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Exploring the Electronic Structure of Elemental Lithium:
From Small Molecules to Nanoclusters, Bulk Metal, and Surfaces

Roger Rousseau and Dominik Marx*[?!

Abstract: Clusters of lithium atoms
ranging in size from Li, to Li,, and bulk
metallic solids, including surfaces, are
investigated through first principles
electronic structure calculations, which
are based upon density functional theo-
ry and the electron localization function
(ELF). It is found that large lithium pz-
type contributions in the electronic
wavefunction cause the electrons to
localize in interstitial regions, which
leads to multicenter bonding for both
the clusters and the solids, including
their surfaces. For the smaller clusters
these stabilizing pm interactions also
lead to short Li—Li interatomic distan-

bonds induces “distance alternation” in
the range from 2.45 A to 3.15 A. This
consequence of the additional pm inter-
actions is absent in simple solids due to
symmetry. The electronic structure of
the clusters is topologically insensitive to
deformations that do not affect their
general shape, but changes significantly
upon isomerization. The ramifications
upon dynamic properties is that the
clusters are quasi-rigid at low temper-
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atures and retain their shape though the
distance alternation pattern is sup-
pressed. The picture which emerges for
bonding in the bulk solid is that the
metallic state arises from the presence of
a large number of partially occupied
multicenter bonds. For nanoscale clus-
ters only the surface of these clusters
exhibits strong localization, whereas
their interiors display localization
properties similar to the bulk metallic
solid. On the other hand, localized
states similar to those of the clusters
(“dangling bonds”) are found on the
(001) surface of body-centered cubic
(bee) and face-centered cubic (fec) lith-

L. . . . nanostructures
ces, which in conjunction with the longer

Introduction

Lithium—from molecules to metal: The study of metal
clusters ranging in size from a few atoms to a few hundred
atoms is an area of research that has seen great activity and
progress in recent years.'”l Of fundamental interest is how
the electronic, structural, and dynamic properties of such
aggregates evolve as the number of constituting atoms grows
from the molecular regime to the macroscopic scale. This
progression in size also represents a crossover in the way the
chemical bonds are perceived. For small systems of just a few
atoms the well-established concepts of localized chemical
bonds in molecules are readily applicable. At the other
extreme, the infinite solid also brings with it a well-defined
understanding of how bonding occurs.*? The transition
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ium solids.

between these two extremes, however, is not well defined
and it is not clear how or in what cluster size regime this
occurs. This is especially true for metal atoms in which
typically the solid-state bonding is thought of as a delocalized
rather then a local phenomenon. The evolution of the
electronic properties of lithium particles from small molecules
to the metallic solid phases has received considerable
theoretical attention. Notable theoretical achievements in-
clude the McAdon-Goddard rulesl® for the construction of
lithium clusters of various sizes; this also provides an
intriguing picture of “metallic bonding”. Based on Goddard’s
generalized valence-bond approach it was found that singly
occupied orbitals are preferentially localized in interstitial
cavities, which are triangles and tetrahedra in the case of
planar and compact three-dimensional clusters, respectively.
This discovery is intimately connected to the existence of
three- and four-center bonds and to the growth pattern that
involves packing transitions. ¥l The topology of the (total)
charge density of planar lithium clusters was analyzed in great
detail based on correlated wavefunctions.”) This study finds
that the density maxima are preferentially located within
triangles formed by three neighboring nuclei, thus giving
support to the three-center bonding idea. A complementary
analysis that employs the electron localization function (ELF)
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of Becke and Edgecombel' also reveals the existence of
three-center bonds in planar lithium clusters.''! This powerful
approach was also used upon the metallic body-centered cubic
(bee) phase of solid lithium. For this metal, as well as others, it
is found that metallic bonding is characterized by a three-
dimensional network of paths or channels, with essentially
constant localization, which connect the points of maximum
localization with respect to the ELE.'? Silvi and Gattil'*l have
recently investigated the relationship between the electronic
density topology and ELF for several metals including
lithium. They found that contrary to previous expectations
the metallic bonding does not have a prerequisite of non-
nuclear density maxima (as found in lithium clusters). Instead
they find that the metallic bond may be viewed as each atom
participating in many weak unsaturated covalent bonds.
However, this does not address the question of how does
the localization pattern evolve from multicenter bonding in
finite clusters to the network formation and channeling in the
case of extended solids. This aspect belongs to the central
themes of the present investigation.

Recently, Pauling’s empirical resonating valence-bond
theory was applied in a general ab initio implementation to
small lithium clusters by McWeeny and co-workers,['¥l thereby
shining new light on the three-center bonding features of
planar clusters. This study also highlights the importance of
the covalent character of metallic bonding, which involves
heavy mixing of the s and p atomic valence orbitals, and,
therefore, directionality due to hybridization.'! The crucial
contribution of 2p atomic orbitals to bonding in lithium
clusters and the existence of partial sp hybridization was
previously emphasized.[” > 1> 181 Another observation concern-
ing the structure of lithium clusters was reported as a side
issue in a systematic study of their structure and energetics.['”]
The fully optimized structures of various isomers were found
to be characterized by the simultaneous presence of long and
short Li—Li interatomic distances,'] for simplicity termed
“distance alternation”. But the existence of multicenter
bonds, p-orbital contributions with significant sp hybridiza-
tion, and long and short Li—Li distances cannot be unrelated.
Furthermore, what role does the p-orbital contribution to the
wavefunction play in solid lithium ? Naively, one would expect
the free-electron picture to hold extremely well for the
simplest alkali metal, yet this is not the case. Metallic lithium
shows systematic deviations from the free-electron picture of
metals in terms of conductivity and Fermi surface-related
properties,!'® 1] which can be ascribed to electronic correla-
tion effects.’*?*l However, this also suggests anisotropy in
bonding that may result from significant p-orbital contribu-
tions in the crystal orbitals. The present paper will close this
gap in our understanding by systematically examining the
influence of p orbitals upon structure and bonding in both
lithium solid and clusters.

Lithium is also the “lightest metal” with an atomic mass of
only 6—7 amu Indeed, quantum effects—in particular zero-
point motion effects—are known to play a crucial role in
determining the ground-state structure of solid lithium®-2! In
addition, it is also well known that the potential-energy
surfaces of clusters are rather flat and possess many minima of
similar energy.?”! In the limit of low temperatures, quantum-
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mechanical fluctuations are the dominating excitation mech-
anism for vibrations of the nuclear skeleton. Early work was
devoted to the lithium trimer 3! followed by a pioneering
study®? of clusters from Li,, up to Liy, for which strong
quantum effects were predicted and culminated in the state-
ment that “the clusters are fluid like at all temperatures”,*? in
particular also in the ground state. In the limit of high
temperatures thermal fluctuations will dominate over quantum
fluctuations. A rich classical —dynamical behavior of clusters
was indeed observed in various ab initio molecular dynamics
simulations.®] Issues like melting or packing transitions and
isomerization or pseudo-rotation mechanisms and pathways at
finite temperatures are of considerable current interest.[” 33-3¢]
Based on the ab initio path-integral approach to molecular
structure calculations,’” 3! the issue of quantum and classical
fluctuations could be settled. It was shown that lithium clusters
do exhibit significant quantum zero-point fluctua-
tions on the order of magnitude of 100 K thermal excita-
tion® “1 Yet this motion is not sufficient to induce fluid-like
behavior down to the ground state, at which the clusters
remain confined to distinct energy minima so that they
maintain their overall “shape”. Another significant finding
was that the Li—Li distance alternation, which is characteristic
for the static optimized clusters,['” disappears upon inclusion
of quantum effects. This means that zero-point motion is strong
enough to wash out the bond length differences, whereas it is
not sufficient to lead to isomerization reactions; this finding
was later confirmed independently.*!] Furthermore, it was
briefly alluded to that this behavior is intimately tied with the
presence of localized electronic states upon the surface of the
cluster.® The present study expands upon these aspects and
links the behavior of small clusters to that of nanoclusters and
finally to bulk surfaces.

