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Density functional ~DF! calculations have been performed for lithium clusters Lin and their
monoxides LinO with up to ten atoms. There are numerous stable structures, and new isomers have
been found in each family. The structural patterns of the homonuclear and oxide clusters are quite
distinct. The combination of DF calculations with molecular dynamics~MD! sheds light on the
observed pseudorotation of Li3 and Li5 . We compare with available experimental data and discuss
the bonding and structural patterns in the clusters and their oxides, which are often described as
‘‘hyperlithiated.’’ © 1997 American Institute of Physics.@S0021-9606~97!00511-4#
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I. INTRODUCTION

Lithium is the lightest element that is metallic under no
mal conditions and, together with its fellow alkali metals, h
served for decades as a model ‘‘nearly free electron’’ syst
It is only relatively recently, however, that the structural a
bonding properties of small lithium clusters and of molecu
containing lithium have received much attention. The res
in both areas have been rather striking.

There is a singles-valence electron in the alkali ele
ments, and it is not surprising that the energy surfaces of
clusters show shallower minima and less tendency to di
tional bonding than found in elements withp- and
d-electrons~e.g., P and Fe, respectively!. The structural flex-
ibility and the absence of a clear guide to the most stable
the many possible structures present challenges to the t
retician and is well-known to experimentalists. The melti
points of the alkali metals are low, ranging from 181 °C
Li down to 28.6 °C in Cs,1 and there is clear evidence fo
pseudorotation in the electron spin resonance~ESR! and
two-photon ionization spectra for Li3 ~Refs. 2,3! and in ESR
spectra for Li5 .

4 Thermochemical~mass-spectrometric! mea-
surements have been made on clusters up to Li5 and provide
estimates of the dissociation energies.5 Lithium clusters with
up to;40 atoms have been ionized and detected as cati
and their ionization potentials determined up ton526.6

Other spectroscopic data on Lin clusters include optical ab
sorption spectra of Li4-Li 8 , measured using depletio
spectroscopy,7 and photoelectron spectroscopy on Li4

2 .8

Measurements on the unimolecular dissociation of Ln
1

clusters9 have provided information on the cohesive energ
and dissociation paths of clusters withn54–42.

Extensive studies of neutral and charged Li clusters
ing Hartree–Fock~HF! based methods10 have indicated tha
planar structures are preferred ton56, with larger clusters
~to Li9) comprising deformed tetrahedra. In conjunction w
optical absorption data,7 these calculations have been used
study the structures of the most stable isomers of Li4 to
Li8 . The extension of the Hartree–Fock calculations to
corporate molecular dynamics~MD! ~Ref. 11! has indicated
4566 J. Chem. Phys. 106 (11), 15 March 1997 0021-9606/97
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the existence of additional minima in the energy surface.
Small binary molecules containing lithium and other e

ements have received much attention in recent years,
lithiated molecules containing O, C, or Si showing unus
structures that appear to violate the octet rule, i.e., they h
more than eight valence electrons occupying bonding or
als. The first ‘‘hyperlithiated’’ molecule~Li3O! was identi-
fied experimentally,12 and theory has led subsequently to u
expected structures in, for example, CLi6 (Oh),

13 Li 4O
(Td),

14 Li 4Si (C2v),
15 Li 5O

1 (C3v),
16 and Li12C (C4v).

17

There is little doubt that many unusual structures remain
be found.

We describe here the results of density functional~DF!
calculations on the energy surfaces of lithium clustersn
and their monoxides LinO with up to ten atoms~Li10,
Li 9O!. We have adopted a range of starting structures in
cases and have used both all-electron and pseudopote
calculations. The all-electron calculations use a Gaussian
sis set,18 and all geometries and vibration frequencies giv
below were determined using this method. In systems wh
pseudorotation is known to occur or where the nature of
most stable isomer is uncertain, we have used a combina
of DF calculations with molecular dynamics~MD! ~Ref. 19!
at temperatures between 100-500 K to generate additi
geometries and to shed light on structural changes.
MD/DF calculations use periodic boundary conditions~PBC!
with a ~simple cubic! unit cell with lattice constant 20 a.u.
and a plane wave basis set with a single point (k50) in the
Brillouin zone and an energy cutoff of 15 a.u. The electro
ion interaction is described by the non-local pseudopoten
of Troullier and Martins,20 using thed-component of the
potential as the reference local part~‘‘ sp-nonlocality’’!.

