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Electron Localization in Alkali-Halide Clusters
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The quantum path-integral molecular-dynamics method was applied to explore the structure, en-
ergetics, and dynamics of an excess electron interacting with an alkali-halide cluster. Four distinct
modes of electron localization were established, which depend on the cluster composition, size, and
structure; they involve an internal F-center defect, an external surface state, dissociative detach-
ment of an alkali atom, and structural isomerization induced by electron attachment.
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Structural, electronic, dynamic, and chemical
characteristics of materials depend primarily on the
state (phase) and the degree (size) of aggregation.
Small clusters, i.e., finite aggregates containing 3—500
particles, exhibit unique physical and chemical
phenomena, which are of both fundamental and tech-
nological significance, and provide ways and means to
explore the "transition" from molecular to con-
densed-matter systems. ' Theoretical studies of clus-
ters were hampered by the relatively large number of
particles, which renders the adaptation of molecular
science techniques rather cumbersome, while the lack
of translational symmetry inhibits the employment of
solid-state methodology. Molecular-dynamics (MD)
simulations, consisting of the generation of phase-
space trajectories via the numerical integration of the
(classical) equations of motion for a many-particle sys-
tem, are particularly suitable for the study of the struc-
ture and dynamics of small clusters. 2 3 In this context,
localized excess electron states in clusters4 are of con-
siderable interest with regard to the (nonreactive and
reactive) mechanisms of electron attachment, the for-
mation of bulk or surface states, and the role of the
excess electron as a probe for the interrogation of the
nuclear dynamics of the cluster. Futhermore, quan-
tum phenomena are expected to be pronounced in
such systems since the electron wavelength is compar-
able to the cluster size. In this paper we report on the
structure, energetics, and dynamics of alkali-halide
clusters (AHC) studied with classical MD, and of elec-
tron alkali clusters studied with the quantum path-
integral MD method (QUPID). 5 8 AHC were chosen

since the nature of the interionic interactions is well
understood and in view of the abundance of model cal-
culations and experimental information of these sys-
tems. 9 Our QUPID calculations establish four modes
of localization of an excess electron in AHC: (i) an
F-center defect with the excess electron replacing an
internal halide ion; (ii) a new surface state, i.e., a
"surface Fcenter" of the excess electron; (iii) dissoci-
ative electron attachment to AHC resulting in the for-
mation of an "isolated" alkali atom; (iv) structural
isomerization induced by electron attachment. Our
calculations establish the compositional, structural,
and size dependence of these various localization
mechanisms.

The QUPID method6 8 was applied to a system of an
electron interacting with an AHC consisting of N ions
(N& cations and N2 anions). The interionic potential
energy within the AHC is V&Hc= g/J4&tz(RtJ), with
the interionic pair potentials &btj(RtJ) being given by
the Born-Mayer potential with the parameters deter-
mined by Fumi and Tosi. '0 The electron-AHC poten-
tial is V, (r) =etc,t(r —Rt) consisting of a sum of
electron-ion potentials, which are described by the
purely repulsive pseudopotential 4,t(r) = e2/r for the
electron-anion interaction and by the local pseudopo-
tential" &b,t(r) = —e /R„r ~ R„and 4,t(r)
= —e2/r, r )R„ for the electron —positive-ion in-
teraction. The Hamiltonian is H = K, + V, + KAHc
+ VAHc, where K, and KAHc are the kinetic-energy
operators for the electron (mass m) and of the ions
(masses Mt=Mt and M2), respectively. Observables
are obtained from the quantum partition function
Z = 1im~ [ Z~ ]~ with

Z~ = Tr [exp( —~KAHc) exp( —«.)exp( —«AHc) exp( —& V ) i.
wh««=p/pand p= (kaT) ' is the inverse temperature. If we make use of the free particle propagator' Z~ is

' 3N p/2
m

2m'

p/ N p

IJl Rt J.Id r «p[ p( V'rr+ V rr) j
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where
P

V,„,= X P, , (r, —r, ,)'+ V, (r, )/p
2(i P

and

Veff ~ ~ 2 2 (Rl(i) I(i+1)) + VAHC/p'
2

I= ii= 1 + /

Equation (1) maps the quantum problem onto the
classical statistical mechanics of N+ I particles, each
consisting of a periodic chain (necklace) of p pseu-
doparticles (beads) with nearest-neighbor harmonic in-
terchain interactions, whose strengths depend upon
the masses (m, Ml, M2), the temperature (T), and
the pseudoparticle number (p). When the thermal
wavelength [XT= (pt2/MI)' 2] is smaller than any
relevant length scale, the Gaussian factor in Z~
reduces to a delta function and the necklace collapses

to a classical particle. This is the case for the ionic part
of our system. The average energy of the system is
given at equilibrium by

