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Fluctuations and Bonding in Lithium Clusters
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Structures and bonding of the Li8 and Li20 clusters are investigated with path integral simulations
combined with electronic structure calculations. The zero-point motion of the nuclei leads to quan
fluctuations corresponding to about 100 K thermal excitations. This destroys the distinction betw
long and short bonds which is a characteristic feature of the optimized static structures, but d
not induce a qualitative change in the cluster structures or their electronic properties. [S00
9007(98)05559-8]

PACS numbers: 36.40.–c, 31.10.+z, 31.15.Kb
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The investigation of clusters composed of metal atom
is an example where experiment and theory have curren
reached a similar level of sophistication which leads
a fruitful interplay [1–3]. In recent years it has becom
clear that thermal fluctuations do play an important ro
in determining the properties of such clusters. Here w
may mention thermal plasmon broadening [4,5] and t
effects of a finite electronic temperature [6]. With th
advent of atomisticab initio molecular dynamics [7] it has
become possible to study thermal effects beyond jellium
type models [2], while preserving a similar accuracy a
the static electronic structure calculations [3]. Again,
was found that thermal fluctuations of the nuclear skelet
have sizeable consequences at experimentally relev
temperatures [8].

Clusters made up of the “lightest metal” may be spec
due to the small mass of the lithium nuclei. It is we
known that the properties of helium or hydrogen cluste
are dominated by the quantum mechanics of the nuc
at low temperatures, which leads to such phenomena
quantum-liquid behavior [9,10], superfluidity [11], binary
phase separation [12], and plasticity [13]. In the case
lithium, quantum effects were recognized to be cruci
for the understanding of the solid [14], but very limite
attention was given to its clusters [15,16] despite the fa
that the potential energy surfaces are known to be fl
and to possess many minima of similar energy [3]. Th
property manifests itself in the interesting dynamics foun
in classicalab initio simulations of Lin clusters at finite
temperatures [17–20].

Recently, Lin clusters withn  20, 40, and 92 atoms
were investigated at 30–600 K using path integral Mon
Carlo simulations to include the quantum nature
the nuclei in conjunction with a finite version of the
one-component plasma (OCP) to take into account t
electronic structure [21]. The essential conclusions
this treatment are that “zero-point motion and tunnelin
play a crucial role in the determination of the structur
and thermodynamic properties” and that “the clusters a
fluidlike at all temperatures” [21]. However, this is in
stark contrast with static electronic structure calculation
It is generally found that the optical spectra of sma
0031-9007y98y80(12)y2574(4)$15.00
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lithium clusters with up to eight atoms can be understo
in terms of well-defined static structures [22–24].
should be mentioned that the temperature dependenc
spectra down to the order of 10 K is now experimental
accessible for small alkali clusters [25].

We resolve this controversy byab initio path integral
simulations [26] in the canonical ensemble (see Ref. [2
for details). Electrons and nuclei are treated on a sim
lar level of accuracy after invoking the Born-Oppenheim
approximation [13,28]; a related strategy was followed
Ref. [16]. The nuclei are treated as distinguishable qua
tum particles within Feynman’s path integral formulatio
of quantum statistical mechanics, which leads to efficie
numerical schemes [29]. The electrons are included
concurrentfirst principles electronic structure calculations
This combination allows for nuclear quantum dispersio
and tunneling on the electronic ground state energy h
persurface without taking recourse to model potentials
describe the Li-Li interactions. In particular, we supple
ment the local density approximation of the Kohn-Sha
density functional theory [30] with Becke’s exchange gra
dient correction [31], represent the two core electrons by
pseudopotential [32] including nonlinear core correction
[33], and expand the valence orbitals in a 30 a.u. period
cubic box using plane waves with a cutoff of 15 Ry. Th
method gives excellent results not only for the Lin struc-
tures but, more importantly, for the crucial energy diffe
ences between various isomers of a given cluster [34].

In order to make contact with both the electronic stru
ture calculations [22–24] usingn # 8 and the OCP path
integral simulations [21] withn $ 20, we selected the
two cluster sizes Li8 and Li20. Low-temperature simula-
tions [35] using Nosé-Hoover chains [27] were performe
at 10 K with classical and6Li quantum nuclei (using a
Trotter number [29] ofP  16 and, as a convergence
test,P  32 for Li 20). In addition, we explored thermal
fluctuations at 100 K. We generated about 30 000
50 000 configurations after careful equilibrations an
checked the data for convergence.

