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Magnesium Clusters: Structural and Electronic Properties and the Size-Induced
Nonmetal-to-Metal Transition”

Julius Jellinek* and Paulo H. Acioli*
Chemistry Diision, Argonne National Laboratory, Argonne, lllinois 60439
Receied: April 3, 2002; In Final Form: July 24, 2002

Structural and electronic properties of neutral and anionic magnesium clusters with 2 to 22 atoms are studied
using gradient-corrected density functional theory. A new scheme for the conversion of the Blodum
eigenenergies into electron binding energies is utilized to compute the difference in the binding energies of
the two most external electrons in the anionic clusters. The results are in very good agreement with the data
obtained in recent electron photodetachment experiments. The other electronic properties studied include (a)
the binding energy, the second difference of the total energies, the HQNM®IO gap, and the vertical
ionization potential of the neutral clusters; (b) the vertical electron detachment energy of the anionic clusters;
and (c) the character of bonding in both the neutral and the anionic clusters. The analysis focuses on the
finite-size analogue of the insulator-to-metal transition. The role and manifestation of the finite-size effects
are discussed, and some important implications regarding the interpretation of the experimental data are pointed
out.

1. Introduction nearest-neighbor bond length%the similarity with the jellium

Metal clusters, or more precisely, atomic clusters of elements Model picturé; the electronic density of statésand the
that are metals in bulk quantities, form an area of special €xcitation energie¥: The changes in these quantities with the
interestt Apart from the direct relevance to many technologies, cluster size were interpreted as consistent with the emergence
they exhibit a host of novel features and phenomena not found of metalllg attributes. However, because of the Iacl_< of appropri-
in clusters of other elements. One of these is the change in thedt€ experimental data, the results of the computations remained
nature of bonding as a function of the cluster size. In fact, small Unverified. Even more importantly, the general subject of the
atomic clusters of metallic elements may altogether lack flnlte-S|ze §pe0|f|C|ty of the transition and of the ways it exhibits
characteristics usually associated with the metallic state. Thesétself remained largely unexplored.
characteristics then grow in as the clusters grow in 3lsethe The goal of this study is to reexamine the structural and
transition to metallicity monotonic or not? What is the typical electronic properties of small magnesium clusters with the
size or size-range at which it takes place? The answers to thes@bove-mentioned issues in mind. An added impetus for such a
questions are sketchy at best. The phenomenon is complex andeéexamination is furnished by two recent experimental explora-
multifaceted because different properties evolve differently with tions. In the first* mass-spectra of Mg, n < 80, have been
size. Therefore, the apparent onset and manifestations of themeasured and used to analyze the corresponding neutral clusters
transition may depend on the property studied. The task is to in the context of the jellium model. Invoking compatibility with
identify and understand those size-induced changes in thethe jellium picture as a signature of metallic behavior, the
different properties that can be viewed as the finite-size analogueauthors concluded that the smallest magnesium cluster that
of the bulk insulator-to-metal transition. exhibits such behavior is Mg In the second exploratiof,
Magnesium, similarly to beryllium and mercury, is especially Photoelectron spectroscopy (PES) measurements oT,Nig
appropriate for the investigation of the size-induced transition = 3—35, clusters were used to evaluate the difference between
to metallicity. Whereas the diatomic molecule of magnesium the binding energies of the two most external electrons. This
is a weakly bonded van der Waals system, magnesium clusterglifference was viewed as the HOMQUMO gap in the
of larger sizes exhibit strong bonding. The structural and corresponding neutral clusters, and the reduction and eventual
electronic properties of magnesium clusters have been inves-closure of this gap was invoked as the criterion of the transition
tigated theoretically utilizing different quantum chemical and to metallicity. The measurements showed that the difference in
density functional theory (DFT) approaches The quantities the binding energies of the two most external electrons indeed
used to interrogate the transition to the metallic state include decreases with the size of the Mgclusters and becomes zero
the gap between the highest occupied molecular orbital (HOMO) at or arounch = 181° The decrease, however, is not monotonic,
and the lowest unoccupied molecular orbital (LUMO), the and nonzero values of the difference reemerge at some larger
degree ofp-character of the valence electronic chat§é3the anion-cluster sizes.
distribution of the electron charge density, the changes in the We utilize a gradient-corrected version of the DFT. In the
next section, we present the results of the tests used to select
TPart of the special issue “R. Stephen Berry Festschrift”. the exchange and correlation functionals and the pseudopoten-
Fa;,T‘(’G‘g’g;)g‘sg‘_’gssfog?n‘zgﬁ? jser}ﬁﬁ'ei%eaﬁfgéf,ssed' Tel: (630) 252-3463. tjg|/pasis set. In section 3, we recap our recently formulated
#Permanent address: Instituto désiBa, Universidade de Brdis, schemé for converting the KohrSham (KS) eigenenergies
Braslia, DF, 70919-970, Brazil. into electron binding energies. Results on the structural and
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TABLE 1: Comparison of the Present All-Electron DFT Results (BP'86, BPW91, and B3LYP) with Those of Earlier ab Initio
(CCSD(T) and MP2—R12) and Experimental (exp) Studie3

