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Fluctuations and Bonding in Lithium Clusters
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Structures and bonding of theglLand Liy clusters are investigated with path integral simulations
combined with electronic structure calculations. The zero-point motion of the nuclei leads to quantum
fluctuations corresponding to about 100 K thermal excitations. This destroys the distinction between
long and short bonds which is a characteristic feature of the optimized static structures, but does
not induce a qualitative change in the cluster structures or their electronic properties. [S0031-
9007(98)05559-8]

PACS numbers: 36.40.—c, 31.10.+z, 31.15.Kb

The investigation of clusters composed of metal atomdithium clusters with up to eight atoms can be understood
is an example where experiment and theory have currentlyn terms of well-defined static structures [22—24]. It
reached a similar level of sophistication which leads toshould be mentioned that the temperature dependence of
a fruitful interplay [1-3]. In recent years it has becomespectra down to the order of 10 K is now experimentally
clear that thermal fluctuations do play an important roleaccessible for small alkali clusters [25].
in determining the properties of such clusters. Here we We resolve this controversy bgb initio path integral
may mention thermal plasmon broadening [4,5] and thesimulations [26] in the canonical ensemble (see Ref. [27]
effects of a finite electronic temperature [6]. With the for details). Electrons and nuclei are treated on a simi-
advent of atomisti@ab initio molecular dynamics [7] it has lar level of accuracy after invoking the Born-Oppenheimer
become possible to study thermal effects beyond jelliumapproximation [13,28]; a related strategy was followed in
type models [2], while preserving a similar accuracy asRef. [16]. The nuclei are treated as distinguishable quan-
the static electronic structure calculations [3]. Again, ittum particles within Feynman’s path integral formulation
was found that thermal fluctuations of the nuclear skeletowf quantum statistical mechanics, which leads to efficient
have sizeable consequences at experimentally relevantmerical schemes [29]. The electrons are included by
temperatures [8]. concurrenffirst principles electronic structure calculations.

Clusters made up of the “lightest metal” may be speciallhis combination allows for nuclear quantum dispersion
due to the small mass of the lithium nuclei. It is well and tunneling on the electronic ground state energy hy-
known that the properties of helium or hydrogen clustergersurface without taking recourse to model potentials to
are dominated by the quantum mechanics of the nucledescribe the Li-Li interactions. In particular, we supple-
at low temperatures, which leads to such phenomena ament the local density approximation of the Kohn-Sham
guantum-liquid behavior [9,10], superfluidity [11], binary density functional theory [30] with Becke’s exchange gra-
phase separation [12], and plasticity [13]. In the case oflient correction [31], represent the two core electrons by a
lithium, quantum effects were recognized to be crucialpseudopotential [32] including nonlinear core corrections
for the understanding of the solid [14], but very limited [33], and expand the valence orbitals in a 30 a.u. periodic
attention was given to its clusters [15,16] despite the factubic box using plane waves with a cutoff of 15 Ry. This
that the potential energy surfaces are known to be flamnethod gives excellent results not only for the ksiruc-
and to possess many minima of similar energy [3]. Thigures but, more importantly, for the crucial energy differ-
property manifests itself in the interesting dynamics foundences between various isomers of a given cluster [34].
in classicalab initio simulations of Lj, clusters at finite In order to make contact with both the electronic struc-
temperatures [17-20]. ture calculations [22—24] using = 8 and the OCP path

