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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 usirgp initio theoretical methods based on density-functional theory and systematic post—
Hartree-Fock many-body perturbation theory accountingafbelectrons 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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[. INTRODUCTION this case, bonding between atoms is expected to have some
features of the van der Waals type of bonding, because the
Metal clusters have been recognized as new physical okelectronic shells in the divalent atoms are filled. Thus, clus-
jects with their own properties almost two decades ago. Thisers of divalent metals are very appropriate to study nonmetal
became clear after experimental successes such as the dis-metal transition, testing different theoretical methodolo-
covery of electronic shell structure in metal clustglf ob-  gies and conceptual developments of atomic cluster physics.
servation of plasmon resonandes-4|, formation of singly  However, relatively, little work has been done so far on the
and doubly charged negative cluster iofl§, and many exploration of the alkali-earth-metal clusters in comparison
more. A comprehensive survey of the field can be found inwith that for the alkali-metal clusters; see, e.g., REfs22],
review papers and books; see, e.g., REs:14]. and references therein.
The electronic shell structure of metal clusters has been The equilibrium geometries and electronic properties of
discovered in Refl1] by the observation of the strong peaks small magnesium clusters with the number of atdvnsp to
in the mass spectra of sodium clusters. The enhanced stabiél-have been investigated usiag initio quantum chemistry
ity of some clusters, the so-called magic clusters, was exmethods; see, e.g., Ref23—-25, and references therein. For
plained by the closure of shells of delocalized electrons. Acluster size larger thaN =4, most of the theoretical studies
simple physical model describing electronic shell structure obf the magnesium cluster properties have been performed
metal clusters has been developed within the jellium apusing the pseudopotential approximation for the treatment of
proximation (see, e.g., Ref[6]) in analogy with the shell inner electrons in a cluster and the density-functional theory
model of atomic nucleisee, e.g., Ref[15]). The jellium  (DFT) for the description of outer-shell electrons. The elec-
model is very successful for the simple alkali met@ls, K),  tronic properties, geometry, and stability of small Mg metal
for which one electron per atom is delocaliZd®—18. The  clusters with the number of atomdé<7 have been investi-
jellium model electronic shell closures for alkali-metal clus- gated in Refs[26,27] using the pseudopotential local-spin-
ters define the magic numbels=8, 20, 34, 40, 58, 92 that density approximation. The geometrical structure and bond-
are in a good agreement with the experiment. Note that thang nature of Mg, clusters withN up to 13 have been studied
jellium model can be generalized by accounting for the colin Ref.[28] using the density-functional molecular-dynamics
lective ion background vibration dynami¢$9,2Qf and can method. The size evolution of bonding in magnesium clus-
be used as a very appropriate framework for investigating theers Mg, with N=8-13, 16, 20 have been studied in Ref.
collision processes involving atomic clust¢gd]. [29] using the local-density approximation that accounts for
Clusters of divalent metals are expected to differ from thegradient corrections. Structural and electronic properties of
jellium model predictions at least at small cluster sizes. Insmall magnesium clusterd& 13) were studied in Ref30]
using a first-principles simulation method in conjunction
with the DFT and the generalized gradient-correction ap-
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up toN=46[31]. The structural and electronic properties of as well as its initial symmetry sometimes change dramati-
neutral and anionic magnesium clustersy\Mgith N up to 22  cally. All the characteristics of the clusters, which we have
have been studied in Refg32,33 using gradient-corrected calculated and present in the following section, are obtained
DFT and the Wadt-Hay pseudopotent[@4]. All-electron  for the clusters with optimized geometry.
DFT calculations of the energetic and structural properties of In this work, we concentrate on the systematic exploration
neutral magnesium clusters Mg(N=2-22 and selected of the properties of magnesium clusters using the density-
clusters up to 30Qhave been performed in Rgf35]. The functional theory based on the hybrid Becke-type three-
preliminary results of our recent all-electron calculations ofparameter exchange functiorfdR] paired with the gradient-
the properties of neutral and cationic magnesium clustersorrected Lee, Yang, and Parr correlation functional
with number of atomsN up to 21 have been published in (B3LYP) [43,44, as well as with the gradient-corrected
Ref.[36]. Perdew-Wang 91 correlation functiond83PW91) [45,46|.
Recently, new experimental data for Mg clusters havelhe important feature of the density-functional method con-
been obtained, indicating the most intensive peaks in thsists of the fact that it takes into account many-electron cor-
mass spectra d=5, 10, 15, 18, 20, 25, 28, 30, 35, 40, 47, relations via the phenomenological exchange-correlation po-
56, 59, 62, and 6937]. These numbers deviate from the tential. However, so far, a unique potential, has not been
sequence of magic numbers which were obtained for simpléund universally applicable for different systems and condi-
alkali-metal clusters, and cannot be reproduced withirtions. As a result, there are many different parametrizations
simple jellium models. This fact was interpreted in Refs.for the exchange-correlation potential valid for special cases.
[37,38 within the spherical shell model by diving of the high  Alternatively, we use a direcab initio method for the
angular-momentum states down through the states withlescription of electronic properties of metal clusters, which
lower I. The mass spectrum of magnesium clusters anionis based on the consistent post—Hartree-Fock many-body
Mgy for N from 3 to 70 has been obtained in RE39]. In  theory[47]. In the present work, we apply the Mer-Plesset
the paper cited above, powerful maxima in negative-ion in{erturbation theory of the second and fourth ord@éP2) and
tensity have been observed M4, 9, 19, 34, 46, 55, and (MP4), respectively. Based on the fundamental physical prin-
69, while minima appear fo=11, 21, 36, 48, and 57. ciples being free from any phenomenological parameters,
In the present work, we investigate the optimized ionicthis model can be refined by extending the quality of the
structure and the electronic properties of neutral and singl@pproximations, while the physical meaning of the effects
charged magnesium clusters within the size rahge21. included is clearly demonstrated. Thus, often such an ap-
We calculate binding energies per atom, ionization potenProach predicts more accurate and reliable characteristics of
tials, and energy gaps between the highest occupied and theetal clusters than the density-functional theory.
lowest unoccupied molecular orbitals. Our calculations are In the present work, we use both different theoretical
based orab initio theoretical methods invoking the density- schemes for calculations taking advantage of the clear physi-
functional theory and systematic post—Hartree-Fock manycal meaning and the reliability of the post—Hartree-Fock per-
body theory accounting for all electrons in the system. Thdurbation theory and the numerical efficiency of the density-
results obtained are compared with the available experimerfLinctional methods.
tal data and the results of other theoretical works.

