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Melting in finite size systems is an interesting but complex phenomenon. Many factors affect melt-
ing and owing to their interdependencies it is a challenging task to rationalize their roles in the phase
transition. In this work, we demonstrate how structural motif of the ground state influences melting
transition in small clusters. Here, we report a case with clusters of aluminum and gallium having
same number of atoms, valence electrons, and similar structural motif of the ground state but dras-
tically different melting temperatures. We have employed Born-Oppenheimer molecular dynamics
to simulate the solid-like to liquid-like transition in these clusters. Our simulations have reproduced
the experimental trends fairly well. Further, the detailed analysis of isomers has brought out the role
of the ground state structure and underlying electronic structure in the finite temperature behavior
of these clusters. For both clusters, isomers accessible before cluster melts have striking similarities
and does have strong influence of the structural motif of the ground state. Further, the shape of the
heat capacity curve is similar in both the cases but the transition is more spread over for Al36 which
is consistent with the observed isomerization pattern. Our simulations also suggest a way to char-
acterize transition region on the basis of accessibility of the ground state at a specific temperature.
© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4871118]

I. INTRODUCTION

Melting is a first order phase transition in bulk. In finite
size systems, it is still a puzzle especially in the region where
each atom counts. Not just the order of the transition could be
different,1 but finiteness of the system also gives rise to many
other interesting processes such as dynamical coexistence,2–4

premelting, and post-melting.5–9 The transition is highly size
sensitive and clusters of same element show huge variety in
the way they undergo this transition.10–16 The observed varia-
tion is most drastic and dramatic in the systems with few tens
of atoms. While it is now accepted that clusters with even few
tens of atoms undergo phase transition, the contribution of
different factors determining the nature of transition is not yet
completely understood. Two generic features are observed in
all the experiments done so far (i) considerable variation in the
melting temperatures (Tm) as a function of size of the cluster
and (ii) size sensitive shape of the heat capacity curve. Focus
of all the recent simulations has been towards understanding
the factors responsible for such variations.17–40

The heat capacity curve of a cluster is characterized by
two features, the peak and the shape. Peak in the heat ca-
pacity curve is considered as the melting temperature of the
system whereas the shape of the heat capacity curve repre-
sents the nature of transition. Simulations have revealed that
the Ground State (GS) geometry is a decisive element in de-
termining the melting temperature as well as shape of the
heat capacity curve.17–26, 41 For example, in case of sodium
clusters, a depression in the melting temperature is observed
around size 92. Na55 and Na142 melt at 290 K and 270 K,
respectively, whereas Tm of Na92 is around 210 K.11 Simu-
lations revealed that the ground state geometries of 55 and

142 atom clusters have icosahedral structural motif while the
GS for 92 atom cluster deviates from the icosahedral motif
leading to a relatively low Tm.19, 20 In case of Aluminum, the
Tm varies between 450 K and 850 K, for clusters with 16–48
atoms.16 Changes in the structural motif of the GS appear to
be mainly responsible for the large variations observed in the
melting temperatures.17 Gallium clusters in the size range 30–
55 have elevated melting temperatures.13, 14 It was argued that
change in the nature of bonding is responsible for higher than
bulk melting temperatures.21 Another interesting feature ob-
served is variation in the melting temperature as a function of
cluster size. Clusters with 30–39 atoms melt between 500 K
and 600 K whereas larger clusters (around size 48) have their
Tm near 800 K, substantially higher than clusters with few
atoms less. It was demonstrated that structural motif of the GS
is crucial in determining finite temperature behavior of these
clusters.22 Emergence of spherical structures as the ground
state leads to higher melting temperatures. Enhanced stabil-
ity of the spherical GS is due to the well separated core and
surface shells, which consequently delays isomerization.22

Structural motif of the GS also plays a key role in deter-
mining shape of the heat capacity curve. For example, clusters
with a distinguishable peak in the heat capacity curve have
ordered ground state structure.24 A rationale behind this is
as follows. An ordered system is the one where most of the
constituent atoms are equivalent and experience similar en-
vironment resulting into a very much alike response to the
external stimulus like temperature. Contrary to this, a disor-
dered GS will be the one having many atoms with differ-
ent surrounding, which will also reflect in their distinct re-
sponse to the change in the external conditions. Al44 with
an “ordered” GS exhibits sharpest peak in the whole range

