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Molecular dynamics simulations have been employed to investigate the structure and the thermodynamics of
unsupported Cu particles with size in the range between 1 and 10 nm. Carried out in the temperature range
between 300 K and the melting point of the nanoparticle, the numerical study provides insight into the
mechanisms governing the thermal evolution and melting of nanoparticles in the mesoscale regime explored.
According to the numerical findings, nanoparticles can be regarded as heterogeneous structures characterized
by a core region, in which atoms display a bulklike behavior, and a surface layer, where atoms possess
structure and energy intermediate between the ones of a bulk solid or a bulk liquid.
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I. INTRODUCTION

Nanoscience is currently regarded as a fundamentally ex-
citing and a technologically relevant area of research as a
consequence of the novel physical and chemical behavior
occurring on the nanoscale.1,2 For example, the thermody-
namic properties of nanometer-sized systems are often
largely different from the ones displayed by either coarse-
grained matter or single atoms and molecules.1–3 The system
size affects these properties according to the so-called spe-
cific and smooth size effects.2 The former is concerned with
atomic clusters, which undergo an irregular variation of
properties somehow related to “magic numbers.”2,4 The latter
pertains instead to nanostructures in the size domain between
small atomic clusters and infinite bulk systems,2,5 also re-
ferred to as the mesoscale regime. Within this broad size
range, physical, and chemical properties typically change ac-
cording to relatively simple scaling equations involving a
power-law dependence on the system size.1–3,5 Such obser-
vations are generally explained with the high surface-to-
volume ratio of nanoscale systems.1–3 The consequent in-
creased number of atoms at the surface of nanosized particles
determines indeed a considerable surface energy contribution
to the Gibbs free energy of the overall system.1,2,5

The present work focuses on one of the most striking
example of deviation of thermodynamic behavior as a con-
sequence of a smooth size effect,1,2,5 i.e., the depression of
the melting point of small particles of metallic species. The
phenomenon was theoretically predicted by Pawlow in
1909�Ref. 6� and further studied by Hollomon and Turnbull
in 1953.7 Shortly after, it was subjected to experimental veri-
fication by Takagi,8 by means of transmission electron mi-
croscopy, and by Wronski and Coombes,9,10 who studied the
relationship between the melting point of small metal par-
ticles and their size. It was found that the melting point de-
creases as the particle size decreases. This is generally re-
garded as a consequence of the size dependence of the
chemical potential of atoms and molecules in finite
systems.6,11–16 The phenomenon is satisfactorily accounted
for by several phenomenological models,6,11–16 based on ei-
ther the existence of a quasiliquid layer covering the surface

of the nanosized particle below the equilibrium melting point
or the nucleation and growth of a liquid layer at the
surface.6,11–16 These models are successful in that they pre-
dict the experimentally observed size dependence of the
melting point.6,11–16 However, they are phenomenological
and provide only a limited insight into the physical basis of
the experimental behavior. As pointed out by Lai et al.,17 the
comprehensive understanding of the thermodynamics of
nanosized systems necessarily requires the experimental in-
vestigation of “the details of heat exchange during the melt-
ing process, in particular the latent heat of fusion.” Starting
from this statement, Allen and co-workers developed an ac-
curate experimental technique to properly investigate the
calorimetry of the melting process in nanoparticles17–20 and
found in various systems that the melting point depression is
accompanied by a reduction in the latent heat of
transition.17–20 It appears then that surface effects deeply af-
fects the whole thermodynamic behavior, defining a complex
framework of difficult understanding.

The present work attempts to further deepen the insight
into the solid-to-liquid transition in nanometer-sized metal
particles by employing molecular dynamics simulations.
These have been successfully employed in the past to simu-
late the physical behavior of small metallic clusters, with
size ranging in the interval between 13 and about 8000
atoms.21–23 This work analyzes instead the behavior of par-
ticles in the so-called mesoscale regime, where no specific
size effect should exist.1–3,23 Accordingly, the size of simu-
lated systems ranges approximately from 5�102 to 6�104

atoms. Within this size range, the structural and energetic
features of the nanoparticles were studied at increasing tem-
peratures in order to characterize the properties of the surface
layer and their influence on the melting process. Numerical
simulation procedures are detailed in the following section.

