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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 states,”R center, and other surface
defects. We present theoretical calculations on NanFn21 clusters with one excess electron. Comparisons
with experimental results are presented for different cluster sizes (n ­ 17, 23, 28, and 29). Structures
with edge or surface defects are relevant forn ­ 23, 28, and 29. [S0031-9007(97)03591-6]

PACS numbers: 36.40.Vz, 31.15.Ar, 36.40.Cg, 61.46.+w
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Akali halides are representative of an important type
clusters characterized by the ionic bonding, the other s
nificant classes being metal, covalent, and Van der Wa
They were among the very first ones for which mag
numbers were discovered; the pioneering work of Ca
panaet al. [1] explicitly established a link between struc
ture and magic numbers in the cluster mass spectra. T
are also prototypes of other ionic salts like hydrides
noble metal salts, where bond ionicity is less pronounc
The first studied species wereMnXn andMnX1

n21 [1–3],
i.e., with no excess electron. In such species, the sta
ity is governed by the balance between electrostatics
repulsion of the ion coresM1 andX2, a binding mecha-
nism easy to represent through simple potential mod
[3,4]. However, the physics of alkali halides was furth
enriched with the study of halogen-deficient clusters sin
it was realized that they might unravel some interest
properties of electron localization [5–7] and, moreov
of the insulator-metal transitions [8]. Theoretically, whe
there are not too many excess electrons, their mode
still remains feasible [9,10]. One can then calculate pro
erties such as ionization potentials or absorption spe
which can be directly compared with experimental resu
Beyond the information obtained from magic numbe
this provides further insight in structural and electron
properties of clusters (see Refs. [4,6,11,12], for examp

Alkali-halide clusters with one excess electron, su
as NanFn21, are essentially built around the rock-sa
bulk lattice [6,8,10,13,14]; at least for smalln, Honea
et al. [6] have identified two categories. (i) When2n 2 1
is the product of three integers (2n 2 1 ­ i 3 j 3 k),
the structure is ani 3 j 3 k cuboid portion of the rock-
salt bulk lattice, and the excess electron is weakly bou
to the surface of the cluster, resulting in a very lo
ionization potential (IP); for instance, we calculate
adiabatic ionization potential (IPa) of 1.99 eV for Na14F13
[10], in fair agreement with the 2.07 eV of Rajagop
0031-9007y97y79(4)y633(4)$10.00
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et al. (RBL) [8]. These clusters are called surface state
and we label themi 3 j 3 k. (ii) When 2n ­ i 3

j 3 k, the structure is a cuboid lattice with one vacanc
occupied by the excess electron, as in a bulkF center.
Typical cases are found forn ­ 4, 6, 8, 9 whose IPa ’s
are between 3.3 and 3.5 eV [10] (for Na4F3 we found
3.48 eV as in RBL). These clusters are calledF centers,
and we label themi 3 j 3 k-F. Honeaet al. place all
other cases in a third class. In particular, if2n 2 2 ­
i 3 j 3 k, it was found that the cluster consists of
sodium atom attached to the cubic lattice [10,11]. This
the strongest case of electron localization, since it belon
to the sodium atom. Our calculations give IPa between 3.1
and 4.0 eV forn ­ 3, 5, 7, 10, 11 (3.78 eV for Na3F2 to be
compared to 3.55 eV according to RBL). These “sodium
tail” clusters are hereafter denotedi 3 j 3 k 1 Na.

This Letter deals with the interplay between structu
and localization and investigates new localization sites f
a single electron in NanFn21 clusters, analogous to step
defects on bulk surfaces or to anR center in halogen-
deficient salts. Some of these defects have recently b
suggested in Refs. [4,12] in the case of clusters witho
excess electron. Considering their theoretical stabiliti
and relating the calculated results with our experimen
ones [14], we show here that such structures also occu
excess electron clusters. For instance, in order to interp
the two-step photoionization curve of Na23F22 and the
low ionization potentials (around 2.4 eV) of Na29F28 and
Na35F34 we have proposed another kind of vacancy th
we called “edge state” [14], which occurs when2n 1