As already motivated up to this point, the goal of the
present study is to examine and understand the evolution of
the electronic structure of lithium ranging from only a few
atoms all the way to the extended solid and surfaces. Many
previous studies have considered spectroscopic and structural
properties of lithium clusters with a fruitful interplay between
theory and experiment.”! In particular, the measured optical
spectra of smaller lithium clusters can be well understood in
conjunction with electronic structure calculation.>* In the
current work the prime interest is the relationship between
electronic structure, cluster structure, and dynamic properties.
The emphasis is put on understanding the interplay between
“localized” and “delocalized electrons” as the assemblies
grow and eventually become bulk metal. To this end, we have
applied electronic structure calculations based upon density
functional theory™! in combination with topological analysis
of the electron density through the electron localization
function (ELF)."

Computational Methods

Electronic structure calculations: The electronic structure calculations
were based upon Hohenberg—Kohn-Sham density functional theory.!*]
Local exchange and correlation*! were supplemented with Becke’s
exchange gradient correction.*’] The two core electrons were represented
by a norm-conserving pseudo-potential,*l which includes nonlinear core
corrections.*”) The remaining valence orbitals were expanded in a 20 au
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nonperiodic cubic box by using plane waves with a kinetic energy cutoff of
30 Ry (except in the case of Li,, where the box length was 42 au and for the
bulk phases and surfaces of metallic lithium for which the cutoff was 20 Ry,
see below for details). The overall approach gave excellent results not only
for the cluster structures, but more importantly for the crucial energy
differences between various isomers of a given cluster, see refs. [17, 40] for
a detailed analysis of these issues. All calculations were carried out with the
ab initio molecular dynamics package CPMD.

The structures up to Li,, were taken from our previous studies.!'? 3 41 The
structure of the Li,, cluster was obtained by performing a 2 ps Car-Par-
rinello molecular dynamics simulation®! at 500 K within a 42 au cubic cell
and 15 Ry plane wave cutoff. The initial structure was obtained by taking a
3a x3b x2c segment of the bee lithium structure with an additional four
capping atoms in the ¢ direction to create as isotropic a distribution of
atoms as possible. This was followed by simulated annealing down to a
temperature below 10 K over a period of another 1 ps. In order to check
this result, the procedure was repeated (randomization of atomic positions,
heating, molecular dynamics, annealing) resulting in a final cluster that was
only 2 kcalmol~! lower in energy; this indicates that structures obtained
from this procedure are located within low-lying energy basins of the
potential-energy surface. In a final step residual forces were removed by
local geometry optimizations. All cluster structures discussed in this work
have been characterized by stationary-point analysis of the potential-
energy surface and are local minima. Note that although we are confident
that low-energy configurations were obtained even for the two largest
clusters, we do not in any way presuppose that these are the global minima
on the potential-energy surface.

Having obtained the real-space structures, the electronic structure was
reoptimized at a higher cutoff (20 Ry for Li, and 30 Ry for all other
clusters) in order to calculate the ELF. This cutoff, which is larger than the
one required in order to converge structures and energies,*)) assures a
smoother representation of the Kohn—Sham orbitals for the purpose of the
electronic structure analysis.

The calculations of bulk lithium were performed within the framework of
fixed-volume supercell calculations with the I" point of the Brillouin zone.
In conjunction with large supercells, this amounts to a sufficient sampling of
k points in the Brillouin zone of the primitive cell, vide infra. For simplicity,
only the body-centered cubic (bec) and face-centered cubic (fcc) phases are
considered, fcc being a representative of close-packed structures. In
particular, a 5a x 5b x 5¢ cubic supercell (250 atoms, a =3.51 A) for bec
and a 4a x 4b x 4c cubic supercell (256 atoms, a=4.41 A) for fcc have
been used with lattice constants taken from experiment.’” In order to
investigate surfaces, the (001) surface of both bcc and fec solids were used.
These calculations were based on a 4a x 4b x 4¢ (128 atoms, thickness ten
atomic layers) slab for bec and a 2a x 25 x 2¢ (120 atom, thickness eight
atomic layers) slab in the case of fcc. The slabs were separated by a 10 A
vacuum region. Structure relaxation for only those atoms residing on the
upper two atomic layers were conducted by simulated annealing from 50 K
to temperatures below 5 K. All bulk and surface calculations were
performed with a 20 Ry energy cutoff.

Electronic structure analysis: The analysis of the electronic structure and
bonding has been carried out mainly using the electron localization
function (ELF)!"" supplemented by its topological bifurcation analysis.[>’!
Several excellent review and research papers discuss in depth the
foundations, properties, and interpretations of the ELFI!2 558 g0 that only
a concise presentation is required here. The ELF can be viewed as a local
measure of the Pauli repulsion between electrons owing to the exclusion
principle in three-dimensional space. It therefore makes it possible to
define regions of space that are associated with different electron pairs in a
molecule or solid. The definition of ELF is given by Equations (1)-(4),
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whereby the sum is over all singly occupied one-electron (spin-) orbitals
1;(r) in a N-electron system.

The ELF is normalized between zero and unity and its value for the
homogeneous electron gas—a well-defined reference state—is 1/2. Note
that Equation (1) reduces to the trivial solution 7(r) =1 for two-electron
systems, such as, in particular, Li, or Li;" if only the valence electrons are
taken into account. The function #(r) is large in spatial regions in which the
Pauli repulsion ~ Dy(r) is small, that is, where two electrons with antiparallel
spin are paired in space. This can be understood by interpreting the full-space
integral [dr Dp(r) of the two additive terms that constitute D in Equation (1),
see refs. [12, 54, 56] and references cited therein for the underlying work.
The integral of the first term is the total kinetic energy of N noninteracting
fermions in the ground state, whereas that of the second term is minus the
kinetic energy of the corresponding bosonic system. The latter is a lower
bound for the former so that [dr D, > 0. Both kinetic energies correspond
to those of indistinguishable particles, the only difference being that in the
fermionic case the antisymmetrization induces a nodal structure of the
ground-state wavefunction that increases the curvature of the orbitals and,
thus, the total kinetic energy. In contrast, the bosonic N-particle ground-
state wavefunction and, therefore, its density is built from a single orbital
for all N particles. If analogous arguments are invoked locally by using
Dy(r) instead of its integral, it becomes evident that Dj quantifies the
“amount of Pauli repulsion” at a given point r in space. As a result, this
excess Pauli kinetic energy is expected to be small in a region in which a
pair of electrons with opposite spin states is localized. As a result of the
particular normalization chosen, this means that # approaches unity in
these regions. Conversely, the Pauli energy is large in a region in which two
or more of these electron pairs approach each other. A complementary
description in terms of the orbitals nodes and a link to the orbital picture of
bonding is worked out in ref. [57], and the connection to Bader’s analysis in
terms of the Laplacian of the density is established in ref. [56].

