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The dynamics and energy conversion and redistribution pathways in collisions of nanocrystals with bare solid
surfaces and with adsorbed liquid films are investigated with molecular dynamics simulations. While impact
of an ordered Cu;47 icosahedral cluster on a bare Cu(111) surface at velocities larger than thermal leads to
various outcomes including implantation, indentation, disordering, and spreading, deposition into a low-density
liquid film (argon) results in efficient energy transfer to the liquid which for incidence velocities as high as 2—4
km/s can lead to controlled soft landing of a crystalline cluster on the solid substrate. For an incidence velocity
of 2 km/s the cluster does not melt, maintaining its icosahedral structure, while for a velocity of 4 km/s the
cluster superheats and melts and subsequently recrystallizes after soft landing on the Cu(111) surface. In
collisions of the cluster with a higher-density liquid (xenon), with incidence velocities of 2-4 km/s, a larger
fraction of the cluster translational energy is converted into internal energy of the cluster than in the case of
the argon film. Such collisions lead to rapid attenuation of the cluster incident velocity, accompanied by
ultrafast heating to high temperatures, superheating, and melting of the cluster. For certain impact velocities,
e.g., 2km/s into xenon, fast cooling via heat transport into the fluid can quench the metallic cluster into a glassy
state. The branching ratios for conversion, partitioning, and dissipation of the incidence translational energy
of the projectile cluster into internal degrees of freedom of the cluster and those of the target fluid are determined
by the relative mass densities and sound velocities of the two materials. New methods for controlled growth
of nanophase materials and for preparation of nanoglass aggregates, based on cluster deposition onto liquids,

are suggested.

1. Introduction

Materials growth and the evolution of materials shapes, forms,
and properties upon assemblage of small elementary units, or
building blocks, to form larger aggregates are natural phenomena
whose consequences we commonly observe. The elementary
growth units may vary in size, from individual atoms and
molecules! to small clusters,2 nanoscale aggregates,’ or larger
size particles. Furthermore, the medium from which solid
materials may be grown can be a homogeneous melt, or interphase
interfaces such asa melt—solid interface as in liquid-phase epitaxy*
or a gas-solid interface where epitaxial growth occurs via
condensation of particles incident onto a solid substrate.l:2 In
the latter growth mode, which forms the basis for many modern
materials fabrication techniques, particles may impinge onto a
solid surface from the vapor or be deposited with a chosen incident
energy via directed beams, as in atomic, molecular, or cluster
beam epitaxy.!?

Much of the research endeavor in this area is focused on the
fundamental physical and chemical phenomena underlying growth
phenomena, such as kinetics and dynamics of nucleation,
equilibrium, and nonequilibrium properties of fluid—solid inter-
faces, phase transformations, collision dynamics and energy
transfer and accommodation, heat and matter transport, sintering,
and chemical reaction pathways.® Such basic understanding,
often on a microscopic level, leads to identification of growth
control parameters (GCPs) allowing controlled preparation of
materials with desired structural, physical, mechanical, and
chemical characteristics. Examples of GCPs include the nature
of the deposited particles (atoms, molecules or clusters, in their
ground or excited states) and deposition rates, incidence energy
and direction, substrate temperature and cooling rates, substrate
morphology, and stirring velocities.

Identification of the GCPs and their application in the
development of novel materials preparation techniques are of
great basic and technological significance, since correlations
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between physical and chemical properties of materials and their
ultrafine microstructure and characteristic size are abundant
among natural and human-fabricated materials. Suchstructure—
property correlations have been long recognized and exploited;?
examples include the human teeth material whose unique
properties are related to its composition consisting of 1-2-nm
fibrils of hydroxyapatite topotactically grown onto collagen, color
enhancement achieved in ancient Egypt and China via reduction
of the size of pigment particles through grinding or milling, and
hardening of certain quenched metallic alloys discovered at the
turn of the century, associated with the development of submicron
precipitates of a new phase.

More recently, research efforts focus on methods of preparation
and investigation of nanophase (also termed nanostructured)
materials, that is, solids composed of nanoscale structural units
which maintain their individual characteristics after consolidation.
The interest in such materials is motivated by the new electronic,
optical, magnetic, mechanical, and chemical properties which
they exhibit.?

One of the main issues in the growing interdisciplinary area
of nanophase materials is the controlled synthesis of solids with
tailored size and shape distributions of the elementary nanoscale
units. In this context we remark that the elementary units may
be of crystalline or noncrystalline nature (in the latter case the
assembled material is referred to as a nanoglass). Among
currently used preparation techniques we note the accumulation
of nanocrystals formed inside an evaporator onto a rotating cold
finger and subsequent consolidation of the stripped-off powder,
and sol-gel, organic “capping”, and micellar techniques.?

In addition to the above materials-growth applications,
controlled deposition of clusters onto targets is of importance for
the preparation of well-characterized samples for investigations
of clusters using physical probes. Examples include preparation
of surface-supported clusters for studies with the use of tip-based
(scanning-tunneling and atomic-force) microscopiess and deposi-
tion of clusters into solid inert matrices (matrix isolation) for
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studies of vibrational and electronic structure of individual
aggregates.

Guided by the above considerations, we reported recently’ on
theoretical investigations, using molecular dynamics (MD)
simulations, of the energetics and dynamics of collisions of
crystalline sodium chloride nanoclusters impinging onto fluid films
adsorbed on sodium chloride solid surfaces.?-19 Our results
revealed the nature of energy conversion and redistribution
pathways, involving crater formation in the liquid, vapor splash-
back, heating, melting, cooling, and generation of shock impulses,
occurring when a nanocrystal impacts a fluid surface at hyper-
velocities. Furthermore, we found that the collision process and
final state of the system can be controlled via appropriate choice
of the liquid film for a given incident projectile. In our earlier
studies we showed that a cubic-ordered nanocrystal of sodium
chloride containing 64 atoms ((NaCl)s,), incident with a center-
of-mass velocity of 3km/s (i.e., total translational energy of ~87
¢V) onto a 16-A-thick adsorbed neon film, is “soft landed” onto
the underlying solid substrate, preserving to a large degree its
crystalline form and shape, while direct collisions of the cluster
with a bare solid surface can lead to various outcomes including
melting, disordering, fragmentation and rebounding of a vibra-
tionally hot cluster, or fragments, from the surface. On the other
hand, incidence of the same projectile onto a heavier mass adsorbed
argon film of a similar thickness results in ultrafast heating and
subsequent cooling (at rates of ~10!% and ~10!4 K/s, respec-
tively), occurring near the surface of the liquid film, leading to
superheating followed by melting and quench of the cluster into
a highly disordered, glassy state (the term “glass” refers here to
a disordered solid formed by rapid cooling of the melt).