The atomic system of unitge|=m=%=1, has been Ill. NUMERICAL RESULTS AND DISCUSSION
used throughout the paper, unless other units are indicated.

A. Geometry optimization of Mgy and Mgy, clusters

The optimization of the cluster geometries has been per-
formed with the use of the B3PW91 and B3LYP methods.

Our calculations have been performed with the use of thé-or small magnesium clusters with number of atoMs
GAUSSIAN 98 software packag¢40]. We have utilized the <11, we have also used thd initio MP2 and MP4 methods
6—311Qd) basis set of primitive Gaussian functions to ex-in addition to density-functional calculations. In the latter
pand the cluster orbitalgt0,41]. case, we have optimized the cluster geometries with the use

The cluster geometries have been determined by findingf the MP2 method and then calculated total energies using
local minima on the multidimensional potential-energy sur-MP4 method. With the increase in cluster size, #feinitio
face for a cluster. We have taken into account all electron$/P2 and MP4 calculations become more and more
available in the system when computing the potential-energgomputer-time demanding, therefore we have not performed
surface. With increasing cluster size, such calculations besuch calculations for magnesium clusters with number of
come computer-time demanding. In this work, we limit theatomsN=12. The comparison, in detail, of the results ob-
calculations with the cluster sizé¢=21. tained by the density-functional areb initio perturbation

The key point of calculations is fixing the starting geom- theory methods as well as their comparison with the results
etry of the cluster, which could converge during the calcula-of other works is given below, see Sec. Ill B. This compari-
tion to a local or to the global minimum. There is no uniqueson allows us to conclude that for magnesium clusters, the
way for achieving this goal wittBAUSSIAN 98 [41]. In our  B3PW91 method is more reliable and accurate in compari-
calculations, we have created the starting geometries empirson with the B3LYP one.
cally, often assuming certain cluster symmetries. Note that The results of the cluster geometry optimization for neu-
during the optimization process, the geometry of the clustetral and singly charged magnesium clusters consisting of up

Il. THEORETICAL METHODS
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FIG. 1. Optimized geometries of the neutral magnesium clustersN, calculated in the B3PW91 approximation. The interatomic
distances are given in angstroms. The values in brackets correspond to the B3LYP results. The label above each cluster image indicates the
point symmetry group of the cluster.

to 21 atoms are shown in Figs. 1 and 2, respectively. both plane and spatial isomers with very close total energies

Magnesium clusters possess various isomer forms, nunexist. The planar behavior of small sodium clusters has been
ber of which increases dramatically with increasing clusterexplained as a result of the successive filling of the dnd
size. In Figs. 1 and 2, we present only the lowest-energyl = symmetry orbitals by delocalized valence electrpf,
configurations optimized by the B3PW91 method. The interwhich is fully consistent with the deformed jellium model
atomic distances are given in angstroms. The values ioalculationg18]. Contrary to the small sodium clusters, the
brackets correspond to the interatomic distances obtained hyiagnesium clusters are tridimensional alreadyNat4,
the B3LYP method. forming the structures nearly the same as the van der Waals

Figure 1 shows that the neutral magnesium clusters formbonded clusters.
the compact structures, maximizing the coordination number. Starting from Mg, a new element appears in the magne-
The Mg, dimer is weakly bound possessing the binding en-sium cluster structures. This is the six-atom trigonal prism
ergy per atom 0.039 eV/atom and the bond length 3.609 Acore, which is marked out in Fig. 1. The formation of the
which is in a good agreement with the experimental resultdrigonal prism plays an important role in the magnesium
of Ref. [48], where the values are 0.025 eV/atom for thecluster growth process. Adding an atom to one of the trian-
binding energy and 3.89 A for the bond length have beemular faces of the trigonal prism of the Mgluster results in
reported. The lowest-energy state for Mg the equilateral the Mg, structure, while adding an atom to the remaining
triangle, and for Mg is a regular tetrahedron. As we discuss triangular face of the prism within the Mgcluster leads to
below, the Mg cluster is relatively more stable and compact, the structure of Mg, as shown in Fig. 1.
as compared to the neighboring clusters. The Elgster has Further growth of the magnesium clusters for<g
a structure of slightly elongated triangular bipyramid, while <14 leads to the formation of the low-symmetry ground-
Mge consists of three pyramids connected by their facesstate cluster. In spite of their low symmetry, all these clusters
Mg is a pentagonal bipyramid, and Mds a capped pen- have the trigonal prism core. The structural rearrangement
tagonal bipyramid. These geometrical structures are in accurs for the Mg cluster, which results in the high-
good agreement with the results of R€f28,32,33,3% symmetry structure of the two connected Mgusters.

It is worth noting that the optimized geometry structures  Starting from Mgs, another motif based on the hexago-
for small neutral magnesium clusters differ significantly nal ring structure that is marked out in Fig. 1 dominates the
from those obtained for sodium clustefsee, e.g., Refs. cluster growth. Overall, obtained structures agree with those
[22,49,5Q, and references therginThus, the optimized so- obtained from Refd.32,33, where the Wadt-Hay pseudopo-
dium clusters withN=<6 have the plane structure. For fla tential has been used for the treatment of the magnesium
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FIG. 2. Same as in Fig. 1, but for singly charged magnesium clustejs Migg; .

ionic core. However, the most stable structures for;jdg Packing(hcp lattice, as one can see in Fig. 3, in which the
Mg1s, Mgss, Mg;o, and Mgy clusters obtained in Ref35]  primitive cell for the magnesium hcp lattice is presented.
emerge as higher-energy isomers in our calculations. Vectorsa, b, andc in Fig. 3 show the primitive cell axes

