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Metal segregation and electronic properties of lithium suboxide clusters
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The structural and electronic properties of neutral lithium suboxide clustgrg®@j (0O<p=9) are studied
by means ofb initio molecular dynamics simulations. For few excess Li atoms Li-O bonds are formed which
progressively weaken as the O coordination number increases. Then Li attachment proceeds around nonsto-
ichiometric ionic cores and results in metal segregation. The evolution of the growth mode correlates with a
change of the electronic properties, some of which can be probed experimentally to obtain structural informa-
tion. We predict that at smal Li,.,0, clusters have ionization potential much lower than purg. LA
generalization of our results to oxidized alkali-metal surfaces and bulk suboxides is proposed.
[S0163-18298)04624-4

Reduction of oxides or oxidation of metals are importantvide complementary information to experimental data, we
processes often related with profound modifications of thechoose to study the systematics of the Li enrichment of
electronic properties, potentially useful for technological ap-lithium dioxide clusters Li, ,O, with 0<p=<9, by means of
plications. However, a basic understanding of these phenon& combination ofab initio molecular dynamics simulatiohs
ena is still lacking. When depositing metal atoms onto theiand electronic structure calculations. Our computations are
oxides, the transition to a metallic behavior may sensitivelyperformed within the density functional theory, by using
depend on the amount of deposited atoms and their structurlibth the local density approximatiditDA) and local spin
organization- Symmetrically, oxidation of alkali-metal films density approximatiogLSDA) for the exchange and corre-
is accompanied by an increase of the photoelectric yigld, lation energy. In particular, LSDA is used for clusters with
which has been correlated to the lowering of the work func-an odd number of electrons, and for some even-numbered
tion with respect to the pure metal, a fact that plays a role irclusters that could present a non-spin-paired ground state.
the activation of photocathodes. Electron energy loss spectrBhis approach has already been tested for stoichiometric
and work-function measurements taken on oxidized Cs filmslusters® and detailed elsewheté.In addition to the calcu-
show a strong sensitivity to the degree of oxidafldbespite  lations reported in Ref. 11, further tests are performed on
their structural complexity at a microscopic scale, these syspure Li, clusters m=4,56,7), and on LiO molecules K
tems show photoemission spectra very similar to those ob=23,4,5). In both cases, the calculated cohesive enekgigs
tained from bulk alkali-metal suboxidésThese compounds, and interatomic distances agree within at most 2% with pre-
whose building blocks are nonstoichiometric oxide clusters, vious calculation$?~'* For instance, inT4 Li,O, we find
display a wide variety of electronic properties, due to theE.,,=3.31 eV, and an Li-O bond length equal to 1.74 A.
coexistence of both ionic and metallic bonding as a function In order to find the equilibrium geometries of ,Li,O,
of the actual stoichiometry. They have also served as modelusters, we carry out simulated annealing runs. From the
systems to explain the lowering of the work functidnof =~ geometries resulting from the dynamic runs, we obtain start-
alkali-metal surfaces upon oxidation on the basis of ang configurations through an educated guess on other pos-
quantum-size effe®Nevertheless, in Cs compounds, work sible topologies of the clusters. These geometries are then
functions as low as 0.9 é\are not yet fully explained by the optimized until the atomic forces do not exceed 5 meV/A.
analogy with bulk suboxides, whose is about 50% higher. The calculated electronic structures always refer to stable

