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ABSTRACT:
The interaction of mass-selected atomic clusters and nanoparticles with surfaces attracts strong in-
terest in view of fundamental research and technological applications. Understanding dynamics of
the deposition process is important for controlling structure and functioning of deposited nanopar-
ticles on a substrate, but experimental techniques can usually observe only the final outcome of
the deposition process. In this paper, the deposition of 4 nm-sized sodium nanoparticles on an
experimentally relevant magnesium oxide substrate is studied by means of classical molecular dy-
namics simulations. An empirical force field is derived which accounts for the interaction of highly
polarizable Na atoms with the surface, reproducing the results of previously reported quantum
mechanics/molecular mechanics simulations. Molecular dynamics simulations permit exploring the
dynamics of deposited nanoparticles on long timescales on the order of hundreds of picoseconds, thus
enabling the analysis of energy relaxation mechanisms and the evolution of nanoparticle structure
up to its thermalization with the substrate. Several nanoparticle characteristics, such as internal
structure, contact angle, and aspect ratio are studied in a broad deposition energy range from the
soft landing to multi-fragmentation regimes.
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I. INTRODUCTION

Metal clusters, nanoparticles and nanoalloys have been
a subject of intense research over the past decades [1–8].
Unique and size-dependent structural, electronic, optical
and magnetic properties of these systems have led to var-
ious technological applications. For instance, metal clus-
ters and nanoparticles, both monatomic and bimetallic,
can be used as junctions in nanoelectronic devices [9] or
as elements of photonic crystals [10]. They are also use-
ful for energy, environmental and medical applications,
e.g. as catalysts [11], contrast agents in medical imag-
ing [12], and radiosensitizers in cancer treatment with
ionizing radiation [13–15].

Many of these applications involve the interaction of
clusters with molecular environments or with surfaces
which serve as a support [4]. Understanding the dynam-
ics of cluster deposition is of high relevance for control-
ling the structure and properties of supported clusters.
Depending on deposition conditions, structure of clus-
ters on the substrate can be either preserved or changed
substantially, or clusters may experience fragmentation
including possible penetration into the substrate and/or
modification of the latter [16–20]. The ability to control
these processes lays in the core of key experimental tech-
niques for the fabrication of thin films and nanodevices,
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such as cluster ion beam assisted deposition, sputtering,
surface smoothing or substrate implantation [21, 22].

The shape of clusters and nanoparticles on a surface
is determined by the interplay of different processes and
phenomena, including electron shell closure [23–25], in-
teraction of deposited systems with the substrate [26, 27],
relaxation of thermal energy remaining after the collision
by means of heat transfer, and atomic rearrangements
caused by collision-induced mechanical stress or phase
transitions [5, 6]. These processes depend on the type
and temperature of the substrate, the size and compo-
sition of the deposited cluster/nanoparticle and on the
deposition energy. For small atomic clusters containing
N . 200 atoms quantum effects, such as even-odd oscil-
lations in cluster abundance spectra and the appearance
of “magic” numbers associated with electron shell clo-
sure, play a crucial role in determining the shape of clus-
ters on a surface [24]. However, these effects shrink with
increasing the system size up to N ∼ 103 [6]. While clus-
ters made up of a few atoms usually keep their structure
upon soft landing (i.e. when kinetic energy per atom is
much smaller than the cluster cohesion energy) [28, 29],
large clusters and nanoparticles can experience signifi-
cant deformations, such as flattening, surface wetting or
epitaxial alignment [21, 30–32]. Hard deposition at ki-
netic energies exceeding the cohesion energy can lead to
cluster fragmentation.

The deposition of metal clusters and nanoparticles on
various surfaces has been widely studied experimentally
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(see e.g. Ref. [21] and references therein). However,
experimental studies are usually limited to the observa-
tion of the final state of the deposition process, and the
study of the cluster deposition mechanisms thus com-
monly relies on theoretical methods [21, 33–35]. For in-
stance, detailed quantum mechanics/molecular mechan-
ics (QM/MM) simulations of the deposition of small
sodium clusters on magnesium oxide substrates were re-
ported in Refs. [29, 35–37]. These materials were selected
to highlight the importance of both electron and nuclear
dynamics in the process of cluster deposition. Sodium is
a highly polarizable metal having a single valence elec-
tron. Magnesium oxide is a hard ionic crystal with a
highly corrugated potential energy surface which can eas-
ily polarize Na atoms and produce complex interaction
patterns.

The study of metallic aggregates deposited onto oxide
surfaces is important for technological applications, espe-
cially in the field of catalysis [38]. Deposition, dynamics
and diffusion of metal clusters on MgO films has particu-
larly attracted both experimental and theoretical interest
[38–40], including a number of recent studies [41–44].

QM/MM simulations conducted in Refs. [29, 35–37]
explored different deposition regimes for small Na6 and
Na8 clusters including soft landing, hard collision and re-
flection of the clusters. Structure and dynamics of the
clusters as well as the mechanisms of energy transfer to
the substrate were analyzed in detail. However, due to
the complexity and computational cost of QM/MM cal-
culations, this analysis could only be carried out for very
small clusters, short simulation times (on the order of
several picoseconds) and zero temperature.