It is worth noting that the formation of hexagonal ring for of the hcp lattice. For bulk magnesium=b=3.21 A and
N=15 plays an important role in the evolution of the mag-c=5.21 A[51]. The fundamental characteristic for the hex-
nesium cluster structure into the bulk lattice. A single de-agonal close packing of spheres is the value of ratim,
formed hexagonal ring a the common element in the strucyhich is equal t0\/8/3~1.633 for an ideal hcp lattice. The
tures of the Mgs and Mgy clusters. For the Mg >, pylk magnesium wittc/a=1.62 is very close the ideal hcp
clusters, two deformed hexagonal rings appear. The hexagQyycture[52]. The distinct three-layered structure of Mg
nal ring is one of the basic elements of the hexagonal-closes ;sters withN= 18 based on the deformed hexagonal rings
allows one to determine the averaged values of the primitive
axes(c) and(a). Table | demonstrates that the calculated
values(c) and(a) and their ratio for magnesium clusters
with N=18 are close to the corresponding values for bulk
magnesium. However, we stress that the appearance of the
hexagonal rings is a necessary but not sufficient condition for
the formation of the regular hcp structure.

Figure 2 shows the optimized geometries of singly
charged cationic magnesium clusters. The ground-state ge-
ometries of the cationic magnesium clusters are not very dif-
ferent from those obtained for the neutral parent clusters with
the exception of Mg and Mg, , the equilibrium geometries
of which are linear chains. Below, we discuss the stability of
the linear-chain isomers for the magnesium clusteeitral
and singly charggdwithin the size range considered.

In Fig. 4, we present the average bonding distafte
calculated within the B3PW91 approximation for neutral and
singly charged magnesium clusters. For calculating the aver-

FIG. 3. Primitive cell for magnesium hcp lattice. For bulk mag- age bonding distance in a cluster, interatomic distances
nesium,a=b=3.21 A andc=5.21 A[51]. smaller than 4.1 A have only been taken into account. The
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TABLE |. The average values of the primitive axes and their ratio for the hcp lattice element for
magnesium clusters witN=18, calculated within the B3PW91 approximation. Values in brackets corre-
spond to singly charged magnesium clusters.

Mg Mg1g Mgz Mg, Mg bulk [51]
© (A) 5.08 (5.42 5.47 (5.37) 5.48(5.23 5.56 (5.23 5.21
(a) (A) 3.14(3.19 3.05(3.22 3.20(3.2) 3.20(3.2) 3.21
(c)l{a) 1.62(1.70 1.79(1.67) 1.71(1.63 1.74(1.63 1.62

bulk limit for the magnesium hcp lattid&1] is indicated in  tions of (d) atop its systematic growth and approaching the
the figure by a horizontal dashed line. bulk limit [22]. These features have the quantum origin and

Figure 4 shows how the average bonding distance evolvesrise due to the spin coupling of the delocalized valence
with increasing cluster size. It is clearly seen that the deperelectrons. For magnesium clusters, the average bonding dis-
dence of the average bonding distance on cluster size haance depends on size nonmonotonically, with minima for
essentially a nonmonotonous oscillatory behavior. Fop,Mg the Mg,, Mg, Mg;5, and Mgy clusters. Such an irregular
the bonding distance calculated within the B3PW91 methodehavior is induced by both the closure of electronic shells
is equal to 3.609 A, which is in a good agreement with theof the delocalized electrons and structural rearrangements.
experimental result, 3.891 A, of Rei48]. The appearance Manifestation of the magic numbers in the dependence of
of the minima in the size dependence of the average bondintpe average bonding distance on cluster size coinciding with
distance shows that Mg Mg,y, and Mgy clusters(8, 20, the spherical jellium model magic numbers does not imply,
and 40 valence electrons, respectiyebre more tightly however, the rapid metallization of magnesium clusters. To
packed than their neighbors. This behavior can be interpreteidvestigate the transition of van der Waals to metal bonding
by the influence of electronic shell effects on the geometricain magnesium clusters, it is necessary to explore, in detail,
structure of magnesium clusters. It supports the conclusiothe evolution of their electronic properties. Below, we per-
of Ref.[53] that electronic shell effects can enhance the staform such an analysis in detail.
bility of geometric structures resulting from dense ionic Dashed line in Fig. 4 shows the average bonding distance
packing. as a function of the cluster size calculated for singly charged

Additional minimum in the dependence of the averagemagnesium clusters. Figure 4 demonstrates the essential dif-
bonding distance ol arises atN=15. At thisN a consid- ference in the cluster size dependencéd)ffor the cationic
erable rearrangement of the cluster geometry takes place, asd neutral magnesium clusters wikh<6. The small cat-
itis seen in Fig. 1. Indeed, starting from the Mgluster, the ionic magnesium clusters are more compact in comparison
three-layered structure based on the hexagonal ring iwith the corresponding neutral clusters. For example, for
formed. It is clearly seen in Fig. 4 that fdf=15, the aver- Mg, the bonding distance is equal to 3.044 A, which is
age bonding distance for magnesium clusters approaches thauch less than in the case of Mdrhis phenomenon has a
bulk limit. simple physical explanation: the removed electron is taken

The evolution of the average bonding distance with clusfrom the antibonding orbital. The fact that cationic magne-
ter size differs for magnesium clusters from that for sodiumsium clusters are more stable than the parent neutral and
For neutral sodium clusters, one can see odd-even oscillanionic clusters has been already noted in R&f].

Within the size rangeN=7, the average bonding dis-

BTty tances for single-charged and neutral magnesium clusters be-
+x":" :x": ‘::'::’ have similarly. The absolute value ¢d) for single-charged
464 ;;Af;;eta, BhEsA) clusters is slightly larger in this region of.
253 Figure 4 demonstrates the good agreement of our results
with the dependence @fl) on N calculated in Ref[30] for
= A neutral Mg clusters within the size ranfje<13.
":\: 3.3 * hcplattioeneamst‘ _ o .
v /” V3 neighbor distance | B. Binding energy per atom for Mgy and Mgy clusters
32 ‘“xb p——" 2:9&39»0 The binding energy per atom for small neutral and singly
313 e ‘~oj"./“0’°*v charged magnesium clusters is defined as follows:
3.0 ? T T T T T T T T T : Eb/N:El_EN/N, (1)
2 4 6 8 10 12 14 16 18 20 22
N E/IN=[(N—1)E;+E] —E{J/IN, ?)

