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Numerical Study of the Size-Dependent Melting Mechanisms of Nickel Nanoclusters
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Molecular dynamics simulations were used to investigate the size-dependent melting mechanism of nickel
nanoclusters of various sizes. The melting process was monitored by the caloric curve, the overall cluster
Lindemann index, and the atomic Lindemann index. Size-dependent melting temperatures were determined,
and the correct linear dependence on inverse diameter was recovered. We found that the melting mechanism
gradually changes from dynamic coexistence melting to surface melting with increasing cluster size. These
findings are of importance in better understanding carbon nanotube growth by catalytic chemical vapor
deposition as the phase state of the catalyst nanoparticle codetermines the growth mechanism.

Introduction

The unique €electronic, mechanical, and optical properties of
carbon nanotubes (CNTSs) render these materials excellent
candidates for applications in numerous fields, including
microelectronics, medical applications, and materials science.*?
However, their applicability is currently limited because of their
production costs, the polydispersity in nanotube types, and
limitations on processing methods.® Clearly, a fundamental
understanding of their growth mechanisms in the different
production methods would help to overcome these barriers.

One widely used technique for the production of carbon
nanotubes is catalytic chemica vapor deposition (CCVD). In
CCVD, a feedstock of hydrocarbon gas (such as CH,4, C;H,,
etc.) iscatalytically decomposed in the presence of metal catayst
nanoparticles (e.g., Ni, Fe, Co, FeMo).*~" Both the thermody-
namic state of the catalyst® and the carbon diffusion from the
decomposition site to the growing CNT® are believed to be
important factors in determining the growth mechanism and the
properties of the resulting CNTSs.

Two qualitative models for the growth of CNTs have been
proposed. In the vapor—liquid—solid (VLS) mode!,*° the catalyst
particle is in the liquid state, which allows rapid diffusion of
carbon atoms throughout the particle. Another mechanism, the
surface-mediated carbon transport model,***? has been proposed
to explain the low-temperature nanotube growth by plasma-
enhanced CVD (PECVD). Indeed, the low-temperature PECVD
conditions imply that the catalyst isin a solid state, rather than
in a liquid state as assumed in the VLS model. Hence, it is
clearly of great importance to obtain better insight into the
melting behavior of the catalyst particlesin order to understand
CNT growth.

The melting temperature of free nanosized clusters has been
investigated by several authors both experimentally**~*5 and
computationally*®~22 for several different materials. Already in
1909, Pawlow suggested the lowering of the melting temperature
of small clusters compared to bulk material.>> More recently, it
has been further established that the cluster melting temperature
decreases linearly with inverse cluster diameter,316-1% except
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TABLE 1. Numbers of Atoms, Diameters, and Inverse
Diameters of the Investigated Clusters

cluster diameter (nm) inverse diameter (nm™?)
Nigo 123 0.81
Niq17 1.35 0.74
Nij7o 153 0.66
Nizag 1.72 0.58
Nizg3 1.83 0.55
Nisz7 1.99 0.50

for afew notable exceptions, such as Na and small Al, Ga, and
Sn clusters (containing 10—30 atoms).?*

The simulation of the melting of nickel nanoclusters has been
studied previously both for very small clusters (containing 7—23
atoms), by Nayak et al. using tight-binding molecular dynamics
(MD)® and by Lee et a. using tight-binding Monte Carlo
(MC),% and for medium-sized clusters (containing 336—8007
atoms), by Qi et a. using a Sutton—Chen (including quantum
corrections, Q-SC) potential.?6 However, single-walled carbon
nanotubes (SWNTS) are mostly grown from metal particleswith
sizes of ~0.6—2.1 nm,*® which, in the case of nickel, corre-
sponds to 20—500 atoms. To the best of our knowledge,
simulation data on the size-dependent melting behavior of Ni
nanoclusters of these sizes remains unreported. The focus of
thiswork is therefore on the melting behavior of nickel clusters
containing 90—377 atoms, corresponding to sizes in the range
applicable for SWNT growth.

Indeed, because the melting behavior of metal nanoclusters
is very much dependent on their size, it is of great importance
to understand in detail the melting mechanismsin this range of
cluster sizes if SWNT nucleation is to be understood.