All molecules were studied with both a local spin de
sity ~LSD! ~Ref. 21! and a non-local modification~NLSD!
involving the gradient of the density.22 The MD/DF calcula-
tions were all performed with the LSD approximation. U
less otherwise stated, the spin degeneracies of the state
culated were the lowest possible. In some cases, suc
Li-Li-O, a higher multiplicity is necessary~in this case a
/106(11)/4566/9/$10.00 © 1997 American Institute of Physics
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4567Jones, Lichtenstein, and Hutter: Structure and bonding in lithium clusters
triplet!. In others a small gap between the highest occup
and lowest unoccupied molecular orbitals~HOMO-LUMO
gap! was taken as an indication that a state of higher mu
plicity could have a similar energy. In Secs. II and III w
present our results for clusters and oxides, respectively
cluding the changes in the binding energies with increas
cluster size. A discussion of trends and our concluding
marks follow in Sec. IV.

II. RESULTS: LITHIUM CLUSTERS

In this section, we present the results obtained for str
tures and relative energies of isomers of neutral lithium cl
ters Lin to n510. Energies with respect to the most stab
isomer are denotedDE, and structural parameters for mo
are given in Table I. To simplify the figures, we have n
labeled the atoms if the structure is derived from that o
smaller cluster. ‘‘Bonds’’ between Li atoms are shown if t
atoms are separated by less than 3.1 Å. Atomic coordin
of all structures are available from the authors.23

A. Li 2 , Li 3 , Li 4

The dimer Li2 is the lithium cluster for which the mos
detailed experimental information is available, and the c
culated bond lengths and vibration frequencies of the1Sg

1

ground state~LSD: 2.80 Å, 325 cm21; NLSD: 2.80 Å, 322
cm21) are in reasonable agreement with the measured va
~2.673 Å, 351.4 cm21).24

As in the other alkali trimers, the equilateral triang
(D3h) is not a stable doublet structure in Li3 , but undergoes
a Jahn-Teller distortion toC2v symmetry. There are thre

TABLE I. Structure parameters for isomers of Lin clusters,n5329, with
energiesDE relative to the ground state~eV!. Bond lengthsdi j in Å and
bond anglesa i jk in degrees. Other labels are defined in the figures.

Molecule Symmetry DE

Li3 1~a! C2v 0.00
d125 2.82;d135 3.37;a1235 73.5
Li3 1~b! D`h 1.30
d1252.89
Li4 1~c! D2h 0.00
d125 3.04;d245 2.62;a2145 51.0
Li4 1~d! C3v 0.31
d12,23,1352.77;d14,24,3453.12
Li5 1~e! C2v 0.00
d13,235 2.63;d125 3.00;d14,245 3.09;d345 2.96
Li5 1~f! C2v 0.23
d125 2.88;d155 3.02;d455 3.18;d255 2.78
Li6 3~a! D4h 0.00
d1552.82;d5652.49
Li6 3~b! C2v 0.45
d1252.70;d2353.18
Li6 3~c! D3h 0.74
d1252.89;d2352.95
Li7 3~d! C3v 0.00
d155 3.31;d175 3.17;d125 2.54;d275 2.57
Li7 3~e! D5h 0.10
d125 2.91;d235 3.05;d175 2.61
Li8 3~f! D5h 0.00
d185 2.43;d125 2.55;d235 3.00
J. Chem. Phys., Vol. 106,
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equivalent energy wells, and electron spin resonance~ESR!
spectra of Li3 trapped in argon matrices

2 show that the mol-
ecule is fluxional, i.e., it undergoes a pseudorotation betw
the different minima. Two-photon ionization spectra of L3
support this assignment,3 showing threeC2v structures~bond
lengthd52.73 Å, bond anglea 5 72°) separated by a pseu
dorotation barrier of only 26 cm21 with a stationary point at
~3.05 Å, 50°).

The present calculations of the energy surfaces of3
lead to a similar picture. The energy difference between
most stable structure@Fig. 1~a!# ~LSD: d1252.82 Å,
a2573.5°; NLSD: 2.84 Å, 73.2°) and the saddle poi
~LSD: 3.09 Å, 52.1°; NLSD: 3.15 Å, 51.6°) is minute~LSD:
110 cm21; NLSD: 165 cm21) and less than the calculate
zero point vibrational energy~320 cm21). We have also per-
formed combined MD/DF calculations on the lithium trime
The geometry changes between two neighboring minima
very small and pseudorotation is evident in simulations at
K and 30 K.