II. COMPUTATIONAL METHODS

Calculations were carried out on systems of variable size
consisting of Cu atoms. Interatomic potentials were de-
scribed by a semi-empirical tight-binding force scheme
based on the second-moment approximation to the electronic
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density of states.24,25 It then follows that the cohesive energy
E is equal to

E = �
i=1

N ��
j=1

N

A e−p��rij/d�−1� − ��
j=1

N

�2e−2q��rij/d�−1��1/2� ,

�1�

where rij is the distance between atoms i and j and the pa-
rameters A ,� , p, and q quantify the interatomic potential be-
tween pairs of Cu atoms. The term d represents the nearest-
neighbor distance and N the total number of atoms. The
repulsive part of the potential is expressed in the first mem-
ber on the right-hand side of Eq. �1� as a Born-Mayer pair-
wise interaction, while the attractive part is expressed in the
second member within the framework of the second-moment
approximation of tight-binding band energy.25,26 Interatomic
potential parameter values were taken equal to the ones al-
ready reported in literature.26 Interactions were computed for
distances rij within a spherical cutoff radius rc=0.673 nm,
approximately corresponding to the seventh shell of neigh-
bors.

The choice of the cutoff distance is connected with the
necessity of reproducing with the highest possible accuracy
the physical and chemical properties of the simulated system.
At the same time, it is also necessary to avoid excessively
cumbersome calculations, which rapidly grow with the num-
ber of interactions to compute for each atom. Actually, a
cutoff distance at the fifth shell of neighbors is already suf-
ficient to satisfactorily reproduce thermodynamic
properties.26 Elastic properties, more sensitive to long-range
force fluctuations than thermodynamic quantities, are better
estimated with longer cutoff distances.26 Under suitable con-
ditions, a cutoff radius rc=0.673 nm permits the calculation
of elastic constants with remarkable accuracy, reproducing
experimental quantities within a 5% error.26

It is here worth noting that the semiempirical tight-
binding potential displays its best performances only for bulk
interactions.24–26 Surface properties are indeed reproduced
less satisfactorily than bulk ones. The Finnis-Sinclair
potential27 and the so-called embedded-atom-method28 are,
in this sense, more versatile. In spite of this, the tight-binding
force scheme appears particularly suited for the simulations
of face-centered-cubic �fcc� and hexagonal-close-packed
�hcp� metallic structures.24–26 Even though it is not able to
stabilize a body-centered-cubic �bcc� lattice, in the case of
compact structures the tight-binding approach ensures an ac-
curate reproduction of low-temperature as well as of high-
temperature properties with the same set of potential param-
eters. In spite of its possible drawbacks in terms of accuracy
for the evaluation of surface properties, the tight-binding po-
tential appears then as one of the most natural choices for
simulating fcc metals. In addition, it is also worth noting that
the present study does not aim to a quantitative prediction of
the physical and chemical behavior of Cu nanoparticles in
the mesoscale regime, but rather to the qualitative explora-
tion of the dynamics in connection with the occurrence of
melting processes. Under such circumstances, the accurate
reproduction of surface properties can be thus considered a
secondary objective also in the light of the difficulties gen-

erally met with such objective in the field of numerical simu-
lations.

Simulations were carried out within the so-called Nosè-
Andersen �NPT� ensemble with the number of particles N,
the temperature T and the pressure P constant.29,30 The so-
called Parrinello-Rahman scheme was also implemented.31

The equations of motion were solved by applying a fifth-
order predictor-corrector algorithm32 with a time step �t
equal to 2.0�10−15 s.

Numerical calculations were initially performed on a sys-
tem consisting of 562432 Cu atoms arranged in a cubic
simulation box of 52�52�52 face-centered-cubic �fcc�
cells. Periodic boundary conditions were applied along the
x ,y, and z Cartesian directions to reproduce a perfect crys-
talline bulk. The system was relaxed at temperature T
=300 K and external pressure P�0 for 1�10−11 s, corre-
sponding to 5�104 time steps.

