
ny

PHYSICAL REVIEW A 67, 063203 ~2003!
Evolution of the electronic and ionic structure of Mg clusters with increase in cluster size
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The optimized structure and electronic properties of neutral and singly charged magnesium clusters have
been investigated usingab initio theoretical methods based on density-functional theory and systematic post–
Hartree-Fock many-body perturbation theory accounting forall electrons in the system. We have systemati-
cally calculated the optimized geometries of neutral and singly charged magnesium clusters consisting of up to
21 atoms, electronic shell closures, binding energies per atom, ionization potentials, and the gap between the
highest occupied and the lowest unoccupied molecular orbitals. We have investigated the appearance of the
elements of the hcp structure and metallic evolution of the magnesium clusters, as well as the stability of linear
chains and rings of magnesium atoms. The results obtained are compared with the available experimental data
and the results of other theoretical works.
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I. INTRODUCTION

Metal clusters have been recognized as new physical
jects with their own properties almost two decades ago. T
became clear after experimental successes such as the
covery of electronic shell structure in metal clusters@1#, ob-
servation of plasmon resonances@2–4#, formation of singly
and doubly charged negative cluster ions@5#, and many
more. A comprehensive survey of the field can be found
review papers and books; see, e.g., Refs.@6–14#.

The electronic shell structure of metal clusters has b
discovered in Ref.@1# by the observation of the strong pea
in the mass spectra of sodium clusters. The enhanced st
ity of some clusters, the so-called magic clusters, was
plained by the closure of shells of delocalized electrons
simple physical model describing electronic shell structure
metal clusters has been developed within the jellium
proximation ~see, e.g., Ref.@6#! in analogy with the shell
model of atomic nuclei~see, e.g., Ref.@15#!. The jellium
model is very successful for the simple alkali metals~Na, K!,
for which one electron per atom is delocalized@16–18#. The
jellium model electronic shell closures for alkali-metal clu
ters define the magic numbersN58, 20, 34, 40, 58, 92 tha
are in a good agreement with the experiment. Note that
jellium model can be generalized by accounting for the c
lective ion background vibration dynamics@19,20# and can
be used as a very appropriate framework for investigating
collision processes involving atomic clusters@21#.

Clusters of divalent metals are expected to differ from
jellium model predictions at least at small cluster sizes.
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this case, bonding between atoms is expected to have s
features of the van der Waals type of bonding, because
electronic shells in the divalent atoms are filled. Thus, cl
ters of divalent metals are very appropriate to study nonm
to metal transition, testing different theoretical methodo
gies and conceptual developments of atomic cluster phys
However, relatively, little work has been done so far on t
exploration of the alkali-earth-metal clusters in comparis
with that for the alkali-metal clusters; see, e.g., Refs.@6,22#,
and references therein.

The equilibrium geometries and electronic properties
small magnesium clusters with the number of atomsN up to
4 have been investigated usingab initio quantum chemistry
methods; see, e.g., Refs.@23–25#, and references therein. Fo
cluster size larger thanN54, most of the theoretical studie
of the magnesium cluster properties have been perform
using the pseudopotential approximation for the treatmen
inner electrons in a cluster and the density-functional the
~DFT! for the description of outer-shell electrons. The ele
tronic properties, geometry, and stability of small Mg me
clusters with the number of atomsN<7 have been investi-
gated in Refs.@26,27# using the pseudopotential local-spin
density approximation. The geometrical structure and bo
ing nature of MgN clusters withN up to 13 have been studie
in Ref. @28# using the density-functional molecular-dynami
method. The size evolution of bonding in magnesium cl
ters MgN with N58 –13, 16, 20 have been studied in Re
@29# using the local-density approximation that accounts
gradient corrections. Structural and electronic properties
small magnesium clusters (N<13) were studied in Ref.@30#
using a first-principles simulation method in conjunctio
with the DFT and the generalized gradient-correction
proximation for the exchange-correlation functional. It w
shown@30# that the metallization in magnesium clusters h
a slow and nonmonotonic evolution, although, also jelliu
type magic clusters were observed@28,29#. In order to extend
such calculations to larger systems, symmetry restric
methods have been developed. The spherically avera
pseudopotential scheme with the local and nonlocal pseu
potentials has been used for the investigation of the e
tronic structure and shell closures of spherical MgN clusters
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LYALIN et al. PHYSICAL REVIEW A 67, 063203 ~2003!
up toN546 @31#. The structural and electronic properties
neutral and anionic magnesium clusters MgN with N up to 22
have been studied in Refs.@32,33# using gradient-corrected
DFT and the Wadt-Hay pseudopotential@34#. All-electron
DFT calculations of the energetic and structural propertie
neutral magnesium clusters MgN (N52 –22 and selected
clusters up to 309! have been performed in Ref.@35#. The
preliminary results of our recent all-electron calculations
the properties of neutral and cationic magnesium clus
with number of atomsN up to 21 have been published
Ref. @36#.

Recently, new experimental data for Mg clusters ha
been obtained, indicating the most intensive peaks in
mass spectra atN55, 10, 15, 18, 20, 25, 28, 30, 35, 40, 4
56, 59, 62, and 69@37#. These numbers deviate from th
sequence of magic numbers which were obtained for sim
alkali-metal clusters, and cannot be reproduced wit
simple jellium models. This fact was interpreted in Re
@37,38# within the spherical shell model by diving of the hig
angular-momentum states down through the states
lower l. The mass spectrum of magnesium clusters ani
MgN

2 for N from 3 to 70 has been obtained in Ref.@39#. In
the paper cited above, powerful maxima in negative-ion
tensity have been observed forN54, 9, 19, 34, 46, 55, and
69, while minima appear forN511, 21, 36, 48, and 57.

In the present work, we investigate the optimized ion
structure and the electronic properties of neutral and sin
charged magnesium clusters within the size rangeN<21.
We calculate binding energies per atom, ionization pot
tials, and energy gaps between the highest occupied and
lowest unoccupied molecular orbitals. Our calculations
based onab initio theoretical methods invoking the densit
functional theory and systematic post–Hartree-Fock ma
body theory accounting for all electrons in the system. T
results obtained are compared with the available experim
tal data and the results of other theoretical works.

The atomic system of units,ueu5me5\51, has been
used throughout the paper, unless other units are indica

II. THEORETICAL METHODS

Our calculations have been performed with the use of
GAUSSIAN 98 software package@40#. We have utilized the
6–311G~d! basis set of primitive Gaussian functions to e
pand the cluster orbitals@40,41#.

