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Abstract

Coalescence of three identical size nanoclusters, each containing 309 silver
atoms interacting through an analytic embedded-atom method (EAM) type
potential, is studied by molecular dynamics simulations at various temperatures.
The rotation and spontaneous self-organization of all three clusters in the
coalescence process are observed. The final low-energy configurations of the
coalescing system at low temperatures (T < 800 K) are constituted of three
particles separated by attached interfaces where edge dislocations are formed,
whereas the coalescing at high temperatures (7' > 800 K) gives rise to a single-
like particle. The melting temperature of the coalescing system is well below
that of the free single cluster with the same particle size.

1. Introduction

The coalescence process of nanoclusters continues to be a subject of active research of basic
and technological interest, because it is of primary importance for understanding the structure
of cluster-assembled materials. The macroscopic models currently available to treat this type
of problem are based on the kinetic, thermodynamic and mechanical properties of solid that are
typical of bulk crystals [1-3]. However, the situations may be very different in nanoparticles
and a more atomistic approach is necessary. Computer simulation methods, in particular
molecular dynamics (MD), are effective to investigate the details on an atomic level of the
coalescence process involved in the building of these nanostructures. By employing the MD
method, the coalescence processes of two copper [4] and two gold [5] clusters were investigated
at 700 K and 800 K, respectively. Two distinct and generally sequential processes [6] which
led to the coalescence of two nanoparticles, i.e. plastic deformation [4] and slow surface
diffusion [5], were found. The simulation results [5, 6] also suggested that the classic theory [1]
may not be entirely satisfactory for the coalescence of particles in the nanometre range.

' Formerly with the Laboratory of Atomic Imaging of Solids.
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In this work, we use MD technology to investigate the coalescence of three nanoclusters
over a wide temperature range from 300 K to 1200 K. We focus here on the temperature
influence on the atomic configuration of the coalescing system. For comparison, the melting
processes of size-selected free single nanoparticles containing 258-3871 silver atoms are also
simulated.

2. Simulation procedure

In all of our MD simulations, we used an analytic embedded-atom method (EAM) type
potential [7], which was confirmed to be able to describe fractional density change on
melting, heat of fusion, linear coefficients of thermal expansion and heat capacities above
room temperature successfully [7]. In constant-temperature simulations by using the damped
force method [8], the initial configurations of all free single clusters of N = 258-3871 atoms
are arranged as truncated Marks decahedra (e.g. see the initial atomic structure of Agspo in
figure 1), and the relative crystallographic axes of the three 309-atom clusters before coalescing
are symmetrically oriented (see the initial configuration of the coalescing system in figures 5(a)
and (b)). All the simulations were performed by starting at 300 K, at which the system was run
for 500 000 integration time steps (~100 ps), and then the temperature was elevated by rescaling
the atomic velocities using the Verlet velocity algorithm. After the desired temperature was
reached, the atomic configurations were recorded after equilibrating for 500 000 integration
time steps. For each of the recorded configurations, another run of 100000 time steps at the
corresponding temperature was performed in order to determine the thermodynamic properties
of the system.

Figure 1. Snapshot of the initial structure (a truncated Marks decahedron) of the single cluster
containing 309 silver atoms.

3. Results and analysis

We first consider the single clusters as a preliminary step toward the second stage of our
study, namely coalescence. Figure 2 shows the caloric curves for the single particles with
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Figure 2. Temperature dependence of potential energy of the coalescing cluster (full circles) and
free single clusters containing 258 to 3871 silver atoms.
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Figure 3. r dependence of the melting points of free single silver particles of N = 258-3871
atoms. The solid line is calculated in terms of equation (2).

size N = 258-3871 atoms, from which the melting temperatures of the particles (as shown in
figure 3) are obtained. In order to state conveniently in the study for the coalescence, here we
note that the melting temperatures of Agsgg and Agogy; are 750 K and 1000 K, respectively. Inthe
following, we examine the size dependence of the melting point quantitatively by employing
some phenomenological models.

According to the surface premelting models (SPMs) [9, 10], the melting temperature is
taken to be the temperature of equilibrium between the solid sphere core and the concentric
liquid shell of a given critical thickness 7, which is an adjustable parameter [9, 11]. Neglecting
the difference between the vapour pressure at the surface of the liquid layer at 7,, and the
pressure at flat liquid surface at Ty (7 is the bulk melting temperature), one obtains [9, 11]

2Ty o o (1 1
To—Tp= —o | —2 (= 1)
AMOS Ps (I’ - tO) r Ps Pi

where r is the particle radius, A,uf)“ is the latent heat of fusion of bulk solid and ¢ is the critical
thickness of the liquid layer at 7,,. oy is the interfacial surface tension between the solid and
the liquid, while oy, is that between the liquid and its vapour. p; and p; are the densities of
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the solid and liquid, respectively. Substituting Ty = 960.7°C, Aul = 1.06 x 10? erg g~',
ps = 1049 gem™3, p; = 9.35gcm 3 [12], oy = 184 dyncm™! and 07, = 910 dyncm™! [13]
into equation (1), we obtain

T, = 960.7 — 2463 <; — l) 2)
0.603(r —ty) r
where T,, is in °C, and r and ¢; are in A.

