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Abstract

The structure and energetics of stoichiometric (NaCl),, 1 <n<4, clusters, and of halide-deficient clusters in the sequence
Na,Cl,,, 0<m<3, are studied using local-spin-density functional calculations, with and without exchange-correlation gradient
corrections. The energy optimized structures of (NaCl), clusters for 1 <n<3 are two-dimensional converting to a three-dimen-
sional cuboid for n=4. The optimal structures of Na,Cl; and Na,Cl, are three-dimensional, deriving from that of the stoichio-
metric (NaCl), parent cluster, with the excess electrons substituting for the missing halide atoms. The optimal structure of Na,Cl
is two-dimensional with the metal ions forming an approximate rhombus, and the chlorine ion capping one of the edges. In
analogy with color centers in bulk ionic crystals, the excess electrons in the halogen-deficient clusters occupy energy levels which
are split from the bottom of the unoccupied ‘conduction band’ of (NaCl),. Analysis of the electronic spatial distributions and
participation ratios indicates that the excess electrons are of a more delocalized nature in comparison with the electrons occu-

pying the p-like ‘valence band’.

1. Introduction

Investigations of non-stoichiometricionic (e.g., al-
kali-halide ) clusters containing single or multiple ex-
cess electrons (e.g., those electrons which substitute
Cl~ anions in Na,Cl,,, 0<m<n) open a new dimen-
sion for studies of excess-electron localization and
bonding in clusters [1-14]. Particularly interesting
is the ‘metallization’ sequence (MS) of an initially
stoichiometric ionic cluster (i.e. starting from a neu-
tral stoichiometric ionic cluster with m=n, and suc-
cessively substituting anions by electrons, ultimately
resulting in a neutral metallic cluster Na, ) which may
portray a transition from an insulating to a metallic
state in a finite system [2,7]. Furthermore, such non-
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stoichiometric ionic clusters provide finite-size ana-
logues of bulk color centers [15], and consequently
systematic investigations of such clusters allow in-
vestigations of size-evolutionary patterns of defects
in condensed matter systems [2]. In this context we
note that while color centers have been studied ex-
tensively in bulk crystalline alkali-halides [15], and
transitions from F center to metallic behavior have
been observed in bulk molten alkali halides at high
excess-metal concentrations (for a review, see Ref.
[16]) [17], only limited theoretical {2,6,7] and ex-
perimental [8,9,12,14] information on metal-rich
alkali-halide clusters is available.

Recently [2] we have investigated Na,F,, clusters
(1<n<4, and for a given n, 0<m<n; and n=14,
0<m< 14), revealing certain trends of the metalli-
zation process in small clusters. These trends in-
clude: (i) structural and energetic substitutional na-
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ture of excess electrons in halogen-deficient alkali-
hatide clusters; (ii) cluster structural transitions
(which can involve a change in dimensionality) upon
reaching the metallization limit; (iii) electronic
structure odd-even and shell-closing effects por-
trayed in formation energies and ionization poten-
tials, indicating that halide-deficient clusters Na,F,,
(m<n) may be regarded as composed of a metallic
and an ionic (alkali-halide) component, i.e.
Na,_,,(NaF),,and (iv) layer metallization (i.e. seg-
regation of the excess metallic component on a face
of the cluster) in an intermediate-size cluster
(Na,,Fo).

In our earlier investigations [2] we have used elec-
tronic structure local-spin-density functional (LSD)
calculations in conjunction with classical molecular
dynamics (MD) of the ions on the ground-state
Born-Oppenheimer (BO) potential energy surface (a
LSD-BO-MD method [18]). However in those ear-
her studies [2] only the excess electrons were consid-
ered (i.e. n—m electrons in Na,F,,, n>m) and their
interaction with the halide anions and alkali cations
were modeled by a Coulomb repulsive potential and
by a local pseudo-potential, respectively. The inter-
1onic interactions were described via semi-empirical
parametrized potentials.

In the present calculations of sodium-chloride
clusters, using the LSD-BO-MD method, we employ
an accurate ‘ab-initio’ description of the system, by
considering all the valence electrons in a given cluster
(i.e. seven electrons for each chlorine atom and one
electron for each sodium ), interacting with the ions
via non-local norm conserving pseudopotentials.
Moreover comparative studies between spin-density
functional calculations using a local approximation
for the exchange-correlation functional (xc¢) and
calculations including exchange—-correlation gradient
(xcg) corrections have been performed.