Simulation Setup

The simulation procedure consists of two stages. In the first
stage, six initial configurations were constructed, corresponding
to six different cluster sizes, as summarized in Table 1. To avoid
excessive temperature fluctuations in the MD simulations of the
nanoparticles, it is recommended that one start from the most
stable configurations,*” both in configuration space and in
momentum space. These stable configurations were obtained
by first generating liquid nickel nanoclusters using a combined
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Monte Carlo—molecular dynamics procedure, followed by
annealing of the nanoparticles for 3 x 10° MD iterations (see
below).

Energies and forces were calculated using a recently devel-
oped many-body interatomic potential 2’~2° In this potential, the
total binding energy is defined as a sum over atomic sites i

1
E, = > Z E @
where each contribution E; is written as

E= EVR(rij) = Va(ry) %)

IEZ]

Here, Vr and V, are pair-additive repulsive and attractive Morse-
type functions, respectively
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where r;; denotes the distance between two metal atoms, D and
R. are the binding energy and equilibrium bond length,
respectively; and the parameters S and 3 determine the shape
of the potentia functions. In the case of metal—metal interac-
tions, the binding energy, D, and the equilibrium bond length,
R., are expressed as direct functions of the metal coordination
number, NM, thereby effectively modeling the many-body effects

D, = Dg; + D exp[—Cp(Nj' — 1)]
R = Ry + Roexp[—Ce(N]' — 1)]  (4)

As this potential was developed to investigate carbon nano-
tube growth, functions are also included for the carbon—metal
interactions. (A simplified Brenner potential is used to model
the carbon—carbon interactions.®®) For the carbon—metal in-
teractions, the many-body effect is modeled through the
additional B* term, which is expressed as a function of the
carbon coordination number, N€, of a metal atom

B* = [1 + b(N® — 1)]° (5)

The coordination numbers N and NM are defined using a cutoff
function f(r;;)
1 (rj <Ry
i) = {21+ cod B |l Ry <1, <R) (6
(ry) = 5 CO! R, — Rln 1 < Tjj (6)
0 (rj > Ry)
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TABLE 2: Potential Parameters for Ni—Ni Interactions

parameter value parameter value
S 13 Re (eV) 2.4934
B (UA) 1.5700 Re (eV) 0.1096
De (eV) 0.4217 Cr 0.3734
De (V) 1.0144 R; (A) 27
Co 0.8268 R, (A) 32

TABLE 3: Potential Parameters for Ni—C Interactions

parameter value parameter value
De (eV) 2.4673 R (A) 2.7
S 13 R (A) 3.0
B (UA) 1.8706 b 0.0688
R (A) 1.7628 0 —0.5351
NC =1+ 2 f(r;) )
carbonk ()
N + NV
N =1+ f(r), N =——— (8
metalk (=]) 2

The parameters for the Ni—Ni interactions are given in Table
2. The parameters for the Ni—C interactions, although not used
for the present simulations, are given for the sake of complete-
ness in Table 3.

Although other interatomic potentials are available for
studying the thermal behavior of nickel nanoclusters, including,
for example, the embedded-atom method (EAM),%! the modified
EAM (MEAM),* and the Finnis—Sinclair potentials,® these
potentials do not include terms allowing for simulating Ni-
catalyzed CNT growth. Because this is the final aim of our
research, it is most appropriate to study the thermal behavior
of the nickel nanoclusters using the same potential.

The liquid nanoclusters were obtained by first creating fcc-
structured nanocrystal's, which were propagated by force-biased
Monte Carlo* (foMC) for 1 x 10° steps at a temperature of
2000 K, well above the bulk melting temperature of nickel (i.e.,
1724 K).