0021-9606/2014/140(15)/154307/7/$30.00 © 2014 AIP Publishing LLC140, 154307-1
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explored experimentally.16, 17 A similar relation between the
GS structure and shape of the heat capacity curve has been
predicted and/or demonstrated by ab initio molecular dynam-
ics simulations for clusters of Na and Ga.23, 24 Vacancies also
play a crucial role in determining the shape of the heat ca-
pacity curve. Au20 with tetrahedral structure exhibits a peak
in the heat capacity curve, whereas Au19, with one missing
apex atom, leads to a phase transition spread over a range
of temperatures resulting into a broad peak in the heat ca-
pacity curve.25 Ghazi et al. demonstrated the effect of elec-
tronic structure and charge state on the thermodynamic prop-
erties of Na clusters.26 They observed that addition of even
one electron increases the melting temperature by 40 K with
sharper heat capacity curve for certain sizes.26 In case of Al
clusters, significant variation in Tm was observed for cations
and anions, specifically for sizes near structural transition.17

Recently, Aguado and López have investigated effect of elec-
tronic shell and charge state on melting of Al clusters.18

Even if it has been demonstrated that change in the struc-
tural motif of the GS and variation in the melting tempera-
ture are correlated, the picture is not yet clear. With size of
the cluster, not only the structural motif of the GS changes,
but also other factors influencing melting transition like un-
derlying electronic structure, isomer distribution, surface en-
ergy, “order/disorder” of the structure vary. These factors have
complex interdependencies and it is difficult to separate ef-
fect of one factor from the other. A change in the structure
also changes the underlying electronic structure, the coor-
dination of atoms within the cluster, “order” in the cluster
which in turn reflects in the environment that an atom expe-
riences within a cluster. Thus, even a small variation like ad-
dition or removal of a single atom from a cluster results into
completely different finite temperature behavior not only in
terms of melting temperature but also in the transition pattern.
To rationalize the role of various factors one would like to
have a system with as many similarities as possible. Al36 and
Ga36 are one such case where structural motif of the ground
state and the number of valence electrons, the two most im-
portant factors are same with drastically different melting
temperatures.

Although at finite size Al and Ga have more similarities
than differences, in bulk form, these elements have distinctly
different properties. Bulk gallium is known for its polymor-
phism. There are many stable phases of gallium, α-Ga being
the most stable at ambient conditions. The lattice structure
of α-Ga can be viewed as base-centered orthorhombic with
eight atoms in the unit cell.42 Each atom has one short bond
at a distance 2.44 Å and six other neighbors at distances of
2.71 Å and 2.79 Å, in two sets of three.42 These six atoms
form buckled parallel planes connected via the shortest bond.
The electronic structure calculations reveal that the shortest
bond is covalent in nature whereas the bonding in the buck-
led planes leads to an observed metallic behavior. The lat-
tice structure of Al is face centered cubic crystal with s-p hy-
bridized valence band. In bulk form, Al and Ga melt at 933 K
and 303 K, respectively. However, clusters of gallium in the
size range 30–50 have elevated melting temperatures and melt
between 400 K and 900 K, same as that of Al clusters.13–15 In-
terestingly, clusters of both the elements have similar growth

pattern.41, 43 Up to size 5 these clusters have similar structural
motif of the GS. For larger clusters, around 18 to 23, appear-
ance of stacking sequences including five- and six-membered
ring is observed for Al as well as Ga. Around 36, the struc-
tural motif of the GS shows dominance of layer formation in
both cases.22, 41