We focus in this Letter on stoichiometric (NaCl),,
1< n<4 clusters and on the metallization sequence
Na,Cl,,,, 0 < m<4 (results for other cluster sizes and
corresponding metallization sequences can be found
elsewhere [7]). Following a brief description of our
computational method, we present our results for en-
ergetics and structure of the clusters.

2. Method

The method used in this study is based on elec-
tronic structure calculations using the local-spin-den-
sity functional Born-Oppenheimer molecular-dy-
namics (LSD-BO-MD) method [18], employing
non-local norm-conserving pseudopotentials [19] for
the valence electrons of the sodium (one electron)
and chlorine (seven electrons) atoms. The nonlocal
components of the pseudopotentials are treated us-
ing the Kleinman-Bylander decomposition [20],
which is performed in real space [18]. Our calcula-
tions were performed on three-dimensional grids of
ny X n, X ny points, with 25<n,, n,, ;<45 depend-
ing on the cluster being investigated. We used a grid
spacing of 0.7 a,, corresponding to a kinetic-energy
cutoff of the plane wave basis of E,=20.1 Ry. The
method is specifically suitable for studies of finite
systems in various charge states and multipolar con-
figurations [2,7,18,21-23], since it does not employ
asupercell (that is a periodic replication of the ions).

In our LSD calculations we have used the local ex-
change-correlation functional with the Vosko-Wilks
parametrization [24]. Calculations including gra-
dient corrections, xcg (with the exchange-gradient
correction of Becke [25], and the correlation-gra-
dient correction of Perdew [26] ), were performed in
a post-LSD approximation; that is the gradient cor-
rection to the energy was calculated non-selfconsis-
tently using the (self-consistent) LSD-generated
electronic density [18]. As a result the geometries
which we determined are optimized only at the LSD
level (i.e. not including xcg corrections ).

The LSD-BO-MD method can be used for struc-
tural optimization (i.e. minimization of the total en-
ergy of the system with respect to the locations of the
ions using a conjugate gradient technique or via sim-
ulated annealing) and for molecular dynamics sim-
ulations [2,7,18,21-23]. In such simulations the
Hellmann-Feynman forces on the ions are deter-
mined from the self-consistent solutions of the Kohn-
Sham equations, which are solved, using an iterative
technique, between each molecular dynamics step.
Therefore, the dynamical evolution of the system is
maintained on the Born-Oppenheimer potential en-
ergy surface throughout the simulation. Conse-
quently, the length of the molecular dynamics time-
step is determined by the characteristic time scale of
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the classical ionic dynamics and the performance of
the integration algorithm used in solving the New-
tonian equations of motion. We use a fifth-order pre-
dictor-corrector algorithm with a time-step of ~2-5
fs (typically, an order of magnitude larger than that
used in calculations employing the fictitious Car-
Parrinello Lagrangian formalism [27]). A detailed
discussion of the method and its implementation for
finite systems is given in Ref. [18].

3. Results
3.1. Stoichiometric clusters: (NaCl),, (1<n<4)

Experimental and theoretical studies of stoichio-
metric (NaCl),, alkali-halide clusters indicate that for
small n the low-energy isomeric structures of these
clusters consist of ‘ring’, ‘ladder’ (or ‘double chain’)
and ‘chain’ motifs [28]. As the number of molecules
in the cluster increases energetically optimal config-
urations based on the rock-salt (cubic) structural
motif become prevalent. Results for the energetics of
(NaCl),, 1 <rn<4, clusters are given in Table 1 and

Table 1
Energetics of stoichiometric (NaCl), clusters

the corresponding minimum energy structures are
shown in Fig, 1.

Of the minimum energy structures shown in Fig. 1
only that of (NaCl), is three-dimensional (3D ) with
a T4 symmetry, while the minimum energy structures
of (NaCl), for n< 3 are two-dimensional (2D), with
D5, and C,, symmetries for the ring (R) and ‘ladder’
(L) isomers of (NaCl),, and a D,;, symmetry for the
(Na(l), cluster.

