
PHYSICAL REVIEW B VOLUME 47, NUMBER 12 15 MARCH 1993-II

Electron binding and stability of excess-electron alkali halide clusters:
Localization and surface states

Eric C. Honea, * Margie L. Homer, and Robert L. Whetten
Solid State Science Center and Department of Chemistry and Biochemistry, University of California,

Los Angeles, California 90024-1569
(Received 12 October 1992)

Metal-excess alkali halide clusters have been investigated experimentally using a cluster-beam source
comprised of laser ablation of alkali metal and reaction of helium-seeded halogen gas. Metal-excess neu-
trals and charged clusters, M„X '+ ' where M= Na or Li and X=F, Cl, or Br, have been produced, with
the neutral series, M„X„ l, displaying a wide range of excess-electron-dominated behavior. An exten-
sive investigation of the abundances and electronic properties of Na„F„& (n ( 100) is described. A sim-

ple quantitative model of electron localization is proposed to account for the observed patterns of abun-
dances and electron binding energies. The model correctly predicts that (i) for the singular values of n

that correspond to a filled cubic lattice, the excess electron is very weakly bound, and that (ii) clusters
that can form a cubic lattice with a single anion vacancy have the electron localized in the vacancy, sta-
bilizing the neutral cluster against atom loss.

I. INTRODUCTION

The investigation of finite-size systems —atomic and
molecular clusters —provides opportunities to obtain mi-
croscopic insight into the properties of a great variety of
macroscopic systems as well as the change to explore
phenomena intrinsic to finite and interfacial systems. '

Within this general framework, one very stimulating area
of research has been the study of the electronic states and
structural properties of the simplest metallic and insula-
tor systems, which represent two extrema along a contin-
uum of condensed-matter phenomena. In bulk metals,
the conduction electrons are completely delocalized, and
close-packed structures prevail. In insulators, by con-
trast, an excess electron will remain in a delocalized state
only if the crystal symmetry is artificially maintained. In
reality, the polarization energy gained by localization
about a lattice site offsets the cost of the lattice defect in-
troduced and the increased kinetic energy of the electron.
In such solvated-electron systems the spatial extent of the
electron wave function, therefore, is rarely more than a
few lattice constants, and ground-state transport takes
place through either polaron or hopping motions. How-
ever, as the excess-electron density is increased from
infinite dilution, the correlation among the excess elec-
trons increases, and favors the metallic state above some
critical density. Such metal-insulator (MI) transitions
remain of high current interest.

In the finite analogs of these systems, the interesting
phenomena may be modified in very important ways. In
metal clusters, the extent of delocalization is restricted to
the physical dimensions of the cluster, and its shape
governs the quantization of the electron motion. Still, re-
cent experiment and theory are consistent with the idea
that clusters of high-conductivity metals have maximally
delocalized valence electrons and compact structures,
despite the intrinsic disorder introduced by the cluster
surface and the typically nonideal number of atoms for

completing microlattice structures. The electronic shell
structure found in clusters of Na demonstrates that to a
first approximation, the valence electrons are completely
delocalized in a nearly spherical background of ions.
Similar behavior has been observed in metal-rich ionic
clusters of Na„C1 and Cs„O when m ))n, where the
number of electrons filling a shell is reduced by the num-
ber transferred to the Cl or 0 ions. '

At the other extreme, the behavior of a single excess
electron in finite insulator systems has attracted a great
deal of theoretical interest because of the recently
developed capability to treat quantum systems at finite
temperatures, even with significant symmetry breaking.
Several of thee classes of systems continue to be central
to particular fields of chemistry and condensed-matter
physics, including the solvated electron e-(HzO),
e-(NH3), e-rare-gas systems (rare gas=He, Kr, Xe), '

and electrons in alkali halide clusters (e-AHC's). "
This situation has stimulated the development of a vi-
brant subfield concerned with the accurate description of
their behavior. Although these systems are not nearly so
well explored as, for example, the alkali metal clusters,
the emerging consensus from recent simulations is that
electron localization, accompanied by large-scale
structural symmetry breaking in the vicinity of the elec-
tron, is as ubiquitous in these clusters as in the bulk, but
with important differences. For example, there may exist
states in which electrons are localized within the cluster's
surface layer, or which spill out onto a close-packed sur-
face. Furthermore, the theoretical simulations almost al-
ways employ some kind of simplifying "rigidity" approxi-
mations in describing the electron-ion or electron-
molecule interactions. Recently, an increasing number of
experimental reports have begun to appear, ' and these
provide stringent tests of the conclusions obtained in
simulations. ' In this vein, we have published brief re-
ports on the properties of a crucial model system, the al-
kali halide clusters containing a single excess elec-
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tron. ' ' ' This paper presents a full report of our ex-
periments on the electron binding and abundances of this
class of clusters.

The starting point for contemplating the properties of
the e-AHC systems are the alkali halide clusters them-
selves. Starting in the late 1970s (matrix isolation' and
simulation ) and early 1980s (mass spectrometry and re-
lated cluster-beam methods) ', the alkali halide clus-
ters have been the subject of extensive experimental and
theoretical investigation. An important early step was
the demonstration by Campana et al. that the most
stable clusters of the form Cs(CsI)„+ are those which cor-
respond to filled simple-cubic lattice structures. These
can be predicted by the very simple rule 2n+1=j Xk Xl,
where the significance of the integers (j,k, l ) is that they
are the number of ions along one edge of the cluster. Be-
cause an odd product of three integers requires all to be
odd, this lattice-filling condition is only satisfied for this
system when (j,k, l) are all odd; these are Cs,4I, 3+
(3,3,3), Cs23I22 (3,3,5), Cs3s137 (3,5,5), . . . . It was sub-
sequently shown that the observed abundance ledges re-
sult from evaporation of hot clusters generated by
sputtering. ' The microscopic factors underlying the
stability of filled lattices is easily understood, and have
been elucidated in some detail for clusters of the form
M„X ",where n —m = —1,0, 1,2 is the excess charge
on the cluster. These clusters are regarded as being
composed of n M+ ions, m X ions, with no excess elec-
trons or neutral atoms that would necessitate a
quantum-mechanical treatment. Here we refer to such
clusters as "stoichiometric. " Subsequent experimental
work has been interpreted as being consistent with this
principle, that the energy of the cubic lattice is the driv-
ing force for stability in stoichiometric AHC's.

