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We have investigated the correlation between the variation in the melting temperature and the growth
pattern of small positively charged gallium clusters. Significant shift in the melting temperatures
was observed for a change of only few atoms in the size of the cluster. Clusters with size between
31−42 atoms melt between 500–600 K whereas those with 46−48 atoms melt around 800 K. Density
functional theory based first principles simulations have been carried out on Ga+

n clusters with n
= 31, . . . , 48. At least 150 geometry optimizations have been performed towards the search for the
global minima for each size resulting in about 3000 geometry optimizations. For gallium clusters
in this size range, the emergence of spherical structures as the ground state leads to higher melting
temperature. The well-separated core and surface shells in these clusters delay isomerization, which
results in the enhanced stability of these clusters at elevated temperatures. The observed variation in
the melting temperature of these clusters therefore has a structural origin. © 2013 American Institute
of Physics. [http://dx.doi.org/10.1063/1.4772470]

I. INTRODUCTION

Finite size effects add to the complexity and rich-
ness of the already fascinating phenomenon of solid-liquid
transition.1–26 There are many glaring differences in the na-
ture of solid-like to liquid-like transition at finite size com-
pared to its bulk counterpart. One example of this is vari-
ation in the melting temperature (Tm) with the size of the
cluster.10, 13, 15 All elements have well-defined Tm in their bulk
phase but clusters of the same element show a substantial vari-
ation in their melting temperatures, as observed in all the ho-
mogeneous systems studied so far.10, 13–15 For small Al and
Ga clusters, the Tm varies as much as 400 K upon changing
their size by a few atoms.13, 15

Measured heat capacities of Ga clusters reveal many in-
teresting observations.13, 16 First, all the clusters melt above
their bulk melting temperatures (Tm(bulk)). The melting tem-
perature for Ga in bulk phase is 303 K whereas all these
clusters melt between 450 K to 850 K. Second, the solid-like
to liquid-like transition is highly size dependent. Some clus-
ters have a recognizable peak in their heat capacity curves,
whereas some others do not show any signature of melting
transition. The third observation is the variation in the Tm as
a function of size of the cluster. The first two observations
namely, higher than bulk melting temperatures and size sensi-
tivity of melting transition, have been satisfactorily explained
by employing the first principles simulations.27, 28 These sim-
ulations revealed that the bonding in small Ga clusters is co-
valent contrary to the mixture of covalent and metallic like
bonding observed in α-gallium.29 This change in the nature of
bonding is the key to the elevated melting temperatures of gal-
lium clusters.27 Further, simulations have also revealed that
magic melters have geometric origin.28 However, the third
feature, viz. variation in the melting temperatures is still an
enigma and requires an explanation. Note that such a variation

is a generic feature and is observed in all the clusters studied
so far. For example, the variation in Tm is of order 100 K for
Na clusters of size 55–357 atoms.18 In the present work, we
employ an ab initio molecular dynamics simulations to ad-
dress the observed variation for Ga clusters in the size range
31−48.13 This range can be divided into two groups. Clus-
ters with sizes from 31−42 have their Tm in the range 500–
600 K, whereas those with 46 to 48 atoms melt at about
800 K. Clearly, there is a difference of few hundred Kelvin
when the size of the cluster varies by few atoms.

Initially, most of the simulations exploring the finite
temperature behavior of small clusters employed empirical
potentials.2–8, 24, 30–33 These simulations brought out many in-
teresting features such as dynamical coexistence of solid-
liquid phases,5–7 premelting,8, 31, 34 and post-melting, which
are peculiar to finite size systems. Our understanding about
the nature of transition at finite size has been developed and
enhanced by these early simulations. However, the experi-
mental leap of measuring heat capacities of clusters with def-
inite size also brought out the fact that classical molecular dy-
namics (CMD) with empirical potentials cannot reproduce the
experimental results. The reason being, in most of the cases,
the parameters used in these potentials are fitted such that
one or more bulk properties could be reproduced. Obviously,
these parameters fail to reproduce size specific properties of
small clusters. For example, none of the CMD simulations
with empirical potentials could reproduce the observed vari-
ation in melting temperature for free Na and Al clusters.35–38

On the other hand, density functional theory based ab initio
simulations39–44 have reproduced these experimental results
indicating that the use of ab initio methods is indispensable.
It has been also demonstrated that the form of the classical po-
tential influences, the structure of the ground state (GS).30, 45

On the other hand, more exact methods than DFT, such as CC,
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CI combined with various search algorithms such as basin
hopping or genetic algorithm lead to unaffordable computa-
tional cost even for small clusters with few atoms. Thus, DFT-
based methods is a good bargain for accuracy and computa-
tional time.