Our results, which are in good correspondence with
experimental (when available) and other ab initio
calculated [5,29] values, show (see Fig. 1) that in
(NaCl),, n>2, clusters the distances between neigh-
boring alkali and halogen atoms, dy,_c), are increased
compared to that in the monomer molecule. Thus
while in the monomer we find dy, ¢ =2.386 A (com-
pared to an experimental value of 2.361 A [30] and
2.388+0.008 A [31]), dnaci=2.542 A in (NaCl),
(compared to an experimental value [31] of
2.58410.034 A), dyacy=2.524 A in the R isomer
of (NaCl); (averaged over all the bonds), and
dna-ci=2.640 A in (NaCl),. We note that these val-
ues are smaller than the measured interionic distance
in the bulk cubic crystal [32] where dna-c1=2.814 A.

Inspection of the energetics of the (NaCl),,

(NaCl), (NaCl), (NaCl), NaCl
R L
n 4 3 3 2 1
E;LSD —-1687.54 -1264.72 —1264.69 —842.73 -420.32
Xcg —1696.28 —1271.47 —-1271.37 —-847.21 —422.59
E, 1639.33 763.80 809.22 341.44 42.25
A (NaCl) LSD 2.51 1.67 1.64 2.09 -
XCg 2.22 1.67 1.57 2.03 -
4™ (Cl) LSD 6.15 5.76 5.70 5.73 4.58
Xxcg 5.94 5.62 5.53 5.54 4.40
A" LSD 29.06 20.86 20.83 13.49 5.7
XCg 28.82 20.87 20.78 13.48 5.73
A LSD 24.61 17.52 17.49 11.26 4,58
Xcg 23.52 16.90 16.80 10.82 4.40

Total energy, Ey, core-core Coulomb energy E., NaCl removal energy 4¢"(NaCl)=Er((NaCl),_,)+E+(NaCl)-E;((NaCl),),
Cl removal energy 4 (Cl)=E1(Na,Cl,_,) +E(Cl) — Ex(Na,Cl,), cluster dissociation energy to ions 4 =nE(Cl~')+nE(Na*)—
E;x((NaCl),), and cluster atomization energy 4" =nE(Cl)+nE(Na) —Er(Na,Cl,). For (NaCl);, R and L denote ring and ladder
(double-chain) isomers, respectively. LSD denotes results obtained using local-spin-density functional calculations and xcg denotes
results obtained using LSD with exchange—correlation gradient corrections. In calculations of 4 (Cl), 4", and 4™ the following
electronic energies of the atoms and their ions are used (values in parentheses refer to xcg calculations): E(Cl) = —410.53 eV (—412.78
eV); E(Cl")=—414.62¢V (—416.865¢V); E(Na)=—5.205¢eV (—-5.41 eV), and E(Na™)=0. Energies in eV.
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Fig. 1. Optimal geometries for (NaCl),, 2<n<4, clusters, with
the optimization performed at the LSD level (i.e. local ex-
change~correlation functional). Large and small spheres corre-
spond to chlorine and sodium atoms, respectively. For the T, op-
timal (NaCl), cluster, dy, a=2.64 A, 2 (123)=82.1°, and
£(234)=97.4° (£ (ijk) denotes the angle subtended by atoms
i, j and k, with j at the apex). For the lowest-energy 2D (NaCl,)
‘ring’ isomer of D3, symmetry, duac=2.52 A, £ (123) =104.4°
and £ (234)=135.6°. The other 2D (NaCl); ‘ladder’ isomer of
C,, symmetry, dy;=2.58 A, dy3=2.49 A, d3,=2.56 &, d,,=2.93
A and £ (123)=85.5°, 2 (234)=104.4°, 2 (341)=77.3°,and
£(412)=92.8°. For the 2D (NaCl), cluster of D5, symmetry,
dp=2.54 A, £(123)=102.2°, and £(234)=77.8°. In the
monomer molecule NaCl dy, . =2.39 A.