In the foMC algorithm, all atoms are displaced in the direction
of the force, modified by a temperature-dependent random
component. In each direction r, the length of the displacement
oy, is calculated as®*

5 = ZET |n[0% + (a - %)R] ©)

where R is a random number, F; is the force component along
r, and o is defined as

(IeFrl)
a = exp (10)

with ¢ being a predefined value fixing the maximum displace-
ment length in each direction. In this work, a value equal to
5% of the average bond length was chosen. From these
definitions, it follows that

lim

o — o & = (1~ 2R (11a)
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lim s

In ) — o0 O = +e (11b)

Hence, for high temperatures or small forces (eq 11a), atoms
are displaced in random directions, whereas for low temperature
or large forces (eq 11b), atoms are displaced in the direction of
the force. Contrary to the metropolis MC algorithm, each atomic
move is accepted in this algorithm. This procedure ensures that
the positions of the atoms in the nanoclusters correspond to a
liquid state.

To ensure that the velocities aso correspond to the correct
canonical ensemble of liquid nickel, the resulting structures were
equilibrated for 2 x 10° MD steps using the Andersen heat
bath® with a time step of 0.5 fs. This corresponds to the first
annealing step. The coupling to the heat bath is represented by
stochastic impulsive forces that act with a predefined frequency
on randomly chosen atoms. These stochastic “ collisions” ensure
that all accessible constant-energy configurations are visited
according to their respective Boltzmann weights, effectively
resulting in sampling of the canonical ensemble.®®%" Finally,
the equilibrated structures were cooled to 500 K during 1 x
10° MD time steps, again using the Andersen heat bath,
corresponding to the second annealing step.

In the second stage of this simulation procedure, the melting
mechanism of the obtained nanoclusters was monitored by
heating the clusters consecutively to increasing temperatures
in the range of 600—1750 K. At each temperature, the
configuration was heated for 4 x 10° iterations with atime step
of 0.5 fs, followed by 6 x 10° iterations without temperature
control and atime step of 0.25 fs, ensuring energy conservation
to at least (1 x 107%)%.

All MD trajectories were propagated using the symplectic
velocity Verlet algorithm.®® The properties used to monitor the
melting behavior (i.e., the overal Lindemann index, the
Lindemann indices of al atoms, and the caloric curve) are
recorded during the last 5 x 10° iterations. The resulting
configuration was then used as input for the next simulation at
a higher temperature, with an interval of 50 K.

Note that the Andersen heat bath is a stochastic method, and
hence, the temperature could not be controlled exactly. To
(partially) resolve the resulting gaps in the obtained tempera-
tures, all melting simulations (stage 2) were carried out twice,
and the data were combined. A second problem associated with
using the Andersen heat bath is that, on some occasions, the
temperature of a new configuration (i.e., after the heating) is
lower than the temperature of the configuration that was used
as input (i.e., before the heating), especialy in the smallest
clusters. Because these configurations correspond to a solidifica-
tion process instead of a melting process and because the
corresponding phase transitions do not coincide,'® their data were
removed from the final data set.

Definition of Melting Point

The melting behavior of the clusters was monitored by the
variation of the overal cluster Lindemann index with respect
to temperature,® the variation of the individual atomic Linde-
mann indices with respect to temperature, and the variation of
the total energy with temperature (i.e., the caloric curve). The
Lindemann index represents the root-mean-square relative bond
length fluctuation
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where d; and d are the Lindemann indices of the ith atom and
the overal cluster, respectively; (---)r denotes the thermal
average at temperature T; rj; is the distance between atoms i
and j; and N is the number of atoms in the cluster. In the
literature, different criteria have been used to determine the
melting point, corresponding to average Lindemann indices
ranging from 0.03 for CNTs* to 0.24.2 Most often, however,
avaluein therange of 0.08—0.15 is used for various nanocluster
materials.®2%4142 |n this work, we employed a critical value of
0.08.%2 Note that the melting point is, in fact, a macroscopic
concept, defined as the temperature at which a solid becomes
liquid. Because of the finite size, however, melting occurs over
a range of temperatures, in which the solid and liquid phases
can coexist with different fractions.*® To obtain a specific point
instead of a range of temperatures, we therefore defined the
melting temperature in this work as the temperature at which
the melting process starts, i.e., the lowest temperature at which
the solid and liquid phases coexist (the so-called min-liquid
point'’), which, in the current system, indeed corresponds to a
Lindemann value of about 0.08 (see below).