Nanosized systems were prepared starting from the re-
laxed crystalline bulk consisting of 562 432 atoms arranged
on the fcc cF4 structure. Approximately spherical portions of
the crystalline bulk were individuated by considering one of
the atoms in the central region of the bulk as the center of a
sphere of radius R. The nanosized crystalline particle con-
sisted of the atoms lying within the sphere of radius R, i.e.,
by the atoms within a distance R from the central one. The
radius R was given the values corresponding to the odd mul-
tiples between 3 and 25 of the bulk lattice parameter a at 300
K, amounting to about 0.36 nm. Interactions between the
atoms forming the nanoparticle and the ones outside were
then gradually canceled to relax the nanocrystal, particularly
at the surface. To do this, the values of the potential param-
eters A and � were reduced to zero according to a linear
decreasing trend in 8�102 time steps for the pair interac-
tions between the atoms of the nanoparticle and the external
ones belonging to the parent fcc matrix. Independent simu-
lations on the three smallest systems indicate that the nano-
crystals obtained according to such procedure are character-
ized by a remarkably higher stability than the ones obtained
by canceling the interactions between the nanoparticle and
the parent matrix in a single time step. In the latter case,
indeed, surface atoms in particular display considerable mo-
bility and the whole particle undergoes marked fluctuations
in density and shape, occasionally resulting in the occurrence
of a solid-solid transition. These were easily pointed out by
the so-called Honeycutt-Andersen parameters,33 which iden-
tify the local crystalline order around each atom. On the
three smallest systems analyzed, the sudden removal of the
parent fcc matrix determines the formation of stacking faults.
Domains with hcp order can be identified and a general in-
crease of the icosahedral character of atomic arrangement is
observed in agreement with previous studies.23 Even though
not completely absent, these phenomena are considerably re-
duced when interactions are gradually canceled. Shape fluc-
tuations are significantly limited and smooth, although fac-
eted, surfaces are obtained.

Simulations on nanocrystals were performed within the
�NhT� ensemble with number of atoms N, shape h, and tem-
perature T constant.23,32 The fcc nanocrystal was slowly
heated to attain melting by imposing temperature jumps
�T=10 K and a relaxation after each temperature of 2
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�104 time steps. The corresponding heating rate amounts to
250 K ns−1. Following previously developed computational
procedures,23 the heat capacity cp�T� of the nanocrystal was
evaluated according to the following equation:

cp�T� =
�U

�T
+

3

2
Rgas, �2�

where U is the average potential energy and Rgas the univer-
sal gas constant. The simulated cp�T� values were then lo-
cally best-fitted with suitable polynomial functions and the
temperature at which the fitted curve attained its maximum
value identified the melting point Tm of the nanocrystal.23

The heat of fusion �Hm at the melting point Tm was evalu-
ated as the difference at Tm between the potential energies of
the liquid and the solid nanosized system.23

The radius Rp of the nanocrystalline particle was esti-
mated by employing the following expression:

Rp = Rg	5

3

1/2

+ RCu, �3�

where RCu represents the distance of nearest neighbors in Cu
and

Rg = � 1

N
�

i

�Ri − Rcm�2�1/2

�4�

is the radius of gyration, with Rcm representing the position
of the center of mass of the nanocrystal.32

The potential energy U was used to roughly distinguish
between atoms with bulklike behavior and atoms affected by
surface effects. Surface atoms are indeed expected to possess
a potential energy higher than the atoms in the bulklike core
of nanocrystals.1–3 To properly identify bulklike atoms, po-
tential energy was evaluated at the end of each relaxation
stage between two consecutive temperature jumps starting
from the center of the nanoparticle outward. More specifi-
cally, the procedure required initially the calculation of the
average potential energies Ub�r� for the atoms within a dis-
tance r from the center of the nanoparticle and Us�r� for the
atoms in the external shell at distances in the range between
r and Rp. The minimum r value considered was the one
corresponding to the radial distance rmin=0.305 nm at which
the radial distribution function of crystalline Cu has its first
minimum at 300 K. The radius r was then changed from rmin
to Rp with increments �r. For sake of convenience, �r was
chosen equal to rmin/2. At each r=rmin+n �r, with n
=0,1 ,…, the potential energies Ub�r� and Us�r� were evalu-
ated and compared. Of course, the total average potential
energy U of the nanoparticle is given by the weighted sum of
the two Ub�r� and Us�r� contributions. The average potential
energy of bulklike atoms Ub�r� was also compared with the
average potential energy Ubulk of atoms in a perfect crystal-
line bulk at the same temperature. A distance rb can be thus
roughly identified within which atoms display a bulklike be-
havior, with Ub�r� approximately equal to Ubulk. At distances
greater than rb, the potential energy Ub�r� undergoes instead
marked deviations from Ubulk, assuming larger values. At the
same time, the potential energy Us�r� of the external spheri-