1 <n<4, clusters displayed in Table 1 reveals several
trends: (i) While the per-molecule Coulomb core-
core repulsion energy becomes larger as 7 increases
the total energy (electronic plus core—core Coulomb
repulsion) per molecule (E+/n, from Table 1) is ap-
proximately the same for 1 <n<4. (ii) The energy
for removal of a halogen atom from a given cluster
(4 (C1) in Table 1) decreases with n, while the
energy required to remove an NaCl molecule
from the cluster (4‘®(NaCl)=E((NaCl),_,)—
E((NaCl),)) is smallest for n=3. The nonmono-
tonic variation of A (NaCl) with n» may be corre-
lated with a change in the dimensionality of the
ground-state structures; i.e. removing an NaCl mole-
cule from (NaCl), to form (NaCl); (that is,
4™ (NaCl) ) involves a transformation from a three-
dimensional (3D) structure to a two-dimensional
(2D) one, with the alkali and halide ions better co-
ordinated in the 3D structure. The small value of
A3 (NaCl) is associated with a transformation be-

tween two 2D clusters, with the ions in the final one,
(NaCl),, somewhat better coordinated than in the
initial (NaCl); cluster. (iii) The binding energy per
ion-pair (4{"/n, from Table 1) increases monoton-
ically, starting from 5.73 eV for the NaCl molecule
(compared to an experimental value [28] of 5.57
eV), and achieving a value of 7.205 eV for (NaCl),
which is 90% of the ‘lattice energy’ in a bulk [33]
sodium chloride crystal (7.98 eV).

3.2. Metallization sequence: Na,Cl,, (0<m<4)

As discussed in Section 1 the main motivations for
investigations of non-stoichiometric alkali-halide
clusters pertain to the nature of F centers and aggre-
gate excess electron centers in finite systems and the
systematics of insulator-to-metal transition upon
metallization in a sequence of clusters [2]. Such a
metallization sequence (Na,Cl,,, 0<m<n) starts
from a stoichiometric ionic salt, Na,Cl,, (i.e. m=n),
and ends as a metal particle, Na,, (i.e. m=0). As
aforementioned these issues were discussed by us
previously [2], using an approximate description of
the electronic structure, in a study of sodium-fluor-
ide clusters. In the following we readdress them using
our current calculations for small sodium-chloride
clusters.

Results pertaining to the energetics of clusters in
the MS Na,Cl,, (1<m<4) are given in Tables 2 and
3 and in Fig. 2, and structural information is shown
in Figs. 3 and 4 (in Fig. 4 excess electron density con-
tours are superimposed on the ionic structures). Ex-
cess metal non-stoichiometric alkali-halide clusters
may be regarded as composed of a ‘metallic’ compo-
nent and a molecular-ionic one, represented symbol-
ically by Na,Cl,,=Na,_,,(NaCl),,. We note first the
significant reduction in core-core repulsion upon
successive removal of Cl atoms (i.e. decreasing m).
Also the total energy per NaCl molecule in the cluster
(i.e. Ex/m), as well as the energy for removal of a
NaCl molecule from the cluster, 4¢(NaCl)=
Er(Na;Cl,,_,) +Er (NaCl) — E; (Na,Cl,,), de-
crease as m varies from m=4 to m=1. The excess-
electron defect formation energy 4™ (Cl) decreases
in the sequence in a non-monotonic manner, being
largest for Na,Cl,. A similar behavior is exhibited by
the ionization potentials (particularly the adiabatic
ionization potential alP, see Table 3). Such odd-even
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Table 2
Energetics of nonstoichiometric Na,Cl,,, m<3
Na,Cl, Na,Cl, Na,Cl
A2d B2d 3d C2d D2d
m 3 2 1 1 1 1 1
ErLSD —1270.87 —854.89 —438.59 —438.59 —438.56 —437.62 —437.69
XCg —1277.55 —859.45 —441.27 —441.21 —441.16 —440.34 —440.40
E, 967.09 468.22 142,70 158.05 161.02 109.60 122.79
A (NaCl) LSD 2.10 1.73 1.46 1.46 1.43 0.48 0.55
xcg 1.90 1.52 1.37 1.32 1.26 0.45 0.50
A" (Cl) LSD 5.45 5.77 5.17 5.17 5.13 4.19 4.26
xcg 5.32 5.40 5.05 4.99 4.93 4.12 4.17
Af™ LSD 21.80 15.24 8.36 8.36 8.33 7.38 7.46
Xcg 21.55 14.90 8.18 8.12 8.07 7.25 7.30
4™ LSD 18.46 13.01 7.25 7.25 7.22 6.27 6.34
XCg 17.57 12.25 6.85 6.79 6.74 5.92 5.98
4™ LSD 0.008 0.03 0.08 0.08 0.05
xcg 0.006 0.05 0.17 0.11 0.05
a4 1.76 7.28 18.57 3.22 0.25