system property BP86 BPW91 B3LYP CCSD(T) MPR12 exp
Mg IP (eV) 7.731 7.529 7.751 7.646
EA (eV) <0 <0 <0 unstable
Mg2 re (A) 3.562 3.527 3.919 3.891 3.891
De geV) 0.091 0.099 0.016 0.0%7 0.049
Mgs re (A) 3.295 3.275 3.480 3.387 3.387
(Dan) De geV) 0.41 0.46 0.13 0.25 0.33
Mga re (A) 3.103 3.094 3.180 3.1%20 3.110
(Ta) 3.103
De(eV) 1.21 1.33 0.55 1.04 1.37
114

aThe DFT computations are performed with the 6-31G* basis Set. The MPW1PW091 functional yields results similar to those of BPW91. IP is
the ionization potential, EA is the electron affinity,is the equilibrium interatomic distance, abd is the dissociation energy Ref 3a.¢ Ref 3b.
dRef 3c.¢Ref 21.7 Ref 22.

TABLE 2: Comparison of the BP’86 DFT Results Obtained The search for the stable structural forms was performed for
within Two Pseudopotential and an All-Electron Treatments' both the neutral and the anionic clusters. Gradient-based
pseudopotential techniques were used, and a variety of initial guess configura-

system property WH Stuttgart all-electron tions, ingluding asymmetrip ones, was considered for each

cluster size. The energy minimization included all degrees of

Mg :EPA(?Q/\)/) <7.go3 <7(')812 - 8731 freedom. Normal-mode analysis was applied to filter out those
Mg» re (A) 3.560 3.633 3.562 stationary structures that correspond to saddle points, rather than

De (€V) 0.091 0.073 0.091 minima, of the corresponding potential energy surfaces.

Mgs re (A) 3.282 3.361 3.295 The optimization of the structures also provides the structure-
(Dan) De (eV) 0.47 0.34 0.41 specific electronic features. Among these are the ones that
'(\4%4 rs( e)V) ?i'2852 i'é‘g‘g iég?’ correspond to the native configurations of the clusters (the term
Mgs ree( ) 3,005 3.072 3.018 “natlye" denote§ here the most stable conflgura.\tllon of a cluster
(D) 3.333 3.407 3.330 of a fixed size in a chosen charge state). Additional complete
De (eV) 1.52 1.25 1.53 DFT computations were performed for each cluster size to obtain

aThe notations are the same as in Table Ref 19.¢ Ref 23.9 The its electronic characteristics in the anionic, neutral, and cationic

first number is the bond length between two “waist” atoms and the charge states, all considered in the native configurations of both
second between a waist atom and an apex atom of the trigonal the neutral and the anionic clusters. The discussion below (see
bipyramid (cf. Figure. 3). section 5) clarifies the role of these additional computations in