We have investigated two higher-lying structures
Li3 : the quartetD3h form (d1253.20 Å,DE51.31 eV! is not
Jahn-Teller distorted, and the linear form@1~b!, d1252.89 Å#
lies a further 0.09 eV higher in the LSD calculations. T
NLSD approximation results in very similar energy diffe

FIG. 1. Structures of Li3 @~a! C2v , ~b! D`h]; Li 4 @~c! D2h , ~d! C3v], and
Li5 @~e,f!, bothC2v].
No. 11, 15 March 1997
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4568 Jones, Lichtenstein, and Hutter: Structure and bonding in lithium clusters
ences and a small increase in the bond lengths. This
general feature of our results, and we give NLSD structu
below only if they differ appreciably from these trends. C
hesive energies calculated using the two approximations
significantly different and will be discussed in Secs. II
~Lin clusters! and III F ~LinO molecules!.

HF-based calculations10 predict that the most stable iso
mer of Li4 is the rhombus@singlet,D2h , 1~c!#, and this is
also found here. A flattened, Jahn-Teller distorted tetra
dron @triplet, C2v , 1~d!# lies 0.31 eV higher. The structura
parameters are given in Table I.

B. Li 5

HF-based calculations10 predict the lithium pentamer to
be planar (C2v), with a three-dimensionalC2v structure the
next most stable. Pseudopotential DF calculations,25 on the
other hand, favor the three-dimensional structure by 0.22
and this result is supported by the present calculations.
find two local minima withC2v symmetry@1~e,f!#, with the
pyramidal form more stable by 0.23 eV~NLSD: 0.16 eV!,
and the energy surface shows several other minima and
tionary points withDE,0.4 eV. The unstable structures in
clude a rectangular pyramid (C2v , DE50.21 eV!, which has
two imaginary frequencies and distorts to structure 1~e!, and
a planarD2h structure that lies between two equivalent p
narC2v forms and less than 0.1 eV above them. The qua
state corresponding to 1~e! is a ~stable! D3h bipyramid with
DE50.26 eV.

The situation is reminiscent of earlier results on alum
num clusters,26 where planar structures were favored up
Al4 , and planar and three-dimensional isomers had v
similar energies in the pentamer. Aln clusters also show a
near degeneracy for different spin states forn55–6. A near-
degeneracy between quartet tetrahedral and doublet rho
structures of was found in recent calculations on the L4

2

anion.27

ESR measurements have been performed on Li clus
deposited at 77 K in an adamantane matrix and anneale
temperatures above 200 K.4 The spectra show that the Lin

clusters present haven magnetically equivalent nuclei~i.e.,
are fluxional!, and the coupling constants show thatn.3.
While Li5 is an obvious candidate, the authors do not th
that they detected a pseudorotatingplanar isomer of this
isomer, and they do not exclude Li7 . The pseudopotentia
DF calculations mentioned above,25 however, showed tha
the isotropic spin population for the planar (C2v) structure
agrees better with the measured value. These authors
proposed a pseudorotation mechanism based on geom
changes within a plane.

Insight into possible mechanisms of structural change
Li5 is provided by MD/DF simulations. A section of a typic
run at 100 K is shown in Fig. 2 and illustrates two interesti
points: ~a! If the energy surface is relatively flat, as in th
case, the simulation need not pass through the minima o
energy surface~here the planar and tbp structures!, even at
100 K. ~b! Nevertheless, it shows that the interchange of
planar and three-dimensional structures is relatively easy
J. Chem. Phys., Vol. 106,
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der the conditions of this simulation, and suggests a sim
mechanism — the twisting of the central triangle — f
pseudorotation between equivalent trigonal bipyramids~tbp!
via an almost planar form. An alternative transition state
this process would be a square pyramid~sp,C4v), as pro-
posed by Berry28 for structural changes in PF5 . In the
lithium pentamer, we can understand this process by stre
ing one of the base diagonals of the~unstable! square pyra-
mid. DE for this structure is less than 0.4 eV, and we ha
seen above that the value for the relatedC2v rectangular
prism is only 0.26 eV. Since a planarD2h structure is also a
transition state between and 0.10 eV above equivalent pla
C2v forms, as mentioned above, there are then several
sible mechanisms for isomerization in Li5 . We discuss Berry
pseudorotation further in the context of Li5O in Sec. III C.

C. Li6

HF-based calculations10 show that three structures hav
similar energies: a planarD3h structure, a quasiplanar pen
tagonal pyramid (C5v) with one atom slightly above the
plane, and a~non-planar! tripyramid (C2v). The most stable
structure (D3h) was the only one of the three to give a
optical absorption spectrum consistent with the measu
data.7

Both LSD and NLSD calculations give several isome
with comparable energies and favor three-dimensional o