cal shell shows a continuous variation as the radial distance r
increases. The distance rb can be therefore used to roughly
separate atoms in the surface layer, characterized by rela-
tively high potential energy Us�r�, from those with bulklike
behavior and average potential energy Ub�r� approximately
equal to the one of atoms in a perfect crystalline bulk. Cor-
respondingly, the layer formed by surface atoms has a thick-
ness �=Rp−rb.

The dynamics of bulklike and surface atoms was further
analyzed by means of the average root-mean-square �rms�
thermal displacement �r, defined as32

�r = � 1

N
�
i=1

N

�ri − r0,i�2�1/2

, �5�

where ri is the vector defining the ith atom and r0,i is the ith
atom equilibrium position. The trajectories of single atoms
were evaluated over a time period � of 40 ps, with time
intervals of 10 ps large enough for thermal diffusion to even-
tually occur. Average rms thermal displacements �r,b and �r,s
were calculated, averaging over bulklike and surface atoms,
respectively. The quantity �r,b is then referred to atoms
within a distance rb from the center of the nanocrystal, while
�r,s is referred to atoms at distances between rb and Rp, i.e.,
in the surface layer of thickness �.

III. RESULTS AND DISCUSSION

The gradual temperature increase determines a corre-
sponding increase in the kinetic and potential energy of the
nanocrystal. The typical trend of potential energy U as a
function of temperature T is shown in Fig. 1 for the systems
with 56 545 and 2091 Cu atoms. In the former case, the
gradual increase of energy U is followed by a sudden upward
jump, which clearly marks the occurrence of melting. A simi-
lar behavior also characterizes the latter case, concerning the
system of 2091 atoms. However, the upward jump of poten-

FIG. 1. �Color online� The average potential energy U as a
function of temperature T for the nanoparticles consisting of 56 545
�lower curve� and 2091 �upper curve� atoms. Melting points Tm are
indicated by vertical dotted lines. The linear extrapolations of data
for the solid and liquid phases are also shown in the case of the
system containing 2091 atoms in order to identify the latent heat of
fusion �Hm.
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tial energy U is here preceded by a regular increase distrib-
uted over a relatively broad temperature range.

Although the melting point Tm is more accurately esti-
mated by locating the maximum of the heat capacity cp�T�
evaluated according to Eq. �2�, data in Fig. 1 already point
out that the system of smallest size possesses the lowest
melting point Tm. This is also the case of the latent heat of
fusion �Hm, corresponding to through the difference at Tm
between the potential energy U of the liquid and solid nano-
particle. In analogy with the melting point Tm, the latent heat
of fusion �Hm decreases as the system size decreases. The
numerical estimates of both melting point Tm and latent heat
of fusion �Hm are reported in Table I together with the cor-
responding size of the nanocrystals investigated. For sake of
illustrations, the Tm and �Hm values are also reported in
Figs. 2 and 3, respectively, as a function of the radius Rp of
the nanoparticle.

A. Extension of bulklike core and surface regions

The radial profile of the average potential energy U sug-
gests a rough distinction between bulklike and surface atoms.
A typical example of the isothermal variation of the average
potential energies Ub�r� and Us�r� at 300 K along the radius
r of the nanoparticle is shown in Fig. 4. Data pertain to the
system of 22 303 atoms, which form a particle with a radius
Rp of about 4 nm. While Us�r� undergoes a continuous
change over the radial distance r, the potential energy Ub�r�
of the nanoparticle core region displays a nearly constant
value roughly equal to Ubulk up to a radius r of about 3.1 nm.
Beyond such value, the average potential energy Ub�r� of
core atoms begins to increase. For this reason, such radial
distance is referred to as the boundary radius rb approxi-
mately marking the boundary of atoms with bulklike behav-

ior and the surface layer. Surface atoms, therefore, are lo-
cated in the external spherical shell about 0.8 nm thick.

