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This Letter examines new types of localization sites for an excess electron in finite alkali-halide
clusters resulting from defects on cuboidal structures, namely “edge stRtesyiter, and other surface
defects. We present theoretical calculations opR)a; clusters with one excess electron. Comparisons
with experimental results are presented for different cluster sizes (7, 23, 28, and 29). Structures
with edge or surface defects are relevantifor 23, 28, and 29. [S0031-9007(97)03591-6]

PACS numbers: 36.40.Vz, 31.15.Ar, 36.40.Cg, 61.46.+w

Akali halides are representative of an important type ofet al. (RBL) [8]. These clusters are called surface states,
clusters characterized by the ionic bonding, the other sigand we label themi X j X k. (ii) When 2n =i X
nificant classes being metal, covalent, and Van der Waalg. X k, the structure is a cuboid lattice with one vacancy
They were among the very first ones for which magicoccupied by the excess electron, as in a bélicenter.
numbers were discovered; the pioneering work of CamTypical cases are found fot = 4,6,8,9 whose IR’s
panaet al. [1] explicitly established a link between struc- are between 3.3 and 3.5 eV [10] (for N@ we found
ture and magic numbers in the cluster mass spectra. They48 eV as in RBL). These clusters are calledenters,
are also prototypes of other ionic salts like hydrides orand we label themi X j X k-F. Honeaet al. place all
noble metal salts, where bond ionicity is less pronouncedbdther cases in a third class. In particular2if — 2 =
The first studied species weié, X, andM,X,_, [1-3], i X j X k, it was found that the cluster consists of a
i.e., with no excess electron. In such species, the stabisodium atom attached to the cubic lattice [10,11]. This is
ity is governed by the balance between electrostatics anithe strongest case of electron localization, since it belongs
repulsion of the ion core&/ " and X, a binding mecha- to the sodium atom. Our calculations give Ifetween 3.1
nism easy to represent through simple potential modeland 4.0 eV fom = 3,5,7,10, 11 (3.78 eV for NaF, to be
[3,4]. However, the physics of alkali halides was furthercompared to 3.55 eV according to RBL). These “sodium-
enriched with the study of halogen-deficient clusters sincéail” clusters are hereafter denoted j X k + Na.
it was realized that they might unravel some interesting This Letter deals with the interplay between structure
properties of electron localization [5—7] and, moreover,and localization and investigates new localization sites for
of the insulator-metal transitions [8]. Theoretically, whena single electron in N&,_; clusters, analogous to step
there are not too many excess electrons, their modelindefects on bulk surfaces or to @ center in halogen-
still remains feasible [9,10]. One can then calculate propéeficient salts. Some of these defects have recently been
erties such as ionization potentials or absorption spectrsuggested in Refs. [4,12] in the case of clusters without
which can be directly compared with experimental resultsexcess electron. Considering their theoretical stabilities
Beyond the information obtained from magic numbers,and relating the calculated results with our experimental
this provides further insight in structural and electronicones [14], we show here that such structures also occur in
properties of clusters (see Refs. [4,6,11,12], for examplelexcess electron clusters. For instance, in order to interpret