Recently, Lj, clusters withn = 20, 40, and92 atoms integral simulations [21] withn = 20, we selected the
were investigated at 30—600 K using path integral Monteawo cluster sizes lgiand Lby. Low-temperature simula-
Carlo simulations to include the quantum nature oftions [35] using Nosé-Hoover chains [27] were performed
the nuclei in conjunction with a finite version of the at 10 K with classical andLi quantum nuclei (using a
one-component plasma (OCP) to take into account th&rotter number [29] ofP = 16 and, as a convergence
electronic structure [21]. The essential conclusions ofest,P = 32 for Liy). In addition, we explored thermal
this treatment are that “zero-point motion and tunnelingfluctuations at 100 K. We generated about 30000—
play a crucial role in the determination of the structural50000 configurations after careful equilibrations and
and thermodynamic properties” and that “the clusters arehecked the data for convergence.
fluidlike at all temperatures” [21]. However, this is in  Let us start the discussion by analyzing the Li-Li bond
stark contrast with static electronic structure calculationstength distribution of L§ and Liy in Fig. 1, obtained by
It is generally found that the optical spectra of smallstarting the simulations from annealed minimum potential
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energy configurations. Thed.cluster is characterized by tations we heated up the classical clusters. After increas-
two well-separated prominent peaks stemming from théng the temperature by a factor of 10 we find that thermal
nearest and second-nearest neighbor pairs. In the clafiactuations at about 100 K (circles) qualitatively mimic
sical low-temperature simulation (dashed line), an addithe low-temperature quantum fluctuations; as expected the
tional splitting of both peaks is clearly discernible. This“matching temperature” depends on the property.

is a signature of the presence of she#2.8 A) and long An important thermodynamic measure to quantify the
(=3.1 A) bonds as previously noted from static structurerigidity or floppiness of clusters is the rms relative bond
optimizations [34]. The same is true for theydiclus- length fluctuation [36],

ter, except that the distribution is much more structured > <Vi2;> — {ri;?
due to the presence of third-nearest neighbors. The situa- 6= Z : —, (1)
tion changegyualitativelywhen quantum fluctuations are n(n = 1) i<j (rij)

taken into account at 10 K (solid lines): The bond lengthwherer;; denotes the distance between the nuchaid ;.
alternation is destroyed. Thus, the pronounced fine strud=rom our trajectories we find thatis as small as 1% for
ture of the peaks vanishes and one is left with the coarsene low-temperature classical simulations for both cluster
structuring in terms of neighbor shells only. An identi- sizes. This behavior is typical for frozen rigid structures.
cal conclusion is reached when analyzing other quantitieQuantum fluctuations at 10 K or classical fluctuations at
such as angle distributions or the radial one-body densit§00 K lead to significantly larger values of about 4%—
which are not shown here. In order to get a feeling for the5% for both cluster sizes. However, this is still much
influence of the quantum effects in terms of thermal exci{ower than the value of typicall§ =~ 10%-20% required

to classify a cluster to behave liquidlike in the sense that
it visits several distinct minima [36]. Thus, we clearly
find that the cold quantum clusters are trapped around
a minimum of the potential energy surface, but that the
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 functio®;(7) = (|r;(0) — r;(7)|*)"/? in
imaginary timer € [0, 78], which measures the “size”
R;(AB/2) and, more importantly, the localization proper-
ties of a particle [37]; note that this quantity is strictly zero
in the classical case. For4giwe find that the innermost
nuclei are most localized having a size of about 0.28 A
(compared to 0.78 A for a free lithium nucleus at 10 K),
but that the delocalization increases steadily to roughly
0.42 A in the outermost shell. This latter value is identi-
cal to that obtained from the Licluster, where all atoms
can be considered on the surface. Thus, we find that the

3.0

P(r)

0.8 most significant quantum fluctuations occur for the atoms
i on the surface of the clusters in qualitative agreement
h (b) with the OCP model [21]. It is this zero-point motion
0.6 | ! 1

of the order of a quarter to half an angstrom that ulti-
mately destroys the distinction between the 2.8 and 3.1 A
short and long bonds which are a characteristic feature of
static structures. On the other hand, we do not observe
either tunneling or intershell particle exchange.

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

: . 1< 1 hg 12
I'(A) A= <; ; ﬁ j;) dTlI‘i(T) - I’iC|2> s (2)

FIG. 1. Bond length distribution for ki(a) and Lk (b)  which is another measure of a particle’s size relative

clusters at 10 K with quantum (solid line) or classical (dashe ; iy e [hB ) ; ~
line) nuclei, at 100 K with classical nuclei (circles), and atqo its centroid,r; fo drri(7)/i3, and obtainA