Temperature has a relatively marked effect on various
properties of the nanosized particles. For example, nanopar-
ticles undergo a thermally induced volume expansion. As
evident from Fig. 5, the radius Rp of the system with 22 303
atoms undergoes a small increase from 3.96 nm at 300 K to
4.13 nm at the melting point Tm of 1180 K. The thickness �
of the surface layer, and then the radius rb of the bulklike
core, also depend on temperature. Of course, to properly de-
termine boundary radius rb, at each temperature T the aver-
age potential energy Ub�rb� of the core region has to be com-
pared with the average potential energy Ubulk of the perfect
crystalline bulk at the same temperature. As shown in Fig. 6

TABLE I. Number of atoms N, particle radius Rp, melting point Tm, and latent heat of fusion �Hm for the
systems investigated. The values obtained for nanoparticles must be compared with the experimental and
numerically estimated ones also reported in the separate table below.

N Rp, nm Tm, K �Hm ,kJ mol−1

451 1.08 989 4.86

2091 1.80 1090 8.04

5746 2.52 1139 9.41

12213 3.24 1163 10.15

22303 3.96 1180 10.66

36810 4.68 1190 11.02

56545 5.40 1196 11.24

82316 6.12 1205 11.42

114921 6.84 1209 11.56

155165 7.56 1213 11.71

203854 8.28 1214 11.78

261790 9.10 1220 11.87

Bulk crystal Tm, K �Hm ,kJ mol−1

Experimental 1356 13.02

Simulated 1250 12.57

FIG. 2. The melting points Tm of the nanoparticles considered as
a function of the particle radius Rp at 300 K. Data arrange according
to a smooth trend, the lowest melting points pertaining to the small-
est systems.
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for the particle consisting of 261 790 atoms, the surface layer
thickness � increases from about 0.37 to about 0.5 nm in the
temperature range between 300 and 1220 K, the melting
point for the nanosized system considered.

The thickness � of the surface layer is remarkably sensi-
tive to the system size. This can be clearly seen from Fig. 7,
where the � values at 300 K for the various systems inves-
tigated are reported as a function of the nanoparticle radius

Rp. The thickness � of the surface layer changes smoothly
from about 0.9 to about 0.4 nm. Although limited in size to
the Rp range approximately between 1 and 10 nm, data in
Fig. 7 clearly point out that the surface layer thickness �
grows inversely with the size of the nanoparticle. The surface
layer thickness � pertain indeed to the smallest particles.

It is here worth noting that the data in Fig. 7 refer to
systems of different size Rp but at the same temperature of
300 K, a temperature markedly lower than their melting
point Tm. This evidence suggests that the observed variation
of the surface layer thickness � should be ascribed to curva-
ture effects. Thermal effects are indeed equal for all the in-
vestigated systems. Unfortunately, it has not been possible to
explore the dynamics of systems with a number of atoms
larger than about 262 000 due to limitations in the computa-
tional power available. It is therefore not clear if the surface
layer thickness � regularly decreases up to very low values
at large particle radii or attains instead an approximately con-
stant value below a certain particle radius. This aspect cer-
tainly deserves further investigation.

FIG. 3. The latent heats of fusion �Hm of the nanoparticles
considered as a function of the particle radius Rp at 300 K. As in the
case of the melting point Tm ,�Hm values decrease as the system
size decrease.

