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Experience in many different areas of theoretical chemistry made Professor Jaroslav Koutecký a person
with a broad interest, a wide and profound view, and highly open-minded. This was extremely
valuable in an environment gathering researchers coming from various fields, not only chemistry, but
also solid-state, molecular, and nuclear physics. One of us (F. Spiegelman) is particularly grateful to
him for extended discussions during one of the early summer schools on elemental clusters in Erice in
1988, when F. S. was only starting in the field of cluster physics. This school took place at a moment
where the confrontation between the jellium model and explicit Born–Oppenheimer calculations was
the opportunity for many interesting discussions among theoreticians. The multiple roles of
geometrical structure in metal clusters have been widely documented for a large part thanks to the
contributions of J. Koutecký and his group. The present paper is dedicated to him.

A tight-binding quantum Hamiltonian and an empirical embedded-atom model (EAM) po-
tential are used to get insight into the finite-temperature behavior of small Lin clusters, n =
8, 20, and 55. Exchange Monte Carlo simulations provide an extensive sampling of configu-
ration space, including the putative global minimum and many relevant isomers. The heat
capacities obtained from the classical simulations are corrected for low-temperature quan-
tum delocalization using the Pitzer–Gwinn approximation. Alternatively, the caloric curves
are estimated from the database of local minima using the quantum harmonic superposition
approximation. While the two atomistic models predict qualitatively similar features, includ-
ing some premelting effects in Li20 but none in Li55, strong variations are observed in the
melting temperatures, the EAM potential giving unexpectedly low values.
Keywords: Caloric curves; Lithium clusters; Tight-binding; Embedded atom model; Monte
Carlo simulations; Heat capacity.

Since the first experimental evidence of magic numbers in sodium clusters
by Knight et al.1, alkali clusters have been considered as representative proto-
types of elemental atomic metal clusters. The first studies were aimed at under-
standing the onset of metallic character from an atom-per-atom growth
perspective, but also the specificities of finite clusters, especially quantum

Collect. Czech. Chem. Commun. 2007, Vol. 72, No. 2, pp. 278–295

278 Spiegelman, Calvo:

© 2007 Institute of Organic Chemistry and Biochemistry
doi:10.1135/cccc20070278



size effects. In a first approximation, the magic numbers of simple metal
clusters can be readily explained by the basic spherical jellium model1,2,
which assigns the special stabilities in terms of electronic shell closures, in
analogy with the nuclear shell model or with atomic physics, thus reflect-
ing some common trends with fermionic systems.

The jellium model2 has been very fruitful in rationalizing trends in the
electronic structure of simple metal clusters, mainly alkali and noble metal
clusters, but also trivalent metal clusters. This model was also the basis for
describing supershells, as early predicted for large finite fermionic systems.
Supershells could not be observed in the case of nuclei due to their limited
size, but they were actually evidenced in atomic clusters3.

Even though several extensions of the jellium model have been devel-
oped4, notably to cope with deformations, it has quickly become clear that
clusters are not entirely similar to nuclei, and that their internal structure
(the ions) do play a significant role. Obviously, accounting for the discrete
ionic structure is important when trying to calculate properties quanti-
tatively. A great merit of the group directed by J. Koutecký, and later by
V. Bonačić-Koutecký, was to initiate and tackle this problem in small
alkali metal clusters, using the first principle methods of quantum chemis-
try. In developing this area, J. Koutecký certainly benefited from his previ-
ous experience and achievements in various fields of theoretical chemistry,
including the electronic many-body problem, semiempirical methods, elec-
trochemistry, catalysis and reactivity. J. Koutecký and his group were thus
able to elucidate the interplay between electronic and structural properties.
This turned out to be of crucial importance, firstly to get intrinsic funda-
mental insight, and secondly because electronic properties can be directly
observed in experiments (via spectroscopic measurements) while structure
itself can only be inferred indirectly, by comparison with dedicated calcula-
tions. Only recently, the advent of infrared spectroscopy provided a closer
access to the structure of small clusters formed in gas phase. In this respect,
the contributions of J. Koutecký have laid the ground for development of
realistic ab initio quantum chemistry studies of cluster spectroscopy and dy-
namics. Such studies have been of great impact for the interpretation and
rationalization of detailed experimental observations, covering topics such
as stability, fragmentation, geometry, and size evolution. Important contri-
butions were also made in Jahn–Teller instabilities, excited states and opti-
cal spectra, the influence of charge, and more recently chemical reactivity.
Feature articles reviewing important contributions of J. Koutecký in the
field can be found for instance in refs5–10.

