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Ab initio perturbed ion calculations are reported for neutral stoichiometric (M@@s 13) clusters. A great
number of isomer structures are identified and studied. For the isomers of (M@&)7) clusters, a full
geometrical relaxation is considered. Correlation corrections are included for all cluster sizes using the
Coulomb-Hartree-Fock model proposed by Clemé¢aiM J. Res. Dev.9, 2 (1965]. The results obtained
compare favorably with the experimental data and other previous theoretical studies. The inclusion of corre-
lation is crucial in order to achieve a good description of these systems. We find a number of important isomers
that allow us to interpret the experimental magic numbers without the assumption of structures based on
(MgO)3 subunits. Finally, as an electronic property, the variations in the cluster ionization potential with the
cluster size are studied and related to the structural isomer prop¢&#E63-18207)00236-]

I. INTRODUCTION ing beyond a fully ionic model such as that of pair potential
interactions was noted therein. Reabal >4 reportedab
Clusters provide a new state of aggregation from whichnitio molecular-orbital calculations on neutral clusters of
the condensed matter properties eventually emerge, beinggO containing up to 26 atoms. These calculations included
thus of formidable interest in the investigaton of the transi-correlation effects in the clusters with=1-6 molecules.
tion from the molecular world to solid state physics. SmallTheir results were in agreement with Saunders’s hypothesis,
clusters often present substantial deviations in their physicah the sense that structures based on the (Mg&Jjbunit
and chemical properties when compared to both the molwere preferred over the cubiclike ones. Very recently, Mal-
ecule and the bulk phase. Rationalizing the evolution ofiavin and Coudral? performed calculations on (MgQ)
those properties with the cluster size is a major challenge ton<6) clusters using the DMOL method. The geometries
present-day science. As an example, for an intermediate-sizshtained in that work are in total agreement with those pre-
cluster, the number of different isomers that may coexist in &ented by Reci@t al.
small-energy range may be quite large. Though it is a very Each particular work from those mentioned above repre-
difficult task, a full characterization of those isomer configu-sent, in principle, an improvement over the preceding inves-
rations for each cluster size would be highly desirable for aigations. Pair potential models provided initial theoretical
good understanding of cluster growing processes. attempt to identify and classify different isomers and calcu-
In this paper we focus our interests on small stoichio-ate the energy differences between them. Nevertheless,
metric (MgO), clusters. These have received special attensome selected set of empirical parameters fof Mand O/~
tion in the past few years from both experimentalists andq= 1,2) ions has to be used as input and that set is the same
theoreticians. Saundérs published mass-spectra and for ions that are in nonequivalent cluster sites. The studies by
collision-induced-fragmentation data for sputtered MgOMoukouri and Noguera added self-consistency to the calcu-
cluster ions and found enhanced stabilities for (Mg@)us-  lations, but they were not free of empirical parameters. Fi-
ters withn=6, 9, 12, and 15. The results were interpretednally, ab initio study on these systems was carried out by
there in terms of (MgO) subunits from which the clusters Recioet al. Several approximations had to be done in their
were built. Ziemann and Castlenian performed experi- calculations, however, in order to maintain the computational
mental measurements by using laser-ionization time-of-flightime at reasonable value&) Large geometrical distortions
mass spectrometfy’ They found “magic clusters” an=2, in their considered isomers were not allowed, as the optimi-
4,6,9, 12, and 15. In order to explain the features observedation process was carried out just by varying the nearest-
in their mass spectra, they performed theoretical calculationseighbor distanc® (for ringlike structures, the stacking dis-
by using the rigid ion and the polarizable ion shell tance between rings was also independently optimiaed,
models®~1° Their main conclusion was that the clusters formfor some structures, even this value was kept fixelsev-
compact cubic structures similar to pieces of the MgO crystaéral other isomers, which may be important in a more com-
lattice. Self-consistent calculations on these clusters werplete characterization of the different isomer structures
performed by Moukouri and Noguéfa? with the use of a adopted by small (MgQ)clusters, were not considered; and
semiempirical tight-binding approach. The necessity of go{c) correlation corrections could be includédt the MP2
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level) only in clusters containing up to 12 atoms. written as a sum of ionic additive energi®s
The present work undertakes an extensive and systematic