Let us start the discussion by analyzing the Li-Li bon
length distribution of Li8 and Li20 in Fig. 1, obtained by
starting the simulations from annealed minimum potent
© 1998 The American Physical Society
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energy configurations. The Li8 cluster is characterized by
two well-separated prominent peaks stemming from t
nearest and second-nearest neighbor pairs. In the c
sical low-temperature simulation (dashed line), an ad
tional splitting of both peaks is clearly discernible. Thi
is a signature of the presence of shortsø2.8 Åd and long
sø3.1 Åd bonds as previously noted from static structu
optimizations [34]. The same is true for the Li20 clus-
ter, except that the distribution is much more structure
due to the presence of third-nearest neighbors. The sit
tion changesqualitativelywhen quantum fluctuations are
taken into account at 10 K (solid lines): The bond leng
alternation is destroyed. Thus, the pronounced fine str
ture of the peaks vanishes and one is left with the coa
structuring in terms of neighbor shells only. An identi
cal conclusion is reached when analyzing other quantit
such as angle distributions or the radial one-body dens
which are not shown here. In order to get a feeling for th
influence of the quantum effects in terms of thermal exc

FIG. 1. Bond length distribution for Li8 (a) and Li20 (b)
clusters at 10 K with quantum (solid line) or classical (dashe
line) nuclei, at 100 K with classical nuclei (circles), and a
10 K from a quasiharmonic broadening of the static optimize
structures according to the text (squares); the integrals
normalized to unity.
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tations we heated up the classical clusters. After incre
ing the temperature by a factor of 10 we find that therm
fluctuations at about 100 K (circles) qualitatively mimi
the low-temperature quantum fluctuations; as expected
“matching temperature” depends on the property.

An important thermodynamic measure to quantify th
rigidity or floppiness of clusters is the rms relative bon
length fluctuation [36],

d 
2

nsn 2 1d

X
i,j

q
kr2

ijl 2 krijl2

krijl
, (1)

whererij denotes the distance between the nucleii andj.
From our trajectories we find thatd is as small as 1% for
the low-temperature classical simulations for both clust
sizes. This behavior is typical for frozen rigid structure
Quantum fluctuations at 10 K or classical fluctuations
100 K lead to significantly larger values of about 4%
5% for both cluster sizes. However, this is still muc
lower than the value of typicallyd ø 10% 20% required
to classify a cluster to behave liquidlike in the sense th
it visits several distinct minima [36]. Thus, we clearly
find that the cold quantum clusters are trapped arou
a minimum of the potential energy surface, but that th
nuclei exert a non-negligible zero-point motion.

A shell-by-shell analysis of the amplitude of the zero
point motion is provided by the rms position displace
ment correlation functionRistd  kjris0d 2 ristdj2l1y2 in
imaginary timet [ f0, h̄bg, which measures the “size”
Rish̄by2d and, more importantly, the localization proper
ties of a particle [37]; note that this quantity is strictly zer
in the classical case. For Li20 we find that the innermost
nuclei are most localized having a size of about 0.28
(compared to 0.78 Å for a free lithium nucleus at 10 K
but that the delocalization increases steadily to rough
0.42 Å in the outermost shell. This latter value is ident
cal to that obtained from the Li8 cluster, where all atoms
can be considered on the surface. Thus, we find that
most significant quantum fluctuations occur for the atom
on the surface of the clusters in qualitative agreemen
with the OCP model [21]. It is this zero-point motion
of the order of a quarter to half an angstrom that ult
mately destroys the distinction between the 2.8 and 3.1
short and long bonds which are a characteristic feature
static structures. On the other hand, we do not obse
either tunneling or intershell particle exchange.

In the absence of tunneling it is tempting to explor
how well a simple (quasi)harmonic approximation for th
zero-point motion will fare. To this end, we compute th
average nuclear radius of gyration [29]

