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We investigate theoretically the progressive coating gf 1§/ several sodium atoms. Density functional
calculations using a nonlocal functional are performed for jJaDd NaCg, in various configurations. These
data are used to construct an empirical atomistic model in order to treat larger sizes in a statistical and
dynamical context. Fluctuating charges are incorporated to account for charge transfer between sodium and
carbon atoms. By performing systematic global optimization in the size rasge<I30, we find that NgCsq,
is homogeneously coated at small sizes, and that a growing droplet is formedreb8vel he separate effects
of single ionization and thermalization are also considered, as well as the changes due to a strong external
electric field. The present results are discussed in the light of various experimental data.
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[. INTRODUCTION Hira and Ray, performed at the unrestricted Hartree-Fock
(UHF) level, and the recent density functional theOBFT)

Bulk compounds of g with alkali or alkaline earth met- calculations by Hamamoto and co-worketssing the local
als can develop particularly interesting properties such agensity approximatiofLDA), predict quite different results
superconductivity~* At the gas phase level, the interaction for the physical properties and favored structures of bia
between a fullerene molecule and metal atoms has attractedZo.
significant attention, from both theoreticiah¥ and In order to address this problem, we have constructed an
experimentalists’~2° Coverage of fullerenes with semicon- empirical atomistic model, allowing extensive sampling of
ductor atoms or clusters has also been investight&dFor  the configuration space in a wide range of sizes. In turn, this
alkaline earth materials it is now commonly accepted thaenhanced sampling enables one to achieve unconstrained
many atoms homogeneously surround thg @olecule in  global optimization as well as dynamical and finite tempera-
spherically centered shells. For other metals, such atire studies.
lithium,>512213 strong charge transfer takes place with car- For this model to be physically and chemically realistic,
bon and the resulting ionic interaction may be stronger thanve first carefully performed first-principles calculations of
the metallic bonding. As a consequence, homogeneous codhe binding of Na and Naon G;,. These calculations, de-
ing of Cy is also observed at low coverage. The same situscribed and discussed in the next section, are converted into
ation is seen for potassitt'®2° and rubidium®?® ad-  a suitable set of parameters for our model, as fully described
sorbed on G,. The adsorption of gold leads to a somewhatin Sec. Ill. The main results can be separated into five cat-
different picture, where the metal cluster is formed next toegories, which will be presented in the following order. After
the fullerené?® In this case metallic bonding dominates over describing the most stable structures found with the present
the partially ionic-covalent Au-C interactions. model, and some of their properties, we discuss the distinct

Here we will focus on sodium, which has been the subjeceffects of charging and thermalizing the clusters, and the
of a debatd®2?6282%The results of mass spectrometry mea-possible influence of a strong external electric field. The dif-
surements, and the magic numbers inferred from these meéitsion dynamics of the metal atoms over thg, Surface is
surements by the group of MarttfiJead to the conclusion of also discussed. The main results are summarized and dis-
a regular coating of §. Photoelectron spectroscopy mea- cussed in Sec. V, in the light of the various experimental and
surements by Palpaet al?®?®were interpreted rather simi- theoretical works available. A tentative rationalization for the
larly, these authors also providing some evidence that coagpparently contradictory observations is finally propo¥ed.
ing proceeds by trimers rather than monomers. On the
contrary, the measurement of electric dipoles and polarizabil- II. FIRST-PRINCIPLES CALCULATIONS
ities by Dugourdet al?® seems to indicate that a segregated
metal droplet is formed on the surface of the fullerene. Since A. Methods
the experimental conditions for the production of these clus- Density functional theory calculations have been used to
ters are similar in the three apparatus, then mainly the inteprovide reference data for the interactions between a
pretations differ. fullerene molecule and one or two sodium atoms. The