ab initio study of (MgO), clusters withn up to 13. We have R

used theab initio perturbed ion(AIPI) model}® which is Eclus= RZJl Eadas @

based on the theory of electronic separability} (TES) and

the ab initio model potential approach of Huzinagaal.}®  Where the sum runs over all ions in the cluster and the con-

within the restricted Hartree-Fock approximation. The modefribution of each particular ion to the total cluster energy

has been used by our group in several studies on (NaCl)(Efqe) can be expressed in turn as a sum of intraigniet

(Ref. 20 and (Nal), (Ref. 21 clusters and also in a global and interionic contributions

study of alkali-halide cluster€. Although we do not expect 1 1

to obtain accurate results for the only partially ionic MgO R _R |, = RS_R , ~ R

molecule, our main concern is by far not the molecule, but Eada= Enect ZS(ZZR) Eint=Enert 5 Eint- @

intermediate-size clusters where a full range of different iso-

mer structures may be studied. The solid MgO has been deC_)nceEdus has been obtained, the binding energy per mol-

. : le of the (MgQ) cluster with respect to the dissociation
scribed excellently by the AIPI mod@land precise results S°Y _ b S
are achieved for (yngQ,)cIusters fromn=3 opn. process (MgO}—nMg** +nO" +ne" +nEying is given by

Our calculations represent a major advance with respect 1
to pair potential or semiempirical methods. The ion-cluster Eping=— =[Eclus—NEo(M@*")—nEy(07)], (3
consistency achieved in the calculations results in a different n
ab initio description of each nonequivalent ion in the cluster,whereE,(Mg?") andEy(O") are the energies of the Mg
without requiring the use of any empirical paramétef”  and O free ions, respectively.
On the other hand, they represent an alternative description The |ocalized nature of the AIPI procedure has some ad-
to the molecular-orbital models and complete the results obgantages over the usual molecular-orbital models. As in
tained by Recioetal. in the following aspectsia) For  weakly overlapping systems, the correlation energy correc-
(MgO), (n=<7) clusters, a full geometrical relaxation of the tion is almost intraionic in naturéeing therefore a sum of
different isomers has been considerég),we have studied a contributions from each ionthe localized cluster-consistent
more complete set of isomers; a(@ correlation corrections jonic wave functions may be used to attain good estimations
have been included for all cluster siz&gp to 26 atoms  of this correction. In this paper, the correlation energy cor-
Finally, some electronic properties such as ionization potenrection is obtained through Clementi's Coulomb-Hartree-
tials have been also considered. Fock method®3!In addition, it also allows the development
Results presented here are also aimed at assisting in th# computationally efficient cod&s that make use of the
interpretation of possible future experimental investigationgarge multi¢ basis sets of Clementi and Rogttfor the de-
on these clusters. Renewed interest in isomer geometries hggription of the ions. In this respect, our optimizations have
recently emerged because of the drift tube eXperimental Stu(been performed using basis Semﬁ for |\/|g2Jr and &4p
ies, which, by measuring the mobility of cluster ions throughfor 0%~ respectively. Inclusion of diffuse basis functions
an inert buffer gas under the influence of a weak electrias been checked and shown to be unnecessary. A general
field, provide valuable information about the cluster giscussion of the election of the most appropriate basis set
geometrie€'~*° However, we have no knowledge of experi- within the AIPI model has been given elsewhéte.
mental studies of this kind on (Mg@X)lusters. A few comments regarding the weak-overlap assumption
The rest of the paper is structured as follows. In Sec. Il Weang the description of the?D anions are worth mentioning.
give a brief resume of the AIPI model for the study of clus- 02~ js an unstable anion in free space, so a basic problem in
ters(the interested reader can obtain more details in our pregn ionic description of MgO clusters is the correct descrip-
vious work$®~?) and some computational details. Sectiontion of the G~ wave function. Luaaet al. have shown how
[l deals with the principal structural and electronic results ofthe (2~ anion is stabilized by the action of the crystal envi-
the present study. Conclusions are given in Sec. IV. ronment in solid MgG? Specifically, the D oxygen orbital
experiences a large contraction in the lattice, which makes it
stable as an embedded anion. The resultiig @ave func-
tion leads to a diamagnetic susceptibility and an electron
The ab initio perturbed ion modéf was originally de-  kinetic-energy increase in quantitative agreement with the
signed for the description of ionic solfdsand subsequently experiment. Thus the quality of that wave function is as-
adapted to the study of clusters in our gréfif?? Its theo-  serted. An analysis of the perturbed i) results reveals
retical foundation lies in the theory of electronic that the orbital contraction is mainly due to the action of the
separability® for weakly overlapping group® and its prac-  projection operators. The same conclusion has been achieved
tical implementation in the Hartree-Fo¢KF) version of the  for the MgO clusters studied here. The projection operator
TESY"8 The HF equations of the cluster are solved in lo-supplies two major effects. On the one hand, it tries to
calized Fock spaces by breaking the cluster wave functiomaintain the strong-orthogonality hypothesis, being therefore
into local nearly orthogonal group functiofinic in nature  responsible for the orbital contraction. On the other hand, it
in our cas¢ When the self-consistent proce&ee details has a well-defined physical meaning, namely, its expectation
below) finishes, the outputs are the total cluster endggy,;  value coincides exactly with the overlap energy if we assume
and a set of localized wave functions for each geometricallyhat this overlap is “weak.” By “weak” it is meant that the
nonequivalent ion in the cluster. The cluster energy can beroducts of two overlap integralsS{(g);;j(Scp)km With A