Results and Discussion

In Figure 1, an example is shown of the evolution of the
overal cluster Lindemann index (upper curve) and the total
energy (lower curve) as a function of the temperature for a
cluster containing 244 atoms. Both properties first increase
linearly with increasing temperature, because of the linear
increase in atomic kinetic energy. In this temperature region,
the atoms are merely vibrating around their equilibrium lattice
positions with low amplitude, resulting in a low Lindemann
index indicative of a solid structure. With increasing energy,
the atoms become increasingly mobile, and the rises in both
the Lindemann index and the total energy become nonlinear.
At this point, atoms start to show diffusive motion on the MD
time scale, and therefore, thisindicates the onset of the melting
process. To quantify this point, a sixth-order polynomial was
fit to the obtained data points of the Lindemann index, and its
crossing with the 0.08 boundary was taken as the melting point
(indicated by the thin horizontal dashed line in the upper curve
of Figure 1). As an dternative to this criterion, a linear fit to
the low-temperature caloric curve data was used to identify the
first data point for which an appreciable deviation from the linear
increase in the caloric curve can be observed (appreciable being
5%). In the figure, thisisindicated by the solid straight line in
the lower curve.

Both methods were applied to al clusters, and the obtained
melting points are plotted in Figure 2 as a function of N™Y3,
with N being the number of atomsin the cluster. It is clear that
both methods give the correct linear dependence on the inverse
diameter of the clusters (because N~V is proportional to the
inverse diameter), in agreement with both experimental**# and
computational'”? studies. Note that the melting temperature of
bulk nickel can be obtained by extrapolating to N — . The
extrapolation based on the Lindemann index data yields a bulk
melting temperature of 2076 K, whereas the extrapolation based
on the caloric curve data results in a value of 1956 K. These
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Figure 1. Calculated evolution of the overall cluster Lindemann index
(upper curve) and the total energy (lower curve) as a function of
temperature. The dashed horizontal line in the upper part of the graph
indicates the critical boundary value for determination of the melting
point using the Lindemann index (see text). The solid line in the lower
curve is a linear fit to the low-temperature data of the total energy,
aso to determine the melting point (see text).

1650 —
1600 — ~
] 0¥
1550 — AN
-1 ~ \\
1500 o X
- \\ ~
— N ~
1450 ] N X,
1400 — AN X
- N
1350 ~
J N\
1300 N

Temperature (K}

L e N L B
012 014 016 018 02 022 024
Nr1/3
Figure 2. Caculated melting points for the investigated clusters of
different sizes, based on the cluster Lindemann index (+, lower line)
and the total energy (x, upper line).

values are about 19% and 13% higher than the experimental
bulk melting temperature of nickel of 1724 K, indicating that
the interatomic many-body potential used in our simulations is
slightly overbinding.

The melting process was also followed by monitoring the
Lindemann indices of individual atoms as a function of their
distance to the center of mass of the cluster, as shown in Figure
3 for the cluster containing 244 atoms. These indices indicate
the extent to which each atom contributes to the phase state of
the cluster. At a temperature of 1420 K, i.e., well below the
cluster melting temperature (calculated as 1519 K based on the
overal Lindemann index), less than 1% of the atoms have a
Lindemann index above the threshold value of 0.08 (see lower
panel). At a temperature of 1490 K, close to the melting
temperature, about 14% of the atoms have reached the threshold
value, athough most atoms still have a value slightly below
0.05. Hence, at this temperature, the cluster as a whole is still
in the solid phase, although some diffusive motion is occurring
at the surface of the cluster (middle panel). Finaly, at a
temperature of 1560 K, i.e., just above the melting temperature,
more than 40% of the atoms have crossed the 0.08 boundary,
and al other atoms have a value very close to that boundary.
Correspondingly, the diameter of the cluster has increased by
more than 10%. Hence, at this temperature, the cluster can be
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Figure 3. Calculated radia distribution of the atomic Lindemann index
for a Niyy, cluster at three different temperatures. Each dot represents
a specific atom. For clusters of this size and larger, surface melting is
typically observed (note the increasing scatter with increasing temper-
ature for the atoms farthest from the center of mass).
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Figure4. Calculated radia distribution of the atomic Lindemann index
for aNig cluster for two temperatures. For clusters of this size, dynamic
coexistence melting is observed.

