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Likely candidates for the ionic structure and lowest-energy minima of cationic sodium clustgtsaka
presented in the size range=4-40. We perform a systematic and unconstrained global optimization by the
basin-hopping method with three different energy functions: a many-body empirical classical potential modi-
fied to account for the extra ionic charge, a simple quantakiditype model, and a density-functional-theory-
based orbital-free model. The similarities and differences between the models are discussed, and the global
shapes are analyzed with the Hill-Wheeler parameters.

[. INTRODUCTION combination of such accurate calculations with optimization
algorithms in order to find the minimal energy configuration
Because of the fundamental interest in understanding hown some complex potential-energy surface turns out to be a
metallic properties built up in finite systems and becausadlifficult task, especially in the case of clusters where numer-
they exhibit the simplest valence electronic structure amongus secondary minima exist. Usually, the search of minima
all metals, alkali-metal clusters have been, since the pioneehas been performed using gradient techniques at the Hartree-
ing experiments of Knighet al,! the object of intense ex- Fock or coupled-cluster level, or by simulated annealing
perimental and theoretical attenti6r Although the simple  techniques combining the density functional theory with a
spherical jellium modél® proved to be successful in explain- Car-Parinello approact:!* However, such search algo-
ing many properties related to the so-called electronic shellithms are known not to be always successful in finding the
stability in the range from a few tens to a few hundreds ofglobal minimum and the situation worsens quickly as the
atoms, it has appeared that, despite the important screenimgimber of atoms exceeds a few tens.
and the leading role of the electrons in the stability, proper- Indeed, clusters are now commonly considered as a
ties of alkali-metal clusters are significantly influenced bybenchmark for testing global optimization algorithis?°In
the actual shape and geometrical arrangements of nuclei. Fparticular, many efforts have been devoted to the optimiza-
instance, the relationship between geometrical structures aritn of Lennard-Joned.J) clusters, for which several highly
optical spectra has been widely discus$&d® Moreover, re-  non trivial geometries can be found in the range of less than
cent experiment§ concerned with thermodynamical behav- 100 atomg?%2 The example of Lennard-Jones clusters has
ior have used the optical signatures of alkali-metal clusters tgshown that the determination of the global minima can be
pinpoint the influence of temperature, stressing the transitiomery tricky even in the case of pairwise interactions and only
from a rigidlike molecular-type behavior regime to a liquid- a few tens of atoms. Although there is no actual entirely safe
like or melted regime. Thus, even in the case of simple metahnd fullproof technique that ensures to find the actual global
clusters, the geometric factors are significant and the knowlminimum, some recent global algorithms such as the “basin-
edge of the equilibrium geometries of the low-lying isomershopping” technique developed by Wales and Ddyer the
is important. genetic algorithn® have demonstrated their efficiency and
Various directions have been pursued in order to includén many cases their use is necessary. Obviously the use of
the shape and/or ionic structure more or less explicitly inglobal techniques also imply an extensive sampling of the
theoretical investigations. In principlap initio calculations  potential energy surface and cannot yet be at present com-
performed by Hartree-Fock plus configuration bined with fully ab initio techniques, even though constant
interactior**'2 or density-functional theofy!®> methods progresses are made to speed up the electronic calculations,
are certainly the most reliable and accurate in determinindjke for instance the developments of algorithms scaling lin-
the forces acting on the nuclei and in obtaining the lowestearly with size.
energy isomers. Alkali-metal clusters present a rather favor- Various schemes have been developed to reduce the sys-
able case since the electronic problem can be rather safetgm complexity and to deal with ionic structure and shape
restricted to the valence metallic electrons via the use ofsomerism in a larger size range, up to a few tens. Several
adequate effective atomic core potentials or pseudopoterapproaches restrict the number of degrees of freedom asso-
tials. ciated with the positions of the nuclei and consider only
For sodium clusters including less than, say, 20 atomsglobal shapes of clusters, parametrized via deformation co-
suchab initio calculations were performéd!~—14®and have ordinates. The spheroidal jellium approximation was devel-
proposed low-lying equilibrium structures. However, theoped by Eckardt and Penzar within the self-consistent local-
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density approximatiofLDA) schemé&? Further extensions tabases in the different models for this class of clustéis;

of the jellium model including the lowest-order multipolar to discuss the validity of the various models, their similari-
deformations such as the structure averaged jelliuniies and their peculiarities with respect to the physics in-
modef®2° (SAJM) or the ellipsoidal jellium modé?~33  volved in the light of more sophisticated calculations when
were also investigated treating the electrons either via thavailable;(iii) to investigate the morphologic properties and
LDA or some corrected Thomas-Fermi type approximationsPuilding sequences in an extended size range; (@ndto
Whereas the above models still rely on the continuous backdiscuss the possible influence of the charge in the different
ground approximation, the number of degrees of freedom ignodels. Although we have performed similar investigations

drastically reduced and remains constant with size. Anothef°" the neutral clusters, the emphasis is put here on positively

interesting approach was provided by the use of pseudop harged clusters. Partially, the results for neutral clusters

tentials in constrained local density schemes implying'@ve already been discussed elsewfigfe.
spherically averaged pseudopotenffal§SAPS or more

realistically  cylindrically —averaged pseudopotentials Il. ENERGY FUNCTIONS AND OPTIMIZATION
(CAPS.23>36 However, whereas the latter methods fix no METHODS

constraint on the nuclei, the spherical or cylindrical average
of the ionic potential seen by the electrons may vyield some,
bias and prevent from finding a true three-dimensidBal)