The interest in oxide clusters grew when photoionizationgeometries optimized in a fully self-consistent way. The sta-
spectra of unsupported, mass-selecteg@;sclusters were bility of all the configurations issued from the local minimi-
obtained and showed the same qualitative behavior alreadyations is checked against a random displacement of the
observed on films. Moreover, evidence of the existence oétomic coordinates.
electronic shell structure for the metal-rich clusters was pro- In spite of the existence of many competing low-energy
vided in this study. Further experimental investigations onisomers, whose thorough description will be the subject of a
LionymO; clusters focused on the energetics of the clustefuture reportt® the essential features of cluster growth can be
fragmentation and/or evaporatiBand raised the question of conveniently characterized by looking at the most stable
whether the electronic and thermodynamical properties okis-,O, isomers as found in our simulations, fo=9 (Figs.
alkali-metal suboxide clusters could be described in terms ot and 2.
the coexistence of a “metallic”’ and “ionic” part inside the In the first stage [f<3) the excess Li atoms bind to O
same microscopic object. However, the direct observation ofFig. 1), increasing its coordination number from 3 {O})
the structure of small unsupported clusters is presently naip to 5 (Li,O,). In the resulting Li, ,0, most stable iso-
feasible. mers, the two oxygens are bridged by either two or three

In order to understand the relation between atomic struclithiums, giving rise to LjO, or Li;O, inner structures,
ture and electronic properties in suboxide systems and provhich are both present in the low-energy configurations of
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FIG. 1. First stage of growth of a ,i,0, cluster (0<p=3) by
attachment of lithiums on oxygens. From left to right and from top
to bottom, LiO,, LisO,, LigO,, and Li,O,. Li atoms are drawn in
light grey and O atoms in dark grey in all ball and stick represen-
tations.
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the stoichiometric LjO, parentst® The alternation of LiO, 14

and LiO, cores is explained by considering that equivalent
environments for the two oxygens favor larger electron de-
localization and lower total energy. .

By analyzing the Li-O mean bondlengtds and the en-
ergy associated with the attachment of an Li atom to

Liz+ Oz forming a new Li-O bond EX,), we observe a

correlated increase af and decrease @&, as the number

p of excess Li atoms grows. The growth @finduced when

the coordination number increases has already been stressed
in stoichiometric Lj,O, clusterd® and is a rather general
phenomenon. In suboxide clusters, however, the Li-O bond
weakens more quickly, arf!', rapidly decreases as a func-
tion of p,***thus showing that these effects are mostly due FiG. 2. Second stage of growth of a,Li,0; cluster (4<p

to the reduction of the oxide clusters. WHEf{, falls below  <9) by attachment of lithiums on other lithiums. From left to right

a critical value of about 1.5 eV, which is close to the attach-and from top to bottom, lg0,, LigO,, Li;¢O,, Liy;0,, Liy,0,, and
ment energy of Li on pure | clusters® and to the cohesive Li;z0..

energy of bulk lithium(1.63 eV per Li atony a second

growth mechanism prevail§ig. 2). Li addition takes place by two O-centered distorted octahedra sharing a face; the
through Li-Li bond formation, without noticeable change of same structural motif characterize a metastable configuration
the ionic core of the cluster, which contains the two oxygensf a LiyO, lying =0.5 eV above the most stable isonéit

and all the lithiums bound to them. is interesting to note that it is isostructural to the building

It is worth introducing the notation (7 to distinguish  block of RyO, and RRO suboxides, synthetized by Simon
among Li atoma-fold coordinated with O. In the first stage and co-workers. In our simulation, this structure was ob-
of Lis, ,O, reduction by Li attachment, a growing number of tained through simulated annealing runs, by imposing no
Li®Y is formed. Configurations having only'Piand Li? are  constraints on the atomic motion. The largest oxygen coor-
found up top=6, but fromp=4, the most stable isomers dination number found among all the isomers is 6, thus con-
show Li?-type atoms, whose number grows as a function offirming that the octahedral environment for O as found in Rb
p (see Fig. 2, while the ionic core contains O, &, and Li¥  suboxides is particularly stable not only in bdllut also in
only. alkali-metal suboxide clusters above a critical size.