Collect. Czech. Chem. Commun. 2007, Vol. 72, No. 2, pp. 278–295

Caloric Curves of Lithium Clusters 279



The account of cluster geometry is clearly important for describing
near-equilibrium properties, but it is also unavoidable as soon as dynamics
or thermodynamics of clusters are concerned. Clusters exhibit structural,
electronic, and thermodynamical properties which deviate significantly
from the bulk behavior. These variations are often quantitative as in the
lower binding energies or melting point generally observed in finite size
systems, but can sometimes be more qualitative. For instance, bonding in
mercury11, gallium12 or tin13 clusters is found to be of van der Waals, cova-
lent or metallic character, depending on the number of atoms. Lithium is
the lightest species among simple metals. Experimentally, lithium clusters
have been studied by mass spectrometry to measure their ionization poten-
tials14, polarizabilities15 and their oscillators strength16. They have also
been recently investigated by Raman spectroscopy17. Theoretically, and fol-
lowing the seminal ab initio study at the configuration interaction level by
the Koutecký group18, lithium clusters have been devoted contributions by
many groups17,19–41,43–46. Beyond the jellium picture26, several papers have
emphasized complex spin states and magnetism33,37,40,41,44 or unusual geo-
metric structures21,24. The nature of chemical bonding was addressed using
the electron localization function methodology36, and resonating valence
bond calculations have been reported as well29,32. The isomerization dynam-
ics of selected cluster sizes has been investigated by the group of Koutecký
and Bonačić-Koutecký22,23,27 at the Hartree–Fock and density-functional
theory levels, within the classical molecular dynamics framework. A similar
Monte Carlo simulation was performed by Srinivas and Jellinek35. The flux-
ional character of the dynamics of lithium clusters is magnified by the
zero-point motion, as studied in great details by Rousseau and Marx30,31.
Using ab initio path integrals and Car–Parrinello dynamics, these authors
showed that the static structures were destroyed by quantum delocal-
ization, and that the multiple bond lengths were no longer seen at temper-
atures as low as 10 K 30,31. More recently, Lee et al.42 determined the caloric
curves of Li10 and Li12 using ab initio DFT/LDA molecular dynamics, evi-
dencing premelting features at low temperatures (a peak around 175 K for
Li10, a shoulder at 125 K for Li12) and main maxima around 500–550 K.

As far as we are aware, no results are available on the finite-temperature
behavior of lithium clusters containing more than 20 atoms. This situation
contrasts with the case of sodium, for which a wealth of experimental47 and
theoretical48–52 papers exist. In particular, the unexpected variations in the
melting point of Nan

+ clusters47 seem to have been finally reproduced and
interpreted52.
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At the present time, atomistic simulations at the ab initio path integrals
level are currently not practical for sizes above 20 atoms, or aiming at sam-
pling the disordered state. Fortunately, there are ways other than path
integrals to incorporate quantum delocalization effects in thermodynamics.
A first treatment consists in correcting the classical partition function at
low temperatures by a quantum factor based on harmonic oscillators. This
approximation, originally described by Pitzer and Gwinn53, only requires
knowledge of the vibrational frequencies of the lowest energy structure. It
is also possible to construct the entire partition function itself by partition-
ing the configuration space into various basins of attraction corresponding
to different isomers, summing their contributions at the harmonic54 or
higher55 levels. For clusters that are too large to allow for a complete enu-
meration of isomers, reweighting54 or dedicated sampling schemes56 are re-
quired.

In this contribution, we use the two aforementioned approaches to calcu-
late the caloric curves of several lithium clusters, incorporating vibrational
delocalization effects. As in our previous work on sodium clusters48,49,57 we
employ two models for the potential energy surfaces (PES) of these clusters,
namely a distance-dependent quantum tight-binding (TB) Hamiltonian and
a simpler, explicit atomistic potential of the embedded-atom model (EAM)
type. We also use recently developed sampling methods that allow an effi-
cient search for the stable isomers, as well as a straightforward calculation
of the classical caloric curves.

