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Abstract Molecular dynamics simulations have been used
to investigate the solid-liquid transition of different Cu
systems. These consisted of surface-free crystalline bulks
and semi-crystals terminating with a free surface as well as of
particles and wires with different shape and size in the
mesoscale regime. The characteristic melting points of the
various systems were attained by gradual heating starting
from 300 K. Apart from surface-free bulk systems, where the
phase transition at the limit of superheating is homogeneous,
melting displays heterogeneous character. This is due to the
existence of surface layers with structural and energetic
properties different from the ones of bulk-like interior.
Simulations point out a significant depression of both the
melting point and latent heat of fusion for nanometer-sized
systems respect to semi-crystals. Below the characteristic
melting point, free surfaces are involved in pre-melting
processes determining the formation of a solid-liquid
interface. The onset of melting is related to the formation of a
critical amount of lattice defects and this provides a common
basis for the rationalization of homogeneous and heteroge-
neous melting processes despite their intrinsic differences.

Introduction

It is well known that the physical and chemical properties
of systems in the mesoscale regime between atomic clus-
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ters and bulk systems undergo smooth variations, which
can be described by relatively simple power laws
depending on the system size [1-4]. A typical example is
represented by the depression of the melting point as the
system size decreases, theoretically predicted for small
metallic particles in 1909 [5] and experimentally observed
decades later [6-9]. Even though the observations can
receive a phenomenological explanation with the size
dependence of the chemical potential of atoms and mole-
cules in finite systems [5, 10-15], the knowledge of
atomic-scale processes underlying such behavior is still
unsatisfactory. In other words, a conceptual framework
able to rationalize the whole thermodynamic behavior is
lacking [16-19].

A deeper insight into the atomic-scale mechanisms
governing the occurrence of melting can be obtained by
comparing the transition behavior of bulk and nanometer-
sized systems with the aim of pointing out unexpected
relationships between them [20]. The solid-liquid phase
transformation transition can take place with either
homogeneous or heterogeneous features depending on the
suppression of surface effects [21-29]. As a consequence
of the successful connection between melting and struc-
tural defects established for two-dimensional systems
by the so-called KTHNY theory [31-32], dislocation-
mediated melting mechanisms are currently regarded as
promising candidates for rationalizing three-dimensional
melting processes [20, 22, 33-35].

The present work aims at comparing the melting
behavior of bulk systems with and without a free surface
with the one of particles and wires of different shape and
size. The study focuses in particular on lattice distortions
and defects, identified and enumerated by means of
molecular dynamics simulations. The methodologies em-
ployed in calculations largely exploit the existing literature
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[20, 22, 26, 34-44] and are briefly described in the fol-
lowing.

Molecular dynamics simulations

Computations were carried out on Cu systems. Interactions
between Cu atoms were described by a semi-empirical
tight-binding (TB) potential based on the second-moment
approximation to the electronic density of states [45-47].
The cohesive energy was then expressed as

E=D > ae "\ - [Zéze " ] S
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where ry is the nearest-neighbors distance at 0 K and
rij = |r; — ;| the distance between atoms i and j. The
characteristic values of the potential parameters A, &, p and
q were taken from the literature [47]. Forces were com-
puted within a cutoff distance including the seventh shell of
neighbors. Both thermodynamic and elastic properties of
Cu bulk systems are thus satisfactorily reproduced. For
example, the enthalpy of vacancy formation obtained,
amounting to about 350 kJ mol™', compares remarkably
well with the experimental range of values between about
164 and 415 kJ mol™! [48]. The thermal expansion coef-
ficient was found to be roughly equal to 1.95 x 10 K™, a
value remarkably close to the experimental one of about
2.1 x 1077 K™' [49]. According to literature, experimental
values of elastic constants are reproduced up to 1% [47].

Though capable of describing remarkably well bulk
atomic interactions [45-47], the TB potential is not par-
ticularly suited for simulating surface properties, which are
instead better reproduced by the Finnis—Sinclair force
scheme [50] and the embedded-atom-method [51]. The TB
potential permits however accurate simulations of both
face-centered-cubic (fcc) and hexagonal-close-packed
(hcp) metallic structures [45—47]. It represents then a nat-
ural choice for studying fcc metals despite the drawbacks
in the estimation of surface properties, also in the light of
the fact that the present study is aimed to study the Cu
melting behavior exclusively on a qualitative basis.

Calculations were carried out within the isobaric-
isothermal Nosé—Andersen (NPT) ensemble with number
of atoms N, temperature 7 and pressure P constant [52, 53].
The Parrinello-Rahman scheme was also implemented to
properly deal with eventual changes in the crystallographic
cell shape [54]. The equations of motion were solved by
applying a fifth-order predictor-corrector algorithm [55]
with a time step ¢ equal to 2.0 fs.

