontal
position. This is not necessarily the case, however, if the center-
of-mass positions of the incoming and landed nanoparticles are
sufficiently well aligned. In such a case, although with a very low
probability, we have observed desorption of the composed
nanoparticle after the merging process (see Section S4 of the
Supporting Information).
4.2. 4He-Mediated Deposition of Silver Nanoparticles

on Amorphous Carbon. As for the effect of the embedding
He droplet, the computational load obviously increases very
quickly with the size of the droplet. This is not only due to the
large number of He atoms involved but also to the requirement
of increasing the carbon surface area for the purpose of giving
the droplet enough space to spread and evaporate. In practical
terms, within our computational resources, the largest droplet is
composed of 100 000 He atoms, requiring simulation box
dimensions in the xy plane of 500 Å × 500 Å. Since this
simulation is very time-consuming, we directly studied the

secondary impact case. We have altered, however, the initial
position of the incoming nanoparticle. Thus, we have aligned
the center-of-mass positions of both (incoming and deposited)
particles, reproducing exactly the initial conditions under which
desorption is observed in the absence of the He drop (see
Section S4 of the Supporting Information).
The results are illustrated in the top panel of Figure 4 (see

also Movie S3). The bottom panel shows the evolution of the
vertical velocity (blue line) compared with both the secondary
impact of bare nanoparticles (green line) and the landing of a
bare nanoparticle (black line). Once again, as soon as the
nanoparticles touch each other, very fast merging occurs. At 60
ps, the already merged nanoparticle starts moving outward
from the surface so that the velocity component reaches a value
of about 50 m/s after 5 ps. The flattening, compression, and
spreading of the helium droplet over the surface is evident in
the snapshots at 60 and 77 ps. The compression of the helium
drop stops the nanoparticle’s outward motion so that, at 77 ps,
it is accelerating toward the surface. In fact, similar to what was
previously found for the deposition of a gold atom,17 the silver
nanoparticle oscillates back and forth with decreasing
amplitude. After the 4He droplet evaporates at around 125 ps
(vertical blue dashed line in the bottom panel of Figure 4), the
oscillations reach a stationary small amplitude around zero. The
collision energy is thus effectively dissipated via the evaporation
of the He droplet. As compared with the case of a bare
nanoparticle, we first notice that, as expected for the larger
angular momentum transfer in the bare impact geometry, the
merged particle reaches a larger maximum velocity. Second,
falling toward the horizontal position is now much slower so
that during the simulation time it cannot be discerned with
certainty from a possible vertical libration. In the case of the
bare silver particle, the falling is fast enough to dominate the
velocity component in the vertical direction so that the
oscillations remain negative until the horizontal position is
reached at about 225 ps. Notice also that the frequency of the
oscillations of the bare single nanoparticle (black line in the
bottom panel of Figure 4) scale approximately as √2 with
respect to the merged counterpart, as expected for thermally
driven oscillations in a similar potential well. Finally, when
compared with the same impact geometry shown in Section S4
of the Supporting Information, it can be concluded that the 4He
droplet effectively cushions the impact, thus inhibiting any
possible desorption.
The results of our calculations are consistent with the

deposition experiments of AgN clusters with NAg = 3000 (see
Figure 1). As mentioned in the Experiment section, the
patterns at long exposition times are mainly formed by
secondary impacts. It also confirms that the yield is 100%
(i.e., all embedded Ag clusters end up adsorbed on the carbon
surface) as estimated in the experimental setups using
microbalances.3,4 However, the TEM results make clear that
some other mechanisms should also contribute. In particular,
for the filaments case shown in Figure 2, the patterns are too
heterogeneous to arise from just secondary impact accumu-
lation of filaments. Such mechanisms must be related to the
effect of the liquid He droplet on the dynamics of the
embedded and/or the already landed particles. In order to
better observe this effect, it would be desirable to increase the
NHe/NAg = 20 ratio so that it becomes closer to the 104 value in
the experiments (see Section 2). However, due to the much
increased computational load, we instead reduced the overall
magnitude of the computation by considering Ag100 silver