The paper is organized as follows. In the next section, the models and
methods are summarized. In section “Application to Selected Lithium Clus-
ters”, the structures of Li8, Li20 and Li55 are presented and the influence of
temperature on the spectrum of isomers is discussed in the light of the compu-
ted caloric curves. The role of the model and the vibrational quantum
effects at low temperature are shown to be significant up to room tempera-
ture. In particular, the choice of the model strongly affects the thermal be-
havior and the melting temperature. Finally, some concluding remarks are
given in “Conclusions”.

METHODS

Tight-Binding Hamiltonian and EAM Model

The binding energy of lithium clusters is modeled using a version of the
quantum tight-binding (TB) Hamiltonian previously developed for sodium
clusters58, and further adapted for silver clusters59. We do not give the full
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details of the TB model here, these are contained in ref.58 Using the
notations of this paper, a difference with the model for sodium is that the
distance-dependent hopping integrals tss(r) and tsz(r) are both taken as t(r) =
Arp exp (–ar). The diagonal interaction ρ(r) accounts for the short-range re-
pulsion as well as an effective long-range dispersion attraction:

ρ
ν

( ) exp( ) ( )r B br f r
C
r

= − − cut (1)

with a cut-off function fcut taken as an Aziz form60 with a cut-off radius d.
All parameters were numerically obtained by fitting the potential curves

of the two lowest electronic states of Li2 and the dissociation energy of Li4,
as obtained from reference CI calculations. They are given by Ass = –1.95 ×
10–4 Eh and Asz = 9.1 × 10–6 Eh; pss = 8 and psz = 10; ass = 1.80 a0

1− and asz =
1.65 a0

1− for the hopping integrals, and by B = 2.406 Eh, b = 1.494 a0
1− , C =

6.587 Eh a0
6 , ν = 5.90, and d = 4.826 a0 for the diagonal term.

We have also used an explicit, semi-empirical embedded-atom model po-
tential of the Gupta type61, the parameters being taken from the work by Li
et al.62 This EAM potential was fitted to reproduce bulk properties only, and
predicts the melting point of fcc lithium to be above 500 K, in notable
overestimation with respect to the experimental value (453.7 K).

Sampling the Potential Energy Surfaces

The stable isomers of Lin clusters have been located by periodically quench-
ing typical configurations extracted from exchange Monte Carlo63 simula-
tions. More specifically, 40 trajectories were simultaneously propagated in
the canonical ensemble, in the temperature range 10 K ≤ T ≤ 600 K. 30 tem-
peratures were distributed regularly in this interval, and ten replicas were
added at low temperature to enhance swap moves. The swap moves them-
selves were carried out using the recent all-exchange strategy64.

For global optimization purposes, the MC simulations were initiated from
plausible global minima taken from sodium clusters57, further locally
optimized. For sampling purposes, 106 MC steps were performed for each
replica, and only the last 5 × 105 steps were included in the statistical aver-
ages. The distributions of potential energies were post-processed using a
histogram reweighting procedure, hence providing the classical partition
function Zc(T) and the classical heat capacity at constant volume C Tv

c ( ) over
a broad temperature range.
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By repeating the quenches during the final Monte Carlo simulations,
many isomers {α} were also recorded along with their relative probabilities.
1 000 quenches were periodically performed for each trajectory.

Caloric Curves and Quantum Effects

The caloric curves obtained from exchange Monte Carlo simulations were
corrected for quantum delocalization effects using the Pitzer–Gwinn ap-
proximation53. In this approach the quantum partition function Zq(T) is
written as

Z T Z T
Z T

Z T
q c

q
H

c
H

( ) ( )
( )

( )
≈ × (2)

in which Z Tq
H ( ) and Z Tc

H ( ) stand for the harmonic partition function for
quantum and classical systems, respectively. These two terms and the frac-
tion in Eq. (2) are evaluated for the lowest-energy minimum, whose vibra-
tional frequencies are denoted as {ωi, i = 1, ..., 3n – 6}:
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In Eq. (3), kB and h are the Boltzmann and Planck constants, respectively.
The Pitzer–Gwinn correcting factor ZPG(T) leads to a temperature-dependent
shift in the heat capacity as

C T C T k T
Z

T
v v
q c

B
PG( ) ( )

ln
.≅ + 2

2

2

∂
∂

(4)

Alternatively, the superposition approximation54 can be used to calculate
the quantum partition function for a fluxional Lin cluster. The idea here is
to write Zq(T) as the sum over contributions from all important basins of at-
traction {α} on the PES, as