P

+ ( v~Hcl+ K. +u '( X v, (r;))
i=1

with the electron kinetic energy
P

which consists of the free-particle term (3/2p) and the
contribution from the interaction (K;„,) with the
ions. ' The statistical averages indicated by angular
brackets are over the Boltzmann distributions as de-
fined in Eq. (1). This formalism is converted into a
numerical algorithm by noting'4 the equivalence of the
sampling described above to that over phase-space tra-
jectories generated via MD by the classical Hamiltoni-
an

' m r,' MIRI ' pm(r, —r;~1)' V(r )

i= 1 I= 1 i= 1

(2)

the mass m' being arbitrary and taken as m'= 1 u.
Numerical simulations were performed for an elec-

tron interacting with sodium-chloride clusters at about
room temperature. On the basis of examination of the
stability of the variance of the kinetic-energy contribu-
tion K;„„the number of "electron beads" was taken
as p = 399. By use of an integration step of
5 t = 1.03 && 10 '5 sec, long equilibration runs were per-
formed [(1—2) X 1043, t]. The reported results were
obtained via averaging over 8 x 1036, t, following equili-
bration. The electron-ion pseudopotential parameters
were varied by changing the cutoff radius R, in the
range (3.22 —5.29)a0. From QUPID calculations on a
single Na atom, the atomic ionization potential is

reproduced (see Table I) for R, = 5.29a0, which seems
to be a too-high value for the characterization of this
pseudopotential. 6 Therefore, on the basis of pseudo-
potential parametrization studies" and a recent
QUPID studys of F centers in molten and solid KCl in
which the same form of pseudopotential was em-
ployed, a value of R, =3.22a0 (yielding a value of
—0.3005 a.u. for the electron binding energy to Na+,
see Table!) is preferred. Fortunately, our conclusions
regarding internal and surface-localization modes
remain unchanged ~ith respect to reasonable varia-
tions of this parameter. In simulations involving the
electron-AHC interaction, different initial conditions
were employed, two of which for the [Na14C113]+ sys-
tem are portrayed in Figs. 1(a) and 1(b). The result-
ing final state of the system was found to be indepen-
dent of the initial conditions.

It has previously been suggested on the basis of
zero-temperature structural calculations, 9 and has been
confirmed by our classical MD simulations, that when

the size of the clusters increases (N» 20), the NaC1
cyrstallographic arrangement is preferred for particular
stability for clusters forming rectangular structures
even if the number of positive and negative ions is not
equal. Therefore, we have chosen to study first the in-
teraction of an electron with [Na14C13] and
[Na14C112]++ clusters, which exhibit pronounced sta-
bility. In Figs. 1(c) and 1(e), we present our results
(using R, = 3.22a0) for the equilibrium electron-
charge distribution obtained from 2D projections of
the necklace edge points, and for the nuclear con-
figuration of the clusters. In both cases the electron,
which starts in either initial configuration as shown in
Figs. 1(a), 1(b), has been localized. However, two
distinct modes of electron localizations are exhibited
involving internal and external localization for the dou-
bly charged and singly charged cluster, respective-
ly. The vacancy-containing configuration of the
[Na(4C112]++ cluster stabilizes an internally localized
excess electron state, with the e surrounded by six
Na+ ions in an octahedral configuration and by twelve
Cl ions [Fig. 1(e)] which is similar to the case of an F
center in the extended solid. The electron affinity of
the cluster Ez =E$+E, is obtained by summing the
electron binding energy

E$= +K;„,+p 'X(V(r ))

and the cluster reorganization energy E, = ( VAHc)

( VAHc) 0 where ( VAHc) 0 ls the p«enti» energy of
the "bare" AHC in the absence of the electron. The
ionic configuration of the e-[Na14C112]++ cluster is
somewhat distorted; however, the gain in Ez( —0.249
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TABLE I. Average equilibrium temperature ((T) ), interionic cluster potential energy (( VA„c) ), electron interaction
kinetic energy (K;„,), electron kinetic energy K, = 3/2P+ K;„„e-AHC interaction potential energy (( V, ) ), electron binding
energy (Eg), cluster reorganization energy (E,), electron affinity of cluster (Eq), and Cartesian components of the "electron
necklace" gyration radii (R„2,R~2, R,2). Atomic units are used (energy and ( T) in Hartrees, length in Bohr radii). Variances are
given in parentheses. Calculated values of (T) and ( V„Hc) for the "bare" clusters: [Nat4Clt4], 0.976(0.111)x 10-',
—3.7296; [Nat4Clt3]+, 0.948(0.106) x 10—3, —3.5911; [NaqqClt2]++, 0.954(0.093) x 10—3, —3.3151; [Na5C14]+,
1.01(0.38) x 10,—1.0999.