The long-range structural order within the different bulk
systems was investigated by means of the conventional

two- and three-dimensional static order parameters Sp,(k)
and S(k) [26, 39, 40, 55]. The latter is defined as
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where the wave vector k is a reciprocal lattice plane vector
and r; is the vector defining the position of the ith atom in
the atomic plane. N is the total number of atoms. For an
ideal crystal at 0 K, S(k) equals unity for any wave vector
k. By contrast, in a completely disordered configuration
S(k) fluctuates near zero. S(k) provides thus a direct
quantitative measure of the degree of structural disorder in
the system. The degree of disorder was evaluated by using
the crystallographic vectors [111] and [100] and the rela-
tive S(k) averaged at each time step. When appropriate, a
similar method was employed to evaluate plane-by-plane
the S,(k) values. Disorder was also monitored by means of
the pair correlation function (PCF) [55]. The relationship
between potential energy U and structural order was
exploited to follow the gradual thermal disordering and the
final collapse of the crystalline lattice [36, 39, 40, 43, 44].

Local crystalline order was quantified by means of the
Honeycutt—-Andersen (HA) parameters [38], which also
permit the identification of stacking faults. Local lattice
distortions and defects were characterized by identifying
the atoms with defective coordination, i.e. with a number
of nearest neighbors different from 12. The number of
nearest neighbors was evaluated at each simulation step for
each atom by applying a distance criterion. Accordingly,
two atoms were regarded as nearest neighbors when
located at distances shorter than the one, ry;,, corre-
sponding to the first minimum of the PCF [34, 35]. Any
atom with defective coordination will be hereafter
referred to as defective. The formation of point and
extended lattice defects such as vacancies, interstitials and
dislocations was pointed out by analyzing the spatial cor-
relation between defective atoms. The number N, and size
n of their aggregates, or clusters, were identified and
classified by using the same aforementioned distance cri-
terion [34, 35]. Two defective atoms were thus regarded as
belonging to the same aggregate when located at distances
shorter than r,;,. Direct visualization technique based on
the color coding of atomic species depending on their
coordination number were also used to identify lattice
defects [56].

Homogeneous melting of a surface-free bulk system

The homogeneous nucleation of melting in a perfect
crystalline bulk establishes the maximum limit of super-
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heating T%, [23, 24]. Contrary to what happens in experi-
ments, Tfn can be easily attained in numerical simulations
studying the behavior of defect- and surface-free crystal-
line bulks. Surface effects are indeed completely elimi-
nated by imposing periodic boundary conditions (PBCs)
along the three Cartesian directions [55].

Molecular dynamics (MD) simulations were essentially
performed on a system of 6,912 atoms arranged in the fcc
cF4 lattice. Smaller systems containing 500, 2,048 and
4,000 were also used to point out possible size effects. In
any case, the initial configuration was relaxed at 300 K and
roughly null external pressure for 200 ps. The system was
then gradually heated by raising the temperature of 25 K
every 20 ps, corresponding to a nominal heating rate of
1.25 K ps~'. Nominal heating rates of 0.5, 1 and 2 K ps",
obtained by keeping the relaxation interval 20 ps long,
were also explored to ascertain possible heating rate effects
on the homogeneous melting point 7%,

Let us consider first the case of the system containing
6,912 atoms and heated at a rate of 1.25 K ps_l. As
expected, heating is accompanied by a gradual increase
of thermal disorder. Correspondingly, the static order
parameter S(k) undergoes a progressive decrease culmi-
nating in a sudden downward drop. Such decrease marks
the failure of the crystalline lattice and identifies the limit
of superheating T’,;, amounting to about 1,650 K [26, 39,
40]. The estimate of homogeneous melting point 7%, is
affected by size effects. These become evident when the
limit of superheating T% obtained for different bulk sys-
tems is reported as a function of their size. The data quoted
in Fig. 1 indicate that T}, increases with the total number of
atoms. It is worth noting that the limit of superheating 7%,
for the system of 6,912 atoms is also affected by the rate at
which temperature is raised. Figure 2 shows indeed that 7%,
decreases as the nominal heating rate increases as a result
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Fig. 1 The increase of the homogeneous melting point T with the
number of atoms N, which quantifies the system size
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Fig. 2 The change of the homogeneous melting point TX with the
nominal heating rate

of the increasing difficulty of accommodating local atomic
strains. For sake of clarity, it must be noted that in the
different cases the homogeneous melting point 7%, was
identified with the temperature at which S(k) took values
smaller than 0.7. Such behavior will be hereafter consid-
ered as a simplified melting criterion. Correspondingly, the
solid-liquid transition occurs by definition at the temper-
ature at which S(k) becomes smaller than 0.7.