The chemical formulas for an e-AHC cluster with p ex-
cess electrons can be written as M„X " ~. Clearly,
this system could equivalently be regarded as a
stoichiometric AHC to which has been added p neutral
alkali atoms. When p is small compared to n or m, this is
analogous to the bulk situation of low-electron density; in
both solid and liquid states this means that an electron
occupies its own site in an ionic condensed medium.
There are four points to keep in mind here: (i) In the
solid alkali halides, this so-called F-center state has the
e in place of an X ion in the cubic lattice; (ii) an
analogous state is known to persist in the dilute liquid-
metal and/or molten-salt mixtures, in which the elec-
tron transport is better described as quantum-mechanical
hopping, rather than polaron motion; (iii) for higher
electron densities, e.g. , near 0.15 mole fraction in KBr,
the system becomes metallic; it has been proposed that
this phenomenon might be observable in small clusters
(n ( 100), although segregation may be a problem at low
cluster temperatures; ' (iv) in clusters, the electron can
also localize in low coordination number, anion-deficient
sites in the surface layer or on the surface; such states
have recently been characterized successfully for the
NaC1(100) crystal surface using atomic force micros-
copy; ' related phenomena have been observed for
metal-rich alkaline-earth surfaces.

Landman and co-workers used quantum path-integral

Monte Carlo (QPIMC) calculations to describe the state
of a single excess electron in AHC's larger than n =2.'

In their work, they used parametrized pair potentials for
the interion interactions (Na+-Cl, Na+-Na+, and Cl
Cl and simple pseudopotentials for the e-ion interac-
tions. Earlier calculations exist for the Na2C1 molecule's
geometry and ionization potential. For larger systems,
conventional quantum-chemical techniques become im-
practical, and the techniques of solid-state theory break-
down due to a lack of periodic symmetry, so one requires
new computational methods, such as coupled classical-
quantum numerical simulations. In several reports,
Landman et al. used these methods and described a re-
markable range of behavior dominated by the excess elec-
tron. ' These results formed the basis for three essential
predictions.

(i) Attachment of an excess electron to a filled cubic
lattice (j,k, l ) results in a weakly bound surface state, in
which the electron localizes about a single-surface Na+
ion. The e cannot displace an interior Cl or F ion to
the surface, but the interaction is strong enough to local-
ize the electron even at low temperatures and distort the
cluster from its otherwise high symmetry.

(ii) If the electron can localize in a single anion-
deficient site to complete a filled cubic lattice, then it will
do so to form a stable cluster. This is strongly reminis-
cent of the localization which forms the F-center state in
bulk alkali halides, although the electron's environment
is far from cubic in the surface-layer states that are usual-
ly found to be most stable. And even when it does local-
ize in the interior, the long-range aspect of the Coulomb
potential may make this state quantitatively quite
different. This type of localization was found in clusters
with the charge states —1, 0, and + 1.

(iii) The characteristic decay mode of the e-AHC sys-
tem is a Na atom loss, a process that can be viewed as
occurring in two stages: At elevated temperatures, a Auc-
tuation causes a Na+ ion to be effectively neutralized by
the e; this atom, unable to participate in the ionic bond-
ing of the lattice, subsequently detaches from the cluster.

Another process that may be of some interest is that of
electron-attachment-induced isomerization. Attachment
of an e to a tetrahedral Na4C14 cluster at low tempera-
tures causes it to open up into a quasiplanar 3X3 struc-
ture, with the e occupying a chloride-deficient site.

Along with these general findings, the QPIMC simula-
tions generate a great deal of quantitative information,
some of which, such as electron binding energies (vertical
and adiabatic) can be compared directly to experiment.

In our recent Letter' on the e-AHC system Na„F„
(n (100), we reported evidence to support all three of
these rules, along with the corollary to (i) and (ii) that
those clusters that do fail to satisfy either (i)
2n —1 =jX k X 1 or (ii) 2n =jX k X l are particularly un-
stable with respect to process (iii), atom detachment, and
therefore are observed in relatively low abundance. In
this full report, we present abundances of neutral
Na Cl

&
Na F

&
and Li„F„&clusters, and charged

Na„F, ,
+ and Na„F„2+. Photoionization spectrosco-

py has been used to obtain electron binding energies and
information about neutral-to-ion cluster reorganization
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energies. Monte Carlo simulations of Na„F„and
Na„F„& clusters (without excess electrons) were per-
formed to provide insight into the geometries and ener-
gies of the excess-electron clusters. Some of the lowest-
energy structures are presented here, and the rest are
presented in a separate paper. Where possible, we com-
pare our results to theoretical predictions. A simple
quantitative model, in which the excess electron is local-
ized and substitutes for an anion, is used to describe the
observed cluster abundances and electron binding ener-
gies.

II. EXPERIMENTAL METHODS

A. Apparatus

The experimental apparatus is shown in Fig. 1. The
clusters are produced in a pulsed-jet laser vaporization
source. Upon expansion into a vacuum, the jet is

skimmed as it passes through a differentially pumped re-
gion before entering the acceleration field of a Wiley-
McLaren time-of-flight mass spectrometer. The clusters
are ionized either by fixed-wavelength (248, 308 nm) exci-
mer lasers or the fundamental or second harmonic of a
tunable dye laser.

Charged clusters generated concurrently in the source
are analyzed using pulsed acceleration fields in the time-
of-flight mass spectrometer. Both on-axis and perpendic-
ular ion extraction [as in Fig. 1(a)] were used. Perpendic-
ular extraction results in better mass resolution at the ex-
pense of lower signal levels.

B. Cluster Source

The laser vaporization source is similar to a type de-
scribed previously, with some modifications made for
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FIG. 1. (a) Schematic of experimental ap-
paratus used for production and photoioniza-
tion of neutral M„X clusters. The clusters
are formed by uv laser vaporization of an al-
kali metal rod into a halogen-seeded He flow
stream. The pulsed jet is skimmed and the
cluster ions (formed by photoionization or tak-
en directly from the vaporization source) are
accelerated in a Wiley-McLaren time-of-flight
mass spectrometer. The cluster ions are
separated in time during the 50-cm field-free
drift region and strike a dual microchannel
plate detector. Mass spectra are recorded with
a personal computer controlled 100-MHz tran-
sient digitizer. Some of the experiments were
performed with the time-of-flight mass spec-
trometer in an additional turbomolecular
pumped chamber at ( 10 ' torr. Positive ions
from the source were detected with the mass
spectrometer on axis and a pulsed voltage ap-
plied to the acceleration plates. (b) Detail of
the alkali halide vaporization source.
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the use of alkali metals [Fig. 1(b)]. A plastic glove bag is
attached to the source chamber to fabricate the alkali
metal target rod in an inert atmosphere each time the ex-
periment is run. After purging both the chamber and
glove bag with argon, a fresh sodium rod is formed by
forcing a thin wall tube of the appropriate diameter into
a solid block of the soft metal (99.9%) to slice a smooth-
surfaced sample. In the case of lithium, the rod is formed
by forcing nominal 1/8-in. outer diameter wire (99.9%)
into the same tube. In order to hold the rod securely, a
hole is manually drilled through the rod center so that a
stainless-steel screw can be inserted. The rod-screw as-
sembly is attached by the screw to a threaded holder,
which serves to rotate and translate the rod as it is laser
vaporized.