In the present study we investigate the collision dynamics of
a metallic nanocluster, Cu, 47, incident with various velocities onto
adsorbed liquid argon and xenon films, as well as impinging on
a bare Cu(111) surface. In section 2 we described the meth-
odology for development of interatomic interaction potentials
between rare-gas atoms and copper and provide pertinent details
of our molecular dynamics simulations. In section 3 results of
our simulations are presented, showing that deposition of a metallic
Cu,4;icosahedral cluster onto the lighter liquid film (argon) results
in soft landing of the cluster for an incident velocity of 2 km/s
and as high as 4 km/s (for the lower velocity the cluster does not
melt maintaining an icosahedral structure, while for the higher
velocity, upon collision the cluster heats up above its melting
point and then soft lands and recrystallizes on the underlying
Cu(111) surface). On the other hand, collisions of the cluster
with a bare Cu(111) surface with these velocities result in damage
to both the cluster and the target surface. Deposition of the
cluster with an incidence velocity of 2 km/s onto a higher-density
liquid (xenon) result in superheating followed by melting and
rapid quenching into a glassy state. A detailed examination of
the nature of the glassy cluster produced by this process is included.
For higher incidence velocities the cluster superheats and melts,
remaining as a hot liquid droplet for the duration of our
simulations. (In our simulations the cooling rate of the droplet
becomes exceedingly slow at the late stages because of the
evaporation of the rare-gas atoms. It is likely that under
appropriate conditions recrystallization of the cluster may occur.)
We summarize our results in section 4, where we derive an
expression relating the fraction of translational incidence energy
of the projectile cluster which is converted into internal energy
of the cluster, to characteristic physical properties of the cluster
and substrate (target) materials (mass densities and sound
velocities, or compressibilities).

These investigations suggest ways and means for size- and
shape-controlled deposition of nanocrystals using inert fluids as
buffers, as well as a novel method for ultrafast heating and cooling
(orders of magnitude faster than the fastest cooling rates
accomplished todate using sonochemistry techniques, 10° K/s,
seeref 11a,and 1010-10'3 K /s achieved via the method of explosive
spraying!!b, circumventing crystallization and producing nanoglass
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particles. Our findings pertaining to glass formation of nanoscale
metal particles are of particular interest due to the low propensity
of metals (monocomponent, elemental systems, in particular) to
glassify (that is, low “glass formability”2-14),

2. Interaction Potentials and Simulation Methodology

Toinvestigate the atomic-scale dynamics and energy conversion
and redistribution mechanisms in energetic collisions of a room-
temperature Cu, 47 cluster with a bare Cu(111) surface and with
adsorbed fluid argon or xenon films, chosen because of their
chemically inert nature, we have used molecular dynamics (MD)
simulations. In this method the Newtonian equations of motion
of a system of interacting particles are integrated by a computer,
yielding phase-space trajectories (particles’ positions and
momenta) and allowing exploration of the microscopic energetics,
structure, and dynamics with refined resolution in space and
time.15:16

The interatomic interactions in the copper substrate, in the
Cu,47 nanocluster, and between the copper surface and the cluster
were modeled via the many-body potentials given by the embedded
atom method (EAM).!"18 The interatomic interactions between
the rare-gas atoms (argon or xenon) were modeled using 6-12
Lennard Jones pair potentials with ¢4, = 1.028 X 10~2 eV, ex. =
1.8913 X 102 eV, g4, = 6.435 au, and ox. = 4.45 au!® (the
potentials were cutoff at a distance of 30 au).

2.1. Rare-Gas Interaction with Copper. Determination of
interaction potentials between rare-gas atoms and metal surfaces
has been the subject of a number of investigations, particularly
in the context of rare-gase atom scattering from surfaces and the
properties of physisorbed rare-gas films.22¢ For our MD
simulations, where the rare-gas atoms interact with both atoms
of a solid copper surface and those of a copper cluster, we have
developed additive pairwise interaction potentials which provide
an adequate description of experimental data of Ar and Xe
interaction with solid crystalline copper surfaces, as well as
incorporating, by the method of construction, aspects of the
interaction of the rare-gas atoms with copper atoms in different
environments (such as in clusters).

For the pairwise interaction potential between a rare-gas atom
and an atom of the metal at a distance r, we assume a form
suggested and used in earlier studies??4 of rare-gas interactions
with metal surfaces:

V(r) = Vo™ — g(r,r) Cy/r® (1)
with ¥4, a, r1, and Cy as parameters to be specified below, and
g is a damping function? of the form?}

g(r,r,) = e/ forr<r, (22)

glrr) =1 forrzr, (2b)

The first term in eq 1 describes electrostatic repulsion due to
charge-density overlap and Pauli exclusion and the second term
corresponds to attraction due to dispersion interactions. To fit
the parameters of the potential given in eq 1, we performed
calculations of the interaction between individual Ar and Xe
atoms and a Cu atom, using the local-spin-density-functional
(LSD) method, employing a linear combination of atomic orbitals
(LCAO) and a descrete variational method (LSD-LCAO-
DVM),?" together with a fitting procedure guided by an empirical
data base for rare gas/metal surface systems.2?

The LSD-LCAO-DVM method provides a proper description
of the shape of the atom—atom interaction potential and rather
accurate values for the equilibrium interatomic distances and
vibrational frequencies. However, as is the case with all methods
using the local-density-functional approximation, the calculated
binding energies are overestimated. Moreover, long-range
dispersion (van der Waals) interactions cannot be determined
with this method. Plots of calculated energy versus interatomic
distance for Cu—Ar and Cu—Xe are shown in Figure 1.
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Figure 1. Binding energy versus interactomic distance for Xe~Cu (empty
circles) and Ar—Cu (filled circles) calculated via the LSD-LCAO-DVM
method. The interatomic binding energy curves near the minimum are
shownonalargerscaleintheinset. Energiesin electronvoltsand distances
in Bohr radii (ap).

