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Properties of small clusters at ionic surfaces: (NaC1)„clusters (n = 1 —48) at the (100) Mgo surface
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We have studied the geometry, binding energy, interaction with the surface, barriers for diffusion, op-
tical absorption, and the possibility for their observation using atomic force microscopy of (NaCl)„clus-
ters (n =1—48) on the (100) MgO surface. We address the questions at which cluster size do the ad-
sorbed molecules lose their identity and how do strained clusters accommodate the strain. The relation
between the structure of initial molecular fragments adsorbed at the surface and the structure of the cor-
responding thick 61m is discussed. The results are compared with the calculated structures of the free
clusters and the experimental data on the molecular-beam epitaxy of alkali halides.

I. INTRODUCTION

Elemental and molecular clusters are often considered
to bridge the gap between the properties and behavior of
single molecules in the gas phase and bulk condensed
matter. ' In particular, small molecular clusters of ion-
ic compounds are the focus of many experimental and
theoretical studies. Interest in these systems is prompted
first of all by their relatively simple structure. Free clus-
ters of various sizes can be readily produced in laser-
vaporization sources, by gas aggregation, and particle
sputtering. The formation, size, structure, and chemical
properties of charged clusters of alkali halides '

(AH's) and cubic oxides such as MgO and CaO (Refs.
6, 13—16) have been investigated experimentally in great
detail. Atomic and electronic structures of free small al-
kali halide and oxide clusters have been calculated using
difFerent techniques. '

Despite the increasing number of studies of the proper-
ties of free molecular clusters, the experimental tech-
niques applicable for the study of their geometric and
electronic structures are limited. In particular, the
analysis of the mass spectra of charged nonstoichiometric
clusters provides only qualitative information regarding
the geometric models of these clusters. Recent advances
in the molecular-beam epitaxy (MBE) growth of insula-
tors and the possibility of cluster deposition at insulating
surfaces offer new opportunities in this respect: clusters
can be deposited directly on surfaces from the cluster
source' or formed during homo- and heteroepitaxial
growth of ionic compounds. Their structure can be
studied using a wide range of techniques including such
methods as atomic force microscopy ' (AFM) and ion
and metastable-atom impact electron spectroscopy
(IIES and MIES). Apart from the clear fundamental in-
terest, information obtained in these studies could pro-
vide an insight into the mechanisms of crystal film
growth, homo- and heteroepitaxy, structural and elec-
tronic characteristics of nanoscopic species and their in-
teraction with surfaces, and properties of surface inhomo-

geneities, including steps and kinks. This information
could be used in order to estimate the accuracy and reso-
lution of the surface-sensitive techniques such as AFM,
IIES, and MIES.

Theoretically, Bjorklund and co-workers considered re-
actions between alkali halide molecular beams (mainly
AH molecules and dimers) and single crystals of alkali
halides. Shluger, Gale, and Catlow studied absorp-
tion of MgO and LiC1 molecules at the (100) MgO sur-
face. Celli and Urzua calculated the configurations of
adsorbed NaC1 and KBr molecules on the (100) NaCl and
(100) KBr surfaces. No theoretical studies have exam-
ined larger clusters on surfaces to our knowledge.

In this study we consider some general features con-
cerning the structure and diffusion of molecular clusters
at ionic surfaces with large geometric misfit using atomis-
tic simulation and quantum-chemical techniques. A good
geometric and chemical contrast between the host surface
and point defects, such as impurities and adsorbed mole-
cules and clusters, is necessary for their observation using
AFM and spectroscopic techniques. As a particular sys-
tem we have chosen NaCl clusters on the (100) MgO sur-
face. MgO is known as a good support for deposition of
different molecules and heteroepitaxial growth of other
materials. It provides an example of a cubic ionic materi-
al with a strong crystalline field near the surface. The
latter should make the adsorption energies large and em-
phasize the strain effects in which we are interested in
this study. Formal misfit between the lattice constants of
MgO and NaC1 is about 6:8. We analyze the calculated
properties of (NaC1)„clusters (n =1—48) at the MgO
surface from the point of view of their geometry, binding
energy, barriers for diffusion, optical absorption, and the
possibility of their observation using AFM. Dynamic
processes of the interaction of molecules and clusters
with surfaces are beyond the scope of this paper. Al-
though at real surfaces the molecules often fill the defec-
tive sites such as kinks, vacancies, and step edges first, in
this study we will focus on their interaction with perfect
surfaces.
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II. CALCULATIDN TECHNIQUES

%'e report the results of static calculations based on
total-energy minimization to obtain the equilibrium clus-
ter geometries and adiabatic barrier energies for cluster
diffusion, which do not take into account energy dissipa-
tion in the adsorption and cluster formation process. The
large number of relaxing ions requires a semiempirical
technique for energy calculation. Therefore we have em-

ployed both an atomistic simulation technique (MARVIN
code" ' '), and a semiempirical quantum-chemical
method (CLUSTER code ).

A. MARVIN atomistic simulation technique

This technique adopts a multiblock approach, with pla-
nar two-dimensional periodic boundary conditions paral-
lel to the interface. Each block consists of two regions as
shown in Fig. 1. The first contains the ions which are re-
laxed explicitly until there is zero force on each of them,
while the ions in the second are fixed. Thus the model of
a surface consists of a block ( A) with its region 1 con-
taining the ions closest to the surface, and the ions in re-
gion 2 are fixed to reproduce the potential of the remain-
ing lattice (see Fig. 1). The methodology is closely relat-
ed to that used by Tasker in the M&DAs code. In the ad-
sorption calculations, the adsorbing molecules are placed
in the same block as the surface ions and all ions of the
adsorbed cluster and the surface layer are allowed to re-
lax. In all the MARvIN calculations of adsorption in this
study, the surface region 1 contained one plane of 200
surface ions and the cluster ions. Region 2 contained
four planes of frozen ions. The surface deformation due
to the cluster-surface interaction in the present work did
not exceed 0.08a (a is the lattice interionic distance) per-
pendicular to the surface plane. Based on our previous
AFM calculations ' using the same technique, in which
the surface deformation was much larger, we believe that
additional unfrozen surface planes would not change our
qualitative conclusions.

To speed up the calculations, we have incorporated the
idea of "freezing. " This involves taking an ion out of the
minimization if the force on it is less than a given value.

There is no guarantee that the force on this ion will not
increase as the rest of the ions relax around it, and this is
checked for at the end of each calculation. This tech-
nique has been found to be extremely effective for the cal-
culations presented here.

The functional forms of the potentials used to describe
the clusters and surface and their interaction are based on
an ionic model. The major interaction is between charges
centered on the positions of the ions, with electronic po-
larizability incorporated via the Dick-Overhauser shell
model. " The Coulomb interaction is long range and the
sum over the crystal lattice is conditionally convergent.
Hence a two-dimensional Ewald summation technique
has been employed. ' Two-body potentials were used
to represent the non-Coulombic interactions between the
ions. The range over which these non-Coulombic in-
teractions operate is determined by a potential cutoff.