This same procedure is also used in our source of al-
kali atomic clusters (Na„, Li„), except that for all alkali
atomics the nozzle is shaped for greater How restriction
and the entire rod-nozzle assembly is cooled to cryogenic
temperatures.

In order to form the alkali halide clusters, a small
amount (ca. 1% partial pressure) of halogen-containing
molecule is seeded into the He (99.999% purity) carrier
gas. If no halogen is introduced, background H20 vapor
is the major surface contaminant and leads to sodium-
hydroxide clusters of the form Na„(QH) . For Na„CI
the He buffer gas was bubbled through CC14 or SnC14 at
temperatures varied to control stoichiometry. Similarly,
the convenient vapor pressure of CHzBrz was used for
Na„Br, though complexes with nonalkali halide constit-
uents congested the mass spectra. The most convenient
and stable alkali halide cluster production was that of
Na„F and Li„F, where SF6 was mixed with He in
various concentrations.

Very modest pulse energies are found to be sufhcient
for e%cient target vaporization and cluster production.
A Ni laser (337 nm, approximately 5 mJ) focused with a
20-cm lens was used for vaporization. Photolysis of the
halogen-containing molecule is the source of halide for
the clusters; when halogen-containing molecules are in-
troduced downstream of the sodium vapor, only metal (or
"dirty" metal) clusters are produced. Also, there is some
evidence that the ambient surface has a metal halide
overlayer. If we switch halogen-containing seed gases
while using the same rod, the source produces clusters
containing both halides; this result is only temporary and
after several passes on the rod, the clusters only contain
the halide from the new seed gas.

Considerable effort has been devoted to improving the
stability and reproducibility of this kind of source. How-
ever, the probability of success in generating a stable
beam has never been much above 50%, so that further
measures are usually needed to obtain precise results (see
below).

C. Photoionization mass spectrometry

Photoionization mass spectra are obtained at a fixed
photon energy by directing the spatially filtered radiation
from the dye-laser or excimer-laser sources into the ac-
celeration region of the time-of-Aight mass spectrometer.

The fluence is determined from the transmitted beam
area and the pulse energy as measured by a pyroelectric
detector, and can be controlled over a large range using
neutral-density filters. Photoionization spectra are gen-
erated by scanning the laser over a dye range, either in
large steps (in which case mass spectra are recorded at
each wavelength and stored for further analysis) or in fine
increments, in which case only the integrated intensity of
the mass spectral peaks are stored in the form of a mass-
energy array, using a data-acquisition program developed
earlier.

In the case of continuous scans of this latter type, it
has also been found to be desirable to have a means of
internal normalization of the signal, in order to remove
the effect of Auctuating or drifting cluster-beam intensity.
This procedure is described in full in our paper on photo-
ionization spectroscopy of alkali clusters. Here we note
simply that a third laser (KrF, 5.0 eV) is time delayed
(10 s) and slightly displaced spatially from the dye-
laser pulse, providing a reference mass spectral peak ar-
riving slightly after each dye-laser-generated cluster peak.

III. EXPERIMENTAL RESULTS AND ANALYSIS
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cluster size n

FIG. 2. Mass spectrum of Na„F„,+ and Na„F„2+ cluster
ions obtained under metal-rich conditions. The Na„F„& clus-
ters (main series) show enhanced relative stabilities for cubic
cluster ions such as Na&4F»+ (a 3 X 3 X 3 cube) and Na»F»+ (a
3 X 3 X 5 cuboid). The excess-electron Na„F„2+ clusters
(minor series) also show enhanced stability for the Na&4F» and
Na23F»+ (not completely resolved) clusters suggesting that the
excess electron is localized in the anion vacancy.

A. Beam composition from charged-cluster
(Na„F +

) abundances

The simplest experiment that can be performed is to
measure the relative abundance of charged clusters gen-
erated directly in the source. This also permits some
comparison to earlier experiments which usually detected
only charged-cluster stability. Figure 2 shows a mass
spectrum of Na„F + cluster ions produced directly in
the vaporization source and mass analyzed without an ad-
ditional ionization process. The main series is
Na„F„,+, with the special sizes Na, 4F»+, Na23F22+,
and Na»F37 displaying enhanced stability. These
"magic numbers" are the same as those found in previous
studies of sputtered ions, high-energy electron-impact
ionization of (NaC1)„clusters produced in a gas aggrega-
tion source, and direct laser vaporization of solid NaC1
into an expanding jet of helium or argon gas. As found
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in our Monte Carlo simulations and discussed in the In-
troduction, the enhanced stability of these sizes has been
attributed to cubic structures that can be formed with an
odd number of lattice sites, such as the 3 X 3 X 3
Na&4F, 3+. The fine structure in the abundances is con-
sistent with previous observations of surface steps on in-
complete cuboid lattices.

In addition to this well-established pattern, the addi-
tional series Na„F„2+ (excess electron) and Na„F„+
(excess hole), are found with appropriate halogen concen-
tration and source conditions. We have discussed these
in detail in a recent paper devoted to charged clusters. '

The relative abundance of stoichiometric to excess-
electron clusters shows that under the conditions used to
study the single-excess-electron clusters, the stoichio-
metric clusters form the major part of the beam. When
all charged clusters are detected, as in Fig. 2, the various
steps may overlap and complicate assignment of proper-
ties to a given cluster stoichiometry and size. As dis-
cussed below, in the study of the neutral clusters an ap-
propriate choice of photoionization energy allows one to
ionize and detect only the excess-electron species due to
their significantly lower ionization potentials.