For 4<p=8, the most stable Li,O, isomers can be The trends observed in the cluster growth can be rational-
described as a LD, ionic core, similar to the 150, isomer ized by considering the changes in the electronic structure as
shown in Fig. 1, surrounded by an increasing number & Li a function of the numbep of excess Li atoms. Fop=0
as a function op. This attachment process results into weak(stoichiometric clustgra large electron transfer from Li to O
modifications of the ionic part, and a large rearrangement ofakes place, and the resulting electrostatic potential increases
Li® atoms when passing fromto p+ 1, with a clear trend the gap between the levels of occupied O-derived states and
towards LI” segregation. Metal segregation has also beeempty Li-derived states. As a general trend, in stoichiometric
reported in nonstoichiometric alkali-halide clustérand, as well asin nonstoichiometric Li,O, clusters, LM atoms
very recently, in Lj,O clusters-3 with the smallesth experience the smallest electrostatic po-

Finally, for p=9, the most stable LiO, isomer is built  tential and are thus associated to the lowest lying occupied
from a LigO, core plus four L atoms on top arranged in a antibonding states. For smadl, the p excess electrons are
tetrahedral configuration. The d@, central block is formed thus mainly redistributed within the {4-O antibonding
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FIG. 4. Full circles: computed vertical ionization potentib),

FIG. 3. Surfaces of equal density for the distributioneatess ©f the most stable neutral Li,0, isomers, as a function op.
electrons in LjO,. The view is taken along the O-O axis. Oxygen OP€n circles: computee, for pure Li, clusters. Open squares:
(in the lower central part of the figurand surrounding lithium experimental ionization potential for | clusters, from Ref. 20.
atoms are represented by small dark spheres and larger light
spheres, respectively. between L?, Li”, which play the role of cations, and®j

around which the electronic charge in excess is mostly local-
states. As a consequence, the ionic Li-O bond weakens. ized. This conclusion is in agreement with the interpretation

This picture is, however, insufficient to describe the sec-of photoemission experiments from alkali-metal suboxfdes.
ond growth regime [§=4), in which the existence of (% It is of interest to determine whether measurable elec-
suggests the presence of soomwalentbonding between Li, tronic properties can probe the change of growth mode and
such as in the dimer or in pure Li clusters. It is thereforethus assess the existence of a structural transition from a
crucial to distinguish the ionic from the covalent bonding suboxide cluster to a metal cluster over a suboxide cluster in
within the same cluster, since a short Li-Li distance is notLi,, ,0,, whenp grows. To address this issue, we calculate
necessarily a signature of a covalent baai).® Rather, a  the vertical ionization potentiab, of the most stable neutral
CB is formed between two lithiums when the valence elecisomers as a function g, as the total energy difference
tronic density shows a local maximum between them. BeEtot(Li4+pOZ)_Etot(Li4+p0;) in the LSDAZ®
cause they do not directly transfer electrons to oxygens, the A dramatic decrease takes place from a large véfLE2
Li®s are in a much more favorable situation to form CB's ev) in the stoichiometric parer,, Li,O, to 3.44 eV inCy
with other lithiums than L'P or Li®. That they actually do | j.0,. Then, as shown in Fig. 4, increases up to 4.12 eV
so is exemplified in Fig. 3, where the distribution of the for p=28, apart from two local minima, to which we will
excess electrons in 4O, shows a clear covalent bonding return later. In the limit of very large, @, will eventually

among the lithiums. We find thattt the larger the number ofpass by a maximum and reach the value of the work function

CB’s, the larger the energy galy{;; for the attachment of for elemental Li(3.4 e\).