At the scale of the sizes investigated heres40 atoms,
e three models will be presented in order of their increasing
computational complexity, namely from an empirical model

minimum, especially in open-shell situations. to a semiclassical model via a quantum one. The first sim-

Other approaches keep the full complexity related to th . )
nuclear degrees of freedom but simplify the level of treat-epIeSt model was chosen in order to perform nearly exhaus

ment of the electronic problem without iMposi@prior tive global optimization up to 40 atoms. It consists of a
pr . posirgp any-body classical potential of the Gupta type\ larger
global symmetry constraints. Various approximations an |

.Class of such potentials for metallic systems is the famous
models have been proposed and used. The present work S'té*ﬁ]bedded-atom modéEAM) family.%3 The Gupta potential

ates in this context and intends to compare and discuss in t . :
size range of 4—-40 atoms the 3D globally optimized strucgci based on the second-moment approximatiiA) of the

tures of singly positively charged sodium clusters obtaine ensity of states in a tight-binding modelin the SMA
L gy p y 9 . X odels, the total energy of a neutral system witlatoms

with different models to represent the atomic cohesion. Thio .

. . : cated ai{r;} is calculated as

lowest level of treatment is clearly associated with the use o

classical potentials, mainly with embedded-atom type poten- r

tials, which in the case of metal clusters are the most com- E({ri})=2 soz ex;{p( ——J”

monly used expressions. Even more approximative Morse : J# Fo

pairwise potentials have also been proposed in the’p&ge ro\ 1) 22

have also considered the tight-binding scheme which can be —Z {ggz exp{Zq( 1- i)“ )

considered as the simplest approximation of a linear combi- ! 17 r

nation of atomic orbtaléLCAO) quantum approach and was g,ch a potential was previously used by many authors for

found to produce realistic structures for neutral clusters af i) clusteré®4L45-4Recently, another type of embedded-

least in the range of 2—20 atoms where comparison could b&tom parametrization for LJ solids has been proposed by

made with more sophisticated calculations previously regagyed0 The effect of charging the cluster in this empirical
ported. Finally we investigate the semiclassical approach ra

; . ) . potential is, in principle, difficult to account for, because the
lying up on extensions of the Thomas-Fermi scheme, whic

atom-based pseudopotentidfidt is similar to the orbital-free

. ) ‘ nucleus. The charges then interact through electrostatic and
model previously used in several clusters studfesn inter-

 thi del is that it all h dv of ch d polarization forces. Such a model, with an uniform charge
est of this model is that it allows the study of chardeden  yiquiption over the volume and with scalar polarization

multicharged clusters with no modification®. Obviously forces (1f%) was employed by Li and co-workéfgo study

any of these methods might fail because of the approximag o jomb fragmentation of multiply charged sodium clus-

tions assumed. However, they provide sufficiently fast calcufers_ However, there are few problems in this crude model

lations of the potential-energy function so that they can 8Cthat can be easily solved. First, if the same values of the

tually bte porgbln?'d .W't? efflcl:len'ttk?lobal mree'—dlmensmggl parameterg, and {, are taken for both the neutral and the
unconstrained optimization algorithms in the size range ‘charged clusters, then ionic clusters are found to be less

50. . . bound than their neutral counterparts, which is in contradic-
We thus report a systematic comparison of 3D globally,, \ith experimental dats?~5* We have slightly modified
optimized structures of N!é clusters described t_)y the three_ these parameters in order to account for this discrepancy by

models. We have combined these models with the baswgemngto

hopping global optimization algorithm, which was proved to

be extremely efficient in the case of clusters and easy to el =ceg §+(n)=c§0(1+a/nb) )
implement and requiring na priori guiding lines about the 0 b0

cluster construction as it was used sometimes in other su@s new size-dependent parameters, with the vadues.6,
cessful optimization schemes such as genetic algorithmé&=1.27 andc=1.0055. A second problem comes from the

The scope is fourfold(i) to obtain reliable geometrical da- metallic nature of sodium clusters. In such systems, the
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charge is located mostly on the surface and not homogdated to the fact that all barriers on the initial surface vanish
neously over the entire volume. To mimic this effect in theafter deformation. Therefore, very large MC steps can be
charge distribution, we have used the simple model recentlysed to sampl& with respect to their value in a common
reported in Ref. 55. This model is built upon a simple obsersjmulated annealing process. Other types of deformations of
vation that surface atoms are less bound but more CharQEd. {ﬁe energy |andscape have been proposed, as in the recent
this scheme, an individual partial chargeis related to an  stochastic tunneling approach of Wenzel and Hamather.
estimatev; of the binding energy of a nucleisvia an em-  For each size in the rangesh<40, 5x 10* quenches were

pirical functionF: carried out during the basin-hopping search.
Our second model was developed initially for neutral so-
q-=QF(v-)/ 2 F(u)) 3) dium cluster$® and parametrized for reproducing molecular
' ' i I properties of Na and Na only. It consists of a distance-

dependent tight-bindingDDTB, or hereafter simply TB

whereQ is the total charge of a cluster. In order to facilitate quantal Hamiltoniarh given by

computations of the forces; is taken as a Morse potential:

Ui=24Wij(wi; —2) with wjj= exgdp(1—rj;/rg)], and F is A

chosen as a Fermi function h=2> hjaa;, (6)
ij

1+ exg 27
e 1,
Once the charges are known for a given ionic configuration
we add the Coulombic contribution to the energy in a similar
way as in Refs. 51, but with more realistic vector polariza-

\ 2 (1
tion forces: hy=h®+h@=S [pss(rik)_ so(Tik)
k#i 83p_83s

-1

4) wherea;" anda; are creation and annihilation operators cor-
responding to as orbital on nucleus or j, respectively. The
effect of p orbitals is included in a perturbative way in the
matrix elements:

F(v)=

, )

hij=hP+hP=te(ry— >
k#1,j

tso (M) tse (i) Tike ik }
€3p~ €35 ”rik””rij,

P12
3 g ofofe-)
' 17 fo psr), ts{r), andt.,(r) being the respective ion-ion repul-
1 aq; 1 X sion and thes-s ands-p,, transfer integra_lls. _These functions
t3 EI & ?— > Z aiEf. (5)  were taken as dependent of interatomic distances. The total

energy of the electronic ground state is calculated for a given
In this equation,E; is an electrostatic field created by all ionic qonfigurgtion as the sum of one-electron energies of the
point charges outside , ande; =1.01 a.u. is the polarizabil- occupied orbitals:

ity on sitei. The parametersgy, g, p, 9, andry of the

cof;t;:g!sve energy Wereztaken as those proposed bgtlLi E= > ne;. 9)
al..>>° g7=1.5955< 10" © eV, {;,=0.29113 eV,p=10.13, i eocc

g=1.30, andr,=6.9%,. These parameters were fitted only , . I
for bulk properties, and we are aware that this model shoquHere’ &S are the eigenvalues qf the Ham|It0n|an amds
therefore, be taken cautiously when used for clusters. are the occupation numbers. This model was previously used

- in many investigations ranging from geometrftalto
The parameterp, vo, andAv of the electrostatic model namic)({aff2 and thgermod nam?c‘éi‘lg“‘esstud?es For neutral
described by Eqgs(3) and (4) were fitted to more sophisti- y y '

cated density-functional theoFT) calculations at a finite _clusters, it has been showp to _prqwde Iqw-enfargy structures
temperature on the lar h dcl B 345 K38 Invery good agreement witab initio configuration interac-

P ge charged clustep at ' tion and density-functional studié$*%6it may nevertheless
Good agreement was found for the valyes 4.194, v,= y ' y

~ 6.6, andAv = 1.6. This empirical model is computationally underestimate stabilities at shell closings, despite a generally

correct behavior and the reproduction of odd/even size

simple enough so that local optimizations beginning with an ternations’

arbitrary structure are relatively cheap. This allowed us to The tight-binding model can easily deal with singly
use powerful global optimization algorithms to find the charged clusters, by simply modifying the occupation num-

L(r)]west-enlelzr%ybgeqmre]tneg of Nat(;]luzterfs.v\(l)tljr chmgedv(\%as bers in summing the orbital energies. The charge distribution
€ so-called basin-hopping method of Vvales an Y€ on the atoms in the cluster is thus only governed by delocal-

alriﬁdﬁ gsfd fort v?]ry dn‘ferfent s(,jysfteﬁ"ré_’.t. Brleflyt,htr:jls ization of the emptied orbital. It should be mentioned that
met g. | ec;ngZE OR ypearsur ace eto_rma '0? mef 0 s,t_a ere is no explicit electrostatic balance, and the electron-
an initial surfaceE(R) undergoes a staircase transforma 'ONglectron repulsion is not accounted for at all. Because the

toward a new energy surfa¢gR) =min{E(R)}, where min  giagonalization of a1xn matrix is required for each com-