Contrary to ab initio approaches, classical molecu-
lar dynamics (MD) permits simulating deposition of
much bigger systems at finite temperature and over
significantly longer timescales, thus allowing to explic-
itly account for the process of energy relaxation [17–
20, 27, 31, 45–48]. Empirical force fields employed in
MD simulations can be tuned to effectively reproduce
the collision dynamics observed in QM/MM calculations
on much shorter time scales.

This paper reports a detailed theoretical analysis of
the deposition of Na1067 nanoparticles (∼ 4 nm in di-
ameter) on a MgO (001) substrate. The simulations are
conducted for a wide deposition energy range (from the
soft-landing to nanoparticle multifragmentation regimes)
and at several finite temperatures at which the nanopar-
ticle is either in the solid state or in the form of a liquid
droplet. A force field describing the interaction of Na
atoms with the MgO surface is developed and used in the
simulations. The force field reproduces main features of
the deposition of a single Na atom, obtained previously
in QM/MM simulations [29]. The MD technique has
been employed to simulate deposition and post-collision
dynamics of the nanometer-sized sodium nanoparticles.
Several aspects of the deposition process are explored as a
function of deposition energy, including the change of the
nanoparticle structure and shape (i.e., the nanoparticle

aspect ratio), its wetting properties (through the analysis
of the contact angle), as well as the energy transfer be-
tween the nanoparticle and the substrate, leading to the
thermalization of the energy of the excited nanoparticle
with the substrate.

This study provides detailed atomistic insights into the
dynamics of sodium nanoparticle deposition on magne-
sium oxide substrates, which complement the informa-
tion already gathered for small clusters from QM/MM
simulations and which may be useful for experimental
studies. The analysis, focusing on the quantification of
final aspect ratios and contact angles as a function of
deposition energy in a wide energy range, brings about
detailed information which is not always available in the
literature.

II. COMPUTATIONAL METHODOLOGY

In the performed classical MD simulations the coupled
Langevin equations for all atoms in the system are solved
numerically by means of the leapfrog algorithm [49]. Sim-
ulations of the deposition of a 4 nm diameter sodium
nanoparticle on MgO(001) surface have been performed
for systems pre-equilibrated at 77 K and 300 K. These
temperatures allow the comparison of the deposition dy-
namics for a solid nanoparticle and a liquid droplet, hav-
ing into account that the melting temperature of Na1067
is slightly below 300 K [50].

All simulations have been performed by means of
MBN Explorer [51], the software package for advanced
multiscale modeling of complex molecular structure and
dynamics [49]. The MgO substrate and the sodium
nanoparticle are constructed by means of the dedicated
multi-task toolkit MBN Studio [52]. This software has
also been used to prepare all other necessary input files
and to analyze simulation results. In the following sec-
tions, the construction and preparation of each part of
the system is described, together with the potential used
for each interatomic interaction.

A. Magnesium oxide substrate

The interactions involving Mg and O atoms are de-
scribed based on the nuclear contribution to the em-
pirical potential which was defined in earlier QM/MM
calculations [29, 35]. Details of this potential, being a
combination of exponential and power potentials, as well
as its parameters can be found in Table 4 of Ref. [35].
All atoms in the substrate carry partial charges of ±2|e|
(with e being the elementary charge) and thus interact
also through the Coulomb potential. The electrostatic in-
teractions are treated by means of the Ewald algorithm
implemented in MBN Explorer [49].

A face-centered cubic structure of MgO with a lat-
tice parameter of 4.212 Å has been employed to cre-
ate substrates with the size of 12.21 × 12.21 nm2 and
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24.43 × 24.43 nm2 in the x-y directions, simulated us-
ing periodic boundary conditions. Following Ref. [53]
the substrate is formed by seven atomic layers in the
z-direction normal to the surface. The height of the
constructed substrate (12.6 Å) exceeds significantly the
range of Na–Mg and Na–O interatomic interactions (see
Section II B below). For creating the substrate, one
should keep in mind that energetic cluster collisions can
build up a strong pressure wave in the form of a shock
wave propagating through the substrate [17, 18]. When
this happens, specially designed boundary conditions are
needed to avoid the reflection of the shock wave into the
simulation box, which could produce artefacts in the tra-
jectories [54]. However, it has been checked that, for
the deposition energies considered in this study, only
small-amplitude oscillations are produced for the sub-
strate atoms, and no significant pressure wave appears
that prevents the need to use such absorbing boundary
conditions.

The structure of MgO has been optimized using the
velocity quenching algorithm and the time step of 0.1 fs.
After structure optimization the substrate is equilibrated
using the Langevin thermostat with a damping time of
0.1 ps to the target temperatures of 77 K and 300 K
such that obtained atomic velocities correspond to the
Maxwell-Boltzmann distribution.