2 ­ i 3 j 3 k (a cuboid with one NaF2 missing edge).
We focus here on this kind of defect and similar one
such as a missing NaF2 unit in a longer edge, a Na2F3
missing edge, and more generally the partial depopulat
of a cuboid face. The first nontrivial candidate for a
NaF2 edge removal is Na17F16 (3p 3 3 3 4 2 NaF2, the
star labels the affected edge). The next ones are obtai
© 1997 The American Physical Society 633
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by adding 3 3 4 sides to this cluster, giving Na23F22,
Na29F28, and so on. The first possibility for an Na2F3
edge removal is3 3 4 3 5p 2 Na2F3, that is, Na28F27.
This cluster is fairly large and is the only one we studi
in this series. A question arises whether the edge s
we found experimentally in Na29F28 is the analog of a
bulk step defect or of a bulkR center (a 3-atom vacancy)
Besides the removal of a full edge, which is a test of t
first possibility, we also studied structures with an Na2
unit removed from a longer edge (3 3 4p 3 4 2 NaF2
for Na23F22, 3 3 4p 3 5-NaF2 and3 3 4 3 5p-NaF2 for
Na29F28). We have also considered the type of defe
suggested by Dugourdet al. [12] where the atoms are
removed from a single face (4 3 4 3 4 2 fNa4F5g for
Na28F27 and4 3 4 3 4 2 fNa3F4g for Na29F28).

A detailed account of the theoretical computations
given in Ref. [10,13]. Briefly, the ionic skeleton of th
cluster is treated through a simple electrostatic mo
which incorporates the Coulomb interactions between
n Na1 cations and thesn 2 1d F2 anions (Coulomb
energy), and a Born-Mayer term to account for core-i
repulsion. The excess electron is described through a
noelectronic Hamiltonian with Na1 core pseudopotentials
the F2 anions being taken as simple negative charg
Linear combination of Gaussian type atomic orbitals a
used. Core polarization and electron-core correlation c
tributions are added perturbatively [15]. Geometries w
optimized by simulated annealing.

For Na17F16 (see Table I), the3p 3 3 3 4-NaF2 edge
state lies 0.26 eV above the2 3 4 3 4 1 Na sodium-
tail ground state (GS). For Na23F22, the edge state is
the structural GS (3p 3 4 3 4-NaF2) with a 3 3 3 3 5
distorted cuboidal surface-state isomer at 0.13 eV;
electron is localized at the missing NaF2 edge for the
former, and at a vertex for the latter (Figs. 1 and
l

634
TABLE I. Structural excitation energies and ionization potentials (in eV).

Cluster Structure Symmetry Theoretical Experimenta
DE IP la IPy IPa IP

Na17F16 2 3 4 3 4 1 Na sCsd 0.00 3.76 3.96 2.53 2.95 6 0.17
3p 3 3 3 4 2 NaF2 sCsd 0.26 2.26 2.52 2.26

Na23F22 3p 3 4 3 4 2 NaF2 sC2yd 0.00 2.41 2.59 1.72 2.51 6 0.07
3 3 3 3 5 vertex loc. sCsd 0.13 1.59 2.15 1.59 1.75 6 0.05
3 3 4p 3 4 2 NaF2 sC1d 0.15 2.72 3.51 1.57

3 3 3 3 5 deloc. sD4hd 0.25 1.47 1.58 1.47

Na28F27 3 3 3 3 6 1 Na sCsd 0.00 3.26 3.70 2.38 2.90 6 0.30
4 3 4 3 4 2 fNa4F5g sC1d 0.11 3.06 3.90 2.26

2 3 4 3 7 2 F sC1d 0.18 3.40 4.05 2.20
3 3 4 3 5p 2 Na2F3 sCsd 0.63 1.75 2.07 1.75

2 3 3 3 9 1 Na sC1d 0.81 3.81 4.12 1.57

Na29F28 4 3 4 3 4 2 fNa3F4g sC1d 0.00 3.09 3.73 2.30 2.40 6 0.10
3p 3 4 3 5 2 NaF2 sCsd 0.11 2.19 2.54 2.19
3 3 4p 3 5 2 NaF2 sC1d 0.21 2.79 3.48 2.08
3 3 4 3 5p 2 NaF2 sC1d 0.42 2.24 3.16 1.87
3 3 4 3 5p 2 NaF2 sCsd 0.89 2.48 2.85 1.41
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For Na28F27, the lowest isomer is a3 3 3 3 6 1 Na
structure. An edge-state isomer (3 3 4 3 5p 2 Na2F3)
does exist, although energetically high (0.63 eV abo
the structural GS). The4 3 4 3 4 2 fNa4F5g isomer
appears to be very stable (0.11 eV above GS), more sta
than the F-center isomer (2 3 4 3 7-F). In Na29F28,
the 4 3 4 3 4 2 fNa3F4g isomer (Fig. 3) is actually the
structural GS. The second isomer (0.11 eV) is a genu
edge state (removal of a whole 3-atom edge, analogo
to a “step” defect in the bulk). Then come the isome
with partial removal of an edge, analogous to a bu
R center; the energy ordering (0.21, 0.42, and 0.89 e
respectively) indicates that the longer the edge, the le
stable the removal of a NaF2 unit. Moreover, concerning
the 5-atom edge, it is more favorable to remove a termin
NaF2 rather than one in the middle. In Na23F22, the
isomer with NaF2 removed from a 4-atom edge lies
0.15 eV above the genuine edge state, showing again
lower stability of theR-center type of defect.