- A _ elucidating the meaning and implications of the measured PES
energy characteristics of the anionic and neutraj,Mg= 2-22, datd®in the context of the size-induced transition to metallicity,

clusters are presented in section 4. Their electronic features, as._ . S B o
. . . . . . . _~and in shedding light on the finite-size-specific aspects of the
obtained in the computations, are given and discussed in section

5. The discussion includes comparisons with the experimental phenomenon. On the technical side, these additional computa-

PES data and an analysis of the interpretation of these datatIons are needed for conversion of the DFT KS eigenenergies

. o : into electron binding energies as described in the next section.
regarding the finite-size analogue of the insulator-to-metal tran-
sition. Some general remarks on the specificity of this transition

in the finite-size regime are summarized in section 6. 3. Conversion of Kohn—Sham Eigenenergies into
Electron Binding Energies

2. Computational Details One of the central goals of this study, prompted by the recent

The computaons are peformed i the DET wih e PES ©XPeTments €1 secton 1), it Eompute e bindno

Becke exchandéand Perdew correlatid®functionals (BP’86), nerg i N 9
sium clusters. To accomplish this within a DFT treatment one

and using unrestricted, for open-shell cases, and restricted, forhaS to correct the (negative of the) KS eigenenergies because
closed-shell cases, wave functions. The valence electrons (two, 9 9 g

per each Mg atom) are described by a|@1) basis set. The they correspond to auxiliary particles rather than to electrons.
remaining ionic cores are represented by the \Wétity pse.udo- A nu‘rl’gg)ser of (_:orrecFion _propedu_r es have been suggested in the
potentiall® The BP’86 exchange-correlation functional emerged fna;f] ele(rigrrllg f gv'zmsv\?'\éiﬂé&reeftﬁg' vvgr%a\\l/vs rf?)?%%ltgtz d
as the optimal in test studies on Mg = 1—4, performed using recentlyié
all-electron computations with the 6-31G* basis ¥efhe y: 2 . . Lo
other functionals considered include BPW91, B3LYP, and Cons@er Janak’s analytical _contlnuanorE(P) of the total
MPW1PW91, as implemented in the Gaussian98 program. Theelectronlc energyE(N) of.an N(lnteger)-electron_system o a
performance of the functionals was evaluated against the avail-gefa;l;\éa&use %:gitg |§|§Egor1ﬁec:32;§f£rt:§ ggﬁgj&'g: Ea;;]kfrs
able quantum chemical and experimental data (cf. Table 1). Two . y : ' -
pseudopotential/basis set choices, that of Wadt and*+md E(P), whereE(P) is the DFT-defined ground-state energy of

“ ’ - the system with the total charge.?® The binding energy
of Fuentealba et & (the “Stuttgart pseudopotential”), were BEowo(P) of the most external (“top”, “HOMO”)whole
tested within the BP’86 approach. The results of the BP'86 all- OMO : : oP,
electron treatment were used as a basis for judgment. As indi_el_ec_tron charge of th'.s system Is pleflned and can be computed
cated by the data in Table 2, the two choices yield overall within a chosen version of DFT rigorously
comparable results, with the Wasdtlay pseudopotential per- _ N
forming somewhat better. BEomo(P) = E(P — 1) — E(P) @
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Figure 1. Full circles are the computed KS HOMO eigenenergies of KS eigenenergies of the Mgcluster (the number of valence electrons
the Mgs"2%-P cluster in its+(10-P) charge state(is the total valence N = 11) as a function of the number of extra grid points between
electronic charge). The dotted lines are the effective HOMO eigen- neighboring integers used in the interpolation procedure, eqs 5 and 6
energies obtained as linear interpolation between neighboring KS (see the text for details). The symbols in the brackets are the symmetry