indicates that a local minimization is performed Startlng Wlthputation of the energy, this quanta| model, albeit Simp|e’ is
configurationR. A simple Metropolis Monte CarldMC)  numerically more expensive than the empirical SMA model.
algorithm is used to explore the surfaEewhere the global In particular, the cost grows with size nearly as its cube,
minimum is to be found. The success of this method is rewhich is a serious limitation for large clusters. For this rea-
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son we had to reduce the number of local optimizations irtaken asag, larger values leading to numerical uncertainties
the basin-hopping search down to 5000. make difficult the separation in energy between close iso-
In an extended-Thomas-FerrfitTF) approximation, the mers. Since there are no explicit shell effects nor orbitals in
ions are still represented by discrete masses, but the valenties model, its cost roughly increases linearly with size.
electrons are treated explicitly. To each ionic configurationHowever, in the size range considered here, it is still much
R={r;} corresponds an electronic densit{r) which can be more expensive than the TB model due to the continuous
used, in turn, to calculate the forces acting on the ions. In thisepresentation of the electronic density. Systematic and un-
model, the potential enerdy is written as the functional of constrained global optimization in the same way as with the
the densityp and the ionic coordinateg;}:*® previous models thus appeared to be impossible at the same
scale. We have instead chosen a “semiglobal” approach
Elp.{ri}]=Erd p]+Ewlpl+Enlp]+Exclp]l+Epi[{ri}] where only databases of structures generated by other models
were locally reoptimized in the ETF model. Assuming that
+Eidp{rit]. 10 e ener e
gy landscapes bear some similarities, we can perform
The different terms in the latest expression are briefly reeach local optimization only once instead of possibly hun-
viewed as followsE+g p] is the electron kinetic energy in dreds of times by standard basin-hopping. Of course, the
the Thomas-Fermi approximation, which takes the form  price we pay for this bias is that some important structures
3 may be missed because of the differences in the energy land-
_ > 2v2/3 | 5/343 scapes. In the present case, however, we believe that this
Erdpl= 1537 f pd (1) approach remains fruitful, as we shall see below. Among all
isomers collected after a basin-hopping search for any given
size and model, we kept the 100 lowest in energy for local
optimization in the ETF model.

The Weizsaker termE,y gives the first-order gradient cor-
rection toE+¢ p] to take into account, for inhomogeneities
in the electron density:

A ((Vp)? IIl. RESULTS AND DISCUSSION
Ewlp]l=—5 d’r, (12

The lowest-energy geometrical configurations of the

where the constankyy is taken as 1.44 au. The electron- Na,* clusters found by the basin-hopping algorithm or by a
electron interactions are given by the usual Hartree term |ocal reoptimization are presented in Fig. 1 for the three en-
ergy functionals. The corresponding binding energies and

Elp]= }f p(r)p(r’) & d?r’ (13 point groups are given in Table 1. The particular stability of
HLAI= 5 r—r'] ' some sizes is emphasized in Fig. 2, where we plotted the

) ) ) _ total energy relative to a fit on liquid drop like model of the
plus an exchange-correlation functional in the local-densitytorm E(N)=a+bNY3+cN?3+dN. In the bottom panel of

approximation: this figure, we also presented the relative stability of each
3\ 13 cluster with respect to its neighbors, quantified LyE(N)
Elol=- 3| o] [ otiEdel g SENCDAEN-Do2EN). |
™ Morphologies predicted by the empirical SMA potential

The Gunnarsson and Lundqvist parametriz&fiomas cho- have many similarities with the global minima of pairwise
sen for the correlation functioB[p]. The ion-ion interac- Lennard—Jon_es clusters. At low sizes, the growth sequence
tion E,[{r;}] is taken to be just the Coulomb interaction l€@ds to an icosahedron at=13, by capping atoms over a
between ions N i andj. Finally, the ion-electron interac- Seven-atom pentagonal bipyramid. The bipyramit=6)

tion is modeled by a local and spherically symmetric pseudo2nd antiprism =8) are the only exceptions to this rule.

potential V,{r) to mimic the interaction between a valence Surprisingly, the growth over the primitive icosahedron does
electron and an ion core, not follow immediately the same rules found for LJ or Morse

clusters. While Ng," and Nas* are still singly and doubly
3 capped icosahedra respectively, the structure of;Nan-
EI—e[Pi{ri}]:f p(r)Vien({ri},rd-r, (15 cludes some elements of hexagonal symmetry, which were
not observed by using other many-body potentials,;Na
prefers a non-compact geometry, with four capping atoms
Vio{rit 1) =2 Vpdlr=ril). (16)  that minimize electrostatic repulsion. Fram+18 to n=40
' atoms, the anti-Mackay, or “polyicosahedral” growth se-
We have used a “flat” pseudopotential given, fot=|r quence is generally found. As the inner pressure becomes too

—ri|, by high, larger sizes exhibit preferentially the Mackay growth
sequence involving multilayer icosahedra. Only two
-1, r'>ry Mackay-type clusters are seen for39 and 40 in Fig. (a).
Vodr') = 1 r'\6 ’ (170  The special stability of anti-Mackay clusters is also exhibited
“Br. _(r_) } r<rp on Fig. 4b) by the series of peak&econdary magic num-
n n bers for n=19, 23, 26, 29, and 32.
with the value 3.58, for the cutting radius,. This model Only one size above 8 displays a geometry not based on