The parameters of the pair potentials used in this work
ar summarized in Table I. The short-range potentials for
most of the ions were specially optimized. The aim of
this optimization was to maintain the consistency be-
tween the different interactions and to reproduce the
characteristics of the perfect lattices correctly but still
produce a potential whose functional form is robust with
respect to significant distortions in the bond lengths away
from equilibrium values. In particular, the oxygen-
oxygen potential was determined by simultaneously
fitting the short-range parameters to reproduce the lattice
parameters of a range of different binary and ternary ox-
ides. " A11 other potentials were initially derived using an
electron-gas method and further refined by fitting to the
perfect-lattice properties of the appropriate materials,
e.g. , MgO, NaC1, Na20, MgC12. Since these are fitted to
experimental data, they can be described as "empirical"
potentials. In cases where no lattice data were available
(i.e., for O-C1, Mg-Na), an empiricizing procedure was
employed described as follows using O-Cl as an exam-
ple. The short-range energies between 0-Cl and between

TABLE I. Short-range potentials used. The potentials have
the functional forms 8'(r)= A exp( —r/p) (Born-Mayer) and
8'(r) = A exp( —r /p)+ C/r {Buckingham).

Between ions Potential type A (eV) p A C(eVA )

Na+

CI

Mg2+
I eglCXl 1

O-O
Na-0
Mg-0
Cl-0
Cl-Cl'
Na-Cl
Mg-Cl
Na-Na
Na-Mg

Buckingham
Born-Mayer
Born-Mayer
Buckingham
Buckingham
Buckingham
Buckingham
Buckingham
Buckingham

9 574.96
1 677.83
1 284.38
4 393.1
2 021.3
3 046.4
2 511.51
6 927.8

28 261.4

0.2192
0.2934
0.2997
0.2721
0.3588
0.2836
0.2857
0.1836
0.1510

32.0

62.2
88.98
12.82
6.22
4.43
2.10

FIG. 1. Part of the simulation cell for the calculation of the
adsorption of a molecule of NaC1 onto the (100) plane of MgO.
The cell is repeated infinitely in the x and y directions.

'The geometries of the small clusters are better reproduced
without the short-range Cl-Cl interaction as it is fitted for the
infinite lattice. Therefore this potential was only used to derive
the Cl-0 short-range potential. It was not used in the calcula-
tions of the cluster geometries, where only Coulomb repulsion
was included.
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Cl-Cl were calculated using an electron-gas method. '

Although the absolute energies of these potentials are not
consistent with the empirically derived potentials, the
difference between electron-gas-derived potentials is as-
sumed to be useful. As such, if the difference between the
O-Cl and Cl-Cl electron-gas potentials is added to the
empirical Cl-Cl potential, the resulting "empiricized" 0-
Cl potential is representative and consistent with the
empirical potentials. For all anion-anion potentials, the
C6 dispersion terms were determined using the
Kirkwood-Slater formulas. Only Coulomb repulsion
was taken into account for the Mg-Mg interaction. All
the ions had their full formal charges and only the anions
0 and Cl were treated as polarizable. Their shell-model
parameters ' were the following: Yo = —2.04e;
Ko 6.3 Yc& 1 984 'Kc& 13 209 VA

Using the MARVIN code and this set of parameters we
calculated the reconstructions of the perfect (001) sur-
faces of NaC1 and MgO. The results are qualitatively
similar for both crystals: the cations displace slightly in-
ward and the anions outward from the crystal perpendic-
ular to the ideal surface plane. The magnitudes of these
displacements are about 0.01a (a is the bulk interionic
separation) for MgO, and about 0.02a for NaC1. A very
similar surface relaxation was calculated for MgO using
the MIDAS code and the CLUSTER code.

To calculate the cluster-surface interaction energy and
the cluster distortion at the surface we have also calculat-
ed the energetic and geometric parameters of the free
clusters using interatomic potentials and the GULP
code. For comparison with the studies of free clusters
we used the results of extensive Hartree-Fock ab initio
calculations reported in Ref. 22 as they contain all the
necessary numerical information. The latter is also
necessary to check the parameters of our interatomic po-
tentials. Agreement of the geometric parameters ob-
tained is better than S%%uo. However, the binding energies
calculated using interatomic potentials are generally
about 10%%uo bigger than those obtained using the
Hartree-Fock method in Ref. 22. More detailed compar-
ison of these results is presented in the next section.

B. cLUsTER quantum-chemical technique

The program employs both the embedded molecular
cluster (EMC) model and the periodic large unit cell
(LUC) method ' and is based on the intermediate
neglect of difFerential overlap (INDO) approximation of
the unrestricted Hartree-Fock-Roothaan method. ' It
allows us to determine the electronic structure of a
quantum-mechanically described cluster that contains
several tens of ions. It employs a minimal valence Slater
basis set and uses a single-determinantal approximation
for the wave function and therefore does not take into ac-
count van der Waals interactions. The lattice relaxation
in the present study includes only ionic displacements
from the lattice sites. The optical-absorption energies
were calculated using the configuration-interaction tech-
nique and included all single-electron excitations.

The calculation scheme of the CLUSTER code and the
parametrization of the INDO method are described in

Ref. 44. The procedure for a defect study on a crystal
surface using the CLUSTER code includes the following
steps. (1) Calculation of the electronic structure and re-
laxation of the perfect surface are made using periodic
boundary conditions where the crystal surface is treated
as a slab comprising several atomic planes. For this pur-
pose the LUC method is used, as both sides of the two-
dimensional infinite slab are equivalent. As has been
shown both in our previous semiempirical calculations,
and in recent ab initio studies, a slab comprising 5 —7
atomic planes of the rocksalt ionic crystal lattice satisfies
these requirements. (2) A study of adsorbtion on the sur-
face is performed in the EMC model for a cluster embed-
ded in a slab and adsorbed molecules. The atomic struc-
ture of the slab outside the cluster is treated as in the first
step of the study. The ions outside the cluster carry the
same basis of atomic orbitals (AO's) as inside the cluster,
but with the Lowdin populations of those AO's frozen
to the AO populations in the slab simulating the perfect
surface. The Coulomb interaction with these ions is cal-
culated exactly up to a distance R where the Coulomb in-
tegral between two interacting points becomes practically
equal to 1/R. The potential of the crystalline field pro-
duced by the rest of the slab is then calculated using the
Ewald method. The crystal surface in the EMC calcula-
tions was simulated by a Na48C148 molecular cluster
comprising one plane of 96 ions embedded in the slab of
five lattice planes.