B. Sodium atom–substrate interaction

The interaction between Na and O or Mg atoms is
described by means of the following pairwise potential:

Uij(r) = Dij

[
e−2βij (r − r0,ij) − 2e−βij (r − r0,ij)

]
− Ci
r4

+
qiqj
ε0r

, (1)

where r is the distance between atoms i and j. The first
term on the r.h.s. of Eq. (1) describes a Morse-type in-
teraction, whereas the second and third terms describe
the long-range polarization and electrostatic interactions,
respectively. Parameters Dij , r0,ij and βij of the Morse
potential represent the depth of the potential well, equi-
librium interatomic distance and steepness of the poten-
tial for each pair of atoms. qi and qj are atomic partial
charges, ε0 is the effective charge screening factor (set
equal to 1 in present simulations), and Ci is an empirical
parameter determining the intensity of the polarization
forces for the interaction of Na with a particular atom
i. The long-range Coulomb interaction is calculated by
means of the Ewald algorithm [49]. The partial charge
qNa on the Na atom is treated as a variable parameter
to account for additional attracting forces between the
atom and the surface due to its strong polarizability in
the field of the ionic crystal.

The parameters for the potential (1) have been ob-
tained by a trial and error procedure in an iterative man-
ner until a reasonable agreement with reference data from

2 3 4 5 6
-0.4

0.0

0.4

0.8

1.2
 O site, QM/MM [29]
 Mg site, QM/MM [29]
 O site, this work
 Mg site, this work

 

 

E
ad

s (
eV

)

rNa-i (Å)

FIG. 1. Adsorption energy of a Na atom on the MgO sur-
face as a function of the distance between Na and O or Mg
sites. Present MD empirical force field calculations (lines) are
compared to QM/MM results (symbols) [29].

TABLE I. Parameters of the force field for Na–O and Na–Mg
interactions, Eq. (1), used in the simulations.

Atom pair Dij (eV) βij (Å−1) r0,ij (Å) Ci (eV Å4)
Na–O 0.099 1.5 2.94 0.5

Na–Mg 0.001 1.32 4.85 0.5

QM/MM simulations [29, 35] has been reached. In par-
ticular, the adsorption energy and dynamics of a single
Na atom on top of Mg and O sites on the surface of MgO
have been evaluated and compared with the reference ab
initio calculations [29, 35]. The best agreement in terms
of both energetics and dynamics of a sodium atom atop
MgO is achieved with the parameters summarized in Ta-
ble I. The resulting adsorption energy curves for a Na
atom on top of Mg and O sites are shown in Fig. 1. A
partial charge qNa = +0.29|e| has been assigned to the
Na atom in this case. Note that when the Na–O and
Na–Mg interactions are described only with the Morse
potential or when the partial charge on a sodium atom is
set equal to zero, simulated MD trajectories deviate from
the earlier QM/MM results, which can be attributed to
underestimation of the attractive forces. The calculated
adsorption energies reproduce the shape of the QM/MM
results, presenting only slightly deeper potential wells.
It should be noted that variation on the order of a few
tenths of eV can arise by considering different exchange-
correlation functionals and basis sets in quantum chem-
istry calculations. We have ensured that the derived em-
pirical potential, Eq. (1), provides a reasonable agree-
ment with the dynamics of a single Na atom on MgO
and gives results consistent with QM/MM simulations of
Na6 and Na8 cluster deposition [29]. The constructed po-
tential is thus deemed suitable for the simulation of the
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deposition of a nanometer-sized sodium nanoparticle.

C. Sodium nanoparticle

A spherical sodium nanoparticle of 4 nm diameter, con-
taining 1067 atoms, is cut out from the corresponding
bulk crystal by means of MBN Studio [52]. Geometry of
the nanoparticle has been optimized first using the ve-
locity quenching algorithm with a 0.1 fs time step. The
many-body Gupta potential is used to describe the inter-
atomic interactions with parameters taken from Ref. [55].

After initial energy minimization the nanoparticle has
been annealed to create a more energetically favorable
starting geometry for the deposition simulations. Sev-
eral annealing cycles have been simulated following the
procedure reported in Ref. [56]. The first cycle consists
of heating from 0 K to 400 K at a rate of 0.08 K/ps,
followed by a constant temperature simulation at 400 K
for 2 ns, and cooling down to 0 K at a rate of 0.08 K/ps.
The follow-up cycles are similar but the nanoparticle has
been heated up to 200 K, a temperature slightly below
the cluster melting temperature, to allow surface reor-
ganization without complete melting of the nanoparti-
cle. The nanoparticle melting temperature of 260 K is
determined by simulating heating of the annealed struc-
ture. The evaluated melting temperature of the nanopar-
ticle is close to the experimentally determined values of
280 − 290 K [50]. Cohesive energy of the nanoparti-
cle converges to 1.0194 eV/atom after three annealing
cycles. A nearly icosahedral shape has been obtained
(see Fig. 2(a)), comprising a mix of face centered cubic
and hexagonal compact structures. It is well known that
the icosahedron is a particularly stable configuration for
clusters of sodium and other elements in a broad size
range [50, 55, 57, 58], so the obtained structure is rea-
sonable. In any case, the energy difference between dif-
ferent nanoparticle isomers is typically in the meV range,
so the initial structure should not affect much the pro-
cess of nanoparticle deposition. The nanoparticle has
been equilibrated to the target temperatures of 77 K and
300 K by means of the Langevin thermostat, and the re-
sulting velocities correspond to the Maxwell-Boltzmann
distribution.