In spite of having similar trends in the structural motif
of the GS and overall range of melting temperatures, the spe-
cific pattern varies considerably. For example, for both the
elements, the GS of clusters with 30–40 atoms is dominated
by layered structures. But the finite temperature behavior of
these clusters differs substantially. The melting temperature
as a function of cluster size, peaks at 850 K for Al37 whereas
for Ga, Tm fluctuates between 500 K and 600 K in this size
range. In case of gallium, 31, 33, 36, and 37 are “melters”
with distinct peak in the heat capacity curve. For aluminum,
up to 34, all clusters are “non-melters,” i.e., without a dis-
tinguishable peak in the heat capacity curve. This points out
the fact that melting transition in small clusters is a complex
phenomenon and does depend on many factors. On this back-
ground, to rationalize the effect of GS geometry on the solid-
like to liquid-like transition, Al36 and Ga36 clusters provide a
unique opportunity. Note that these two clusters have similar
structural motif of the GS and same number of valence elec-
trons but drastically different melting temperatures. Specifi-
cally, we would like to investigate how the structural motif of
the GS influences the solid-like to liquid-like transition and
what is the effect of underlying electronic structure on the
same. In what follows we will demonstrate the similarities in
the structural motif of GS, variation in the bonding due to
the different underlying electronic structures and their effect
on the phase transition. In Sec. II, the computational details
and other qualitative parameters used to analyze the data are
discussed. The results are presented in Sec. III with the dis-
cussion, and the conclusions are drawn in Sec. IV.

II. COMPUTATIONAL DETAILS

To reproduce the observed experimental data, Density
Functional Theory (DFT) level treatment of valence elec-
trons is indispensable. We have employed Born-Oppenheimer
molecular dynamics simulations as implemented in Vienna
Ab initio Simulation Package (VASP).44–47 The Projector
Augmented Wave (PAW) method which generalizes both the
pseudo potential method and the linear augmented-plane-
wave method, with Perdew-Burke-Ernzerhof (PBE) exchange
correlation functional48, 49 has been used for both Al and Ga.
The energy cutoff for each self-consistency iteration was kept
at 10−4 eV. A fairly good guess for the global minima is im-
portant because although the melting temperature does not de-
pend on the starting point, the premelting behavior will be af-
fected by the starting geometry. Various groups have reported
GS of Al36

17, 18, 40, 50 and Ga36
22, 41 by employing different

methods like basin hopping, optimizing bulk fragments, se-
lective optimization of geometries picked from a high temper-
ature melt, etc. All of them have reported the same structure
as the global minima which is a distorted decahedral fragment
(ddf). Our extensive search also confirms the same structure
for both the systems.
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The finite temperature behavior of these clusters was
simulated by employing Nośe thermostat. Starting from the
ground state structure, the clusters were heated slowly with
heating rate of 100 K/30 ps to a specific temperature. Then
the clusters were maintained at that temperature for at least
150 ps. For temperatures in the transition region, the simula-
tion time was more than 400 ps. A total of 18 temperatures
were simulated for Ga36 between 100 K and 900 K and 19
temperatures for Al36 between 100 K and 1200 K, resulting
into total simulation time of about 3.8 ns or more for each
system. The heat capacity curve was obtained by employing
multiple histogram technique which permits better estimation
of the classical density of states. A detailed account of this
technique could be found in Refs. 51 and 52. The finite tem-
perature data were also analyzed using qualitative parameters
like root mean square bond length fluctuations (δrms), mean
square displacements, distance of atoms from Center Of Mass
(COM) of the cluster, and potential energy distribution as a
function of temperature.

As the name suggests, δrms is a measure of fluctuations in
the bond-lengths averaged over all atoms and total time span.
It is defined as

δrms = 2

N (N − 1)

∑

i>j

(〈
r2
ij

〉
t
− 〈rij 〉2

t

)1/2

〈rij 〉t , (1)

where N is the number of particles in the system, rij is the
distance between particle i and j, and 〈. . . 〉t denotes a time av-
erage over the entire trajectory. According to the Lindemann
criteria when value of δrms exceeds 0.1 the system is melted.
For clusters, at low temperatures, the δrms rises linearly in-
dicating that the amplitude of oscillations is increasing with
temperature. The isomerization is marked by δrms crossing
0.1. However, for clusters, it has been observed that the value
of δrms saturates about 0.25 to 0.3 when the system is in liquid
like state.