N

1. COMPUTATIONAL METHOD
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#B andC#D are negligible[ (Sag);; =(¢ ¢}3>, where¢?t  dure became computationally quite expensive and we turned

is theith orbital of the ionA]. This corresponds to the fol- [0 geometrical optimizationgalso at the HF levelwith re-
lowing truncation of the Lwdin expansioff for S~ : spect to a limited number of relevant parameters. Cuboid

structures have been relaxed with respect to a single param-
Si~I-T (T=S-1). (4) eter, the first-neighbo_r Cation-an_ion d_istance, whereas in the

ring structures the cation and anion distances to the center of
Within this context, the hypothesis of weakly overlappingthe ring and the distance between rings have been varied
ions does not imply that the overlap contribution to the clusindependently. For the mixed structures, the part of the regu-
ter energy is negligible. What is neglected is those contribular structure that is neareirst and second neighbore the
tions to the overlap energy coming from second and highe@ttached molecule is relaxed together with the molecule and
orders in the Ladin expansion. The overlap energies of thethe rest of the isomer is kept fixed at the geometrical con-
O?~ anions in the (MgO) clusters are just-0.5 eV larger figuration with the minimum energy found for that isomer
than the corresponding value in the soliti2.84 eV for  Without the molecule attached. The Coulomb-Hartree-Fock
0%2":MgO) and they are decreasing functions of the clusteCHPF) correlation correction is then introduced for all the
size. The assumption of weakly overlapping ions is good irstudied isomers at the equilibrium geometries found at the
the solid (the results are exceptionand we consider that HF level. These geometries are further scdlethout shape
such a small increase in the overlap energies does not invalitodifications until the minimum CHF energy is achieved.
date that assumption for cluster studies. Our basis set for th&/e do not expect, from the results obtained by Recio and
oxygen anion is flexible enough because by adding diffus&andey?® that inclusion of correlation substantially modifies
basis functions the cluster energy does not lower anymorthe isomers shape. We have carried out these scaling calcu-
and the projection operator is not more effective in projectdations mainly because they can affect the ringlike and
ing the frozen orbitals out of the active spaf@/e would  cubiclike structures differentlyand therefore the energetic
like to remark that an extensive set of different basis funcisomer orderingand also in order to assess its influence on
tions was considered in test calculations on (Mg@nd the averaged cluster bond length and its evolution towards
(MgO), isomers. The ones selected gave the lowest clustdhe bulk value.
energies and achieved saturation in the value of the overlap
energies, . RESULTS