D. Deposition simulations

MD simulations of the nanoparticle deposition on the
substrate have been performed in the NV E microcanon-
ical ensemble, thus ensuring conservation of the total en-
ergy of the system. The nanoparticle is placed in the
center of the simulation box at a 10 Å distance from the
surface, such that initial nanoparticle-substrate interac-
tions are negligible (see Fig. 1). Initial atomic veloci-
ties are taken from pre-equilibration simulations at 77 K
and 300 K in order to simulate the deposition process
at low temperature at which the nanoparticle is solid, as

well as at room temperature at which the nanoparticle
has the shape of a liquid droplet. The partial charge
of +0.29|e|, derived in the fitting procedure described in
Section II B, is equally distributed among all the atoms
in the nanoparticle. Additional velocities in the direc-
tion normal to the surface are given to every atom of the
nanoparticle such that the nanoparticle is deposited with
kinetic energies Edep = 0.0034, 0.0068, 0.0136, 0.034,
0.068, 0.102, 0.136, 0.34, 0.68 and 1.36 eV/atom. The ini-
tial configuration of the system is illustrated in Fig. 2(a).

Note that cluster collision-induced shock waves in the
substrate are typically observed for impact energies ≥ 10
eV/atom, but not for the energies of 1 eV/atom or lower
[17]. Only small-amplitude oscillations of the substrate
atoms have been observed for the studied impact ener-
gies. Therefore no special pressure-absorbing boundary
conditions [54] have been used. Similarly, the heat trans-
fer during deposition can change the substrate temper-
ature, which may lead to the necessity of suitable ther-
mostats to remove the excess kinetic energy in the system
boundaries. It has been checked that the constructed
substrate has enough atoms to effectively damp the tem-
perature spike after the collision. An increase of the av-
erage substrate temperature by several kelvins has been
observed for the larger impact energies, that is negligi-
bly small as compared to the temperature increase in the
nanoparticle (see Section III B).

A 12.21× 12.21 nm2 substrate has been used for most
simulations. However, a larger substrate of 24.43 ×
24.43 nm2 has been employed for deposition energies
larger than 0.34 eV/atom to avoid interaction of the
heavily deformed or fragmented nanoparticle with its pe-
riodic images. Two bottom MgO layers are fixed to avoid
the displacement of the substrate upon nanoparticle im-
pact. Simulations have been performed using the leapfrog
algorithm with a 1 fs time step, which ensures that vari-
ation of the total energy does not exceed 0.1%. As de-
scribed in Section III, most of the phenomena arising dur-
ing deposition have been observed within the first 50 ps
of the simulations. Nonetheless, longer simulations up to
500 ps have been conducted in some cases to analyze the
dynamics of the system on the longer time scale.

III. RESULTS AND DISCUSSION

In Section III A we briefly discuss the time evolution of
the shape and structure of the nanoparticle at different
deposition energies. Then, in Section III B we analyze
how fast the nanoparticle has reached thermal equilib-
rium with the substrate after the deposition. In Sec-
tion III C we quantitatively characterize the final shape
acquired by the nanoparticle at different deposition en-
ergies and evaluate the contact angle with the substrate.
Finally, the longer-term changes of the internal structure
of the nanoparticle are analyzed in Section III D.
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FIG. 2. MD snapshots of the Na1067 nanoparticle deposited
on a MgO substrate at several deposition energies. Panel (a)
shows the initial geometry of the system. Panels (b-f) illus-
trate three different deposition regimes, see text for details:
(b)-(c) nanoparticle structure after 50 and 200 ps, respec-
tively, for Edep = 0.0034 eV/atom; (d)-(e) the same as previ-
ous for Edep = 0.136 eV/atom; (f) snapshot of the fragmented
nanoparticle deposited at Edep = 1.36 eV/atom after 5 ps.

A. Shape and structure of the deposited
nanoparticle

Figure 2 presents several MD snapshots of the Na1067
nanoparticle (pre-equilibrated at 77 K) deposited on
MgO at different deposition energies Edep. Three dis-
tinct deposition regimes have been observed as shown in
Fig. 2(b-f). In the “soft” collision regime (e.g. at Edep =
0.0034 eV/atom, see panels (b) and (c)) the nanoparticle
remains in the solid phase in the course of deposition. At
more energetic collisions (e.g. at Edep = 0.136 eV/atom,
see panels (d) and (e)) the nanoparticle undergoes a

collision-induced melting phase transition followed by its
subsequent re-crystallization. Finally, the “hard” colli-
sion regime (e.g. at Edep = 1.36 eV/atom, panel (f))
leads to rapid multifragmentation of the nanoparticle. A
detailed analysis of the nanoparticle shape is presented
below in Section III C.