Up to now, there have been essentially three theoreticaB3LYP hybrid method proposed by Becke* and included
investigations of this problem, at least to our knowledde®  in the caussiangs packagd® was used. This method is a
The work by Rubicet al.” assumes a complete wetting of,C  mixture of Hartree-Fock and DFT exchange terms associated
by sodium with a phenomenological two-shell jellium de- with the gradient corrected correlation functional of Lee
scription. This does not help much in elucidating the actuakt al3’ Calculations were made using the LANL2DZ basis
structure of NgCq, compounds. Thab initio calculations by ~ sets proposed by Hagt al3® where the double-zeta quality
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TABLE I. Adsorption energie&,, equilibrium distances Na-C, Mulliken charges on the alkali atom, and
dipole moment of Nagy. The present values are given in bold face.

Adsorption site E, (eV) Na-C (A) gle u (D)
H 0.650.1022.10" 2.745.08%2.69° 0.871.07° 14.5314.63°
P 0.620.1022.05° 2.705.18%2.70° 0.871.06° 15.6015.80°
BHH 0.580.1021.93° 2.595.00%2.47° 0.871.05° 17.0816.54°
BHP 0.550.1021.78° 2.535.00%2.46"° 0.891.06° 16.3216.48°
T 0.520.1021.98° 2.474.50%2.39° 0.851.04° 16.9917.10°
16.3+1.6°

8Unrestricted Hartree-Fock calculatio(Ref. 8.
®DFT-LDA calculations(Ref. 16.
‘Experimental daté&Refs. 29,40.

was used for the carbon all-electron calculations while effecapproximation in the latter work. This approximation is
tive core potentials were used for sodium atoms to replacknown to often strongly overestimate adsorption enertfies.
the ten inner electron cores. For these atoms the valend@ contrast, Hira and R&yperformed unrestricted Hartree-
electrons were described with double zeta quality basis sefsock calculations of Nag and predicted a very weak ad-
proposed by the same authors. sorption energy of only 0.10 eV with no energy difference
The first part of our calculation focused on the adsorptionyetween the five different sites. Bond sites configurations,
of a single exohedral Na atom on thggGnolecule. The  \hich are probably not true minima, show a small preference
DFT-LDA calculations performed by Hamamoto and ot 03 eV for the G-C bond, in agreement with the findings

6
co-workers® showed that the geometry ofgCdoes not by Hamamoto and co-worket§ The less stable of the five
change significantly during the full geometrical optimization configurations corresponds to the vertex site, indicating that

of NayCeo (with 1=n=12), compared to the case of PUT€ the adsorption of a single alkali atom is favored by a maxi-
Cso- SO, in the present study, the fullerene was frozen at 't?’nal coordination.

optimized geometry and, for Ng6.and NaCeo, only the Estimates of the barrier for diffusion of Na ovegfan
positions of the alkali atoms were relaxed. We can dlstm—be made from the data in Table I. We find barriers of 0.07 eV
guish two kinds of CC bond lengths in thgdnolecule. The betweenH sit betweelP 't. 4007 and 0 1(') v
simple C-C and the double-6C bonds used in this study _c WEENH SIES Or between sites, and 0.07 and U.19 €
were respectively frozen at 1.45 and 1.37 A, close to th&€WeenH and P sites. Thus we can expect a significant
experimental values of Hedbeeg al3® mobility at room temperature, an_d a p053|_ble influence of
temperature on the average location of sodium atoms.

The net charge on the alkali atom, as estimated from a
Mulliken population analysié? is also given in Table I. Our

We labelH the adsorption site located above the center ofegyits are consistent with experimeft&F*® and other
an hexagonal site? the site above a pentagon, BHH above iheoreticat 16 studies, which predicted an electronic transfer
the double G-C bond, BHP above the single C-C bond, and st ahout one electron from the singly occupied atomic orbital
finally T abt_)ve one carbon ato(ngrtex). In each case, only ¢ the alkali atom to the lowest-unoccupied molecular orbital
the radial distance from the alkali atom to the center ok (L UMO) of Cy,. This behavior indicates a significant ionic
was optimized. The adsorption energids;X of p sodium  ponding of the alkali atom with the fullerene. In the unre-
atoms on (g were calculated from the equation stricted Hartree-Fock calculations performed by Hira and

_ _ Ray; no significant electronic transfer between Na ang C
Ea=E(Ceo) + P E(N&) ~ E(Ng,Cgo). @) \was observed. This was correlated with a large dribsd}ance
Different spin multiplicities were checked in order to get the (larger than 4.5 Abetween Na and £, and no actual bond-
most stable ground state. ing.