The progressive thermal disordering of the crystalline
lattice is accompanied by the appearance of pairs of
defective atoms. Defective atoms are generally 11- and 13-
fold coordinated, whereas other defective coordination
numbers are rarely observed. Their generation is related to
the rearrangement of the coordination shells of two
neighboring atoms due to the increase of their thermal
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Fig. 3 The fraction a4 of defective atoms (a) and the normalized
number N norm Of clusters of defective atoms (b) as a function of the
temperature T for the systems with 500 (O) and 6912 (CJ) atoms
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vibration amplitudes and the consequent increase of their
reciprocal hindrance. As shown in Fig. 3a, their fraction oy,
corresponding to the ratio between the number of defective
atoms and the total number of atoms in the system,
increases with the temperature T according to a non-linear
trend. In accordance with previous studies on different
systems [34, 35], at Tfn the fraction og amounts approxi-
mately to 0.4. This scenario is reminiscent of the one
proposed by the KTHNY theory for two-dimensional
systems [20, 22, 30-32, 58-61], where thermal disorder
induces first the formation of dislocation quadrupoles and
then their disassociation.

The cooperative character of the defective atom gener-
ation process at relatively high temperatures, which
determines the appearance of defective atom pairs in the
neighborhood of pre-existing ones [60, 61], finally results
in the formation of defective atom clusters. The number N
of such structures changes with the temperature according
to the curve shown in Fig. 3b. For sake of comparison, the
N, data have been however normalized to the total number
of atoms of the system considered, i.e. 6,912. The smooth
non-linear trend has a maximum at 1,325 K, which origi-
nates from the competition between ramification, frag-
mentation and coalescence events [62, 63].

Defective atom clusters can be occasionally identified
with dislocations and point defects. This is the case of
aggregates of twelve 11-fold coordinated atoms, which
correspond to individual vacancies, and of twelve 13-fold
coordinated atoms, corresponding to individual interstitials.
Shockley partial dislocations with a (111) glide plane and
moving irregularly in the [110] and one of the [211]
crystallographic directions can be also identified by means
of direct visualization. A couple of Shockley partial dis-
location loops is shown in Fig. 4. Such loops point out the
formation of stacking faults enclosing crystalline domains
of about 3040 atoms with a hcp arrangement. Open dis-
location lines with a (111) glide plane are observed only at
temperatures close to the homogeneous melting point.

Fig. 4 A pair of Shockley partial dislocation loops. A cluster of
defective atoms is also shown in the inset. The snapshot refers to the
system containing 6912 atoms
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Fig. 5 The fraction og.r of atoms involved in lattice defects as a
function of the temperature 7. The relationship between oy.¢ and the
fraction oy of defective atoms is shown in the inset. Data pertain to the
systems with 4000 (O) and 6912 ([J) atoms

The fraction og.; of defective atoms involved in lattice
defects can be roughly estimated only at temperatures
above 800 K, being too much lower below. Its change with
the temperature is shown in Fig. 5. At Tfn, Ogef amounts
approximately to 0.2.

Heterogeneous melting of a semi-crystal

The temperature T}, at which the heterogeneous melting
process takes place is identified by the equality of the
Gibbs free energies of solid and liquid phases [20-22].
When present, melting initiates at surfaces, interfaces and
other structural heterogeneities [20-22, 36, 37, 60]. The
present work analyzes the heterogeneous melting processes
occurring on plane surfaces with different topology. The
transition is simulated by exploiting a previously devel-
oped methodology [40]. The undamped collective motion
of the surface atomic layers is avoided by preparing the
system from a configuration of atoms arranged in a
stacking sequence of 58 atomic planes [41]. In order to
study the effect of the surface topology on the heteroge-
neous melting process the planes with Miller indexes (100),
(110) and (111) were used. The systems consisted in all the
cases of 8,352 atoms. PBCs were applied only along the x
and y Cartesian directions, whereas two reservoir regions
of five atomic planes each containing immobile atoms with
a perfect fcc arrangement were defined along the z Carte-
sian direction. The system was equilibrated for 20 ps at
300 K and roughly null external pressure. The simulation
cell was divided into two regions referred to as C and D
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and extending, respectively, from the 1st to 48th atomic
planes and from the 49th to 58th ones. A relaxed free
surface was created by canceling the pair interactions
between C and D atoms by linearly decreasing to zero the
potential parameters A and ¢ in 2 ps. A further relaxation
200 ps long was carried out. The heterogeneous solid-li-
quid transition was therefore simulated on systems of 6,912
atoms arranged in 48 (100), (110) and (111) atomic planes
terminating with a free surface and a reservoir region on
the opposite sides. To properly deal with the gradual
thermal expansion due to the temperature rise, the reservoir
was artificially expanded by rescaling at each temperature
rise the position of its atoms in order to equalize the res-
ervoir elementary cell parameter to the bulk one at the
same temperature. An empty space about ten atomic planes
high, bounded by a reflective barrier, was defined at the top
of the simulation cell to permit surface atoms to pass from
the solid to the vapor phase. A schematic of the system is
reported in Fig. 6.

