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Crossover between ionic-covalent bonding and pure ionic bonding in magnesium oxide clusters
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An empirical potential with fluctuating charges is proposed for modeling (MgO)n clusters in both the
molecular ~small n) and the bulk (n→`) regimes. Vectorial polarization forces are explicitly taken into
account in the self-consistent determination of charges. Our model predicts cuboid cluster structures, in agree-
ment with previous experimental and theoretical results. The effective charge transferred between magnesium
and oxygen smoothly increases from one to two, with an estimated crossover size above 300 MgO molecules.
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Crystalline magnesium oxide is a purely ionic compoun
in which the MgZ1 and OZ2 ions carry a chargeZ around
62.1 In the gas phase, the oxide anion O22 is unstable and
spontaneously decays into O21e due to the strong electron
electron repulsion. As a result, the effective atomic charg
the MgO molecule is much smaller than 2: independentab
initio calculations by Ziemann and Castleman2 and by Recio
et al.3 found Z;0.8. In the intermediate size regim
(MgO)n clusters are thus expected to show intriguing pro
erties due to a partially covalent character of the chem
bonding. Beyond condensed-matter or molecular phys
these clusters received some special attention in the a
physics community, where they have been involved in
nucleation process of dust in circumstellar shells aroundM
stars.

Despite the vast amount of experimental2,4,5 and
theoretical2,3,6–12 investigations on neutral or charged clu
ters, the way and the rate at which bonding evolves fr
ionic-covalent at small sizes to purely ionic in the bulk r
mains essentially unexplored. Because the electric field
ated by the ions does not vanish in finite systems, the hig
polarizable oxide anion has a deformable outer elect
cloud that could be responsible for a partial screening of
repulsion between cations. However, the situation is com
cated by the possible coordination dependence of ch
transfer.

Theoretical studies of (MgO)n clusters can be separate
into two groups.Ab initio or density-functional theory base
calculations have been performed on specific geometrie
a rather limited size range.2,3,6–9 These works predict tha
small clusters exhibit cuboidlike shapes similar to Na
rocksalt clusters. The apparent charge transferred, as
mated from Mulliken populations, is indeed size and coor
nation dependent, and lies between 1 and 1.5 for 2<n
<13.3,9 More empirical methods have also been used to p
dict optimal structures.2,10,11 Ziemann and Castleman,2 and
more recently, Roberts and Johnston,11 have used the rigid-
ion model with two possible values of the charge transferr
When a chargeZ51 is taken, cuboids are preferential
found as the most stable geometries. ForZ52, as in the
bulk, small clusters show instead hollow, fullerenelike stru
tures. The effects of polarization have been studied
Köhler and co-workers10 using the Rittner model.13 Wilson12

investigated MgO ‘‘nanotubes’’ made of stacked hexago
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(MgO)3 rings. For this, he developed a more sophistica
compressible-ion model14 with explicit coordination-
dependent polarizabilities.

None of these empirical potentials account for the diff
ent charges transferred in MgO clusters. Only in Ref. 10,
authors explicitly employed a size-dependent value of
chargeZ, using an arbitrary lawZ(n)5(2zn11)/(zn11).
z was taken such that the crossovern* between ionic-
covalent and purely ionic, for whichZ equals 1.5, occurs a
n* 520. However, the low-energy structures found
Köhler et al. significantly deviate from regular cuboids o
stacked hexagons in this size range.10 Improved electrostatics
and charge transfer are provided by fluctuating-charge~fluc-
q) potentials15–17 based on the principle of electronegativi
equalization.18 Such potentials have been used in simulatio
of water17,19,20and molten salts,21 and have recently proven
valuable in describing the heterogeneous bonding in coa
fullerenes and nanotubes.22,23 They have been extended t
include dipolar terms and the corresponding polarization20

In MgO clusters, atomic polarization cannot be neglect
and we provide here a self-consistent treatment of th
effects. Briefly, the system is made ofN magnesium and
M oxygen ions, each carrying a chargeqi and located at
the position vectorr i . The potential energyV of the system
is written as V5Vrep1VQ . The repulsion interaction
is taken in the Born-Mayer form, namely,Vrep($r i%)
5( i , jD exp(2brij), wherer i j is the distance between ionsi
and j. The electrostatic energy is expressed as

VQ~$r i%!5(
i

F« iqi1
1

2
Uii

0qi
22

1

2
a iEi

2G1(
i , j

Ji j ~r i j !qiqj

1lS Q2(
i

qi D . ~1!

Uii
0 5UMg-Mg

0 or UO-O
0 are the respective hardnesses of t

magnesium and oxygen ions, respectively,« i5«Mg or «O
their electronegativities, anda i5aMg or aO their polarizabil-
ities. Ji j is the Coulomb integral between ionsi and j, taken
in the Ohno representation,24

Ji j ~r !5@r 21~Ui j
0 !22exp~2g i j r

2!#21/2. ~2!

Ei is the electric-field vector felt by ioni,
©2003 The American Physical Society03-1
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Ei5(
j Þ i

2qj

]Ji j

]r i j
. ~3!