Z T g n Z Tq q( ) ( ) .,≈ ∑ α α α
α

(5)

Zq,α(T) is the partition function of minimum α, taken here in the harmonic
approximation. nα is a factor accounting for the number of permutationally
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equivalent isomers, given the point group of this minimum. Finally, gα is a
weighting term introduced to correct for the incomplete sample of isomers
in the database. Except for the very small clusters, a complete enumeration
of minima is not possible, the growth being roughly exponential with the
number of atoms. The weights {gα} are found in order that the probabilities
of visiting the isomers at the temperature T0 of a particular replica can be
reproduced (more details can be found in ref.65). The quantum superposi-
tion method has been used previously to estimate the temperature depend-
ence of the polarizability in metal clusters66 and the absorption spectrum of
calcium-doped argon clusters67.

A nice feature of the quantum superposition approach is that it is in prin-
ciple exact at low temperatures, contrary to path integral methods, which
tend to become numerically costly. Also, it provides a direct connection be-
tween the caloric curves and the underlying energy landscape. Its
limitations are twofold. Firstly, it does not easily include intrinsic basin anharmo-
nicities, especially in the quantum case. Empirical corrections have been
suggested in the literature65,68, but they were not needed here. Secondly, it
neglects tunneling effects. Rousseau and Marx showed that such effects
were not important at 10 K 30, hence this approximation should be safe here
as well.

APPLICATION TO SELECTED LITHIUM CLUSTERS

The three cluster sizes chosen in the present work have previously received
attention from several groups17,22,23,27,30,31,35,39 thus they provide a natural
ground for comparison between different models and/or different methods.

Li8

We start by illustrating in Figs 1 and 2 the entire set of stable structures
found for Li8 using the TB Hamiltonian and the EAM model, respectively.
In the case of the quantum TB model, the Td fully capped tetrahedron (or
hypertetrahedron) is the global minimum, in agreement with most ab initio
calculations17,18,25,39, but also with Raman spectroscopy experiments17. The
vibrational frequencies obtained with the TB model (the eight modes are
found at 93, 151, 217, 240, 246, 276, 335 and 337 cm–1, respectively) also
compare well with the matrix-isolated study of ref.17 The second energy
minimum, namely the D2d doubly capped square bipyramid, lies only 0.02 eV
above the ground state minimum. The third important isomer is the
capped pentagonal bipyramid, 0.13 eV above the global minimum. Inter-

Collect. Czech. Chem. Commun. 2007, Vol. 72, No. 2, pp. 278–295

284 Spiegelman, Calvo:



estingly, several open structures are found as stable minima, at least 0.4 eV
above isomer a. In particular, they include a fully planar C2v minimum and
two isomers with a single tail atom. More minima are likely to exist for the
present TB model. The inclusion of zero-point energy does not alter the or-
dering between isomers in Fig. 1, in agreement with the work by Gardet
and coworkers25 and by Rousseau and Marx28.
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FIG. 2
Low-energy structures of Li8 obtained with the empirical EAM model. The point groups and
the energies (in eV) relative to the global minimum D2d structure are indicated. The energies
include the zero-point contribution at the harmonic level

FIG. 1
Low-energy structures of Li8 obtained with the quantum TB Hamiltonian. The point groups
and the energies (in eV) relative to the global minimum Td structure are indicated. The ener-
gies include the zero-point contribution at the harmonic level



There are only three minima found for the EAM potential. All of them are
based on the square bipyramid, with two capping atoms at different loca-
tions. The global minimum is identical to the second isomer of the TB
model, apart from local geometry distortions. It is also worth noting that
the three minima lie in a rather narrow energy range, and that their order-
ing is also preserved after including the zero-point correction. The vibra-
tional frequencies of the ground state isomer notably differ from the TB
values: the 14 modes all lie in the 48–163 cm–1 range.

The strong differences exhibited by the two models reflect their distinct
nature, the TB model being more explicitly quantum, while the EAM is
closer to orbital-free semiclassical descriptions57. The situation is thus very
similar to that in sodium clusters57,58.