Alkali-halide clusters with one excess electron, suchthe two-step photoionization curve of N&;, and the
as NaF,_;, are essentially built around the rock-saltlow ionization potentials (around 2.4 eV) of N&s and
bulk lattice [6,8,10,13,14]; at least for small Honea NassF3, we have proposed another kind of vacancy that
et al. [6] have identified two categories. (i) Whén — 1  we called “edge state” [14], which occurs whén +
is the product of three integer@d — 1 =i X j X k), 2 =i X j X k (a cuboid with one Naf-missing edge).
the structure is am X j X k cuboid portion of the rock- We focus here on this kind of defect and similar ones,
salt bulk lattice, and the excess electron is weakly bounduch as a missing NaFunit in a longer edge, a NB;
to the surface of the cluster, resulting in a very lowmissing edge, and more generally the partial depopulation
ionization potential (IP); for instance, we calculate anof a cuboid face. The first nontrivial candidate for an
adiabatic ionization potential (J of 1.99 eV for NasF;3 NaF, edge removal is NaFs (3" X 3 X 4 — Nak, the
[10], in fair agreement with the 2.07 eV of Rajagopal star labels the affected edge). The next ones are obtained
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by adding3 X 4 sides to this cluster, giving Ng,, For NagF,7, the lowest isomer is & X 3 X 6 + Na
NayFpg, and so on. The first possibility for an Ng structure. An edge-state isomer X 4 X 5 — NaF;3)
edge removal i8S X 4 X 5 — NaFs3, that is, NagF»;. does exist, although energetically high (0.63 eV above
This cluster is fairly large and is the only one we studiedthe structural GS). The X 4 X 4 — [NayFs] isomer
in this series. A question arises whether the edge sta@ppears to be very stable (0.11 eV above GS), more stable
we found experimentally in NaF,g is the analog of a than the F-center isomer X X 4 X 7-F). In NaygFpg,
bulk step defect or of a bulk center (a 3-atom vacancy). the4 X 4 X 4 — [Na;F,] isomer (Fig. 3) is actually the
Besides the removal of a full edge, which is a test of thestructural GS. The second isomer (0.11 eV) is a genuine
first possibility, we also studied structures with an NaF edge state (removal of a whole 3-atom edge, analogous
unit removed from a longer edgé K 4* X 4 — Nak,  to a “step” defect in the bulk). Then come the isomers
for NasF»y, 3 X 4% X 5-Nak, and3 X 4 X 5*-Nak, for ~ with partial removal of an edge, analogous to a bulk
NayF,3). We have also considered the type of defectR center; the energy ordering (0.21, 0.42, and 0.89 eV,
suggested by Dugourdt al.[12] where the atoms are respectively) indicates that the longer the edge, the less
removed from a single facet (X 4 X 4 — [NayFs] for stable the removal of a Nakinit. Moreover, concerning
NagFy7 and4 X 4 X 4 — [NasF4] for NaygFyg). the 5-atom edge, it is more favorable to remove a terminal
A detailed account of the theoretical computations isNaF, rather than one in the middle. In N&,, the
given in Ref. [10,13]. Briefly, the ionic skeleton of the isomer with Nak removed from a 4-atom edge lies
cluster is treated through a simple electrostatic mode0.15 eV above the genuine edge state, showing again the
which incorporates the Coulomb interactions between théwer stability of theR-center type of defect.
n Na' cations and then — 1) F~ anions (Coulomb Confrontation with experiment can first be done look-
energy), and a Born-Mayer term to account for core-ioning at IP’s. In addition to the vertical (|} and adiabatic
repulsion. The excess electron is described through a m@HP,) ionization potential, we define a local adiabatic
noelectronic Hamiltonian with Nacore pseudopotentials, IP (IP,) as the difference between the energy of the
the F anions being taken as simple negative chargedocally relaxed ionic structure and that of the neutral
Linear combination of Gaussian type atomic orbitals aréasomer; this means that in the ionization process, only
used. Core polarization and electron-core correlation corpartial relaxation towards the nearest local minimum is
tributions are added perturbatively [15]. Geometries wer@assumed, conserving the general structure. This IP value
optimized by simulated annealing. is the most likely to be observed in experiments and can
For Na;Fs (see Table I), th&* X 3 X 4-NaF, edge correspond either to a relaxation of the cluster structure
state lies 0.26 eV above the X 4 X 4 + Na sodium- during the ionization process or to an ionization process
tail ground state (GS). For MNg&»,, the edge state is at a point which is not the local minimum (the vibrational
the structural GS3( X 4 X 4-Nak,) with a3 X 3 X 5  temperature in the beam is around 400 K [16]). How-
distorted cuboidal surface-state isomer at 0.13 eV; thever, none of these processes can lead to a radical change
electron is localized at the missing NaEdge for the of structure, since that would involve too much energy.
former, and at a vertex for the latter (Figs. 1 and 2).Actually, agreement between experimental and local

TABLE I. Structural excitation energies and ionization potentials (in eV).

Cluster Structure Symmetry Theoretical Experimental
AE 1P, 1P, IP, IP
Na7Fi6 2 X4 X4+ Na (Cy) 0.00 3.76 3.96 2.53 2.95 * 0.17
3" X 3 X 4 — NaF, (Cy) 0.26 2.26 2.52 2.26
N8.23F22 3*X4X4 - NaF2 (sz) 0.00 2.41 259 1.72 2.51 = 0.07
3 X 3 X 5 vertex loc. (Cy) 0.131.59 215159 1.75 £ 0.05
3 X 4" X 4 — NaF, (C1) 0.152.72 3.51 1.57
3 X 3 X 5 deloc. (Dap) 0.25 1.47 1.58 1.47
Na,gFy; 3X3X6+ Na (Cy) 0.00 3.26 3.702.38  2.90 = 0.30
4 X 4 X 4 — [NayFs] (C1) 0.11 3.06 3.90 2.26
2X4X7~-F (C1) 0.18 3.40 4.05 2.20
3 X 4 X 5 — Na,F; (Cy) 0.63 1.75 2.07 1.75
2 X 3X9+ Na (C1) 0.81 3.81 4.12 1.57
NajgFog 4 X 4 X 4 — [NajF4] (C1) 0.00 3.09 3.732.30 2.40 * 0.10
3* X 4 X 5 — NaF, (Cy) 0.11 2.19 2.54 2.19
3 X 4" X 5 — NaF, (C1) 0.21 2.79 3.48 2.08
3 X 4 X 5 — NaF, (C1) 0.42 2.24 3.16 1.87
3 X 4 X 5 — NaF, (Cy) 0.89 2.48 2.85 1.41
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FIG. 3. Contour plots of the electronic wave function for the
4 X 4 X 4 — [NasF4] structure of NgyFyg (two views).