The comparison between the planar static order
parameter Sp(k) values for the systems here investigated
and for similar systems enclosed by PBCs points out the
existence of a certain ordering in the mobile planes adja-
cent the ordered immobile reservoir. Such ordering
decreases rapidly with the distance from the reservoir and
the temperature, disappearing on the average already at the
11th or 12th plane. It therefore does not affect the surface
dynamics. Surface effects are confined to a thin layer the
thickness A of which amounts approximately to three

Reflecting barrier
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Fig. 6 A schematic illustration of the simulation box. The system
consists of a stacking of 48 (110) atomic planes along the Cartesian z
direction. At the top it terminates with a free surface. An empty space
is left to permit the evaporation of atomic species at the free surface.
The free space is closed by a reflecting barrier to keep constant the
total number of atoms in the system. The reservoir region at the
bottom contains instead immobile atomic species arranged on a
perfect fcc lattice
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atomic planes, i.e. about 0.5 nm, at 300 K. Such planes
possess indeed an average potential energy U deviating
from the value Uy, characteristic of a surface-free bulk at
the same temperature and pressure. In addition, the S,(k)
values of the 46th, 47th and 48th planes are significantly
lower than the S,(k) values of bulk planes. It follows that
the planes below the 46th one can be regarded as bulk-like
planes.

Surface planes are significantly more disordered than
bulk ones at each given temperature as a consequence of
the higher mobility of surface atoms. These undergo dis-
placements of various length and form so-called vacancy-
adatom pairs [40, 41]. Vacancies initially localized at
surface can successively migrate towards the bulk via local
rearrangements of atomic configurations. In all the sys-
tems, at a certain temperature the S(k) value of the crys-
talline region including the 46th, 47th and 48th planes
becomes smaller than 0.7 and the dynamics of atomic
species at surface displays liquid-like features exemplified
by the trajectories quoted in Fig. 6. Surface planes are then
affected by pre-melting phenomena. Pre-melting points
Tom,0 depend on the topology of the crystallographic plane
at the free surface. In particular, data quoted in Table 1
indicate that T, ¢ increases as the surface atomic packing
increases. This means that, as observed in previous work
[60], loose-packed surfaces melt first.

The solid-liquid interface nucleated at T,no and
involving the three surface planes is stable up to a tem-
perature Ty, temperature above which the S(k) value of
the crystalline region including the 45th, 44th and 43rd
planes becomes smaller than 0.7. The solid-liquid interface
propagates then into the bulk region at rates on the order of
20 ms™'. The temperature T}, o can be thus regarded as the
equilibrium melting point, dependent on potential and
methodologies employed [39,40], of the bulk system with a
plane free surface. Contrary to Tpmo values, as evident
from Table 1 the melting point T,,, is only slightly
dependent on the topology of the crystallographic planes.
The latent heats of fusion AH,,,, given by the difference
between the average potential energies U of the liquid and
solid phases, respectively, are also quoted in Table 1. It
can be seen that both T,,0 and AH,, are smaller than
the experimental values of 1,357 and 13.02 kJ mol‘l,

Table 1 The pre-melting point Ty, o, the melting point Ty, o and the
latent heat of fusion AH,, o for the systems consisting of 6,912 atoms
and terminating with (100), (110) and (111) free surfaces

(100) (110) (111)
Tom,o (K) 1,175 1,200 1,225
T (K) 1,275 1,275 1,300
AH,, o (kJ mol ™) 12.92 12.83 12.98
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(a) (b)

Fig. 7 (a) A schematic representation of the semi-crystal structure. A
central section of the surface layer in light gray about 0.5 nm thick.
(b) A portion of the trajectories followed by the atomic species
located approximately in the central slice at 1250 K. (¢) The two-
dimensional projection of the three-dimensional trajectory followed at
1250 K by an atom belonging to the surface layer

respectively [49]. Such behavior can be mostly ascribed to
the high heating rate. As shown in Fig. 7 this latter sig-
nificantly affects the pre-melting, Tpm 0, and melting, T, o,
point values. Such temperatures increase indeed as the
heating rate decreases.

It should be also noted that the pre-melting and melting
temperatures as well as the latent heat of fusion are a
function of the system size. The accuracy of the estimates
significantly increases indeed as the system size increases.
No systematic investigation was here performed with re-
gard to this point. However, the pre-melting point T, o and
the melting temperature 7;,, were found to amount
approximately to 1,284 and 1,326 K, respectively, for a
system of about 20,000 Cu atoms arranged in a stacking of
48 (110) planes terminating with a free surface and a res-
ervoir on opposite sides along the z Cartesian direction.
The latent heat of fusion AH,, o was approximately equal to
12.9 kJ mol™'. Heating was carried out in this case at 2 K
every 20 ps of relaxation.