FIG. 2. Pseudorotation in Li5 . MD/DF simulation performed at 100 K.
No. 11, 15 March 1997
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4569Jones, Lichtenstein, and Hutter: Structure and bonding in lithium clusters
planar structures, but there are significant differences fr
the HF structures. TheC2v tripyramid found in the latter
distorts here to the more symmetric flattened octahed
@D4h , 3~a!# that is the most stable form we have found. T
planar pentagonal structure@D5h , 3~b! — this may be
viewed as a more symmetric form of theC5v pentagonal
pyramid# is 0.45 eV higher, followed by the planarD3h

structure@3~c!, this comprises four approximately equilater
triangles and is the most stable in the HF calculations# an
additional 0.29 eV higher. The symmetriesD3h , D4h , and
D5h all have twofold representations. In the present cases
highest occupied orbitals are doubly degenerate and f
occupied, so that a Jahn-Teller distortion does not occu
Jahn-Teller distortion would occur in the corresponding po
tive ion, Li6

1 .

D. Li7

The earlier HF-based calculations10 indicate a most
stable isomer of pentagonal bipyramidal form@D5h , Fig.
3~e!#, followed by aC3v isomer @3~d!# formed by capping
three of the faces of a tetrahedron. Similar structures
found in the present work, although the order is reversed@the
D5h structure is more stable by 0.10 eV#.

FIG. 3. Structures of Li6 @~a! D4h , ~b! D5h , ~c! D3h]; Li 7 @~d! C3v , ~e!
D5h], and Li8 @~f! D5h].
J. Chem. Phys., Vol. 106,
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ESR spectra have been reported for Li7 clusters formed
by codepositing Li with excess Ar in a helium cryostat29

The situation is different from that in Li3 and Li5 , in that the
unpaired electron has a distinctive symmetry that is con
tent with a pentagonal bipyramidal (D5h) structure.

E. Li8

Two isomers of Li8 were considered in the HF-base
work,7,10 a tetrahedron with all four faces capped (Td) and a
relatedD2d structure. The dominant features of the calc
lated optical absorption spectrum were found to be simila7

and it was concluded that either or both structures co
contribute to the measured spectrum.

The most stable structure found in the present calcu
tions is, however, a further member in theD5h sequence
Li6 @3~b!#→Li7 @3~e!#→ Li8 @3~f!#. Structure Fig. 4~a! (Td ,
DE50.52 eV! is just as obviously related to the most stab
form of Li7 @3~d!#. The atoms of the central tetrahedron a
separated from each other by 2.80 Å, and from the ou
atoms by 2.93 Å. The second most stable isomer (C2v ,
DE50.24 eV! comprises a rhombus~sides 2.99 Å, bond
angle 63.7°) atop a rectangle~sides 2.88 Å, 2.99 Å!. It is
related to isomer 4~b! of Li 9 ~see below! and is reminiscent
of the crown shape of the sulfur octamer. Other station
points in the energy surface were either considerably hig

FIG. 4. Structures of Li8 @~a! Td#, Li9 ~b,c!, and Li10 ~d,e!.
No. 11, 15 March 1997
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4570 Jones, Lichtenstein, and Hutter: Structure and bonding in lithium clusters
in energy~examples being the related triplet states! or had
imaginary frequencies and were unstable.

F. Li9-Li 10

The number of isomers increases dramatically with
creasing cluster size, so that the identification of the m
stable becomes rapidly more difficult. For Li9 and Li10 we
have studied structures derived by adding atoms to st
isomers of smaller clusters, removing them from larger on
structures proposed by other authors, and those found
scaling the stable structures of clusters of other elements
have also used MD/DF simulations to cover larger regions
configuration space and to guide our choice of starting st
tures for the all-electron calculations. The most stable str
tures found for Li9 and Li10 are shown in Fig. 4, but we
expect that there are additional isomers with comparable
ergies.

A stableCs isomer of Li9 @4~b!# is related to the Li8
isomers Figs. 3~d! and 4~a! by adding outer atoms, while
structure 4~c! has higher symmetry (C4v) and can be viewed
as the rhombus/rectangle form of Li8 with an added centra
atom. These Li9 structures and their energies are remarka
similar, with DE values for 4~c! of 0.06 eV~LSD! and less
than 0.01 eV~NLSD!. They are not related by a Jahn-Tell
distortion, however, as the uppermost occupied orbital in
C4v structure is singly degenerate. Given the approximati
inherent in these calculations, it would be unwise to mak
definite prediction of the most stable isomer.

The most stable form that we found for Li10 @C1 , 4~d!# is
obtained by capping the 4~b! isomer of Li9 . A second isomer
@C2v , 4~d!, DE50.25 eV# may be viewed as two interlock
ing pentagonal rings. The existence of regular and disto
pentagons is a recurring feature of the structures we h
found in the Li clusters.