Figures 2(b-e) show snapshots from the simulations
taken at time instances of 50 ps and 200 ps. The nanopar-
ticle shape is stabilized by about 50 ps and does not
change significantly at larger simulation times. The
nanoparticle deposited at Edep = 0.0034 eV/atom ac-
quires the shape of a truncated prolate spheroid, see
panels (b) and (c). Deposition at the 40 times larger
energy results in the formation of a truncated oblate
spheroid as shown in panels (d) and (e). Note that some
sodium atoms arrange into layers parallel to the MgO
surface as a result of the nanoparticle-substrate interac-
tion. The formation of two sodium layers is clearly seen
after the first 50 ps of the simulations while the whole
nanoparticle acquires a layered structure after 200 ps.
This behavior is similar to the well-known phenomenon
of epitaxial alignment which has been studied both ex-
perimentally and computationally [21]. Finally, Fig. 2(f)
illustrates the case of “hard” deposition leading to rapid
fragmentation of the nanoparticle. At deposition energy
of 1.36 eV/atom (which exceeds the calculated cohe-
sive energy of the nanoparticle, 1.019 eV/atom) multi-
fragmentation of Na1067 and the formation of sodium
atoms and small sodium clusters is observed within the
first 5 ps of the simulation.

For large impact energies, shock waves can be formed
in the substrate [17, 18], which should be treated by
means of pressure-absorbing boundary conditions [54].
This effect was observed in Ref. [17] for Mo clus-
ters deposited on a Mo substrate at impact energies
≥ 10 eV/atom, i.e. at much larger energies than the ones
studied here. Pressure waves have not been observed in
the simulated trajectories, which justifies the use of the
relatively small substrate employed in this work. In any
case, the results for the larger impact energies which lead
to fission or multifragmentation of the nanoparticle (see
Section III B) should be taken as qualitative.

B. Thermalization of the nanoparticle on the
surface

Figure 3 illustrates how instantaneous temperature
of the nanoparticle and the substrate evolves in the
course of simulations. Results shown in panels (a) and
(b) are obtained for the nanoparticle pre-equilibrated
at 77 K and deposited at Edep = 0.0068 eV/atom and
0.068 eV/atom, respectively. As shown in Figure 3, the
nanoparticle reaches thermal equilibrium with the sub-
strate at time instances of about 400–500 ps. Before
thermalization, temperature of the nanoparticle exhibits
a similar behavior in the two cases considered: it first
increases rapidly as the nanoparticle hits the surface and



6

75

100

125

150

175

1 10 100

100

200

300

10-2 10-1 100

102

103

104

(b)

 

 

In
st

an
ta

ne
ou

s 
te

m
pe

ra
tu

re
 (K

)
(a)

Na1067 melting temp.

 Na nanoparticle
 MgO substrate

 

 

Time (ps)

 Na nanoparticle
 MgO substrate

 Na nanoparticle
 MgO substrate
 Exponential fit,

         Na nanoparticle

(c)

 

 

M
ax

im
um

 te
m

pe
ra

tu
re

 (K
)

Deposition energy (eV/atom)

Na1067 melting temp.

FIG. 3. Instantaneous temperature of the Na1067 nanopar-
ticle and the MgO substrate as a function of simulation
time for deposition energies of (a) 0.0068 eV/atom and (b)
0.068 eV/atom. Panel (c) shows maximum instantaneous
temperature of the nanoparticle and the substrate as a func-
tion of deposition energy.

then it decreases gradually while the nanoparticle trans-
fers its energy to the substrate. It is important to note
here that simulations have been conducted in the NVE
ensemble and for the substrate of reduced dimensions,
and that no thermostat has been used to simulate the
heat transfer to a semi-infinite substrate [54]. The ab-
sence of a thermostat causes a small increase of the sub-
strate temperature (by a few tens of degrees) which will
disappear if one would apply a thermostat. However, the
substrate temperature increase is very small in compar-
ison with the temperature acquired by the nanoparticle.

TABLE II. Parameters for the fitting functions, Eqs. (2), (8)
and (9), describing the maximum instantaneous temperature
of the sodium nanoparticle after deposition, the nanoparticle
aspect ratio, and the contact angle between the nanoparticle
and the substrate at the end of simulations, respectively.

T0 (K) −16640.6
T1 (K) 16754.7

ω (eV−1/atom) 0.28

δ0 3.52
δ1 −2.18

α (eV−1/atom) 16.62

θ0 (deg.) 68.59
θ1 (deg.) 23.61

γ (eV−1/atom) 33.92

Therefore, the heat transfer scenario will not change sig-
nificantly with the introduction of a thermostat.

Figure 3(c) shows the maximum temperature of the
nanoparticle and the substrate, reached after the first
50 ps of the simulation, for different deposition energies
considered in this study. As commented above, the small
increase of the substrate temperature should not be con-
sidered as an exact result, as it is due to the absence of
a thermostat when simulating the semi-infinite material.
However, the observed increase is negligible in compari-
son with that in the nanoparticle. The calculated depen-
dence of the maximal nanoparticle temperature Tmax on
Edep has been fitted with an exponential function:

Tmax = T0 + T1 e
ωEdep , (2)

where T0, T1 and ω are the fitting parameters listed in
Table II. The exponential fitting does not bear any phys-
ical meaning, but is used as a convenient parametrization
of the results.