The atomistic details of the heterogeneous transition
were analyzed by dividing the bulk into 11 slices consisting
of three atomic planes each. However, the atomic planes
affected by reservoir-induced ordering and surface-induced
pre-melting phenomena were not included. The first slice
considered includes then the 13th, 14th and 15th planes and
the last one the 43rd, 44th and 45th planes. To a large
extent vacancies appear in the bulk region as a conse-
quence of migration processes from the surface, being the
formation of vacancy-interstitial complexes quite rare. At
the same time, defective atoms also appear. Their genera-
tion was followed by evaluating the fraction ogy of
defective atoms in each slice s, defined as the ratio between
the number of defective atoms and the total number of
atoms in the slice. The «g values at the equilibrium
melting point Ty, o are quoted in Fig. 8a as a function of the
slice number s. A non-uniform distribution of defective
atoms is observed, with the o4 ¢ values decreasing smoothly
along the z Cartesian direction as the distance from the free
surface increases. As shown in Fig. 8b, the static order
parameter S(k) values for each slice s strictly parallel the
trend of the ag4 values. It is worth noting that at 7}, o only
the 11th slice has S(k) below 0.7 and is therefore melting.
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Fig. 8 The fraction o4 of defective atoms (a) and the static order
parameter S(k) (b) for the s slices at the equilibrium melting point
Tim.o- The oy 5 values arrange along the z Cartesian direction according
to an increasing trend and the 11th slice, the one immediately below
the surface layer, is characterized by a fraction «g;, of defective
atoms equal to about 0.37. In accordance with oy s data, S(k) decreases
as the surface is approached, pointing out an increase of structural
disorder. Data pertain to the systems with (100) (A), (110) (O) and
(111) () atomic plane stacking

The fraction o4, of defective atoms in the 11th slice at
T 0, amounting to about 0.37, is then very close to the one
observed in the surface-free bulk at the limit of super-
heating T%,. Figure 8a clearly indicates that this is true for
all the systems investigated irrespective of the atomic plane
topology. Further analyses point out that, on the average,
the fraction o4, of defective atoms in a given slice s
immediately after its S(k) value has gone below 0.7
amounts to 0.38 = 0.04.

The formation of a molten layer at the free surface at
temperatures above Tp,m o greatly affects the distribution of
defective atoms in the system as well as the shape and
number of defective atom clusters. The profile of oy s val-
ues reported in Fig. 8a clearly indicates that the concen-
tration of defective atoms is larger in the region below the
solid-liquid interface. Correspondingly, defective atoms
form clusters with the main body located immediately
below the propagating solid-liquid interface. The cluster
depicted in Fig. 9 for sake of illustration points out in
addition the existence of filamentary aggregates that,
extending below the main cluster body, play an important
role in the solid-liquid interface propagation. Such
columnar arrangements can be indeed regarded as pre-
ferred nucleation sites for the appearance of further
defective atoms.

The preferential clustering of defective atoms in the
region below the solid-liquid interface favors the occur-
rence of cluster coalescence events. As a consequence, the
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X

Fig. 9 A cluster of defective atoms lying below the solid-liquid
interface, whose average position is marked by the horizontal dotted
line

total number of clusters is expected to be smaller than in
the surface-free bulk at the same temperature. The nor-
malized number N norm Of defective atom clusters quoted
in Fig. 10 as a function of the temperature 7" demonstrates
that this is actually the case. The data refer to the bulk
region between the 13th and the 46th planes and are nor-
malized to 4,752 atoms. In analogy with the case of the
surface-free bulk, a certain number of defective atoms can
be identified with Shockley partial dislocations with a
(111) glide plane, moving irregularly in the [110] and one
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Fig. 10 The normalized number N nom Of clusters of defective
atoms as a function of the temperature 7. Ngjporm undergoes a
monotonic increase up to the equilibrium melting point T,. Data
pertain to the systems with (100) (A), (110) (O) and (111) () atomic
plane stacking
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Fig. 11 An open dislocation (right) and a cluster of defective atoms
(left) at the free surface. Molten phase atoms are indicated light gray

of the [211] crystallographic directions. Crystalline
domains of about 30—-40 atoms with a hcp arrangement are
also observed. Different from the previous case, the pres-
ence of either the free surface or of the molten layer per-
mits however the formation of open dislocations such as
the one depicted in Fig. 11. The fraction ag.rs of defective
atoms involved in lattice defects in each given slice s
undergoing melting roughly amounts on the average to
0.2 £+ 0.04. As in the case of the a4 values, the oy values
at melting are thus close to the ones already observed when
the surface-free bulk undergoes the homogeneous melting
at the limit of superheating T%,.