FIG. 4. The average bonding distance as a function of the clus-
ter size for neutral and singly charged magnesium clusters. StaihereEy and Ey are the energies of a neutral and smgly
represent the results of the work by Akalaal.[30]. The horizontal ~ chargedN-particle atomic cluster, respectivellg, and E;
dashed line indicates the bulk limit for the hcp latt{&]. are the energies of a single magnesium atom and an ion.
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L e R = 1)) E— [55] data for the exchange correlations. Crossed circles and
e = SeAcec) ¢ stars present the results of Delayal.[29] and Akolaet al.

10 Akdastet  —o—Kehnetal o [30] derived with the use of the gradient-corrected approxi-

G e o EET mation [56,57 and the Perdew-Burke-Ernzerh(®BE) pa-

rametrization of the gradient-corrected exchange-correlation
energy functiona[58], respectively. Open circles represent
the results by Jellinek and co-workdr32,33, which have
been obtained within the DFT with the Becke exchaptd
and the Perdew correlatigB6] functionals(BP86. The Ne-
like core of the Mg atom was described in Rgf32,33 by
the Wadt-Hay pseudopotentig34]. Open squares show the
results by Kdin et al.[35] derived from the all-electron DFT
employing the BP86 exchange-correlation functional.

Figure 5 shows that, although, the qualitative behavior of
. . ; the binding energy per atom, calculated within different ap-
magnesium C|USter.S as a function of th? C.|USter size. Square roaches, is similar, the quantitative discrepancy between the
circles, and lower triangles represent the binding energies per ato : . L .
calculated by the B3LYP, B3PWO1, and MP4 methods, respectivehCl! VES 1S rather considerable. This is a result of a different
Stars, filled rhombuses, and crossed rhombuses show the results Y pf accounting for the gradl_ent Correctlon_s FO th_e local-

ensity exchange-correlation interaction within different

the works by Akolaet al.[30], Kumaret al.[28], and Reuset al. . .
[27], respectively. Open pentagons and crossed circles show tH@ethods. The gradient corrections have been shown to pro-

result of Delalyet al. [29] obtained with the use of the LDfiocal  Vide @ Systematic improvement in the computed properties of
density approximationand gradient-correcte@C) LDA methods, ~ Magnesium cluster29]. The difference in the binding en-

respectively. Open circles and open squares show the results of gy per atom for neutral magne;ium clusters whtk21
works by Jellinek and co-worker82,33 and Kdn et al. [35], calculated with the use of the gradient-corrected B3LYP and

respectively. The geometries and the point symmetry group of th&3PW91 methods reaches 0.35 eV. The reason for this dif-

isomers presented can be found in Sec. IIl A. ference is in the different way of accounting for many-
electron correlations within the B3LYP and B3PW91 meth-
ods. To explore what type of parametrization of the

Figures 5 and 6 show the dependence of the binding erexchange-correlation energy is more reliable for magnesium
ergy per atom for the most stable neutral and singly chargeglusters, we have used the post—Hartree—Fockieio
clusters as a function of the cluster size. The energies of thelesset perturbation theory. This method is free of phenom-
clusters have been obtained using the B3LYP, B3PW91, an@nological parameters and can be used as a criterion for
MP4 methods. Calculations of the binding energies havé&hecking the reliability of various density-functional-theory
been performed by different theoretical methods and with théchemes. The disadvantage of the perturbation-theory ap-
use of different exchange-correlation functionals for the sakd@roach consists of the fact that it leads to the dramatic
of comparison of their accuracy and computation efficiencygrowth of the computational costs by increasing the number
In Fig. 5, filled rhombus, crossed rhombus, and open pentaf electrons in the system in comparison with that for the
gons show the result of calculations by Kumar and 28, density-functional-theory calculations. Therefore, we have
Reuseet al.[27], and Delalyet al.[29], respectively. These used the MP4 method only for clusters with the number of
calculations have been performed within the Hohenbergatoms,N<11.

Kohn-Sham local-density approximation using the Perdew Figure 5 shows that the results of the MP4 theory are in a
and Zungel54] parametrization of the Ceperley and Alder reasonable agreement with those derived by the B3PW91
method. This comparison demonstrates that for magnesium

2 4 6 8 1'oN1'2 14 16 18 20 22

FIG. 5. Binding energy per atom for the most stable neutral

0804l b vt v e cluster simulations the B3PW91 method is more reliable
—e—B3PWo1 : than the B3LYP one. Our results derived within the B3PW91
0.85 ] N E and MP4 approximations are in a reasonable agreement with
E those from Refs[29,3(Q and in a very good agreement with
0.80 / 3 those from Refs[32,33,34. It is worth noting that the bind-
s \// ‘ ing energy of magnesium clusters, obtained in R&8,33
= 025 /\ 3 with the use of the pseudopotential for the treatment of the
- /\/\ 3 1s2s1p magnesium core electrons, appears to be systemati-
’ " cally larger within the rangé&=10 thanE,/N obtained in
0,85 ] 3 the present work. The difference is, however, negligibly
: small and averages to about 0.03 eV.
060+ We now discuss the behavior of the binding energy as a

2 4 6 8 10 ;‘2 4 16 18 20 22 function of the cluster size for both neutral and singly
charged magnesium clusters. For neutral magnesium clus-
FIG. 6. Same as in Fig. 5, but for singly charged magnesiunters, the binding energy per atom increases steadily with the
clusters. increasing cluster size. The local maxima Bf/N at N
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nonmonotonous. The local maxima of the binding energy for