The cluster geometries have been determined by find
local minima on the multidimensional potential-energy s
face for a cluster. We have taken into account all electr
available in the system when computing the potential-ene
surface. With increasing cluster size, such calculations
come computer-time demanding. In this work, we limit t
calculations with the cluster sizeN521.

The key point of calculations is fixing the starting geom
etry of the cluster, which could converge during the calcu
tion to a local or to the global minimum. There is no uniq
way for achieving this goal withGAUSSIAN 98 @41#. In our
calculations, we have created the starting geometries em
cally, often assuming certain cluster symmetries. Note
during the optimization process, the geometry of the clus
06320
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as well as its initial symmetry sometimes change dram
cally. All the characteristics of the clusters, which we ha
calculated and present in the following section, are obtai
for the clusters with optimized geometry.

In this work, we concentrate on the systematic explorat
of the properties of magnesium clusters using the dens
functional theory based on the hybrid Becke-type thr
parameter exchange functional@42# paired with the gradient-
corrected Lee, Yang, and Parr correlation function
~B3LYP! @43,44#, as well as with the gradient-correcte
Perdew-Wang 91 correlation functional~B3PW91! @45,46#.
The important feature of the density-functional method co
sists of the fact that it takes into account many-electron c
relations via the phenomenological exchange-correlation
tential. However, so far, a unique potential, has not be
found universally applicable for different systems and con
tions. As a result, there are many different parametrizati
for the exchange-correlation potential valid for special cas

Alternatively, we use a directab initio method for the
description of electronic properties of metal clusters, wh
is based on the consistent post–Hartree-Fock many-b
theory@47#. In the present work, we apply the Mo” ller-Plesset
perturbation theory of the second and fourth order~MP2! and
~MP4!, respectively. Based on the fundamental physical p
ciples being free from any phenomenological paramet
this model can be refined by extending the quality of t
approximations, while the physical meaning of the effe
included is clearly demonstrated. Thus, often such an
proach predicts more accurate and reliable characteristic
metal clusters than the density-functional theory.

In the present work, we use both different theoretic
schemes for calculations taking advantage of the clear ph
cal meaning and the reliability of the post–Hartree-Fock p
turbation theory and the numerical efficiency of the dens
functional methods.

III. NUMERICAL RESULTS AND DISCUSSION

A. Geometry optimization of MgN and MgN
¿ clusters

The optimization of the cluster geometries has been p
formed with the use of the B3PW91 and B3LYP method
For small magnesium clusters with number of atomsN
<11, we have also used theab initio MP2 and MP4 methods
in addition to density-functional calculations. In the latt
case, we have optimized the cluster geometries with the
of the MP2 method and then calculated total energies us
MP4 method. With the increase in cluster size, theab initio
MP2 and MP4 calculations become more and m
computer-time demanding, therefore we have not perform
such calculations for magnesium clusters with number
atomsN>12. The comparison, in detail, of the results o
tained by the density-functional andab initio perturbation
theory methods as well as their comparison with the res
of other works is given below, see Sec. III B. This compa
son allows us to conclude that for magnesium clusters,
B3PW91 method is more reliable and accurate in comp
son with the B3LYP one.

The results of the cluster geometry optimization for ne
tral and singly charged magnesium clusters consisting o
3-2
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FIG. 1. Optimized geometries of the neutral magnesium clusters Mg2-Mg21 calculated in the B3PW91 approximation. The interatom
distances are given in angstroms. The values in brackets correspond to the B3LYP results. The label above each cluster image in
point symmetry group of the cluster.
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to 21 atoms are shown in Figs. 1 and 2, respectively.
Magnesium clusters possess various isomer forms, n

ber of which increases dramatically with increasing clus
size. In Figs. 1 and 2, we present only the lowest-ene
configurations optimized by the B3PW91 method. The int
atomic distances are given in angstroms. The values
brackets correspond to the interatomic distances obtaine
the B3LYP method.

Figure 1 shows that the neutral magnesium clusters f
the compact structures, maximizing the coordination num
The Mg2 dimer is weakly bound possessing the binding e
ergy per atom 0.039 eV/atom and the bond length 3.609
which is in a good agreement with the experimental res
of Ref. @48#, where the values are 0.025 eV/atom for t
binding energy and 3.89 Å for the bond length have be
reported. The lowest-energy state for Mg3 is the equilateral
triangle, and for Mg4 is a regular tetrahedron. As we discu
below, the Mg4 cluster is relatively more stable and compa
as compared to the neighboring clusters. The Mg5 cluster has
a structure of slightly elongated triangular bipyramid, wh
Mg6 consists of three pyramids connected by their fac
Mg7 is a pentagonal bipyramid, and Mg8 is a capped pen
tagonal bipyramid. These geometrical structures are i
good agreement with the results of Refs.@28,32,33,35#.

It is worth noting that the optimized geometry structur
for small neutral magnesium clusters differ significan
from those obtained for sodium clusters~see, e.g., Refs
@22,49,50#, and references therein!. Thus, the optimized so
dium clusters withN<6 have the plane structure. For Na6,
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both plane and spatial isomers with very close total energ
exist. The planar behavior of small sodium clusters has b
explained as a result of the successive filling of the 1s and
1p symmetry orbitals by delocalized valence electrons@49#,
which is fully consistent with the deformed jellium mod
calculations@18#. Contrary to the small sodium clusters, th
magnesium clusters are tridimensional already atN54,
forming the structures nearly the same as the van der W
bonded clusters.

Starting from Mg9, a new element appears in the magn
sium cluster structures. This is the six-atom trigonal pri
core, which is marked out in Fig. 1. The formation of th
trigonal prism plays an important role in the magnesiu
cluster growth process. Adding an atom to one of the tri
gular faces of the trigonal prism of the Mg9 cluster results in
the Mg10 structure, while adding an atom to the remaini
triangular face of the prism within the Mg10 cluster leads to
the structure of Mg11, as shown in Fig. 1.

Further growth of the magnesium clusters for 12<N
<14 leads to the formation of the low-symmetry groun
state cluster. In spite of their low symmetry, all these clust
have the trigonal prism core. The structural rearrangem
occurs for the Mg15 cluster, which results in the high
symmetry structure of the two connected Mg9 clusters.