was used with a real-space grid, for which the flat pseudopentagonal or icosahedral symmetry, namely;gla This
potential is computationally cheaper. The grid stepvas  cluster is a truncated octahedron in the SMA model. This
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very peculiar geometry turns out to be met very often induring the global optimization is very small.
clusters of this size modeled by simple potentials, the only The distance-dependent tight-binding model exhibits very
exception being the Ay cluster in the work by Garzoand  different equilibrium geometries in the complete range 4—40.
co-workers®® It has been also observed experimentallylndeed, only forn=5 and 7, and for the larger sizes
among nickel cluster® At the size ofn=28, the cluster =25-29, 31-34, the same structures are found in the SMA
does not exhibit any special symmetry, and looks ratheand TB models. While the growth sequences could be easily
compact. No evidence for close-packéexcept the fcc identified in the SMA model, we now see a very strong size
Nagg™) or decahedral structure was found for this size rangalependence, especially at low sizes. The global geometry of
in the SMA model. clusters containing up to about 25 atoms is based on capping
We have also investigated the neutral clusters using thsolated atoms over a fivefold symmetric seed. The resulting
SMA potential. Preliminary results have been publishedstructures are not compact. Good examples arg;Nar
elsewherd! For the most sizes in the range 4—40, we foundNa,;". For the small clusters, the present geometries re-
no significant difference in morphology between,N8MA)  semble those of CI calculatiod$? Fromn= 16, an icosahe-
and Na* (SMA), but only some distortions in several cases.dral core sets up and becomes a double icosahedron core
Of course, the absence of any quantal character and the deith a missing apex atom beyond=18. Although the
creasing influence of the extra charge should be responsibrowth sequence differs from that obtained in the SMA
for this. However, the model of charge distributions that wemodel, anti-Mackay geometries are present systematically
have used in the present work, in contrast to the homogefor all larger clusters up to 40 atoms. In particular, we do not
neous distribution used in Ref. 41, yields some structurakee any truncated octahedron for 38, neither any decahe-
differences for the sizes=15, 17, and 34. In all the cases, dral, close-packed or Mackay-type structure in this size
the energy gap between two lowest energy isomers founcange.

(a) Empirical model (b) Tight-binding model
A ¢ - ¢
4 5 4 5

9 10

SRS

14 15

L

19 20

Eé

11

39 40

FIG. 1. Structures of the Na clusters, 4&n=40, found by a basin-hopping Monte Carlo minimizati@VA and TBA models or by
a local reoptimizatiofETF mode]. (a) Results in the empirical SMA modelb) results in the simple quantal TB modét) results in the
semiclassical ETF model.
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(c) Extended-Thomas-Fermi model to estimate the possible failures of the growth algorithm in
Ref. 61, we also optimized the neutral clusters by basin-

hopping, with the same number of quenches as for the cat-
ions. We did not find any difference with the work of Poteau
and Spiegelmann except for large clusters34. Hence the
geometries of clusters containing up to 34 atoms is signifi-
cantly influenced by the electron count. The comparison be-
tween the neutral and charged clusters containing more than
about 20 atoms shows that the occurrence of a capped double
icosahedron and of anti-Mackay geometries becomes general
for both charge states. In the range upte 39 atoms, only
some qualitative differences remain between the structures of
Na, and Na*, but they still involve anti-Mackay geom-
etries.

The structures found in the semiclassical extended-
Thomas-Fermi model are represented on Fi¢g).1This
density-based model treats explicitly the continuous back-
ground of valence electrons; however, it misses quantal fluc-
tuations associated with the electronic shell structure which
can be restored only with a more realistic kinetic energy
description, actually with explicit orbitals as in the Kohn-
Sham scheme. As a consequence, it has a smooth size-
dependent behavior which explains the lack of significant
deviations in the upper part of Fig. 2. It is striking that many
geometrical configurations presented in Figc)lare the
same as those obtained using the empirical SMA potential.
In particular, the only sizes above 8 where the ETF and TB
geometries are identical are 26, 29, and 30. Moreover, the
energies of isomers which correspond to the global minima
in the SMA potential are very close to the ground state en-
ergies, as seen from Table I. Thus, we found the icosahedral
and anti-Mackay growth sequences to be dominant in the
size range 4£n=<40. We also found the hexagonal elements
atn=16, but also ah=15, 17, and 22. The truncated octa-
hedron is close to the lowest-energy structura-at38 only,
but we found two Mackay-type geometries for 39 and 40
already obtained with the SMA potential. Similar morpholo-

FIG. 1. (Continued. gies induce similar stabilities, as can be inferred from Fig.
2(b). The same secondary magic numbers are found with the
The tight-binding model includes quantal effects explic-ETF model as with the SMA model, that characterize the

itely such as the electron delocalization, and the structure@nti-Mackay sequencei=13, 19, 23, and 26. The peaks are

found reflect some of these aspects. A striking example is thBowever less marked in the ETF model, and no special sta-

odd/even alternation in the stabilities that one can observe iility can be guessed for Ng' from Fig. 2b), although a

the lower part of Fig. 2. Some structures having an everlistinct peak is observed for=32. o

number of valence electrons are thus much more stable than !N addition to the energetic quantities presented in Fig. 2,

their neighbors. When this occurs along with strongly sym-We have investigated some geometric features of the clusters

metric ionic geometries, the cluster can be even more stabl#? the three models. For this, we have calculated the Hill-