B. Neutral cluster abundances
by photoionization mass spectrometry

A typical photoionization mass spectrum of neutral
Na„F„& clusters, obtained with relatively low fluence
(ca. 1 mJ/cm ) and 5.0-eV photons, is shown in Fig. 3.
Comparison of mass spectra of neutral Na„C1„
Na„F„&, and Li„F„,clusters under similar conditions
is shown in Fig. 4. The peaks shown in this figure are be-
lieved to represent the actual variation in abundances of
the corresponding neutral clusters, for the following
reasons: For the Na„F„, clusters, this pattern was
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found to be relatively independent of photon energy in
the 5.0—5.6-eV range, and independent of photon fluence
in the range 10 to 10 J cm . This photon fluence is
many orders of magnitude below that employed to study
multiphoton stimulated desorption of (NaC1)„clusters
from a gas aggregation source. Stoichiometric alkali
halide clusters such as (NaF)„are expected to be "trans-
parent" at these photon energies. The abundance pat-
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FIG. 3. Photoionization mass spectra of Na„F„& clusters,
n =2—83, at h v=5.0 eV (lower trace) and 2.5 eV (upper). The
structures show the hypothetical modes of localization of an
electron (dot cloud) around computed Na„F„&+ structures:
(upper) the n=14 (3,3,3) and n=23 (3,3,5) cuboids, with the
electron in a surface state; (lower) the n =6 (2,2,3), 12 (2,3,4),
and 32 (4,4,4) cuboids with the electron in a surface F-center
state (vertex sites).

FIG. 4. Mass spectra of neutral excess-electron M„X„&clus-
ters obtained with single-photon photoionization at 5.0 eV (KrF
laser line). (a) Relative abundances of Na„C1„&,Na„F„&,and
Li„F„& clusters: mass spectrometer optimized for smaller
clusters. (b) Na„F„& and Li„F„&clusters: similar to (a) with
mass spectrometer optimized for larger clusters and increased
signal amplification.
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terns are relatively independent of the choice of halogen
(F, Cl, or Br), as might have been expected for ionic
bonding. Additionally, this basic pattern is completely
different from the M„X„&+ mass spectra in Fig. 2,
demonstrating that is not simply a consequence of post-
ionization fragmentation. The photon energies used here
result in the detection of only the excess electron
M„X„&neutrals, unlike Fig. 2 where the less abundant
excess-electron series is obscured by the dominant
(stoichiometric) Na„F„,+ series.

Figure 5 shows a portion of a mass spectrum of
Na„C1 clusters obtained under metal-rich (n )m ) con-
ditions. The inset identifies the multiple excess-electron
series around 400 amu. The limited mass resolution of
our spectrometer and the mass peak broadening, result-
ing from the natural Cl/ Cl isotopic distribution, make
the assignments tentative, but the peak assignments are
precise to within 1 amu. As can be seen in the larger
masses, the spectrum becomes congested very quickly
with increasing size. In addition, carbon (from CC14) is
incorporated into some cluster sizes and tends to further
complicate the mass spectra.

While the mass spectra in Fig. 3 for the various alkali
halide systems are remarkably similar, the mass spectra
of Na„(OH) clusters (not shown), arising from ambient
water and obtained with 5.0-eV photoionization, show a
dominant Na„(OH)„, series, with enhanced stability for
n =4, 9, 18, 20, and 24. The difference between hydrox-

cluster size n
FIG. 5. Mass spectrum of Na„C1 neutral clusters detected

with 5.0-eV photoionization. The enlargement around 400 amu
identifies the multiple excess-electron clusters. Note the overlap
of the various series at larger sizes due to the limited mass reso-
lution of the spectrometer. Since CC14 is introduced into the He
carrier gas to form the alkali halide clusters, carbon is incor-
porated into some of the clusters: the peak marked with an as-
terisk corresponds to Na, 4C1»C (see Ref. 46).
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FIG. 6. Photoionization efticiency curves for several
Na„F„& clusters in the 2.8—3.7-eV range, with the assigned
thresholds marked. In this case, the signal for each cluster size
was normalized to the Na&4F» or Na»F» signals which were as-
sumed constant across this energy range. In order to compare
to predicted adiabatic electron binding energies, the threshold
was assigned as the intercept of the last decline of the signal.
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FIG. 7. Photoionization e%ciency curve for Na&4F&3 between
1.8 and 2.4 eV. The composite curve was obtained from scans
of relative intensity across four laser dyes. Normalization from
one scan to another was done by linearly scaling one of the
scans to match the other in the region of wavelength overlap.
The inset shows the last decline of the ion signal between 1.80
and 2.05 eV.
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ide and halide magic numbers is evidence of the different
lattice structures. In this case, the alkali halide magic
numbers are characteristic of cuboid microfragments of
the NaCl structure (see below), whereas low-temperature
( (300'C) NaOH assumes different crystal structure
from NaC1; the small clusters in this size range do not ap-
pear to have the NaC1 structure either.

C. Photoionization spectroscopy of Na„F„& clusters

The binding energy of the excess electron has been
determined for many of the Na„F„, clusters, n & 33, by
measuring the photoionization threshold energy using
continuously tunable radiation in the 1.8 —3.7 eV region
and fixed energy lines at 4.0 and 5.0 eV. Previously, this
quantity was known only for the M2X dialkali
monohalides. Qualitatively, the observations are the
following. (i) Between 5.0 and 4.0 eV, many of the rela-

tively less abundant clusters nearly disappear while the
abundant clusters are unaffected. (ii) Below 3.7 eV the
ionization thresholds for the most abundant clusters were
determined by recording mass spectra with tunable dye
laser. (iii) Two clusters, Na, 4F» and Na~3F~z, have
featureless photoionization spectra in this energy region,
and show thresholds only at very low energy, as indicated
by the Fig. 3 inset mass spectrum recorded at 2.5 eV.
Threshold curves are shown for several clusters in Fig. 6,
with the deduced ionization thresholds for the process

Na, F„,~Na„F„,+e, Eb

displayed as electron binding energies Eb". The photo-
ionization spectrum of Na&4F&3 over the low-energy range
is shown in Fig. 7.

Two factors may affect the analysis and interpretation

n, n —1

TABLE I, Characteristics of Na„F„& clusters.

Eb model' Eb expt

14,13
23,22
32,31
38,37

2, 1

3,2
4,3

6,5
8,7
9,8
12,11
15,14
18,17
20, 19
24,23
27,26
30,29
32,31

36,35
40,39
42,41
48,47
50,49
60,59
70,69
72,71
80,79

5,4
7,6
10,9
11,10
13,12
16,15
17,16
19,18

'From Eq. (2j.