There have been several attempts using DFT-based meth-
ods to understand the variation in the melting temperatures as
a function of size of the cluster. Aguado and López investi-
gated melting like transition in free Na clusters and indicated
that structural effects can explain the variation in melting tem-
peratures for these clusters.46 Specifically, they bring out cor-
relation between the maxima in the melting temperatures and
high surface stability. Work done by Ghazi et al. on Na clus-
ters also brings out the dependence of melting temperature on
the structure of the most stable isomer.47 Hock et al. investi-
gated premelting and post-melting in Na clusters by compar-
ing the finite temperature behavior of Na139 and Na147.48 It
has been observed that for Na147, the inner 13 atoms remain
nearly fixed up to several tens of Kelvin above the Tm of outer
two layers. Aguado and López have carried out simulations
to understand the finite temperature properties of Al clusters
on the basis of structure of the most stable isomer.49–51 Their
studies conclude that both geometric and electronic shell clos-
ing contribute to the variations in the cohesive energies and la-
tent heats, but structural changes appear to be mainly respon-
sible for the large variations in the melting temperatures with
cluster size. Although, attempts have been made to understand
the variation in Tm for Na and Al, there are very few investi-
gations exploring the observed variation in Ga clusters. In our
earlier work, we have investigated ten selected clusters in the
above mentioned size range.52 In this work, we investigate
the growth pattern of positively charged gallium clusters with
sizes between 31−48 atoms and its repercussion(s) on their fi-
nite temperature behavior. Considering the continuous range
has many advantages over exploring selected sizes, such as,
it reduces the chances of landing on a wrong structural mo-
tif. Further, for most of the sizes the charged clusters have
a lowest energy structure different than their neutral coun-
terpart which explains the data better.52 We demonstrate that
the variation in melting temperatures have a structural origin.
Change in the structural motif correlates well with variation
in the melting temperatures. Further, the clusters having the
global minima dominated with the formation of planes have
lower melting temperatures compared to those with spherical
structure (with distinct core and surface shells).

The paper is organized as follows. In Sec. II, we describe
the computational details. The results and discussion are pre-
sented in Sec. III and the conclusions are drawn in Sec. IV.

II. COMPUTATIONAL DETAILS

The structures were optimized using Born-Oppenheimer
molecular dynamics based on the Kohn-Sham formula-
tion of density functional theory. The interactions between
the ion and valence electrons are described using pro-
jector augmented wave (PAW) potentials,53 with the gen-
eralized gradient approximation (GGA), and the Perdew-
Burke-Ernzerhof (PBE) exchange-correlation functional54 as
implemented in the Vienna Ab initio Simulation pack-

age (VASP).55–58 This level of theory is sufficient to re-
produce experimental melting temperatures as shown by
many simulations.39, 59 The size of the simulation box is
25 Å, which is found to provide sufficient convergence in the
total electronic energy. The search for the global minima was
a multi-step process. We begin by optimizing the previously
published geometries for neutral Ga52 and Al clusters.60, 61 We
quenched all these geometries for Ga by appropriately scaling
the bondlengths. We also quenched the geometries obtained
by employing empirical potentials.62 The lowest energy struc-
ture within all such quenches is then taken as a starting point
for the next level of search for the GS. Since the melting
temperatures were already known from the experiments,13

all clusters were maintained at three different temperatures
near their respective Tm for few hundred pico seconds
(300 ps or more). Structures for local optimization were then
selected from these high temperature melt. Several geometries
were also constructed by adding (removing) atoms to smaller
(larger) clusters. We have carried out at least 150 geometry
optimizations per system, which results into about 3000 ge-
ometry optimizations for the whole series. The structure with
the lowest energy is treated as the global minima found within
this search.