We have used the following self-consistent method. for a
given distribution of the ions forming the cluster, we con-
sider one of them as the active i@(for instance, a particu- Results concerning the structural properties of small neu-
lar oxygen aniop and solve the self-consistent-field equa-tral (MgO), clusters, obtained by following the method ex-
tions for anionR in the field of the remaining ions, which are plained in the preceding section, are shown in Fig. 1. Small
considered frozen at this stage. The solution obtained iand large spheres are used to represent Mg and O ions, re-
transferred to all the anions equivalent to anRyrthat is, to  spectively. The most stable CHF structufist isomey is
the anions that have equivalent positions in the cluster. Nexhown on the left-hand side for each cluster size. The rest of
we take a nonequivalent oxygen ani@mionS) as the active the structures are the low-lying isomers obtained in the cal-
ion and repeat the same process. Evidently, since ar8ons culation. For clusters with three, four, and five molecules, we
are not equivalent to aniorR, the energy eigenvalues and show two different views of some isomers. The numbers
wave functions of electrons in anior&are different from given below each isomer are the total cluster energy differ-
those of anion®k. We continue this process in the same wayences with respect to the ground stétienoted GS in the
until all the nonequivalent anions have been exhausted. Thiggure) at the CHF(first row) and HF(second row levels.
same procedure is then followed for the magnesium cations. For small cluster sizesn=2-6) only two isomers have
The process just described is a PI cycle. We iterate the Fdeen considered. The ground-state geometries in the HF cal-
cycles until convergence in the total energy of the cluster igulations are mainly rings: hexagonal for= 3, decagonal
achieved. for n= 5, and a stacking of two hexagonal rings for 6.

As input geometries we considered cubic structures reHowever, forn= 4 the GS is a cube. The inclusion of cor-
sembling pieces of bulk MgO crystal, ring structuteginly  relation does not change the GS structures exceptfoi5,
hexagonal, but also some octagonal and decagomaked  where a distorted cube with a MgO molecule attached to it
structures made up usually of a regular isomer with a molbecomes energetically more stable. These results are in total
ecule attached to it, and some more open structures such agreement with the results of Reas al!* and Malliavin
the truncated octahedron far=12 or the wurtzite piece for and Coudray® However, the isomers obtained in our calcu-
n=7. These trial geometries have been either taken from thiations have large geometrical distortions compared to those
geometries considered in pair potential calculations on MgQbtained by Reci@t al, mainly those that have nonringlike
and alkali-halide clusters or intuitively guessed with the ex-configurations: The first excited isomer for=3 was ob-
perience gathered in our previous works on alkali-halidetained after a full relaxation of a planar piece of the MgO
clusters. The input geometries have been fully relaftedt  bulk lattice; this planar piece, with no distortions, is also the
is, the total cluster energy has been minimized with respedirst excited isomer in the Recigt al. results, but we can see
to variations in all the Bl—6 independent variables, where in Fig. 1 that the final geometry is greatly distorted with
N is the number of ionsfor (MgO), (n<7) clusters at the respect to the perfect bulk structure. This kind of deforma-
HF level. A simplex downhill algorithm has been used intion has been obtained also in lithium hafil@end sodium
these calculation®*° For clusters witm=8-13 this proce- iodide’* clusters. The above results show that the Pl calcula-