Finally, the last term in Eq.~1! includes a Lagrange multi
plier l that accounts for the conservation of the total cha
Q of the system. Given an instantaneous set of positions$r i%,
the charges$qi% are found by minimizing Eq.~1! above. Due
to the quadratic expression ofVQ in qi ’s, this minimization
can be done readily using linear algebra. The charges
solution of the matrix equationCX5D, whereX5$qi ,l% is
a N1M11 vector,D has componentsDi52« i for i<N
1M , andDN1M115Q. The element (i , j ) of matrix C is

Ci j 5Ji j 2(
k

akS ]Jki

]r ki
•

]Jk j

]r k j
D , ~4!
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with Jii 5Uii
0 . In this simple model, the partial covalen

bonding comes from the balance between the short-ra
Pauli repulsion and the long-range electrostatic attract
The Uii

2qi
2 terms are crucial in the expression ofVQ as they

prevent the charges from diverging. This model has 11 in
pendent parameters, includingD, b, a i ’s, Ui j

0 ’s, and g i j ’s.
Only the difference in electronegativitiesD«5«Mg2«O is
physically relevant.17 For the model to be transferred from
the molecular range up to the bulk, some constraints mus
imposed on these parameters. In the MgO molecule,
equilibrium distance, charge transferred, and electric dip
are known,10 and one must minimize the energy functio
with respect to the Mg-O distancer. After some calculation,
we find VMgO(r )5De2br1VQ

MgO(r ) with the electrostatic
term,
VQ
MgO~r !5

1

2

~D«!2

~aMg1aO!@JMgO8 ~r !#212JMgO~r !2UMg-Mg
0 2UO-O

0
, ~5!
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where we have employed the notationJMgO8 5dJMgO/dr.
In the crystal, the charge transferredZ and lattice constan

a are chosen as reference data. Assuming thatJMgO(a)
;1/a, the binding energy per ion reads

Vbulk~a!

N
56De2ba1

VQ
bulk~a!

N
,

VQ
bulk~a!

N
5

~D«!2

M /a2UMg-Mg
0 2UO-O

0
, ~6!

with M the Madelung constant. For a set of parameters,
total energies corresponding to the molecule and to
crystal must be minimized numerically with respect tor
or a, respectively. The full parametrization of the model c
then be achieved by minimization of an error functionx2

to reproduce the charge transferred and the equilibr
distances in the molecule and the crystal. The following v
ues have been adopted:D56056 eV, b54.89 Å21,
UMg-Mg

0 512.5 eV,UO-O
0 530.7 eV,UMgO

0 523.3 eV,gMg-Mg

50.35 Å22, gO-O50.49 Å22, gMgO50.36 Å22, D«
525.4 eV, aMg50.18 Å3, and aO54.65 Å3. It must be
noted that the large value ofD« is due to the heavy charg
transfer in the crystal.

This set predicts the charge transfer to be 0.92 in the M
molecule and 1.92 in the crystal. The equilibrium distance
1.86 Å in the molecule and the crystal lattice constant
1.78 Å, close to the experimentally measured valu
1.749 Å and 2.11 Å, respectively. The binding energies c
not be compared with reference values because the pre
model includes extra self-energyU0 terms.

The lowest-energy structures of MgO clusters have b
searched using the basin-hopping algorithm.25,26 For each
size in the range 2–30, 5000 Monte Carlo steps were
e
e
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O
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formed starting from a random geometry. We also loca
optimized the databases of structures found by global o
mization of the rigid-ion model with fixed charges61 and
62. In many cases, the global minimum was found with
the database obtained withZ561.

The structures of the global minima are represented
Fig. 1. Beyondn53, they are based on small (MgO)4 cubic
units. The cuboid picture found here is essentially similar
the results of Roberts and Johnston,11 obtained with a genetic
algorithm, except for the slight distortions due to polariz
tion. We do not find evidences for hollow2,11 or ‘‘spiky’’
geometries.10 Stacking of (MgO)3 hexagonal units leads to
isomers slightly less stable than cuboids of the same s
This partly explains why the global minima atn514 andn
522 differ from the results of Roberts and Johnston.11 Actu-
ally, the fact that hexagonal rings are less favored in
present model is not in strong contradiction with experime
tal results, because most magic number peaks interprete
the signature of hexagonal stacks are indeed compatible
cuboidlike geometries. Also, experiments have been p
formed by mass spectrometry on charged species, which
well exhibit different stabilities than neutrals. We have co
puted the energy differenceDE(Q)5Ecub2Ehex between
charged (MgO)24

Q clusters in hexagonal and cuboid form
The present model givesDE50.824 eV for anions, 1.039 eV
for cations, and 0.975 eV for neutrals. The enhanced stab
of cationic cuboids is consistent with the experimental ana
sis by Ziemann and Castleman.2

The variations with size of the binding energy of th
lowest-energy structures found with the present polariza
fluc-q model are depicted in Fig. 2. The binding energyE
shows a global increase, which can be fitted approxima
in a liquid drop fashion asE(n)5215.13n11.83n2/3

10.89n1/311.45. The values of the latter parameters a
slightly changed if we include larger cubic clusters such
3-2
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(MgO)108. By construction, the crystal binding energy foun
from this expression is close to the numerical minimizat
of Eq. ~6!.