Figure 5. Snapshots showing the evolution of an Ag5000 cluster (Ag
atoms are shown in gray) at impact with another Ag5000 cluster
previously deposited onto an amorphous carbon (aC) surface with the
C atoms colored turquoise.
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clusters and 4He10000 droplets. In this way, the computational
load was reduced by more than an order of magnitude while
retaining the order of magnitude of the NHe/NAg ratio, thus
facilitating the exploration of the various scenarios.
We addressed the dynamics of the He droplet-embedded

particle when it is not perfectly centered within the droplet,
which is a common situation in experiments. For such a task,
we prepared an off-centered initial position of the Ag100 cluster,
locating it in the plane of the 4He10000 sphere parallel to the aC
surface but around 25 Å out of the center in the x direction.
The diameter of the 4He10000 droplet is around 110 Å, whereas
that of the Ag100 cluster (approximately spherical) is about 18
Å. As usual, the height was such that the proximal edge of the
droplet was 25 Å above the aC surface. As in the experiment,
the temperature was fixed to 0.4 and 300 K for the droplet and
the aC surface, respectively, with the initial droplet velocity
being 200 m/s downward.
Figure 6 displays the calculated trajectory of the Ag100 center-

of-mass position (see also Movie S4). The center of the He

droplet is located at about −50 Å in the x coordinate and close
to the origin of the y axis. A drift of the falling trajectory toward
the surface of the droplet is very clear. The diffusion of the
landed Ag100 cluster is also manifested. The He droplet can be
considered evaporated at around the second rebound of the Ag
nanoparticle. Notice that the stochastic motion of the landed
nanoparticle is rather anisotropic, showing a larger displace-
ment along the x axis. This is consistent with the observed drift
because, during the fall, the Ag100 cluster has gained some
momentum along the positive x direction. A similar effect
would sweep already deposited particles into ramified
structures. The study of such a sweeping process will be the
subject of future investigations.
These results are illuminating. At this scale, which is orders of

magnitude below the experimental NHe/NAg ratio, we already
observe a clear influence of the He droplet liquid dynamics
onto the embedded Ag nanoparticles, imparting lateral
momentum to them that, in turn, facilitates the dragging of

already landed Ag clusters through secondary impacts. Notice
that this microscopic mechanism is iteration-dependent: already
aggregated clusters are less and less sensitive to a possible
pulling/pushing by impinging nanoparticles. As opposed to a
pure accumulation of clusters by secondary impacts, here there
is also an induced mobility that tends to stabilize the larger
aggregates, with the smaller ones remaining eventually mobile.
It can be expected that this effect becomes more clearly
manifested when operating with a NHe/NAg ratio closer to the
experimental one. Under these circumstances, a clear
heterogeneity in the final Ag distribution can also be expected.
However, at this stage, we are still far from fully understanding
the pattern formation, particularly in the filaments case. We
have only hints of possible “sources” of heterogeneity. For
instance, there is plenty of margin in the NHe/NAg ratio to also
expect direct dragging by the He droplets in the experimental
situations. More speculatively, the helium interaction during the
time in which a drop embraces both a falling and a landed
nanoparticle could induce some weak effective attraction
between the silver nanoparticles. Additionally, the recent
observation of the instability of deposited Ag filaments at
room temperature due to the self-difussion of Ag atoms at the
surface of the filaments49,50 should also have some influence on
the shape of the final pattern.

4.3. Diffusion of a Deposited Single Silver Nano-
particle onto Graphene. The influence of the corrugation of
surfaces was addressed by substituting the aC film by a four-
layer graphene sheet (ABAB stacking). As described previously
(see Section 4.1), after an annealing and stabilization process of
the Ag5000 nanoparticle at 0.4 K, it was provided with a velocity
toward the surface of 200 m/s. It can be seen that soft-landing
deposition is observed for the aC surface as well (see Movie
S5). However, the diffusive behavior of the deposited Ag cluster
is immediately obvious as opposed to the aC film case where no
lateral motion of the deposited particles is observed during the
few nanoseconds of the simulations.
The inset of Figure 7 shows the trajectory of the Ag5000

nanoparticle center of mass in the xy plane of the graphene
surface during 4.25 ns. At the beginning of a simulation (see
Movie S5) associated with rebounding to dampen the impact,

Figure 6. Projections (zx plane in the top panel; xy plane in the
bottom panel) of the center-of-mass trajectory during the landing and
posterior diffusion of an off-centered embedded Ag100 cluster in a
4He10000 droplet.