Finally we should make some comments regarding the
accuracy of the results of the present calculations. First,
the interaction energy between the periodically located
clusters can be considerable. However, it was not bigger
than 0.03 eV in our calculations even for the largest 48-
molecule cluster. Secondly, the energy of the van der
Waals interaction between the cluster and their surface
depends on the number of surface layers as it decreases
very slowly. However, as is shown below, the geometry
of the clusters at the surface does not depend significantly
on the van der Waals interaction. Therefore a five-layer
slab was used in all MARVIN calculations. Thirdly, the
charges on the ions are fixed in all MARVIN calculations.
However, they may be different for the cluster ions with
different coordination, and for the surface ions interact-
ing with the cluster. As was obtained in the quantum-
chemical calculations of the clusters at the surface using
the CLUSTER code, the variation in the charge values does
not exceed 0.05e (e is the electron charge). Therefore we
believe that this cannot change our qualitative con-
clusions.

III. RESULTS OF CALCULATIONS

The cluster structure to a certain extent is determined
by the surface, and the variety of possible cluster struc-
tures formed at surfaces, although large for large number
of molecules, can be much smaller than that for free clus-
ters. In this study we did not consider all possible cluster
structures for a given number of molecules, but rather ad-
dressed some specific issues regarding clusters at surfaces.
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A. %'hich structural fragments can one expect at the very
initial stages of molecule aggregations

Adsorption of individual AH and MgO molecules at
the (100) surfaces of AH and Mgo has been considered in
a number of studies using diferent calculation tech-
niques. ' ' At long surface-molecule distances their in-
teraction is determined by the exponentially decaying
electrostatic field of the whole surface. At short (about
the crystal lattice constant) distances the ions of the mol-
ecule interact with the individual surface ions by the
strong Coulomb and short-range forces. Finally, the mol-
ecule adopts a distorted configuration with the positively
charged ion roughly above the surface anion and the neg-
atively charged anion above the surface cation (see Fig.
1). This configuration refiects the predominance of the
electrostatic forces.

The properties of the whole system "the surface with
adsorbed molecular cluster" are determined by its free en-
ergy. ' In this study we approximately determined the
relative stability of the difFerent configurations of the
clusters comprising the same number of molecules at the
surface by comparing the total energies of the system.
Another useful energetic parameter which characterizes
the cluster-surface interaction is the molecule (cluster)
adsorption energy E,d at the surface. It is defined with
respect to the free state of the cluster with the same shape
(if it exists) as stabilized at the surface. This energy in-
cludes the surface, E,"„'„andmolecule (cluster), E',i', dis-
tortion energies with respect to their free states, and the
molecule-surface interaction energy E;„,at the equilibri-
um configuration of the adsorption:

E„=E„E—,'„,E—,', =E,„,+(E „',+E; ),
where E„is the total energy of the surface with n ad-
sorbed molecules, and E,„,and E,&

are the energies of the
relaxed free surface and cluster, respectively. The ad-
sorption energy of the single NaC1 molecule at the (100)
MgO surface obtained in our calculations is equal to 1.01
eV. As can be seen in Table II, the surface distortion en-
ergy due to adsorption of the NaC1 molecule is about ten
times bigger than the molecule distortion energy. The
nearest surface ions are considerably displaced from their
positions at the perfect surface (see Fig. 1) due to the
strong dipole-surface and short-range interactions with
the molecule, whereas the intramolecular distance in-
creases from 2.47 to 2.53 A. The biggest displacements
of the surface ions are those perpendicular to the surface
plane and comprise 0.07a and 0.08a for the O and Mg
ion, respectively, where a is the Mgo bulk interionic sepa-
ration (a =2. 1058 A in our calculations).

Displaced surface ions and adjacent vacancies consid-
erably change the surface electrostatic potential which
decreases much more slowly than that of the perfect sur-
face. The interaction of the molecule dipole moment
with this potential determines the large molecule-surface
interaction energy. For instance, the latter is equal to
only —0.3S eV for the molecule interacting with the rigid
perfect surface. It is interesting to note that the gain in
the molecule-surface interaction energy due to the sur-
face distortion considerably outweighs the surface distor-
tion energy. This explains why the surface of hard MgO
distorts so readily in the field of a molecule.

The mobility of the molecules at the surface is one of

TABLE II. Adsorption, cluster, surface relaxation, and cluster-surface interaction energies in eV for
selected clusters. E,l'/X is the cluster relaxation per molecule. Missing energies do not have corre-
sponding free clusters with the same shape as at the surface. Entries marked with an asterisk corre-
spond to the most stable cluster configurations at the surface calculated in this study for a given number
of molecules.

4

8

8
8+

11
12
12*
16
16
24 g

24
24
32

48+

Shape

linear
cubic
linear
linear
planar
cubic
planar
planar
3D linear
3D linear
3D square
parallelepiped
rotation 1

rotation 2
parallelepiped
parallelepiped
parallelepiped

Figure

3(b)
3(c)

4(b)

4(c)

6(a)
6(b)
6(c)

—1.00
—1.22
—1.58
—1.81
—1.00
—1.96

—1.48

—1.55
—2.39
—2.05
—2.14
—1.70
—1.60
—2.19
—2.81
—3.63

Erel
cl

0.08
0.07
0.09
0.10
0.07
0.15

0.12

0.22
0.24
0.19
0.22
0.31
0.21
0.22
0.38
0.58

0.08
0.04
0.03
0.03
0.02
0.03

0.02

0.02
0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.01

rel
Esur

0.76
0.64
0.81
0.90
0.48
0.99
1.55
1.40
0.66
1 ~ 87
1.83
0.76
1.01
0.91
0.90
0.87
0.75
0.86
1 ~ 12
1.51

—1.85
—1.92
—2.48
—2.81
—1.56
—3.11
—4.89
—4.21
—2.26
—5.67
—5.76
—2.53
—3.63
—3.14
—3.27
—2.88
—2.56
—3.27
—4.31
—5.72
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the main factors which determine the mechanism of their
aggregation. Three mechanisms for diffusion of the LiC1
and MgO molecules along the (100) MgO surface were
considered in Ref. 38. It was demonstrated that two of
them, successive "90' reorientations" in the surface plane
and "180 out-of-plane rotations" (see Fig. 2), have the
lowest and comparable energy barriers. Our present cal-

(a)

FICx. 2. Schematic diagrams showing diftusion mechanisms
(a) 90' in-plane reorientation for one NaC1 molecule, (b) 180'
out-of-plane rotation for a single NaC1 molecule, and (c) rota-
tion of cube around an edge for four NaCl molecules. Barrier-
point configurations are shown by bold broken lines. The curved
arrows indicate the reorientation pathways. The small arrows
in (a) shown the lattice relaxation at the barrier point.

culations for the NaC1 molecule diffusion gave qualita-
tively similar results. In particular, in-plane 90 reorien-
tations of the NaCl molecule have the smallest adiabatic
barriers: reorientation "around" the Cl ion requires us to
overcome the barrier of about 0.29 eV, whereas "around"
the Na ion requires 0.12 eV. As was discussed in Ref. 38
for the LiC1 and MgO molecules, there is a considerable
molecular displacement from an ideal rotation
configuration and further surface distortion at the transi-
tion state (see Fig. 2). The energy barriers for the 180
out-of-plane rotations are equal to about 0.5 and 0.57 eV
around the Na and Cl ions, respectively. These energies
are much smaller than the molecule adsorption energy at
the surface. Therefore one can expect that, in the process
of relaxation into the stable adsorption state and energy
dissipation, the molecule can make several jumps along
the surface.