As can be noted in Fig. 2, there are some deviations fr
the smooth behavior of the fitted energy. To see them m
clearly, the second energy differenceD2E(n)52E(n)
2E(n11)2E(n21) has been represented in the inset
this figure. This quantity is usually convenient to find t
special stabilities of some sizes. The most stable clus
appear here atn52, 4, 6, 9, 12, 18, and 24. The sizesn
515, 21, and 27 can be added as relatively stable. All th
clusters are perfect cuboids. The magic character of thn
515 cluster is less marked due to the fact that (MgO)16 is
also a cuboid.

We turn now to the problem of charge transfer, and m
generally to the ionic or covalent nature of the chemi
bonding in MgO clusters. In Fig. 3, we have represented
average chargêq& carried by the ions in the cluster, regar
less of their position inside the cluster or the coordinat
number. This quantity is defined as the mean value ove
magnesium ions. This definition is somewhat loose and a
trary, because all ions do not play the same role in the clu
due to the large surface-to-volume ratio. From Fig. 3 we

FIG. 1. Lowest-energy structures of (MgO)n clusters from
Monte Carlo minimization using the self-consistent fluc-q model
including polarization forces.
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that the charge transfer is strongly size dependent in
present model, and that the convergence toward the b
limit is much slower than assumed by Ko¨hler and
co-workers.10 In fact, knowing that the average charge effe
tively reaches about62 at largen allows us to fit the varia-
tions of ^q& with n as ^q&(n)'22a8n21/32b8n22/3

2c8n21. The effective crossover size between mixed ion
covalent bonding and pure ionic bonding can then be e
mated asn* such that̂ q&(n* );3/2. To get more realistic
values forn* , we have included the data corresponding
larger cubic clusters, namely, (MgO)32 and especially the 6
3636 cluster (MgO)108. Because the size range cover
remains quite small, the value for the latter cluster was giv
a relative weight of 10 in the fitting process. Using this pr
cedure, we find the crossover size to be located atn* ;300
6100 depending on the presence of the large cluster in

FIG. 2. Binding energy of (MgO)n clusters in the range 1<n
<30. The horizontal dashed line marks the bulk limit. The op
circles correspond to the structures in Fig. 1, and the solid line
fit of the form E(n)/n5a1bn21/31cn22/31dn21, with param-
eters given in the text. Inset: second energy differenceD2E(n)
52E(n)2E(n11)2E(n21) versusn.

FIG. 3. Average modulus of the charge transferred in (MgOn

clusters. The lines are fits of the form̂q&(n)522a8n21/3

2b8n22/32c8n21, with ~solid line! or without ~dashed line! the
value for the (MgO)108 cluster. Inset: effective moduli of the
charges carried by magnesium~full squares! or oxygen ~empty
circles! ions in (MgO)108 versus their coordination number. Th
lines are a guide to the eye.
3-3
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fit. Including the value for (MgO)108 results in an increase o
n* , and including the data for larger clusters should furth
shift the crossover size toward several hundreds or thous
of MgO molecules.

Within the present empirical model, electrostatic prop
ties are naturally coordination dependent. In the inset of F
3, the modulus of the charge transferred is plotted for e
ion in the (MgO)108 nanocrystal versus its coordination num
ber. Several features are of interest. First, the magnitud
the charge transferred increases with coordination, as
pected from the decreasing intensity of the electric field. T
agrees with the electronic structure calculations perform
by Recio et al.,3 by Veliah et al.,6 and more recently by
Coudrayet al.9 Second, the charge carried by Mg ions
more sensitive to coordination than the charge carried
oxygen ions. This is also in agreement with the findings
Veliah et al.6 The above results confirm that convention
potentials with fixed charges are not fully appropriate to
scribe MgO clusters. This had been addressed by Wil
who considered phenomenological coordination-depend
polarizabilities within the compressible-ion model.12

Coordination-dependent charges are a natural outcome o
ys

em
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present potential, allowing to study MgO clusters in a wi
range of condensed phases. While the present potenti
able to treat large clusters beyond the possibilities of
first-principles computations, the needed inversion of
square matrix can be a limiting factor. Fortunately, the e
tended Lagrangian techniques17 can reduce the computa
tional cost significantly, making the polarizable fluc-q model
valuable in various thermodynamical conditions. Furth
possible improvements include a more realistic treatmen
covalent bonding, higher-order electrostatics, as well as s
dependent hardnesses.

To conclude, we proposed an empirical model to descr
ionic-covalent bonding in MgO clusters. This model is bas
on fluctuating charges and incorporates atomic polariza
in a self-consistent way. By fitting it on both molecular an
bulk properties we found that small clusters preferentia
exhibit cuboid geometries, showing magic numbers in go
agreement with experiments. The average charge carrie
magnesium or oxygen atoms smoothly increases, and
crossover between ionic-covalent and pure ionic bond
was estimated to be above 300 molecules. The model
rectly predicts that the charge transferred depends on coo
nation.
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