HOMO eigenenergies. See the text for details. labels of thea- and-spin KS orbitals.
One can associate with this top whole electron charge an st to N does not shift the KS eigenenergyN — ot), i.e., ei(N)
effective one-particle HOMO eigenenergS}gMo(P) such that = &(N — ot), thenAi(N) = Ai(N — 6t). If, on the other hand,
eff (DN = N ) incrementing of the_ char_ge rt_esultsd(N) = ei+1(N),_thenAi(N)
€romo(P = N) = €pomo(N) (2 = Ai+1(N). In a typical situation, the value ef(N) is between

. . those ofe;(N — dt) andei+1(N). The correctiom\i(N) associated
where enomo(N) is the true KS HOMO eigenenergy of the ih ¢(N) is then computed as a linear interpolation between
N-electron system. For any givéii one can obtain the values Ai(N — ot) and Ai1(N).
of enomo(M) for all integersM, 1 < M =N, by remoying from The correctionsAi(N — 6t) and Ai+1(N) in the rhs of eq 5
the system one _electron at a ftime and repeating the DFT are themselves defined through recursive application of eqs 5
computation. In Figure 1 we display, a:?f an example, the valuesanOI 6, until they are reduced fomo(t) With t running over
of enomo(M) for Mgs~ (full circles). eioo(P) can then be ) e grid points between and including= i andt = N. The
obtained for any real-value® through interpolation of the -, oo of Anowo(t) are computed using eq 3. The effective
evomo(M) values. The correctionyomo(P) needed to convert ;00 nonergiee (1) are to be used in the rhs of eq 6 when

the effective eigenenergyfio,o(P) into the binding energy of ;0 correctionAnomo(t) appears in the rhs of eq 5. In actual

the top whole electron charge is then implementations of this scheme one first computes the values
— o eff of Anowmo(t), and then propagates these using eqs 5 and 6 as
Anomo(P) = BEiomo(P) — (—€riomo(P)) ®) the total charge is gradually increased froto N. For further

technical details, including those that allow one to reduce the

WhenP is an integer, eq 3 defines the correction that has to be amount of the computational labor associated with the use of

added to the negative of the KS HOMO eigenenergy of the .
system to obtain the binding energy of its top electron. the real-valued gridt}, we refer the reader to ref 16. Here, we

The corrections needed to convert the inner KS eigenenergiesmentlon only that t_he_scheme _proved highly accurate (thf
into the binding energies of the corresponding electrons are computed electron binding Energies are on average within 2.5%
obtained as follows. Define a real-valued gfidl that includes gil}:gaslgneasured values) in applications to atoms and mol-
all the integers from 1 t\. If the interval 5t between the ' : .
neighboring points of the grid is sufficiently small, then the [N cases, when the gap between the KS eigenenergies is small,

correctionAi(N), needed to convert theth KS eigenenergyi- sufficiently accurate values of the correctioAgN) may be
(N) of an N-electron system into the bindinBE(N) of the obtained with the grid of integers only. This substantially reduces
corresponding electron the scope of the computational task. Figure 2 illustrates the rate

of convergence of the corrections associated with the KS

A(N) = BE(N) — (—¢(N)) 4) eigenenergies of the Mg cluster. One extra grid point between
neighboring integers is sufficient to converge the values of the
is well approximated by the linear [ioi(N)] interpolation corrections to 99% or better. If one uses the grid of integers

only, then the values are converged to 98% or better. The results
Ai(N) = Ai(N = 6t) + [Aj1(N) — AN = 6t)]oi(N) (5) on the difference between the binding energies of the two most
external electrons in anionic magnesium clusters presented in
where section 5 are obtained using the grid of integers only.
&(N) = ¢(N - ot)
€ir1(N) — (N — o)

o;(N) = (6) 4. Mg, and Mg, ~: Structural Forms

The computed most stable structures of the neutral, Mer
The meaning of eqs 5 and 6 is quite transparent. If incrementing 2—22, clusters are shown in Figure 3. The graph of their binding
of the total electronic charge by a small amodhfrom N — energies per atom is displayed in Figure 4.Nigonly weekly
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most stable configurations of the neutral clusters correspond to
the singlet spin-multiplicity state. For Mgit is a triplet.