0 ke sl g::lr;aereettaall —o— Jellinek et a/ th M + M - M n M 4 M + nd M . | ter in_
= - R 1€ M@ , MGs , M09, MGy, MYys5, & Qo Clusters
2 05 A ‘\ A dicate their enhanced stability. Figure 7 shows the second
u? 00 . - A Ko N / At 8 differences of the total energy for singly charged magnesium
Qos] ° x/ Y “‘5’/ w \/ \/ = clusters. This figure demonstrates the enhanced stability of
10 B! Mg the mentioned cluster ions and the Mgluster.
15 IN The sequence of magic numbers for singly charged mag-
15 nesium clusters differs from that for neutral clusters. This
i happens because singly charged magnesium clusters always
S . 1 ? . : possess odd number of valence electrons and, thus, always
32 08 « A » \ ! contain open electronic shells. For neutral magnesium clus-
.:L: 00 VA N/ = ters, situations of both close and open electronic shells are
05 d = X . possible. The enhanced stability of a Mg-cluster ion arises,
-1.0 ¢ MgN when its electronic configuration has one hole in or an extra
-1.5 T

electron above the filled shells. Thus, the cluster ionsg Mg

N Mg;;, and Mg, contain one extra electron over the com-
pleted spherical electronic shells, while the clusters; Mg
Mg;,, and Mgy, have a hole in the spherical outer electronic
shell. Our results presented in Figs. 6 and 7 demonstrate that

FIG. 7. Second differences of total energy for neuttedE,
=Eyn;1—2EN+En_1, and singly chargedA2ES=E, ;—2E;
+Eq_1, magnesium clusters. Filled circles show the B3PW91 re

; + +
sults obtained in this work; stars, results obtained by Alailal. ~ the cluster ions Mg_7 Mg;o, and Mgy turn out to be more
[30]: filled rhombuses, results of Kumat al. [28]; crossed rhom-  Stable than their neighbors. We note that the alteration of the

buses, results of Reuse al.[27]; and open circles, results of Jell- magic number fronN=4 for neutral Mg clusters tiN=5
inek and co-worker§32,33. for Mg cluster ions occurs because the electronic configura-
tion containing an extra electron becomes more favorable for
Mg. . This is not the case for the Mgand Mg, clusters,
=4, 10, and 20 correspond to the most stable configurationthose outer electronic configurations contain a hole.
of the magic magnesium clusters possessipg-I8, 20, and The Mg cluster mass spectra have been recorded in Ref.
40 valence electrons, respectively. This behavior is in agreg37], indicating the enhanced stability of the clusters with
ment with the simple spherical jellium model. The analysisN=5, 10, 15, 18, and 20. In that work, the role of the cluster
of the second differences of the binding enefgge Fig. 7  ionization was not reliably clarifie37] and, thus, the charge
confirms this conclusion and gives a hint about the relativestate of the clusters was not reliably determined. As a resullt,
stability of the Mg, Mg;3, Mgis, and Mg clusters, in  the observed magic numbers sequence should be a combina-
addition to the magic clusters Mg Mg,g, and Mgg. The tion of the magic number sequences for neutral and singly
additional magic numbers can be explained within the decharged cluster ions. Thul,=5 is the ionic magic number,
formed jellium model accounting for spheroidal deforma-andN=10, 15, and 20 are the magic numbers manifesting
tions of the cluster corésee, e.g., Ref§16-18, and refer- themselves clearly for both neutral Mg clusters and Mg clus-
ences therein For a spheroidal jellium cluster, the orbital ter ions. The second differences are positive and relatively
angular momentum does not remain a good quantum numbggrge forN= 13 (neutral clustefsandN= 12 (singly charged
characterizing the valence electron’s energy levels. In thigluster iong. Possibly, the interplay between neutral clusters
case, the energy levels are characterized by the projection ahd ions make these numbers masked in experiment. The
the angular momentum. on the principal axis and by the second differences are also positive b= 7 for neutral Mg
parity of the wave function. Thus, the energy levels wkth  clusters and foN=3 for Mg cluster ions, although the en-
=0 are twofold degenerate on the projection of the elechancement for these numbers have not been experimentally
tron’s spin, while those with\ #0 are fourfold degenerate observed. We explain this fact by a possible suppression of
both on the projection of the electron spin and on the sign othe experimental signal in the region of smalland rela-
the projectionA on the principal cluster axis. The deformed tively small values of the second differences in the men-
jellium clusters having closed electronic subshells posses$oned cases.
the enhanced stability. Therefore, in addition to the spherical The potential-energy surface for a cluster becomes more
magic clusters with 8, 20, 40, etc., valence electrons, theand more complex with increasing cluster size. The magne-
deformed jellium clusters with 6, 10, 14, 18, 22, 26, 30, 34,sium clusters are not an exception. Figure 8 demonstrates
etc., valence electrons turn out to be relatively stable. Thishis fact where we present the binding energies per atom
fact leads to the following additional magic numbers 3, 5, 7 calculated for a variety of isomers of neutral magnesium
9, 11, 13, 15, 17 for the jellium magnesium clusters. Some o€lusters. The corresponding point symmetry groups and the
these numbers, such as 3, 5, 9, 11, precede or follow thaccurate values of the total energies calculated within the
spherical magic numbers 4, 10, 20, and as a result beconB&3LYP, B3PW91, and MP4 approximations are presented in
masked and are not that pronounced in the second diffeffables I1-IV, respectively. Most of the isomer configurations
ences analysis. have been obtained using the B3LYP method, while the
For singly charged magnesium clusters, the binding enB3PW91 method has been used for the exploration of the
ergy per atom as a function of the cluster size is essentiallground-state energy isomers, as well as for the linear and
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0.4 —————t——to — tures. For linear chains, the binding energy per atom in-
] BaLYP e creases slowly with the increase in the number of atoms,
= most stable : ++1_ == while in the case of rings the value Bf,/N has the promi-
03] © linear o L LATEIE F nent odd-even oscillatory behavior.
g ik This behavior arises as a result of successive filling of the
g ] 3L apf? o- and m-symmetry orbitals by valence electrons in magne-
i’r 0.2 i : E5 2 sium linear chains and rings. Indeed, because of its symme-
S g =T P T - try the one-dimensional linear chain BNfmagnesium atoms
] T e o has the following configuration of valence electronst®1
QA L2 ‘ 3 202, 302, ... No2. Therefore, for anyN it has the closed
] sk | A | ok . i electronic shell structure. This fact explains the monotonous
00, ++w***“““*f*$*+++%+*+ : growth with N of the linear chain binding energy and its
2 4 6 8 10 12 14 16 18 20 22 relative saturation to the regidd> 10.
N The molecular orbitals for the structure of the ring type
R S have to be aligned with the plane of the ring. Such orbitals
' are fourfold degenerate due to symmetry reasons. The Mg
07§ BIPWAl : I it 4 dimer has four valence electrons that occupy spherically
ge] o [rootmable : ent : shaped &2 and prolatelike 2 orbitals. The Mg trimer has
——ring LT f six valence electrons, two of them occupy?lstate, while
. B R - 3 the remaining four electrons fill the fourfold degenerate® 1
B 04 i 3 orbital, aligned with the plane of the trimer. On increasing
Z +t— the number of magnesium atoms in the ring, the valence
ui” 03 T : 3 electrons continue to occupy fourfold degenerate orbitals
0.2 L Ak A A AR R aligned with the plane of the ring. Therefore, in the magne-
6id L% : VAR SRS L2 Soantd sium ringlike isomers with an odd number of atoms, all elec-
I+ tronic shells are closed, while the isomers with an even num-
0.0 T I A A A T W ber of atoms have the open electronic shell. This fact results
N in the enhanced stability of the magnesium rings with an odd
number of atom®N=3,5,7,9. .., etc., and explains the odd-