A. Lowest-energy structures and isomers
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FIG. 1. Isomer geometries for (MgQklusters. The most stable CHF structdiiest isomej is shown on the left-hand side. Total energy
differences(in eV) with respect to the most stable structure are given for each iséfirgrrow, CHF; second row, HE Mg?*, small
spheres; &, large spheres. For=3-5, two different views of some isomers are provided.
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tions agree with those of other more “populagb initio  Qur structural results for (MgQ)clusters show, in outline,
calculationsAUSSIAN (Refs. 13 and 1gand DMOLZ® That many similarities to those of (X), or (Na), clusters.
means that the Pl method is a good candidate for obtaininghese are the least ionic compounds in the alkali-halide se-
the ground state and other geometrical and electronic progies. Rounded geometries had been proposed by &tval.’
erties of clusters with ionic bonding such as the (MgO) in those cases showing a decreased ionic bonding character.
clusters considered in this paper. _ Then, our minimum-energy isomers are consistent with a
For the clusters with=7-13 we have considered a reqyced ionic character in (MgQ)clusters. This nonfully
larger number of initial geometries in our calculations. OVer-jgnic character was also pointed out in the analysis of Recio
all, the ground-state geometries obtained in the HF calculag; 514 The discussion there was based on a comparison with

tions are thg same as those obtained by R@.‘“a'-- .We ._the classical results of Ziemann and Castlerhavho per-
appreciate differences only for those cluster sizes in whm(l

the ground-state structures that we obtain were not consi ormed pair potentlal calc_ulatl_ons using two differeft
oth fully ionic) models, with different nominal charges as-

ered by Reciet al. in their calculations if=11-13. ; . . -1
The inclusion of correlation in the calculations changess'Igned to the ions. The calculations for ( )n Clusters

the GS geometries fanr= 7 and 8. These results cannot be reveale(_j mainly cubic structures, whereas in (¥Q~?),
compared with the calculations performed by Reetcal. ~ calculations a set lofirlnuch more open structures was ob-
because they did not include the correlation contribution irfained- As the (Mg=0™"), calculations explained better the
this range of sizes or with the calculations of Malliavin and €XPerimental mass spectra, Ziemann and Castleman con-
Coudray because they did not perform any calculations ifluded that pieces of the MgO bulk lattice are obtained for
this size range. Fon= 7 the HF ground-state isomer is the small (MgO), clusters. Both our calculations and those of
wurtzite piece, whereas the CHF ground state is the bulklikéRefs. 14 and 15 obtain results that are between these two
(MgO), piece with a MgO molecule attached to it. For 8  limit cases, so nominal charges betwdé&hand|2| should

the HF GS is a stacking of two octagonal rings, whereas th&e ascribed to Mg/O ions inlassical pair potential simu-
CHF GS is a mixed structure formed by “joining” the most lations. However, our calculations show that a description in
stable (MgO} and (MgO), isomers. The last structure is terms of weakly overlapping Mg and G~ groups is com-
also the second isomer in the HF results. For9 the  pletely appropriate provided that all the relevant quantum-
ground-state isomer is a stacking of three hexagonal ringgnechanical interaction®verlap includeglare accounted for
the same as in the HF calculations; the other isomers consigroperly and a full ion-cluster consistency is achieved. It is
ered are a piece of MgO bulk and the (Mg®JF GS with a  worth stressing that such a description is not in conflict with
molecule attached to it. Fan=10 the GS geometry is a a possible assignment of fractional charges to each ion. A
piece of the MgO lattice. The other isomers considered irfPopulation analysis is best carried out directly in terms of the
our calculations are, in order of increasing energy, a stackingotal density, following Bader's scheme for deriving atomic
of two decagonal rings, a piece formed by joining two stack-properties from the topology of the charge dendftyrhat

ings of two hexagonal rings by a face, and a piece of the bullkas been done recently in Pl calculations on sdfidsd
MgO lattice with a molecule attached to[attaching a mol-  fractional ionic charges have been derived for a variety of
ecule to the (MgQ) GS leads to an isomer that lies higher in ionic crystals.