The two experimentally estimated values which we use to guide
our fitting procedure are the coefficient C; of the long-range
interaction, —C3/r3, between the rare gas and a clean Cu(111)
surface determined from calorimetric measurements, and the
value of the atom to surface binding energy Ej, obtained from
desorption experiments. (We should note the large uncertainty
inthevalues quoted in the literature?? for characteristic parameters
of the Ar/Cu(111) and Xe/Cu(111) systems.)

The fitting procedure consists of calculations of the interaction
of the rare-gas atom with the Cu(111) surface, using eq 1 for the
pairwise interactions with a starting value of Cs obtained from
the relation Cg = C3d%(6/«), where d is the interlayer spacing in
the surface, and C; estimated from the experimental data,2 and
the parameters V;, a, and 7| determined via a least-squares fit
to the calculated interatomic energy curves (see Figure 1),
including an overall energy shift E,. Starting from an initial
guess for Ey the atom—surface interaction energies were calculated
as a function of the height of the rare-gas atom above the surface
forseveral adsorptionsitesinthe Cu(111) surface. This procedure
was repeated for a mesh of values of Ey (and for each value a new
set of parameters V5, «, and r; and slight variations in the value
of the Cs coefficient) until a value for the binding energy E;, in
the optimal adsorption geometry (i.c., the rare-gas atom adsorbed
over the hollow site of the Cu(111) surface unit cell) close to the
experimentally estimated value was obtained. The optimized
interatomic interaction potentials, ¥(r), and atom-to-surface
interactions for Ar-Cu(111) and Xe-Cu(111), plotted versus
height above the hollow site and for the on-top adsorption site,
are shown in Figure 2. The optimal values of the interatomic
interaction potential parameters (eq 1) determined by the above
procedure are given in Table 1.

2.2. Molecular Dynamics Simulations. Inour simulations the
calculational cell of the crystalline Cu(111) surface consisted of
ng layers of dynamic particles (ng = 12 for calculations involving
a bare Cu(111) surface and nq = 4 for simulations of collisions
with adsorbed films) with 400 atoms/layer arranged in a fcc
crystalline structure and exposing the (111) surface. Theselayers
were positioned on top of six layers of a static copper crystal of
the same crystallographic orientation. For simulations involving
adsorbed films the system was prepared with a fluid film (argon
or xenon) equilibrated on top of the crystalline surface (the
thicknesses of the liquid films were ~ 120 g, for argonand ~170
ag for xenon). The substrate calculational cell was repeated
periodically in the two directions parallel to the (111) surface
plane, with no boundary conditions applied in the normal (z)
direction.

The target surfaces were initially equilibrated at the desired
temperature (84, 84, and 161 K for the bare Cu(111) surface or
with an adsorbed film of argon or xenon, respectively). During
subsequent simulations of the collisions of clusters with the surface
the temperature was controlled via application of stochastic
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Figure 2. Optimized interatomic pair potentials (PP) for Ar—Cu and
Xe—Cu, plotted versusinteratomic distance, and rare-gas atom interaction
potentials with the Cu(111) surface, for Ar/Cu(111) (in a) and Xe/
Cu(111) (in b) plotted versus height (distance along the normal to the
surface) of the rate-gas atom above the hollow adsorption site (marked
1) and for the on-topsite (marked 2). Thedifference between the minima
for the two sites, representing the surface corrugation of the interaction
potential, is 7 meV for Ar/Cu(111) and 15.4 meV for Xe/Cu(111).
Energies and distances in units of electrovolts and Bohr radii, respectively.

TABLE 1: Values for the Parameters of the Optimized
Interatomic Pair Potentials, of the Form Given in Egs 1 and
2, for Ar~Cu and Xe-Cu, with Interatomic Distances in 3, and
Energies in electronvolts*

Vo(eV) | a(ag?) Cs (eV a0%) ry (ap)

Ar/Cu 2799.6 1.8809 1600 8.3
Xe/Cr 5866.1 1.8931 3500 8.0

4 Using the parameters given in the table, the calculated values for
Ar/Cu(111) for the C; coefficient of the long-range dispersion term and
for the binding energy Ey are C3(Ar) = 1583 meV A3, Ey(Ar) = 78.17
meV at a height z,, = 3.1 A above the hollow adsorption site and 71.16
meV at z,, = 3.25 A above the on-tope site. These values compare well
with experimentally estimated ones,?2 C3(Ar) ~ 1550 meV A3 and E,
~ 80meV. Thecalculated values for the Xe/Cu(111) systemare C3(Xe)
= 3461 meV A3, Ey(Xe) = 170.7 meV at a height z,, = 3.1 A above the
hollow adsorption site, and 155.3 meV at zy, = 3.25 A above the on-top
site, compared with the experimentally estimated ones?? of C3(Xe) ~
3150 meV A3 and E, ~ 180 meV.

thermalization,?® at the appropriate temperature, to the bottom
dynamiclayer of the solid surface region, with a stochastic collision
frequency. of 5 X 103 fs-l, The equations of motion were
integrated using the fifth-order Gear algorithm!S with a time
step At = 2-3 fs, which ensures conservation of energy throughout
the collision process.

Finite clusters exhibit various structural isomers, depending
on their internal vibrational temperature, with the structural
motiffs dependent on the cluster composition and size. Moreover
certain cluster sizes (termed “magic numbers”™) are more stable
than others and consequently are more abundant. For metals
(such as nickel?) it is expected that for clusters with up to 2000
atoms the lowest energy structures are of icosahedral symmetry,
with magic numbers 13, 55, 147, .... In our simulations we have
chosena 147-atomicosahedral cluster, Cu, 47, initially equilibrated
at 300 K.