FIG. 8. Binding energy per atom for a variety of isomers of even oscillatory behavior of the binding energy for the mag-
neutral magnesium clusters as a function of the cluster size. Thaesium rings.
corresponding point symmetry groups and the accurate values of
the total energies are presented in Tables Il and Ill. Numbers neaC. lonization potentials and HOMO-LUMO (highest occupied
some lines show the number of found isomers with the correspond- molecular orbital and lowest unoccupied molecular
ing close energies. orbital) gaps

Let us now consider how the ionization potential of mag-

ringlike isomer structures. The MP4 method has been usefiesium clusters evolves with the increasing cluster size. The
only for the exploration of the ground-state energy isomerdonization potential_ of a cluster;\is equa_l to the diﬁ_erence
within the rangeN<11. between the energies of the corresponding cluster ion and the
Squares in Fig. 8 correspond to the most stable clusterdeutral clusterV;=Ey—Ey. Figure 9 shows the depen-
possessing the minimal total energy. Among the variety oflence of the adiabathé?®'” (i.e., the geometry relaxation of
isomers, presented in Fig. 8, we mark certain groups of isothe ionized cluster is taken into accopand verticaIV}’ert
mers with fixed symmetry. So, circles present the linear(i.e., the cluster geometry is frozen during the ionization pro-
chains D..;, point symmetry groupand the upper triangles ces$ ionization potential orN. We compare our results de-
correspond to the rings dfl atoms Oy, point symmetry rived by the B3PW91 method with theoretical data from
group. It is an interesting fact that among the multitude of Refs.[30,27 and with the bulk limit,V°"'*=3.64 eV, taken
the isomers of neutral magnesium clusters, the linear chairfsom Ref.[51].
and rings always possess the positive binding energy. We pay Both the vertical and adiabatic ionization potentials
special attention to these structures because of their possibdé&olve nonmonotonously with the increasing cluster size.
applications in nanotechnology. Under special experimentaFigure 9 shows that ionization potential of magnesium clus-
conditions, one can expect the stability of one-atom wideers steadily but rather slowly decreases towards the bulk
quantum wires of magnesium. For example, it is interestindimit. This evolution is neither a rapid nor a monotonous
to investigate the properties of such isomers deposited on grocess. In order to exclude the influence of the cluster ge-
substrate. The interaction of the linear isomers with the suremetry rearrangement, we first consider the vertical ioniza-
face can prevent them from the relaxation to more stablg¢ion potential. The size dependence of the vertical ionization
three-dimensional structures of free clusters. The lineapotential has a prominent maximum Idt=4 followed by a
chains and rings of atoms are also very interesting from theharp decrease. Such a behavior of the ionization potential is
theoretical point of view, because with their help one cantypical for the jellium model, predicting maxima in the size
investigate the transition from one- to two-dimensional struc-dependence of the ionization potential at the magic numbers
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TABLE Il. Total energies and the point symmetry groups for a variety of isomers of neutral magnesium
clusters. Calculations have been done by the B3LYP method.

N Point group Energya.u) N  Point group Energya.u) N  Point group Energya.u)

1 —200.0931 9 D..h -1800.8472 16  d.Cq —3201.6766
2 Deh —400.1868 10  Cg, —2001.0336 c.Cq —3201.6713
3 Dan —600.2840 Cu —2001.0239 b.C, —3201.6673
Deh —600.2807 Ty —2001.0225 a.C, —3201.6646