Dashed horizontal lines in Fig. 3(b-c) illustrate the
melting temperature of Na1067 obtained from simula-
tions, Tm ≈ 260 K. Temperature of the nanoparticle
deposited at Edep = 0.0068 eV/atom does not exceed
that threshold value during the whole simulation (see
Fig. 3(a)), indicating that the nanoparticle remains in
the solid phase during deposition. In contrast, instan-
taneous temperature of the nanoparticle deposited at
0.068 eV/atom exceeds the melting temperature after
the first few picoseconds, see Fig. 3(b). The temperature
reaches the maximal value of about 380 K and remains
larger than the melting temperature of the nanoparticle
for several tens of picoseconds, until it drops below the
threshold value, gradually approaching thermal equilib-
rium with the substrate at time instances of about 400 ps.

Two regimes which do not lead to nanoparticle frag-
mentation have thus been identified in the simulations.
Figure 3(c) shows that at deposition energies below
0.034 eV/atom the nanoparticle remains in the solid
phase throughout the whole simulation. At larger values
of Edep the instantaneous temperature of the nanoparti-
cle exceeds the melting temperature so that the nanopar-
ticle has experienced the melting phase transition fol-
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FIG. 4. Radial profile of the Na1067 nanoparticle deposited on
MgO. Symbols show the distribution of sodium atoms of the
nanoparticle pre-equilibrated at 77 K and deposited at Edep =
0.0034 eV/atom, after 50 ps of the simulation. Colored curves
depict radial profiles of the nanoparticle deposited at different
Edep, obtained by means of Eq. (4).

lowed by re-crystallization. Deposition at energies above
0.68 eV/atom has led to fission or multifragmentation of
the nanoparticle.

C. Contact angle and aspect ratio of the
nanoparticle

Coordinates of sodium atoms extracted from each sim-
ulated MD trajectory are used to parameterize the shape
of the deposited nanoparticle.

As follows from the simulated trajectories, the sodium
nanoparticle is, to a good approximation, radially sym-
metric with respect to the main axis z. In order to char-
acterize the shape of the nanoparticle, cylindrical coor-
dinates (ρ, z) are introduced, where:

ρ =

√
(x− xCM)

2
+ (y − yCM)

2
, (3)

with xCM and yCM being x- and y-projections of the cen-
ter of mass of the nanoparticle. The ρ-axis lies in the
MgO surface plane, whereas z-axis is perpendicular to
the surface.

Figure 4 shows by symbols (z, ρ) projections of atoms
in the Na1067 nanoparticle deposited at 77 K with an
energy of 0.0034 eV/atom. The shown distribution of
atoms is evaluated at the 50 ps time instance by which the
shape of the deposited nanoparticle has been stabilized.
The horizontal dotted line of ordinate z0 ≈ 9 Å depicts
average positions of sodium atoms in the bottom-most
atomic layer of the nanoparticle, which is closest to the
MgO surface.

In order to evaluate the contact angle between the
nanoparticle and the substrate, we have selected coordi-
nates of atoms located on the nanoparticle’s surface and
fitted the resulting set of coordinates with the following
equation [27, 59, 60]:

ρ(z) =

√
a (z − z0)

2
+ b (z − z0) + c , z ≥ z0 , (4)

where a, b and c are fitting parameters. Solid colored
curves in Fig. 4 show the inverse dependence z(ρ) for the
Na1067 nanoparticle equilibrated at 77 K and deposited
at different energies as indicated by labels. From this de-
pendence the nanoparticle contact angle θ is determined
as [59]:

θ = arctan

(
dz

dρ

∣∣∣∣
ρ=ρ′

)
, (5)

where ρ′ is the point of intersection between the fitting
curve and the line z = z0 representing the bottom-most
Na atomic layer parallel to the substrate surface.

Solid curves shown in Fig. 4 illustrate a gradual change
of the nanoparticle shape from a truncated prolate
spheroid (zmax > ρmax) to a semi-spheroid (zmax = ρmax)
to a truncated oblate spheroid (zmax < ρmax) as the
deposition energy increases. The dashed orange curve
in Fig. 4 shows the z(ρ) dependence for the nanopar-
ticle equilibrated at 300 K and deposited at Edep =
0.0034 eV/atom. It is apparent that the nanoparticle
equilibrated at room temperature acquires a droplet-like
oblate shape on the surface even at the lowest energy
considered. These results agree with the simulation snap-
shots shown in Fig. 2(b-e).