Starting from Mg15, another motif based on the hexag
nal ring structure that is marked out in Fig. 1 dominates
cluster growth. Overall, obtained structures agree with th
obtained from Refs.@32,33#, where the Wadt-Hay pseudopo
tential has been used for the treatment of the magnes
3-3
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FIG. 2. Same as in Fig. 1, but for singly charged magnesium clusters Mg2
1-Mg21
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ionic core. However, the most stable structures for Mg13,
Mg15, Mg16, Mg19, and Mg20 clusters obtained in Ref.@35#
emerge as higher-energy isomers in our calculations.

It is worth noting that the formation of hexagonal ring f
N515 plays an important role in the evolution of the ma
nesium cluster structure into the bulk lattice. A single d
formed hexagonal ring a the common element in the str
tures of the Mg16 and Mg17 clusters. For the Mg18221
clusters, two deformed hexagonal rings appear. The hex
nal ring is one of the basic elements of the hexagonal-clo

FIG. 3. Primitive cell for magnesium hcp lattice. For bulk ma
nesium,a5b53.21 Å andc55.21 Å @51#.
06320
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packing~hcp! lattice, as one can see in Fig. 3, in which th
primitive cell for the magnesium hcp lattice is presented.

Vectorsa, b, andc in Fig. 3 show the primitive cell axes
of the hcp lattice. For bulk magnesium,a5b53.21 Å and
c55.21 Å @51#. The fundamental characteristic for the he
agonal close packing of spheres is the value of ratioc/a,
which is equal toA8/3'1.633 for an ideal hcp lattice. Th
bulk magnesium withc/a51.62 is very close the ideal hc
structure @52#. The distinct three-layered structure of M
clusters withN>18 based on the deformed hexagonal rin
allows one to determine the averaged values of the primi
axes^c& and ^a&. Table I demonstrates that the calculat
values^c& and ^a& and their ratio for magnesium cluste
with N>18 are close to the corresponding values for b
magnesium. However, we stress that the appearance o
hexagonal rings is a necessary but not sufficient condition
the formation of the regular hcp structure.

Figure 2 shows the optimized geometries of sing
charged cationic magnesium clusters. The ground-state
ometries of the cationic magnesium clusters are not very
ferent from those obtained for the neutral parent clusters w
the exception of Mg3

1 and Mg4
1 , the equilibrium geometries

of which are linear chains. Below, we discuss the stability
the linear-chain isomers for the magnesium clusters~neutral
and singly charged! within the size range considered.

In Fig. 4, we present the average bonding distance^d&
calculated within the B3PW91 approximation for neutral a
singly charged magnesium clusters. For calculating the a
age bonding distance in a cluster, interatomic distan
smaller than 4.1 Å have only been taken into account. T
3-4
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TABLE I. The average values of the primitive axes and their ratio for the hcp lattice elemen
magnesium clusters withN>18, calculated within the B3PW91 approximation. Values in brackets co
spond to singly charged magnesium clusters.

Mg18 Mg19 Mg20 Mg21 Mg bulk @51#

^c& (Å) 5.08 ~5.42! 5.47 ~5.37! 5.48 ~5.23! 5.56 ~5.23! 5.21
^a& (Å) 3.14 ~3.19! 3.05 ~3.22! 3.20 ~3.21! 3.20 ~3.21! 3.21
^c&/^a& 1.62 ~1.70! 1.79 ~1.67! 1.71 ~1.63! 1.74 ~1.63! 1.62
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bulk limit for the magnesium hcp lattice@51# is indicated in
the figure by a horizontal dashed line.

Figure 4 shows how the average bonding distance evo
with increasing cluster size. It is clearly seen that the dep
dence of the average bonding distance on cluster size
essentially a nonmonotonous oscillatory behavior. For M2,
the bonding distance calculated within the B3PW91 meth
is equal to 3.609 Å, which is in a good agreement with
experimental result, 3.891 Å, of Ref.@48#. The appearance
of the minima in the size dependence of the average bon
distance shows that Mg4 , Mg10, and Mg20 clusters~8, 20,
and 40 valence electrons, respectively! are more tightly
packed than their neighbors. This behavior can be interpr
by the influence of electronic shell effects on the geometr
structure of magnesium clusters. It supports the conclus
of Ref. @53# that electronic shell effects can enhance the s
bility of geometric structures resulting from dense ion
packing.

Additional minimum in the dependence of the avera
bonding distance onN arises atN515. At this N a consid-
erable rearrangement of the cluster geometry takes plac
it is seen in Fig. 1. Indeed, starting from the Mg15 cluster, the
three-layered structure based on the hexagonal ring
formed. It is clearly seen in Fig. 4 that forN>15, the aver-
age bonding distance for magnesium clusters approache
bulk limit.

The evolution of the average bonding distance with cl
ter size differs for magnesium clusters from that for sodiu
For neutral sodium clusters, one can see odd-even osc

FIG. 4. The average bonding distance as a function of the c
ter size for neutral and singly charged magnesium clusters. S
represent the results of the work by Akolaet al. @30#. The horizontal
dashed line indicates the bulk limit for the hcp lattice@51#.
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tions of ^d& atop its systematic growth and approaching t
bulk limit @22#. These features have the quantum origin a
arise due to the spin coupling of the delocalized valen
electrons. For magnesium clusters, the average bonding
tance depends on size nonmonotonically, with minima
the Mg4, Mg10, Mg15, and Mg20 clusters. Such an irregula
behavior is induced by both the closure of electronic sh
of the delocalized electrons and structural rearrangemen

Manifestation of the magic numbers in the dependence
the average bonding distance on cluster size coinciding w
the spherical jellium model magic numbers does not imp
however, the rapid metallization of magnesium clusters.
investigate the transition of van der Waals to metal bond
in magnesium clusters, it is necessary to explore, in de
the evolution of their electronic properties. Below, we pe
form such an analysis in detail.

Dashed line in Fig. 4 shows the average bonding dista
as a function of the cluster size calculated for singly charg
magnesium clusters. Figure 4 demonstrates the essentia
ference in the cluster size dependence of^d& for the cationic
and neutral magnesium clusters withN<6. The small cat-
ionic magnesium clusters are more compact in compari
with the corresponding neutral clusters. For example,
Mg2

1 the bonding distance is equal to 3.044 Å, which
much less than in the case of Mg2. This phenomenon has
simple physical explanation: the removed electron is ta
from the antibonding orbital. The fact that cationic magn
sium clusters are more stable than the parent neutral
anionic clusters has been already noted in Ref.@27#.

Within the size rangeN>7, the average bonding dis
tances for single-charged and neutral magnesium clusters
have similarly. The absolute value of^d& for single-charged
clusters is slightly larger in this region ofN.