The location of the maxima of 7(r) with values denoted by ™ are attractors
because other points in space can be connected to them by maximum-
gradient paths. The set of all the points in space that were in this sense
“attracted” by one special point define the basin of that particular attractor.
In addition, higher #™* values correspond to more tightly localized electron
pairs in space and as such may be used as an indicator to discriminate
different bonds. If the electron density is integrated over a given basin, the
corresponding number can be interpreted as the number of electrons that
are involved in that particular bond. In general, there is more than one
attractor present for a N-electron system and thus more than one basin. The
set of those ELF values for which a given basin just merged with another
one, the bifurcation value 7*, is another set of characteristic numbers. The
so-called bifurcation diagram results from connecting successively on a
descending ELF scale every attractor maximum with its bifurcation values
until finally all attractors are connected; this corresponds to the situation in
which all electrons are contained in one large domain encompassing the
entire system. Analyzing the topology of the electronic structure in terms
such “bifurcation hierarchies” is a valuable method in order to compare the
bonding characteristics of various systems with each other.'> 3 Finally, it is
worth noting that the present ELF and charge density analyses are based
exclusively on the chemically relevant valence electrons, thus leaving out
the “trivial attractors” due to the core localization.

Results and Discussion

The molecular realm

From Li, to List—three-center and four-center two-electron
bonds: The first non-trivial candidates to discuss are the Li,
and Lis™ molecules or “clusters”. The structure of the lowest
energy isomer of Li, is that of two edge-sharing triangles, both
of which lie in the same plane (D,,), see Figure 1a. This
molecule may be described as containing one short Li—Li
distance of 2.58 A across the center of the cluster, and four
equivalent long ones of 3.00 A located along the outer edges.
In general an Li—Li interatomic distance is classified to be
“short” or “long” if it is in the range 2.40—2.80 A or 2.80—
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Figure 1. Structure of the ground state isomers of a) Li, and b) Lis*. The
lithium positions (vertices) are connected by lines. Schematic representa-
tion of c),d) the two occupied canonical Kohn-Sham valence orbitals, and
e),f) the corresponding localized orbitals of both clusters, respectively. In
panels c) and d) the left and right subpanels correspond to the lowest wand
highest occupied orbitals, respectively. Empty, filled regions of the orbitals
distinguish their sign in the respective region.

3.20 A respectively. For reference purposes, note the bond
lengths of 2.65 A and 2.90 A for Li, and Li;™, which are ideal
representatives of two-center two-electron and three-center
two-electron bonding cases, respectively. Previously, it has
been reported!® % - 14 13 that the electrons are localized within
the center of the two triangles in Li, thereby forming two
three-center two-electron bonds; the electron density of the
Li, molecule was analyzed in detail in several studies.”! Also
in the case of the lowest energy isomer of Lis™ with its trigonal
bipyramidal shape, see Figure 1b, the two distinct types of
distance, short and long, are present. The three Li—Li contacts
along the equator of the bipyramid are found to be short,
2.70 A, whereas the six to the atoms capping the triangle are
long, 3.15 A. Previous studies!® 15 again find that there are two
multicenter bonds, each containing a pair of electrons within
the center of a distorted tetrahedron. Thus, Lis™ may be
considered as consisting of two four-center two-electron
bonds, which are face-sharing across the equator of the
bipyramid.

To understand how these findings come about it is
appropriate to start this examination with the canonical
Kohn - Sham orbitals drawn schematically in Figure 1c and 1d
for Li, and Lis*, respectively. These orbitals are obtained by
projection of the plane-wave basis set upon a localized
(minimal atomic) basis derived from the pseudo-wavefunc-
tion. The lowest energy orbitals contain only lithium s-type
character for both clusters, see the left subpanels in Figure 1c
and 1d. However, this is not true for the remaining orbital,
which is found to have a substantial (=25 % ) p-type character,
see the right subpanels in Figure 1c and 1d. This large
p-orbital contribution has been highlighted previously in
various reportsl* % 14 1516 ‘but without connecting this finding
to the distance alternation and multicenter bonding features.

How is the large p-orbital contribution related to the
distance alternation? The orbital representation in Figure 1c
and 1d makes clear this point: in Li,, the p-orbitals “act in
phase” across the short Li—Li contact thereby creating an
extra m-like bonding interaction. This fits well with the
observed contraction of the associated Li—Li distance, which
is even shorter than that of Li,. The same is true for Lis": the
presence of p-orbital contributions in the highest occupied
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Kohn-Sham orbital leads to a stabilizing mt-bonding inter-
action across the equator of the cluster and explains the
shrinkage in the equatorial plane to a length close to that in
the dimer. Thus, the distance alternation can be explained
naturally by a p-orbital contribution to the molecular wave-
function, which leads to an additional stabilization and thus
shortening of the involved interactions.

How does this relate to electron localization? The canon-
ical Kohn—Sham orbitals can easily be transformed to obtain
localized orbitals as is illustrated schematically in Figure le
and 1f for Li, and Lis™, respectively. Based on these orbitals,
the valence charge density can be redistributed into two three-
center two-electron bonds (localized in the upper and lower
triangle) for Li, and two four-center two-electron bonds
(localized in the upper and lower tetrahedron) for Lis™, see
the left and right subpanels for each case. The directionality of
the p-orbital is essential in this explanation, because without
being able to form the sp-hybrid orbitals at the atoms that
interface the two triangles or tetrahedra, this transformation
would not yield these simple bonding patterns.