Heterogeneous melting of nanometer-sized spherical
particles

Due to their free surface, unsupported particles undergo
heterogeneous melting processes analogous in principle to
the one of semi-crystals discussed above. Their melting
points T, are however significantly depressed respect to
the equilibrium melting point Ty, ¢ of a bulk system [5-19,
43, 44]. The present section will focus on the melting
behavior of spherical particles with radius of about 4 and
8 nm. Full details of the simulation procedure briefly
described below can be found elsewhere [44].

A system of 562,432 atoms, arranged in 52 X 52 x 52
fcc elementary cells and enclosed by PBCs along the three
Cartesian directions, was relaxed in the (NPT) ensemble at
300 K and roughly null external pressure for 100 ps. The
relaxed configuration obtained will be hereafter referred to
as the parent configuration, given that any nanometer-sized
system will be prepared starting from it. The particles with
radius equal to about 4 and 8 nm were prepared by
selecting out two spherical portions and gradually cancel-
ing the interactions between the atoms within the sphere
and the ones outside. Cancellation was performed accord-
ing to a linear decrease to zero in 1.6 ps the potential
parameters A and ¢ for the aforementioned pair interac-
tions. The relaxed particles consisted of 22,303 and
203,854 atoms, respectively. Simulations were then per-
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formed within the (NhT) ensemble with number of atoms
N, shape h and temperature 7 constant. The temperature
was raised of 10 K every 40 ps, i.e. at a nominal rate of
0.25 K ps".

The nanometer-sized particles consist of a disordered
surface layer and an ordered crystalline interior [44].
Average atomic positions in the bulk-like particle interior,
defined by the atomic trajectories within a time interval of
2 ps, were used to define the crystallographic vectors
describing the fcc lattice. Theoretically expected positions
were thus worked out in order to quantify the structural
disorder by comparing the real atomic positions with the
theoretically expected ones [44]. This permitted to employ
again the static order parameter S(k) to measure the degree
of structural order within the four and eight spherical shells
about 1 nm thick into which the interior of the 4 and 8 nm
particles was divided. The fourth and eighth surface shells,
respectively, of the 4 and 8 nm particles are characterized
by S(k) values close to 0.7 even at relatively low temper-
ature and are involved in pre-melting phenomena approx-
imately at 1,050 and 1,120 K, as also evident from the
atomic trajectories shown in Fig. 12.

The solid-liquid interface of the 4 and 8 nm particles is
stable up to 1,180 and 1,220 K, respectively. Above such
values, the S(k) values of the third shell of the 4 nm par-
ticle and of the seventh shell of the 8 nm particle become
smaller than 0.7 and the interface starts its propagation
progressively involving all the bulk-like region. Such
process takes place at rates on the order of 100 m s~ for

(a) (b) (0

Fig. 12 (a) A schematic representation of the two-state structure of
the 4 nm particle. The surface layer is in light gray. (b) A portion of
the trajectories followed by the atomic species at 1100 K for a central
slice of the particle having a thickness of 0.5 nm. (c) The two-
dimensional projection of the three-dimensional trajectory followed at
1100 K by an atom belonging to the surface layer

Table 2 The pre-melting point T}y, the melting point 73, and the
latent heat of fusion AH,, for the 4 and 8 nm spherical particles [44]

4 nm 8 nm
Tpm,O (K) 1 ,050 1 ,1 20
T (K) 1,180 1,220
AH,, (kJ mol™) 10.66 11.78

temperatures about 50 K above the melting point 7;,,. The
thermal properties of the particles are reported in Table 2.

The radial profiles of the fraction oy of defective atoms
in the various shells at the melting point 7}, are reported in
Fig. 13a and b for the 4 and 8 nm particles, respectively.
As already observed in the case of systems with a free
plane surface, the fraction oyqs of atoms with defective
coordination located within each given shell s decreases
smoothly with the distance from the free surface. In par-
ticular, both the fractions oy 3 and oy 7 of defective atoms in
the third and seventh shells amount approximately to 0.37,
a value close to the ones observed in bulk solids at T:‘n and
in the melting slices below either a free surface or a solid—
liquid interface at Ty, . On the average, a given spherical
shell s undergoes melting when the fraction og4 of defec-
tive atoms it contains amounts to 0.39 + 0.03.

Also in the case of spherical particles, defective atoms
form clusters of different size and shape. The normalized
number N, norm Of sSuch aggregates is quoted as a function
of the temperature T in Fig. 14 for the case of the 4 nm
particle. It can be seen that at any given temperature these
Nelnorm Values are significantly smaller than the ones ob-
served in a surface-free bulk and in a semi-crystal. Similar
results are obtained for the 8 nm particle. The comparison
between the data sets in Figs. 3b, 10 and 13 clearly points
out that the occurrence of cluster coalescence events is
more favored in the particle rather than in the bulk systems
considered. This is a consequence of the system geometry,
which in turn affects the shape of the clusters lying below
the surface layer. Figure 15 shows that the main body of
the clusters is located immediately below the solid—liquid