Since we are searching for the entire series, it improves
our initial guess for the ground state structure. For example,
the GS for 32−34 are constructed by adding atoms to the GS
of 31, and the resulting structures are lowest in energy within
all the optimized structures for these sizes. For 35 atom clus-
ter, the structure constructed from Ga+

31 GS is 0.16 eV higher
in energy, marking the change of structural motif. The other
advantage of working with whole series is that the chance
of landing on a completely different structural motif from
the GS reduces when we consider the evolutionary trend. To
the best of our knowledge, there is no systematic study avail-
able on the evolutionary pattern of the charged clusters of
gallium in the given range. However, there are few studies
available for neutral as well as charged gallium clusters with
smaller sizes.63–68 Comparing the GS for available neutral
clusters also underlines the need to simulate charged clusters
to understand the experimental observations better.

III. RESULTS AND DISCUSSION

First, we describe the ground state structures. As men-
tioned earlier, we have about 150 distinct isomers for each
size. In Figs. 1–3, we show the most stable isomer for 31
to 48 atom cation clusters. We have grouped these isomers
into three different classes. From 31−39, the GS are domi-
nated by formation of planes, and are shown in Fig. 1. From
40−42 is the transition region, shown in Fig. 2, and 43–48,
whose GS are dominated by spherical polyhedra with distinct
core, shown in Fig. 3. It is evident from Fig. 1 that the most
stable isomers for Ga+

31 to Ga+
39 are dominated by the forma-

tion of planes (as discussed later). A different view, where
the parallel planes are evident for three representative sys-
tems is labeled as “a” and is shown in the last column of the
figure. The GS for Ga+

31 is a three layered structure with A–
B–A packing (see 31a in Fig. 1). Up to 34 atom cluster, the
structural motif for the GS is same as that of Ga+

31. However,
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31 32 33 31a

34 35 36 36a

37 38 39 39a

FIG. 1. The most stable isomers for Ga+
31 to Ga+

39 are shown. The last column
gives a different view obtained by rotating the cluster and labeled as a. All
the geometries are dominated by formation of planes. Ga+

31 is considered as
the base structure till 34. Ga+

35 is considered as the reference structure till
38. Atoms shown in white represent additions to the base structure. Ga+

39 has
same structural motif as that of Ga+

31 and the atoms in white indicate additions
over Ga+

33.

depending upon the position of the ad atom (shown by white
atoms in the Fig. 1), the packing varies from A–B–A to A–B–
C. At 35, the structural motif changes to distorted decahedral
fragment (DDF) and is accompanied by change in the slope
of Tm at this size (see Fig. 6). This structural motif remains
the same till 38. The ad atoms are shown in white for larger
clusters up to 38 atoms. The GS for 39 atom cluster has same
structural motif as that of Ga+

33 and the atoms shown in white
are addition to Ga+

33. The Tm for all these clusters are between
500 K to 600 K. Next, we show the most stable structures for
Ga+

40 to Ga+
42 in Fig. 2. These structures indicate transition of

the GS towards spherical shape. As can be seen from the fig-
ure, a part of the cluster is still dominated by formation of
planes and the other part tends to be more spherical. The GS
for clusters having spherical geometries are shown in Fig. 3.
It is interesting to note that the GS for all these clusters have
distinct core. For clarity, the core atoms are shown with dif-
ferent (red) color. As we will see later, the building up of core
plays a crucial role in stabilizing the cluster at higher temper-
atures. To summarize, the GS is dominated by planes till 39
and around 43, the GS becomes spherical with distinct core
formation.

This structural transition is brought out more clearly by
shape analysis, shown in Fig. 4. To demonstrate that atoms are

40 41 42

FIG. 2. The most stable isomers for Ga+
40 to Ga+

42 are shown. The transition
from elongated structures towards spherical structure is evident.

43 44 45

46 47 48

FIG. 3. The most stable isomers for Ga+
43 to Ga+

48 are shown. Clearly, all
these structures are spherical with distinct core and surface shells. For clarity,
the core atoms are shown in red.

mainly distributed in planes up to 39, we have calculated re-
gression plane for the set of atoms associated with distinct
planes. The distance between the atoms and the respective
regression plane fitted to these atoms is shown in Fig. 4(a).
Thus, for Ga+

31 to Ga+
34 there are three sets of atoms, each

set representing a plane. For 35 to 38, four regression planes
could be fitted. The deviation of atoms from regression plane
ranged between 0.002–0.12 Å up to size 34 and less than 10%
of plane separation (∼3 Å) for larger clusters till size 39. In
order to verify the spherical shell formation among some of
the clusters, we calculated the distance of each atom from the
x, y, and z axes (along planes y-z, z-x, x-y, respectively), and
plotted it against the x, y, and z co-ordinates, respectively, as
shown in Fig. 4(b). For the better representation of the data,
the distances were given the sign of y, z, and x co-ordinates,
respectively. For a spherical cluster (e.g., Ga+