The topology of the electronic structure of Li, and Lis™ can
also be examined in the language of the electron localization
function (ELF) as defined in Equation (1). This is a truly
complementary approach as orbital hybridization schemes are
nonunique, whereas the interpretation of the ELF might not
always be evident at the outset. The ELF analysis can be
performed graphically by plotting isosurfaces with #7(r) = 5’
of this scalar function in three-dimensional space like the ones
shown in Figure 2a and 2b for Li, and Lis*, respectively. In this

il ol
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—

fi ELF 1 - EF A
Figure 2. ELF isosurfaces at 7* =0.9 for a) Li, and b) Lis*. The lithium
positions are marked by black balls, which are connected by sticks to guide
the eye. The ELF bifurcation hierarchy is represented in diagrammatic
form in c) and d) for Li, and Lis*, respectively. Labels on the bifurcation
diagrams are: 3c-2e three-center two-electron bond; 4c-2e four-center two-
electron bond.

representation, the attractors and their basins are rendered
evident by visual means. Both clusters show two degenerate
attractor basins with strong electron localization, that is, ™
is very close to unity. In the case of Li,, both basins (with the
ELF maxima in the center of the triangles) contain two
electrons that are shared between three centers, whereas four
centers are held together by two electrons in the Lis* case
(with one attractor in the center of each tetrahedron). Note
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that the short Li—Li bonds are
situated in regions of low ELF
values, that is, between the at-
tractor basins, which is a direct
consequence of the m-bonding
contribution. The bifurcation
value for which the two attrac-
tor basins are confluent and
form one basin that contains
all electrons occurs at a well-
separated value of about # ~ 0.5
for both cases. This is repre-
sented schematically in Fig-
ure 2c and 2d by the use of
bifurcation diagrams.*l In this
diagram the maxima of ELF are
represented by the terminus of
a branch on a tree diagram and =4
the bifurcation value is repre-

sented by the merging of two

branches. The independence of

the three-center and four-cen-

ter bonds as found in Li, and

Lis*, respectively, is well reflect- i}
ed by the large separation be-

Al

L]

Lig (%}

e e e

;' ]

b
L

tween the values of #™* and 5*
as seen in the bifurcation dia-
gram of Figure 2c and 2d. Thus,
the topological ELF analysis
substantiates the earlier finding
that Li, is bound by two three-
center two-electron  bonds,
whereas Lis™ is best described
by two four-center two-electron
bonds. One distinct advantage of using ELF to analyze bonding
over other schemes is that multicenter bonds can easily be
located graphically “by inspection” of ELF isosurfaces.

e} @ EF

Planar and nonplanar Lis— from three-center two-electron to
multicenter bonding: Next, consider a slightly larger, but as it
will turn out much richer case: Lis with two distinctly different
isomers as depicted in Figure 3a. The first isomer is the well-
known planar Dy, structure, which has only longer Li—Li
distances in the range 2.97-3.00 A. The second isomer is an
octahedron that is subject to axial compression, which results
in a structure with D, symmetry. Overall, this isomer contains
nine short Li—Li distances, eight of 2.80 A from the axial
positions to the four atoms in the central plane, and the
unusually short central Li—Li distance of only 2.47 A (cf.
2.65 A in Li,). The former of these two isomers has been the
subject of intense study,® % ! 1151 whereas the latter one has
received attention only recently.l'” 3] This is despite the fact
that it is clearly much lower in energy by about 5 kcalmol~! as
carefully assessed in ref. [17] based on various methods, see
Table 7 therein. The planar D5, structure is known to contain
three three-center two-electron bonds,® % - 14151 byt what of
the more stable D, isomer?

To this end, we compare the isosurfaces of the (valence
electronic charge) density p(r) with the ELF (Figure 3b and
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Figure 3. a) The structures of the planar D5, and three-dimensional D, isomers of Lis and the T, and C, isomers
of Lig. The corresponding valence charge density isosurfaces at p'*° =0.850™* (p™** denotes the value of the
absolute maximum of the valence charge density) are shown in b) for each cluster, and the ELF isosurfaces at
7 =0.9 and #*° =0.8 are shown in c) and d), respectively. Schematic bifurcation diagrams are shown in e) for
ELF of each cluster. Labels on the bifurcation diagrams are: 3c-2e three-center two-electron bond; 4c-2e four-
center two-electron bond; Mc-6e multicenter six-electron bond.

3d, respectively). In accord with previous studies!® * 4l we find
for the planar D3, isomer the density located predominantly
within the three outer triangles of the cluster, Figure 3b. As in
ref. [11], the ELF provides three strong attractor basins (with
maxima in the centers of the three outer triangles) that can
easily be associated with three three-center two-electron
bonds, see Figure 3c and 3d. The ELF bifurcation diagram in
Figure 3e shows that the three two-electron attractor basins
are confluent at a well-separated value of #*~0.47; this
indicates that these attractor basins can truly be thought of as
three independent localized bonds. The resulting bond lengths
of 2.97-3.00 A also compare well with the ideal three-center
two-electron bond in Li,* with a reference length of 2.90 A.

Before examining the ELF of the nonplanar D, isomer, it is
instructive to consider first the occupied canonical Kohn-
Sham orbitals as represented in Figure 4a and 4b for the Dy,
and D,, species, respectively. Inspection of these orbitals
indicates that here also there is significant (=20 %) p-orbital
character present in the highest occupied molecular orbitals.
Most importantly, the central Li—Li interaction of the Dy,
isomer contains not only the s-orbital contributions, but two
orthogonal p orbitals on the two lithium atoms that terminate
this short bond contribute to an extra m-type interaction. This
leads to a situation that would conventionally be considered
as a “triple bond”, compare with the standard orbital picture
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Figure 4. Schematic representation of the the canonical valence orbitals of
a) the planar D5, and b) three-dimensional D, isomers of Lig. Note that for
the D, isomer the orientation is such that here the central short bond lies in
the paper plane, which differs from that chosen for Figure 1a. For symbols
see caption of Figure 1.

of carbon —carbon triple bonds. Furthermore, there is no such
nt-bonding interaction for the planar D5, isomer. As such, the
planar isomer not only has longer Li—Li distances, but it is also
less stabilized by m-bonding which is precisely the reason why
the Dy, isomer is much lower in energy. One important
ramification of this finding is that the two-dimensional —
three-dimensional packing transition” 8! of these clusters can
be related to the number of additional p-orbital interactions in
compact three-dimensional versus planar structures when the
clusters grow.

In stark contrast to the planar isomer, the density of the
three-dimensional Lis isomer has, interestingly, a ring of
enhanced density around the central short Li—Li bond, see
Figure 3b. This, together with the extremely short distance of
only 2.47 A and the result of the orbital analysis, strengthens
the notion of a stabilizing “triple bond” character in this Li—Li
bond. This gets further support from the ELF analysis: there
are four attractor basins (with strong maximum localization:
7™~ 1.0) which form along the outside of the cluster, see
Figure 3c and 3d. The corresponding attractors peak in the
equatorial plane, with their maxima just outside the Li—Li
connecting lines, that is, in a region in which the charge
density is very small. Unlike the well-separated attractor
basins of the Dj, isomer, those in the D,, isomer already
merge into one basin at a much higher value #* on the
normalized ELF scale, see Figure 3e. These four basins
collapse at a bifurcation value of #* =0.86 into a single ring,
which is hosted in the region of sufficient charge density. Such
ring-type basins in ELF topologies have been seen for
compounds like acetylene with triple bonds,** (see in
particular Figure 2g and 2h in this reference) and it is
tempting to invoke a similar interpretation here. However,
to do this would amount to ignoring the fact that there are
indeed four distinct attractor basins that may each be ascribed
1.5 electrons by symmetry. These so-called unsaturated at-
tractor basins are characteristically found in molecules such as
benzene, which have multiple resonance structures, or in
metals. Although the ring feature is clearly indicative of triple-
bonding character in the 2.47 A bond, it is more meaningful to
describe this as a more delocalized multicenter six-electron
bond, rather then a two-center six-electron bond as in
acetylene. This behavior of ELF reflects the fact that
delocalization of electrons is a meaningful energetic alter-
native to “discrete” two-electron bonds in the case of small
lithium clusters.
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In summary, the Li,, Lis*, and planar Lig (D3,) clusters are
examples in which the complex bonding scenario may be
thought of as consisting of the “additive” interaction of
several independent localized two-electron bonds, albeit of a
multicenter nature. The nonplanar D, isomer of Lig, on the
other hand, does not fit into this simple picture, but is
suggestive of bonding in a more global sense, which accords
better with the concept of a cluster being “on its way to the
solid”. This example also brings to the surface a rather
tantalizing question to ponder: “is this decrease in the
energetic preference for independent two-electron bonds an
early symptom of the metallic character?”