energy. Forn= 11 the GS isomer is a mixed structure com-  From the study of small (MgQ)(n=2-13 clusters we
posed by a stacking of two hexagonal rings plus a bulklikeconclude that, in the earliest stages of cluster growth, the
part and the other isomers considered are either from mixebulk lattice fragments are not the GS isomers except for
type or bulklike. A truncated octahedron is obtained as thesome particular values of. For the rest of cluster sizes other
GS forn= 12. This isomer has been found also to be espetmore open structures are preferred. Thus the convergence
cially stable in (Nal), clusters?! It was not considered in to the bulk structure is not reached yet in this size raftige

Ref. 14. Finally, a mixed structure composed of a piece ofolid MgO crystallizes in the fcc structdte.

the MgO lattice and an octagon is found as the (MgO)  We can appreciate in Fig. 1 for=6, 9, and 12and also
ground state. Our second isomer is the defect-cuboid strudor other cluster sizgsthat the inclusion of correlation en-
ture, which was the single isomer tried in Ref. 14. A pointhances the stability of the hexagonal isomers over the cubic
that is worth mentioning from these two final cluster sizes isones. Though in the size range covered open structures are
that there is the possibility to obtain different isomers with preferred over the cubic ones, eventually there will be a clus-
the same geometrical shape, but with cations and anions i€l size where the cubic structures become energetically
terchanged. The electrostatic interaction tends to stabilize efinore stable and this specific value mfwill depend on the
ergetically aniong®?* so those isomers with a central oxy- inclusion or exclusion of correlation in the calculations. The

gen are more stable. above observation suggests that this “criticafi’ will be

We compare now the preceding results with the resultdarger upon inclusion of correlation, that is, pieces of the
obtained with the Pl model for alkali-halide AK), MgO bulk lattice will appear as GS isomers for valuesof
clusters°=22In our previous works we found evidence of a that are larger in CHF calculations than in HF calculations.
clear-cut separation between the structural properties of dif- The magic numbers for small (MgQ)clusters emerging
ferent alkali-halide clusters. (K),, and (RIX), clusters from mass spectra experiments have been explained by
showed almost from the very beginning a preference to adogBaundersand by Recioet al'* as resulting from specially
minimum-energy structures that are fragments of the bullenhanced structures based on the stacking of (MgD)-
lattice. However, (LX), clusters adopted preferentially more units. Our results show that, at least for neutral (Mg€ys-
open structures. (N§),, showed an intermediate behavior. ters [and also for ionized (MgQ) clusters if the vertical
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FIG. 2. Averaged nearest-neighbor Mg-O distance for the CHF FIG. 3. Binding energy per molecule as a function of the cluster
ground-state structures of Fig 2. The two lines join cubic and hexsize.
agonal clusters.
crucial to achieve agreement with the experimental resdlts,
approximation hold¥], this conclusion is not universal. The which predict magic clusters at=2,4,6,9,12,15. ... The
truncated octahedron obtained as the ground-state isomer fataxima atn=6,9,12 are clear and a pronounced slope
n= 12 in our calculations indicates that this interpretationchange is appreciable at= 4. The abundance maximum
should be taken with some caution. obtained experimentally at= 2 should probably be related
to the singly ionized stoichiometric clusters and not to the
B. Interionic distances and binding energies neutral clusters?