G. Cohesive energies

The cohesive energy is defined as the energy require
separate the most stable form of a cluster into its constitu
atoms, and is usually expressed as an energy per atom. I
been estimated for lithium clusters in two ways: from hig
temperature gas phase mass spectroscopy5 and from combin-
ing the measured dissociation energies of the Lin

1 clusters9

with the ionization potentials.6 Both sets of results are show
in Fig. 5, where they are compared with the present ca
lated values~LSD, NLSD! and the values extrapolated fro
MRD-CI calculations for geometries scaled from the H
values.10 We note that the measured cohesive energy of b
Li ( n→`) is 1.66 eV.1

The overall agreement between theory and experime
satisfactory, and we note that the use of the NLSD appro
mation leads to cohesive energies that are lower than
LSD values. This is a common effect in clusters of eleme
that form sp-bonds, an example being Pn and Asn clusters,
where the LSD approximation leads to overestimates in
cohesive energy of;1 eV.30 These findings are consiste
with the observation31 that LSD estimates of exchange e
ergy differences will be less reliable if there is a change
J. Chem. Phys., Vol. 106,
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the angular nodal structure of the orbitals. The non-lo
modifications were shown to move charge away from
nuclei, leading to weaker and longer bonds, and to an
creasing difference between LSD and NLSD cohesive en
gies with increasing cluster size.

Although p-orbitals play a role in bonding between L
atoms, the~nodeless! s-character dominates. The LSD es
mates of the binding energy are much closer to experim
than in the group 15 clusters, and the effects of gradi
corrections are smaller. We see in Fig. 5 that the differ
experimental techniques give rise to somewhat different
sults, and it is difficult to say whether the LSD or NLS
estimates are better. Although the NLSD approximation
ten improves the estimates of energy differences, this is
necessarily the case. The rare gas dimers, for example,
well depths that are overestimated by LSD calculations,
there is no minimum in the energy curves at all if gradie
corrections are included.32

III. RESULTS: LITHIUM CLUSTER OXIDES

In this section, we present the results for the structure
isomers of neutral lithium cluster oxides LinO to n59, and
discuss bonding trends. In all figures we label atom 1~black!
as oxygen, the remaining~grey! atoms are Li. Li-O ‘‘bonds’’
are shown if the atoms are separated by less than 2.3 Å.
single oxygen atom has a dramatic effect on the structure
small lithium clusters, which may not be surprising, sin
oxygen has six valence electrons and lithium only one.
comparable effect is also evident in the solid state, where
density of lithium atoms in the oxide Li2O is over 80%
higher than that in crystalline lithium itself,33 and there is a
very similar effect in sodium.34

FIG. 5. Calculated~LSD, NLSD! and measured@Refs. 5 and 9# cohesive
energies~binding energies per atom! for Lin clusters ton510. Also shown
are values obtained by extrapolating MRD-CI calculations for scaled
geometries@Ref. 10#.
No. 11, 15 March 1997
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4571Jones, Lichtenstein, and Hutter: Structure and bonding in lithium clusters
A. LiO, Li 2O, Li 3O

Small lithium monoxide clusters were investigated
most 20 years ago by HF calculations~LiO, LiOLi, LiLiO !35

and thermochemical measurements~LiO, Li 2O, Li3O!.12,36

More recent studies will be cited below. Stoichiometric clu
ters of the form~Li2O!n have also been studied recently u
ing MD/DF methods.37

HF calculations35 gave a bond length in LiO of 1.71 Å
and a vibration frequency of 829 cm21, and the present re
sults @LSD: 1.72 Å, 784 cm21; NLSD: 1.74 Å, 760 cm21]
follow a common trend for DF calculations to give bon
that are longer than HF values. Compared with the meas
dissociation energy~3.49 eV!,24 the present results~LSD:
4.36 eV, NLSD: 3.89 eV! also show the familiar picture of a
substantial LSD overestimate being improved by non-lo
modifications.

HF calculations on the LiOLi molecule35 gave a linear
singlet ground state@D`h ,

1Sg
1 Fig. 6~a!# with bond length

1.62 Å and vibration frequencies 145 (pu), 839 (sg), and
1091 (su) cm

21. The MD/DF calculations of Finocchi an
Noguera37 gave the same bond length, and thesg- and
su-vibration frequencies were found to be 810 and 10
cm21, respectively. The bond lengths found in the pres
calculations are slightly longer~LSD: 1.64 Å, NLSD: 1.65
Å!, but the vibration frequencies~144, 819, 1081 cm21) are
close to the earlier estimates. A bent triplet state@C2v , 6~b!#
with d1251.80 Å anda2135107.4° lies 2.57 eV higher.