Lig— perturbing the ideal bonding pattern: The logical next step
consists of adding more electrons to see if delocalized multi-
center bonding is generic, or a specific occurrence for Lig only.
Toward this end two isomers of Lig were examined, see
Figure 3a. The lowest energy isomer consists of a tetrahedron
with each of its four triangular faces capped by another lithium
atom giving the molecule an overall 7, symmetry. The Li—Li
distances between atoms in the central tetrahedron are 2.88 A
and those to the capping atoms are 2.94 A. These tetrahedral
subgroups are reminiscent of Lis*, which was composed of two
four-center two-electron bonds. A second low-energy C, isomer
of Lig was obtained from elaborate ab initio simulated
annealing in our previous studiesP” ! and is also depicted in
Figure 3a. It is only 0.3 kcalmol~! higher in energy than the T
isomer, which is beyond the accuracy of the currently used
electronic structure methodology to reliably distinguish. Its C,
structure is that of a pentagonal bipyramid with one of the
triangular faces capped by an additional atom with Li—Li
distances up to 3.10 A. Most notable for the present purpose is
again the existence of a short Li—Li distance (2.74 A) that cuts
across the center of the cluster, reminiscent of the central bond
in the D, isomer of the Li, cluster. These two very different but
energetically quasi-degenerate structures provide a perfect
opportunity to examine in detail how multicenter bonds
behave in larger clusters.

The charge density of the T, isomer is piled up within the
outer tetrahedral subgroups, whereas the central tetrahedron
has essentially no density within it, Figure 3b. This cluster may
then be thought of as consisting of four four-center two-
electron bonds, thereby extending the bonding and packing
schemes introduced by Lis* to larger systems. The ELF
(Figure 3c and 3d) reflects this with the presence of four
strong attractor basins #™*= 1.0 that remain isolated from
each other down to a bifurcation value of 7 =0.76 where they
merge outside of the cluster in regions of low electron density.
This value is significantly lower than in the nonplanar Lig case,
but also higher than for Li,, Lis™, and planar Lis. This signals
already an attenuation of the independence of these bonds.

The scenario of the C, isomer is distinctly different
concerning both density and ELF (Figure 3b and 3d). The
charge density (Figure 3b) reveals a distorted ring within the
pentagonal bipyramid, much like that found in nonplanar Lis.
In addition, there is a pile up of density within the outer
tetrahedral subgroup involving the capping atom, much like
those found within the T, isomer. The ELF is characterized by
five attractor basins: four on outer edges of the pentagonal
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bipyramid (with a maximum localization of #™*=0.98) and
one within the tetrahedral subgroup (™ =0.97). The former
group of four basins collapses into a single distorted ring
already at a value of »*=0.88, which is close to the value #
=0.86 in nonplanar Lis. In contrast, the attractor basin around
the capping atom remains isolated down to a significantly
lower value of #* =0.75, which is close to the value n*=0.76
in its T, isomer. Hence, the bonding within this cluster can be
described as consisting of a multicenter six-electron bond in
the core (similar to that of nonplanar Lis) and a four-center
two-electron bond that involves the capping site (similar to
the T, Lig isomer). For the Lig clusters multicenter bonds are
energetically comparable with four-center two-electron
bonds. This further strengthens the point about delocalized
bonding within clusters as being an important step toward
bonding in the bulk metal.

Implications— fluctuations, dynamics, and properties: What
are the ramifications of the multicenter bonding upon
isomerization reactions, dynamics, and general properties of
these clusters? A simple representation of the electronic
structure as provided by the one-component plasma model,*!
which does not account for the multicenter bonding, under-
estimates cluster rigidity. In particular, it leads to a too soft
(fluid-like) dynamic behavior at low temperature as com-
pared with ab initio path-integral simulations.?**! To further
probe these questions the cluster structure of the Lig C, isomer
was “shape-consistently perturbed” by artificially changing all
the Li—Li distances such that they all have the same (average)
length of 2.98 A. As a result, the distance alternation is
destroyed, whereas the general shape of the cluster is
preserved, see Figure 5a. In comparison with the optimized
C, structure, see Figure 3e, we find an identical pattern for the
ELF in terms of its topology. Furthermore, there is quanti-
tative agreement: compare Figure Sc and Se as well as the
bifurcation diagram in Figure 5g with the respective panels in
Figure 3. This model calculation is confirmed by using more
realistically distorted structures sampled from ab initio
molecular dynamics trajectoriesi*’ that were generated at
finite temperatures. As long as the cluster maintains its overall
shape, the electronic structure is found to be rather insensitive
to the precise positions of the ions.

To understand how this may transpire it is worth noting that
both the 2s and 2p atomic orbitals of the lithium atom are
extremely diffuse with radial maxima at about 1.6 A from the
nucleus. These diffuse orbitals lead to substantial overlap even
at large inter-nuclear separations with a weak distance
dependence. For example, the overlap between two Li 2s
orbitals decreases by only ~10 % as the inter-lithium distance
increases from 2.50 A to 3.10 A. Likewise, the 2p—2p m
overlap drops by about 13 % over the same range. As a result,
the change in the wavefunction as bonds are stretched or
contracted will be minimal and, hence, the ELF will be
relatively insensitive to small fluctuations of the underlying
cluster structure.

This is no longer true if the cluster shape itself changes. To
make clear this point consider a model “isomerization
reaction” in which the tetrahedral capping group of the C
isomer of the Lig cluster is transmuted into a triangle, see
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Figure 5. Structure of Lig clusters derived from the C, minimum structure
(see Figure 3a): a) distortion where all distances equally long with 2.98 A
and b) a transition state. ELF isosurfaces are depicted in ¢) and d) for ' =
0.9 and in €) and f) for #"° = 0.8 for both isomers. ELF bifurcation diagrams
are depicted in g) and h), see caption of Figure 3 for nomenclature.