D 

*
1
n

nX
i1

1
h̄b

Z h̄b

0
dtjristd 2 rc

i j2

+1y2

, (2)

which is another measure of a particle’s size relativ
to its centroid,rc

i 
R h̄b

0 dtristdyh̄b, and obtainD ø
0.27 and 0.23 Å for the Li8 and Li20 clusters at 10 K,
respectively. If the quantum nuclei behaved like a col
lection of independent harmonic oscillators then one cou
2575
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emulate the quantum broadening of bond length distrib
tions Psrd at 10 K exactlyby simply applying a Gaussian
broadening~ expf2r2y2s2g with s2  D2y3 to the un-
derlying optimized static structures that we started from
The essentially perfect agreement of these curves (squa
with the full quantum simulation at 10 K (solid lines) in
Fig. 1 shows that (effective) harmonic zero-point motio
can account for the observed quantum effects. At th
stage, it is tempting to test an even rougher estimate ba
on the351 cm21 vibrational frequency of the Li2 mole-
cule [38]. However, this estimate provides a value of on
D ø 0.12 Å which is not sufficient to destroy the bond al-
ternation. Thus, the stiffer two-center bond found in th
dimer cannot account for the most important aspects of t
quantum fluctuations of lithium clusters.

Is it possible to understand the uncovered behavior
terms of the chemical bonding of the underlying stat
structures? This is achieved with the help of the electro
localization function (ELF) [39]. This functionhsrd is
large in regions where two electrons with antiparallel sp
are paired in space, where its maxima can be associa
with attractor basins due to electron pairing. ELF i
normalized between zero and unity, and its value for th
uniform electron gas is1y2; note that our ELF analysis
focuses exclusively on the chemically relevant valenc
electrons. In Fig. 2 we depict this function for Li8 and
Li 20 as both an isosurface forh?  0.9 to show all
of the attractor basins and as a contour slice throu
the cluster centers to show the variation of ELF i
space. This function reveals that there is a strong a
anisotropic electron pair localization at thesurfacesof
both clusters, whereas pairing in the cluster core is
similar magnitude as in the homogeneous electron g
reference. This suggests the picture of localized surfa
states with directional bonding and a more metallic clust
core. It also explains the rigidity of the clusters with
respect to major rearrangements since these are expe
to occur mainly at the cluster surface via its intrinsi
defects. It is this inhomogeneity and directionality of th
chemical bonding which is underestimated by the unifor
background of negative charge in the framework of th
OCP model, where fluidlike behavior was found mainl
on the cluster surfaces [21].

The ELF analysis in Fig. 2 furthermore reveals that th
electron pairs associated with the basins are not sha
among only two or three atoms each, but rather distribut
over several atoms (“multicenter bonding”) such that th
number of face-sharing tetrahedral subunits is maximize
This picture of the structure and bonding relationsh
within these clusters is in line with the description of th
structural building patterns found previously [40–43]. I
addition, the present analysis shows that the long bonds
those that are contained within the basins of strong pairin
whereas the short bonds are preferentially located betwe
such regions. Nevertheless, the topology of ELF do
not change if the bond alternation of a particular isom
is distorted such that all bonds do have a similar lengt
2576
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FIG. 2(color). Electron localization functionhsrd for the Li8
(above) and Li20 (below) clusters. Left panels: isosurfaces fo
h?  0.9. Right panels: contour slices through the cluste
centers where red, green, and blue correspond to largesh *
0.9d, intermediatesh ø 0.5d, and low sh & 0.2d ELF values,
respectively.

Its topology, however, is in general clearly different fo
distinct isomers. This means that the observed quant
fluctuations do not induce a qualitative change of th
electronic structure and thus of the associated excitat
spectra relative to the underlying static isomer.

We also estimated the potential energy penalty as
ciated with destroying one tetrahedral subunit, which
a crucial step in the rearrangement dynamics of isome
This was done by studying energy differences betwe
various isomers of Li6 and Li15 , which provide a relative
stability of one tetrahedral subunit of about 0.05–0.07 e
relative to reference structures with the less preferr
three-center two-electron bonds. This value is similar
that obtained from the energy barrier of a representat
isomerization reaction of Li8. In this reaction a tetrahe-
dral subunit is transmuted into a triangular arrangeme
on the surface, thus leading to a transition state. As mo
tored with ELF this reaction disrupts the regions of high
electron pairing by changing the topology of ELF and
associated with an activation barrier of 0.03 eV. Thu
we find that of the order of typically 0.05 eV are involve
in such processes which surmounts the activation by ze
point motion as well as by thermal fluctuations at 100 K
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What is the overall picture that emerged from our ana
ysis and its relevance to interpreting experiments? Taki
properly into account both the electronic structure and th
quantum motion of the nuclei, we reconcile the reporte
contradictory results. On the one hand, we confirm th
quantum effects in small lithium clusters are indeed sig
nificant as they destroy the distinction between short a
long chemical bonds, and effectively correspond to the
mal excitations of about 100 K. On the other hand, th
clusters are nevertheless quasirigid at low temperatu
and the main consequence of the quantum fluctuatio
is a zero-point motion broadening of a single underlyin
structure. We do not find quantum-liquidlike behavior
neither tunneling nor particle exchange, between diffe
ent shells. Thus, optical spectra of cold lithium cluster
can bequalitativelyunderstood with the help of electronic
structure calculations of a few representative static spec
as a discriminative tool. However,quantitativeagreement
can be expected only if quantum dispersion is taken in
account. An experimental confirmation of our finding
would be temperature-independent spectra of cold clu
ters in the low-temperature limit.
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ichardt, V. Bonăcić-Koutecký, P. Fantucci, and J. Jellinek
Chem. Phys. Lett.279, 129 (1997).

