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Abstract: Microscopic understanding of thermal behaviors of metal nanoparticles is important for nanoscale
catalysis and thermal energy storage applications. However, it is a challenge to obtain a structural
interpretation at the atomic level from measured thermodynamic quantities such as heat capacity. Using
first-principles molecular dynamics simulations, we reproduce the size-sensitive heat capacities of AlN clusters
with N around 55, which exhibit several distinctive shapes associated with diverse melting behaviors of the
clusters. We reveal a clear correlation of the diverse melting behaviors with cluster core symmetries. For
the AlN clusters with N ) 51-58 and 64, we identify several competing structures with widely different
degree of symmetry. The conceptual link between the degree of symmetry (e.g., Td, D2d, and Cs) and
solidity of atomic clusters is quantitatively demonstrated through the analysis of the configuration entropy.
The size-dependent, diverse melting behaviors of Al clusters originate from the reduced symmetry (Td f

D2d f Cs) with increasing the cluster size. In particular, the sudden drop of the melting temperature and
appearance of the dip at N ) 56 are due to the Td-to-D2d symmetry change, triggered by the surface
saturation of the tetrahedral Al55 with the Td symmetry.

Introduction

Metal nanoclusters have been widely used for several
emerging technologies because of their unique size-selective
properties that are different from those of bulk materials.
Recently, Al nanoclusters have been attracting much attention
because many interesting phenomena have been reported for
these nanoclusters.1-8 For instance, recent experiments6 showed
that melting drastically enhances the catalytic reactivity of the
chemisorption of N2 molecules on Al nanoclusters. Al nano-
clusters also have size-selective reactivity for the dissociative
chemisorption of water.4,5 Not only the catalytic reactivity but
also the melting of such nanoclusters is inherently size
dependent.1-3,9-13 From measurements of heat capacities,

Jarrold and co-workers1-3 have elegantly demonstrated unusual
diverse melting behaviors in size-selected Al nanoclusters with
about 55 atoms. The AlN clusters with N ) 53-55 have a single
broadened, but clearly noticeable, peak in heat capacity (category
I) with an almost constant peak position. The melting peak,
which is centered at the melting temperature Tm, separates
solidlike states and liquidlike states. As the cluster size N
increases from 55 to 56, the melting point suddenly drops by
120 K, and at the same time a dip appears in the heat capacity
just below the melting peak (category II). For a certain cluster
such as Al64 and Al68, there is no noticeable melting peak in
the heat capacity (category III). The representative heat capaci-
ties are shown in Figure 1.

Despite great interest in Al nanoclusters and other metal
clusters, a full atomic-level understanding of the observed
phenomena is still lacking. Several simple phenomenological
models2,3 with some fitting parameters have been proposed to
explain the observed heat capacities of Al clusters. Nonetheless,
one needs atomistic interpretations to fully understand what
actually happens during the melting processes. Previous mo-
lecular dynamics (MD) simulations using Gupta14,15 and glue14

empirical potentials failed to reproduce the melting features of
the measured heat capacities of intermediate-size Al nanoclusters
with about 55 atoms. This discrepancy indicates that more
accurate interatomic potentials are necessary to describe the
nanoscale melting of the intermediate-size Al clusters. More
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recently, using the state-of-the-art NP-B empirical potentials,16

Li and Truhlar17 performed comprehensive MD simulations of
size-selected Al clusters and provided new insight into the
character of cluster nanophases. However, fully quantum
mechanical calculations of melting of Al nanoclusters have been
mainly limited to very small clusters like Al13 (ref 18) due to
high computational cost.