After equilibration of the separated collision partners, a velocity
Ve™(0) was assigned to the cluster atoms in the normal direction
of incidence onto the surface and the collision process was
simulated. The numerically generated dynamical phase-space
trajectories and several other properties were recorded and
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Figure 3. Variation of the internal temperature, T2, of a Cujy
icosahedral cluster, equilibrated initially at a temperature of 300 K, plotted
versus time during collisions with a cold (84 K) Cu(111) surface. Results
are shown for incidence velocities of 0.023 km/s (i.e., thermal velocity,
ina), 2 km/s (in b) and 4 km/s (in ¢). Temperature in degrees kelvin,
and time in picoseconds.

analyzed. In discussing the energetics of the cluster, it is
instructive to distinguish a kinetic energy component representing
overall (center-of-mass) motion (K¢™) from an internal kinetic
energy (Ey:) component corresponding to particle “thermal”
motion. We take Ej; to be the kinetic energy in a coordinate
system comoving with the cluster’s center of mass. Inequilibrium
steady-state conditions equipartition of energy between the various
degrees of freedom results in a direct relation between the internal
temperature (or temperature for short) of a set of V particles and
the average of EL‘“ (3NkgT/2 = (EJ*), where kg is the Boltzman
constant). While wedonot expect that full equilibrium conditions
will be achieved throughout most of the initial collision processes,
we often express the internal kinetic energy of a set of particles
as their kinetic temperature.

3. Results

3.1. Collisions witha Bare Cu(111) Surface. Priortodiscussion
of our results for deposition onto liquid films, which are the main
subject of this study, we remark on collisions between a room
temperature Cu,yy cluster with a cold (7" = 84) bare Cu(111)
surface, for various incident velocities V;™(0) = 0.023, 2, and 4
km/s (corresponding to total translational energies of the cluster
2.6 X 102 (i.e., thermal impact energy), 193.3, and 773.25 eV,
respectively). Collision with the highest velocity resulted in
penetration of most of the cluster into the surface, sudden intense
heating of the cluster (Figure 3c) accompanied by melting and
disordering of the cluster and local melting of the surface,
significant implantation and mixing, and severe damage to the
cluster and substrate surface (in the form of crater formation);
see Figure 4¢c. Collision with V{™(0) = 2 km/s leads to partial
penetration of the cluster into the surface followed by a recoil
(see Figure 5), heating of the cluster to an internal temperature
of ~1800 K (see Figure 3b), melting, less severe damage to the
substrate surface, significant spreading of the cluster, and a certain
degree of intermixing between the cluster and surface atoms; see
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Figure 4b. Finally, in collision of the cluster with the lowest,
thermal, velocity Ve™(0) = 0.023 km/s, the cluster accelerated
toward the surface upon entering the attractive range of the
interaction potential (see Figure 5b), and the internal temperature
of the cluster did not exceed its melting temperature (estimated
to be ~900 K; see section 3.3) during the collision (Figure 3a).
This low-velocity collision did not damage the target surface.
Moreover, the colliding cluster maintained a high degree of order
as well as crystalline shape throughout the process, resulting in
a three-dimensional crystalline nanostructure deposited on the
surface; see Figure 4a.

3.2. Collisions with Adsorbed Liquid Films. We turn next to
a discussion of the results of collisions of the cluster with adsorbed
liquid films. Upon collisions of theincident cluster with the target
surface its incidence translational motion is strongly attenuated
(see Figures 6a and 7a for collisions with Ar and Xe
films, respectively, and in each case for several incidence velocities
Ve™(0)). The attenuation is accomplished by conversion of the
cluster incidence kinetic energy (KJ™) into potential and kinetic
energies of internal degrees of freedom of the cluster (Ey and
E;c) and those of the target.

For collisions in the energy range considered by us, the
penetration depth of the incident cluster into the target fluid film
shows some dependence on the substance of the fluid, and for the
low-density film (Ar) the attenuation length shows a marked
dependence on the incidence velocity (see Figure 6b). Thus for
the Ar film the incidence translational energy of the cluster was
dissipated within ~50 ag and ~100 ao for V"(0) = 2 and 4
km/s, respectively, while for the Xe film penetration depths of
~50 ag to 70 ao were found for incidence velocities between 1.5
and 4 km/s (see Figure 7b,b’).

The variations versus time of the total internal energy of the
cluster relative to its initial translational energy (6Er =
AE™(t)/KI™(0)) are shown in Figures 8a,b and 9a—d for
collision processes of the cluster incident with various initial
velocities onto adsorbed argon or xenon films, respectively, We
note first the initial fast rate of variation of the internal energy
of the cluster, reflecting efficient conversion of translational to
vibrational energy for collisions with both target films. Fur-
thermore, for both adsorbed films the fractional change in the
cluster total internal energy 6Et, measured at the highest value
(see Figures 8a,b and 9a-d), is approximately independent, for
each film, of the incident velocities (the absolute magnitudes of
AE™ are of course dependent on the initial translational energy
of the cluster, KZ™(0)).

Comparison of the results shown in Figures 8 and 9 demon-
strates that the rate of energy deposition into the cluster and in
particular the branching ratio between the change in the internal
total energy of the cluster, AE.", and the energy dissipated into
the fluid substrate depend strongly on the nature of the target
surface. Overall, the internal total energy increase of the cluster
incident onto the adsorbed xenon film is about twice that occurring
for collision with the lower density adsorbed film (argon). The
dependence of the energy branching ratio, Et, on materials’
characteristic parameters, is discussed in section 4.

The partitioning of the energy deposited into the cluster between
the potential (3E,;) and kinetic (3E) components (the latter
shown also as the internal kinetic temperature, T;'“), shown in
Figures 8-10 for the Ar and Xe films, respectively, is reflected
alsoin the state of the cluster subsequent to the collision with the
fluid surface. Collisions of the cluster withan argon liquid surface
are characterized by a relatively smaller energy flow into the
cluster than in the higher-density xenon film case (compare
Figures 8a,b and 9a-d), leading to fast heating to a maximum
temperature of ~800 K for ¥{™(0) = 2 km/s and ~1800 K for
Vi™(0) = 4 km/s (see Figure 8¢), which are much smaller than
the internal temperatures achieved via collisions with the same
velocities with the bare Cu(111) surface (see Figure 3b,c) or with
the xenon film (see Figure 10). The heating rates for the two
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Figure 4. Selected atomic configurations from simulations of collisions of an initially icosahedral Cu 4 cluster witha Cu(111) surface. The configurations
in (a)-(c) correspond to incident velocities of 0.023, 2, and 4 km/s, respectively. In each case the top figure gives a perspective view, and the one below
is a cut through the middle of the system. The bottom panel in (c) is a view from above illustrating the spreading of the cluster for collision with the
highest impact velocity. Light and dark balls represent surface and cluster atoms, respectively.
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Figure 5. Variations of the position of the center of mass, Z;™, and of
the translational velocity, V5™, of a Cuy4y cluster colliding witha Cu(111)
surface, plotted versus time for two incidence velocities, 23 m/s and 2
km/s. The average position of the topmost layer of the Cu(111) surface
before the collision is at z = 0. The slow collision starts with Z™
(t = 0) = 22 gg and the faster one with Z{™(¢ = 0) = 60 ao. Negative
center of mass velocities correspond to motion toward the target Cu(111)
surface. Note the acceleration of the translational motion of the slow
cluster (23 m/s) as he enters the interaction range with the surface, and
the abrupt stopping, followed by a recoil, of the motion of the cluster
incident with ¥g™(0) = 2km/s. Center of mass distance in atomic units,
velocity in km/s, and time in picoseconds.
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Figure 6. Translational kinetic energy (K™, in a) and center of mass
position (ZZ™, in b) of a Cuy4; nanocluster incident onto adsorbed liquid
argon, plotted versus time. Results areshown for two incidence velocities,
2 and 4 km/s. The origin of the distance axis in (b) is at the average
location of atoms in the topmost layer of the underlying crystailine
Cu(111) substrate. Theaveragelocation of the top of the adsorped liquid
Ar films is indicated. Energies, distances, and times in units of
clectronvolts, Bohr radius (o), and picoseconds, respectively.