considered to be melting (upper panel). From this evolution, it
can be concluded that, for clusters of this size, the melting
process can be described as surface melting, in agreement with
other studies.’®?* We observed the same behavior for larger
clusters as well. Hence, the CNT growth mechanism operative
under these conditionsis most likely to be the surface-mediated
carbon transport mechanism. Indeed, at temperatures just above
the onset of surface melting, the carbon atoms can easily diffuse
toward the growing CNT by surface diffusion. At higher
temperatures, the bulk of the cluster will also start to melt, and
then, the VLS model will be more applicable to describe the
CNT growth.

An entirely different mechanism was observed for small
clusters, as exemplified in Figure 4 for the cluster of 1.2-nm
diameter (i.e., containing 90 atoms). In the lower panel, the
atomic Lindemann index is plotted as a function of distance of
the atoms to the center of mass of the cluster for a temperature
of 1340 K. It is clear that, at this temperature, nearly all atoms
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Figure 5. Calculated radia distributions of the atomic Lindemann
index for Niyz and Nijz clusters at temperatures about 25 K above
their respective melting temperatures. In these medium-sized clusters,
the melting mechanism changes gradually from dynamic coexistence
melting to surface melting.

have a Lindemann index below the threshold value of 0.08. At
a temperature of 1360 K (upper panel), however, nearly al
atoms have surpassed the boundary value of 0.08, including
the atoms near the center of mass of the cluster, as can be seen
from the scatter. Hence, in this temperature region, the overall
average Lindemann index also fluctuates heavily, because of
the dynamic equilibrium of the liquid and solid states. This
phenomenon is known as dynamic coexistence melting.’* The
ratio between the two states is given by K = exp(—AG/KT),
where AG is the free energy difference between the solid and
liquid phases of the nanoparticle.® In this regime, the particles
are quasiplastict”*" and show continuoudly alternating metastable
semisolid and liquid configurations.

Interms of CNT growth, this phase state of the catalyst could
allow the formation of a liquidlike metal carbide particle, as
required by the VLS model. Analysis of the other clusters
studied in thiswork revealed agradual change from the dynamic
coexistence melting mechanism to the surface melting mech-
anism with increasing cluster size. Indeed, it can be seen from
Figure 5 that, at atemperature just above its melting temperature,
the Niyy7 cluster contains far more atoms near its centroid with
aLindemann index above and very close to the threshold value
of 0.08 than does the Nij7 cluster. Hence, as the cluster size
increases from 90 to 117 to 170 to 240, it can be seen that,
above the melting point, when the cluster starts to melt, the
ratio of the surface atoms to the total number of atoms with
Lindemann indices above the threshold value increases gradu-
ally. Therefore, whereas the smallest cluster shows dynamic
coexistence melting and the largest cluster shows pure surface
melting, there is a gradual transition between the two modes
for clusters with intermediate sizes.

Conclusion

Molecular dynamics simulations using a recently developed
interatomic many-body potential were carried out to investigate
the melting mechanism of nickel nanoclusters with diameters
between 1 and 2 nm, which are typically used for the catalytic
growth of single-walled carbon nanotubes. The melting process
was followed by monitoring the cluster Lindemann index, the
caoric curve, and the atomic Lindemann indices of each
investigated cluster. In agreement with the literature, a linear
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decrease in melting temperature was found with increasing
inverse diameter. A gradual transition from a dynamic coexist-
ence melting mechanism for the smallest clusters (diameter ~
1 nm) to a surface melting mechanism for the larger clusters
(diameter ~ 2 nm) was observed. It is therefore expected that
the vapor—liquid—solid growth mechanism will be operative
for SWNT growth from the smallest nanoparticles and from
larger catalyst particles at higher temperatures, whereas the
surface-mediated carbon transport model should be more
appropriate for describing SWNT growth from larger particles
at lower temperatures. These results should be of importance
for understanding the catalytic nucleation process of SWNTs
from nickel clusters with sizes between 1 and 2 nm.
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