The second molecule can be attached to the first one,
already adsorbed at the surface, in three different ways:
antiparallel, perpendicular, and linear (along the same
surface axis). The most stable configuration is the anti-
parallel rhombic configuration in which the ions make
the largest number of bonds. The attachment energy E,«
can be defined as the difference E tt =E E

&
E

where E is the total energy of the cluster of m (m =n or
n —1) molecules and the surface, and E

„

is the energy
of the free NaC1 molecule. It characterizes the energy
gain due to attachment of the next molecule from the free
state to the cluster already adsorbed at the surface. In
the rhombic configuration it is about 2.53 eV. For com-
parison, this is 0.75 eV larger than for the linear
configuration in which the molecules are adsorbed in
neighboring positions along the (100) surface axis. The
binding energy per molecule between the rnolecules in the
adsorbed rhombic dimer is 1.13 eV which is only 0.03 eV
smaller than in the free dimer. The rhombic
configuration is very close to that of the free dimer and is
slightly distorted perpendicular to the surface. In partic-
ular, the Na-Cl-Na angle increases from 77.9 to 78.7,
whereas the Na-Cl distance increases from 2.59 to 2.62

0
A. For comparison, the experimentally determined
geometric parameters of the free dimer are 78.6 and
2.58 A, respectively. The surface distortion energy is
significantly smaller than that for the single molecule be-
cause of the much smaller electrostatic interaction. The
latter increases considerably after attachment of a third
molecule as the cluster reacquires a dipole moment.

The attachment energy for the third molecule in the
most stable configuration antiparallel to the adjacent
molecule [this geometry is similar to that shown in Fig.
3(a) if one ignores the fourth molecule attached on the
left side] is 2.18 eV. However, the energy of this
configuration is lower than the energy of the dimer and
the individual molecule separately adsorbed at the sur-
face by about 1.18 eV. We note that reaction energy
NaC1+(NaC1)z —+(NaC1)3 calculated for the free mole-
cules is 1.82 eV (1.6 eV according to Ref. 22). The
difference is caused predominantly by the large surface
distortion. The linear-chain configuration of the three al-
most antiparallel molecules is one of the two stable
configurations which are established for the free NaC1 tri-



13 636 SHLUGER, ROHL, AND GAY 51

mer. The other configuration for a free cluster is a ring,
which has a very close or even lower energy. For three
molecules it has a structure close to the linear chain. The
strong interaction with the squared lattice template di-
minishes the difference between the two configurations
and in fact they converge into one.

For the four different configurations of four molecules
shown in Fig. 3, the attachment energy is only useful for
the first two planar configurations. The first of them has
E,« = 1.84 eV, whereas the second configuration has

E,«=2. 13 eV. The rearrangement of the cluster from
the first into the second configuration requires several
successive reorientations of a molecule. However, due to
the high attachment energy, the barrier for rotation of
the molecule, which limits the rearrangement process, is
about 1.0 eV. This makes the rearrangement highly un-
likely once the adsorbed molecule(s) are in thermal equi-
librium with the substrate. Part of the attachment ener-
gy, though, could be used for this rearrangement during
the equilibration process. The cluster in the second

(b)

(c)

FIG. 3. Optimized geometries for four
different configurations of four NaCl molecules
on the (100) surface of MgO; (a) planar cluster,
(b) linear chain of antiparallel molecules, (c)
cube, and (d) ring. Large circles correspond to
the Cl ions and small circles to the Na+ ions.
The approximate geometry for the (NaC1)3
cluster can be visualized from (a) and (b) by the
removal of one molecule.



51 PROPERTIES OF SMALL CLUSTERS AT IONIC SURFACES: 13 637

configuration makes a bridgelike strained structure [see
Fig. 3(b)]. The energy of this structure is only O. ll eV
higher than the energy of the most stable cubic structure
shown in Fig. 3(c). The latter is strongly distorted with
interionic distances in the upper rhomb of 2.66 A and in
the lower rhomb of 2.72 A. The energy of the ring struc-
ture in Fig. 3(d) is 0.59 eV higher than that of the cube.
The relative stability of the free clusters and the ad-
sorbed clusters in the same order [Fig. 3(c), 3(b), 3(d)], but
the energy differences are much larger for the free clus-
ters. In particular, the energy of the cubic structure is
lower than that for the linear chain of antiparallel mole-
cules by 0.83 eV (0.9 eV in Ref. 22). This clearly results
from the interaction with the surface. Note that E,'„",an

E;„,for the cubic structure are much smaller than for the
linear (NaCl)& structure [Fig. 3(b)] and close to the values

(a)

for the (NaC1)z cluster (see Table II). The latter suggests
that the molecular pair closest to the surface makes the
main contribution to both energies.

These results already reAect several common features
which ersist for all the clusters studied in this paper.
First, the barriers for diffusion of individual molecules
along the surface are much smaller than the attachment
energies o exis int 'sting clusters and intracluster interaction
energies. Further rearrangement of the cluster structure
after a molecule sticks to a particular cluster position in
many cases seems to be unlikely. This implies that
diffusion-limited aggregation can be the main mechanism
of cluster growth and that clusters may have branched
fractal features Therefore, in principle, for a large
number of molecules, the number of possible initia y
formed (meta)stable configurations can be very large.
The relative abundance of these structures at real grow th
conditions depends on the speed of molecular deposition,
substrate temperature, and structure. Secondly, the
conngurations s own inhown in Fig. 3 reveal three characteristic
qualitative shapes of the most stable structural fragments
obt

'
ed in this study a linear chain of antiparallel-

aligned molecules which we will call further a "linear
chain" [see Figs. 3(b) and 4(a)], a planar monolayer struc-
ture [see Figs. 3(a) and 4(b)], and a three-dimensional
two-layered parallelepipedlike structure [see Figs. 3 c,
4(c), 5, and 6]. We will call the latter type "paral-
lelepiped. " Finally, the surface deformation produced by
clusters extends wider than the projection of the cluster
onto the surface. For example, for the linear (NaCI)z

J,

(

FICx. 4. Equilibrium cluster and surface geometries for (a)
linear antiparallel chain of eight molecules, (b) planar array of
11 molecules with kink, and (c) linear three-dimensional two-
layered parallelepipedlike structure of 16 molecules.