incidence collision velocities were ~2.5 X 1014 and ~103 K /s
for the low and high velocity, respectively. For the low-velocity
collision the heated cluster, embedded in the hot argon liquid, did
not undergo melting, maintaining to a large degree its original
icosahedral order and shape (see Figure 11a). Duringsubsequent
evolution of the system cooling (at a rate of ~4 X 10!3 K/s)
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a Xe liquid film. Results for incidence velocities of 1.5 and 2 km/s are
shown in (a) and for 3 and 4 km/s in (a’). (b, b’): Same as Figure 6b
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Figure 8. (a, b) Time evolutions of the changes in the internal total,
kinetic and potential energies of a Cuy4, equilibrated initially at 300 K,
during collisions with a 120 g, thick adsorbed Ar film for two incidence
velocities; 2 km/s in (a), and 4 km/s in (b). The changes in the internal
energies are scaled by the initial translational kinetic energy of the incident
cluster, k"(0) (which equals 193.3 and 773.25 eV for the slow and
high velocities, respectively) to form the branching ratios £ =
AE/K®(0), with 8Er, SEy: and BE:“', corresponding to the changes in
the total internal energy of the cluster (AEL"‘), and in its internal kinetic
(AE®) and potential (AE'Y) energies, respectively. (c) Time evolution
of the internal temperature of the Cuy4; cluster during collisions with an
argon-~covered Cu(111) surface. Note the changes at # ~ 3 ps in the
energies and internal temperature of the cluster incident with a velocity
of 4 km/s, caused by its approach and landing on the underlying Cu(111)
surface. Temperature in degrees kelvin and time in picoseconds.

occurred via heat transport in the fluid, dissipation into the
substrate solid surface, and partial evaporation of the liquid. In
the case of collision with ¥g"(0) = 4 km/s the “heat-shocked”
superheated cluster first melted and cooled to ~1400 K at a rate
of ~2.5 X 104 K/s. (Note the sudden increase in 7™ at ~2.5
ps, see Figure 8¢, which may be associated with reflection of the
impulse wave in the liquid from the underlying Cu(111) surface.)
Subsequently the cluster continued its decelerated motion while
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Figure 9. Same as Figure 8a,b, but for a Cu;47 cluster incident into a
xenon adsorbed film. Results are shown for incidence velocities of 1.5
(in a), 2 (in b), 3 (in c), and 4 km/s (in d).
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Figure 10. Time evolution of the internal temperature of a Cu,4; cluster
equilibrated initially at 300 K, during collisions with a xenon adsorbed
film. Results are shwon for incidence velocities of 1.5 and 2km/s in (a),
and 3 and 4 km/sin (b). For the highest velocity results are shown only
for the initial heating and cooling stages. For both collisions shown in
(b) the cluster remains as a liquid hot droplet for over 100 ps, continuing
to cool at a relatively slow rate.

continuing to cool, soft landed on the Cu(111) surface, and
recrystallized into an ordered three-dimensional adsorbed nano-
structure (see Figure 11b where results corresponding to two
stages during the collision process are shown, one corresponding
totheliquidlike state of the cluster and the other to a recrystallized
state on top of the Cu(111) surface). Here, as well as in other
cases, most of the excess rare-gas atoms may be desorbed by mild
heating of the substrate at the end of the process, without altering
in a substantial way the state of the deposited nanocluster.

As evident from Figure 10 incidence into the heavier mass
adsorbed fluid (Xe) leads to ultrafast heating of the cluster with
rates dependent on the incidence velocities (1.3 X 104, 2.5
X 10,9 X 10'4, and 24 X 104 K/s for ¥;"(0) = 1.5, 2, 3, and
4 km/s, respectively, to maximum temperatures To® ~ 900,
1150, 2500, and 4250 K). In all cases, except for V(0) = 1.5
km/s the cluster first superheated. Subsequent cooling of the
cluster occured first at a fast rate (e.g., 0.4 X 1014K/s, from 1150
to 700 K in the time interval 6 ps S¢S 18 ps for ¥Z"(0) = 2km/s;
see Figure 10a), via melting of the cluster (consuming latent
heat), and heat dissipation through the liquid. During this fast-
cooling stage the thermally shocked melted cluster underwent
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quenching to a lower temperature. If the temperature at the end
of this cooling process is low enough (that is, below the “cluster
glass transition temperature” (as in the case of collision of the
cluster with the xenon film with ¥{™(0) = 2 km/s where the
temperature at the end of the first fast quench was 700 K, that
is, 200 K below the estimated melting temperature of the cluster;
see section 3.3) the quenched cluster is arrested in a highly
disordered glassy structure, confined, and frustrated by the
presence of rare-gas atoms (see Figure 1 1¢). The following cooling
stage (e.g., ¢ & 18 ps for ¥{" = 2 km/s; see Figure 10a) is
characterized by a smaller cooling rate (~5.5 X 10!2 K/s),
dominated by heat transport and evaporative processes of the
fluid. For the higher incidence velocities, the temperature of the
cluster after the initial ultrafast cooling stage (e.g., ¢ > 12 ps for
V™(0) = 3 km/s; see Figure 10b) was much higher than its
freezing (or melting) temperature, and the cluster remained in
a hot-liquid state, cooling in the fluid at a relatively slow rate.