Total energy Ev, core—core Coulomb energy E,, NaCl removal energy 4¢™ (NaCl), Cl removal energy 4™ (Cl), dissociation energy to
ions 4{™, and atomization energy 4{™. 4{™ is the total reorganization energy of the cluster (see text), and 4§ is the part of the
reorganization energy associated with only the interionic Coulomb interactions. For Na,Cl the energies corresponding to four two-di-
mensional isomers (A2d, B2d, C2d and D2d) and for a three-dimensional (3d), are given. LSD denotes results obtained using local-
spin-density functional calculations and xcg denotes results obtained using LSD with exchange—correlation gradient corrections. Energies

ineV.

Table 3

Vertical (vIP) and adiabatic (aIP) ionization potentials, and reorganization energies ég = vIP —alP, for Na,Cl,,, | <m<4, and for Na,,

n<4, clusters

vIP alP €r
LSD XCg LSD xcg LSD Xcg
Na,Cl, 4.78 4.85 3.89 3.95 0.89 0.90
Na,Cl, 491 4.85 4.48 4.46 0.43 0.39
Na,Cl A2d 4.66 4.80 3.92 4.10 0.74 0.70
B2d 4.36 4.49 3.92 4.05 0.44 0.44
C2d 5.26 5.39 5.17 5.31 0.09 0.08
D2d 5.25 5.39 <3.6
d 4.09 421 3.92 405 0.17 0.16
Na 5.21 5.41 - - - -
Na, 5.18 5.25 5.06 5.15 0.12 0.10
Na, 4.24 4.39 4.07 421 0.17 0.18
Na, 4.35 4.37 4.33 4.36 0.02 0.01

LSD denotes results obtained using local-spin-density functional calculations and xcg denotes results obtained using LSD with exchange—
correlation gradient corrections. Energies in eV.

oscillations with (n—m) of 4" (Cl) and the ioniza-
tion potentials were predicted by us previously [2]
in our investigations of Na,_,,,(NaF),,, metallization
sequences (for n=4 and n =14), and were corre-

lated with characteristic odd-even oscillations of en-
ergetic properties of the ‘metallic’ component, Na,_,,,,
of the nonstoichiometric halogen deficient clusters.
While such a correlation is supported by our results



84 H. Hiikkinen et al. / Chemical Physics Letters 232 (1995) 79-89

0 [
—~ =5 - = =
> - _ =
QL —_ === =
> 101 )
0 o9 w T
E v e e 2 3 @ Q
— — — —
q oﬂ‘ Oﬁ' oﬁ' Ui'
M —15 ! g o « © -
O Z Z Z Z —_— —

Fig. 2. LSD Kohn-Sham energy levels for Na,Cl,,, 1 <m<4,
clusters. For the Na,Cl cluster, energy levels for four 2D isomers
(with A2d and B2d being the optimal ones) and for a 3D isomer
are shown. Also included are the KS levels for the Cl~ ion (shifted
so that the s-state eigenvalue coincides with that in Na,Cl,). For
each cluster levels for both spin orientations are shown, with up-
spin on the left and down-spin on the right (when these are de-
generate a long horizontal line is drawn ). The shortest lines cor-
respond to unoccupied levels and the longer ones to occupied
levels.

for larger clusters [2,7], we remark that for the
Na,Cl,, (0<m<4) short metallization sequence the
interpretation is complicated due to the change in the
dimensionality of the optimal cluster geometries in
going from Na,Cl, to Na,Cl (see below).

We also note from Table 2 that the total reorgani-
zation energy of the clusters, associated with forma-
tion of a Na,Cl,, cluster by removal of a chlorine atom
from Na,Cl,,,, is rather small; 4=
E$(Na,Cl,,) — E+(Na,Cl,,), where E} and Eq are
the total energies of the unrelaxed (that is Na,Cl,, in
the geometry of the parent Na,Cl,,,, cluster), and
relaxed cluster, respectively. On the other hand the
interionic Coulomb part of the cluster reorganization
energy 44" (defined in analogy with 4™, but using
only the Coulomb energies of the clusters) is rather
large. Effective cancellation between A{” and the
change in the electronic energy accompanying the re-
laxation of the structure, results in the small calcu-
lated values for the total reorganization energies,
A™ . In this context we remark that the reorganiza-
tion energies associated with ionization, i.c.
eg=VIP —alIP (where vIP and alIP are the vertical and
adiabatic ionization potentials, respectively; see Ta-
ble 3), are quite significant, reflecting structural vari-
ations between the neutral and charged states of the
clusters.