Figure 4 demonstrates the good agreement of our res
with the dependence of^d& on N calculated in Ref.@30# for
neutral Mg clusters within the size rangeN<13.

B. Binding energy per atom for MgN and MgN
¿ clusters

The binding energy per atom for small neutral and sin
charged magnesium clusters is defined as follows:

Eb /N5E12EN /N, ~1!

Eb
1/N5@~N21!E11E1

12EN
1#/N, ~2!

whereEN and EN
1 are the energies of a neutral and sing

chargedN-particle atomic cluster, respectively.E1 and E1
1

are the energies of a single magnesium atom and an ion

s-
rs
3-5
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Figures 5 and 6 show the dependence of the binding
ergy per atom for the most stable neutral and singly char
clusters as a function of the cluster size. The energies of
clusters have been obtained using the B3LYP, B3PW91,
MP4 methods. Calculations of the binding energies h
been performed by different theoretical methods and with
use of different exchange-correlation functionals for the s
of comparison of their accuracy and computation efficien
In Fig. 5, filled rhombus, crossed rhombus, and open pe
gons show the result of calculations by Kumar and Car@28#,
Reuseet al. @27#, and Delalyet al. @29#, respectively. These
calculations have been performed within the Hohenbe
Kohn-Sham local-density approximation using the Perd
and Zunger@54# parametrization of the Ceperley and Ald

FIG. 5. Binding energy per atom for the most stable neu
magnesium clusters as a function of the cluster size. Squa
circles, and lower triangles represent the binding energies per a
calculated by the B3LYP, B3PW91, and MP4 methods, respectiv
Stars, filled rhombuses, and crossed rhombuses show the resu
the works by Akolaet al. @30#, Kumaret al. @28#, and Reuseet al.
@27#, respectively. Open pentagons and crossed circles show
result of Delalyet al. @29# obtained with the use of the LDA~local
density approximation! and gradient-corrected~GC! LDA methods,
respectively. Open circles and open squares show the results o
works by Jellinek and co-workers@32,33# and Köhn et al. @35#,
respectively. The geometries and the point symmetry group of
isomers presented can be found in Sec. III A.

FIG. 6. Same as in Fig. 5, but for singly charged magnes
clusters.
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@55# data for the exchange correlations. Crossed circles
stars present the results of Delalyet al. @29# and Akolaet al.
@30# derived with the use of the gradient-corrected appro
mation @56,57# and the Perdew-Burke-Ernzerhof~PBE! pa-
rametrization of the gradient-corrected exchange-correla
energy functional@58#, respectively. Open circles represe
the results by Jellinek and co-workers@32,33#, which have
been obtained within the DFT with the Becke exchange@42#
and the Perdew correlation@56# functionals~BP86!. The Ne-
like core of the Mg atom was described in Refs.@32,33# by
the Wadt-Hay pseudopotential@34#. Open squares show th
results by Ko¨hn et al. @35# derived from the all-electron DFT
employing the BP86 exchange-correlation functional.

Figure 5 shows that, although, the qualitative behavior
the binding energy per atom, calculated within different a
proaches, is similar, the quantitative discrepancy between
curves is rather considerable. This is a result of a differ
way of accounting for the gradient corrections to the loc
density exchange-correlation interaction within differe
methods. The gradient corrections have been shown to
vide a systematic improvement in the computed propertie
magnesium clusters@29#. The difference in the binding en
ergy per atom for neutral magnesium clusters withN<21
calculated with the use of the gradient-corrected B3LYP a
B3PW91 methods reaches 0.35 eV. The reason for this
ference is in the different way of accounting for man
electron correlations within the B3LYP and B3PW91 me
ods. To explore what type of parametrization of t
exchange-correlation energy is more reliable for magnes
clusters, we have used the post–Hartree–Fock–Mo” ller-
Plesset perturbation theory. This method is free of pheno
enological parameters and can be used as a criterion
checking the reliability of various density-functional-theo
schemes. The disadvantage of the perturbation-theory
proach consists of the fact that it leads to the drama
growth of the computational costs by increasing the num
of electrons in the system in comparison with that for t
density-functional-theory calculations. Therefore, we ha
used the MP4 method only for clusters with the number
atoms,N<11.

Figure 5 shows that the results of the MP4 theory are i
reasonable agreement with those derived by the B3PW
method. This comparison demonstrates that for magnes
cluster simulations the B3PW91 method is more relia
than the B3LYP one. Our results derived within the B3PW
and MP4 approximations are in a reasonable agreement
those from Refs.@29,30# and in a very good agreement wit
those from Refs.@32,33,35#. It is worth noting that the bind-
ing energy of magnesium clusters, obtained in Refs.@32,33#
with the use of the pseudopotential for the treatment of
1s2s1p magnesium core electrons, appears to be system
cally larger within the rangeN>10 thanEb /N obtained in
the present work. The difference is, however, negligib
small and averages to about 0.03 eV.

We now discuss the behavior of the binding energy a
function of the cluster size for both neutral and sing
charged magnesium clusters. For neutral magnesium c
ters, the binding energy per atom increases steadily with
increasing cluster size. The local maxima ofEb /N at N
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54, 10, and 20 correspond to the most stable configurat
of the magic magnesium clusters possessing Nel58, 20, and
40 valence electrons, respectively. This behavior is in ag
ment with the simple spherical jellium model. The analy
of the second differences of the binding energy~see Fig. 7!
confirms this conclusion and gives a hint about the rela
stability of the Mg7, Mg13, Mg15, and Mg17 clusters, in
addition to the magic clusters Mg4 , Mg10, and Mg20. The
additional magic numbers can be explained within the
formed jellium model accounting for spheroidal deform
tions of the cluster core~see, e.g., Refs.@16–18#, and refer-
ences therein!. For a spheroidal jellium cluster, the orbit
angular momentum does not remain a good quantum num
characterizing the valence electron’s energy levels. In
case, the energy levels are characterized by the projectio
the angular momentumL on the principal axis and by th
parity of the wave function. Thus, the energy levels withL
50 are twofold degenerate on the projection of the el
tron’s spin, while those withLÞ0 are fourfold degenerat
both on the projection of the electron spin and on the sign
the projectionL on the principal cluster axis. The deforme
jellium clusters having closed electronic subshells poss
the enhanced stability. Therefore, in addition to the spher
magic clusters with 8, 20, 40, etc., valence electrons,
deformed jellium clusters with 6, 10, 14, 18, 22, 26, 30, 3
etc., valence electrons turn out to be relatively stable. T
fact leads to the following additional magic numbers 3, 5,
9, 11, 13, 15, 17 for the jellium magnesium clusters. Some
these numbers, such as 3, 5, 9, 11, precede or follow
spherical magic numbers 4, 10, 20, and as a result bec
masked and are not that pronounced in the second di
ences analysis.