The finite temperature populations of isomers in the TB model have been
estimated by quenching the trajectories of exchange Monte Carlo simula-
tions. More than 99% of the quenches ended in isomers a, b, or c, and the
relative proportions of the remaining isomers could not be estimated with
great accuracy. The weights of the isomers can also be estimated from the
harmonic superposition approximation, using the vibrational frequencies,
energies and point groups of each isomer. These two methods are compared
in Fig. 3. They show a similar pattern, the two methods being in semi-
quantitative agreement: isomer b gets more and more visited, hitting maxi-
mum probability near room temperature, and isomer c becomes dominant
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FIG. 3
Probability of finding isomers a, b, or c in the TB model as a function of temperature. The
symbols are the results of 1 000 quenches from exchange Monte Carlo trajectories, and the
continuous lines are obtained using the harmonic superposition approximation



at 450–500 K. The superposition approximation somewhat underestimates
the weight of the D2d minimum. A similar calculation performed with the
EAM model (data not shown here) surprisingly shows the opposite results,
namely the quenches lead to the D2d isomer more than 90% of the time in
the whole range 0–600 K. The disagreement between quenching and the su-
perposition approximation emphasizes the anharmonicities of the poten-
tial energy landscape, especially near the EAM D2d minimum. The caloric
curves obtained for Li8 do not show any major sign of isomerization, the
size being probably too small for any clear peak to be seen in the heat ca-
pacity.

Li20

According to our TB model, the global minimum of Li20 is a C3 capped
icosahedron, similar to the lowest energy isomer of Na20 in refs58, and in
agreement with the study by Fournier and coworkers39. The EAM potential
predicts a capped double icosahedron as the most stable structure. This iso-
mer is close, bot not identical, to the geometry found by Rousseau and
Marx30,31 using density functional theory.

Exchange Monte Carlo simulations of Li20 and the subsequent quenching
of configurations eventually lead to 415 distinct isomers in the TB case, but
only 58 for the EAM potential. The canonical heat capacities obtained using
either the Pitzer–Gwinn approximation or the quantum harmonic super-
position method are presented in Fig. 4 for the two models. In these figures,
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FIG. 4
Heat capacity of Li20 obtained from exchange Monte Carlo simulations (red lines), quantum
corrected using the Pitzer–Gwinn approximation (black lines), or from the quantum harmonic
superposition approximation (blue lines). (a) TB model; (b) EAM model. The global minimum
structures are also represented in the corresponding panel. In the TB case, the blue atoms are
located on the top of a core icosahedron (red atoms)



the structures of the global minima are shown as well, and the classical
heat capacities are given as references. The tight-binding Hamiltonian leads
to a single broad peak in the heat capacity near 350 K. When quantum ef-
fects are included, this peak does not significantly vary; mostly the
low-temperature behavior is affected. Vibrational anharmonicities can be
seen from the deviations of the classical heat capacities with the Dulong–
Petit limit68, under the form of a positive slope. This explains why the PG
curve, which partially accounts for the intrinsic basin anharmonicities, is
located above the quantum superposition result. Still the two methods
agree quite well.

The EAM potential leads to a main broad peak in the classical heat capac-
ity near 120 K, but also a clear shoulder at 40 K. The melting temperature,
inferred from the top of the main peak, is therefore much lower for the
EAM model. The same is true for the latent heats, as estimated by the area
below the peak. When delocalization effects are taken into account, the
premelting shoulder is entirely washed out, and the two quantum curves
again differ due to vibrational anharmonicities. The similarity between the
present curves and the results for Na20 using a similar EAM model48 indi-
cate that the two alkali cluster undergo similar finite temperature varia-
tions. Coexistence of several isomers of Li20 below 100 K is possible, but is
contradicted by the study by Rousseau and Marx30, who found the
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FIG. 5
Spectra of isomers of Li20 in the TB model. (a) Classical spectrum obtained from periodically
quenching the exchange Monte Carlo trajectories (1 000 times per trajectory). (b) Spectrum
obtained from the quantum superposition approximation, an isomer being present if its relative
weight exceeds 10–3. The energies are given relative to the global minimum energy, with (b) or
without (a) zero-point correction. In panel (a), a typical isomer of the set indicated by a curved
brace is represented



root-mean-square bond length fluctuation index δ to remain around 5% at
100 K in the classical case.