0.5
04+t
03| .
02+ o
0.1}
0.0 : : : :
0.4 @

03+
02+ ©
0.1+}
0.0

ad,s

0 3 6 9
Slice , s

Fig. 13 The fraction ag4s of defective atoms for the s slices at the
equilibrium melting point 7,,. The o4 values refer to the (a) 4 nm and
(b) 8 nm particles. In both cases the slice immediately below the
surface layer is characterized by a fraction of defective atoms equal to
about 0.37
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Fig. 14 The normalized number N porm Of clusters of defective
atoms as a function of the temperature 7. The equilibrium melting
point Ty, is marked by the vertical dotted line. Data pertain to the
bulk (O), plane free surface (1) and particle (A) systems

Fig. 15 A cluster of defective atoms inside the 8 nm particle. The
particle shape is schematically reproduced by dotted lines and curve.
The particle center of mass is also indicated

interface and is characterized by filamentary structures
extending into the particle bulk. The clusters possess then a
shape similar to the one already observed in the case of the
heterogeneous melting at a plane interface. The formation
of clusters with filamentary structures below the solid—
liquid interface should be therefore regarded as character-
istic of heterogeneous melting.

In analogy with the previous cases, dislocation loops
as well as open dislocations with a (111) glide plane are
observed together with small hcp crystalline domains.
The fraction og.rs of defective atoms involved in lattice
defects in each shell s at melting amounts roughly to
0.21 + 0.02.

@ Springer

Heterogeneous melting of nanometer-sized cubic
particles

The melting process of unsupported cubic particles is very
similar to the one displayed by spherical particles. For this
reason, results will be only briefly described according to a
similar scheme.

Cubic particles with side length of about 4 and 8 nm and
(100) plane surfaces were prepared by selecting out from
the parent configuration two cubic portions and gradually
canceling the interactions between the atoms within the
cubes and the ones outside. Cancellation was performed
according to the previously described procedure. Relaxed
cubes containing 5,708 and 45,629 atoms were obtained.
Simulations were carried out within the (NhT) statistical
ensemble and the temperature was raised at a nominal rate
of 0.25 K ps~'.

Atomic positions in the bulk-like particle interior were
averaged over 2 ps and used to define the crystallographic
directions of the fcc lattice. The comparison between the-
oretically expected positions and real atomic positions
permitted the quantification of structural order by means of
the static order parameter S(k). To this aim, the 4 and 8§ nm
cubic particles were divided, respectively, into four and
eight cubic shell each about 1 nm thick. The fourth and
eighth surface shells undergo pre-melting processes
approximately at 1,090 K. This T, value should be
compared with the ones of an free and extended (100)
plane surface as well as with the one of a curved surface. It
appears that the T}, value of cubic particles is larger than
for spherical particles and smaller than for an extended
plane surface with the same topology. A systematic study
of the phenomenon has not been carried out. The pre-
liminary results suggest nevertheless that the observed

Fig. 16 The atomic trajectory of an edge atom belonging to a cubic
nanometer-sized particle. Edge and free surfaces are indicated by the
dotted lines
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Table 3 The pre-melting point Ty, the melting point 7Ty, and the
latent heat of fusion AH,, for the 4 and 8 nm cubic particles

4 nm 8 nm
Tom (K) 1,090 1,090
T (K) 1,240 1,250
AH,,, (kJ mol™) 9.31 10.82

behavior should be a consequence of the unusual mobility
of edge atoms. The pre-melting behavior initiates indeed at
significantly lower temperatures. The atomic species
located at the edges are characterized by a liquid-like
mobility already at temperatures as low as 850 K. Their
trajectories, one of which is shown in Fig. 16, indicate that
a certain number of edge atoms explores the plane free
surface occasionally transforming into adatom.

The 4 and 8 nm cubic particles melt approximately at
the temperatures T;, of 1,240 and 1,250 K, respectively.
Such temperatures are remarkably higher than the melting
points of spherical particles and close to the equilibrium
melting point 7y, o of a system with a free plane surface.
The thermal properties of the cubic particles are summa-
rized in Table 3.

The cross-sectional profiles of the fraction ogqs of
defective atoms in the various shells at the melting point
T, are similar to the ones already observed in systems with
a free surface, i.e. oy values decreases smoothly with the
distance from the free surface. The fractions o4 3 and o4 7 of
defective atoms in the third and seventh cubic shells are
approximately equal to 0.38 and a given cubic shell s
undergoing melting is characterized by oy values on the
order of 0.38 = 0.02.

The normalized number N norm Of defective atom
clusters changes with the temperature 7 as in the case of the
4 nm particle. Both qualitative trend and quantitative fea-
tures are very similar and will not be reported here for sake
of brevity. Of course, once more the behavior can be
rationalized by invoking the occurrence of cluster coales-
cence events. The observed clusters have a shape similar to
the one of clusters involved in the heterogeneous melting at
a plane interface. Dislocation loops and open dislocations
can be again identified as well as small hcp domains. The
fraction ag.rs Of defective atoms involved in lattice defects
within each cubic shell s at melting is equal to about
0.22 + 0.01.