Confrontation with experiment can first be done look
ing at IP’s. In addition to the vertical (IPy) and adiabatic
(IPa) ionization potential, we define a local adiabati
IP (IPla) as the difference between the energy of th
locally relaxed ionic structure and that of the neutr
isomer; this means that in the ionization process, on
partial relaxation towards the nearest local minimum
assumed, conserving the general structure. This IP va
is the most likely to be observed in experiments and c
correspond either to a relaxation of the cluster structu
during the ionization process or to an ionization proce
at a point which is not the local minimum (the vibrationa
temperature in the beam is around 400 K [16]). How
ever, none of these processes can lead to a radical cha
of structure, since that would involve too much energ
Actually, agreement between experimental and loc
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FIG. 1. Contour plots of the electronic wave function for th
3p 3 4 3 4-NaF2 structure of Na23F22 (two views).

adiabatic IP, rather than IPa or IPy, has been found to be
fairly frequent [10].

The measured Na17F16 IP (Table I) lies between the
IPla values of the Na tail and edge-state isomers and
indication about the structure of the observed cluster c
be inferred. However, theR2PI 1 depletion spectrum
(Fig. 4) compares well with the Na-tail theoretical one
while that of the edge-state geometry is quite differe
and has intense transitions only above 1000 nm. To
completely conclusive, the experimental spectra should
extended to the infrared, in order to check whether edg
state clusters are present in the beam. For Na23F22 the
situation is quite different. The measured IP (1.75 eV
corresponds to that of the3 3 3 3 5 structure
(IPla ­ 1.59 eV). However, the photoionization curve
shows a two-step feature [14] with the second st
at 2.51 eV, close to the IPla values of the two edge-
state isomers. Thus the beam may contain a mixtu
of the three isomers. This can hardly be explaine
by thermal considerations only, since the structur
excitation (0.13 eV) is fairly high compared to the
temperature (kBT , 0.03 eV). However, 0.1 eV is the

FIG. 2. Contour plots of the electronic wave function for th
3 3 3 3 5 localized surface state of Na23F22.
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FIG. 3. Contour plots of the electronic wave function for th
4 3 4 3 4 2 fNa3F4g structure of Na29F28 (two views).

range of confidence of the calculation. The beam mig
also be nonthermal [16]. Na28F27 provides another inter-
esting example for which the GS is a Na tail whose IPla

(3.26 eV) is at the upper compatible limit with the mea
sured IP (2.90 6 0.30 eV). However, IPla for the close
lying surface-defect isomer is even closer (3.06 eV).
the case of Na29F28 all the lowest isomers have surface
defect or edge states. The experimental IP seems in be
agreement with the IPla value of the second isomer, which
is an edge state. It is difficult to be definitely conclusiv
from this unique quantity (IP), but this is an indication fo
the presence of the edge-state isomer in the beam. F
thermore, the photoionization yield [14] increases slow
with energy. There might be several steps in the cur
which cannot be individually resolved, so that again, th
beam may contain several isomers.

Considering now absorption spectra, they can be und
stood as follows. The electronic GS orbital of NanFn21
is always nodeless, close to ans-type wave function. For
i 3 j 3 k 1 Na, the electron is localized on the Na atom
and for i 3 j 3 k-F it fills the F vacancy. The excita-
tion spectra are ruled by transitions towardsp-type or-
bitals in the range 700–1000 nm [17]. In the case of
surface state, associated with ani 3 j 3 k cluster, the ex-
cess electron is weakly localized near a sodium vertex a
its excited states lie at very low transition energies (le
than 1 eV). For edge-state clusters, the excess electron
tends in the NaF2 vacancy and the most intense transition

FIG. 4. Optical spectra for Na17F16. Theoretical (Na tail:
solid line, edge state: dotted line) and experimental (R2PI:
black circles, depletion: stars).
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are above 1000 nm; geometries and electronic localizat
for surface and edge-state structures are shown in Fig
and 2 for Na23F22. Finally the surface-depleted Na29F28

isomer has two complete rows and a single sodium at
on the depleted side: the electron density (Fig. 3) is loc
ized near this sodium atom, as in the sodium-tail case,
with a more diffuse orbital. Surface-depleted Na28F27 now
has anF-center type orbital (one fluorine atom missin
in a row).

Up to now, we have recordedR2PI spectra up to
1000 nm and depletion spectra up to 735 nm. Further
perimental work is needed to record the infrared spect
Moreover, the depletion spectrum is lacking for Na28F27

and Na29F28. At this time, we are unable to tell whethe
surface-depleted clusters are present in the beam.
calculated GS of Na29F28 should exhibit lines at 660, 860
and 900 nm, which are not present in the observedR2PI
spectra. For Na29F28 the only isomer we are sure of is
the edge state, which is consistent with the measured
Because of the small energy difference with the GS, t
actual ordering cannot be absolutely ascertained.