For singly charged magnesium clusters, the binding
ergy per atom as a function of the cluster size is essent

FIG. 7. Second differences of total energy for neutral,D2EN

5EN1122EN1EN21, and singly charged,D2EN
15EN11

1 22EN
1

1EN21
1 , magnesium clusters. Filled circles show the B3PW91

sults obtained in this work; stars, results obtained by Akolaet al.
@30#; filled rhombuses, results of Kumaret al. @28#; crossed rhom-
buses, results of Reuseet al. @27#; and open circles, results of Jel
inek and co-workers@32,33#.
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nonmonotonous. The local maxima of the binding energy
the Mg3

1 , Mg5
1 , Mg10

1 , Mg12
1 , Mg15

1 , and Mg20
1 clusters in-

dicate their enhanced stability. Figure 7 shows the sec
differences of the total energy for singly charged magnes
clusters. This figure demonstrates the enhanced stabilit
the mentioned cluster ions and the Mg17

1 cluster.
The sequence of magic numbers for singly charged m

nesium clusters differs from that for neutral clusters. T
happens because singly charged magnesium clusters al
possess odd number of valence electrons and, thus, alw
contain open electronic shells. For neutral magnesium c
ters, situations of both close and open electronic shells
possible. The enhanced stability of a Mg-cluster ion aris
when its electronic configuration has one hole in or an ex
electron above the filled shells. Thus, the cluster ions Mg5

1 ,
Mg11

1 , and Mg21
1 contain one extra electron over the com

pleted spherical electronic shells, while the clusters Mg4
1 ,

Mg10
1 , and Mg20

1 have a hole in the spherical outer electron
shell. Our results presented in Figs. 6 and 7 demonstrate
the cluster ions Mg5

1 , Mg10
1 , and Mg20

1 turn out to be more
stable than their neighbors. We note that the alteration of
magic number fromN54 for neutral Mg clusters toN55
for Mg cluster ions occurs because the electronic configu
tion containing an extra electron becomes more favorable
Mg5

1 . This is not the case for the Mg10
1 and Mg20

1 clusters,
those outer electronic configurations contain a hole.

The Mg cluster mass spectra have been recorded in
@37#, indicating the enhanced stability of the clusters w
N55, 10, 15, 18, and 20. In that work, the role of the clus
ionization was not reliably clarified@37# and, thus, the charge
state of the clusters was not reliably determined. As a res
the observed magic numbers sequence should be a com
tion of the magic number sequences for neutral and sin
charged cluster ions. Thus,N55 is the ionic magic number
and N510, 15, and 20 are the magic numbers manifest
themselves clearly for both neutral Mg clusters and Mg cl
ter ions. The second differences are positive and relativ
large forN513 ~neutral clusters! andN512 ~singly charged
cluster ions!. Possibly, the interplay between neutral cluste
and ions make these numbers masked in experiment.
second differences are also positive forN57 for neutral Mg
clusters and forN53 for Mg cluster ions, although the en
hancement for these numbers have not been experimen
observed. We explain this fact by a possible suppressio
the experimental signal in the region of smallN and rela-
tively small values of the second differences in the me
tioned cases.

The potential-energy surface for a cluster becomes m
and more complex with increasing cluster size. The mag
sium clusters are not an exception. Figure 8 demonstr
this fact where we present the binding energies per a
calculated for a variety of isomers of neutral magnesi
clusters. The corresponding point symmetry groups and
accurate values of the total energies calculated within
B3LYP, B3PW91, and MP4 approximations are presented
Tables II–IV, respectively. Most of the isomer configuratio
have been obtained using the B3LYP method, while
B3PW91 method has been used for the exploration of
ground-state energy isomers, as well as for the linear

-

3-7
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LYALIN et al. PHYSICAL REVIEW A 67, 063203 ~2003!
ringlike isomer structures. The MP4 method has been u
only for the exploration of the ground-state energy isom
within the rangeN<11.

Squares in Fig. 8 correspond to the most stable clus
possessing the minimal total energy. Among the variety
isomers, presented in Fig. 8, we mark certain groups of
mers with fixed symmetry. So, circles present the lin
chains (D`h point symmetry group! and the upper triangle
correspond to the rings ofN atoms (DNh point symmetry
group!. It is an interesting fact that among the multitude
the isomers of neutral magnesium clusters, the linear ch
and rings always possess the positive binding energy. We
special attention to these structures because of their pos
applications in nanotechnology. Under special experime
conditions, one can expect the stability of one-atom w
quantum wires of magnesium. For example, it is interest
to investigate the properties of such isomers deposited o
substrate. The interaction of the linear isomers with the s
face can prevent them from the relaxation to more sta
three-dimensional structures of free clusters. The lin
chains and rings of atoms are also very interesting from
theoretical point of view, because with their help one c
investigate the transition from one- to two-dimensional str

FIG. 8. Binding energy per atom for a variety of isomers
neutral magnesium clusters as a function of the cluster size.
corresponding point symmetry groups and the accurate value
the total energies are presented in Tables II and III. Numbers
some lines show the number of found isomers with the correspo
ing close energies.
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tures. For linear chains, the binding energy per atom
creases slowly with the increase in the number of ato
while in the case of rings the value ofEb /N has the promi-
nent odd-even oscillatory behavior.

This behavior arises as a result of successive filling of
s- andp-symmetry orbitals by valence electrons in magn
sium linear chains and rings. Indeed, because of its sym
try the one-dimensional linear chain ofN magnesium atoms
has the following configuration of valence electrons: 1s2,
2s2, 3s2, . . . ,Ns2. Therefore, for anyN it has the closed
electronic shell structure. This fact explains the monoton
growth with N of the linear chain binding energy and i
relative saturation to the regionN.10.