Earlier theoretical studies of anionic magnesium clusters
covered the range = 2—7 (cf. also ref 13). In agreement with
thesé and the experimental evideng&eour computations give
an energy of the anion of the Mg atom that is higher than the
energy of the neutral atom, which means that Nignot a stable
species. The most stable configurations of\Mag = 2—22, as
obtained in our computations, are shown in Figure 5. The
structures of Mg~ and Mg~ are different from those obtained
by Reuse et dl These authors define the octahedron as the most
stable form of Mg~, and the distorted pentagonal bipyramid
as the most stable isomer of Mg Both structures emerge in
our computations also, but as the second isomer of Mand
Mgz, respectively. With the exception of Mg, the most stable
configurations of the anionic clusters correspond to the doublet
spin-multiplicity state. For Mg, it is a quartet.

Figure 3. Most stable structures and their symmetries of the neutral Dug Dap Csy Cs C s

Mgn, N = 2—22, clusters.
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Figure 4. Binding ener er atom of neutral Mglusters. L .
g g wP 9 An examination of Figures 3 and 5 shows that although some

of the structures of the anionic clusters replicate those of the
corresponding neutral cluster, the most stable forms of the
anionic species are, in general, different from those of their
neutral counterparts. It is this difference that is of particular
importance for the analysis of the PES dataf. next section).
More detailed results on the structural characteristics of neutral
and charged magnesium clusters, including different isomeric
forms, will be given elsewherg.

bound. Starting with Mg however, the binding energy per atom
rapidly increases with the cluster size. The most stable
configurations of Mg-¢ are tetrahedron-based. The structures
of Mgz and Mg; are pentagonal bipyramid-based. The common
element in the structures of the Mgs clusters is the underlying
trigonal prism. The configurations of Mg-», are derivatives

of the structure of Mg. They are obtained by successive
addition of an atom and allowing for relaxations. Overall, these
structures agree with or are close to those obtained in earlier
studies>”1213The lowest energy configurations of ivigand
Mgie, however, appear to be new. The most stable structures
of these clusters, as given by Ko et al.l?2 emerge as second As mentioned, the electronic properties were computed in
isomers in our computations. With the exception of yighe different charge states, and for each charge state, the native

5. Electronic Features and the Size-Induced
Nonmetal-to-Metal Transition
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T T T T becomes clear in light of the following considerations. It is often
a) stipulated that the extra electron occupies the LUMO of the
—e— Mg : In native structure of the anion neutral cluster, or more generally, the neutral system at hand.
! Therefore, it is argued, the difference in the binding energies
o ---- Mg : In native structure of the neutral of the electrons occupying the two highest eigenstates of the
anion is the HOMG-LUMO gap of the neutral. This statement,
of course, would be true if the structure of the anion were the
same as that of the neutral and the eigenenergies of the neutral
were not shifting upon addition of an electron. The discussion
on the structures above and the results in panel a) of Figure 6
indicate that these conditions do not hold for small magnesium
] clusters (which, as a rule, is the case for clusters in general),
and the photodetachment experimént® Mg,~ do not measure
the HOMO-LUMO gap in the neutral Mgclusters. An explicit
confirmation of this is given in panel b) of Figure 6, which
displays the graphs of the HOM@QUMO gap in Mg,
b) considered in their native configurations and of the difference
2ol N --e-- Mg : HOMO-LUMO gap 1 in the binding energies of the two most external electrons in
! Mg,~ obtained in the PES measurements. The two are quite
—= Mg _: Experiment different. As is clear from the comparison of the graphs in panels
i a) and b), the HOMGLUMO gap of Mg, is much closer to
] the computed difference in the binding energies of the two most
] external electrons in Mg considered in the native structures
T of their neutral counterparts. The variance between the two is
a consequence of the shifts in the energy levels caused by the
addition of an electron.