333
3,3,5
3 X 3 X 7
3 X 5 X 5

1,2,2
1,2,3
2,2 2
2,2,3
2,2,4
2,3,3
2,3,4
2,3,5
3,3,4
2,4,5

3,4,4
3,3,6
3,4,5
4,4,4

3,4,6
4,4,5

3,4,7
4,4,6
4,5,5
4,5,6
4,5,7
4,6,6
4,5,8

Class I: Surface electron
2.2

Class II: Surface F center
3.6
3.8
4.2
4.0
4.0
3.7
3.8
3.5
3.4

larger

Class III: Noncubic
3.0
3.4
3.4
3.3
3.0
2.9
2.4

1.88+0.05
1.80+0.10

3.85+0.15
3.85

3.54+0.05
3.33
3.35
3.57
3.35
3.35
2.89
3.13
3.07

3.09

3.85+0.15
3.85
3.85
3.80
3.85
3.85

F 1

1.3
1.0
1.2
1.6
1.5
1.4
1.6
1.6
2.0

0.6
0.6
0.8
1.0
0.7
1.2
0.6
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4.5 o experiment
~ F—center model

o 2.5

of the observed thresh olds. First, substantial local
structural changes can accompany the ionization process
in ionic systems (see also below}. Second, thermal effects
that could round the threshold should be negligible in our
experiments, since the jet-cooled clusters are expected to
be much colder than room temperature. Unfavorable
Franck-Condon factors between the neutral and the
charged cluster can result in a broad decline in photoion-
ization efficiency between the vertical and adiabatic ion-
ization energies. In order to obtain adiabatic electron
binding energies, thresholds were taken as the zero signal
intercept of the last decline of the ion signal. For a finite
signal-to-noise ratio, this procedure may overestimate the
electron binding energy, depending on the curvature in
the threshold region.

The dependence of electron binding energy on cluster
size is illustrated in Fig. 8. The most remarkable feature,
clearly evident in Fig. 8, is the tendency of a large num-
ber of different clusters to have nearly identical electron
binding energies: in the 3.8 —4.0-eV range, in the
2.9—3.6-eV range, and near 2.0 eV. This distinction is
used below to classify the types of clusters as in Table I.

1.5 I i I I l
I I i i l I I I I

l
i I I I l I I I I l 1 I I I

0 5 10 15 20 25 30
cluster size (n)

FIG. 8. Comparison of measured and predicted adiabatic
binding energies of an excess electron interacting with an

Na„F„& cluster. Note how the binding energies seem to fall
into three categories, giving insight into the structure of the
clusters.

finite-size clusters explored in this research serve as tract-
able "microscopic surfaces" and should provide insight
into surface states of excess electrons in macroscopic
crystals.

Figure 9 shows a schematic energy-level diagram for
an excess-electron alkali halide cluster (e-AHC). For a
stoichiometric (NaF}„cluster, the first electronic excita-
tion, from the filled F (2p ) band to the empty Na+ (3s )

band, should require a large energy (near or above 9 eV)
as is the case for a NaF thin film. ' lf an electron is sub-
stituted for one of the fluoride ions, one state of the 2p
band is removed in favor of a state in the gap. The excess
electron will be bound by significantly lower energy and
will display a new excitation spectrum. Experimentally
we find that the binding energy of the excess electron is
less than the Na ionization potential, and that the spec-
trum has new states in the 1.2 —2.0-eV excitation energy
range.

In the quantum path-integral simulation of Landman,
Scharf, and Jortner (LSJ), the Na, 4Cl, z+ cluster found
the electron in an internal anion vacancy, in close analo-

gy to an F center in a bulk crystal. ' The idea that the ex-
cess electron can substitute for an anion in an alkali
halide cluster does appear to extend to the smallest
clusters —Na2C12 and Na2C1 have nearly identical rhom-
bic structures if one considers the excess electron in
Na2C1 as substituting for the missing Cl ion. In our
earlier report, we presented evidence that many excess-
electron alkali halide clusters formed cubic structures
with an electron occupying an anion vacancy. ' For a
small cluster, such as Na4F3 where the seven ions and the
excess electron could be located at the corners of a cube,
the electron state could be described as a vacancy in the
surface layer. The coupled classical-quantum simulations
of Rajagopal and co-workers find that this is indeed the
case in Na~F3 (albeit with the cube distorted and the elec-
tron cloud spilling out of the corner site)."' The
charged excess-electron clusters that form cubic struc-
tures of high relative stability have also been described as
localizing the electron surface-layer states: Na&4F]2+, '

Na]3C1]3 and K ]3I|3 ~

IV. DISCUSSION

A. Background

In the familiar picture of ionic bonding in alkali halide
crystals, each metal and halogen atom is in the positive
(M+) and negative (X ) form of the closed-shell ion.
The state of an excess electron reflects both its electro-
static interaction with the ions and the requirement that
its wave function is orthogonal to the orbitals of the ion
cores. For an electron in an anion vacancy in an infinite
crystal, the Coulombic term is sufficiently large to favor a
localized ground state in the vacancy. Neglecting a small
relaxation of the ions around this site, the Madelung en-

ergy is essentially the same as that of the missing anion,
and is sufficient to compensate for the increased zero-
point energy that arises from localization. These princi-
ples may also be applicable to a finite system, or at a sur-
face, except that different electron attachment modes
may be energetically preferred. In this respect, the

ionization continuum

YEPÃE/EE/i

conduction band
(unfilled) -9 eV

E&- 3. 5 eV

valence band

~ (filled)
F-center state

Na F
substitute e for F

Na F ~ e
n n-1

FIG. 9. Band structure of the purely ionic (NaF)„and
excess-electron Na„F„& clusters. The very large band gap ( )9
eV) for the purely ionic cluster means these clusters are trans-
parent for the photoionization energies used to study the
Na„F„& clusters.
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Not in every case does an alkali halide cluster have an
obvious anion vacancy for the electron to localize. In the
pioneering work of LSJ they also found other types of
excess-electron behavior. For instance, an excess elec-
tron attached to Na5C14 tends to neutralize a Na ion,
making the cluster unstable toward isomerization and
more likely to lose a Na atom. In the experiments, this
would be reflected in low abundances of certain clusters.

For the special case of a charged cluster with no interi-
or anion vacancy, a different attachment behavior may be
expected. For example, for an electron interacting with
Na, 4C1»+, the 3 X 3 X3 cubic structure (see Fig. 3), the
attachment results in some distortion of the cube without
displacing an ion from the lattice. The resulting electron
binding energy is quite small, —1.5 eV. Landman,
Scharf, and Jortner pointed out the analogy between this
excess-electron-state and Tamm's crystal surface
states. ' '

B. Classi6cation of Na„F„& clusters

On the basis of the experimentally observed cluster
abundances and excess-electron binding energies, and
drawing on ideas from the body of theoretical work dis-
cussed above, we can classify the excess electron M„X„
clusters into three categories. As a specific example,
classifications for the Na„F„& clusters n =2—80 are
listed in Table I.