The molecular orbitals for the structure of the ring ty
have to be aligned with the plane of the ring. Such orbit
are fourfold degenerate due to symmetry reasons. The2
dimer has four valence electrons that occupy spheric
shaped 1s2 and prolatelike 2s2 orbitals. The Mg3 trimer has
six valence electrons, two of them occupy 1s2 state, while
the remaining four electrons fill the fourfold degenerate 1p4

orbital, aligned with the plane of the trimer. On increasi
the number of magnesium atoms in the ring, the vale
electrons continue to occupy fourfold degenerate orbi
aligned with the plane of the ring. Therefore, in the magn
sium ringlike isomers with an odd number of atoms, all ele
tronic shells are closed, while the isomers with an even nu
ber of atoms have the open electronic shell. This fact res
in the enhanced stability of the magnesium rings with an o
number of atomsN53,5,7,9, . . . , etc., and explains the odd
even oscillatory behavior of the binding energy for the ma
nesium rings.

C. Ionization potentials and HOMO-LUMO „highest occupied
molecular orbital and lowest unoccupied molecular

orbital … gaps

Let us now consider how the ionization potential of ma
nesium clusters evolves with the increasing cluster size.
ionization potential of a cluster Vi is equal to the difference
between the energies of the corresponding cluster ion and
neutral cluster,Vi5EN

12EN . Figure 9 shows the depen
dence of the adiabaticVi

adiab ~i.e., the geometry relaxation o
the ionized cluster is taken into account! and verticalVi

vert

~i.e., the cluster geometry is frozen during the ionization p
cess! ionization potential onN. We compare our results de
rived by the B3PW91 method with theoretical data fro
Refs.@30,27# and with the bulk limit,Vi

bulk53.64 eV, taken
from Ref. @51#.

Both the vertical and adiabatic ionization potentia
evolve nonmonotonously with the increasing cluster si
Figure 9 shows that ionization potential of magnesium cl
ters steadily but rather slowly decreases towards the b
limit. This evolution is neither a rapid nor a monotono
process. In order to exclude the influence of the cluster
ometry rearrangement, we first consider the vertical ioni
tion potential. The size dependence of the vertical ionizat
potential has a prominent maximum atN54 followed by a
sharp decrease. Such a behavior of the ionization potenti
typical for the jellium model, predicting maxima in the siz
dependence of the ionization potential at the magic numb

he
of
ar
d-
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TABLE II. Total energies and the point symmetry groups for a variety of isomers of neutral magne
clusters. Calculations have been done by the B3LYP method.

N Point group Energy~a.u.! N Point group Energy~a.u.! N Point group Energy~a.u.!

1 2200.0931 9 D`h 21800.8472 16 d.Cs 23201.6766
2 D`h 2400.1868 10 C3v 22001.0336 c.Cs 23201.6713
3 D3h 2600.2840 C4v 22001.0239 b.C1 23201.6673

D`h 2600.2807 Td 22001.0225 a.C1 23201.6646
4 Td 2800.3938 C1 22001.0120 Td 23201.6594

D2h 2800.3792 D3h 22001.0114 a.Cs 23201.6579
D`h 2800.3750 C2v 22001.0098 b.Cs 23201.6572
D4h 2800.3748 D4d 22001.0078 D`h 23201.5082

5 D3h 21000.4907 D`h 22000.9417 17 D4d 23401.7953
C4v 21000.4787 D10h 22000.9322 Cs 23401.7861
Td 21000.4768 11 D3h 22201.1348 D3h 23401.7052
C2v 21000.4766 D11h 22201.0430 D`h 23401.6026
D5h 21000.4751 D`h 22201.0362 18 b.C2v 23601.9095
D2D 21000.4743 12 a.Cs 22401.2366 c.Cs 23601.9026
D2h 21000.4738 b.Cs 22401.2304 C2 23601.8764
D`h 21000.4694 C2v 22401.2178 b.Cs 23601.8752

6 C2v 21200.5898 D6h 22401.1313 a.Cs 23601.8716
D2h 21200.5897 D`h 22401.1308 a.C2v 23601.8711
D4h 21200.5851 D12h 22401.1278 D5h 23601.8608
C5v 21200.5815 13 b.C1 22601.3438 D6h 23601.7022
D3h 21200.5765 CS 22601.3308 D`h 23601.6970
Oh 21200.5720 a.C1 22601.3302 19 C2v 23802.0292
D6h 21200.5639 C3v 22601.3221 C3v 23801.9867
D`h 21200.5638 I h 22601.2904 D5h 23801.9706

7 D5h 21400.6933 D6h 22601.2401 D6h 23801.8449
C3 21400.6908 D`h 22601.2253 D`h 23801.7925
C3v 21400.6854 14 C1 22801.4485 20 Cs 24002.1503
D7h 21400.6645 b.C3v 22801.4397 C1 24002.1444
D`h 21400.6583 Cs 22801.4407 d.C2v 24002.1392

8 a.C2v 21600.7999 C2v 22801.4328 c.C2v 24002.1263
Cs 21600.7976 Oh 22801.4115 b.C2v 24002.1212

b.C2v 21600.7948 a.C3v 22801.4134 Td 24002.1026
Td 21600.7854 D`h 22801.3194 a.C2v 24002.0990

D`h 21600.7527 15 D3h 23001.5692 D6h 24001.9764
9 D3h 21800.9162 Cs 23001.5627 D`h 24001.8870

C3v 21800.9064 D6h 23001.4594 21 C1 24202.2460
D9h 21800.8540 D`h 23001.4138 C2v 24202.2255
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corresponding to the clusters with closed electronic she
Our data are in a good agreement with the results of R
@27,33#, but contradict those reported in Ref.@30# for the
Mg3 and Mg4 clusters. In Ref.@30#, the appearance of th
deep minimum in vertical ionization potential atN54 was
explained as a result of a stronger charge delocalizatio
the Mg4 cluster in comparison with its neighbors.

We note that the peculiarities in the ionization potent
dependence onN correlate with the magic numbers that a
pear for the singly charged magnesium clusters. Indeed
minima in Vi

vert correspond to the maxima inEb
1/N for Mg

cluster ions~see Fig. 6!. This fact has a simple explanatio
The ionization potential of a cluster is equal to the differen
between the energies of the corresponding cluster ion and
06320
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neutral cluster. For neutral Mg clusters, the binding energy
a function ofN increases steadily with the increase in clus
size, while for Mg cluster ions—irregularly. Thus, their di
ference mimics all the irregularities that appear in t
binding-energy dependence onN for singly charged magne
sium clusters.

For N>6, the vertical ionization potential changes slow
with increasing cluster size. This process is characterized
the irregularities that originate due to the influence of t
cluster geometry on the jellium-type electronic structure
Mg clusters.