In Fig. 2 we present the average interionic CHF distance L ,
d between Mg and O nearest neighbors for the ground-state C. Cluster ionization potentials
geometry as a function of the cluster sized presents an In this subsection we analyze the variation of the cluster
irregular behavior as a function of due to the fact that the ionization potentiaklP) with the cluster size. The output of
ground-state geometries for the different valuesafo not  the PI calculation contains a fully cluster-consistent wave
correspond to the same type of structural family. The pointgunction for each nonequivalent ion in the cluster. In our
that correspond to the same structural family have beemodel, the electron must be extracted from a specific local-
joined by the two dashed lines and it can be appreciated thaed anionic orbital when the cluster is ionized. The vertical
the variation ofd is smoother for each structural family. The IP of the cluster is calculated as the smallest binding energy
value ofd increases with the number of ions in the cluster.of a 2p anionic electronKoopmans’s approximationThe
The cubic clusters have an interatomic distance larger tharesults are given in Fig. 4, where we have plotted the eigen-
the hexagonal ones. The isomers that resemble pieces of thalues of the P orbitals of &~ anions as a function af for
bulk MgO lattice are the important set in a comparison withthe most stable structure of each cluster size in the FHf.
the bulk value. In the MgO crystal= 2.106 A (Ref. 39  4(a)] and in the CHHAFig. 4b)] calculations. We appreciate
and we obtain a value af= 1.999 A for the GS isomer with a band of eigenvalues for each cluster size because the an-
n=10. The saturation value is not achieved yet, but the trenibns can occupy nonequivalent positions in the cluster. These
is the correct one. The contraction of the distances inducebland gaps are indicative of the different reactivity of each
by the inclusion of correlation is more important in cubiclike nonequivalent cluster site, they can determine the preferred
pieces than in ringlike ones: The average effect in cubiadsorption sites, and they could be helpful in photoionization
structures is a contraction of approximately 4%, while inspectroscopy studies.
hexagonal structures the contraction is only of some 2%. The The dashed lines, which join the lowegt 2nergy eigen-
inclusion of correlation is necessary in order to obtain quanvalues for each cluster size, indicate the variation of the HF
titative agreement with the experimental bulk value in the[Fig. 4a] and CHF[Fig. 4(b)] ionization potentials with the
limit of n large. cluster size. The variation of the vertical cluster ionization

In Fig. 3, we represeri,;,q as a function ofh for both  potential withn is related to the relative stabilities of neutral
the HF and CHF calculations. The general trend is an inand singly ionized stoichiometric clustéfSWhen there is a
crease of the binding energy with in both cases. Super- maximum in the IP for a cluster size the ionized structure
posed to that general trend, especially stable clusters are pris- less stable than the neutral one against loss of a MgO
dicted for certain values af (“magic numbers’); these are monomer; the opposite occurs at the minima in the IP curve.
identified in the figures as maxima or pronounced changes iRor the HF results, a set of minimama& 4, 7, and 11 and
the slope. We observe that both types of calculations do nahaxima ain= 3, 5, 8, and 10 is observed, in agreement with
predict the same set of magic numbers. The HF curve ishe results of Reciet al. The difference is that they obtain a
quite smooth for small values of and maxima are observed maximum atn= 12; but the results are not directly compa-
only at n=9,12 (pronounced slope changes are not ob-rable for these cluster sizea£ 12,13 because the isomers
served. The inclusion of correlation effecCHF curveg is  that we obtain as the GS were not considered in their calcu-
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——— T indicating that the magic numbers are electronic in nattire.

80 HF . There is not such a definite connection in ionic clusters and
75} : _ the variations observed in the cluster ionization potential are
. related mainly to structural features. From our discussion,
7.0F ] - . .
. . . the existence of such a connection between electrdRis)
3 s.sr N . . and geometrical properties in (MgQ)clusters becomes
& ol A . LA 4 clear. The question of the interconnection between elec-
@ e eed Vo tronic, energetic, and geometrical cluster properties has been
§°°r o ) LA [, more thoroughly addressed in ionic alkali-halide matefils.
® 5ol b s ' \\‘. ' i
asp/ v 1 IV. CONCLUSION
sor i Ab initio perturbed ion calculations have been carried out
e in order to investigate the structural, energetic, and some
(a) n electronic properties of small neutral stoichiometric (MgO)
-— clusters. The set of isomers studied is more complete than in
951 CHF ] previous calculations and some of the isomers not considered
ool : | previously have re_sultt_ad in being either the grqund—state
' structure or a low-lying isomer for several cluster sizes. Spe-
851 . , - 1 cifically, we have shown that the interpretation of the magic
% a0l . i numbers of small (MgQ) clusters in terms of stackings of
E, ' . ) (MgO); subunits is not universal because a truncated octa-
2rer SN v hedron is more stable far=12 than the corresponding hex-
£ 70p // ot PO agonal isomer. General structural distortions have been con-
I LI [ sidered for (MgO) (n<7) clusters and these deformations
have been shown to be really important in those isomers with
sof o v T lowest symmetries. Correlation corrections have been in-
sst * . cluded for all cluster sizes with the Clementi’s Coulomb-
L Hartree-Fock method. Their inclusion has been very impor-
©) 2 3 4 5 6 : 8 9 10 11 12 tant in the determination of some ground-state isomers and