Figure 5b and 5h for the involved optimized transition state,
which is about 0.7 kcalmol~! higher in energy then the C;
isomer. The ELF changes its topology and now features seven
attractor basins (with #™*=0.98-0.97) instead of five as
before. The two basins around the capping triangle are found
to merge first at n* =0.96, followed by the collapse of the five
basins within the bipyramid into a distorted ring at #* = 0.90,
and the final confluence occurs at #* =0.88. This bifurcation
hierarchy (see Figure 5h) and, thus, the chemical bonding is
qualitatively different from that of the more stable isomer (see
Figure 3e) and its “shape-consistent distortion” (see Fig-
ure 5g). Changing the cluster shape leads to grossly different
electron localization properties.

What are the implications of these findings for the dynamic
behavior, or in other words, what is the effect of “fluctuations”
on the potential-energy surface? These fluctuations might be
of thermal and/or quantum-mechanical origin, such as zero-
point motion or tunneling for a relatively light nucleus as
lithium. Independently, we and another group have assessed
previously®-#1 these effects in Lig and Liy, using finite-
temperature ab initio path-integral simulationsP” 31, that take
also the quantum nature of the nuclei into account. In “cold”

0947-6539/00/0616-2988 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 16



Lithium Clusters

2982-2993

clusters at 10 K, it was uncovered that quasi-harmonic zero-
point motion in lithium clusters is quite large and leads to
root-mean-square bond-length fluctuations of about 5%,
whereas tunneling is negligible. Such motion does eliminate
the distance alternation, that is, the distinction between short
and long Li—Li distances, but it does not lead to isomerization;
the same is true for thermal fluctuations at about 100 K.
However, this picture breaks down for “hot” clusters with
internal temperatures of several hundred Kelvin, for which, in
general, a rich dynamic behavior is found.[?>-3!

This generic dynamic behavior can now be rationalized in
terms of the topology of the chemical bonding: fluctuations in
cold clusters act only locally by breaking the Li—Li distance
alternation while preserving the general bonding pattern
(which is similar to the “shape-consistent distortion” of Liy),
whereas in hot clusters the bond topology in terms of
multicenter bonds can be changed qualitatively (which is
similar to the isomerization transformation of Lig). As a
result, the electronic properties of cold, thermalized clusters
are essentially those of the most stable isomer despite the
Li—Li distance equalization due to zero-point motion, where-
as the spectra of hot clusters are expected to be a “thermal
mixture” of those of electronically quite different individual
isomers. Thus, electronic properties as manifest in optical
spectra from thermalized cluster ensembles should be temper-
ature dependent only at high temperatures and become
invariant for sufficiently cold clusters.

Nanoscale clusters Li,, and Liy,,—a step towards the bulk and
surfaces

Up to this point only small “clusters” were analyzed so that all
of the atoms could be classified to be part of the “surface” of
the cluster, in that all the atoms display lower coordination
numbers with respect to those found in the bulk phase. In the
spirit of understanding chemical bonding in the bulk based on
bonding in clusters, the cluster size has to be increased. For this
program, the analysis, such as that presented in Figures 1 and 4,
of many orbitals for these large C,-symmetric clusters would be
cumbersome, whereas the ELF yields easier access to bonding
concepts. The largest clusters investigated here, Li,; and Liy,
are shown in Figure 6a and 6b, respectively. Like the smaller
clusters these low-energy isomers consist of closely packed
tetrahedral subunits and also feature short and long Li—Li
distances: for instance see Figure 1b of ref. [39] for a distance
distribution function. However, the location of the short Li—Li
contacts is invariably found within the first two atomic layers
from the surface, whereas those atoms within the center of the
clusters are not involved in this type of bonding. These
structural considerations imply that the electrons behave
somehow differently in these two regions, but to what extent?

The valence electron density is distributed throughout the
whole cluster, but largely confined to the cluster center,
seeFigure 6c and 6d. The ELF behaves quite differently: the
highest localization occurs at the outside of the cluster as
clearly inferred from Figure 6e and 6f for Li,, and Liy,
respectively. Attractors with a localization maximum of
7™*>0.9 as known from the smaller clusters are exclusively
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Figure 6. Structure of local minima of a)Li, and b)Liy,. Density
isosurfaces are depicted in ¢) and d) for p*° = 0.80™* and ELF isosurfaces
are shown in e) and f) for #*°=0.85 for Li,, and Li,,, respectively.

found on the surface, whereas the regions within the cluster
have significantly lower values of #™* < 0.7 for both Li,, and
Liy. These n™ values are similar to those observed in solid
lithium, in particular #™>*=0.68 for the bcc solid and #™* =
0.72 for the fcc phase (see the following section). This suggests
that the center of the Li,, cluster, and even more so that of
Liy, has already begun to take on attributes similar to that of
the bulk solid.

How does this situation arise? As seen so far the electrons
tend to reside in interstitial regions as a result of the pzx-type
component in the molecular wave function. The number of
these interstitial regions relative to the number of electrons is
small for the n<8 atom Li, clusters owing to the small
number of atoms and low coordination numbers. The atoms
within the center of the Li,, and Li,, clusters no longer exist in
such a local chemical environment and experience coordina-
tion numbers as large as ten or twelve. Accompanying these
nearest neighbors are also lots of interstitial regions over
which electron pairs may be distributed that qualitatively
should decrease the amount of electron pairs localized at any
given region in space. Consequently, this is reflected in the
ELF as a decrease in electron localization within the cluster
center. In contrast, for the atoms on the cluster surface the
bonding situation resembles that of the smaller clusters—
hence the similar ELF. Thus, the cluster surface still retains
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the bonding patterns found in the smaller species, whereas the
electrons in the cluster core are much more delocalized. Yet,
the clusters themselves have a “band gap” of approximately
1 eV and therefore cannot be classified as metallic. In conclusion,
the Li,, and Li,, nanoclusters represent a scenario between a
molecule and a metal. The inside of these species is charac-
terized by low electronic localization similar to that of a metallic
solid. The outside of these species is characterized by bonding
similar to that in the smaller cluster and leads to localized
surface states. These findings are interpreted as the onset of
metallic character within the cluster core, which becomes
readily apparent even for clusters as small as twenty atoms.

Solid lithium

Bulk lithium— the metallic bce and fec phases: How do these find-
ings for clusters relate to the electronic structure of the bulk
phases ? First, the Li—Li distance alternation seen in clusters is
found in none of the known phases of solid lithium: Li—Li
distances of 3.04 A and 3.12 A have been reported for the bcc
and fcc phases for instance, which classifies as “long”
distances in the context of clusters. Furthermore, the system
is metallic and thus the electrons must be more delocalized than
in the clusters.