Class I. These have the requisite number of ions to
form a filled cubic microlattice, j Xk Xl ions on each
edge of the cubic lattice. Since the M„X„&clusters al-
ways have an odd number of ions, this can only occur for
jXk X1=2n —1 (i.e., j,kl all odd). Examples of these
clusters are Na, ~F» (3,3,3) and Naz3F22 (3,3,5). These
surface electron stat-es are characterized by very low elec-
tron binding energies and moderate abundances —they
do not fill a cubic lattice, but detaching a neutral atom
also fails to produce a cubic lattice.

Class II. A large number of cubic structures other
than those of the Class I clusters are possible if the con-
straint on (j,k, l ) is relaxed. Stoichiometric alkali halide
clusters such as (NaF)„ take on cuboid structures when
the cluster has the correct number of atoms to fill the lat-
tice; in this case j X k X l =2n. The M„X„&clusters fill

2n —1 of the lattice sites, but if the excess electron local-
izes in the anion vacancy of the M„X„,cluster, it can
contribute nearly the same potential energy to the cluster
as a negatively charged halide ion. The cluster can be re-
garded as stoichiometric, M„+Y„, where Y =X or
e . We refer loosely to this mode of electron attachment
as a surface F center, because of the expectation that the
electron will localize in the surface layer. We find that
these clusters are characterized by enhanced stability (in
this case the excess electron stabilizes the cluster against
atom loss) and medium electron binding energy, ca. 3.3
eV. Examples are Na4F3 (2,2,2) and Na, sF, 7 (3,3,4).

Class III. For the case where the cluster does not have
the requisite number of atoms to satisfy either of the
above classes, the clusters are characterized by low abun-
dance, reflecting instability toward Na atom loss, and
high electron binding energy. We refer to these clusters

as noncubic. Examples are Na5F4 and Na, OF9.
The abundance pattern found for the larger sizes can

be discussed in terms of this classification, and in particu-
lar with reference to the Class II clusters, at three levels.

(i) The locally major peaks in Figs. 3 and 4 can all be
rationalized in terms of the 2n =j Xk Xl rule, with all
j,k, l &2. The more prominent of these have j, k, and I
roughly equal in magnitude. For example, starting with
n =24 (3,4,4), one finds 30 (3,4,5), 32 (4,4,4), 36 (3,4,6), 40
(4,4,5), 42 (3,4,7) (although not present in the LiF case),
48 (4,4,6), 50 (4,5,5), 60 (4,5,6), 70 (4,5,7), 72 (4,6,6), 80
(4,5,8), 84 (4,6,7), 90 (4,5,9), 96 (4,6,8), and 100 (5,5,8).

(ii) Clusters of even n tend to be more abundant than
those of odd n above n =27. This suggests an odd-even
alternation in cluster stability with respect to the dom-
inant decay process.

(iii) The converse of (i) does not always hold, i.e., for
every good (j,k, l ) there is not necessarily a local max-
imum in abundance. The most obvious of these is the
(3,5,6) cluster [which would be Na45F44 and the (5,5,6)
cluster (Na75F74) ]. However, these are odd-n clusters,
and the fact that they are not a significant local maxima
is still consistent with generality (ii). [The last odd-n
maximum is Na27Fz6, which could be (3,3,6).]

Whereas the level (i) conclusion simply confirms the
dominance of cubic lattices, the analysis of levels (ii) and
(iii) is not so simple. Perhaps the most naive explanation
of the favoritism toward even n can be found by regard-
ing the system as composed of n dipoles (one of which is
the Na+-e pair), rather than 2n ions. [Mathematically,
these descriptions are equivalent; conceptually they are
not. j Odd ncluste-rs leave one dipole in the lattice un-
paired; even-n clusters can pair all dipoles, so the energy
difference for odd versus even cluster evaporation ener-
gies is roughly just this pairing energy across the diame-
ter of the cluster. Clearly, this problem deserves further
analysis.

C. Electron-attachment-induced isomerization

Landman, Scharf, and Jortner found that, depending
upon the depth of the Na pseudopotential used, attach-
ment of an excess electron causes the (1,3,3) planar
Na5C14+ ion to transform to a pyramidal structure with
the electron localized as a diffuse cloud about the tip of
the pyramid. Another example of electron-induced iso-
merization may occur for Na32F3&. For positive ions such
as in Fig. 2, we find a relative abundance maximum at
Na32F3&+ suggesting a (3,3,7) cubic ion structure. How-
ever, the electron binding energy (estimated to be similar
to that of the other F-center clusters in that size range),
and the neutral abundance of Na32F3&' ' suggests that it is
a (4,4,4) F-center cluster with the electron localized in the
anion vacancy.

D. Comparison of electron energies
with theoretical predictions

Several theoretical methods have been used to make
predictions for binding energies of an excess electron in-
teracting with an alkali halide cluster. Different levels of



47 ELECTRON BINDING AND STABILITY OF EXCESS-. . . 7489

TABLE II. Comparison of electron binding energies.

NaqF
Na3F2
Na4F3
Na5F4
Na&4FI3

Na)8F, 7

Experiment

3.85+0.15
3.85+0.15
3.54+0.05
3.85+-0.15
1.88+0.05
2.89+0.05

F-center
model

3.5
3.8
4.2
3.0
2.2
3.4

QUPID
(Ref. 13)

4.88
1.47

MD-FFT
(Ref. 12)

3.47
3.36
3.27

1.81
2.31

Hartree-Fock
(Ref. 44)

4.29

4.28
3.80

LDA
(Ref. 45)

2.2

approximation have been made to Inake the calculations
tractable. Cluster structures are assumed to be crystal-
line fragments, or are relaxed simultaneously with the
electronic structure, or are sampled from finite-
temperature distributions. For comparison between the
methods and experiment, Table II shows experimental
binding energies and theoretical predictions for several
cluster sizes.

The finite-temperature quantum path-integral dynamic
(QUPID) simulations of Landman and co-workers' on
Na„C1 clusters used simplified electron-ion pseudopo-
tentials, and geometries were found simultaneously with
the behavior of the excess electron. That study was limit-
ed to three clusters, two of which, Na5C14 and Na, 4C1»,
were neutral. The general trend of high binding energy
for the noncubic cluster, Na5C14, and low binding energy
for the cubic ion, Na&4C1&3, is correctly predicted al-
though the electron binding energy is overestimated for
Na5C14 and underestimated for Na, 4C1». Slight
differences are expected between the chlorides in that
study and the Auorides studied here, which could account
for this discrepancy.