10 (T) ( VAHC) 10 Ki„, Rz2

e -[Nat4CIt3]+
R, =3 ~ 22
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R, = 5.29
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FIG. 1. Ionic configurations and "electron necklace" distributions for an excess electron interacting with sodium-chloride
clusters Small and large spheres correspond to Na+ and Cl ions, respectively. Dots represent 2D projections of the "elec-
tron beads. (a), (b) Alternate initial configurations of [Na~4Clt3] + e [in (b) the e bead is localized to the right of the cluster]
which achieve the equilibrium configurations corresponding to surface states given in (c), R, =3.22ao, and (d) R, = 5.29ao.
(e) Equilibrium configuration of e-[Nat4C1~2]++, R, =3.22ao, exhibiting an internal F center. (f) Initial state of e-[Na5C14]+.
(g) Equilibrium configuration of e- [Na5C14] with R, = 3.22ao resulting in dissociation of Na. (h) Equilibrium configuration of
e- [Na5C14]+ with R, = 4.36ao which corresponds to structural isomerization.
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a.u. ) exceeds the loss in E, (0.0799 a.u. ) favoring
internal localization (Table I). It is of interest to note
that the total energy of e-[Nat4Clt2]++ is rather close
to that of [Nat4Clt3]+, so that the electron binding en-
ergy in the cluster is similar to that of a negative ion,
analogously to the situation for F-center formation in
(extended) ionic crystals, s thus establishing the domi-
nance of short-range attractive interactions in electron
trapping (localization) phenomena. A drastically dif-
ferent localization mode is obtained in the e
[Nat4Clt3]+ system [Fig. 1(c)], where a surface state
is exhibited. For R, =3.22ap the electron localizes
around an Na+ surface ion [Fig. 1(c)], leaving an
essentially neutral [Nat3Clt3] cluster, which interacts
with the (partially) neutralized Na atom mainly via po-
larization of the electron cloud (with a residual ionic
binding of —0.002 a.u.). We refer to this state as a
cluster-surface localized state, which bears close analo-

gy with Tamm's crystal-surface states. 's When the
pseudopotential cutoff R, increases, the surface state
becomes more extended [see Fig. 1(d) for R,
= 5.29ap] [the choice of an abnormally high value for
R, (i.e. , 5.29ap) prevents internal localization in the
[Nat4Clt2]++ cluster since the internal region is then
predominantly repulsive (see Table I), resulting in a
surface state]. A measure of the spatial extent of the
localized electron is given by the gyration radius of the
"electron necklace" R2 = ( I/2p ) (g;, (r; —r&) ),
which demonstrates (Table I) the enhanced localiza-
tion in the e-[Nat4Clt2]++ system and the anisotropy
of the electron distribution in the e-[Nat4Clt3]+ sys-
tem. An estimation of the extent of the electron ther-
mal wave packet is obtained also by

P
- i/2

RT—=

which for a free electron at room temperature yields
RT=&3&T ——56ap (&r ——32.34ap). In all the calcula-
tions reported herein Rr values of 52ap —55ap were ob-
tained, i.e. , the same as the free-electron value to
within statistical significance (compare to typical in-
terionic distance of Sap in NaC1 clusters).

In smaller clusters novel effects of dissociative elec-
tron attachment and cluster isomerization induced by
electron localization will be manifested. We have
studied the smallest singly ionized cluster exhibiting
high stability, i.e., [NasC14], for which the lowest en-
ergy configuration is planar with four Na+ ions at the
corners and one at the center of an approximate
square. This cluster possesses an isomeric structure
(less stable by 0.014 a.u. ) in which the ions are ar-
ranged in a distorted pyramidal configuration. Adding

an electron to the ground-state planar configuration of
[NasC14] + (with the Na+ pseudopotential being
characterized by R, = 3.22ap) transforms the system
into a neutral [Na4C14] cluster with a planar ring struc-
ture and a dissociated neutral Na atom [Table I and
Figs. 1(f) and 1(g), corresponding to the initial- and
final-state configurations, respectively]. To demon-
strate that this process is driven by the localization of e
around a single Na+ ion, we have performed further
simulations by decreasing the cation-electron binding
strength, taking R, =4.36ap. In this case, extreme lo-
calization is not sufficiently counterbalanced by e bind-
ing. Instead, the planar structure transforms to the
isomeric pyramidal configuration with the electron lo-
calized as a diffuse cloud about the tip of the pyramid
[Fig. 1(h)]. Electron localization accompanied by
structural isomerization will constitute a prevalent
phenomenon for AHC with smaller e-cation binding
energy, i.e., the heavier alkali metals. In view of the
intimate interrelationship between structural isomeri-
zation and melting of clusters, ts it will be interesting to
explore the melting of such finite systems induced by
electron localization.
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