46), for each axis,
the atoms near the poles are closest to the given axis, while to-
wards the center they move away from the axis progressively.
Thus, for a cluster forming spherical shell, the above gives
a circular distribution of distances along each axis. Fig. 4(b)
shows two concentric circles for Ga+

46 confirming the exis-
tence of distinct and well-separated core and surface shells.
On the contrary, other clusters show scattered distribution in-
dicating absence of such shells.

Thus, we have demonstrated that the GS can be broadly
classified into two different structural motifs. Clusters with
sizes up to 39 have “planes” as a part of GS, whereas clus-
ters with high Tm have spherical structures with distinct core
and surface shells. Now we select one cluster from each of
the class to demonstrate how different structural motifs affect
the finite temperature behavior. In Fig. 5, we show the dis-
tribution of atoms with respect to the center of mass (COM)
of the cluster for the two representative sizes, Ga+

36 and Ga+
46.

For Ga+
36, there are 4 core atoms, and the rest 32 atoms form

its surface. However, the surface atoms are distributed in sub-
shells spread over 2.5 Å. Contrary to this, for Ga+

46, there are
two distinct shells centered about the COM. The development
of this distinct core and surface shell is one of the key factors
in determining the finite temperature behavior of these clus-
ters, as we will demonstrate later.

Fig. 6. shows the number of bonds between internal
atoms (or core atoms) as a function of cluster size. It indicates
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FIG. 4. (a) Perpendicular distance of each atom from the fitted regression plane, showing almost planar arrangement of atoms, for sizes indicated. Separation
between planes is taken as 2.6 for plotting. (b) Plot of distance of each atom, along y-z/z-x/x-y plane, against the x/y/z axis coordinate, respectively, for sizes
31, 36, 40, and 46. For size 46, the graph signifies that core-shell type formation is symmetrically seen along all the three axes, while others show a scatter.

a substantial increase in the number of bonds between core
atoms, upon change of the structural motif from “planar”
to “spherical.” For clusters in class I (i.e., clusters with low
Tm), the number of bonds within internal atoms is less than
one per atom, whereas for spherical clusters there are about
2 bonds per core atom. Thus, the spherical clusters have a
strongly connected core. This strongly connected core delays
the isomerization in these clusters as can be seen from Fig. 7,
where we show different families of isomers and their rela-
tive energies with respect to the GS. We have identified differ-
ent families of isomers such as three layered structures with
A–B–A or A–B–C packing, distorted decahedral fragments
(DDF), DDF with surface, or edge atoms missing from the
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FIG. 5. Distribution of atoms from the center of mass of the cluster. For
Ga+

46, there are two distinct shells, which are absent in Ga+
36.

base structure and located as caps (DDFs or DDFe), spheri-
cal structures with and without distinct core (Sph), and finally
the disordered isomers. Although, these isomer families are
shown as a point on the graph, they span an energy range with
the starting point shown in the figure. For example, for Ga+

45,
the isomer family Sph shown only as a black circle at 0.51
eV, has its isomers extending in energy from 0.51 eV up to
1.17 eV. Similarly, other classes have their energies extending
upwards from the point shown in the figure. For all clusters
smaller than 39, the first isomer family starts at 0.2 eV or less
above the base energy, whereas for clusters larger than 44,
the first isomer family begins at 0.5 eV or above. Thus, the
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measured Tm (red) from Ref. 13 are also shown.
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FIG. 7. The energy difference with respect to the GS for different families
of isomers as a function of cluster size. ABA and ABC: three layered struc-
tures with different packing types, DDF: distorted decahedral fragment, Sph:
spherical structures without core and surface distinction, GSM: geometries
with minor changes to the GS but with same structural motif, DDFs: DDF
structural motif with one of the surface atoms displaced, DDFe: DDF struc-
tural motif with one of the edge atoms displaced. Note that for clusters with
high Tm, the energy difference between the GS and the first isomer family is
about 0.7 eV or higher, whereas for clusters having low Tm, occurrence of
various isomer families is observed at much lower energy difference.

appearance of first isomer family at as high as 0.5 eV also in-
dicates delayed isomerization, which is one of the first steps
towards melting of the cluster.