FIG. 6. Structures of Li2O ~a-c!; Li 3O ~d!; Li 4O ~e-g!; Li 5O ~h!.
J. Chem. Phys., Vol. 106,
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The ground state of the LiLiO molecule is a linear tripl
state @3P, 6~c!#, characterized by a very long Li-Li bond
~HF: 3.29 Å,35 LSD: 2.87 Å! and a Li-O bond similar to tha
in the diatomic molecule~HF, LSD: 1.73 Å!.35 This is the
simplest example in the present work of a ‘‘hypervalen
molecule, where the number of bonds on the central Li ato
appears to be greater than the number of electrons.

We have noted above that Li3O was the first ‘‘hyperlithi-
ated’’ molecule to be prepared,12 and it has been studie
theoretically by several authors. HF calculations by Schle
et al.14,38 indicated that a planarC2v structure@6~d!# was the
most stable. Although more detailed calculations39 favored a
D3h structure, the lower symmetry was found in recent s
ond order Mo” ller-Plesset~MP2! and complete active spac
~CAS! SCF calculations.40 However, the energy surface i
very flat, and the barrier against pseudorotation is less t
0.03 eV. The present calculations also give aC2v structure
~with three Li-O bonds close to 1.68 Å! that is weakly per-
turbed from the equilateral triangle (D3h).

B. Li 4O

Li4O and Li5O were studied theoretically by Schleye
and coworkers14,38and identified by Wu using high tempera
ture mass spectrometry.41 The most stable structure in the H
calculations was tetrahedral@Td , 6~e!#, with a Li-O bond of
1.728 Å. A second minimum of the energy surface was
C2v form @6~g!, DE50.79 eV#. This has Li-O bonds with a
normal length (d1451.623 Å,d1251.689 Å!, while the Li-Li
separation is very long indeed (d2553.234 Å!.

A similar picture results from the present calculation
The Td ~singlet! state gives the most stable structure, w
dLiO51.74 Å, dLiLi52.85 Å. A related triplet state lies 0.5
eV higher. TheC2v structure@6~g!, DE51.19 eV# has the
structural parametersd1251.69 Å,d1451.62 Å,d2352.44 Å,
d2553.04 Å. The planarD4h structure@6~f!, DE50.83 eV#
occurs as a unit of larger clusters. It is a stationary poin
the energy surface of Li4O, but is unstable and distort
readily to theTd form, with dLiO51.78 Å,dLiLi52.51 Å.

C. Li5O

The Li5O molecule is particularly interesting, as it ha
several isomers with similar energies separated by low
ergy barriers. HF calculations38 were performed for theC3v
bipyramid isomer of Li5O @Fig. 7~b!#, which is also a stable
structure in the present work (d1251.82 Å, d1551.87 Å,
d2552.61 Å, d2353.16 Å!. Two others are slightly (,0.03
eV! more stable. The rectangular pyramid@C2v , 6~h!, a
Jahn-Teller distortion of a square pyramid,C4v# is the most
stable in the LSD calculations (d1251.85 Å, d1651.84 Å,
d2352.46 Å,d3452.72Å!, with energy slightly below that of
a C2v structure 7~a!, which is related to isomer 6~e! of
Li4O by adding a Li atom with large~3.04 Å! separations
from atoms 2 and 3. In the NLSD calculations the lat
structure is slightly (;0.07 eV! more stable than 6~h! and
7~a!, which are almost degenerate.
No. 11, 15 March 1997
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4572 Jones, Lichtenstein, and Hutter: Structure and bonding in lithium clusters
The most stable isomers of Li5O show five-fold coordi-
nation of the central atom. A discussion of two such m
ecules~PF5 and PCl5) led Berry28 to propose a pseudorota
tion mechanism trigonal bipyramid→square pyramid
→trigonal bipyramid, in which the isomerization takes pla
by deformation of the bond angles at the central atom. T
positive ion Li5O

1 has the same number of valence electro
~10! as PF5 , and HF-based calculations

16 show a very small
barrier (;1.2 kcal/mole! to pseudorotationD3h→C4v
→D3h . These calculations also predicted the existence
trigonal bipyramid (C3v) structure of Li5O

1 with lower co-
ordination and containing a Li4 subcluster, and this was als
found to be stable in the present calculations. The co
sponding neutral structure@Cs , 7~c!# is an unstable station
ary point in the energy surface only slightly (,0.05 eV!
above the minima noted above. We see below that the
tern of an oxygen atom in a lithium ‘‘cage’’ attached to a
subcluster is common in the larger clusters.