FIG. 4. The average potential energies Ub�r� and Us�r� of the
core region of radius r and of the external region of thickness �
=Rp−r, respectively, as a function of the radial distance r. The
average potential energy Ubulk of the bulk solid at 300 K is indi-
cated by the horizontal dotted line. It appears that the average po-
tential energy Ub�r� of the core region roughly coincides with the
one of the bulk solid Ubulk up to a radius rb of about 3.1 nm,
indicated by the vertical dotted line. Marked deviations of Ub�r�
from Ubulk are instead observed at radial distances r larger than rb.
The average potential energy Us�r� of the external shell undergoes a
smooth increase up to the radius rb, keeping an approximately con-
stant value at larger r. These features permit us to distinguish be-
tween a bulklike core region and a surface layer with different
properties. The radial distance rb can be then regarded as the bound-
ary between bulklike and surface behavior. Data refer to the system
of 22 303 atoms.

FIG. 5. �Color online� The change of the particle radius Rp as a
function of temperature T from 300 K to the melting point Tm. The
latter is indicated by the vertical dotted line. The particle radius
undergoes a smooth, approximately linear increase as the tempera-
ture increases. Data refer to the system of 22 303 atoms.

FIG. 6. �Color online� The dependence of the surface layer
thickness � on the temperature T in the range between 300 K and
the melting point Tm, indicated by the vertical dotted line. The
surface layer thickness increases regularly as the temperature in-
creases. Data refer to the system of 261 790 atoms.
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The thickness � of the surface layer attained at the melt-
ing point Tm is reported for each system as a function of the
system size in Fig. 8. The same � data are quoted in Fig. 9 as
a function of the melting point Tm of each nanocrystalline
particle. Of course, the two figures show a set of data of
surface layer thickness � affected by both curvature and
thermal effects. The largest values of surface layer thickness
� still pertain to the smallest particles. However, the fact that
smallest particles melt at the lowest temperatures and, con-
versely, largest systems display the highest melting points
determines a reduction in the difference between the surface
layer thickness � of small and large particles. The latter sys-
tems are indeed characterized by a surface layer slightly
thicker than the one attained at 300 K as a consequence of
their relatively high melting points. Therefore, thermal ef-
fects slightly reduce the difference between the smallest and
the largest values of surface layer thickness � due to the
difference in melting point between the systems investigated.

B. Energy of bulklike core and surface regions

The estimation of the thickness � of the surface layer
permits to roughly distinguish between bulklike and surface
atoms and then to evaluate the average potential energy
Us�rb� possessed by surface atoms. The Us�rb� values for the
surface atoms of a nanoparticle of 261 790 atoms and a ra-
dius Rp of about 10 nm are shown in Fig. 10 as a function of
temperature T. Quite surprisingly, the average potential en-
ergy Us�rb� is only weakly dependent on temperature. On the
contrary, the average potential energy of bulklike atoms
Ub�rb�, also reported in Fig. 10 for sake of comparison, dis-
plays as usual a definite dependence, increasing steadily with
temperature. The increase of the average potential energy

FIG. 7. The dependence of the surface layer thickness � on the
particle radius Rp at 300 K. A monotonic decrease of the surface
layer thickness is observed as the system size increases.

FIG. 8. The thickness � of the surface layer at the melting point
Tm as a function of the particle radius Rp at the same temperature. A
monotonic decrease is observed as in the case of data referred to
300 K.

FIG. 9. The thickness � of the surface layer at the melting point
Tm as a function of the melting point Tm. The thickness � of the
surface layer undergoes a monotonic decrease.

FIG. 10. �Color online� The average potential energies Ub�rb�
and Us�rb� of the bulklike core region of radius rb and of the surface
layer of thickness � as a function of the temperature T. It can be
seen that the two quantities change at different rates, the highest one
pertaining to Ub�rb�. While Us�rb� displays an approximate linearity
over the whole temperature range explored, at temperatures close to
TmUb�rb� shows a nonlinear behavior. At melting, Ub�rb� undergoes
a sudden upward jump the amplitude of which is larger than the one
undergone by the potential energy of surface atoms. The average
potential energy Us�rb� is indeed remarkably close to the one of the
liquid. Data refer to the system of 261 790 atoms.
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Us�rb� of surface atoms appears extremely small when com-
pared to the one showed by Ub�rb�.