The Hartree-Fock results of Pandey, Seel, and Kunz
includes several Na„F„& clusters. They find localiza-
tion properties in good agreement with the earlier LSJ
predictions and corroborate our interpretations. Their
prediction for the noncubic Na5F4 agrees with our experi-
mental classification, and they find a very low electron
binding energy for the Li,4F» cubic ion cluster. Howev-
er, their predictions for Na2F and Na4F3 are substantially
higher than the observed values. It was not clear in that
work that cluster structures had been fully optimized;
this could account for the disagreement with experiment.

Chen et al. used first-principles calculational methods
based on the local-density approximation (LDA) to study
the properties of excess-electron sodium chloride clus-
ters. They found substantial localization of the excess
electron in an anion vacancy such as the corner site in
Na4C13. The excess electron state for the Na&4C1&3 cubic
structure was found to be delocalized, when cubic sym-
metry is enforced, resulting in minimal structural reor-
ganization. It was also found to be fairly stable with
respect to loss of a neutral sodium atom, requiring 1.74
eV for dissociation. The vertical electron binding energy
for Na, 4C1]3 was calculated to be 2.2 eV, with a very
small reorganization energy of the ions. While the
excess-electron binding energy is in reasonable agreement
with the experimentally observed value for Na, 4F», the
broad ionization threshold in Fig. 7 suggests substantial
reorganization of the cluster ion or temperatures much

higher than those expected from the laser vaporization
source.

The results of recent finite temperature, coupled
quantum-classical simulations [molecular-dynamics—
fast-Fourier transform (MD-FFT)j by Rajagopal et al.
are also listed in the table. ' As in the case of clusters
without excess electrons, substantially better agreement
with experiment was found using interionic interaction
potentials from the Born-Huang rather than Fumi-Tosi
parameter set. With this choice of interionic potentials,
satisfactory agreement with experiment is found for all
cluster sizes studied. The adiabatic electron binding en-
ergies are close to the observed values, but seem to be sys-
tematically underestimated. As discussed above, the
significant reorganization energy upon ionization and
resultant broad threshold may obscure the adiabatic
threshold. For the three largest clusters studied, there is
a clear correlation between the reorganization energy E,
and the difference between experiment and theory, hE~.
For Na4F3 E, =0.80 eV and DE~ =0.27 eV; for Na, 4F»
E, =0.21 eV and hE~ =0.09 eV; and finally, for Na~8F&7
E, = 1.33 and AE~ =0.58 eV.

E. Localized-electron model

The experimental results and the information from a
limited range of quantum calculations motivate a simple
model meant to capture the essential physics of the prob-
lem and to give quantitative estimates of properties over
a wider size range than covered by high-level computa-
tions. Even this simple model does not assume a set of
structures based on occupation of sites on a cubic lattice,
but rather requires that structures and energies have been
optimized for each cluster using realistic empirical poten-
tials and annealing. The main assumption of this model
is that the excess electron in a M„X„&cluster substitutes
for the missing anion of a stoichiometric M„X„cluster,
so that we can use the computed energies of the Na„F„
and Na„F„,+ clusters from classical simulations to
make quantitative predictions of the properties of the ex-
cess electron clusters. We have separately provided a
complete description of these calculations and results for
the cluster sizes of relevance here. The optimal struc-
tures and energies found for the (NaF)„series are shown
in Fig. 10. Figure 11 illustrates the relations among the
observable and calculated quantities for stoichiometric
and excess-electron clusters.

To derive this model, it is first assumed that the elec-
tron localizes sufficiently that its contribution to the clus-
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ter potential energy is that of a halide ion. The energy
of localizing the electron in a lattice site is its kinetic en-
ergy K. In the calculations of LSJ on Na, 4C1,2+, the ex-
cess electron localizes in the interior anion vacancy of the
cluster, and the zero-temperature kinetic energy of the
electron is 1.96 eV. ' To scale this for NaF clusters, one
can consider the case of an electron localized in a cube of

dimension 2a. In atomic units K =3/8(m/a ), so for our
estimate we scale the LSJ kinetic-energy value by the
square of the ratio of the lattice constants of NaCl to
NaF. In this manner, we estimate E =2.93 eV for a
Na„F„& cluster.

Within this model, we can now calculate Eb, the elec-
tron binding energy for the ionization process given in

(b)

Na2F2
2.616 eV

Na7F7
14.55 eV

NasFg
17.47 eV

Na3F3
5.060 eV

Na4F4
7.609 eV

Na9F9
20.22 eV

Na~oF]o
22.38 eV

NagF5
9.626 eV

Na6F6
12.60 eV

Na]]F11
24.79 eV

Na~2F~2
27.81 eV

Na)3F]3
30.02 eV

Na]4F)4
32.41 eV

Na]gF]5
35.40 eV

Na]6F~6
38,04 eV

Na]7F]7
40.32 eV

Na]8F&8
43.36 eV

FIG. 10. Optimized structures of (NaF)„clusters, n =1—18, computed using empirical rigid-ion potentials, from Ref. 32. Small,
dark spheres represent Na+ and large, light spheres represent F ions, where the sphere diameters represent the ionic radii. The en-
ergies are those calculated for fragmentation into diatomics, (NaF) „~n NaF. Brief description of the structures —n = 1: the dia-
tomic; 2: a planar rhombus; 3: a symmetric planar ring, D3q, 4: cubic (2,2,2), Td, 5: a low-symmetry structure (C2) derived from
n =4; 6: two stacked six-membered rings, D3d [a cubic (2,2,3) structure is not topologically distinct from stacked rings, and is slightly
higher in energy]; 7: a low-symmetry structure analogous to n =5; 8: cubic (2,2,4), Dz„, 9: three stacked six-membered rings, D3/g,
10: cubic (2,2,5), D2q, 11: two stacked sheets of low symmetry; 12: four stacked six-membered rings, D3d, 13: structure derived from
the (3,3,3) cube by removal of a face Na+, C4„, 14: two sheets, involving both cubic and ring components; 15: five stacked rings, D3Jg

[the cubic (2,3,5) structure is essentially degenerate to this structure]; 16: cubic (2,4,4), D21, ', structure derived from the (3,3,4) cube by
removal of a diatomic (face-interior pair), C4„, 18: cubic (3,3,4).
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(n+I) Na

(n) F
e

Born-Haber Cycles
(n+I) Na

(n+I) F

Eq. (1), as a function of cluster size,

Eb ( n ) = (E„„—K ) E—„„
Here, E„„and E„„&are the total binding energies from
the simulations of the corresponding Na„F„and
Na„F„ I+ clusters relative to separated ions, and IC is
taken as 2.93 eV as derived above. In accordance with
the localization hypothesis, the first quantity in
parentheses can be regarded as a proxy for the excess-
electron cluster.