III. RESULTS AND DISCUSSION

We begin the discussion by comparing the ground state
geometries and the underlying electronic structure for both
clusters. Figure 1 brings out similarities in the structural mo-
tif and differences in the nature of bonding and connectivity
of these two structures. The structural motif of the GS is dis-
torted decahedral fragment (D2d) which is shown in Fig. 1(a).
The distance of atoms from the COM of the cluster, shown
in Fig. 1(b), confirms that both the clusters have identical
structural motif. In order to bring out the difference in the
nature of bonding, the number of bonds with bond-length less
than 2.8 Å was calculated and is shown in Fig. 1(c). In bulk,
the coordination number is computed by taking the bond-
length cutoff as the first minima in pair distribution function
(3.8 Å for Ga). However, when the size of the system is fi-
nite, it is more appropriate to take a smaller cutoff. In this
work, the choice of a proper cutoff was made by investigat-
ing the charge density distribution along the line joining two
atoms, as a function of distance between the atoms (from
2.6 Å, i.e., dimer bond length to 3.8 Å). It is found that
up to 2.8 Å, the maximum charge density lies between two

(a)

(b)

(c)

(d)

FIG. 1. (a) The ground state structure of Ga36 and Al36; (b) distance from the
center of mass the cluster; (c) number of bonds with bond-length less than 2.8
Å, and (d) connectivity between different shells as well as within shell with
cutoff as 2.8 Å. Note that in spite of similar structural motif for the GS, the
bonding and connectivity are drastically different.

atoms. When the separation is increased further (>2.8 Å), the
charge distribution peaks at atomic sites rather than along the
bond. Interestingly, although both clusters have their shortest
bond-length of the same order, Al36 has 92 bonds with bond
length less than 2.8 Å, whereas Ga36 has only 48 bonds (see
Fig. 1(c)). This implies that for Al36, the average number of
bonds per atom is about 2.5, whereas for Ga36 it is around 1.3.
Further difference is brought out by investigating distribution
of these bonds among different shells of the cluster. For both
systems, all the atoms are divided into three shells. The first
shell (nearest to the COM of the cluster) consists of the inner
most four atoms. The next shell includes four sub-shells with
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FIG. 2. Site projected wave function character of each molecular orbital for
Al36 and Ga36. The difference in the underlying electronic structure is very
clear. For Al36 s-p hybridization set in around 22 whereas for Ga36 there is
no signature of hybridization.

a total of 28 atoms, which forms the surface of the cluster
and the outer most shell is made of four edge atoms. In Al36,
atoms within the same shell as well as from different shells
are well connected, which is evident from the non zero value
of core-core, core-surface, surface-surface, and edge-surface
connectivity shown in Fig. 1(d). On the contrary, for Ga36,
most of the shortest bonds reside on the surface with very lit-
tle connectivity among the core and the surface atoms and no
connectivity within the core shell.

To bring out the difference in the underlying electronic
structure, in Fig. 2, we show the site projected wave func-
tion character of each Molecular Orbital (MO) which is cal-
culated by projecting the wave-functions onto spherical har-
monic. The detailed investigation of MOs for both the systems
reveals interesting information. For Al36, the sp hybridization
sets in very early at 22nd MO, but not all the MOs after 22
are hybridized. In case of Ga36, the hybridization is not very
prominent, and the detailed analysis of MOs reveal that, the
first 15 MOs with atomic “s” as a dominant component clearly
follow Jellium like pattern. However, rest of the MOs which
are formed out of atomic “s” as well as atomic “p” do not ad-
here to the Jellium model very clearly. Out of 54 MOs, both
the systems have about 20 MOs similar in character. In short,
although the GS of Al36 and Ga36 has identical structural mo-
tif, the underlying electronic structure and resulting bonding
is significantly different. In what follows, we bring out effects
of “same structural motif with substantially different nature
of bonding” on the solid-like to liquid-like transition of these
two clusters.

Next, we compare the finite temperature behavior of
these two clusters. In Fig. 3, we show the canonical heat ca-
pacity, averaged HOMO-LUMO gap, and the δrms as a func-
tion of temperature. Note that the peak in the heat capacity
curve (see Fig. 3(a)) which is identified as the melting tem-
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FIG. 3. (a) Heat capacity curve; (b) averaged HOMO-LUMO gap; and
(c) δrms for Ga36 and Al36 as a function of temperature.