To probe this, the ELF of the (100) planes of bee and fec bulk
lithium are displayed in Figure 7a and 7b, respectively. The
ELF of both phases consists of attractors that are localized in
the center of octahedral cavities formed by the six nearest-
neighbor lithium atoms. The location of the octahedral
attractors in the crystal is coincident with the maxima of the
valence electron density (not shown). The n™> values for
these octahedral attractors basins are 0.68 and 0.72 for the bce
and fcc phases, respectively. For the bec phase, the basins are
confluent already at #* ~0.66 so that a channel-like network
structure of the connected domains appears visually in the
representation shown in Figure 7a. At variance with the bcc
solid, the fcc phase exhibits a second smaller attractor basin
within the tetrahedral holes, not visible in Figure 7b, with
n™* =(.64. These four-center attractor basins merges with the
octahedral basins already at #™*=0.62. This scenario is in
qualitative agreement with previous findings.['? 13 8]

Superficially, this seems to be a unique situation from that
of the smaller clusters in which electrons were localized within
tetrahedra or triangles. This is also in contradiction with the
conclusions regarding metallic phases as based on generalized
valence-bond-theory calculations on three-dimensional clus-
ters up to 13 atoms which suggest the electrons should be
localized within tetrahedral sites of the fcc structure.l®
However, the present findings agree well with the generalized
valence-bond description for the smaller clusters n < 8. Given
that the surface to bulk ratio is large for such cluster sizes and
the dramatic surface effects as demonstrated in previous
section, it is unlikely that these small clusters provide an
adequate representation of a bulk metallic solid. On the other
hand, the ELF does coincide well with the observed z™
values found for the interior regions of the Li,, and Liy,,
clusters. This topology is reminiscent of multicenter bonding,
in particular the six-center bonding as found in the cluster
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Figure 7. The ELF is shown as a contour slice through the (100) planes of
the cubic cells of bcc and fcc metallic lithium solids in a) and b),
respectively. This same plane is shown for the relaxed (001) surface of the
bee and fee solids in ¢) and d), respectively. A contour slice in the plane of
the surface atoms for the corresponding phases is shown in ) and f). Color
of ELF contours: blue: 7 <0.5; green: 7~ 0.6; yellow: ~0.7; red: n 2 0.75.

study for three-dimensional structures, compare Figure 7a and
7b in particular with Figure 3c and 3d for D, Lis and C, Lig.
These facts taken together suggest a similar origin that will
allow us to establish the desired link between clusters and solid.

As in the smaller clusters, electrons are localized in
interstitial regions in the bulk which have so far been ascribed
to significant pm-type interactions. It would be desirable to
perform a similar analysis here as in the sections on Li, to Lig
clusters, where insights into the ELF topology were gained by
a complementary analysis based upon the canonical Kohn-
Sham orbitals. However, this is impractical if one considers all
of the over 125 orbitals that have been used in the present
supercell calculations or the complex wavefunctions which
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would arise when more then just the I point is used for
Brillouin zone sampling in smaller supercells. This practical
difficulty can be surmounted by examining the convergence of
the ELF as a function of supercell size. Consider the fcc phase
with a four atom cubic cell and the crystal orbitals obtained
only at the I point. A single cubic fcc cell does not even
qualitatively exhibit the same ELF as the larger 4 x4 x 4
supercell, but a 2 x 2 x2 supercell does. Thus, the crystal
wavefunction is sufficiently converged for the purpose of
qualitative analysis with only 16 orbitals.

In addition, this task may be reduced by invoking symmetry
to the analysis of only a few symmetry-independent crystal
orbitals. The 2 x2 x2 supercell I" point calculation corre-
sponds to a Brillouin zone sampling for the four atom cubic
cell at the following eight high-symmetry k points: 7" (0,0,0), X
(*2,0,0) (and its two symmetry equivalent points (0,%2,0) and
(0,0,%2)), M (*4,%,0) (and its two symmetry equivalent points
(*4,0,%) and (0,%4,'%)), and R (1,%,'4); the indices in brackets
are given with respect to the reciprocal vectors of the cubic
cell. The orbitals upon which this discussion will depend are
represented schematically in Figure 8; the R point generates
no occupied orbitals and, therefore, need not be considered.
There is only one occupied orbital with the symmetry of the I
point, see the lower subpanel in Figure 8. This orbital is the
lowest in energy and consists of an in-phase combination of s
orbitals on each lattice site. Note the similarity with the lowest
occupied orbital of the clusters in Figures 1 and 4. The next set
of occupied orbitals is six-fold degenerate with symmetry
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Figure 8. Schematic representation of the crystal orbitals of an fcc lattice
of lithium as viewed down the (001) axis. Orbitals are shown at special
points I" (0,0,0), X (¥,0,0) and M (5,%,0) from bottom to top, where the
indices in the brackets refer to coordinates of the k vector with respect to
reciprocal lattice vectors of the cubic cell. Solid (dashed) lines represent
first nearest-neighbor contacts between atoms with height z=0 (z =").
Atoms are located at the intersection of two solid or two dashed lines
(vertices). The centers of octahedral holes are located at the centers of the
squares formed by solid (dashed) lines for z =0 (z ="'2).
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corresponding to the X point and its two equivalent points,
each of which contributes two orbitals; see the two center
subpanels in Figure 8. These orbitals are almost entirely of s
character and are nonbonding in the direction in which the
phase of the reciprocal lattice vector is altered from 0 to %5,
but remain bonding in the other two directions. The remaining
occupied orbitals are part of a 12-fold degenerate set which
have the symmetry of the M point or its symmetrical
equivalents, where each point contributes four orbitals, see
the upper four subpanels Figure 8. These contain both s-type
and p-type character and, as for the clusters, show a pmn-
bonding interaction between pairs of first-nearest neighbors;
note that the upper and lower lobes of the partial & bonds lie
within adjacent octahedral voids. This extra ; character is
operative in all first-nearest neighbor interactions due to the
“isotropy” of the fcc or bee solids. Thus, no particular bond is
favored over others and no Li—Li distance alternation can
result because of that. Moreover, the ELF acquires its maxima
above and below the Li—Li connecting lines as in the clusters,
that is, within the octahedral cavities. This is also found for the
bce phase with the exception that there are only eight bonds
with partial m character that contribute to each attractor basin
as opposed to the twelve in fcc.

As in the previous section a qualitative understanding of the
observed increase in localization as one goes from the bcc
(7™ =0.68) to the fcc (™= =0.72) solid may be obtained by
considering how the electron pairs are distributed in these two
phases. There are three octahedral cavities in the two-atom
cubic bec cell but four in the four-atom cubic fcc cell. On first
sight, there are more interstitial sites in the bcc lattice, that is,
a ratio of % valence electrons per octahedral hole, whereas
this ratio is larger, ~1 electron per octahedral hole, for fcc.
Thus, qualitatively one may expect that the electrons in bce
lithium will have a lower probability of being localized at any
given point in space relative to those in the fcc or other close-
packed phases. There is more space over which the electron
pairs may be delocalized for the more open bcc solid as
opposed to the fcc phase, a fact which is reflected by an
increase in the #™* value for the latter.