The electronic structure and bonding in bulk al-

0!
2@ » |
? o
o o o o
® °

Fig. 3. (A) Optimal structures for Na,Cl,, (1 <m<4) clusters,
with LSD optimization. The sequence starts with Na,Cl, at the
upper left corner, and going clockwise, ending with the 2D Na,Cl
(A2d) isomer shown at the lower left corner. Large and small
spheres correspond to sodium and chlorine atoms, respectively.
For the 3D Na,Cl; cluster dy,=2.65 A, £(123)=97.9°,
£(234)=83.4°, and £ (235)=81.9°. For the 3D Na,Cl, clus-
terd;;=2.73 A, dy3=2.63 A, £(123)=79.6°, L (234)=103.3°,
and £ (345)=76.2°. For the Na,Cl (A2d) d;,=3.34 A, dy;=
341 A, =340 A, d,=346 A, ds=251 A d;s=
2.50 A, £(123)=61.1°, £(234)=119.2°, £(341)=60.1°,
£ (412)=119.6°, and £ (451)=87.5°. (B) Optimal geome-
tries for the 3D isomer of Na,Cl (at the upper left corner) and,
going clockwise, for the B2d, C2d and D2d isomers. For the Na,Cl
(B2d) isomer (upper right), d,,=3.20 A, dp3=3.47A, d3,=3.34
A, dys=2.60 A, dis=2.57 A, d3s=2.69 A, and £ (354)=78.3°,
£(351)=75.8°, £(123)=57.9°, £(231)=57.0°, and
£(213)=65.1°.

kali-halide crystals are commonly classified as ionic
in nature [15]. In sodium-chloride this results in cu-
bic (rock-salt structure) crystals with a 3p-like occu-
pied valence band (VB) separated by a wide band-
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Fig. 4. (A) Contours of the excess electron(s) density (highest occupied KS orbitals, separated from the ‘VB’ orbitals) for the optimal
structures of Na,Cl,, (0<m<3). The figure at the upper-left corner is for Na,Cl; and proceeding clockwise additional chlorine atoms
are removed successively, reaching the 2D Na, cluster shown at the bottom left. The sodiums are denoted by open spheres and the
chlorines by filled ones. The contours for Na,Cl; are plotted in the plane containing atoms 1, 2 and 3; for Na,Cl, in the plane containing
atoms 1 and 2 and bisecting the line connecting the two chlorine atoms. For the 2D Na,Cl (A2d) and Na, clusters the contours are in
the plane of the atoms. (B) Same as (A) for the 3D Na,Cl isomer (top left corner; contours in the plane contain atoms 1, 2 and 3), and,
proceeding clockwise, for the B2d, C2d and D2d isomers of the cluster.
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gap from an s-like unoccupied conduction band. Ex-
perimentally the band gap in sodium-chloride was
determined to be E;=8.6 eV [34] and values for the
VB width vary from 1.7 to 4.5 eV (the large degree
of uncertainty is attributed to numerous reasons such
as instrumental broadening, thermal broadening,
surface charging effects, etc. 2). The VB electronic
binding energy, determined from ultraviolet photo-
electron spectrometry [36], is 10.5 eV.

Inspection of the Kohn-Sham energy levels (see
Fig. 2) for the metallization sequence Na,Cl,,
(1<m<4) shows that for the stoichiometric limit,
(NaCl),, a p-like ‘valence band’ of width w=1.03 eV
developed with E;=5.31 e¢V. The VB narrows pro-
gressively upon depletion of the halide component in
the MS (w=0.9 ¢V, 0.62 eV and 0.18 eV for Na,Cl,,
Na,Cl, and Na,Cl (3d), respectively). We note that
the 3D isomer Na,Cl (3d) is not the lowest energy
configuration for this composition. Rather, the min-
imum-energy structures for this cluster are predicted
to be two-dimensional (although the differences in
total energies between the optimal 2D structures and
the 3D one are small; see A2d and B2d in Table 2, see
also the ionic structures shown in Figs. 3 and 4). The
VB width for the A2d and B2d isomers of Na,Cl are
0.43 eV and 0.67 eV, respectively.