perature indicates that Ga36 melts around 580 K whereas Tm

for Al36 is 830 K. The experimentally measured melting tem-
peratures for Ga+

36 and Al+36 are 525 K and 834 K, respectively,
indicating that our simulations have reproduced experimental
trend fairly well. We also note that the transition is slightly
broader for Al36. This will be more evident with isomer anal-
ysis which is presented later. The averaged HOMO-LUMO
gap (see Fig. 3(b)) decreases marginally and monotonically in
the solid like region. However, with the isomerization setting
in, the gap decreases rapidly and is steeper in Ga36 than Al36.
For Ga36 till 500 K, 54th orbital is HOMO and 55th orbital is
LUMO. At 525 K, with on set of isomerization, for a small
fraction of instances (less than 1%), LUMO is shifted to 56th
orbital. However, at higher temperatures, there are increas-
ing instances where 54th and 55th orbitals become degenerate
and 56th orbital is LUMO. For Ga36, at 800 K 26% of times
LUMO is shifted to 56th orbital. We have also noticed that,
very few times (less than 1%) 54th, 55th, and 56th orbitals
are degenerate with 57th orbital as LUMO. In case of Al36,
before isomerization sets in, i.e., up to 725 K, HOMO is 54th
orbital and LUMO is 55th orbital. With isomerization, for a
small fraction of instances (less than 1%), LUMO is shifted
to 56th orbital. This fraction increases at higher temperatures.
For example, 41% of times LUMO is located at 56th orbital
for Al36 at 1100 K. Further, the degeneracy between 54th,
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55th, and 56th orbitals was observed with marginally more
probability (more than 1%). This is reflected in the averaged
HOMO-LUMO gap as shown in the Fig. 3(b). The variation
in the HOMO-LUMO gap at a specific temperature associates
well with the isomerization pattern observed at that tempera-
ture. Figure 3(c) shows the δrms averaged over 120 ps for each
temperature, except for transition region where the averages
are taken over 400 ps. In the solid-like region ions are oscil-
lating about their mean positions and with rise in temperature
the amplitude of oscillations increases, which is reflected as a
monotonic increment in the value of δrms. A sharp rise is seen
after 800 K and 525 K for Al36 and Ga36, respectively. With
isomerization setting in at these temperatures, δrms exceeds
0.1. However, unlike bulk, for clusters value of δrms more than
0.1 does not always signal melting transition, in fact it is an
indicator of isomerization. In a liquid like region and solid
like region, δrms increases linearly with temperature but with
a different slope. However, in the transition region, the δrms

fluctuates. In short, both the systems have striking similarity
in the nature of heat capacity curve as well as δrms. However,
the transition temperatures are substantially different for these
systems.

To shed more light on the way GS influences the melting
transition, we have done extensive isomer analysis. From each
finite temperature MD run we have selected at least 50 initial
geometries (equally spaced, unbiased) and carried out local
optimizations. For transition region, the number of local op-
timizations carried out is about 150 or more, owing to longer
MD trajectories. Thus, we have at least 300 distinct isomers
for each system. It has been confirmed by vibrational analy-
sis that these are indeed local minima. Figure 4 summarizes
the whole isomer analysis. The top-most part of Fig. 4 shows
some selected isomers. Isomers with same structural motif as
that of GS, but with one or two displaced atoms are termed
as “class I” isomers. The class I isomers with same structure
for Al36 and Ga36 are shown in blue color. Atom indicated