This happens fon=5, 7, 9, 11, or 29. Not surprisingly, the Wheeler parameters., j, and y well known in nuclear

important variations with size are also reflected on the larg®nysics. These parameters provide a global information on

deviations with the continuous liquid drop model in Fig. the average shape of a given cluster. The root-mean-square

2(a). radiusr is defined by
Neutral sodium clusters in the tight-binding model have

been considered previously. The geometries obtained by Po-

teau and Spiegelmafup to the size 40 are very different _

from those reported here for cationic systems, especially for Fe=

small clusters where the effect of an extra charge is expected

to be more prominent. The growth algorithm used by these

authors is not as efficient as the basin-hopping method usethe evaluation of . according to Eq(18) requires that the

in the present work, in particular it may miss some verycluster center of mass is located at the origin of a reference

important geometries resulting from global structuralframe. The shape parametgsndy are related to the prin-

changes such as the anti-Mackay/Mackay transition. In ordegipal momenta of inertid; =1,=13;=0 via the expression

S|

1/2
> ) | 19

=1
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TABLE I. Binding energiegin eV) and point grougPG) of all TABLE I. (Continued.
clusters found in the three models. For each size, the lowest energy
is in bold face. Size SMA B ETF PG
Size SMA B ETE PG 30 —25.074 —24.299 —29.253 C,,
30 —25.069 —24.356 —29.275 C,

4 —2.797 — —3.730 Tq 31 —25.947 —25.278 —30.260 C.
4 — —1.926 — Dan 31 —25.928 —25.167 —30.274 Cs
5 —3.524 —2.765 —4.715 D3p 32 —26.913 —26.176 —31.297 C,,
6 —4.335 — —5.698 Oy 32 —26.845 —25.893 —31.338 Cy
6 — —3.412 — Ca 33 —27.803 —27.147 —32.252 Cs
7 —5.099 —4.471 —6.669 Dsh 33 —27.719 —26.783 —32.279 C,
8 —5.861 —5.037 —7.616 D2g 34 —28.761 —28.002 —33.286 Dsp
8 — —5.088 —7.499 Cs 34 —28.739 —27.882 —33.316 C,
9 —6.661 —6.035 —8.585 Cy, 35 —29.626 —28.677 —34.309 Cs
9 —6.631 —6.174 —8.563 Dap 35 —29.545 —28.911 —34.214 Cs
10 —7.494 —-6.715 —9.553 Cs, 36 —30.492 —29.373 —35.291 C,
10 —7.382 —6.775 —9.551 Cs, 36 —30.489 —29.697 —35.212 Cs
11 —8.318 —7.461 —10.519 Cy, 37 —31.449 —30.535 —36.252 Cy
11 —8.122 —7.714 —10.517 Dan 37 —31.419 —30.687 —36.244 Cs
12 —9.227 -8.177 —11.529 Cs, 37 —-31.373 —30.434 —36.301 C,
12 —8.990 —8.313 —11.526 Cs 38 —32.372 —30.875 —37.294 Th
13 —10.212 —8.982 —12.601 Ih 38 —32.285 —31.496 —37.248 Cs
13 —9.749 —9.243 —12.598 Cs, 38 —32.339 —31.302 —37.305 Cs
14 —10.960 —9.847 —13.512 Cs, 39 —33.313 —32.296 —38.363 Cs,
14 —10.808 —9.945 —13.507 Cs 39 —33.218 —32.459 —38.173 C,
15 —11.790 —10.813 —14.370 C,, 40 —34.187 —33.036 —39.318 C,,
15 —11.578 —10.911 —14.476 Cs 40 —34.173 —33.302 —39.294 Cs
15 —11.768 —10.830 —14.484 Dgg
16 —12.623 —11.556 —15.436 Cs ) (4k—3)
16 —12.481 —11.714 —15.434 Cs ) . o) _
17 —13.464 —-12.615 —16.380 Ca, Ik_§r° 1+'Bsm( LA ” k=123. (19
1; 712'33? B i;g;; 712'223 % B lies in the range & B=<1, and is a measure of the cluster