The excess electrons in halide-deficient sodium-
chloride clusters occupy energy levels which are split
from the bottom of the unoccupied ‘conduction band’
(CB) of the stoichiometric (NaCl), cluster and are
located in the gap between the VB and the CB. This
behavior is reminiscent of that characteristic to color
centers in bulk alkali-halides [15]. The calculated gap
in energy separating the top of the occupied p-like va-
lence band from the lowest energy level associated
with the excess electrons decreases gradually; i.e. 3.97,
3.77 and 3.76 eV for Na,Cl;, Na,Cl, and Na,C1(3d),
respectively, and 2.31 and 3.35 eV for the lowest en-
ergy isomers (A2d and B2d) of Na,Cl (see Fig. 2).

Further characterization of the excess electrons in
the halide-deficient clusters, whose spatial density
distributions are shown in Fig. 4, can be given in terms
of the inverse participation ratio [37], defined as

pi= j Iwil‘dr/(j Il//ilzdr)z,

2 For a compilation of experimental values and discussion see
Ref. [35].

where y, is the ith occupied KS wavefunction, such
that p,=1 for a localized state and 1/, where Q is
the volume of the system (in our case, the volume of
the wavefunctions’ calculational grid), for a com-
pletely delocalized state. Comparison of the values of
p; calculated for the excess electrons (i.e. highest oc-
cupied KS levels) given in Table 4 with those corre-
sponding to states in the ‘VB’ of the excess-metal
clusters indicates that the excess electrons are of a
more delocalized nature.

The angular momentum character of the excess
electrons, obtained via a spherical-harmonics
decomposition * of the corresponding KS eigenfunc-
tions, is s%-8p%07d%04£ 093 for the single excess electron
in Na,Cl; and s%82p0%05d%-04£0.0¢4 for the two spin-
paired excess electrons in Na,Cl,, portraying their s-
like character.

The structures of the clusters in the MS are shown
in Fig. 3 (for Na,Cl,, Na,Cl;, and Na,Cl, only the
lowest-energy structures are shown, while for Na,Cl
the lowest energy structures, denoted as A2d and B2d,
as well as those of several other isomers, including a
three-dimensional one, denoted as Na,Cl(3d), are
shown). In Fig. 4 we exhibit the ionic structures with
superimposed contours of the excess electron(s)
densities.

As seen from these figures, the minimum-energy

Table 4

Average participation ratios for the excess electron(s) wave
function(s) (highest occupied KS levels), p, and for the other
occupied states (‘valence band’), p’, for Na,Cl,,, m <3 clusters.
Q-1 is the inverse of the volume of the wavefunctions’ calcula-
tional grid

p r Q!
Na,Cl, 1.4%10-3 1.0x 102 4.6%x10-°
Na,Cl, 1.2x10-3 1.2x10-2 4.6x10-°
Na,Cl A2d 1.2x10-3 2.4% 102 1.9%10-3
B2d 1.2%x10-? 2.4%10-2 1.9%10-5
3d 1.1x10-3 2.4%x10-2 4.6x10-5
Na, 1.0x 103 1.6X 103

3 The angular momentum character is calculated via analysis of
the KS wavefunctions of the ith occupied state in spherical har-
monics, i.e. Y,(r)=2;, Pim(r) Yim(2) (1), with the weight of
the (/, m) component given by i, =/[@},(r)1?r?dr. In our
analysis the expansion in Eq. (1) was centered about the elec-
tronic charge center of the wavefunction.
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structures for Na,Cl; and Na,Cl, are three-dimen-
sional, deriving from the cubic structure of the stoi-
chiometric Na,Cl, parent cluster. The excess elec-
tron(s) in these clusters are ‘substitutional’ in nature
occupying mainly the regions of the missing halide
anions (see Fig. 4A). For Na,Cl the lowest-energy
structure is two-dimensional (A2d, or the close-lying
isomer B2d see also Table 2), with the single halide
atom bridging an edge of the rhombus made by the
four alkali atoms. The density of the excess electrons
in these 2D structures of Na,Cl is delocalized over
part of the metal-atom component of the cluster (for
comparison we included in Fig. 4A contours of the
electron density in the Na, cluster).