Only recently, the melting of the Al55 cluster was studied
using first-principles molecular dynamics simulations, which
showed unusual tetrahedral-like Al55 clusters and their novel,
collective surface melting behaviors.8 Although the tetrahedral-
like Al55 cluster has the surface atoms at the corners with a low
coordination number of four, it is much more stable than the
more spherical (of least surface area) icosahedral 55 atom cluster
by 4.8 eV from the density functional theory (DFT) calcula-
tions.8 The tetrahedral-like Al55 cluster was also supported from
photoelectron spectrum.8 For other elements, Ga and In, with
the same s2p1 electron configuration as Al, the tetrahedral-like
structure is energetically more favorable than the icosahedral
structure by 3.2 and 1.3 eV, respectively. By contrast, other
metallic clusters with the valence electrons mostly derived from
atomic s orbitals - such as Na (3s1), Cu (3d104s1), and Ag
(4d105s1) - have the icosahedral ground state for 55 atom

systems,19 which is more stable than the tetrahedral state by
2.0, 5.5, and 3.6 eV, respectively. Unlike in the case of the s
orbital systems, the hybridization between s and p orbitals of
the Al(3s23p1) clusters can effectively stabilize the low-
coordination surface atoms. As a result, the Al clusters can have
several energetically competitive structures, which include low-
coordination surface atoms. We will show later that the structural
diversity ultimately leads to the diverse and size-sensitive
melting behaviors of Al clusters.

In this article, we address the fundamental issues regarding
the melting of Al nanoclusters from first-principles molecular
dynamics (MD) simulations and advanced statistical analysis.
First, we demonstrate that the diverse melting behaviors of Al
clusters (categories I to III) can be captured through the analysis
of the calculated configuration entropy. Next, we show that the
change of melting behavior of AlN clusters from category I to
III, including a sudden drop of Tm at N ) 56, can be understood
by the reduced cluster symmetry (Tdf D2df Cs) as the cluster
size N increases from 55 to 56 and to 64. The saturated
tetrahedral Al55 cluster with a Td Al10-core serves as a boundary
marking the abrupt change in melting behaviors.

Computational Methods

In this study, total energies of Al clusters were calculated within
the generalized gradient approximation (GGA-PBE20) to the density
functional theory (DFT) as implemented in the VASP package21,22

using projector-augmented wave potentials.23 First-principles MD
simulations were performed with the Nosé thermostat24 at simula-
tion temperatures ranging from 130 to 1200 K, and the time step
was chosen to be 3 fs. We calculated heat capacities of representa-
tive clusters, Al51, Al55, Al57, and Al64, using the well-established
multiple-histogram method.8,9,18 The total sampling times for
equilibrium ensembles were 5.7, 5.3, 5.8, and 4.1 ns for N ) 51,
55, 57, and 64, respectively. To reduce computing time of the
energy samplings, we used nonspin-polarized DFT calculations for
the extensive first-principles MD simulations. We found that the
energy correction after spin-polarized calculations is only a few
10 meV for the intermediate-size Al clusters. Thus, the spin-
polarization effect is insignificant compared to the large thermal
energy fluctuations in the MD simulations. The calculated melting
temperatures are in excellent agreement with the measured values
(Figure 1 and Figure S1 in the Supporting Information).

Results and Discussion

To study melting of AlN clusters, we first need to know their
ground-state structures. As an unbiased method with no as-
sumption regarding cluster geometry, first-principles MD simu-
lations were employed using high-energy structures as an initial
state. We found that a long-run MD simulation (up to 1 ns) at
a constant temperature around 0.8-0.9 Tm within a broadened
melting peak is an efficient way to search ground- or near-
ground-state structures for intermediate-size Al clusters contain-
ing more than 50 atoms.8 Some of the identified geometries
share similar structural motifs with the recently proposed
geometries13 that were generated from decahedral fragments and
their variations (Supporting Information). To validate whether
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Figure 1. (a-c) Simulated heat capacity (red line) from MD simulations
is compared with experimental data (black dot and line) taken from refs 1
and 2 for AlN clusters with N ) 55, 57, and 64, respectively. In (b) for N
) 57, we also present the simulated heat capacity C(Ti) at temperatures Ti

(blue square and line), including the freezing effect below Tdip (text). The
continuous heat capacity under the equilibrium condition was calculated
from the multiple-histogram method,18 while the discrete heat capacity C(Ti)
under the nonequilibrium condition was obtained from averaged-energy
ensembles E(Ti) and the finite difference method. In (d), the measured
melting points of Al clusters (black dot, taken from ref 1) are shown with
the simulated points of Al51, Al55, and Al57 (red open circles).
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the identified structures are ground-state structures, we also
conducted systematic global optimizations of Al55 and Al57 using
the Monte Carlo basin-hoping method25,26 within the DFT.
Among newly identified 30 000 (22 000) local minima for Al55

(Al57), we could locate a group of low-energy structures that
have the nearly same geometries as the lowest-energy clusters
obtained from the MD simulations, apart from some excited
surface atoms (Supporting Information).