Figure 7. Log−log plot of the variance of center-of-mass displacement,
R2(t), of an Ag5000 cluster as a function of time. Blue thick line: the
adsorption surface is a four-layer graphene film at 300 K. The
corresponding 4.25 ns trajectory (displacement in the xy plane) is
depicted in the inset. The slope of the function at the long-time limit is
shown with a dashed line. Red thick line: the adsorption surface is an
amorphous carbon surface at 300 K.
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the nanoparticle rotates along its icosahedral facets. Then, when
the nanoparticle settles down, the diffusion in the xy plane
starts to dominate the dynamical behavior. In a few
nanoseconds, it covers distances of up 200 Å.
To better characterize the diffusion process, Figure 7 shows a

plot of log R2(t) vs log(t), where R2(t) denotes the variance of
the displacements as averaged over time origins

= ⟨ − ⟩R t tR R( ) [ ( ) (0)]2 2
(1)

with R being the vector defining the center-of-mass position.
The log R2(t) curve at long times (t ≥ 2.5 ns) fits almost
perfectly (Pearson’s r = 0.999) to a straight line with a slope of
1.63, i.e., R2(t) ∼ tγ, with γ = 1.63. Remarkably, this is a large
departure from the MD results of Luedtke and Landman51,52

for the case of gold nanoparticles where a γ value of only 1.1
was attained. This represents superdiffusive behavior that is
quite strong, closer to the motion of a free particle (γ = 2) than
to the normal diffusion characterized by a linear dependence (γ
= 1). The results are consistent with the observed high diffusion
of small (⟨NAg⟩ = 150) clusters onto graphite surfaces.41 The
superdiffusion behavior is a remarkable effect for such cluster
sizes composed of 5000 atoms. As presented in the previous
sections, the clusters of the same size show no diffusion onto an
aC surface (al least on the nanosecond scale) so that log R2(t)
remains bounded at long times, i.e., γ = 0 (red line in Figure 7).

5. CONCLUSIONS

The main motivation of this combined experimental/
theoretical work was to provide fundamental insights into the
mechanisms characterizing 4He droplet-mediated deposition
and aggregation of silver nanoparticles on a standard TEM
support (amorphous carbon) at room temperature. To this
end, we performed MD simulations, including the atoms of the
nanoparticle, the droplet, and the support explicitly, applying
realistic force fields relying on ab initio determinations of
interatomic silver/surface, droplet/surface, and silver/droplet
interactions and accounting for leading zero-point effects in the
motion of droplets containing up to 100 000 4He atoms.
Moreover, the simulations were extended by also considering a
graphene surface.
Deposition experiments with an average number of Ag atoms

per He droplet of 3000 indicate that the aggregation of the
silver clusters on the amorphous carbon surface is mediated by
secondary droplet impacts rather than by two-dimensional
diffusive motions of the landed nanoparticles. The calculations
agree with the experiments in predicting a limited role of two-
dimensional diffusion. Thus, the simulations clearly show a
negligible diffusion of Ag clusters of 5000 atoms after landing
onto the carbon surface, whereas some mobility remains in
clusters of 100 atoms. They also characterize the collision
process as soft landing even when bare silver clusters are surface
deposited at low velocity (about 200 m/s) and temperature
(below 0.4 K), as in the carrier 4He droplets. With respect to
secondary impacts, the simulations reveal a small but finite
probability of cluster desorption in the case of bare cluster
deposition, a possibility that is inhibited when the clusters are
embedded in a He droplet. Remarkably, the simulations also
show the possibility of a drift of the embedded cluster toward
the surface of the carrier 4He droplet as well as the dragging of
deposited particles, as induced by secondary impacts. On the
other hand, in counterposition to the amorphous carbon
surface, the simulations show not only a mobility of the Ag

clusters of 5000 atoms onto graphitic surfaces but also the
onset of a clear superdiffusive regime.
We also show deposition experiments with very large He

droplets and Ag doping in which the Ag atoms arrange in large
filaments within the He drop. In this case, for a sufficiently long
exposure time, the silver aggregates form intriguing patterns of
thick filamentous Ag islands separated by large voids. The
scales of such experiments are far larger than the numerical
counterparts examined here. Nonetheless, the nontrivial cluster
dynamics found in our simulations points toward microscopic
mechanisms capable of inducing heterogeneous aggregation.
Realistic simulations, such as the ones presented here, will be
invaluable in fully understanding such phenomenology. Work
in this direction is already underway.
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