Heterogeneous melting of a nanometer-sized cylindrical
wire

A nanometer-sized Cu wire with circular cross section and
radius of about 4 nm was prepared by selecting out from

the parent configuration a cylindrical portion and gradually
canceling the interactions between the atoms within the
wire and the ones outside. Cancellation was performed
according to the previously described procedure. A relaxed
wire containing 84,221 atoms was obtained. As in the
previous cases, simulations were carried out within the
(NhT) statistical ensemble. Heating was performed at a
nominal rate of 0.25 K ps".

The structural order was quantified by means of the
static order parameter S(k) taking advantage of atomic
positions averaged over 2 ps as previously described. The
interior of the cylindrical wire was divided into four
cylindrical shell about 1 nm thick. The fourth shell display
a pre-melting behavior approximately at 1,070 K. Pre-
melting therefore takes place at a temperature T, com-
parable with the one displayed by the 4 nm spherical par-
ticle. It is also similar to the one of cubic particles. It
should be however remembered that in this case the pre-
melting behavior of surface atoms is strongly influenced by
the mobility of edge atoms. The wire melts approximately
at 1,200 K, i.e. at a temperature close to the one of the
4 nm spherical particle. This suggests of course that the
melting process is somewhat governed by the free surface

Table 4 The pre-melting point T}y, the melting point Ty, and the
latent heat of fusion AH,, for the nanometer-sized cylindrical wire

Tom (K) 1,070
T (K) 1,200
AH,,, (kJ mol™) 9.92
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Fig. 17 The normalized number N nom Of clusters of defective
atoms as a function of the temperature 7. The melting point T, is
marked by the vertical dotted line. Data pertain to the nanowire (W)
and to the particle (O) systems
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curvature. The thermal properties of the cylindrical wire
are quoted in Table 4.

As observed in previous cases, the fraction oy of
defective atoms in the cylindrical shells at the melting
point T, regularly decreases as the distance from the free
surface increases. The fraction oy 3 of defective atoms in
the third cylindrical shell is approximately equal to 0.39.
On the average, the cylindrical shells s melt when oy is
equal to 0.39 + 0.02.

The normalized number N pom Of defective atom
clusters is reported in Fig. 17 as a function of the tem-
perature T. The N norm Values are quite similar to the ones
pertaining to spherical particles. However, in the present
case the change of slope is considerably more marked and
occurs at lower temperatures. It almost defines a maximum,

Fig. 18 A cluster of defective atoms extending along the nanowire
axis

@ Springer

thus indicating that cluster coalescence events are more
pronounced than in previous cases. Actually, even though
the arrangement of defective atoms in the clusters is similar
to the one already observed when a free surface is present,
the number of defective atoms in a single cluster can
become as large as 8,000. A cluster extending along the z
Cartesian direction for about 5 nm, reported in Fig. 18, was
also observed. The fraction og4.rs of defective atoms in-
volved within each cubic shell s at melting in identified
lattice defects such as dislocation loops and lines is equal to
about 0.23 + 0.01.

Conclusions

The present study analyzed the mechanism of homoge-
neous and heterogeneous melting processes. Homogeneous
melting takes place in a surface-free perfect bulk system at
the first limit of superheating 7%. The formation of atoms
with defective coordination seems to play a key role in the
failure of the crystalline lattice. They form relative large
aggregates the number and size of which vary with the
temperature. The heterogeneous melting process was
studied in a semi-crystal bulk system, in unsupported
nanometer-sized spherical and cubic particles and finally in
a nanometer-sized cylindrical wire. These systems have the
common feature of possessing either plane or curve free
surfaces of different extension. In heterogeneous solid—
liquid transition, the surface must be regarded as a pref-
erential nucleation site. As a consequence, surface layers
undergo pre-melting phenomena mostly as a result of the
proliferation of vacancies. Successively, the solid-liquid
interface propagates at rates dependent on the temperature
to the entire system. Propagation is intimately related to the
formation of a critical amount of defective atoms, or
alternatively of lattice defects. In all the cases, including
homogeneous melting, the phase transition of a given
volume of solid occurs when the fraction of defective
atoms it contains is roughly equal to 0.39. At melting, the
fraction of defective atoms involved in the formation of
lattice defects is also approximately equal for all the sys-
tems investigated, amounting on the average to 0.2. These
regularities not only suggest the existence of an intimate
connection between homogeneous and heterogeneous
melting processes, but also support mechanistic scenarios
for the solid-liquid phase transformation laying emphasis
on the role of topological defects such as dislocations.
Systematic investigations on different systems must be
considered as necessary to further explore the mechanistic
details of these processes.
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