FIG. 5. Two views of the equilibrium geometry of the
(NaCl)36 cluster on the MgO surface. (a) shows the large cluster
distortion perpendicular to the surface. In (b) the areas where
there is a correspondence between surface and cluster sites are
marked by broken lines.
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FIG. 6. An overlay of the borders of diferent orientations of
the (NaCl)24 cluster on the (100) surface of MgO obtained by ro-
tation about a vertex of cluster (a) ~

a template which favors quadrangular structures over
hexagonal. Apart from n =3,5, the most stable structures
of all other clusters adsorbed at the surface obtained in
our calculations correspond to the most stable free-
cluster structures. The strong interaction with the sur-
face makes the energy of the linear (NaC1)z structure
about 0.1 eV lower than that of the (NaC1)4 cube with an
attached NaC1 molecule. For the free clusters, the latter
was calculated to have the energy 0.66 eV lower than that
of the linear chain (0.76 eV in Ref. 22). The linear-chain
configuration remains the most stable only for three and
five molecules. However, even for eight molecules the
total-energy di6'erence between the three types of struc-
tures is only about 0.3 eV with the parallelepipedtype
structure being the most stable. The planar structures
considered in this study included up to 12 molecules.
Starting from six molecules this structure is already less
energetically profitable than the two-layered paral-
lelepiped structure. These structures may have kink(s)
[see, for example, Figs. 7(a) and 4(b)]. The attachment
energy of the next molecule to the kink is much larger
than that to the linear edge of the cluster. Therefore pla-
nar clusters of an even number of molecules and regular
shape are more stable than those of odd number. Howev-
er, starting from six molecules, the parallelepiped struc-

cluster, the surface ions at the edges of Fig. 3(b) are dis-
placed away froID the cluster by about 0.04—0.09 A.
Further from the cluster, the displacements are close to
zero. For other clusters, the surface deformation typical-
ly extends about 1 —2 lattice constants wider than the
projection of the cluster onto the surface [see, for exam-
ple, Figs. 4(a) and 4(b)].

B. Comparison with free clusters

The cluster-surface interaction is rejected in the shape
of the most stable adsorbed clusters compared to the free
clusters of the same number of molecules. The structures
of the free (NaC1)„clusters obtained in Refs. 19 and 22
can be approximately described as parallelepipeds or po-
lygons constructed from NaCl, (NaC1)2, and (NaC1)3 frag-
ments. The most stable configuration of (NaC1)2 is a
rhomb. That of (NaC1)3 is a hexagonal ring. The energy
of the latter is extremely close to that of the linear-chain
configuration with C2„symmetry in which the three mol-
ecules are arranged almost antiparallel. For an even
number of molecules, the parallelepipedlike structures
are the most energetically stable starting at n =4. The
hexagon-based cylindrical structures in some cases have
very close energies to the parallelepipeds, especially when
n is divisible by 3. Many of the most stable structures for
an odd number of molecules resemble the parallelepipeds
with n —1 molecules with an attached molecule. Alter-
natively they may be smaller parallelepipeds which in-
corporate rhombs and hexagonal rings. ' '

As was pointed out previously, the MgO surface makes

FIG. 7. Three-dimensional electrostatic equipotential sur-
faces produced by the clusters. (a) Planar cluster of 11 mole-
cules with kink and (b) parallelepiped cluster of 36 molecules.
The displayed surfaces correspond to 1.5 eV. In (b), for clarity,
only the potential around the top layer of the cluster is drawn.
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tures dominating the free-cluster structure also begin to
dominate the most stable structures of the adsorbed clus-
ters. This results both from the accumulating misfit and
the intracluster interaction. In particular, the binding en-
ergy per molecule in the free and adsorbed clusters in-
creases with the cluster size whereas the cluster-surface
interaction per interface molecule decreases (see Table
II). We discuss these issues in more detail in the next sec-
tion.

Based on this tendency we considered further only the
most compact three-dimensional two-layered paral-
lelepiped clusters of 16, 24, 32, 36, and 48 NaC1 mole-
cules. We should stress, however, that many of the linear
and planar structures of adsorbed clusters, which do not
exist in the free state and are stabilized due to the interac-
tion with the surface, have energies which are only slight-
ly different from those of the adsorbed parallelepiped
structures.

C. How does the interaction of the clusters with the surface
change with the cluster size?

More detailed information regarding the cluster-
surface interaction can be gained from Table II. It can be
seen that the total cluster-surface interaction energy gen-
erally increases with the cluster size. To compare the
E;„,for the linear, planar, and parallelepiped structures
we divided this energy by the number of cluster mole-
cules in direct contact with the surface. Although we
should note that due to the cluster bending [see Figs. 4(a)
and 4(b) and the next section for discussion] this charac-
teristic is approximate, we believe that it reAects the gen-
eral tendency. As is clear from Table II, the E;„," de-
creases as the interface area increases. The total surface
distortion energy on average changes much less than the
cluster-surface interaction energy despite the striking
difference in cluster shape and size. Since the surface de-
formation distributes over a larger area than the projec-
tion of the cluster, it is difficult to define the interface
area. However, it is clear that the surface distortion en-
ergy per interface area also decreases rapidly as the clus-
ter size increases. These features reAect the transition
from the strong interaction for a single molecule to an in-
terfacial interaction between two crystal surfaces with
large misfit.

The electrostatic interaction between a cluster and the
surface makes one of the major contributions to the in-
teraction energy. The interference of the Coulomb con-
tributions from the individual ions decreases the electro-
static potential at a particular distance from a cluster as
its size increases. However, the potential near low-
coordinated ions at edges and corners decays more slowly
than that below the middle of the cluster where the ions
are coordinated more strongly. This point is illustrated
in Fig. 7 where the surfaces of equivalent Coulomb poten-
tial around the clusters of 11 and 36 molecules are
presented. It can be seen that the potential in the internal

part of the regular 36-molecule cluster clearly resembles
the periodic exponentially decaying potential characteris-
tic for the perfect infinite surface. Its numerical value at
a distance of 2.8 A from the cluster is only about 10%
higher than that for the perfect lattice of the same
charges. The strong interactions of the corner and edge
ions with the surface can bend the cluster shape, and the
strong electrostatic potential produced by the kink must
impose anisotropy for molecules migrating towards the
cluster. Finally, we should note that the van der Waals
contribution to the adsorption energy is significant even
for small clusters. For clusters larger than those con-
sidered in this paper it can become bigger than the elec-
trostatic contribution. However, the van der Waals in-
teraction begins to depend on the ion position with
respect to the surface only when the ion-surface distance
is less than approximately the surface lattice constant.
Therefore it does not affect strongly the cluster geometry
at the surface. In particular, for the three different orien-
tations of the (NaC1)24 cluster shown in Fig. 6 the van der
Waals contribution to the cluster-surface interaction en-
ergy changes by only 0.3 eV, whereas the electrostatic
contribution changes by 1.45 eV (see the next section).