4 Tq —800.3938 C, —2001.0120 Ty —3201.6594
Do —800.3792 Dan —2001.0114 a.Cq —3201.6579

D..h —800.3750 Ca —2001.0098 b.Cs —3201.6572

Dan —800.3748 Dog —2001.0078 D.h —3201.5082

5 Dan —1000.4907 D..h —2000.9417 17  Dyq —3401.7953
Cu —1000.4787 D1 —2000.9322 Ce —3401.7861

Ty —-1000.4768 11 Dy, —2201.1348 Dan —3401.7052

Cap —1000.4766 Dim —2201.0430 D..h —3401.6026

Degp —1000.4751 D..h —-2201.0362 18 b.C,,  —3601.9095

Dap —-1000.4743 12  a.Cq —2401.2366 c.Cq —3601.9026

Do —1000.4738 b.Ce —2401.2304 C, —3601.8764

D.n —1000.4694 Cop —2401.2178 b.Ce —3601.8752

6 Cop —1200.5898 Den —2401.1313 a.Ce —3601.8716
Don —1200.5897 D..h —2401.1308 a.C,,  —3601.8711

Dan —1200.5851 D1 —2401.1278 Dsp, —3601.8608

Cs, -1200.5815 13  b.C, —2601.3438 Den —3601.7022

Dan —1200.5765 Cs —2601.3308 D..h —3601.6970

On —1200.5720 a.C, —2601.3302 19  C,, —3802.0292

Den —1200.5639 Ca, —2601.3221 Ca, —3801.9867

D.n —1200.5638 I —2601.2904 Dsp —3801.9706

7 Dsp —1400.6933 Den —2601.2401 Den —3801.8449
Cs —1400.6908 D..h —2601.2253 D.h —3801.7925

Ca, —1400.6854 14  C, —2801.4485 20 C. —4002.1503

D7n —1400.6645 b.Cs,  —2801.4397 Cy —4002.1444

D.h —1400.6583 Cs —2801.4407 d.C,,  —4002.1392

8 a.C,,  —1600.7999 Cap —2801.4328 c.C,,  —4002.1263
Cs —1600.7976 On —2801.4115 b.C,,  —4002.1212

b.C,,  —1600.7948 a.Cs,  —2801.4134 Ty —4002.1026

Ty —1600.7854 D.h —2801.3194 a.C,,  —4002.0990

D.n —1600.7527 15  Dg, —3001.5692 Den —4001.9764

9 Dan —1800.9162 Cs —3001.5627 D..h —4001.8870
Ca, —1800.9064 Degn —-3001.4594 21 Cy —4202.2460

Don —1800.8540 D..h —3001.4138 Cop —4202.2255

corresponding to the clusters with closed electronic shellsneutral cluster. For neutral Mg clusters, the binding energy as
Our data are in a good agreement with the results of Refs function ofN increases steadily with the increase in cluster
[27,33, but contradict those reported in R¢BO] for the  size, while for Mg cluster ions—irregularly. Thus, their dif-
Mgs; and Mg, clusters. In Ref[30], the appearance of the ference mimics all the irregularities that appear in the
deep minimum in vertical ionization potential Bt=4 was  binding-energy dependence bhfor singly charged magne-
explained as a result of a stronger charge delocalization isium clusters.
the Mg, cluster in comparison with its neighbors. ForN=6, the vertical ionization potential changes slowly
We note that the peculiarities in the ionization potentialwith increasing cluster size. This process is characterized by
dependence oN correlate with the magic numbers that ap- the irregularities that originate due to the influence of the
pear for the singly charged magnesium clusters. Indeed, theuster geometry on the jellium-type electronic structure of
minima in V'™ correspond to the maxima B, /N for Mg Mg clusters.
cluster ions(see Fig. 6. This fact has a simple explanation.  Indeed, the shape of a jellium cluster is defined by its
The ionization potential of a cluster is equal to the differenceelectronic structure. Thus, the closed-shell jellium clusters
between the energies of the corresponding cluster ion and trafe spherical, while clusters with open electronic shells are
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TABLE Ill. Same as Table Il, but for the P3PW91 method.

TABLE IV. Same as Table Il, but for the MP2 and MP4 meth-

PHYSICAL REVIEW A 67, 063203 (2003

ods.
N  Point group Energya.u) N Point group Energya.u)
1 2000379 14 c. ~2800.8170 N Point group MP2 Energya.u) MP4 Energy(a.u)
2 D.h —400.0788 D.h —2800.6007 1 —199.6286 —199.6381
3 Dsp —600.1281 D1 —2800.5997 2 [DJN —399.2579 —399.2771
D.h —600.1207 15 Dap —3000.9013 3 D3sp —598.8917 —598.9213
4 Ty —800.1962 Cs —3000.8914 4 Ty —798.5514 —798.5868
Dan —800.1638 D5, —3000.6786 5 Dap —998.1896 —998.2340
D.p —800.1633 D.p —3000.6453 6 Co, —1197.8314 —1197.8842
5 D3 —1000.2450 16  d.C, —3200.9600 7 Dsp —1397.4974 —1397.5518
Dsp, —1000.2193 c.Cq —3200.9560 8 Cs —1597.1508 —1597.2136
D.nh —1000.2063 D.p —3200.6902 9 Dap —1796.8374 —1796.9041
6 Cy, —1200.2970 D1 —3200.6880 10 Cs, —1996.5281 —1996.6062
D,y —1200.2966 17 D4g —3401.0569 11 D3y —2196.1701 —2196.2599
Cs, —1200.2865 Cs —3401.0428 12 a.Cg —2395.8248
Den —1200.2495 Dim —3400.7719
D..p —1200.2495 D..p —3400.7353
7 Dy —1400.3604 18 b.Cy, —3601.1279 Cluster geometry and the electronic properties such as the
Doy —1400.3091 c.Cq —3601.1221 binding energy _anq th_e iqnization pptential. _
D.., —1400.2928 b.C. —3601.0756 The _ad|r_:1bat|c |op|;at|on _potgnual dependence that is
8 C. —1600.4205 D... —3600.7806 shown in Fig. 9 exhibits qualitatively the same t_)ehawor' as
a.C,, 1600.4193 Dy 36007766 the vertical one, however, has more pronpunced irregularities
T, 16004005 19 C, 3801.2093 due _to geometry rearrangements of the |or_1|zed clusterg.
_ _ Figure 10 shows the gé&p, between the highest occupied
Dech 1600.3364 Dion 3800.8653 and the lowest unoccupied molecular orbitdldOMO-
Dg —1600.3335 D.h —3800.8260
9 D —1800.5018 20 Cs —4001.2889 8.0 S
Dop —1800.4000 c, —4001.2801 - g B
D.n —1800.3800 b.C,, —4001.2539 —*—Reuse'st ol
10 Ca, —2000.5786 Doon —4000.9111 s
Ty —2000.5590 D.h —4000.8716 _ 851
Dim —2000.4367 21  C, —4201.3356 T 60, :
D..;, —2000.4238 Co, —4201.3201 g 55 \\:;\M ]
11 D3 —2200.6322 > i
D1 —2200.4923 5.0 ' kl/ .o -
D.,  —2200.4678 . S
12 a.Cq —2400.6891 40
Diaxm —2400.5321 "0 2 4 6 8 10 12 14 16 18 20 22
D..n —2400.5119 N
13 b.C;  —2600.7561 Bt
Dian —2600.5853 J—
D.n —2600.5562 iﬁﬁ;’éﬁl
—o— Jellinek et af
deformed due to the Jahn-Teller distortions. The jellium pic-
ture works fairly well for sodium clusters. The ionization
potential of sodium clusters drops rapidly and systematically
at the electronic shell closures. Tivedependence of the
ionization potential has prominent, regular odd-even oscilla-
tions (see, e.9.[18,22 and references therginMagnesium 45
clusters are different. As discussed in Sec. lll A, the evolu- W
tion of the Mg cluster geometry is closely connected with the 0 2 4 6 8 10N12 14 16 18 20 22