From the MD simulations in neutral charge state, we identified
several low-energy geometries of AlN clusters with N ) 51-58
and 64 (Figure 2 and Figure S2 in the Supporting Information).
The intermediate-size clusters have a well-defined core and
surface. We found that all the low-energy geometries can be
classified based on the symmetry of the core region as (i)
tetrahedron (Td), (ii) bidisphenoid (D2d), and (iii) low-symmetry
cores (C2v or Cs). For instance, the neutral clusters with N )
53-55 adopt the Td Al10-core geometries as their lowest-energy
structures. In contrast, the clusters with N ) 50-52, 56, and
57 have the bidisphenoid Al8 (D2d) as the common core. Al64 is
a low-symmetry cluster with only one reflection symmetry (Cs).
In addition, we identified several low-energy metastable struc-
tures, Al56* and Al57* (Figure 2), that have lower symmetry
than the ground-state structures. We will show later that the
presence of the low-symmetry metastable structures is crucial
to account for the melting behavior in category II.

The classification of Al clusters based on symmetry reveals
a clear correlation between the stability of the clusters and the
point group symmetry. The lowest-energy Al clusters generally
have relatively high symmetry such as Td and D2d, as compared

to the metastable, low-symmetry clusters. By contrast, the
icosahedral-like Al clusters are relatively unstable despite their
high approximate point-group symmetry (Ih) (Supporting In-
formation). This trend can be understood from the principle of
maximum symmetry, which explains why clusters with higher
symmetry (e.g., Td, D2d, and Ih) are more likely to be particularly
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Figure 2. Classification of low-energy Al nanoclusters with about 55 atoms. The Al atoms in the core region are colored green, while the atoms on the
surface are colored yellow. The core cluster is also displayed for each AlN cluster. The number in parentheses is a number of symmetry operations. For N
) 56* and 57*, we present metastable low-symmetry geometries. The lowest-energy geometries of Al56 and Al57 can be found in Figure 4.

Figure 3. (a) The calculated first-order energy derivative of the configu-
ration entropy (dS/dE, solid lines) of AlN clusters with N ) 55, 57, and 64.
The energy zero is the one for the lowest-energy structure for a given cluster
size. Dashed lines are given for guidance of eyes. (b) The calculated caloric
curves of Al55 and Al57 for microcanonical results (red solid lines) and
canonical results (black dashed lines). The microcanonical caloric curve
was obtained from the relation, 1/T ) ∂S/∂E, for the microcanonical
temperature T, entropy S, and energy E.
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low- and high-energy minima.27 At finite temperature, however,
a low-symmetry state may have the lowest free energy due to
entropy effect.28

The degree of cluster symmetry manifests itself in the
variation of the configuration entropy and thus the cluster
melting. Configuration entropy (S) is an important quantity for
thermodynamics, which, once known, enables us to calculate
all other thermodynamic functions and properties.9 Here, S )
kB ln Ω(E), where Ω(E) is a density of accessible configurations
at energy E in potential energy surface, and kB is the Boltzmann
constant. A previous theoretical work29 calculated configuration
entropy and partition function of Al clusters to determine free
energy of nanocluster formation. To show how configuration
entropy relates to cluster symmetry, we calculated the config-
uration entropy and heat capacities of three representative Al
clusters, Al55 (Td), Al57 (D2d), and Al64 (Cs), using the multiple-
histogram method.18 Part a of Figure 3 shows the first-order
energy derivative of the configuration entropy (dS/dE) as a
function of energy. The high-symmetry clusters, such as Al55