' ' ' d oblatenessy is in the range & y=< /3, and measures the
18 —14.359 —13532 —17.376 Cs cluster triaxiality. A zero value for3 means a spherical
18 —14.296 —13.545 —1r.374 C1 shape, while (& 8<1, y=0) defines an axially symmetric
18 —14.318 —13.464 —17.379 Cs prolate ellipsoid and (& 8<1/2, y= m/3) defines an axially
19 —15.303 —14.522 —18.451 D symmetric oblate ellipsoid.
19 —15200  —14.544 —18.448 Cs The variations of the parameters, B, and y are repre-
20 —16.149 —15.327 —19.403 Ca, sented on Fig. 3 as function of the cluster size. From the top
20 —16.038 —15.371 —19.401 Cs most panel of Fig. 3 we observe that the three models used
21 —16.995 —16.293 —20.356 Coy predict different average ionic densities: for all sizes except
21 —16.873 —16.353 —20.350 Cs for Na,* (TB), ETF clusters are bigger than SMA clusters,
22 —17.880 —17.074 —21.333 Cs which are, in turn, bigger than TB clusters. This finding is
22 —17.836 —17.145 —21.335 Cyy consistent with the ordering of the equilibrium bond length
22 —17.801 —16.900 —21.352 Den R, of the dimer Na in the three modelsR.=6.73, in the
23 —18.843 —18.035 —22.383 Dsp ETF model, 6.33, in the SMA model, and 5.8&% in the TB
23 ~18.661 ~18.092 —22.304 Ca, model. However the two former models were not expected to
24 —19.684 —18.927 —23.324 Ce be accurate for very small clusters, whereas, on the contrary,
24 ~19.616 ~18.930 —23.335 C, the TB model might not be flexible enough to correctly ac-
24 19678 ~18.865 —23.338 C. count for the nearest—nelghbor distance increase between the
o5 20579 _ 19918 24.309 C. d_|m_er and_the bulk. In Fig. @), we also obse/rve some de-
25 _20.508 _190.918 24323 c. viations with respect to the continuous laM#® for some
26 —21550 —20.788 95 346 T, highly non-s_phgzncal configurations such as of Na(SMA).
27 _ 22 338 _21.648 26.298 c, Nonsphencn_y is bettgr reflected by .the _parameievwhose
7 _ 22350 21501 26.320 sz variations W!th_ thg size are shown in FiglbR Because of

' ' ' v the strong similarity between the SMA and ETF morpholo-
28 —23.273 —22.519 —27.248 C1 gies, we see mainly two different variations gfwith the
28 —23.259 —22.266 —21.338 T size, either with the SMA/ETF or TB models. In classical or
29 —24.236 —23.583 —28.328 Dap

semiclassical models, many clusters appear as rather spheri-
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FIG. 2. Energetic stabilities of the clusters in the three models. 80
(a) Relative energies are given with respect to the liquid-drop model
energyE, pm(N). (b) A,E(N). All energies are expressed in eV. 60 |
The best fits for the liquid drop energies were obtained with the .
following values of the parametersEsm(N)=—0.60379 g
+0.200 10NY3+0.703 9N?3-1.063N;  E/5,,(N)=—0.56079 Sl
+0.097 743+ 0.403 5N?3—1.0250N; Erpm(N)=0.507 19 >
—0.078 60N+ 0.497 9N~ 1.0544N.
20
cal. The highly symmetric N&, Nag*, Nas", Na", o

Nays", Nayg", and Na," clusters, in both the ETF and SMA 0
models, as well as Ng+ (SMA), have very low values of
B. On the contrary, some sizes exhibit a significant non-

; ; + +
spherical character in these models, such ag"Nalg;", clusters in the three model&@) Average radius . in atomic units;

Nags", or Nayg". Ir_1 the tlg_ht-blndlng model, only Ng’ . (b) sphericity parameteg; (c) triaxiality parametery in degrees.
seems to be spherical, but it has the same geometry as in the
other models. _ _ o size-dependent ionic morphologies. The quantal effects
Not much information provides a triaxiality shape param-present in this model are therefore extremely important in the
etery displayed in Fig. &). This is mainly due to the high complete size range<40. Consequences in terms of the
sensitivity of this quantity with respect to small distortions. gynamics could be also of a major importance, because not
This is a particular problem in the ETF model, where thegn)y the lowest-energy isomer but also the complete energy
optimization had to be made within some uncertainty on th§angscape should be affected by the differences observed. As
energy, resulting in some uncertainty on the ionic geometryy matter of fact, some of these differences have been ob-
In the SMA model, most clusters exhibit either very small seryed from the thermodynamic behavior in a few selected
(y~0) or very large ¢~ n/3) values ofy, suggesting axi-  cased! Conversely, the general similarity between the clas-
ally symmetric configurations. The only nota_ble t_riaxial clus-gjcal SMA and semiclassical ETE models suggests similar
ters(having also reasonably large valuesg)fin this model  energy landscapes, and hence a qualitatively similar thermo-

are found forn=11, 22, 30-32. The tight-binding model gynamic behavior. Recent theoretical investigations seem to
predicts usually a larger number of triaxial shapes, includingonfirm the present hypothedis.

n=6, 8, 12, 14, 17-22, 24, 25, 30-33, and 35-40. Indeed,
as can be seen from Fig(c3, only a few structures are IV. CONCLUSION
axially symmetric in average in this model.
The geometric parameters investigated demonstrate the We have investigated geometrical properties of medium
basic propensity of the tight-binding model to yield strongly size cationic sodium clusters Nafor n<40. Three model