Al36 / Ga36 Class I

(a) 0.00 / 0.00 (b) 0.43 / 0.26 (c) 0.52 / 0.26

(d) 0.59 / 0.39 (e) 0.68 / 0.38 (f) 0.69 / 0.38

Al36 Class II

(a) 1.20 (b) 1.46 (c) 1.58

Ga36

(d) 0.67 (e) 0.78 (f) 0.85
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FIG. 4. Top (left): Isomers shown in blue are named as “class I” isomers having same structural motif as that of GS. The white atom indicates the displaced
atom. Top (right): Isomers shown in green are high energy isomers for Al36 and that of Ga36 are shown in red. The numbers at base represent difference in
energy with respect to the GS energy in eV. The top box (tagged as (a)) represents the potential energy as a function of time for Ga36 at 550 K (red line). The
blue dots in the same box represent the isomers obtained by local optimization and the respective energies are plotted with reference to GS energy. The next
two plots (tagged as (b) and (c)) represent distribution of isomers at different temperatures.
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by white color represents displaced atom compared to the GS
structure. The energy difference with respect to the GS (�E
measured in eV), is shown at the base. It is instructive to note
that, the 1st isomer appears at 0.26 eV above the GS in case
of Ga36, and for Al36, the corresponding �E is 0.43 eV. Fur-
ther, �E depends upon the position of the displaced atom. For
Ga36, the energy barrier does not depend much on whether the
displaced atom resides on the nearest surface or at the nearest
position. However, same situation in case of Al36 costs more
energy as can be seen from energies shown for class I iso-
mers in the figure. This brings out a subtle difference between
these two systems. For Ga36, once the initial barrier is crossed
it does not require more energy to hop from one site to other
on the same surface. For Al36, hopping from one site to an-
other on the same surface also requires energy of the order
of 0.1 eV. The class II isomers, which are high energy iso-
mers, have completely different structural motif than that of
the GS. For Ga36, the first isomer from this class appears at
0.67 eV higher than the GS (shown in Fig. 4). For Al36, the
first isomer belonging to this isomer family (class II) appears
at 1.2 eV higher than the GS. (shown in Fig. 4). Figure 4(a)
represents a typical potential energy sampling (shown in red
color) at a specific temperature (in this case 550 K) for Ga36.
At this temperature, the isomerization is evident from the
graph. The energies of optimized geometries (selected from
the same MD trajectory) with respect to the GS energy are
shown by dots (blue in color). It is interesting to note that the
cluster is excited to a higher energy isomer from its GS, and
then visits the isomers which have same structural motif. This
is observed for all the higher temperatures for Ga36 as well
as for Al36. Next, two boxes in Figs. 4(b) and 4(c) refer to
isomer energies (�E) as a function of temperature. Note that,
for Al36, the isomerization begins at 750 K, whereas for Ga36,
the first isomer appears at 525 K. In case of Ga36, both fam-
ilies of isomers are accessible at 525 K whereas for Al36, up
to 800 K, dominant isomers belong to class-I. These obser-
vations are consistent with the δrms, where the sharp rise was
observed for these temperatures due to initiation of isomeriza-
tion. Another interesting observation is that when the cluster
is in “liquid-like” state, most of the isomers are class II iso-
mers. Probability of system visiting GS or class I isomers is
much less in liquid like state. Thus, from the isomer distri-
bution one infers about the transition temperatures. For Al36,
the transition region is 750 K to 900 K, whereas it is 525 K
to 600 K for Ga36. Note that, for Al36, the width of the transi-
tion region is almost double of that Ga36. These observations
are also consistent with the heat capacity curve of these two
systems.

In Fig. 5, isomer energies are plotted for three temper-
atures from the transition region. The initial geometries for
these optimizations were picked up (equidistant and unbiased)
from the transition temperature MD data. Hence, the x-axis
also represents the time scale. Specifically, the initial struc-
ture of nth isomer is picked up after 3n ps of MD simulation.
For Al36 (see Fig. 5(a)), the selected temperatures are 800 K,
825 K, and 850 K. As has been noted previously, although
the isomerization begins at 750 K for Al36, up to 800 K,
class I isomers (�E < 1.0 eV) are dominantly observed,
which is evident from the figure (shown with green dots in

(a)

(b)

FIG. 5. Isomers obtained by local optimization for the temperatures in the
transition region for Al36 (top) and Ga36 (bottom).

Fig. 5(a)). With increasing temperature, class I isomers be-
come less probable and at 850 K, most of the isomers be-
long to class-II (shown with red dots in Fig. 5(a)). In case
of Ga36 at 525 K, both types of isomer families are present.
However, high energy (or class-II) isomers are observed with
much larger simulation times (in this case after 450 ps). At
higher temperatures class-II isomers are more frequent. Thus,
the isomer analysis is crucial in understanding the finite tem-
perature behavior of the cluster.

IV. CONCLUSIONS

Here, we report finite temperature analysis of two clusters
Al36 and Ga36 having identical ground state motif and num-
ber of valence electrons. We have simulated the finite tem-
perature behavior of these two clusters by employing Born-
Oppenheimer molecular dynamics simulations to understand
effect of the similar structural motif on the finite temperature
behavior of the cluster. The detailed isomer analysis has been
carried out, which reveals that isomers which are more proba-
ble before cluster melts have striking similarities and do have
strong influence of the GS structure. Based on the appearance
of various isomers, transition region could be determined for
Ga36, between 525 K and 600 K and for Al36, between 750 K
and 900 K. Further, liquid state can also be characterized by
absence of class I isomers.
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