The energetic characteristics provide, however, only
averaged information concerning the cluster-surface in-
teraction. To get a deeper insight into the individual
features of particular clusters we will now turn to their
geometric structure.

D. How do strained clusters accommodate the strain?

This question is closely related to another question: at
which cluster size do the adsorbed molecules lose their
identity? If we look at the perfect surface as a probe of
cluster structure we can restate this question as follows:
at which cluster size does the molecule-surface interac-
tion characteristic for adsorption transfer into the solid-
solid interaction characteristic for an interface? We ad-
dress these questions by analyzing the character of the
cluster deformation.

There is a striking difference between the structures of
the linear, planar, and three-dimensional clusters of the
same number of molecules in direct contact with the sur-
face. In the first two types of cluster, the corner ions tend
to maintain their correspondence with the surface ions of
opposite charge. Because of the strong misfit with the
surface along the length of linear clusters, they release
the strain by forming rooAike structures in which some
molecules are repelled up out from the plane as shown for
the eight-molecule cluster in Fig. 4(a). For a large num-
ber of molecules, the planar structures stabilized by bend-
ing perpendicular to the surface similarly to the linear
structures, as shown in Fig. 4(b) for 11 molecules. Al-
though we only considered linear and planar clusters up
to 12 molecules, we believe that much larger clusters can
be stabilized in this way as well.

The internal structure of the three-dimensional clusters
is more rigid. The upper layer in these clusters weakly
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interacts with the surface and bends in order to accom-
modate the strain [see, for example, Fig. 5(a)]. This is
enough to minimize the strain for the clusters of six and
eight molecules. However, the larger linear clusters bend
along the surface as shown in Fig. 4(c) for 16 molecules.
Although they already interact with the surface like crys-
tal blocks they still bear strong molecular-cluster
features. To clarify this and other points we will consider
the cluster (NaC1)&6 in more detail.

The ratio between the bulk lattice constant of NaC1
and MgO is equal to 1.337 which approximately corre-
sponds to 6 lattice units of NaC1 per 8 lattice units of
MgO along the (100) surface axis. Therefore formally
one could expect a good geometric correspondence be-
tween the corners of the squared (NaC1)~6 cluster and the
surface lattice sites as the side of the cluster is 6 interion-
ic distances long. However, as one can see in Fig. 5(b),
the correspondence between the cluster corners and the
surface sites is in fact approximately 6:7. This illustrates
the point as to how fast the geometric parameters of the
cluster approach the bulk crystal values as the cluster
size increases. The distances between the nearest ions in
the cluster interior are approximately equivalent and
equal about 2.71 A. Those between the inner ions and
those at the cluster edges are equal to 2.69 A. The dis-
tances between the nearest ions at the corners on the
upper plane are 2.67 A and these on the lower plane are
2.62 A. These parameters are still much smaller than the
calculated bulk lattice constant, which is equal to 2.815
A. They also reflect the considerable cluster distortion at
the corners which is notable in Fig. 5. Due to the strong
misfit there is relatively good correspondence between the
opposite-sign cluster and surface ions only at the two
cluster corners shown by the broken lines. The two other
corners are located approximately above the sites with
the same ion charge. Because of the electrostatic repul-
sion at these corners the cluster is considerably twisted
[see Fig. 5(a)]. In particular, the difference in height from
the surface for the two types of corners is equal to 0.65 A.

The strong distortion of the (NaC1)i6 cluster due to the
electrostatic repulsion at the corners, the peculiar distor-
tion of the planar clusters [see Figs. 4(a) and 4(b)], and
the difference in the electrostatic potential between the
cluster edges, corners, and interior (see Fig. 7) seem to
suggest that the interaction of the low-coordinated clus-
ter sites with the surface can strongly influence the clus-
ter geometry and orientation at the surface. In order to
understand this point better and to study other possible
cluster configurations at the surface we considered
different orientations of the less symmetric (NaC1)z4 clus-
ter shown in Fig. 6. The first configuration of this cluster
has its edges roughly parallel to the (100) surface axis
and a quite poor correspondence between the cluster and
the surface ions of the opposite sign. The cluster bends
strongly both parallel and perpendicular to the surface
plane in order to improve the correspondence and to
reduce the electrostatic repulsion. In particular, the dis-
tance from the surface for the ions with a "good"
correspondence with the surface ions is about 2.89 A,
whereas the ions in the opposite cluster corner are 3.69 A
from the surface. To find a better correspondence be-

tween the corner ions of the cluster with the surface ions
we rotated the cluster with respect to the surface and
minimized the total energy. Two stable configurations
which satisfy both criteria are shown in Figs. 6(b) and
6(c). The first of these configurations has the total energy
0.44 eV higher, and the second configuration 0.55 eV
higher than the energy of the initial configuration. As
one can see from Table II, both of the rotated
configurations have lower surface distortion energies.
However, the cluster-surface interaction energies are in
both cases much smaller. This results from the fact that
after rotation there is no area of a good cluster-surface
ion correspondence except for the few scattered ions and
the cluster corners (see Fig. 6). As a result the electro-
static contribution to the interaction energy decreases
from —3.44 eV for the initial configuration to —1.99 eV
for the configuration shown in Fig. 6(c).

Turning back to Table II and Figs. 3—7 it becomes
more apparent that qualitatively speaking the bigger the
area of a good correspondence between the cluster and
surface ions of the opposite sign the larger the cluster-
surface interaction energy. Similar electrostatic require-
ments for anion-cation near-neighbor pairs at the inter-
face were discussed recently in Ref. 63. We should note
that because of the misfit only an approximate correspon-
dence is possible for large areas. For instance, the best
such correspondence exists for the (NaC1), 6 cluster which
can be viewed as four cubes arranged in a square
configuration. However, as one can see in Table II, the
cluster-surface interaction energy for this cluster is less
than two times larger than that for the cube. The same is
true for the dimer and the linear configuration of the te-
tr amer.

These results demonstrate also that the bulk-crystal
geometric parameters can be achieved only at much
larger cluster sizes. It seems tempting to interpolate our
data in order to find approximately this cluster size.
However, closer analysis shows that the cluster sizes con-
sidered in this work are still too small for reliable con-
clusions. First, the interionic distance changes only from
2.66 to 2.71 A as the cluster size increases from 4 to 48
molecules. Secondly, the number of interior ions in the
clusters smaller than 36 molecules is small and their
shape is strongly afFected by the size and their interaction
with the surface.