FIG. 3. Hilll-Wheeler shape parameters, 3, andy for all the
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potentials were used to describe the metallic bonding. First, Hons. The CAPS results however differ significantly from
many-body empirical potential of the embedded-atom familythose obtained by all models applied hererigr25. Indeed,
was modified to account for the extra ionic charge. AKimmel et al® found Nas" to be an essentially prolate
distance-dependent tight-binding model was also used as ofigple icosahedroriaxial cluster having four pentagonal rings
of the most simple quantal model. At last, a semiclassicahnd five atoms on the ajisalso seen as the building block
DFT-based orbital-free model was used. In the range of sizegy the growth sequence in the range 25-55. This sequence
investigated here, all these models keep a reasonable compisyrelates with the finding of a fivefold symmetric two-body
tational cost wh_lch allows for extensive and ur_‘CO”Str"’?'ne%tructure for Ngs* with an extremely strong octupole defor-
global optimizations. We have chosen t'he “baS'n.'hC)ppmg”mation. The influence of the CAPS constraint in this range
method of Wales and Doye for the two first potentials, but Nshould however be checked. On the other hand, the three

the case of the _se_mic_lassical potential,_we had to adopt fodels applied here, including the tight-binding model,
semiglobal” optimization approach starting from databasesshow structures built around one or several intricated double

of putative lowest-energy configurations. . o :
- - : cosahedra, not exhibiting such large deformations.
The geometries obtained with the TB model are generall)5 The global analysis %f geome?rical configurations ob-

different from those obtained with the classical and semiclas- . ; -
sical potentials. For small cluster ions=2-9, 11, and 21, t@ined was made with the Hill-Wheeler parametess 5,

configuration-interactioifiCI) calculations based on Hartree- @ndy. Values of the oblateness paramegemave shown that
Fock gradient optimization are availatfiéll TB structures ~ Many sizes can be considered as spherical in the classical and
are in agreement with the Cl results except for two cases. Fdeémiclassical models, but not in the TB model where only
n=5, the TB model yields a bipyramid. The lowest CI struc- Nays" is spherical. Unfortunately, the amplitude of varia-
ture hasD,4 symmetry, and consists of two twisted trianglestions of the triaxiality parametey are very large, which
sharing one apex atom. For=9, the CI structure consists of makes the interpretation difficult. However, we have ob-
two twisted rhombus superimposed with an extra atom capserved that the general trend of the TB model is to predict
ping the upper rhombus. The present TB structure is closelyriaxial structures, whereas the classical and semiclassical
connected to this Cl geometry, and only differs via the me-models favor axisymmetric shapes.
dium section which is a square instead of a rhombus. The An application of a semiglobal approach was very instruc-
D,y TB structure is also very close to the Ck structure. tive in the present case, because it turns out that the classical
One should notice that, for=4, 6-9, and 11, agreement is and semiclassical models predict very similar ionic structures
also reached with the results of unrestricted quantum main the whole rangen=4-40. Indeed, this similarity is not
lecular dynamicg? The latter work involves approximations surprising because the semiclassical ETF model can be con-
of the time-dependent LDA equations which were derived insidered as an embedded-atom version of the quantal Kohn-
order to study a cluster-atom charge transfer. This agreemegham density-functional theory, in the same way as the em-
reflects the more realistic quantal effects exhibited by the TBpirical SMA potential is an approximation of the quantal
model, accounting, in particular, for Jahn-Teller deforma-tight-binding model. This feature could be used to analyze
tions, examplified forn=13. One should also notice the the microscopic aspects of melting of ETF clusters in terms
stronger effect of charging the clustéhe other models do of regular quenches performed using the SMA potential. In
not show such a structural dependeneghich was also this purpose, a better fit between these two models could be
found in ab initio calculations involving ionic structuréS.  obtained following the suggestion of HarfReto simulta-
Below the 15-ion size, the TB model does not provide anyneously globally optimize the geometries in the semiclassical
particular growth sequence, while above this size, pentagongbotential while fitting the parameters of a classical potential
and icosahedral elements become usual. These elements akeer configurations of an accumulated database.
clearly displayed by the classical and semiclassical models The present results show that only the TB model is physi-
even for smaller sizes. In particular, the growth sequence ofally relevant with respect to more sophisticated studies in
an icosahedror(for n=13) appears to be similar to the the rangen<20. This model includes orbital effects which
growth of Lennard-Jones clusters. An interesting property ofjield important features such as the odd/even alternations in
these two models is that they exhibit some hexagonal elethe stabilities or Jahn-Teller deformations. It also provides
ments for several sizes. In the semiclassical modeh,Na the main magic stabilities at=9, 19, and 21, although the
has everDg, symmetry. shell effects are not explicitely accounted for. The two other
A wide range (=7-55) of odd clusters have also been models are unable to reproduce these properties. In the large
investigated with the CAPS formalisfnin the range 7—21, size range, the impact of the detailed electronic structure is
similarities are found with the present results. In particularexpected to be less important, and the description of metallic
the occurence of low energy structures showing an irregulabonding by the SMA and ETF models should become more
growth sequence around a single icosahedron beyond realistic. We then expect these models to be useful as guide-
=15 towards the double icosahedron. This latter structurdines for optimization of clusters containing more than a hun-
was found as the lowest isomer of Na in CAPS calcula- dred atoms.
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