Therefore the TB model seems more realistic for describing Li20. The spec-
trum of isomers obtained from quenching the classical TB trajectories is
represented in Fig. 5a. In this figure, each isomer appearing at least once
among the 1 000 quenches is represented as a symbol, for all temperatures
in the simulation. We have constructed a quantum spectrum along the
same ideas, by calculating the relative probabilities {pα(T)} of all isomers as
a function of temperature, using the quantum superposition approach. Iso-
mers are then represented if their probability equals or exceeds 10–3. This
continuous spectrum is represented in Fig. 5b. The general shape of the two
spectra is the same. A set of intermediate minima located near 0.1 eV above
the global minimum appears at temperatures near 150 K, and the remain-
ing isomers lying more than 0.15 eV above the global minimum gradually
appear at temperatures higher than 200 K. The isomers of the intermediate
set are few (8 were found) and all based on the same icosahedral motif capped
by 7 atoms. In Fig. 5a we have represented such a typical isomer. The two
clear energy gaps, which separate this set of minima from both the ground
state and the remaining isomers suggest that these intermediate minima
form a well defined thermodynamical phase, in which the icosahedral core
is partially wetted. This situation was observed in Na20 described by a simi-
lar TB model69. However, and contrary to the results of ref.69, we find no
evidence here for any effect of this surface melting phenomenon on the ca-
loric curve of Li20.

Li55

The structure of Li55 was investigated by Sung et al.20 at first-principle
levels. These authors were not able to locate better candidates than the
two-layer Mackay icosahedron. While the putative global minima obtained
here are both based on the icosahedron for both TB and EAM, significant
Jahn–Teller distortions are found for the TB Hamiltonian. The heat capacity
curves are presented in Fig. 6, and the spectra of isomers calculated by peri-
odic quenching are shown in Fig. 7. The global minima, also depicted in
Fig. 7 for the two models, illustrate the distortion in the TB structure,
which exhibits a marked convex character and ends in the S6 point group
(instead of Ih for the EAM potential). The classical heat capacities are
mainly unimodal for the two models, but the melting peaks are located at
very different temperatures, 350 K (TB) or about 100 K (EAM). The latent
heats also significantly differ, from 24.2 meV/atom for the TB model to
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12.8 meV/atom for the empirical potential. Including vibrational delocal-
ization effects, the melting peak does not vary much with respect to the
classical curves, and the Pitzer–Gwinn and quantum harmonic superposi-
tion results agree reasonably with each other.

The spectra of isomers in Fig. 7 both show that melting correlates with
the appearance of many isomers separated from the global minimum by an
energy gap. This gap is about 0.2 eV in the TB model, but only 0.1 eV in the
EAM model. More generally, the spectra themselves are similar within a
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FIG. 6
Heat capacity of Li55 obtained from exchange Monte Carlo simulations (red lines), quantum
corrected using the Pitzer–Gwinn approximation (black lines), or from the quantum harmonic
superposition approximation (blue lines). (a) TB model; (b) EAM model

FIG. 7
Classical spectrum of isomers of Li55 described by (a) the TB model; (b) the EAM model. Both
spectra have been obtained from periodically quenching the exchange Monte Carlo trajecto-
ries (1 000 times per trajectory). The icosahedral-based global minimum corresponding to each
model is indicated in both panels



scaling factor of ~2–3, consistently with the factor in the latent heats. The
reduced gap in the EAM potential obviously matches the reduced melting
temperature, the other factors responsible for the discrepancy with the TB
results being probably changes in the vibrational frequencies. The
Jahn–Teller distortions may play an unexpected role in thermodynamics,
affecting the different statistical weights of the global minimum: as a per-
fect icosahedron, nα = 1/120, but in the S6 symmetry nα = 1/12.

Discussion

The above investigation has shown that the tight-binding Hamiltonian and
the empirical embedded-atom model lead to common features in the calo-
ric curves of lithium clusters, namely a two-step melting process in Li20 and
a single, first-order-like process in Li55. However, there are several signifi-
cant differences between these models. The first is qualitative: while
premelting effects are seen on the classical caloric curve of EAM Li20, none
are found with the TB model. Most notably, the models differ quantita-
tively, the melting temperatures being around 350–400 K for TB and only
100–150 K for EAM. Similar trends were found previously for sodium48. The
systematic overestimation (or underestimation) of the melting temperature
with respect to the experimental value was interpreted as the result of the
parametrization of the corresponding model, lacking any bulk (respectively
molecular) property in the TB (respectively EAM) case. The present empiri-
cal potential surprisingly predicts a particularly low melting point for Li55,
even lower than for Li20. The ab initio study by Rousseau and Marx30,31 is in
disagreement with this result, but is compatible with the caloric curves ob-
tained with the TB model.