the energy differences between isomers for each cluster size.
Specifically, ath= 5, 7, 8, and 10 different ground-state
structures are obtained after accounting for correlation ef-
‘?ects. Whenever a comparison with previalsinitio calcu-
lations has been made the agreement has been good.

The evolution of the average interionic distance with the
lations. This pattern changes upon inclusion of correlatiortluster size has been studied. Clusters from the same struc-
effects(see the CHF curye Minima are found at sizes= tural family show a smooth variation of their interionic dis-
5,7, and 11, and maxima at= 3, 6, and 10. These changes tances withn. The correlation-induced distance contractions
are directly related to the change in the GS isomenfer5.  are the largest for those isomers that are fragments of the
We can give a clear geometrical interpretation to the minimaVgO bulk lattice. Energetically, however, the correlation
in the light of the localized picture provided by the PI model. correction stabilizes more the hexagonal isomers, so the tran-
At the minima fi= 5, 7, and 1], mixed structures were Sition towards bulk structures will take place at larger cluster
found as the most stable isoméf&g. 1). The least bound Sizes than HF calculations would predict. This result con-
anionic p electron in those clusters corresponds always tdrasts with the situation encountered in alkali-halide clusters,
that oxygen with the smallest number of neighboring ionsWhere the inclusion of correlation induces a larger energetic
That specific oxygen is less stabilized than the other oxygengtabilization of the cuboid isomef$:** The (MgO), magic
in the cluster because of the reduced electrostatic interactiotimbers have been identified as maxima or pronounced
for those cluster sites. An electron will be removed from itslope changes in the binding energy versus cluster size
more easily than for the rest of cluster siZésr which the  curve. They are= 4, 6, 9, and 12, in agreement with the
GS isomer is more “compacl’ Such a clear geometrical experimental result=2,4,6,9,12,15... [n=2 has been
interpretation of the maxima in the IP’s is not apparent forconsidered to be due to a larger enhancement of the singly
the small-size range covered in this work: The opposite situionized (MgO), specie$ Inclusion of correlation has also
ation (maxima in the IP for those ground states with theshown to be completely necessary in order to reproduce the
highest symmetrigsis not always observed. As the main correct(experimental magic numbers.
contribution to the anionic binding energy is the Madelung The interconnection between electronic and structural
potential and this is the largest for the bulklike structures, wecluster properties has been studied by considering the varia-
expect maxima to appear precisely in compact cubic structions in the cluster ionization potential with the cluster size
tures for larger cluster sizes. n. For the minima in the IP, which occur for the lowest

In simple metallic clusters, the variations in the clustersymmetry ground-state isomers a5, 7, and 11, a clear
ionization potential are correlated with the magic numbersgeometrical interpretation can be given: In those isomers,

FIG. 4. Orbital energiegwith opposite sighof the 2p levels of
O?~ anions as a function of the cluster size for the ground-stat
structures of (MgQ) clusters. The dashed line joins the vertical
cluster ionization potential¢a) HF results andb) CHF results.
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there is always an oxygen anion with a number of neighbormaximum observed at= 10. Then maxima for larger clus-

ing ions notably reduced, from which it is relatively easy ter sizes should be expected to appear whenever the ground
(compared to the rest of cluster sizés remove an electron state becomes a compact fragment of the MgO bulk lattice.
and create a singly ionized isomer. Such a definite connec-
tion has not been found for the maxima in the size range
considered in this work. The corresponding opposite situa-
tion of maxima in the IP emerging for all those ground-state
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