D. Li6O

For neutral Li6O ~twelve valence electrons! the first
~Hartree–Fock! calculations38 found a minimum for aD3d

distortion of a regular octahedron (Oh). Considerations of
the Jahn-Teller effect of hexalithide structures42 suggested
that the most stable structure might have even lower sym
try, and HF and MP2 calculations43 showed, in fact, aD2d

FIG. 7. Structures of Li5O ~a-c!; Li 6O ~d-f!; Li 7O ~g,h!.
J. Chem. Phys., Vol. 106,
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isomer with two bidentate Li3 groups@7~e!#. This structure
bears an obvious relationship to isomer 7~b! of
Li5O. The most stable isomer in the present LSD calcu
tions is, however, 7~d!, which bears an equally obvious rela
tionship to another isomer of Li5O @6~h!#. This is followed
by Figs. 7~e! and 7~f! (C2v), both of which have
DE50.07eV. The latter is related by capping to the unsta
form 7~c! of Li5O.

It is interesting to study the structures related to the re
lar octahedron. A quintet state with this structure is sta
(dLiO51.90 Å!, but lies 0.50 eV above 7~d!. A D3d structure
with dLiO51.92 Å and bond anglesaLiOLi distorted from
90° by;4° is 0.20 eV above the most stable~LSD! isomer.

A similar picture results from the NLSD calculation
but isomer 7~e! is about 0.04 eV more stable than 7~d!, with
7~f! an additional 0.05 eV higher. The energy differenc
between these structures and those derived from the oct
dron are close to the LSD values. The small energy diff
ences between Figs. 7~a,b,c! in both sets of calculations in
dicates that all three are candidates for the most sta
isomer.

E. Li7O, Li 8O, Li 9O

We have found three stable isomers of Li7O with struc-
tures that are related to the most stable form of Li5O @6~h!#,
and the most stable in both LSD and NLSD calculations
7~g! (Cs). In the LSD calculations 7~h! (C2v) and Fig. 8~a!
~a distortedC3v structure! are 0.14 eV and 0.20 eV highe
respectively, and the NLSD relative energies are very si
lar.

FIG. 8. Structures of Li7O ~a!; Li 8O ~b-d!; Li 9O ~e,f!.
No. 11, 15 March 1997
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4573Jones, Lichtenstein, and Hutter: Structure and bonding in lithium clusters
Three structures found for Li8O @8~b,c,d!# haveCs sym-
metry and are derived by capping the Li7O structures. The
most stable is 8~b!, which is 0.25 eV more stable than th
others in the LSD calculations. The energy spread is les
the NLSD calculations, but Figs. 8~c,d! are 0.06 eV and 0.19
eV, respectively, less stable than 8~b!. The two most stable
structures found in Li9O are shown in Figs. 8~a,b!. The
former (C4v) is ;0.1 eV more stable in both LSD an
NLSD calculations.

F. Bonding trends

The structures of LinO isomers are often found by add
ing a Li atom to the neighboring smaller cluster, with a sm
change in the atomic positions of the latter. This is parti
larly evident forn>5, and is reflected in the binding ene
gies of the binding energies of the added Li atom, which
shown in Fig. 9 for the most stable isomers. The trend
n.5 is very similar to that found for the cohesive energ
of Lin @Fig. 5#. There is a steady increase in the bindi
energy asn increases, and the LSD estimates of this ene
are;0.2 eV higher than the NLSD values.

The even-odd alternation in the binding energies of
atoms in Lin clusters~Fig. 5! and in LinO ~Fig. 9! reflect the
relative stability of both oxide and cluster for even values
n, where all orbitals are doubly occupied. However, there
pronounced differences between the two plots forn5225.
While the cohesive energy of Lin increases steadily from th
dimer value towards the bulk cohesive energy~1.66 eV, Ref.
1!, the binding energy of Li to the oxide clusters increas
initially — the Li-O-Li molecule satisfies the octet rule —
and then drops rapidly to a minimum at Li5O. This differ-
ence is also seen in the thermochemical estimates of th
binding energy.

Oxide clusters larger than Li2O appear to have mor
‘‘bonds’’ than available electron pairs, and have been
ferred to as ‘‘hyperlithiated.’’ The role of oxygen in dete
mining the structure is crucial, as it has six valence electr

FIG. 9. Energy differences LinO→ Lin21O1Li. Experiment@Refs 12,41#;
Hartree–Fock~HF! @Refs. 14,38#; LSD, NLSD @this work#.
J. Chem. Phys., Vol. 106,
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to one in Li. For n53,4, the lithium atoms form shells
around the O atom in two- and three-dimensions, resp
tively, and for Li5O, where the binding energy is a minimum
there are several structures with almost the same energy
small barriers between them. Still larger clusters arise
creasing the size of the Li subcluster attached to the L5O
units, and the binding energy increases as noted above.