and Al57, have a bump (as indicated by arrows) in the dS/dE
plot. This is because the atoms of the high-symmetry cluster
find it energetically more favorable to maintain certain fixed
positional relationships with each other. Hence, for energy below
a certain threshold, the cluster symmetry is more or less
preserved. This leads to a solidity or rigidity of the high-
symmetry cluster, in analogy with the corresponding emergent
property of bulk solid. The high degree of symmetry is only
broken catastrophically above the threshold energy, leading
to the abrupt increase of Ω and the bump in the dS/dE plot.
Consequently, the high-symmetry cluster exhibits a sharp heat
capacity peak, which separates the solidlike and liquidlike
states (Figure 1). On the other hand, the low-symmetry Al64

does not have the solidity of Al55 and Al57. Thus, the dS/dE
plot is featureless (part a of Figure 3) and so is the heat
capacity (Figure 1).

The first-order-like melting transition of Al55 and Al57 is
characterized by the dynamic coexistence9,17,30-35 of solidlike
and liquidlike states. Near Tm, a cluster can repetitively switch
back and forth between solidlike states and liquidlike states.
Unlike in bulk materials, the phase separation of the two states
is highly improbable for such small clusters due to large
interface energy. The relative probability of finding a cluster in
the solidlike (or liquidlike) states is thermodynamically given
by the so-called two-state model,34,35 which also relates Tm with
the energy difference and the entropy difference between the
solidlike and liquidlike regions of the configuration space. Part
b of Figure 3 shows an S-bend in the microcanonical caloric
curve near Tm, which is a thermodynamic signature of the
dynamic coexistence.9,33-35

Simulated heat capacities of the Al55 and Al64 agree well with
the experimental results (Figure 1). For the Al57, however, there
is qualitative inconsistency: the simulated heat capacity has a
simple melting peak at Tm ) 500 K, while a dip appears in the
measured heat capacity at Tdip ) 400 K, just below the Tm (ref
1). We find that this discrepancy is closely related to different
procedures in simulating and measuring heat capacities. In the
simulation, we first performed a MD simulation at a constant
temperature T ) 400 K (0.8 Tm), starting from high-energy
states, until the lowest-energy Al57 (D2d) cluster emerged after
180 ps (Figure 4). From a separate MD simulation at the
elevated temperature T ) 450 K (0.9 Tm), we obtained the same
geometry in a shorter simulation time (150 ps). Then, the low-T
energy ensembles below 400 K were obtained from MD
simulations with the ground-state cluster as an initial geometry.
By contrast, in experiments, the cluster energy, E(T), is
measured independently at each temperature: the Al cluster,
which is prepared at extremely high temperature, is thermalized
at a given low temperature before its energy is measured. Our
simulations show that at sufficiently high temperature (T )
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Figure 4. Structural change from Td to D2d clusters with increasing cluster size. For each size N, the most stable clusters based on the Td Al10 and D2d Al8
cores are listed. The relative stability (∆), ∆ ) E(Td) - E(D2d), is also shown. The Al atoms in the core region are colored green, while the atoms on the
surface are colored yellow. For N ) 56, core regions are also displayed to show the large distortion of the Td Al10 core. For Al55 (D2d), three of the four
corner atoms of the Al52 (D2d) in Figure 2 are cut and transferred to the outer empty shell to form the six-atom cluster (red balls) with the three added atoms.
Likewise, only two corner atoms of the Al52 are removed to form Al56 and Al57 with the D2d symmetry.
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0.8-0.9 Tm), the ground-state structure can easily emerge within
a nanosecond during the thermalization. At low temperature,
however, the cluster may freeze to high-energy geometries due
to the rapid, stepwise quenching, which can lead to a dip in the
heat capacity.3 To check this idea, we performed a MD
simulation at T ) 360 K (0.7 Tm) as we did to find the lowest-
energy Al57 at T ) 400 and 450 K. In this case, within the
simulation time, the cluster was stabilized to a metastable low-
symmetry Al57* (Cs) structure shown in Figure 2. At zero
temperature, the Al57*(Cs) is less stable than the Al57 (D2d) by
∆E ) 0.45 eV. As another example in category II, we identified
a metastable low-symmetry Al56* (C2v) with ∆E ) 0.19 eV
through MD simulation at 320 K over 1.05 ns (Figure 2). By
employing the metastable Al57* as an initial geometry to obtain
the ensemble-averaged energies, E(T), for low temperatures
below Tdip ) 400 K, we succeeded in reproducing the dip of
the measured heat capacity (Figure 1). This indicates that the
dip appears due to the freezing effect below the Tdip.