The electron binding energies calculated within this
model are compared with the experimental values plotted
in Fig. 8. While the model does not match the observed
binding energies in detail, it does predict the correct mag-
nitude and the very low values for the cubic ion (class I)
clusters. In general, it seems to underestimate the bind-
ing energies of the noncubic (class III) clusters and
overestimate those of the F-center (class II) clusters. A
simple pseudopotential for the electron —positive-ion in-
teraction of the form V(r ) = —e /r (r )R, ) and
V(r) = —e /R, (r (R, ) is only approximated by the F
ion Na+ ion interaction for distances larger than R, .
The systematic error therefore, could be indicative of the
di6'erent modes of electron attachment for the cluster
types.

Na„X„&~Na„&X„ I+Na, Ef,

i.e., expulsion of a neutral sodium atom to yield a
stoichiometric cluster (undetected), requiring the positive
energy Ef. Within the localized electron model, Ef can
now be computed from known quantities,

Ej'"'=(E„„—K )
—(E„,„,+IN, ) . (4)

As above, the first term in parentheses is the approximate
energy of the excess electron neutral cluster relative to
separated ions. The second term, corresponding to the
energies of a Na„&F„ I cluster and a neutral Na atom,
includes IN„ the ionization potential of the Na atom.
(For Na„Cl„we use the energies calculated by Martin
and the kinetic-energy value obtained by Landman,
Scharf, and Jortner, IC = 1.96 eV). '

The quantity Ef"' is plotted versus n in Fig. 12 for the
two cluster series Na„C1„& and Na„F„ I. As might be
expected from the observed abundances, the pattern is
similar in the two series, with Ef ranging from barely
positive for clusters such as n=5 or 13, to strongly

We can apply this model to the abundance of
Na„C1„ I and Na„F„ I clusters as well. As discussed
above, the abundances should be dominated by stability
against the fragmentation process
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FIG. 11. Thermochemical cycles illustrating the relation be-
tween (NaF)„and Na„F„& clusters. The energy zero for calcu-
lations is with respect to separated ions and excess electrons (see
above). The reference energy for comparison of the two cycles
can therefore be set equal to the total energies of the separated
products Na„+IF„++e and Na„+&F„++F . At right, the
cycle for stoichiometric (NaF}„+&, showing the feasible opera-
tions, including evaporation of an NaF unit, requiring Ef, and
the loss of an F ion, requiring Eb. EN, F is the dissociation en-
ergy of the diatomic with respect to separated ions. At left, the
analogous cycle for Na„+IF„, showing the low-energy process
of neutral Na atom loss, requiring Ef, and the ionization pro-
cess, requiring the electron binding energy EI, . IPN, is the ion-
ization energy of the sodium atom.

0 I I I I I I I I

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

cluster size n

FIG. 12. Energy for neutral Na„C1„& and Na„F„& clusters
to fragment to Na„&Cl„& and Na„&F„&, respectively (un-
detected), within the electron localization model. Compare the
strongly bound sizes to the major peaks in Fig. 3(a). Note also
that the ratio between the strongly bound clusters such Na~,
and the weakly bound Na5X4 decreases going from Na„C1„& to
Na„F„& as in Fig. 3(a).
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bound for n=6 or 15. Comparison with Fig. 3 shows
very good agreement with the clusters having a large
fragmentation energy being relatively abundant and those
with a small fragmentation energy being much weaker, if
present at all.

In addition to the good agreement within each
Na„X„, series, the model also provides an explanation
for the difference between the abundances of the
Na Cl

&
Na F

&
and Li„F„,clusters. As seen in

Fig. 4, the ratio between the abundant F-center clusters
(such as M6X, ) and the less abundant noncubic clusters
(such as M~X4) decreases going from Na„C1„, to
Li„F„&.A correspondence is seen in Fig. 12 where the
ratio of the fragmentation energies between the strongly
and weakly bound clusters also decreases in going from
Na„C1„& to Na„F„&. This can be qualitatively under-
stood by the increased energy of localizing the electron in
a lattice site as the lattice constant decreases. In going
from NaC1 to LiF, the energy of localizing the electron
increases until it competes with the potential energy
gained from the electron being in the anion vacancy, re-
sulting in only a slight stability enhancement for the F-
center (class II) Li„F„,clusters.

The success of this model demonstrates that the excess
electron tends to localize in the cluster. When the elec-
tron can occupy a site that completes a cuboid structure,
this implies high cluster stability (with respect to atom
expulsion) and strong electron binding. The most stable
among these are j, k, and I nearly equal. When such a
site is not possible, the electron occupies a site in the non-
cuboid cluster, resulting in somewhat higher electron
binding (at least in the vertical sense) but very low stabili-
ty, as reAected in abundances. Finally, if the cluster is an
odd cuboid, its excess-electron state is very weakly bound
relative to its symmetrical ionized state, and it will also
be somewhat unstable.

V. CONCLUSIONS

We have presented experimental evidence for a wide
range of excess-electron-dominated behavior in alkali
halide clusters. This rich behavior in a comparatively
simple, finite-size system may provide further insight into
a range of problems involving electron localization and
solvation. We have described a simple model of electron
localization which is consistent with the main features of
the experimental observations, but the nature of these
systems makes them ideal candidates for advanced
theoretical methods involving coupled quantum and clas-
sical degrees of freedom.

The optical spectra of the excess-electron clusters have
provided for continued systematic comparison between
experiment and theory. Pioneering work in this direction
has been undertaken by Kappes and co-workers, who
found transitions in the blue-green region for the triatom-
ic Na2C1. Using resonant two-photon ionization, we
have found strong absorption bands for the Na„F„
clusters (n =2—15) in the yellow-red and near-infrared
regions, with the F-center and noncubic clusters each
displaying unique optical spectra. ' ' Aside from further
establishing the nature of the excess-electron ground
state, several other directions can be envisaged, including
the study of the metal-insulator transition, other structur-
al transitions, and melting.
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