Indeed, the shape of a jellium cluster is defined by
electronic structure. Thus, the closed-shell jellium clust
are spherical, while clusters with open electronic shells
3-9
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LYALIN et al. PHYSICAL REVIEW A 67, 063203 ~2003!
deformed due to the Jahn-Teller distortions. The jellium p
ture works fairly well for sodium clusters. The ionizatio
potential of sodium clusters drops rapidly and systematic
at the electronic shell closures. TheN-dependence of the
ionization potential has prominent, regular odd-even osci
tions ~see, e.g.,@18,22# and references therein!. Magnesium
clusters are different. As discussed in Sec. III A, the evo
tion of the Mg cluster geometry is closely connected with
formation of elements of the hcp lattice cell. Although, t
electronic shell effects clearly manifest themselves in the
mation of the Mg cluster geometry, they do not determin
completely. In other words, there is an interplay of the j
lium and the hcp lattice factors in the formation of the M

TABLE III. Same as Table II, but for the P3PW91 method.

N Point group Energy~a.u.! N Point group Energy~a.u.!

1 2200.0379 14 C1 22800.8170
2 D`h 2400.0788 D`h 22800.6007
3 D3h 2600.1281 D14h 22800.5997

D`h 2600.1207 15 D3h 23000.9013
4 Td 2800.1962 Cs 23000.8914

D4h 2800.1638 D15h 23000.6786
D`h 2800.1633 D`h 23000.6453

5 D3h 21000.2450 16 d.Cs 23200.9600
D5h 21000.2193 c.Cs 23200.9560
D`h 21000.2063 D`h 23200.6902

6 C2v 21200.2970 D16h 23200.6880
D2h 21200.2966 17 D4d 23401.0569
C5v 21200.2865 Cs 23401.0428
D6h 21200.2495 D17h 23400.7719
D`h 21200.2495 D`h 23400.7353

7 D5h 21400.3604 18 b.C2v 23601.1279
D7h 21400.3091 c.Cs 23601.1221
D`h 21400.2928 b.Cs 23601.0756

8 Cs 21600.4205 D`h 23600.7806
a.C2v 21600.4193 D18h 23600.7766

Td 21600.4005 19 C2v 23801.2093
D`h 21600.3364 D19h 23800.8653
D8h 21600.3335 D`h 23800.8260

9 D3h 21800.5018 20 Cs 24001.2889
D9h 21800.4000 C1 24001.2801
D`h 21800.3800 b.C2v 24001.2539

10 C3v 22000.5786 D20h 24000.9111
Td 22000.5590 D`h 24000.8716

D10h 22000.4367 21 C1 24201.3356
D`h 22000.4238 C2v 24201.3201

11 D3h 22200.6322
D11h 22200.4923
D`h 22200.4678

12 a.Cs 22400.6891
D12h 22400.5321
D`h 22400.5119

13 b.C1 22600.7561
D13h 22600.5853
D`h 22600.5562
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cluster geometry and the electronic properties such as
binding energy and the ionization potential.

The adiabatic ionization potential dependence that
shown in Fig. 9 exhibits qualitatively the same behavior
the vertical one, however, has more pronounced irregular
due to geometry rearrangements of the ionized clusters.

Figure 10 shows the gapEg between the highest occupie
and the lowest unoccupied molecular orbitals~HOMO-

TABLE IV. Same as Table II, but for the MP2 and MP4 met
ods.

N Point group MP2 Energy~a.u.! MP4 Energy~a.u.!

1 2199.6286 2199.6381
2 D`h 2399.2579 2399.2771
3 D3h 2598.8917 2598.9213
4 Td 2798.5514 2798.5868
5 D3h 2998.1896 2998.2340
6 C2v 21197.8314 21197.8842
7 D5h 21397.4974 21397.5518
8 Cs 21597.1508 21597.2136
9 D3h 21796.8374 21796.9041
10 C3v 21996.5281 21996.6062
11 D3h 22196.1701 22196.2599
12 a.Cs 22395.8248

FIG. 9. Adiabatic (Vi
adiab) and vertical (Vi

vert) ionization poten-
tial for small magnesium clusters. Stars, crossed rhombuses,
open circles show the result of the work of Akolaet al. @30#, Reuse
et al. @27#, and Jellinek and Acioli@33#, respectively.
3-10
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EVOLUTION OF THE ELECTRONIC AND IONIC STRUCTURE . . . PHYSICAL REVIEW A 67, 063203 ~2003!
LUMO gap! for the Mg clusters as a function of the clust
size. For the sake of comparison, we have also calculated
HOMO-LUMO gap for the Na clusters and present it in F
10. Calculations have been performed using the B3PW
and B3PLYP methods. The geometries of neutral sod
clusters have been taken from Ref.@22#. We also compare
our results with those presented in Refs.@30,33#.

The size dependence ofEg for neutral sodium clusters ha
an oscillatory behavior with local maxima atN56, 8, 10,
14, and 20. These maxima correspond to the electronic s
closures in full accordance with the deformed jellium mod
The local maximum in the size dependence ofEg at N512
and the shift of the local maximum fromN518 toN517 are
the consequences of triaxial deformations@22#. Thus, the tri-
axial deformation leads to the splitting of the fourfold dege
erate highest occupied orbital into two twofold degener
orbitals. As a result, the additional shell closure at theNel
512 appears.

For Mg clusters, the evolution of the HOMO-LUMO ga
with the increase in cluster size differs from that for N

FIG. 10. Gap between the highest occupied and the lowest
occupied eigenstates for the Mg and Na clusters as a function o
cluster size. Circles and squares represent the HOMO-LUMO
calculated by the B3PW91 and the B3LYP methods, respectiv
Stars and open circles show the results of the work by Akolaet al.
@30# and Jellinek and Acioli@33#.
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clusters. The gapEg calculated for magnesium cluste
shows the oscillatory behavior accompanied by a grad
decrease in the absolute value. Maxima in this dependen
N54, 10, and 20 correspond to the magic numbers of
spherical jellium model (Nel58, 20, and 40, respectively!. A
similar feature also does exist for Na clusters atN58 and
20. Additional variation ofEg appears both due the subshe
closures and the cluster structural rearrangements.

The HOMO-LUMO gap calculated for magnesium clu
ters in our work with the use of the B3PW91 method appe
to be systematically higher if compared with that of Ref.@33#
in which the BP86 exchange-correlation functional has b
used. Such a discrepancy arises because the pure DFT m
ods, not accounting explicitly for any Hartree-Fock e
change, tend to give smaller HOMO-LUMO gaps than tho
obtained by hybrid methods such as B3PW91@41#. However,
the qualitative behavior of theEg calculated within different
approaches is very similar, as it is seen from Fig. 10.