Finally, we demonstrate that two plateaus of melting point
(Tm) at N ) 53-55 and 56-58 and a sudden drop of Tm at N
) 56 (Figure 1) can be understood by the structural transitions
and competitions between clusters with different symmetries:

D2d to Td transition. The D2d Al8-core clusters are the ground
states for neutral clusters with N ) 50-52, 56, and 57. Among
these clusters, the Al52 has the saturated (or fully occupied)
surface shell with the D2d symmetry (Figure 2). Hence, the added
atom to the Al52 (D2d) should occupy the outer empty shell,
which makes the Al53 energetically unfavorable to the tetrahedral
isomer. Thus, the first structural change from D2d to Td cluster
occurs as the cluster size increases from N ) 52 to 53.

Td to D2d transition. For N ) 53, 54, and 55, the tetrahedral-
like Al clusters are the ground-state structures. They have Td

Al10 as the common core with nearly identical surface atomic
configurations: as N increases from 53 to 55, Al atoms are just
added to the corner sites (Figures 2 and 4). Because of this
structural similarity, the tetrahedral-like Al53, Al54, and Al55

should have similar configuration entropies and thus almost
constant Tm at N ) 53-55. We found that the surface of the Td

Al10-core structure becomes saturated at N ) 55. When one
atom is added to the fully occupied Al55, the original Td core
gets largely distorted to accommodate the added atom to the
saturated surface, as shown in Figure 4. Because of the large
strain of the Al56 (Td), the relative stability of the Td cluster
compared to the D2d cluster decreases from 0.35 eV to nearly
zero as the size N increases from 55 to 56. Hence, the D2d-core
clusters shown in Figure 4, which are structurally very similar,
become the ground-state geometries for N ) 56-58, leading
to the second plateau of Tm at around 500 K.

The Td-to-D2d symmetry change, triggered by the surface
saturation of the tetrahedral Al55, explains the abrupt change in
melting behaviors at the edge of the upper and lower plateaus.
Considering the structural similarity between the metastable Al55

with the D2d symmetry and the other D2d clusters at the lower
plateau (Figure 4), the metastable Al55 (D2d) should have a
similar Tm to the lower plateau temperature. However, the high-
symmetry, ground-state Al55 (Td) is more stable than the Al55

(D2d) by 0.35 eV (6.4 meV/atom), which can be roughly
translated to an increase of Tm by 74 K. As a result, the Tm of
the Al55 (Td) should be substantially higher than that of the Al56,
consistent with the abrupt drop of Tm at N ) 56 (Figure 1). At
the same time, as the cluster symmetry is lowered from Td to
D2d, another metastable Al56* with lower symmetry C2v becomes
energetically competitive with high-symmetry clusters (∆E )
0.19 eV). Thus, the low-symmetry, metastable Al56* may act
as a frozen state during a stepwise quenching at low temperature,
and a dip can appear just below the Tm in the heat capacity
(category II).

Conclusions

In conclusion, our first-principles MD simulations show that
the diverse melting behaviors of the intermediate-size AlN
clusters with N around 55 (categories I to III) can be understood
by the competition between clusters with different degree of
symmetry ranging from Td to Cs. In particular, the symmetry
change from Td to D2d due to the surface saturation effect
explains the abrupt Tm drop at N ) 56 and the emergence of
the dip in heat capacity. The methods used here can be generally
applied to nanoclusters of other elements and sizes. We believe
that the insights obtained in this study should be useful for
understanding melting of other nanoclusters that can have a
variety of structures for similar cluster sizes.
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