E. Cluster diffusion

Another way to probe the cluster interaction with the
surface is to calculate the adiabatic potential-energy sur-
face for cluster displacements along the surface. In par-
ticular, one can expect that the adiabatic potential for
their displacement in certain directions can be very flat
since the electrostatic potential of the large clusters is in-
coherent with that of the surface. For comparison we
calculated the adiabatic potentials for the displacements
of the cubic (NaCl)4 cluster shown in Fig. 3(c) and those
for the parallelepiped (NaC1)~6 cluster (see Fig. 5) along
the (100) and (110) surface axes. In these calculations
one of the cluster ions was fixed at a certain trajectory
point whereas all other cluster and surface ions were al-
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lowed to find new positions in which the forces at these
ions were zero. The barrier point was found at zero
forces exerted at all cluster and surface ions including the
fixed ion.

The bottom ions of the (NaC1)4 cubic cluster in its most
stable configuration at the surface strongly interact with
the corresponding surface ions with the opposite sign.
This configuration has a symmetry axis perpendicular to
the surface and passing through the middle of the Mg202
surface unit and the cluster. Therefore all Mg202 surface
units in the (100) direction are equivalent with respect
to the (NaC1)4 cluster translations. The barrier point
occurs when the center of the cluster lies above the cation
or anion site at 0.71a from the initial cluster position,
where a is the interionic surface distance. The value of
the calculated barrier energy for the displacement of the
(NaC1)4 cluster between the equivalent surface positions
is 0.39 eV.

The length of the vector corresponding to the transla-
tion of the cluster between equivalent positions in the
(100) direction is equal to 2a. However, in fact the
direct translation does not take place but the cluster
tends to rotate over a corner or edge. The latter process
is schematically depicted in Fig. 2(c). It provides the
shortest path for the cluster displacement along the
(100) axis and has a barrier energy equal to 0.36 eV.
The rotation over the corner in fact leads to the cluster
displacement along the (110) axis. The calculated bar-
rier for this rotation is about 0.73 eV. It is interesting to
note that the barrier energies for the translations of the
(NaCI)~ cluster along the surface are not much higher
than those for the individual molecule.

Due to the symmetry of the adsorption state of the
(NaC1)36 cluster at the surface [see Fig. 5(b)] all cluster
translations on the intersite distance along the ( 110) axis
are equivalent. The translational displacement of the
(NaC1)36 cluster along the (110) direction requires over-
coming a barrier of 0.37 eV. The cluster displacement on
the surface lattice constant along the (100) axis also
brings it into the equivalent position. However, the
correspondence of the cluster ions with those at the sur-
face changes between the different cluster corners.
Therefore the displacement of the cluster is accompanied
by its twisting. The calculated barrier for the cluster
translation along the ( 100) direction is only 0.14 eV.

IV. DISCUSSION

In this section we will consider possible implications of
the results of this study with respect to the different prop-
erties of insulator-insulator adsorption and interfaces.
First, we will compare the structural and energetic prop-
erties of the clusters studied in this paper with the results
of other cluster studies and MBE of AH's. Then we will

briefly consider their electronic structure and optical
characteristics, and the possibility of their observation
using AFM.

A. Cluster structural properties and 61m growth

Epitaxial growth of wide-gap insulating materials such
as alkali halides and simple ionic oxides provides a very

interesting example of the MBE of nonmonatomic
species. In particular, it has been demonstrated experi-
mentally that thin films and excellent single crystals of
several alkali halides and MgO can be grown by MBE
even at temperatures as low as about 100 K. ' It has
been suggested that this unusually low-temperature
growth may be due to very high mobility of surface
species. An activation energy of the order of 0.1 eV has
been estimated for the mobility of KC1 molecules on a
surface terrace of KC1. The calculated adiabatic bar-
riers for diffusion of LiC1 and MgO single molecules
and NaC1 molecules on the surface of MgO, which are
about 0.3 eV, confirm the generally high mobility of
molecular species on surface terraces of cubic ionic ma-
terials. Large adsorption energies of these molecules and
big surface deformation energies obtained in this study
(see Table II) suggest that the high mobility of the pri-
mary adsorbed species may be partly due to their "hot"
jumps during energy dissipation. This point requires
more careful study using molecular-dynamics techniques
which are currently in progress in this group.

Heteroepitaxy of alkali halides on the surface of alkali
halides has been studied recently using high-resolution
He-atom scattering. In particular, oscillations in the
intensity of the specular beam due to layer-by-layer
growth were observed for the first several layers of KBr
growth on the (100) NaC1 surface. However, the
diffraction pattern after the deposition of two layers
shows peaks with both the NaC1 and superstructure cor-
rugation and very small specular intensity. By six layers
the specular is much larger, indicating a considerably
better surface. The surface lattice spacings for NaC1 and
KBr have a large mismatch of about 17'. Therefore to
explain the data for the first two layers it was suggested
that they should contain many defects or very small is-
lands. In particular, it has been proposed that the KBr
molecules initially deposit oriented normal to the surface,
forming small bilayer patches that buckle and give rise to
the superstructure, but in subsequent layers they align
parallel to the surface. The results of the present study
qualitatively support this model. They suggest that at
large mismatch and strong intermolecule interaction ini-
tial formation of the bilayer structures is more plausible
than that of the monolayer. The cluster bending both
along and perpendicular to the surface shown in this pa-
per can give rise to formation of defects and dislocations.

We should note that the clusters considered in this
study are most probably much smaller than the "small is-
lands'* proposed in Ref. 28. However, another interesting
question is how are these islands and the next layers of
adsorbed material oriented with respect to the substrate
lattice axis, and how does the structure of initial frag-
ments determine the structure of the thick film? This
question is related to a near-coincident-site-lattice model
developed for noncommensurate heteroepitaxial inter-
faces. According to this model various two-dimensional
coincidence-site lattices can be produced by rotating one
lattice with respect to the other about the axis normal to
the interface until three nonlinear lattice sites of the two
materials are in coincidence. This procedure gives a set
of initial formal geometries of the interface which should
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be further optimized taking into account the interionic
interactions and using energy-minimization techniques.
This procedure seems to be appropriate for the calcula-
tion of the interaction between two macroscopic surfaces
and grain boundaries and was recently applied to the
study of the BaO/MgO interface. It concludes that for
the best site coincidence at large misfits two lattices can
be rotated with respect to each other.

Unfortunately, both the experimental data on the
KBr/NaC1 interface and the theoretical results of the
present work do not give a conclusive answer to the ques-
tion posed in the previous paragraph. From the He-
atom-scattering (HAS) data one can construct the surface
phonon dispersion curves. The experimental data and
the results of analysis of phonon spectra performed in
Refs. 28 and 29 seem to suggest that for several layers of
KBr the main surface axes of both lattices are parallel.
However, the experimental details given in Refs. 28 and
29 are not enough to reach a final conclusion. The results
of the present calculations demonstrate that at molecular
deposition very small clusters are already very stable at
the surface and can act as nucleation sites. The latter will
grow further by the attachment of new molecules. At ini-
tial stages of this growth (at least until 16 molecules in
this study) the clusters tend to align with there edges
parallel to the surface axis. However, there is a clear ten-
dency for the larger clusters to bend along the surface.
Therefore the shapes of the real clusters and islands can
be complicated. This point requires statistical simulation
of the cluster growth which is out of the scope of this pa-
per.