FIG. 1. Contour plots of the electronic wave function for the

3* X 4 X 4-NaR, structure of NayFoy (IWO Views). range of confidence of the calculation. The beam might

also be nonthermal [16]. Ng»; provides another inter-
i i esting example for which the GS is a Na tail whosg, IP
ad_|abat|c IP, rather than JPor IP,, has been found to be (3.26 eV) is at the upper compatible limit with the mea-
fairly frequent [10]. , sured IP 2.90 = 0.30 eV). However, IR, for the close
The measured NgFis IP (Table I) lies between the |ying syrface-defect isomer is even closer (3.06 eV). In
IP,, values of the Na tail and edge-state isomers and n e case of NaF all the lowest isomers have surface-
indication about the structure of the observed cluster cageatect or edge states. The experimental IP seems in better
be inferred. However, th&2PI + depletion spectrum  5qreement with the [P value of the second isomer, which
(Fig. 4) compares well with the Na-tail theoretical one, g5 eqge state. It is difficult to be definitely conclusive
while that of the edge-state geometry is quite differeniy o this unique quantity (IP), but this is an indication for
and has intense transitions only above 1000 nm. To bg,q presence of the edge-state isomer in the beam. Fur-
completely conclusive, the experimental spectra should bfhermore, the photoionization yield [14] increases slowly
extended to the infrared, in_order to check whether edgeg;ith energy. There might be several steps in the curve
state clusters are present in the beam. FonNathe  \ynich cannot be individually resolved, so that again, the
situation is quite different. The measured IP (1.75 €V)pagm may contain several isomers.
corresponds to that of the3 X 3 X5 structure Considering now absorption spectra, they can be under-
(IP,, = 1.59 V). However, the photoionization curve g,qq as follows. The electronic GS orbital of Ma_,
shows a two-step feature [14] with the second steRg g\ways nodeless, close to atype wave function. For
at 2.51 eV, close to the |P values of the two edge- ; » ; < 1 1 Na, the electron is localized on the Na atom
state isomers. Thus the peam may contain a m').(turfnd fori X j X k-F it fills the F vacancy. The excita-
of the three isomers. This can hgrdly be explained;yn, spectra are ruled by transitions towardype or-
by _thgrmal conS|der§1t|ons_ only, since the structurabyiiais in the range 700—1000 nm [17]. In the case of a
excitation (0.13 eV) is fairly high compared to the g tace state, associated withia® j X k cluster, the ex-
temperature KT ~ 0.03 eV). However, 0.1 eV is the oqq electron is weakly localized near a sodium vertex and
its excited states lie at very low transition energies (less
than 1 eV). For edge-state clusters, the excess electron ex-
tends in the Nafvacancy and the most intense transitions
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FIG. 4. Optical spectra for NaFc. Theoretical (Na tail:

FIG. 2. Contour plots of the electronic wave function for the solid line, edge state: dotted line) and experiment2Rl:
3 X 3 X 5 localized surface state of bdr,. black circles, depletion: stars).
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are above 1000 nm; geometries and electronic localization The CNRS, the Région Midi-Pyrénées, the Université
for surface and edge-state structures are shown in Figs.Haul Sabatier, the MESR, and the Institut Universitaire de
and 2 for NaszF»,. Finally the surface-depleted MNé&,g France are acknowledged for support. We thank Pr.C.
isomer has two complete rows and a single sodium atoriMarsden for his helpful suggestions.

on the depleted side: the electron density (Fig. 3) is local-
ized near this sodium atom, as in the sodium-tail case, but
with a more diffuse orbital. Surface-depleted,)N&; now

has anF-center type orbital (one fluorine atom missing

in a row).
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