3.3. Glassy Cluster States. For the case of collision into a
xenon film with V™(0) = 2 km/s, the cluster remained,
throughout the evolution of the system after the melting and
quench stage, in a highly disordered state, characterized by a
significant excess internal potential energy above that cor-
responding to the fully ordered ground state of the cluster. The
initial sudden jump to high temperature coupled with the ultrafast
cooling arrest the cluster in a configurationally disordered glassy
state, preventing activated reordering and structural annealing
of the cluster.30

Characterization and differentiation of the glassy state of matter
from other disordered forms is a complex subject marred by some
ambiguity. For our purpose we take as a glass the state of the
material obtained via a sudden quench from a high-temperature
melt. The “caloric history” of the Cu,4; cluster incident into a
xenon film at a velocity of 2 km/s is shown in Figure 12 (solid
triangles and small dots corresponding to the initial heating during
impact and subsequent cooling, respectively), together with the
histories of other glass formation processes, and the “caloric curve”™
for an isolated Cu,4; icosahedral cluster obtained via micro-
canonical equilibrium simulations (solid circles) exhibiting a
characteristic melting curve for the cluster. As seen, collision of
the cluster with the liquid first increases the internal kinetic and
potential energies of the cluster (up arrow, solid triangles)
following a trajectory which resembles that of the equilibrium
heating process. Subsequent melting and energy-transfer pro-
cesses to the surrounding fluid result in a quench (small dots,
down arrow) intoa state with an average internal potential energy
of ~—445 eV and an internal kinetic energy of ~7 eV. The
energy of the so obtained cluster cooled further to 0 K is shown
by the empty equare. For comparison we show by a circle the
low-potential energy state of the isolated crystalline icosahedral
cluster, and by a star the energy of a glassy Cu,47 isolated cluster,
instantaneously quenched to 0 K from an initially equilibrated
state at 1500 K, which we take to be the “ideal glassy” state of
thecluster. Finally, the state obtained by heating the ideal glassy
cluster to 350 K is denoted by the empty diamond (with a potential
energy of ~—445¢V). As evident from these results, the glassy
state produced by the collision process is of slightly lower potential
energy (when cooled to 0 K) then the “ideal glass™ obtained via
an instantaneous quench of an isolated melted Cu,4; cluster.
However, when heating the latter to the temperature of the final
state of the cluster quenched in xenon, their potential energies
nearly coincide.

Tofurther characterize energetically and structurally the states
of the cluster we show in Figures 13 and 14, distributions of
particles’ potential energies and particle positions versus distance
from the center of the cluster (R), and distributions of the potential
energies of particles, for the clusters and states discussed in Figure
12. First, we note the smeared-out character of the positional
and energy distributions for the quenched clusters as compared
to those corresponding to the crystalline icosahedral cluster
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Figure 11. Selected atomic configurations from simulations of collisions of an initially icosahedral Cu47 cluster with liquid films adsorbed ona Cu(111)
surface. Shown in (a) is the Cuy47 10 ps after collision with an incident velocity of 2 km/s into a liquid Ar adsorbed film. The cluster exhibits icosahedral
symmetry. In (b) results are shown for the collision of the Cu;47 with an incident velocity of 4 km/s into a liquid Ar film. The top panel illustrates
the cluster in a melted state at t = 4.5 ps and the panel below shows the recrystallized nanostructure, at ¢ = 12 ps, obtained after soft landing of
the melted cluster on the Cu(111) surface. The bottom panel is a cut through the middle of the system shown in panel above it. Shown in (c) is a
glassy Cuy47 cluster obtained in a collision of the initially icosahedral cluster with an incident velocity of 2 km/s into a liquid Xe film. Larger balls

represent copper atoms and small ones correspond to rare-gas atoms.

equilibrated at 350 K (Figure 13c). The distributions for the
ideal Cu,47 glassy state (Figure 13b) and that for the glassy cluster
produced by the collision process (Figure 13a) are similar (with
the former somewhat more uniformly distributed). Moreover,
the similarity between the distributions for the two states is
enhanced when comparing the reheated (to 350 K) ideal glassy
cluster (Figure 14b) with that produced by the collision process
(Figure 13a), or the quenched ideal glassy state at 0 K (Figure
13b) with the glassy collision product cooled further to O K (Figure
14a). The above analysis leads us to conclude that the glassy
state of the cluster produced via energetic collision (with

Vi™(0) = 2 km/s) of a crystalline Cu,47 nanocluster with a high-
density liquid (Xe) is close structurally and energetically to the
ideal glassy state obtained via an instantaneous quench from the
melt.

4, Summary

The main results of our simulations of collisions of an
icosahedral Cu,4; cluster with argon and xenon liquid surfaces
may be summarized as follows:

(i) Impact of the cluster onto a liquid results in conversion of
the translation impact kinetic energy of the cluster to excitations
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Figure 12. “Caloric histories” (internal kinetic energy versus potential
energy) of Cu,4 clusters. Filled circles correspond to equilibrium states
of an isolated Cu,47 cluster, obtained via microcanonical molecular
dynamics simulations, exhibiting a characteristic “melting curve” for the
cluster (data points in the melting, phase-coexistence region, i.e., about
a kinetic energy of ~15 eV, i.e., ~900 K for the Cu,4; cluster, where
obtained for both heating and cooling of the cluster). The empty circle
corresponds toan icosahedral isolated Cu, 47 cluster cooled to 0 K. States
of a Cuy4 cluster recorded during the fast heating process occurring at
the initial stage of its collision, with an incident velocity of 2 km/s, into
an adsorbed liquid film of xenon, are shown by large filled triangles.
States of the colliding cluster recorded during its subsequent fast quench
and cooling stages are shown by small dots. Note that during heating
(particularly for internal kinetic energies less than 15 eV, that is below
the equilibrium melting temperature of the cluster) the states of the
colliding cluster follow rather closely those of the equilibrium isolated
cluster). States at the end of the collision cooling process (downward
arrow) correspond to a glassy state of the cluster. The energy of this
glassy collision product further cooled to 0 K, is denoted by an empty
square. The energy of the “ideal glass” state of an isolated Cu,47 cluster,
obtained via an instantaneous quench from a melt at 1500 K is denoted
byasix-sidedstar. Theenergyofthe“ideal glass”isolated cluster, reheated
to 350 K is denoted by an empty diamond (coordinates ~7 and —445 ¢V)
and is seen to coincide with that of the collision glassy cluster. Energies
in electrovolts.
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Figure 13. Distributions of particle potential energies, ¢, (top panel) and
particle positions (n(R), middle panel), plotted versus radial distance (R)
from the center of the cluster. Inthe bottom panel distributions of particle
potential energies n(ep) in the clusters plotted versus ey, are shown. Results
are shown in column (a) for a glassy state of a Cuj47 cluster at a final
temperature of 350 K, obtained via collision with an incident velocity of
2 km/s with a xenon adsorbed liquid film. The results in column (b) were
obtained for an isolated Cu,47 cluster quenched instantaneously to 0 K
froma melt at 1500 K (the same results were obtained for a Cu,4; cluster
quenched froma meltat 1200K). Distributions foranisolated icosahedral
Cuy47 cluster equilibrated at 350 K are shown in column (c). Energies
and distances in atomic units.