10 K from a quasiharmonic broadening of the static optimizeop'27 and 0.23 A for the Lis and Lb_‘) clusters a_‘t 10 K,
structures according to the text (squares); the integrals aréespectively. If the quantum nuclei behaved like a col-
normalized to unity. lection of independent harmonic oscillators then one could
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emulate the quantum broadening of bond length distribu-
tions P(r) at 10 Kexactlyby simply applying a Gaussian
broadeningx exf —r%/202] with o> = A?/3 to the un-
derlying optimized static structures that we started from.
The essentially perfect agreement of these curves (square
with the full quantum simulation at 10 K (solid lines) in
Fig. 1 shows that (effective) harmonic zero-point motion
can account for the observed quantum effects. At this
stage, it is tempting to test an even rougher estimate base
on the351 cm™! vibrational frequency of the Limole-
cule [38]. However, this estimate provides a value of only
A =~ 0.12 A which is not sufficient to destroy the bond al-
ternation. Thus, the stiffer two-center bond found in the
dimer cannot account for the most important aspects of the
quantum fluctuations of lithium clusters.

Is it possible to understand the uncovered behavior in
terms of the chemical bonding of the underlying static
structures? This is achieved with the help of the electron
localization function (ELF) [39]. This functiom(r) is
large in regions where two electrons with antiparallel spin
are paired in space, where its maxima can be associate
with attractor basins due to electron pairing. ELF is
normalized between zero and unity, and its value for the
uniform electron gas id/2; note that our ELF analysis
focuses exclusively on the chemically relevant valence
electrons. In Fig. 2 we depict this function forgLand (c) (d)

Li,p as both an isosurface fon* = 0.9 to show all

of the attractor basins and as a contour slice througRIG. 2(color). Electron localization function(r) for the Lis

the cluster centers to show the variation of ELF in(above) and Li (below) clusters. Left panels: isosurfaces for
space. This function reveals that there is a strong angen;rg%vher‘;('eg':; dpa;r‘zzin Cgr?é"‘é:u:"ggfrgggg‘r’%htc;‘hlgvggsmr
anisotropic electron pair Ic_)qahzgtlon at tlwrfacesof_ 9), intermediate(ﬁ 2 0.5)" and low (5 =< 0.2) ELF values,
both clusters, whereas pairing in the cluster core is ofespectively.

similar magnitude as in the homogeneous electron gas

reference. This suggests the picture of localized surface

states with directional bonding and a more metallic clustefts topology, however, is in general clearly different for
core. It also explains the rigidity of the clusters with distinct isomers. This means that the observed quantum
respect to major rearrangements since these are expectifittuations do not induce a qualitative change of the
to occur mainly at the cluster surface via its intrinsic electronic structure and thus of the associated excitation
defects. It is this inhomogeneity and directionality of thespectra relative to the underlying static isomer.

chemical bonding which is underestimated by the uniform We also estimated the potential energy penalty asso-
background of negative charge in the framework of theciated with destroying one tetrahedral subunit, which is
OCP model, where fluidlike behavior was found mainlya crucial step in the rearrangement dynamics of isomers.
on the cluster surfaces [21]. This was done by studying energy differences between

The ELF analysis in Fig. 2 furthermore reveals that thevarious isomers of kiand Li , which provide a relative
electron pairs associated with the basins are not sharexability of one tetrahedral subunit of about 0.05—-0.07 eV
among only two or three atoms each, but rather distributecelative to reference structures with the less preferred
over several atoms (“multicenter bonding”) such that thethree-center two-electron bonds. This value is similar to
number of face-sharing tetrahedral subunits is maximizedhat obtained from the energy barrier of a representative
This picture of the structure and bonding relationshipisomerization reaction of ki In this reaction a tetrahe-
within these clusters is in line with the description of thedral subunit is transmuted into a triangular arrangement
structural building patterns found previously [40—43]. Inon the surface, thus leading to a transition state. As moni-
addition, the present analysis shows that the long bonds atered with ELF this reaction disrupts the regions of high-
those that are contained within the basins of strong pairingglectron pairing by changing the topology of ELF and is
whereas the short bonds are preferentially located betweeassociated with an activation barrier of 0.03 eV. Thus,
such regions. Nevertheless, the topology of ELF doesve find that of the order of typically 0.05 eV are involved
not change if the bond alternation of a particular isomeiin such processes which surmounts the activation by zero-
is distorted such that all bonds do have a similar lengthpoint motion as well as by thermal fluctuations at 100 K.
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