The HOMO-LUMO gap of finite neutral systems is con-
sidered traditionally as the analogue of the gap between the
L valence and the conduction bands of bulk materials, and the
0 $ 10 15 20 25 closure of the HOMG-LUMO gap is customarily interpreted

n as an indication of the transition to a metallic state. In view of
this, the above analysis may leave the impression that the

difference between the binding energies of the two most external photodetachment experiments on finite negatively charged

electrons in anionic Mg clusters; b) The computed HOM@.UMO systems contain little, if at all, information on the nonmetal-
gap in neutral Mg clusters and the deduced from the experimiénts ~ t0-metal transition, since they do not, I general, probe the
difference between the binding energies of the two most external HOMO—LUMO gap. Such an impression, however, would be

electrons in anionic Mg clusters. misleading. Not only are the PES measurements on anions
relevant to this transition, but also they point to an important
configuration of the anionic as well as of the neutral cluster 2SPect of it. This aspect is the role of the charge state, which is
was considered. The correction scheme outlined in section 39n€ Of the important consequences and manifestations of the
was then used to convert the two highest KS eigenenergies Off|n|te-5|2(_a effects, anql which should gxphmtly be tal_<en into
the anionic clusters in the two configurations into the binding 2ccount in the analysis. The geometric and electronic charac-
energies of the corresponding electrons. (The difference in the €ristics of the bulk are not affected by addition or withdrawal
zero-point energies of the anionic and neutral clusters, eachof electrons., Wherggs the equilibrium structurgs and the electron
considered in its native configuration, does not exceed 0.02 eV €igenenergies of finite systems may be and, in general, are. The
and was not included in the evaluation of the electron binding difference between the binding energies of the two most external
energies.) The computed difference in the binding energies of €/€ctrons in anions takes on the role of the HOMQMO
the two most external electrons is plotted in panel a) of Figure 9aP in the corresponding neutrals, and this difference is as a
6, which also displays the values of this difference inferred from '€presentative finite-size analogue of the bulk band gap as the
the measurement&.The graphs clearly show that the results HOMO—LUMO gap. Indeed, this difference and the HOMO
obtained considering the Mgclusters in their native configura- LUMO gap approach each other, and both converge to the bulk
tions are in very good agreement with the data derived from Pand gap as the system grows in size.
the experiments. On the other hand, the outcome of computa- Another indicator used to analyze the transition to metallicity
tions performed for anions fixed in the native structures of the in magnesium clusters is the extent of te hybridization, or,
neutrals is not only quantitatively different, but also it shows alternatively, the degree of tipecharacter of the valence charge
qualitatively different local trends. For example, whereas the distribution. Figure 7 displays the graphs of the latter as
computed difference in this latter case increases as the clusteevaluated from the Mulliken population analysis. The data are
size increases from= 10 ton = 11, the measured data indicate for the anionic and neutral clusters in their respective native
a decrease. The overall conclusion one arrives at analyzing panetonfigurations, but the results remain largely unchanged when
a) of Figure 6 is that the measureméhfsrobe the electronic  the most stable structures of the neutrals are used for the anions
properties of the anionic, rather than the neutral, clusters. and vice versa. The graphs show that pheharacter is present
This conclusion, although not unexpected considering that in the bonding of even the smallest clusters, but its degree
in the experiments the electrons are photodetached from thedepends on the charge state. This degree changes only weakly
negatively charged species, is an important one. Its significancewith the cluster size in the anionic clusters. The change in the
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Figure 6. a) The computed and deduced from the experinients