We note that the HOMO-LUMO gap remains rather lar
even for the clusters withN>15, possessing geometrica
structures with incipient elements of the hcp lattice of t
bulk Mg. This fact confirms the conclusion on the slow a
nonmonotonous evolution of metallic properties in Mg clu
ters.

IV. CONCLUSION

The optimized geometries and electronic properties
neutral and singly charged magnesium clusters consistin
up to 21 atoms have been investigated using the B3PW
B3LYP, and MP4 methods accounting for all electrons in t
system. The detailed comparison of the results of the p
nomenological B3PW91 and B3LYP density-function
methods with the results of the systematicab initio post–
Hartree-Fock many-body theory leads us to the conclus
that the B3PW91 method is more reliable for Mg clus
simulations than the B3LYP one.

We have investigated the size evolution of the Mg clus
geometry. It has been shown that starting from Mg15, the
hexagonal ring structure determines the cluster growth. T
ring is one of the basic elements of the hcp lattice for
bulk magnesium.

We have investigated the electronic properties of mag
sium clusters. It has been shown that the electronic s
effects and jelliumlike behavior clearly manifest themselv
in the formation of geometrical properties, however, the sh
effects do not determine the geometry of Mg clusters co
pletely. We have demonstrated that due to the interplay of
jellium and the hcp lattice factors, the electronic propert
of magnesium clusters possess irregularities which canno
explained within the simple jellium model. It has bee
shown that the metallic evolution of magnesium clusters
slow and nonmonotonous process.

The results of this work can be extended in various dir
tions. One can use similar methods to study the structure
properties of various types of clusters. It is interesting
extend calculations towards larger cluster sizes and to
form more advanced comparison of model andab initio ap-
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proaches. A lot of novel problems arise, while consider
collisions and electron excitations in the clusters with op
mized geometries@21#. These and many more other pro
lems on atomic cluster physics can be handled with the
of methods considered in our work.
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@12# U. Näher, S. Bjo”rnholm, S. Frauendorf, F. Garcias, and
Guet, Phys. Rep.285, 245 ~1997!.

@13# Theory of Atomic and Molecular Clusters. With a Glimpse
Experiments, edited by J. Jellinek, Springer Series in Clus
Physics~Springer, Berlin, 1999!.

@14# Meal Clusters at Surfaces. Structure, Quantum Propert
Physical Chemistry, edited by K-H. Meiwes-Broer, Springe
Series in Cluster Physics~Springer, Berlin, 1999!.

@15# J.M. Eisenberg and W. Greiner,Collective and Particle Mod-
els, Nuclear Theory Vol. 1. ~North-Holland, Amsterdam,
1985!.

@16# A.G. Lyalin, S.K. Semenov, A.V. Solov’yov, N.A. Cherepko
and W. Greiner, J. Phys. B33, 3653~2000!.

@17# A.G. Lyalin, S.K. Semenov, A.V. Solov’yov, N.A. Cherepko
J.-P. Connerade, and W. Greiner, J. Chin. Chem. Soc.~Taipei!
48, 419 ~2001!.

@18# A. Matveentsev, A. Lyalin, Il. A. Solov’yov, A. V. Solov’yov,
and W. Greiner, Int. J. Mod. Phys. E12, 81 ~2003!; e-print
physics/0207085.

@19# L.G. Gerchikov, A.V. Solov’yov, and W. Greiner, Int. J. Mod
Phys. E8, 289 ~1999!.

@20# L.G. Gerchikov, A.N. Ipatov, A.V. Solov’yov, and W. Greine
J. Phys. B33, 4905~2000!.

@21# A.V. Solov’yov, in Atomic Clusters and Nanoparticles~Ref.
@7#!.

@22# Il.A. Solov’yov, A.V. Solov’yov, and W. Greiner, Phys. Rev. A
65, 053203~2002!.

@23# T.J. Lee, A.P. Rendell, and P.R. Taylor, J. Chem. Phys.93,
6636 ~1990!.
.

.

d

t

,

@24# W. Klopper and J. Almlo¨f, J. Chem. Phys.99, 5167~1993!.
@25# C.W. Bauschlicher, Jr. and H. Partridge, Chem. Phys. L

300, 364 ~1999!.
@26# F. Reuse, S.N. Khanna, V. de Coulon, and J. Buttet, Phys. R

B 39, 12 911~1989!.
@27# F. Reuse, S.N. Khanna, V. de Coulon, and J. Buttet, Phys. R

B 41, 11 743~1990!.
@28# V. Kumar and R. Car, Phys. Rev. B44, 8243~1991!.
@29# P. Delaly, P. Ballone, and J. Buttet, Phys. Rev. B45, 3838

~1992!.
@30# J. Akola, K. Rytkönen, and M. Manninen, Eur. Phys. J. D16,

21 ~2001!.
@31# Li. Serra, P.-G. Reinhard, and E. Suraud, Eur. Phys. J. D18,

327 ~2002!.
@32# P.H. Acioli and J. Jellinek, Phys. Rev. Lett.89, 213402~2002!.
@33# J. Jellinek and P.H. Acioli, J. Phys. Chem. A106, 10 919

~2002!.
@34# W.R. Wadt and P.J. Hey, J. Chem. Phys.82, 284 ~1985!.
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@50# V. Bonačić-Koutecký, P. Fantucci, and J. Koutecky´, Phys. Rev.
B 37, 4369~1988!.

@51# N.W. Ashcroft and N.D. Mermin,Solid State Physics~Saun-
ders College Publishing, New York, 1976!.

@52# C. Kittel, Introduction to Solid State Physics, 7th ed.~J. Wiley,
New York, 1996!.

@53# S.M. Reimann, M. Koskinen, H. Ha¨kkinen, P.E. Lindelof, and
06320
M. Manninen, Phys. Rev. B56, 12 147~1997!.
@54# J.P. Perdew and A. Zunger, Phys. Rev. B23, 5048~1981!.
@55# D.M. Ceperley and B.J. Alder, Phys. Rev. Lett.45, 566~1980!.
@56# J.P. Perdew, Phys. Rev. B33, 8822~1986!.
@57# R. Car and M. Parrinello, Phys. Rev. Lett.55, 2471~1985!.
@58# J.P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett.77,

3865 ~1996!; 78, 1396~E! ~1997!.
3-13