To understand the effect of distinct core-shell structure,
we have also simulated these two clusters at three different
temperatures. We have selected Ga+

36 and Ga+
46 clusters with

respective Tm being 550 K and 800 K. Both clusters are kept
at 150 K, 350 K, 650 K for 180 ps each. Ga+

46 is also main-
tained at 900 K, i.e., slightly above its Tm for 180 ps. In
Fig. 8, we show the radial distribution of atoms for Ga+

36 and
Ga+

46 about the COM of the cluster computed over the last
150 ps. For a 36 atom cluster, at 150 K, there are three dis-
tinct shells. The first peak represents 4 internal atoms, while
the last peak represents 4 vertex atoms. The in-between peaks
are due to the remaining 28 surface atoms, which have already
merged into each other indicating the initiation of inter-shell
diffusion. The separate peaks for internal and vertex atoms
indicate that the atoms belonging to these shells are still con-
fined. As the temperature rises further, at 350 K the middle
and the last shell are on the verge of merging but the first
shell is still unaltered except the expected thermal broaden-
ing. However, at 650 K all the shells have lost their identity
and the cluster is in liquid-like state. Comparing this behav-
ior with that of 46 atom cluster, at 150 K there are only two
shells present, the core and the surface. With increasing tem-
perature, although thermal broadening is observed, atoms are
not diffusing from one shell to another. At 650 K as well, the
cluster retains the existence of two separate shells although,
inter shell diffusion is observed. The cluster is in a liquid-
like state around 900 K as evident from the radial distribution
function at that temperature where the shells have lost their
separate identity.

Melting in general and specifically in the finite size sys-
tems is a complex phenomenon. From all investigations that
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FIG. 8. Distribution of atoms about the center of mass of the cluster for
Ga+

36 and Ga+
46 at various temperatures. The clusters are maintained at these

temperatures for 180 ps. Interestingly, for Ga+
36 at 650 K, the absence of

well-separated shells indicates that the cluster is already in liquid-like state
whereas, Ga+

46 exhibits the same behavior at 900 K.

have been done so far, experimentally as well as via simu-
lations, it has been clearly brought out that there are many
factors that influence the melting transition. Electronic shell
closing, geometric stability, shape, surface area are a few of
the most important factors. Although it is known that many
factors contribute to the finite temperature stability of a clus-
ter, their exact dependence is not yet completely understood.
The contribution of these factors also varies with the size of
the cluster. Here, we brought out the effect of the structural
transition of the GS on the melting temperatures of clusters.
We also point out factors contributing to the higher stability
of cluster at elevated temperatures. Clusters with spherical ge-
ometries have higher Tm owing to the stability of core and
surface at high temperatures. The cluster is considered to be
melted when atoms can freely move around in the cluster. In
other words, till the cluster retains the separate identity of its
shells, it is not in a liquid like state. The main deciding factor
for elevated Tm, for the range studied here, is the shell forma-
tion. The GS for clusters with elevated melting temperatures
have two distinct shells. The well-separated shells also lead
to higher connectivity within the atoms of each shell. This in
turn leads to the stability of shells at higher temperatures and
in general higher melting temperatures for the cluster. On the
other hand, for clusters with no shell formation, it has been
also noted that the internal atoms are rather weakly connected
with each other with interatomic distance more than 2.8 Å
while the shortest bond in the cluster is about 2.55 Å. It is eas-
ier for atoms to diffuse through the shells, which are not well
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separated, since at slightly higher temperatures, their vibra-
tional amplitude will have same displacements as the distance
between two near by shells.

IV. CONCLUSION

The ab initio density functional simulations have been
employed to search for the putative global minima of posi-
tively charged gallium clusters Ga+

n with n = 31, . . . , 48. We
clearly bring out the factors responsible for observed shift
in the melting temperature of these clusters. Our investiga-
tions demonstrate that there is a correlation in the variation of
the melting temperature and the structural motif of the global
minima. Emergence of spherical structures as the ground state
leads to higher melting temperature. The well-separated core
and surface shells in these clusters delay isomerization, which
results in an enhanced stability of these clusters at elevated
temperatures. Thus, a change in the structural motif of the GS
correlates well with the observed shift in the Tm.
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