IV. DISCUSSION AND CONCLUDING REMARKS

We have performed an extensive series of density fu
tional ~DF! calculations on lithium clusters and their mono
ides with up to ten atoms~Li10 and Li9O, respectively!. A
variety of starting structures has been used in each, and
have generated many more by combining DF calculati
with molecular dynamics. Previously unknown structur
have been found in both families, but there are many p
sible isomers in systems of this size, and there is little do
that other structures exist that are energetically favorable

Lithium shares with the other alkali metals and hydrog
the simplest valence electron configuration, a sin
s2electron. Althoughsp2hybridization is stronger in Li
than in the other alkalis,44 Li clusters show a weaker ten
dency to directional bonding than elements withsp- andsd-
valence configurations. The energy minima are less p
nounced and the barriers between them lower. MD/
simulations show that both Li3 and Li5 are fluxional, consis-
tent with the pseudorotation observed in these molecules

Much of the earlier work on the structures of Lin clusters
has used HF-based methods. We have found a numbe
new structures, and we have shown that the structure
larger clusters can often be found by adding atoms to
stable structures of smaller ones. While the largest clus
that we have studied~Li10) show few signs of patterns foun
in the bcc crystalline form, we note that interatomic d
tances close to the nearest neighbor separation in bul
~bcc, 3.03 Å! occur in smaller clusters. Examples are t
sides of the rhombus in Li4 @1~c!, 3.04 Å#, the sides joining
the apices to the base of Li5 @1~f!, 3.02 Å#, and the pentago-
nal edges in theD5h isomers of Li7 @3~e!, 3.05 Å# and Li8 @
3~f!, 3.00 Å#. The calculated cohesive energies@Fig. 5# show
results that are consistent with earlier experience with ot
elements: overestimates with the LSD approximation to
exchange-correlation energy, improved values with the g
dient corrected~NLSD! modification.

The study of the structures of LinO clusters has been
fascinating. We have noted in Sec. II that the density
lithium atoms in bulk Li2O is much higher than in bulk Li,33

and the effect of an oxygen atom on the cluster structure
no less dramatic. The oxide clusters LinO are generally more
compact than their Lin counterparts, and there are man
novel structures with more than eight valence electrons.
sight into such molecules has been provided by the group
Schleyer, Marsden, and others. In a study of LinO molecules
up to n56, for example, Schleyer38 showed that the charg
~Mulliken! on the oxygen atom increased little beyond that
Li-O-Li, with the additional electrons contributing primaril
to Li-Li bonding. Calculations of high-spin states in Li clus
ters with up to six atoms also showed the existence of bo
molecules without spin-paired valence electrons.45 This pic-
No. 11, 15 March 1997
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4574 Jones, Lichtenstein, and Hutter: Structure and bonding in lithium clusters
ture is consistent with the present work, where we find t
the binding energy of the added Li atom falls from Li2O to
Li5O and then increases with a pattern similar to that fou
in Lin clusters.

If the initial structure of one of the larger clusters~e.g.,
Li 7O, Li8O! is taken to have the O atom in a central positio
this atom moves towards the ‘‘surface’’ as the structure
timization proceeds, leaving behind a Li subcluster@e.g.,
Figs. 7~g! and 8~d!#. This is such a dramatic process that it
natural to speculate that it could occur in much larger cl
ters or at a surface. Unfortunately, the highly exotherm
reaction of O with Li means that the oxidation of the surfa
is very difficult to study.

We emphasize again the variety of structures that ar
in both Lin and LinO families. In Li5O, in particular, there
are several structures with almost the same energy, sepa
by small energy barriers. The calculated structures also s
interesting patterns involving Li4O ~tetrahedral!, Li5O
@square (C4v) or rectangular (C2v) pyramids#, and Li6O @ap-
proximately octahedral# units. The tetrahedron is the mo
stable form of Li4O, and the capped tetrahedra in Li5O @Fig.
7~a!# and Li6O @Fig. 7~e!# are only slightly higher in energy
than the pyramidal structures Figs. 6~h! and 7~d!, respec-
tively. Four-fold coordination of the O atom is not favored
larger clusters, where the present calculations prefer five-
over six-fold coordination of the O atom, although the e
ergy differences are often small.

Many of the structures found in the present work a
predictions, and it would be interesting to have both m
experimental information about the structures of bothn
and LinO systems, as well as calculations using other me
ods. A reliable description of the interaction between Li a
O atoms is a prerequisite for performing calculations on lit
ate glasses such asb-eucriptite, LiAlSiO4 . The DF calcula-
tions that we are currently carrying out should provide use
insight into these systems.
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