of the internal degrees of freedom of the cluster and the liquid
and initiation of an impulse shock-wave in the liquid, leading to
attenuation of the translational motion of the cluster. For
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Figure 14. Distributions of particle potential energies, ¢p, (top panel) and
particle positions, n(R) (middle panel), plotted versus radial distance (R)
from the center of the cluster. Distributions of particles potential energies,
n(ep), plotted versus ¢, are given in the bottom panel. Results in column
(a) are shown for the glassy state obtained via collision of a Cuy4s cluster
incident with a velocity of 2 km/s into a liquid xenon film (see column
(a) in Figure 13), cooled to 0 K. The results shown in column (b) were
obtained by reheating to 350 K of the instantaneously quenched “ideal
glass” Cu, 47 cluster (see column (b) in Figure 13). Energies and distances
in atomic units.

incidence velocities, ¥¢™(0), in the range 1.5-4 km/s (that is
impact energies, K;"(0), in the range 110-775 eV) the attenu-
ation lengths in Ar are between 50 ay and 100 a4, and in Xe
between 50 ap and 70 aq.

(ii) The branching ratio associated with internal total energy
increase of the cluster, 6Er = AE™/K™(0), is =~0.12 for
collisions with Ar with incidence velocities in the range 2 km/s
< V™(0) < 4 km/s, and =0.24 for collisions with xenon for
incidence velocities in the range 1.5 km/s < V{(0) < 4 km/s.

(iii) Conversion of the cluster impact translational kinetic
energy into internal degrees of freedom of the cluster during
attenuation of its motion results in ultrafast heating of the cluster
with rates in the range 10'*-10'3 K/s. Depending on the cluster
incidence velocity and on the material of the fluid target, this
thermal shock (temperature jump) can lead to superheating and
subsequent melting of the cluster (the melting temperature of the
cluster is estimated to be T;' ~ 900 K; see Figure 12).

(iv) Following the initial heating stage the internal temperature
of the cluster decreases with initial cooling rates as high as ~ 104
K/s. The cooling process occurs via heat transport in the liquid,
dissipation in the underlying solid substrate, and evaporation.
Cooling rates of the cluster in the first stage are higher for collisions
leading to melting of the cluster due to consumption of the latent
heat of melting.

(v) In collisions of the cluster with a 120 g, thick argon film
adsorbed on a Cu(111) surface with an incident velocity of 2
km/s the cluster did not melt and remained ordered throughout
the process, while for V{"(0) = 4 km/s the cluster first
superheated and melted and subsquently soft landed and
recrystallized on the underlying substrate forming a three-
dimensional adsorbed structure.

(vi) Collisions of the cluster with ¥{™(0) = 1.5 km/s with a
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170 aq thick adsorbed xenon film did not lead to melting, while
for collisions with ¥g"(0) = 2 km/s superheating and melting
occurred.

(vii) For a certain range of incidence velocities, depending on
the projectile and target materials (and in general on the size of
the incident cluster, i.e., Vi(0) =~ 2 km/s, that is a translation
energy of ~200 eV, for a Cu)4; cluster impinging into xenon)
ultrafast cooling of the superheated cluster during the melting
process (consuming latent heat of melting), accompanied by rapid
heat dissipation to the liquid, quenches the cluster to a sufficiently
low temperature such that it is arrested in a glassy state. From
the caloric curve for the Cuy47 cluster (Figure 12) we estimate
the melting temperature of the cluster to be 77 ~ 900 K,
whereas the bulk melting temperature of copper was deter-
mined!® from MD simulations using the same EAM potentials
tobe 7y = 1285 £ 10 K. Therefore, glassification of the copper
- cluster occurs when a fast quench (~1014K/s) of the heat-shocked
cluster cools it to a temperature about 200 K below its melting
point (see Figure 10a where the internal temperature of the cluster,
colliding with a Xe film with an incident velocity of 2 km/s, was
700 K at the end of the initial fast cooling stage, resulting in a
glassy state). In this context we note that while elemental metals
arecharacterized by low “glass formability”,!2-14it has been shown
experimentally and discussed theoretically that the propensity to
form metallic glasses is dramatically enhanced for finite liquid
metal drops.!2

In cases where the cluster internal temperature reaches above
T and the temperature at the end of the initial fast cooling
phase is not low enough (i.e., above T or close to it) the cluster
remains in a hot liquid—droplet state for a prolong period
(simulations for clusters incident with ¥{"(0) = 3 km/s into
xenon, carried for over 100 ps, resulted in liquid droplets), which
may eventually cool, via collisions with the surrounding atoms,
and recrystallize (in our simulations this did not occur since the
liquid evaporates and the cooling rates become exceedingly slow).