formation of elements of the hcp lattice cell. Although, the

electronic shell effects clearly manifest themselves in the for-  FIG. 9. Adiabatic ¥292") and vertical ") ionization poten-
mation of the Mg cluster geometry, they do not determine itial for small magnesium clusters. Stars, crossed rhombuses, and
completely. In other words, there is an interplay of the jel-open circles show the result of the work of Akalhal.[30], Reuse
lium and the hcp lattice factors in the formation of the Mg et al.[27], and Jellinek and Aciolf33], respectively.
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54—ttt clusters. The gapE, calculated for magnesium clusters
Mg clusters shows the oscillatory behavior accompanied by a gradual
4 —e—B3PWO1 | decrease in the absolute value. Maxima in this dependence at
s ke P N=4, 10, and 20 correspond to the magic numbers of the
« spherical jellium modells=8, 20, and 40, respectivglyA
33 : 2 similar feature also does exist for Na clustersd\at 8 and
%: >\/‘ 20. Additional variation oft, appears both due the subshell
I"’Z- 3 closures and the cluster structural rearrangements.
) \\/, °~_f./\* The HOMO-LUMO gap calculated for magnesium clus-
£ gt Vi ters in our work with the use of the B3PW91 method appears
11 & ‘5\/ \““z\t T ok to be systematically higher if compared with that of R88]
e W / : in which the BP86 exchange-correlation functional has been
0 I —— ‘;/ — used. Such a discrepancy arises because the pure DFT meth-
0 2 4 6 8 10N12 14 16 18 20 22 ods, not accounting explicitly for any Hartree-Fock ex-
change, tend to give smaller HOMO-LUMO gaps than those
35 I S R P P R R T obtained by hybrid methods such as B3PW&1]. However,
Na clusters the qualitative behavior of they calculated within different
3.0 e BayYP approaches is very similar, as it is seen from Fig. 10.
5] We note that the HOMO-LUMO gap remains rather large

] even for the clusters wititN=15, possessing geometrical
2,03 3 structures with incipient elements of the hcp lattice of the

3 15 bulk Mg. This fact confirms the conclusion on the slow and
w® nonmonotonous evolution of metallic properties in Mg clus-
1.0 ters.
0.5
IV. CONCLUSION
°'°° 2 4 6 8 10 12 14 16 18 20 2; The optimized geometries and electronic properties of

N neutral and singly charged magnesium clusters consisting of
up to 21 atoms have been investigated using the B3PW91,
FIG. 10. Gap between the highest occupied and the lowest urB3LYP, and MP4 methods accounting for all electrons in the
occupied eigenstates for the Mg and Na clusters as a function of theystem. The detailed comparison of the results of the phe-
cluster size. Circles and squares represent the HOMO-LUMO gapomenological B3PW91 and B3LYP density-functional
calculated by the B3PW91 and the B3LYP methods, respectivelymethods with the results of the systemadio initio post—
Stars and open circles s_how the results of the work by Akblal.  Hartree-Fock many-body theory leads us to the conclusion
[30] and Jellinek and Aciol[33]. that the B3PW91 method is more reliable for Mg cluster
simulations than the B3LYP one.
We have investigated the size evolution of the Mg cluster
LUMO gap) for the Mg clusters as a function of the cluster geometry. It has been shown that starting from,Mgthe
size. For the sake of comparison, we have also calculated thexagonal ring structure determines the cluster growth. This
HOMO-LUMO gap for the Na clusters and present it in Fig. ring is one of the basic elements of the hcp lattice for the
10. Calculations have been performed using the B3PW9bulk magnesium.
and B3PLYP methods. The geometries of neutral sodium We have investigated the electronic properties of magne-
clusters have been taken from RE22]. We also compare sjum clusters. It has been shown that the electronic shell
our results with those presented in R€f20,33. effects and jelliumlike behavior clearly manifest themselves
The size dependence Bf; for neutral sodium clusters has in the formation of geometrical properties, however, the shell
an oscillatory behavior with local maxima &t=6, 8, 10, effects do not determine the geometry of Mg clusters com-
14, and 20. These maxima correspond to the electronic shgbletely. We have demonstrated that due to the interplay of the
closures in full accordance with the deformed jellium model.jellium and the hcp lattice factors, the electronic properties
The local maximum in the size dependenceEgfat N=12  of magnesium clusters possess irregularities which cannot be
and the shift of the local maximum frohd=18 toN=17 are  explained within the simple jellium model. It has been
the consequences of triaxial deformati¢@g]. Thus, the tri-  shown that the metallic evolution of magnesium clusters is
axial deformation leads to the splitting of the fourfold degen-slow and nonmonotonous process.
erate highest occupied orbital into two twofold degenerate The results of this work can be extended in various direc-
orbitals. As a result, the additional shell closure at g tions. One can use similar methods to study the structure and
=12 appears. properties of various types of clusters. It is interesting to
For Mg clusters, the evolution of the HOMO-LUMO gap extend calculations towards larger cluster sizes and to per-
with the increase in cluster size differs from that for Naform more advanced comparison of model afwinitio ap-
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proaches. A lot of novel problems arise, while considering
collisions and electron excitations in the clusters with opti-
mized geometrie$21]. These and many more other prob-
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