In summary, the localization properties of the electrons in
the bulk metallic phases are intimately tied to the p-orbital con-
tribution to the wavefunction in extension to what is found in
the cluster world. These new findings suggest that associated
with the low-temperature phase transition from bcc to fcc and
other close-packed phases[® there is also a significant change
in the localization properties of the electrons. The existence of
these localization regimes with maxima that are substantially
higher then the ELF value for the free-electron gas correlates
well with the observation that Li is a “bad free-electron
metal '8 1% 211 Finally, these results strongly suggest that the
p interactions underly the recent prediction that solid lithium
under high pressures undergoes a so-called “dimerization
transition” thereby creating an anisotropic Cmca structurel®!]
with Li—Li distance alternation as found in the clusters.
Furthermore, the results of section “Implications” hint that
this feature may be radically affected at low temperatures due
to averaging effects induced by zero-point motion, thus
changing the time-averaged structure as observed in diffrac-
tion experiments, compare with refs. [25-29]
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Lithium slabs—bcc and fcc (001) surfaces: What about the
surface of metallic lithium solids? ELF is shown as a contour
slice in the (100) plane in Figure 7c and 7d and as a slice
parallel to the surface in Figure 7e and 7f for the (001)
surfaces of bcc and fec, respectively. It is found that the ELF
has large attractor basins within the interstitial sites between
the terminating atoms, which corresponds to the octahedral
holes in the bulk, with #™*=0.80 and 0.85 for bcc and fcc,
respectively. With reference to the bulk, the maximum
localization is strongly enhanced from 0.68 to 0.80 and from
0.72 to 0.85 for the bce and fec surfaces, respectively. These
attractor basins are in the same location as those in the bulk
except that the formation of the surface removes one of the
vertices of the octahedral cavity. These basins become
confluent into one large basin at about n*=0.74 for both
surfaces, forming a pattern of interconnecting rings of high
localization that is confined in two dimensions at the surface
only. The values of #* between these attractors and those in
the lower layers is the same as in the bulk phase, that is, n* =
0.62. The large range of the ELF scale over which the surface
attractor basins remain independent both of each other and
the basins within the bulk indicate that each may be thought
of as an independent “dangling bonds”.

The effect of increased electron localization is, as expected,
not confined to the first layer as can be seen from the cuts in
Figure 7c and 7d; the ELF is enhanced clearly also in lower
layers of octahedral sites. The enhancement is most pro-
nounced in the surface layer and decreases from atomic layer
to atomic layer as one moves away from the surface. Each
attractor basin below those directly on the surface is confluent
with its neighbors in an identical way as the bulk. At a depth
of about two atomic layers for fcc and four layers for bee the
attractor basins become identical with those in the bulk phase.
The increase of localization in surface layers goes hand in
hand with an increase in charge density, which is accumulated
at the surface relative to the bulk (not shown).

For both surfaces there is essentially no relaxation occur-
ring. The interlayer distance between those atoms at the
surface and those within the second layer decreases by only
about 0.01 A; this corresponds to bond length changes of
0.01 A and 0.02 A shorter than those for the bulk bee and fec
phases, respectively. Based on the discussion of in the section
on implications above, it seems likely that these surface states,
which are much more localized and also directional, induce an
extra rigidity in the surface layer. Thus the network of
dangling bonds, with the same periodicity as the bulk, will be
less likely to distort and undergo surface relaxation.

Conclusions

Lithium bonding: The bonding properties of lithium were
investigated as they evolve from molecules and small clusters
to nanoclusters and finally to bulk phases including their
surfaces. In accord with pioneering studies on that subject,
three-center and four-center bonds were found to dominate
the electronic structure of small clusters up to Lis". After
further investigations, our earlier finding of the existence of
short and long Li—Li distances (“distance alternation”) and its
correlation with multicenter bonding is now rationalized. The
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clue comes from the well-known contribution of p-type
orbitals. We have foubd that short Li—Li distances appear as
a result of an additional stabilization due to the contribution
of pm interactions that act in phase along certain directions. In
terms of structure, this stabilization amounts to a bond length
contraction of roughly 0.4 A, which corresponds to about
10%. In extreme situations this can lead to Li—Li distances
which are shorter than that of the dimer!

An interesting question is related to the resistance of the
Li—Li distance alternation with respect to fluctuations on the
Born-Oppenheimer ground-state electronic surface. Using
ab initio molecular dynamics and path-integral simulations,
we showed previously that classical thermal fluctuations at
100 K or quantum zero-point motion of the relatively light
lithium nuclei destroy the distance alternation in clusters
completely, but do not lead to isomerization. The breakdown
of the distance alternation can be understood in the light of
the present bonding analysis. It is found that the topology of
the electronic structure and, hence, the type of bonding does
not change as a result of these fluctuations, whereas isomer-
izations would require changes in the bonding topology.

A novel feature appears in the ELF topology of the lowest
energy (nonplanar D,,) isomer of Lis. This case, as well as
isomers of Lig, can be described in terms of six-center six-
electron bonding. A similar multicenter motif was found to
characterize the bonding in bcc bulk lithium: the ELF
attractors were found to reside in the center of the octahedral
interstitial holes, that is, the basin of most pronounced
localization encompasses six atoms. In accordance with earlier
findings, the channels connecting the multicenter attractors
form a three-dimensional network of “flat paths” that wind
through the interstitial space. This amounts to saying that
metallic bulk lithium is best described in terms of multicenter
bonds as a result of a crucial contribution of directional p-type
interactions. However, in the case of “isotropic solids”, such as
bee or fce crystals, the Li—Li distance alternation cannot
develop due to symmetry.

Finally, surface effects were considered in order to establish
the connection between the behavior of small clusters and the
bulk by using both large clusters and slabs. Nanoclusters that
are comprised of 20 and 40 atoms, obtained after elaborate ab
initio simulated annealing, feature an enhanced and aniso-
tropic localization at their “surface”; this includes the
occurrence of short Li—Li distances similar to those found in
the small clusters. In contrast, their “core” region is charac-
terized by ELF values quite close to those found in the bulk.
Thus, a simple picture would be that these nanoclusters
already share properties of bulk metallic lithium in the core
region, whereas their surface electronic properties resembles
those of smaller clusters. The (001) surfaces of the bec and fcc
bulk phases behave in a similar fashion to those of the
nanoclusters in that a much stronger localization occurs close
to the surface. This enhancement relaxes to the bulk value
within two (fcc) to four (bec) atomic layers. The topology of
the octahedral attractor basins does not change qualitatively
at the surface relative to the bulk, except that one vertex atom
is removed from the octahedron. The resulting rigidity of
these surfaces goes hand in hand with the observed, small
surface relaxation.
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There is a natural continuum in bonding properties as the
number of atoms within the lithium assemblies grows. At all
sizes p orbitals allow for the localization of electrons into
interstitial regions, such as the centers of triangles, tetrahedra,
or even octahedra. However, this is not the root cause of the
metallic state in the bulk. The preference for delocalization of
electrons becomes apparent even for Lig as its (nonplanar D.,)
ground state is also characterized by multicenter bonds. The
bonding is at all sizes multicentered, but it is the presence of a
large number of unsaturated multicenter bonds that ultimately
leads to the metallic state of solid lithium.
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