Finally, as aforementioned two of the 2D isomers
of Na,Cl (A2d and B2d) are essentially energetically
degenerate. To estimate the barrier for transition be-
tween these two isomers we have performed con-
strained optimization of the energy of the cluster,
starting from the A2d isomer and optimizing the en-
ergy as a function of the distance d between one of
the Na atoms and the Cl atom, while relaxing the po-
sitions of all the other ions in the cluster. From these
calculations, the barrier height is determined to be
~80 meV (see Fig. 5), indicating that at high-tem-
perature both isomers may coexist. In this context we
note that our calculations show sensitivity of the ion-
ization potentials (particularly vIP) to the isomeric
structure of the cluster, suggesting that their mea-
surement may allow determination of the lowest-en-
ergy one.
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= —‘ do . - dO
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0 T T T ——
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Fig. 5. Energy barrier for transformation between the A2d (right )
and B2d (left) isomers of Na,Cl, plotted as a function of the dis-
tance d between the Cl atom (filled circle) and the opposing so-
dium, as indicated. The data were obtained via constrained min-
imization. Energy ineV.

4. Summary

As a part of an extensive series of theoretical inves-
tigations [2,7] of the properties of stoichiometric and
non-stoichiometric clusters of alkali-halides we stud-
ied in this Letter structural and energetic properties
of (NaCl),, 1 <n<4clusters, and of halide-deficient
clusters Na,Cl,,, 0<m<3, comprising a metalliza-
tion sequence. Our calculations employed the local-
spin-density (LSD) functional method, with non-lo-
cal norm-conserving pseudo-potentials and plane-
wave basis sets, using a method developed for explo-
rations of optimal structures and dynamics of finite
systems on the ground-state Born-Oppenheimer po-
tential energy surface (the LSD-BO-MD method
[18]).

The optimized structures of (NaCl),, clusters for
n>4 are three-dimensional (3D) cuboids (rock-salt),
while for n=2, 3 they are two-dimensional (2D). Of
the halide-deficient clusters the optimal structures are
3D for Na,Cl; and Na,Cl,, with the ionic arrange-
ments similar to that in the parent cubic Na,Cl, clus-
ter, and the excess electron(s) distribution is local-
ized in the regions of the missing halide atom(s). For
Na,Cl the lowest-energy isomeric structures are 2D,
with the metal ions forming an approximate rhom-
bus (resembling the structure of Na,) and the single
chlorine ion ‘capping’ one of the edges of the rhom-
bus (the two lowest isomers are practically degener-
ate in energy and the transformation between them
involves a barrier of ~80 meV). The electronic dis-
tribution of the excess electrons in these 2D clusters
is of a delocalized character. Analysis of the elec-
tronic distributions and inverse participation ratios
indicates that the excess electrons are of a more de-
localized character than those involved in ionic
bonding (the ‘valence-band’ electrons).

In analogy with F centers in bulk alkali-halide crys-
tals and their aggregates (R and M centers [15]), the
energy levels of the excess electrons in non-stoichio-
metric alkali-halide clusters are split from the bottom
of the unoccupied manifold (‘conduction’ band)
lying in the gap between the occupied (‘valence
band’) and unoccupied levels.

These observations, together with those obtained
for larger clusters (such as the metallization se-
quence Na,,Cl,,, 0<m< 14) suggest a description of
non-stoichiometric alkali-halide clusters Na,Cl,,
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(m<n) as composed of ‘metallic’ and ‘ionic’ com-
ponents, i.e. Na,_,,(NaCl),,, which in sufficiently
large clusters leads to structures exhibiting a face (or
surface) segregated metallic layer (such as in [7]
Nas(NaCl); or [2] Nas(NaF),, which are com-
posed of a segregated Nas layer ‘adsorbed’ on a face
of a 33 X2 ionic crystallite). This picture is also
supported by odd-even oscillation (with n—m) in
defect formation energies (i.e. the energies for re-
moval of successive halide atoms along the metalli-
zation sequence ) and in the ionization potentials.
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