[19] R. O. Jones, A. I. Lichtenstein, and J. Hutter, J. Che
Phys.106, 4566 (1997).

[20] D. A. Gibson and E. A. Carter, Chem. Phys. Lett.271, 266
(1997).

[21] P. Ballone and P. Milani, Phys. Rev. B45, 11 222 (1992).
[22] Ph. Dugourdet al., Phys. Rev. Lett.67, 2638 (1991);

J. Blancet al., J. Chem. Phys.96, 1793 (1992).
[23] B. K. Rao, P. Jena, and A. K. Ray, Phys. Rev. Lett.76,

2878 (1996).
[24] A. Rubio et al., Phys. Rev. Lett.77, 247 (1996).
[25] Ch. Ellert, M. Schmidt, Ch. Schmitt, Th. Reiners, an

H. Haberland, Phys. Rev. Lett.75, 1731 (1995);
M. Schmidtet al., Phys. Rev. Lett.79, 99 (1997).

[26] D. Marx and M. Parrinello, Z. Phys. B (Rapid Note)95,
143 (1994).

[27] D. Marx and M. Parrinello, J. Chem. Phys.104, 4077
(1996); M. E. Tuckerman, D. Marx, M. L. Klein, and
M. Parrinello, J. Chem. Phys.104, 5579 (1996).

[28] D. Marx and M. Parrinello, Nature (London)375, 216
(1995); Science271, 179 (1996); M. E. Tuckerman,
D. Marx, M. L. Klein, and M. Parrinello, Science275,
817 (1997).

[29] D. M. Ceperley, Rev. Mod. Phys.67, 279 (1995).
[30] R. O. Jones and O. Gunnarsson, Rev. Mod. Phys.61, 689

(1989).
[31] A. D. Becke, Phys. Rev. A38, 3098 (1988).
[32] N. Troullier and J. L. Martins, Phys. Rev. B43, 1993

(1991).
[33] S. G. Louie, S. Froyen, and M. L. Cohen, Phys. Rev. B26,

1738 (1982).
[34] R. Rousseau and D. Marx, Phys. Rev. A56, 617 (1997).
[35] CPMD Version 3.0, J. Hutter, P. Ballone, M. Bernascon

P. Focher, E. Fois, St. Goedecker, D. Marx, M. Parrinel
and M. Tuckerman, MPI für Festkörperforschung an
IBM Research 1990–96.

[36] T. L. Beck, J. D. Doll, and D. L. Freeman, J. Chem. Phy
90, 5651 (1989); R. S. Berry inClusters of Atoms and
Molecules I, edited by H. Haberland (Springer, Berlin
1994), p. 187.

[37] D. Chandler and K. Leung, Ann. Rev. Phys. Chem.45,
557 (1994).

[38] K. P. Huber and G. Herzberg,Molecular Spectra and
Molecular Structure: IV. Constants of Diatomic Molecule
(Van Nostrand Reinhold, New York, 1979).

[39] A. D. Becke and K. E. Edgecombe, J. Chem. Phys.92,
5397 (1990); B. Silvi and A. Savin, Nature (London)371,
683 (1994).

[40] M. A. McAdon and W. A. Goddard III, Phys. Rev. Lett
55, 2563 (1985).

[41] O. Sugino and H. Kamimura, Phys. Rev. Lett.65, 2696
(1990).

[42] M.-W. Sung, R. Kawai, and J. H. Weare, Phys. Rev. Le
73, 3552 (1994).

[43] G. Gardet, F. Rogemond, and H. Chermette, J. Che
Phys.105, 9933 (1996).
2577