However, we should point out that these results
demonstrate clearly that the formal "misfit" between the
lattice constants of the substrate and the deposited ma-
terial strongly depends on the cluster size. According to
our results, rotation of the large clusters to satisfy new
coincidence-site lattice conditions appropriate for their
size seems unlikely. It is also interesting to note in this
respect that the cluster distortion energies obtained in
our calculations are much smaller than the corresponding
surface distortion energies (see Table II). This is despite
the fact that some of the clusters are strongly deformed
compared to their geometry in the free state. Apart from
the reasons discussed in the previous section, this is
caused by the fact that because of its continuity the lat-
tice deformation spreads over a bigger area than that of
the cluster. Therefore gaps between clusters can decrease
the overall strain energy and their existence is energeti-
cally profitable. Thus island formation, their buckling,
and formation of dislocations seems to be a realistic mod-
el for the first MBE layers, as discussed in Ref. 28. How-
ever, HAS cannot give any definite answers regarding the
structure of small islands. Some additional information
in this respect could be gained from spectroscopic and
AFM measurements.

B. Cluster electronic structure

In this work we are particularly interested in the possi-
bility of the identification of the clusters at surfaces using
optical absorption and other spectroscopic techniques.
This is only possible if there is a considerable dependence

of the cluster optical properties on their size. This depen-
dence has been demonstrated experimentally for wide-
gap semiconductors, such as CdS. The transition from
the electronic structure of single adsorbed NaC1 mole-
cules to the well-known bulk structure has been studied
recently for thin adlayers deposited on W(110) using elec-
tron energy-loss spectroscopy (EELS), MIES, and other
spectroscopic techniques. However, similar studies on
dielectric substrates such as MgO are much more dificult
because of surface charging. The question which arises is
where the holes created in the Auger process will be lo-
calized.

To address these questions we calculated the electronic
structure and optical-absorption energies for the clusters
of n =1,2, 4, 32, 48 NaC1 molecules, the infinite bulk lat-
tice of NaC1, and the (100) surface of MgO. The cluster
one-electron states form a discrete energy spectrum. We
calculated the one-electron transitions been these states
using a configuration-interaction technique similar to
that discussed in Ref. 58. They form a spectrum which
includes transitions with different transition matrix ele-
ments. For our present purpose we are primarily in-
terested in the "strong" transitions, i.e., in those with the
largest transition matrix elements, which fall in the opti-
cal band gap of the MgO (100) surface. The latter was
calculated to be 7.9 eV. The energies of the lowest
"strong" transitions for the free NaC1 clusters of n mole-
cules with n = 1, 2, 4, 32, and 48 are 5.5, 6.8, 7.6, 7.2, and
7.7 eV. The calculated optical band gap for bulk NaC1 is
8.7 eV (8.6 eV is the experimental value ). For the 32-
and 48-molecule clusters the lowest transitions corre-
spond to the electronic states delocalized by the low-
coordinated corner ions. The transitions corresponding
to the "internal" cluster ions have energies about 8.1 and
8.2 eV, respectively, i.e., much closer to the bulk value.
These data demonstrate that the optical "band gap" in-
creases as the cluster size increases and is distinctly
different from the bulk NaC1 value for the small clusters.

For these clusters adsorbed at the surface, there is a
"tail" of cross transitions corresponding to the electron
transfer from the surface oxygen states perturbed by the
cluster to the cluster sodium states perturbed by the sur-
face. They have energies in the range of 6.1 —6.9 eV, and
smaller transition matrix elements than the intracluster
transitions. The cluster perturbation is rejected in the
redshift of the strongest transition. In particular, in the
four-molecule cube the energy of this transition decreases
from 7.6 to 7.1 eV. The low-energy cross transitions per-
sist for all clusters considered. We should note, however,
that they appear because the bottom of the conduction
band in the bulk of NaC1 in our calculations lies lower
than that of the bulk and surface of MgO. There are
presently not enough theoretical or experimental data to
conclude whether this is correct. Based on these data
and the results of previous calculations ' we can con-
clude that, although the optical-absorption energies of
the small clusters are smaller than the band gap of bulk
MgO, they are likely to mix with the surface states of the
real MgO surface containing steps and kinks and with the
excitonic bands which have much lower energies. On the
other hand, they could be observed in the case of the oth-
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er substrates with higher surface excitation energies [9.2
eV for NaF and 10.2 eV for LiF (Ref. 68)]. The fact that
chlorine valence states lie much lower than the top of the
oxygen valence band implies that the holes produced in
MIES and similar experimental techniques based on
Auger processes will localize in the substrate. However,
this point requires more careful calculation of the self-
trapping energy.

C. Possibility of the AFM observation

It is tempting to suggest application of the AFM tech-
nique to the study of small clusters at insulating surfaces.
This could be the only direct way to study the geometry
of individual clusters and the very initial stages of film
growth. The crucial issue which determines the very pos-
sibility of the observation of clusters at surfaces is the
tip-cluster interaction. A small cluster can be adsorbed
on the tip or displaced by it along the surface. One can,
at least in principle, try to avoid the first problem by
choosing the tip material. However, the second problem
seems to be more fundamental. This can be understood
from the experimental fact that the friction forces exerted
on the tip when it climbs the surface step are consider-
ably larger than these when it scans down the step.

We have calculated the maximum forces necessary to
displace the 4- and 36-molecule clusters between their
stable configurations along the (100) and (110) surface
axes. They are equal to. 0.9 and 0.3 nN along the (100)
axis, and 0.6 and 0.7 nN along the (110) axes, respec-
tively, for the (NaC1)~ cluster and the (NaC1)36 cluster.
The experimentally measured friction force exerted on
the AFM cantilever scanning up a two-layer step on the
(100) NaC1 surface is about 9 nN, i.e., more than an or-

der of magnitude bigger. Although this is not exactly the
same system we believe that this comparison is meaning-
ful. One can see that the tip can easily move even rela-
tively large clusters along the surface during scanning.
This implies that one can expect to observe clusters main-
ly at surface steps and kinks.

Finally, we should note that many of the qualitative re-
sults obtained in this study with respect to the structure,
properties, and possibilities of experimental observation
of clusters at ionic surfaces should be valid for a wide
range of alkali halides and cubic ionic oxides where the
intramolecular separation exceeds the substrate lattice
parameter. We believe that further development of exper-
imental techniques will allow the study of trapping of
electrons and holes in these and similar adsorbed clusters,
chemical reactions of adsorbed clusters with molecules,
and photoinduced processes which are already in pro-
gress for free clusters and surfaces. ' ' '
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