Note that the shape of the Na1067 nanoparticle equi-
librated at 77 K and deposited at 0.34 eV/atom (light
green curve) is very similar to that of the nanoparticle
equilibrated at 300 K and deposited at much lower en-
ergy of 0.0034 eV/atom (dashed orange curve). In the
former case the nanoparticle has experienced a collision-
induced melting phase transition while in the latter case
it has been directly deposited as a liquid droplet. The
equilibrium shape of the nanoparticle deposited at 300 K
depends very little on deposition energy. As a result,
the shapes of the nanoparticles deposited at higher val-
ues of Edep (below the threshold energy for nanopar-
ticle fragmentation) are similar to the one shown for
Edep = 0.0034 eV/atom (see the dashed orange curve).
Dependence of the contact angle on Edep is discussed in
greater detail below.

We have also analyzed the ratio of the diameter of the
bottom-most atomic layer of the nanoparticle (see red
dotted line in Fig. 4) to the nanoparticle height, i.e. the
nanoparticle aspect ratio [21]. It is defined as

δ =
2ρ(z0)

z(ρ = 0)
. (6)

The temporal evolution of δ for the nanoparticle de-
posited at different energies is illustrated in Fig. 5. Pan-
els (a) and (b) illustrate the deposition at 77 K and
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FIG. 5. Nanoparticle aspect ratio δ, Eq. (6), as a function of
simulation time for deposition at (a) 77 K and (b) 300 K.

300 K, respectively. We consider here the values of Edep

up to 0.34 eV/atom for 77 K and up to 0.136 eV/atom for
300 K, which are energy values at which the nanoparticle
have not fragmented upon collision with the substrate.
Values of δ between 1 and 2 indicate that the nanopar-
ticle acquires the shape of a truncated prolate spheroid,
whereas δ = 2 describes a perfect semi-spheroid. A par-
allel can be drawn with the snapshots of nanoparticle
deposition at 77 K, shown in Fig. 2(b-e). As discussed
above, the overall shape of the nanoparticle practically
does not change after 50 ps of simulation. This observa-
tion is confirmed by constant values of δ observed after
50 ps. As shown in Fig. 5 this trend has been observed
for all deposition energies within the range considered.

Three distinct deformation regimes have been revealed
by analyzing the final aspect ratios. At very low deposi-
tion energies (Edep ≤ 0.0068 eV/atom) the final aspect
ratio is almost independent of energy. At higher depo-
sition energies (Edep ≥ 0.068 eV/atom), the nanoparti-
cle aspect ratio increases over the first few picoseconds
and eventually converges to the value of δ ≈ 3 at the
end of simulations for each Edep. In contrast, a gradual
increase of the final value of δ from about 1 to 2 is typ-
ical for the intermediate low-energy depositions (0.0068
eV/atom < Edep ≤ 0.034 eV/atom).

As discussed above, the nanoparticle deposited in the
“soft” regime remains in the solid phase in the course of
deposition; this regime corresponds to a small increase

of δ over time. For very low energies, the nanoparticle
is deposited with minimal deformation (as observed in
other MD simulations, e.g. [32]), with a partial wet-
ting of the substrate due to the interplay of Na–Na
and Na–substrate interatomic interactions. In the in-
termediate energy range the deposition is accompanied
with plastic deformation, resulting in the progressive in-
crease of aspect ratio with deposition energy, observed
both experimentally and by simulations for other systems
[21, 27, 30, 31]. When temperature of the nanoparticle
exceeds its melting temperature, the nanoparticle expe-
riences the melting phase transition and thus it becomes
more susceptible to stress-induced deformation. This oc-
curs at more energetic collisions when the nanoparticle
wets the substrate and acquires the shape of an oblate
spheroid, see Fig. 2(d-e). On this basis it is straight-
forward to explain the dependencies shown in Fig. 5(b),
which describe the aspect ratio for the nanoparticle pre-
equilibrated at 300 K. A liquid sodium drop deposited
on MgO experiences strong deformation upon contact-
ing the substrate. This behavior is characterized by a
rapid increase of δ (i.e. flattening of the nanoparticle)
within the first 5 − 10 ps of the simulations. At larger
time instances δ saturates at a constant value of about 3
when the nanoparticle reaches thermal equilibrium with
the substrate. Note that the nanoparticles deposited at
different values of Edep have a similar shape as the aspect
ratio asymptotically approaches a constant value δ ≈ 3.

The contact angle θ of a (macroscopic) liquid droplet
on a planar surface is given by the Young equation as:

γSG − γLS − γLG cos θ = 0 , (7)

where γSG, γLG and γLS are, respectively, the interfacial
energies between the solid and its gas, the liquid and its
gas, as well as the liquid and the solid. In the tempera-
ture range considered in this study, γSG ≈ 1.2 J/m2 [61]
and γLG ≈ 0.2 J/m2 [62]. From these values, we obtain
from our simulations the value γLS ≈ 1.1 J/m2 which, as
far as we know, is not available in the literature. How-
ever, it should be noted that this is an approximate value
valid for Na nanoparticles of 4 nm diameter on MgO, as
it is known that interfacial energies for nanometer-sized
droplets depend on their size [63].