By adjusting the value of #y, we obtain a best fit to the simulated data in terms of equation (2)
when 1y = 10.1 A (see figure 3), which indicates that the melting process of Agss71—258 can
be described well by the SPM. The agreement also indicates that the potential [7] employed
in the present work is reliable for prediction of thermodynamic properties of silver clusters.

The surface premelting in Agyss—3871 can be identified by the calculations of the static
structure factor S. In the calculations of S, the clusters were divided into a series of concentric
shells. The static structure factor S, defined as

2
Z exp(il??,-)

jeL

S 3

1
= m
is calculated for each of the concentric shells. In the above expressions, L specifies the
particular shell and N is the number of atoms in shell L. k is a prescribed wavevector and 7

is the position of atom j that belongs in shell L. At zero temperature S equals unity, while in
the liquid it fluctuates close to zero [14, 15].
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Figure 4. Shell-by-shell profiles of static structure factor S for Agj4;5 at 1050 K, 1060 K and
1070 K.

Figure 4 shows the shell-by-shell profiles of S for Agj4;5 at 1050 K, 1060 K and 1070 K
(T,,,). From the core region to the surface, the numbers of the shells are denoted by 1, 2, ..., 13,
respectively. It is clear from figure 4 that melting initiates at the surface. For the two outmost
shells, the S values already reaches liquid-like values around a critical temperature 7. ~ 1050 K
(T. < T,). When the temperature rises further, the decrease of S is clearly related to the
progressive loss of crystalline order from the surface to the core region. When 7, (~1070 K)
is reached, the liquid seed already present propagates to the whole particle.

There are several phenomenological models [9, 10, 16—18] proposed to account for the
origin of the premelting and the melting point depression in nanoclusters. Almost all considered
the cluster as consisting of ‘bulk’ and ‘surface’ atoms. The physical cause for the melting point
depression lies in the fact that small clusters have a higher proportion of surface atoms. Surface
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atoms have fewer nearest atoms and are thus more weakly bound and less constrained in their
thermal motion [19, 20] than those in bulk. Upon a combined effect of thermal fluctuations
and an intrinsic elastic instability in the system [21], the surface begins premelting at a critical
temperature that is well below the bulk melting point. The premelting of the surface induces
the melting of the whole cluster and thus leads to the melting point depression. Recently,
Jiang et al [22-25] presented a model for size-dependent melting point depression based on
the size-dependent amplitude of the atomic thermal vibrations of nanocrystals in terms of the
Lindemann criterion. Since all the parameters in their model are only the well known bulk
melting temperature and the bulk melting entropy, their model can predict the size-dependent
and dimension-dependent melting temperature of any kind of nanocrystal.

Based on the results of the single clusters, the simulations for the coalescence of three
309-atom clusters are carried out over a wide temperature range from 300 K to 1200 K. In
a similar way to the coalescence of two clusters [4, 5], the three clusters are drawn together
quickly by the excess surface energy [4,26] in the initial stage of coalescing. Subsequently,
all three clusters rotate in space in order to find a low-energy configuration. The approach and
rotation of the three clusters can be clearly seen from figure 5(b), which illustrates an example
case at 300 K.

Visual inspection of the x—y plane projection of the atomic positions in figure 5(a)
shows that the final low-energy configurations of the coalescing cluster at low temperatures
(T < 800 K) are constituted of three particles separated by attached interfaces where edge
dislocations are formed. Here the edge dislocations are defined as having a Burgers vector
normal to the dislocation line, which are similar to those seen in low-angle tilt boundaries.
As examples, two edge dislocations are denoted by the symbol ‘L’ at 600 K in figure 5(a).
The formation of edge dislocations at attachment interfaces could be explained as follows.
When structurally similar surfaces of particles approach, there will be a driving force to
form chemical bonds between atoms of opposing surfaces so as to achieve full coordination.
However, typically, surfaces are not atomically flat. In addition, there is much higher vacancy
concentration at attached interfaces, which leads to the bond contraction [27]. The curving
surfaces and the bond contraction prevent atoms from achieving full coordination. Coherence
will then be achieved by distortion in some areas of the interface. Edge dislocations will form
in the regions of step sites when the axis of rotation (parallel to the z-axis in this work) is
contained within the plane of the interface (perpendicular to the x—y plane in this work).

The substantial driving force for cluster rotation and reorganization to achieve full
coherence is generally expected. However, at T < 800 K, some rotations and spontaneous
self-organizations may be metastable and preserved by formation of a coincident site array.

Athigh temperatures (7' > 800 K), thermal vibrations of atoms are enhanced significantly.
Under these circumstances, the system can get over the potential barrier to achieve full
coherence. As a result, the coalescing at 7 > 800 K gives rise to a single-like particle
(see the atomic configurations at 825 K and 850 K in figure 5(a)), which is formed on the basis
of proper rotation and reorganization of the three constituent clusters. The perfect bonding
between the clusters reduces the overall energy by removing the surface energy associated
with unsatisfied bonds.