It is worth noting that the average potential energy Us�rb�
of surface atoms corresponds to the one possessed by either a
perfect crystalline bulk at a temperature of about 1490 K or a
bulk liquid at about 1100 K. In the former case, the crystal-
line bulk would show a superheating of about 240 K with
regard to the Cu equilibrium melting point, which amounts
approximately to 1250 K for the tight-binding interatomic
potential used in this study.34 In the latter case, instead, the
bulk liquid would show an undercooling of about 150 K.
Under such circumstances, the energy state of the atoms in
the surface layer is intermediate between the ones pertaining
to an undercooled liquid and a superheated solid. At least at
temperatures far from the melting point, their arrangement
should be then regarded as amorphouslike rather than as liq-
uidlike.

Further support to such interpretation is given by the re-
lationship between the average potential energy Us�rb� of
surface atoms and the size of nanoparticles at a given tem-
perature. The average potential energy Us�rb� of surface at-
oms is indeed approximately insensitive to the radius Rp of
the systems investigated, as shown by the plot of Us�rb� as a
function of Rp reported in Fig. 11.

The data quoted in Fig. 11 refer to systems at 300 K, but
the same behavior is observed at higher temperatures. How-
ever, when the temperature increases the average potential
energy Us�rb� of the surface layer closely approaches the
average potential energy of the liquid nanoparticle at its char-
acteristic, size-dependent melting point Tm. This means that
no net discontinuity in the potential energy of surface atoms
is observed at melting. This suggests in turn that the atomic
arrangement at the surface could undergo a structural soften-
ing interpretable as a premelting of the external shell, thus
supporting the hypothesis that melting nucleates at external
surfaces and then propagates in the interior of the
particles.1–3

C. Structural arrangement of atoms in bulklike core and
surface regions

The rms displacement �r of atomic species from their
equilibrium positions provides a measure of the structural
arrangement of atoms in the bulklike core region as well as
in the surface layer.23,32 The two regions into which a particle
can be roughly divided, so recognizing the existence of at-
oms with and without bulklike behavior, are indeed charac-
terized by different values of the rms atomic displacement.
As expected on the basis of the findings discussed above,
bulklike atoms possess rms displacements �r,b smaller than
the ones �r,s displayed by atoms in the surface layer of thick-
ness �. As evident from the data reported in Fig. 12, relative
to the case of a nanoparticle of radius Rp of about 3.5 nm and
12 213 atoms, the rms displacement �r,s of surface atoms is
larger than the rms displacements �r,b of bulklike atoms at
any temperature T. The difference between the two values
decreases as temperature increases, indicating that the struc-
ture of the bulklike core is more sensitive to thermal disor-
dering than the one of the surface layer, which is already
considerably disordered. However, at temperatures relatively
close to the melting point Tm ,�r,s assumes values markedly
higher than the ones displayed at lower temperatures and
characteristic of a bulk liquid at the same temperatures. Such
evidence strongly suggests the occurrence of premelting phe-
nomena at the surface of the nanoparticle and the consequent
formation of a liquidlike layer in which atomic species have
a mobility analogous to the one displayed in a thermody-
namically stable liquid phase. The data in Fig. 12 also show
that the atomic species in the two bulklike and surface re-
gions reach approximately the same value of rms atomic dis-
placement only a few degrees above the melting point Tm,
i.e., when also the bulklike region has melted.

FIG. 11. �Color online� The average potential energy Us�rb� of
surface atoms at 300 K as a function of the particle radius Rp for the
systems investigated. The almost constant value observed points out
that the quantity Us�rb� is independent of the system size.

FIG. 12. �Color online� The rms atomic displacements �r,b and
�r,s of bulklike and surface atoms, respectively, as a function of
temperature T. The quantity �r,s is always larger than �r,s, indicating
that the structure of the surface layer is more disordered than the
one of the bulklike core region. As usual, the rms atomic displace-
ment increases as temperature increases. �r,b increases at rates
higher than �r,s. The horizontal line in the figure indicates the Lin-
demann threshold �r,crit. The vertical lines indicate, instead, the tem-
peratures TPM and Tm at which surface and bulklike atoms attain
such value. Data refer to the system of 12 213 atoms.
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Lindemann-like criteria can be chosen to distinguish be-
tween melted and nonmelted regions on the basis of the rms
displacement.23 While the choice of the critical value of rms
displacement beyond which a region has melted obviously
affects the quantitative evaluation of the temperature at
which premelting phenomena occur at the surface, it does
not change the qualitative features of the phenomenon. Fol-
lowing previous studies,35 a critical �r,crit threshold value of
0.04 nm has been here considered, which corresponds to
about the 15% of the nearest-neighbors distance in Cu. Ac-
cording to such choice, the melting point Tm of the particle of
12 213 atoms amounts to about 1140 K, in satisfactory agree-
ment with the Tm value of 1163 K obtained from the cp�T�
curve. The surface layer instead undergoes melting at a tem-
perature TPM of about 1015 K, i.e., approximately 150 K
below the melting point Tm of the bulklike region.