To complete this analysis, Fig. 6 presents the compar-
ison of the final aspect ratio and contact angle of de-
posited nanoparticles, which were initially equilibrated
at two different temperatures, 77 K (blue circles) and
300 K (black squares). These parameters are evaluated
in a broad deposition energy range below the nanopar-
ticle fragmentation threshold. For each Edep, average
values and standard deviations in time are calculated for
the parts of the trajectories at which δ and θ oscillate
around a constant value. Symbols represent the mean
values while error bars correspond to a standard devia-
tion.

Two different trends are clearly seen for different depo-
sition temperatures. At 300 K (black squares) both the
aspect ratio and the contact angle are practically con-
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stant within the studied energy range. Both parameters
fluctuate around some characteristic values, δ ≈ 3 and
θ ≈ 70◦, which are indicated by horizontal dotted lines.
For deposition at 77 K (blue circles), aspect ratio grows
with Edep while the contact angle decreases. The de-
pendencies of δ and θ on Edep have been fitted with the
following exponential functions:

δ = δ0 + δ1 e
αEdep , (8)

θ = θ0 + θ1 e
−γ Edep . (9)

Parameters of this fit are listed in Table II. At deposi-
tion energies larger than 0.068 eV/atom both aspect ratio
and the contact angle for the nanoparticle deposited at
77 K approach the values obtained at 300 K as a conse-
quence of the collision-induced melting phase transition
above this energy. These results agree with the conclu-
sions made above that the resulting shape of a liquid
droplet deposited at 300 K depends very little on the de-
position energy. In contrast, structure and contact angle
for the nanoparticle deposited at the lower temperature
strongly depend on Edep.
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FIG. 7. Radial distribution function (RDF) for the Na1067

nanoparticle deposited at (a) 0.0068 eV/atom and (b) 0.068
eV/atom. Different curves describe the RDF evaluated over
different time periods as indicated. These time periods are
marked by dash-dotted vertical lines in Fig. 3(a,b).

D. Collision-induced structural and phase
transformations

Further insights into the change of internal structure of
the deposited nanoparticle can be drawn from the anal-
ysis of the radial distribution function (RDF). Figure 7
shows RDFs for the nanoparticle equilibrated at 77 K
and deposited at Edep = 0.0068 eV/atom (panel (a))
and Edep = 0.068 eV/atom (panel (b)). The plotted
RDFs are averaged over different periods of time, which
are marked by dashed vertical lines in Fig. 3(a,b). The
RDFs for the deposited Na1067 nanoparticle are com-
pared with the experimentally determined distribution
for liquid sodium [64].

As shown in Fig. 7(a) main peaks in the RDFs remain
from the initial stage of deposition (within the first 3 ps
of simulation) up to the last stage when the nanoparti-
cle has reached thermal equilibrium with the substrate
(> 420 ps). Moreover, at all stages of the simulated tra-
jectory the calculated RDFs differ from the one for liquid
sodium (see open symbols). The melting phase transition
and subsequent re-crystallization of the nanoparticle is
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clearly seen by the variation of RDFs in Fig. 7(b). Tem-
perature of the nanoparticle deposited at 0.068 eV/atom
reaches the maximum value at about 2.5 ps and it re-
mains higher than the melting temperature up to about
40 ps, see Fig. 3(b). In between these time instances
the nanoparticle transforms into a liquid droplet as con-
firmed by the close similarity of the calculated RDF with
the one for liquid sodium [64]. At larger time instances
(the region of 40−300 ps) the nanoparticle re-crystallizes
and eventually reaches thermal equilibrium with the sub-
strate at about 400 ps. Re-crystallization manifests itself
in reappearance of peaks in the RDF, which resembles
the RDF in the very beginning of the simulation.

IV. CONCLUSION

In this paper deposition of a nanometer-sized sodium
nanoparticle, containing 1067 atoms, on a MgO substrate
was studied by means of molecular dynamics simulations
using the MBN Explorer and MBN Studio software pack-
ages. We focused on the broad deposition energy range
of 0.0034 − 1.36 eV/atom, which covers both the soft-
landing and nanoparticle fragmentation regimes. Sim-
ulations were performed at two different temperatures,
77 K and 300 K, at which the nanoparticle is either in
the solid state or it forms a liquid droplet.

A force field describing the interaction of sodium atoms
with the MgO surface was developed and used in the
simulations. The force field was validated via calculat-
ing adsorption energies of a single Na atom on different
MgO sites. The presented results agreed with the re-
sults obtained previously in ab initio QM/MM simula-
tions [29, 35, 37].

The process of nanoparticle deposition and subsequent
relaxation on the surface has been studied in detail as a
function of deposition energy. In particular, variation of
the nanoparticle shape as a function of simulation time,
its wetting properties, as well as the energy transfer be-

tween the nanoparticle and the substrate were analyzed
on the timescale of up to several hundreds picoseconds.
This study provides detailed insights into the dynam-
ics of sodium nanoparticle deposition on MgO substrates
which complement the information already gathered for
small clusters from QM/MM simulations and which may
be useful for experimental studies. A similar analysis
for other metallic aggregates deposited onto experimen-
tally relevant oxide surfaces might reveal atomistic-level
insights into the structure and shape of the deposited
metal systems, which might be useful for technological
applications.
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