Quantum delocalization effects seem to have a limited influence on the
caloric curves. Contrary to some rare-gas clusters such as Ne38

65, the
zero-point corrections do not qualitatively alter the stable phases or the
heat capacities, except in the low-temperature Debye regime. Nor do they
lead to an appreciable decrease in the melting point with respect to the
classical value, as is for instance the case in Ne13

65. It is not excluded that
quantum effects could play a larger role, especially for clusters with a
polyicosahedral ground state structure20 often associated with lower vibra-
tional frequencies65. To some extent, and in a way similar to entropic stabi-
lization, zero-point effect could also stabilize the liquid state relatively to
the ground state structure, hence decreasing the chance of observing a pos-
sible backbending in the microcanonical caloric curve.
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Our results shed doubts about the ability of the present EAM potential
and its current parameters to describe properly metallic bonding in lithium
clusters, and to reproduce some finite size effects. The strong underestima-
tion of the melting point is clearly associated with several outcomes of this
model, including the relatively low binding energies and vibrational fre-
quencies. It would certainly be useful to perform a new parametrization by
incorporating a proper fitting of the bulk melting point (presently – and
surprisingly – overestimated by more than 100 K 62), as well as some small-
scale properties. However, the polytetrahedral structure of Li8 and Li20 will
be difficult to reproduce with a soft potential such as the current EAM with
exponential decay functions. More complicated forms for the embedding
energy could be devised, using for instance a force matching procedure
based on simulations performed at higher levels of theory.

CONCLUSIONS

Small lithium clusters melt in a way very similar to other alkali clusters. In
this work, we have used two atomistic models to calculate the canonical ca-
loric curves of selected Lin clusters with n = 8, 20, and 55 atoms. Our first
model is a distance-dependent tight-binding Hamiltonian, with parameters
chosen to reproduce molecular properties. This TB model correctly predicts
the hypertetrahedral isomer to be the most stable for Li8, in agreement with
most electronic structure calculations. We have also used an empirical
embedded-atom model, with parameters taken from ref.62 and chosen to re-
produce bulk properties only. The EAM potential leads to structures that are
essentially identical to those of rare-gas clusters.

The finite temperature behavior was studied using a combination of
Monte Carlo simulations improved with the all-exchange strategy63,64. Peri-
odic quenching of the replica configurations was carried out in order to
relate the results to the underlying features of the energy landscape. Inci-
dentally, the set of minima obtained from systematic quenching allowed us
to construct the caloric curves via a harmonic superposition approxima-
tion65. As emphasized by Rousseau and Marx30,31, vibrational delocalization
effects can be important for a light element such as lithium. The Pitzer–
Gwinn approximation53 was used here to correct the classical heat capacity
at low temperatures. In the superposition approach, the incorporation of
delocalization effects is straightforward through explicit forms for the
quantum harmonic partition functions.

We have generally found that Li20 melts through an intermediate,
premelting state, this state being seen on the caloric curves only in the
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EAM case. The TB model leads to a surface melting phenomenon similar to
the one found in Na20

69, but revisited here in the light of the isomers. Con-
trary to the 20-atom cluster, Li55 exhibits a more conventional singler-step
melting process in both models.

Delocalization effects were seen to wash out premelting effects from the
heat capacity of EAM Li20, but no significant shift in the melting point was
identified. The PG and superposition methods give results in very satisfac-
tory agreement with each other.

The melting points with the TB model were found to be in the range of
350–400 K, but only 100–150 K for the EAM potential. Comparing with the
ab initio molecular dynamics results of Rousseau and Marx30,31, who found
Li20 to be clearly rigid at 100 K in the classical case (δ < 5%), only the TB
model seems reasonably close to these findings.

We have focused here on the equilibrium thermodynamics of neutral
lithium clusters; other aspects could be investigated as well. The isomeri-
zation dynamics, for instance, could be explicitly simulated using classical
molecular dynamics, along the lines of the work by Jellinek and
Bonačić-Koutecký22,23,27. The kinetics of isomerization could also be ad-
dressed, using master equation techniques70 or kinetic Monte Carlo.
Finally, the TB model is not limited to neutral species, and cationic clusters
could be studied similarly. This will be particularly important for future ex-
periments aiming at measuring caloric curves on size-selected clusters.
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