From our present and previous’ simulations of collisions between
nanoclusters and liquid targets we observed that the energy
redistribution and partitioning pathways and the final states that
are achieved in such collision processes depend, for given collision
conditions (such as the incident energy), on the materials
properties of the collision partners (that is, incident cluster and
target liquid). Of particular interest are our observations
pertaining to the branching ratio Et, relating the increase of the
internal total energy of the cluster to the incidence translational
kinetic energy of the projectile cluster (see ii above). Our
simulations of collisions of sodium chloride’ and copper nano-
clusters with rare-gas liquids showed that, for a given material
of the cluster, £t can be varied by selecting the material of the
target fluid. Furthermore, we found that for a given cluster 6Et
is rather insensitive to the cluster incidence velocity (i.e., impact
translational energy), at least in the range which we investigated
(see Figure 8a,b for incidence of Cu,4; into Ar with V{7(0) = 2
and 4 km/s where 6Et =~ 0.10-0.12 and Figure 9 for incidence
into Xe with 1.5 km/s < ¥{™(0) < 4 km/s, where E1 ~ 0.20-
0.24). Inthefollowing we present a simple model which correlates
the above observations with characteristic materials properties
of the collision partners and can be used as a guide for controlling
the consequences of the collision process via proper selection of
the cluster and fluid target materials.!

Consider a deformable projectile of mass M, shaped as a finite
rectangular slab with cross sectional area 4 and height L, made
of a material with mass density p, and sound velocity sp, impacting
with a velocity vg,, directed along the normal z direction, a
deformable target at rest. The surface of the target lies in the
(xy) plane, and the material of the target is characterized by a
mass density p; and sound velocity s; (the target may be taken
as a thick adsorbed fluid film or as a macroscopically large body).

Assuming that in the initial stage of the collision mass
displacements and stress impulses occur only along the z direction,
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the collision will set a stress pulse in the target, —o, traveling
along the normal direction in the fluid with a velocity s, (the
analysis can be easily generalized to supersonic pulse propagation
by defining a velocity of propagation ¢, = Ms;, where M, is the
Mach number). Ina time interval d7 the wave front of the stress
pulse moves a distance dz = s; dr and an element of mass
prA dzinthe fluid acquires a velocityv. The momentum equation
for the element is3?

—0A dr = (pA dz)v = pAsp dr 3)
and thus
0= —pSY 4)

Note that immediately after impact the material of the target
within the impact area (4) acquires the velocity of the incident
projectile, vgp, and thus the initial compressive stress in the target
is given by

ao = —ptStUop (5)

The compressive stress in the target at the interface with the
projectile acts on the projectile (action-reaction) performing on
it work of deformation, (which we take as a compression of the
height of the rectangularally shaped projectile by d/; extension
to include sideways expansion in the xy directions can be
incorporated using the Poisson ratio of the material):

dw = A di = psp(r)A dl (6)

The decelerated translational velocity of the projectile at time =
is given by v(r) = vg,— ar, where we assume a constant deceleration
(whose magnitude can be obtained from eq 5). The strain in the
projectile due to the stress-induced deformation is ¢, = ¢/Y, =
d//dz,, where Y} is the Young modulus of the projectile, and dz,
= sp d7 (here too the velocity of propagation of the stress impulse
in the projectile could be taken as ¢, = Mps,, where My is a Mach
number). Consequently theamount of compression can be written
as d/ = o5, d7/Y}, and the work performed on the projectile
during the time 7o, measured from the moment of initial contact,
is given by

2,2
b2 PSS m
W= j;°dw=%ppA [l wp-an?dr

After integration we obtain for W, which is also the amount of
increase of the total internal energy of the projectile, AEint;

AE™ = aptZStZSFAUOPZTo/ Y, ®)

where o = 1 - (Avp/vop) + }/3(Avp/vep)? < 1, and Avy = arg is
the change in the projectile’s translational velocity occurring in
the time interval 7o. For definiteness we take 7o to be of the order
of L/sp, that is the time it takes a stress impulse moving with
sound velocity s, to traverse the linear dimension of the projectile
(for longer times reflection of the stress wave from the boundary
surface of the projectile has to be considered). With this choice
for 7o we obtain for the projectile internal energy branching ratio,
SEint = AEim/l/szUOpz:

6Eim = a’(pgzstz/ppyp) = a/(ptst/ppsp)z (9)

where we have used the relation s, = (¥p/pp)!/2, and o = 2.

The above simple model and the expression for the branching
ratio 6Ei™ (eq 9) emphasize that energy conversion and redis-
tribution in collisions between condensed phase projectiles (such
as a nanoscale, or larger, clusters) and condensed phase targets
(suchas fluids) are related to condensed-phase materials properties
of the collision partners. The above relations may be used to guid
the choice of collision partners in order to control the redistribution
of the impact translational energy. For example, from eq 9 we
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obtain that the internal energy branching ratios for collisions of
a given projectile and incidence velocity with two different
materials targets, are related by (assuming o’ ineq 9 to be a
constant):

SEY"[8E3" ~ (pySy/ pt2st2)2 (10)
For the liquid targets investigated by us here (Ar and Xe with3?
par = 1.41 g/cm, px. = 3.0 g/cm’,‘sA, = 974 m/s, and sx. =
645 m/s), eq 10 yields the ratio Ex./8E: ~ 2.5 which is in
good correspondence with the results of our simulations yielding
8E1(Xe)/S8E1(Ar) 2 2.2 (see Figure 8 and 9) for incidence
velocities in the range 2.0-4.0 km/s.

These results suggest a new controlled growth method of
nanophase materials based on epitaxial deposition of clusters,
prepared and mass-selected in the gas phase, onto adsorbed liquid
films. Inaddition, the method could allow controlled preparation
of well-characterized samples for investigations of surface
supported clusters using tip-based (scanning tunneling and atomic
force) microscopies, as well as isolation of clusters in solid inert
matrices. Asshown above, the nature of the deposited nanoscale
growth units (shape, as well as crystalline versus glassy structures)
may be controlled via appropriate selection of the target liquid
film and incidence translational energy of the clusters. While in
our investigations rare-gas fluid targets were used, one may wish
to explore polyatomic fluids as substrates, where excitations of
internal vibrations, in addition to translational degrees of freedom,
may provide efficient energy-transfer channels.

Finally, the ultrafast heating and particularly cooling rates (in
excess of 1014 K/s) of finite aggregates which may be achieved
by high-velocity collisions of clusters with liquids exceed the record
laboratory rates reported to date. Consequently the methods
suggested by our theoretical investigation may open new
experimental avenues for ultrafast heat processing and for
preparation and exploration of nanoglass materials aggregates.
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