In conclusion, we have analyzed both theoretically a
experimentally the structural stability and the electron
properties of NanFn21 clusters presenting edge and/o
surface defects. Actually, step defects are known
play a significant role in the growth of alkali-halide
crystals [18]. Above a few ten atoms, they are certain
involved in cluster stability and growth [12]. We predic
that similar defects occur also in finite excess electr
clusters. Indeed, we show theoretically that structur
with edge states or with depopulated surface states
energetically low lying and sometimes even the mo
stable isomers for clusters with more than 40 atom
Moreover, these structural defects appear as new s
for electron localization. Together with the sodium-ta
type, these sites complement the earlier classification
We have found a fair agreement between theoreti
local adiabatic ionization potentials and experimental IP
which, together with their theoretically proved stability
confirms the proposed existence of edge-states Na23F22

and Na29F28 clusters in the experiment. Other structure
are possibly present as well, but no clear indicatio
has been found yet. As concerns the surface-deple
structure of Na29F28, the nonobservation ofR2PI spectra
cannot be considered as a negative proof since the clu
may be unstable in the excited state. Further experimen
work is needed to record depletion spectra in the ne
infrared.
636
on
. 1

m
l-
ut

x-
a.

he

IP.
e

d
c
r
to

y

n
s
re
t

s.
tes
l
].
al
s,

s
n
ed

ter
tal
ar

The CNRS, the Région Midi-Pyrénées, the Université
Paul Sabatier, the MESR, and the Institut Universitaire d
France are acknowledged for support. We thank Pr. C
Marsden for his helpful suggestions.

[1] J. E. Campana, T. M. Barlak, R. J. Colton, J. J. DeCorpo
J. R. Wyatt, and B. I. Dunlap, Phys. Rev. Lett.47, 1046
(1981).

[2] R. Pflaum, K. Sattler, and E. Recknagel, inPhysics and
Chemistry of Small Clusters,edited by P. Jena, B. K. Rao,
and S. N. Khanna, NATO ASI, Ser. B, Vol. 158 (Plenum,
New York, 1987), p. 103.

[3] T. P. Martin, J. Chem. Phys.67, 5207 (1977).
[4] P. Xia, Naichang Yu, and L. A. Bloomfield, Phys. Rev. B

47, 10 040 (1993).
[5] U. Landmann, D. Scharf, and J. Jortner, Phys. Rev. Let

54, 1860 (1985).
[6] E. C. Honea, M. L. Homer, P. Labastie, and R. L. Whetten

Phys. Rev. Lett.63, 394 (1989); E. C. Honea, M. L.
Homer, and R. L. Whetten, Phys. Rev. B47, 7480 (1993).

[7] G. Rajagopal, R. N. Barnett, A. Nitzan, U. Landman, E. C.
Honea, P. Labastie, M. L. Homer, and R. L. Whetten
Phys. Rev. Lett.64, 2933 (1990).

[8] G. Rajagopal, R. N. Barnett, and U. Landman, Phys. Rev
Lett. 67, 727 (1991).

[9] S. Frank, N. Malinowski, F. Tast, M. Heinebrodt, and T. P.
Martin (to be published).

[10] G. Durand, J. Giraud-Girard, D. Maynau, and F. Spiegel
mann (to be published).

[11] B. Vezin, Ph. Dugourd, C. Bordas, D. Rayane, M. Broyer
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V. Bonǎcić-Koutecký, J. Pittner, and J. Koutecký, Chem.
Phys.210, 313 (1996).

[12] Ph. Dugourd, R. R. Hudgins, and M. F. Jarrold, Chem
Phys. Lett.267, 186 (1997).

[13] J. Giraud-Girard, Thesis, Université Paul Sabatier
Toulouse, 1993.

[14] P. Labastie, J.-M. L’Hermite, Ph. Poncharal, and
M. Sence, J. Chem. Phys.103, 6362 (1995).

[15] G. Jeung, J. P. Malrieu, and J. P. Daudey, J. Chem. Phy
77, 3571 (1982).

[16] P. Labastie, J.-M. L’Hermite, Ph. Poncharal, L. Ra-
toarisoa, and M. Sence, Z. Phys. D34, 135 (1995).

[17] Ph. Poncharal, P. Labastie, J.-M. L’Hermite, G. Durand
and F. Spiegelmann (to be published).

[18] M. H. Yang and C. P. Flynn, Phys. Rev. Lett.62, 2476
(1989).