a Li© to the cluster. Typical values &, lie between 1.5 We note the following.(i) For p<6, ®,(Lis:,00) is

and 1.6 eV. Two consequences follo@ the crossover be- smaller than both the experimerffhand our calculated ion-
tween the first and second growth regime happens wheization potentials for the most stable isomers of purg Li
ER,>EM,, aroundp=4 according to our numerical re- clusters. This is due to the presence of O, and can be ex-
sults and(ii) the Li-Li attachment process is reinforced as theplained on the basis of a quantum size effe@it) At vari-
number of LI?’s increases and finally results into segrega-ance with the usual behavior for pure metal clustérs,
tion of Li®©. ®,(Lis4pO;) shows a general increasing trend in the range
When segregation takes place=6), a simple tight- 1=<p=8. The existence of a minimum for nearly stoichio-
binding (TB) model can account for the eigenenergies of allmetric suboxide clusterpE&E1) is a peculiar feature of the
filled excess states: wave functions are expanded on she Zirst and intermediate growth regimep<£5) in which Li©
atomic states of the (% atoms, and constant resonance inte-have not yet segregated. Indeed, in this regime, there are not
grals and atomic energies are considered for all valugs of enough low-energy I9-derived states to accommodate all
The eigenvalues of the model Hamiltonian turn out to be inexcess electrons. The HOMO's are thusYLderived. Lo-
remarkable agreement with those calculated from first princated at higher energies, they are associated with lower val-
ciples, and the TB eigenvectors account well for the ob-ues of®,. However, wherp=6, most of the excess charge
served spatial behavior of LDA eigenstates. The model conean be accommodated around the segregatéd. IThe
firms that the L’s can be roughly considered as lithium HOMO, then, is Li® derived,®, is higher and slightly in-
atoms in a pure Lijcluster, and that a clear distinction exists creases towards its value for pure, Lglusters. A similar
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argument may be used to explain the two minima shown byetween the two growth regimes, namely, the occurrence of
®, for p=5 andp=9: LigO, and L0, present an en- e€lectronic instabilities. Some of the metastablglsiisomers

hanced stability because there are as man{) las excess found in the simulations have a HOMO-LUMO gag,

electronic states, which all have dQicharactersee Fig. 2 Smaller than 0.2 eV. In particular, this is the case for the
We thus conclude that the onset of metal segregation i ost stable one, represented in Fig. 2. Although in density

. : unctional calculations, is affected by systematic erréft,
alkall—me.tall su_bOX|de CIPSterA2“+PO” can be detected its closing is an indica%ion of a marked instability. Indeed,
through ionization potential measurements, as the cOMpOSfyy 4| the clusters having a smadl;, spin-unrestricted cal-
tion for which ®,(A,,,0,) approachesb,(Ap). In addi-  cylations unambiguously predidta magnetic ground state
tion, we find that the lowest ionization potentials can bewith a net polarization of two spin units and a net spin den-
achieved close to the stoichiometric composition, i.e., for Osity largely delocalized around the cluster. Interestingly, the
<p<n, in agreement with experimental data for cesium ox-magnetic configurations have a higher point symmetry than
ide clusters. By generalizing our model to oxidized alkali- the spin-paiged ones, on which a small geometrical distortion
metal surfaces, we also predict that the lowest values of théakes placé” A magnetic ground state for some alkali-metal
work functions can be achieved whenever the oxidation pro€lusters has already been predicted on the basis of a ellipsoi-

. . 5 .
cess results in suboxide compounds having the largest nur§d! jellium modef® as opposed to pure geometrical defor-
mations. For Li,0, clusters, spin-unpaired configurations

ber of A-O bonds and the smallest number of segregatin 2 " C
alkali atoms. We thus explain the behavior observed for Cg{l{iif%?tg%r?rggniom_‘l’ at the transition between Li-O and

oxidized thick filmé as a function of the surface oxidation.
Our findings confirm the existence of an excluded region of Calculations for this work were performed at the IDRIS/
space for the excess electrons as proposed by Burt arfdNRS computational center in Orséiroject No. 970100
Heine® but clarifies on more quantitative grounds the con-We acknowledge technical assistance by Thierry Goldmann,
nection between the microscopic bonding configuration anénd thank Paul Walker for a careful reading of the manu-
the change of the electronic properties. script. Laboratoire de Physique des Solides is “Uitso-

We conclude this paper with a peculiarity of the transitionciee au CNRS.”
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