The premelting temperature TPM at which surface atoms
display a liquidlike behavior is affected by the system size.
The plot of the ratio between premelting temperatures TPM
and melting points Tm, also referred to as the premelting
ratio, as a function of the particle radius Rp is shown in Fig.
13. The premelting ratio decreases as the systems size de-
creases, thus indicating that pre-melting effects are more pro-
nounced in the smallest particles.

The rms displacement �r,s of surface atoms is only
slightly dependent on the size of the nanoparticle. This can
be clearly seen in Fig. 14, where the �r,s values at 300 K are
reported as a function of the particle radius Rp for all the
systems investigated. The rms atomic displacement increases
from 0.022 to 0.029 nm as the particle size changes from
about 1 to about 10 nm. Surface curvature effects are then
less pronounced than in the case of the surface layer thick-
ness �.

IV. CONCLUSIONS

The use of molecular dynamics simulations permitted the
extensive study of structural and energetic features of Cu

nanocrystals of different size in the so-called mesoscale re-
gime between 1 and 10 nm. Structural and energetic proper-
ties were characterized in the temperature range between the
room temperature and the melting point of each nanosized
particle. In agreement with previous experimental findings
and theoretical expectations, the melting point as well as the
latent heat of fusion have been found dependent on the sys-
tem size. In particular, both the thermodynamic quantities
decrease as the particle size decreases.

Numerical simulations indicate that each nanocrystal can
be roughly divided into two regions. In the core region, at-
oms display a behavior analogous to the one characteristic of
atomic species in a perfect crystalline bulk. Atoms belonging
to the surface layer possess instead potential energy and
structural features suggesting an amorphouslike arrange-
ment, i.e., an arrangement intermediate between the ones of a
bulk solid and of a bulk liquid.

Both thermal and size effects affect surface atoms. The
thickness of the surface layer is particularly sensitive to the
system size, increasing as the particle size decreases. Con-
versely, the potential energy of surface atoms undergoes only
a slight increase. Contrary to what happens to the potential
energy of bulklike atoms, no discontinuity is observed at the
melting point or in the neighborhood. This suggests that
while the solid-to-liquid transition in the bulklike core is of
the first order, the surface layer undergoes a melting transi-
tion with second-order features.

This conclusion is further supported by the evidence that
surface atoms are subjected to premelting phenomena at tem-
peratures well below the estimated melting point of the nano-
sized systems. The analysis of rms atomic displacements in
the bulklike core and surface regions points out, indeed, that

FIG. 13. The ratio between premelting temperature TPM and
melting point Tm as a function of the particle radius Rp at Tm for the
systems investigated. The premelting ratio decreases regularly as
the system size decreases. Premelting phenomena are then more
pronounced in small particles than in large ones.

FIG. 14. �Color online� The rms atomic displacement �r,s of
surface atoms as a function of the particle radius Rp at 300 K. An
approximately constant value of about 0.024 nm is observed irre-
spective of the system size.
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surface atoms are characterized by higher mobility than
bulklike ones. The mobility increases gradually, thus indicat-
ing that the surface layer undergoes a sort of structural soft-
ening.

The results obtained in the present work demonstrate that
a nanosized particle can be regarded as a structurally and
energetically heterogeneous system consisting of well dis-
tinct bulklike and surface regions. Further progress in the
understanding of the atomic behavior on the nanoscale is

however expected from the simulation of larger systems,
with sizes in the range of decades of nanometers.
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