10924 J. Phys. Chem. A, Vol. 106, No. 45, 2002 Jellinek and Acioli

40 : : : : 15 ; ; . :
35 | 1
10 1
!
30 ¢ ] -4 nooe ."“‘
< By ] = i § AN
g = 0o Py R SR R
o 20 F ] on 0. S A N A e
g ) N AN A T T
S s gy [ Y Vit °
2 1 ] <05 F e y {HE 1
o & l‘ ::l
10 F ] i
-1.0 F H 1
sk ] ]
0 1 I 1 1 -1.5 — ’ ’ ; I
15 20 25
0 5 10 15 20 25 0 g 10 N

n

Figure 7. Degree ofp-character of the valence charge in neutral,Mg Figure 8. Second difference of the total energies of neutral,Mg

and anionic Mg~ clusters, each considered in its native structure. clusters.

neutral clusters is considerable, and the extent optblearacter e o o '

in Mg, approaches that in Mig asn increases. The sensitivity 6.0 L M 1

of the degree of th@-character to the charge state is another [ SCURL Ny

manifestation of the specificity of the finite-size regime. An so b o Rl S N ]

important implication of this particular manifestation is thatthe ~ |

p-character of bonding considered in isolation may not be an ?_)/ 10 g ----Vertical ionization potential ]

adequate criterion of the size-induced transition to metallicity. ¢ - _Bulk

It is the combination of the two changes, the increase of the "% 30k —e—Vertical detachment eneray ]

degree of thep-character in Mg and the convergence of this g ™ ]

degree to that in Mg, rather than either of the two changes ™ 0 ]

alone, which is significant in the analysis of the transition. For :

calibration, we note that the degreepatharacter in the density

of states at the Fermi level of bulk magnesium is about 50%. Loy ]
Next, we touch briefly on the issue of consistency with the . . . .

jellium model picture. Figure 4 shows local enhancement in 0.0 0 s 10 15 20 25

the strength of bonding in Mgclusters ain = 4, 10, and 20,
which is consistent with the spherical jellium shell closure at
8, 20, and 40 electrorf8.A local maximum in the binding Figure 9. Vertical ionization potential of the neutral Mglusters and
energy appears also at= 15, which is consistent with the the vertical electron detachment energy of the anionig Mdusters.
ellipsoidal shell closure at 30 electrotfs. The value of the work function of the bulk magnesium is also indicated.
A complementary analysis can be performed in terms of the
second differencé;E(Mgy) The conclusion from the above observations is that magne-
sium clusters in the size range considered exhibit elements of
AE(Mg,) = E(Mg,,,,) + E(Mg,_,) — 2E(Mg,) (7) jellium-like behavior. However, these elements are not fully
consistent, at least not within the spherical and ellipsoidal forms
where E(Mgp) is the total energy of the Mgcluster. Within of the jellium model. The lack of consistency may be a
the jellium model, the maxima &,E(Mg,) are associated with  consequence of the fact that the jellium-like attributes, which
electronic shell closur& This quantity is also often used as a have been invoked as yet another indicator of metallicity, are
measure of local stability. The graph a6E(Mgn) shown in still not fully developed in magnesium clusters smaller than 18
Figure 8 displays maxima at = 4, 10, 15, and 20 (cf. the 20 atoms (cf. a related discussion on the jellium model and the
discussion of Figure 4), as well asrat= 13 and 17. The latter ~ measured mass-spectra in refs 14 and 15). This would be
two cases correspond to ellipsoidal shell closure at 26 and 34consistent with the gradual onset of metallic features as
electrons®® discussed above in terms of the difference in the electron binding
Finally, in Figure 9 we present the vertical electron detach- energies and the degree picharacter of the valence charge.
ment energies (VDE) computed for the anionic Mglusters But it may also be that the deviations from the jellium behavior
and the vertical ionization potentials ()Pcomputed for the reflect, at least in part, only a limited applicability of the jellium
neutral Mg, clusters, all considered in their respective native model to magnesium clusters. This issue will have to be resolved

n

configurations. The anticorrelation between the &#Rd VDE, in future studies.

anticipated from the jellium model for those clusters the neutrals  The overall conclusion from the analysis of the properties of
of which have closed electronic shells, holds only fe20. Mgn and Mg,~, n = 2—22, clusters presented above is that the
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