All these are different from the coalescence of two nanoparticles, in which two particles
rotated until a low-energy boundary was formed [4].

The slow surface diffusion, which was observed in the simulations of coalescence of two
gold nanoclusters by Lewis, Jensen ef al [5, 6], can also be seen from figure 5(a). Even after
50000 MD steps equilibrating, very few atoms have managed to diffuse a significant distance
away from the contact region of the three clusters at temperature range between 300 K and
850 K.



8066 S J Zhao et al

* x = x = initial

,,(
-

B2 > W W e
TGP .

* et . 800K Tt gopi

* i&;i%.;xx*x e

(b)

Figure 5. (a) The x—y plane projection of the initial (top left) and the final atomic configurations
of the coalescing cluster at temperature range between 300 K and 850 K. As examples, two edge
dislocations are denoted by the symbol ‘L’ at 600 K. (b) The x—z plane projection of the initial
(top) and the final (bottom) atomic configurations of the coalescing cluster at 300 K. The centroidal
principal axes of the three constituent clusters in the initial and the final atomic configurations are
denoted by dash—dot and dashed lines, respectively, which illustrate approach and reorientation of

the three constituent clusters during coalescing.
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Figure 6. Temperature dependence of the aspect ratio of the coalescing cluster after 500 000 MD
steps equilibrating.

The orderly atomic configuration and slow surface diffusion both indicate that the
coalescing cluster is completely solid when T < 850 K, though at 7 > 750 K the three
constituent clusters have already molten when they are single and free.

What happens now when the coalescing cluster melts? When clusters melt they are
expected to adopt the roughly spherical geometry of a liquid droplet [5, 6, 28]. Here, we discuss
the melting behaviour of the coalescing cluster by investigating its sphericization process. The
three principal moments of inertia /, defined as

I =) (B +y"m

in the centre of mass frame, are calculated during the simulations. In the above expression, o,
B and y are the three components of the coordinates, and m is the atomic mass of silver. For
a system that can rotate in space, the ratio of the smallest to the largest of the three principal
moments of inertia is an effective measure of the ‘aspect ratio’ for the sphericization [5].
Figure 6 shows the aspect ratio of the final atomic configuration after 50000 MD steps
equilibrating at various temperatures. The aspect ratio increases very slowly with temperature
up to 850 K, then rises sharply when temperature is raised further. The value of the aspect ratio
reaches 0.9737 when temperature is raised up to 875 K, which is typical of a spherical liquid
droplet. It should be noted that, in fact, the value of the aspect ratio at 875 K has increased to
0.9432 in the first MD run of about 9000 integration time steps. This is to say, the sphericization
of the coalescing cluster at 875 K is very rapid, though it is a much slower process at lower
temperatures and the time scale for such a process is a few hundred nanoseconds or more [5].
The molten phase of the coalescing cluster at 875 K can be identified by the calculations of the
potential energy, which would jump to a higher value of liquid at the melting point [14, 15].
Figure 2 also shows the caloric curve for the coalescing cluster, in which the melting of the
coalescing cluster can be clearly identified by an upward jump in energy at 875 K. In addition,
typical signatures of the melting obtained from the caloric curves between the coalescing
cluster and the single cluster with a comparable particle size, namely Ago,3, are (i) the solid
branch of the coalescing cluster is higher than that of Agg,3, while the liquid branches of them
are nearly overlapped, and (ii) the melting temperature (875 K) of the coalescing cluster is
125 K lower than that (1000 K) of Aggy3. We ascribe these signatures to the following facts:
(i) compared to Agg3 the energy of the coalescing cluster is enhanced due to the existing
cluster—cluster bonding region at temperatures below 875 K, while both differences in the
energy and morphology disappear when they are in liquid, and (ii) besides the surface, the
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cluster—cluster bonding regions act as the heterogeneous nucleation sites in the melting of the
coalescing cluster, which facilitates the melting and depresses the melting point.
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Figure 7. The x—y plane projection of the atomic configurations of Agg3 (left) and the coalescing
cluster (right) at 875 K.

Figure 7 shows the x—y plane projections of the atomic positions of Agg,3 (left) and the
coalescing cluster (right) at 875 K. It is clear from this figure that at 875 K the atomic structure
of Aggp3 is still crystalline, while the coalescing cluster has already been definitely liquid.

4. Summary

The temperature dependence of the coalescence of three silver nanoclusters has been
investigated in this work. At low temperatures (7 < 800 K), the coalescing system is
constituted of three particles separated by attached interfaces where edge dislocations are
formed. At high temperatures (7 > 800 K), the final low-energy configuration of the
coalescing system is a single-like particle. For comparison, the melting of size-selected free
single nanoparticles containing 258-3871 atoms is also simulated and the size-dependent
melting temperature depression of the particles agrees well with the prediction of the surface
premelting models. The simulation results indicate that the melting temperature of the
coalescing system is well below that of the free single cluster with the same particle size.
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