The adsorption energy, equilibrium distance, charge trans- The optimized bond lengths between the alkali atom and
ferred and dipole moments are presented in Table | for théhe nearest carbon atom calculated using the nonlocal func-
five adsorption sites. As can be seehandP are the most tional are listed in Table I. These values show a decrease
stable configurations with a small preference of only 0.03 eMrom H to P, then BHH and BHP, and finally td sites. Thus
for the hexagon. the Na-C distance somewhat also reflects Na coordination.

These results are in agreement with the calculations per- Finally, the dipole moments are given in Table | for all
formed by Hamamotcet al!® who found H as the most five configurations. Their values range from 14.53 D for site
stable configuration with a weak difference betwétandP  H to 17.08 D for site BHH. They agree well with the experi-
of about 0.05 eV. However, the adsorption energies reportethental data by Antoinet al,*® who reported a dipole mo-
in Ref. 16 are between 1.23 and 1.45 eV higher than ourament of 16.3-1.6 D. Our results are also in good agreement
Since in both calculations double zeta basis sets were usedjth the DFT-LDA calculations of Hamamoto and
this difference is certainly due to the use of the local densityco-workers'®

B. Adsorption of a single alkali atom on Gy
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TABLE Il. Adsorption energie€,, equilibrium distances Na-C and Na-Na, Mulliken charges on each
alkali atom, and dipole moment of Bi&g,.

Adsorption site E, (eV) Na-C (A) Na-Na(A) gle u (D)
adjacent 0.98 2.55 4.46 0.83 23.75
opposite 1.31/0.2424.09° 2.724.482 0.851.05° 0

8UJnrestricted Hartree-Fock calculatiofRef. 9.
PDFT-LDA calculations(Ref. 16.

C. Adsorption of two alkali atoms on Cg simultaneously but independently applied to a variety of di-
|.atomic molecules and some peptides by Rapgaed
Goddard** as well as multicharged metal clusters by Sawada
and Sugand® More recently, the group of Berffehas sug-
gested how to improve molecular dynamics simulations with

atom to the Gy molecule and weak diffusion barrier on the ﬂ o : X hni
Ceo SUrface, we can expect that two alkali atoms will un- flUC-d potentials by using extended Lagrangian techniques,
n a fashion similar to the Car-Parrinello mettidMore

dergo a strong electrostatic repulsion. Two configurationé_ derivat ; density f onal th h
were selected, with two adjacent sites or two opposite sited!90rous derivations from density functional theory have
ince been proposéf?®and also a treatment within hybrid

respectively. Sincél sites are the most stable in the case of® hanical/molecul hanical 50Eh
a single atom, we have restricted the present study to hefluantum mechanical/molecular mechanical modelshe

agonal sites only. In the case of opposite sites, only the radié?teSt developments include higher-order electrostatic terms

distance to G, was optimized. For adjacent sites, the Na-NaSUch as dipoles; and the treatment of polarization forces.
distance was also optimized Fluc-qg potentials have been used by Ribeiro to study the

The adsorption energies for Nagg [EqQ. (1)] are given in dynamics in the glass-forming liquid &:&o {(NOs), 4 (Ref.

Table II. For the two configurations, adsorption energies ar@> &S Well as the Chemla effect in molten alkali nitrates.
given along with the optimized Na-C and Na-Na distances, L€t us denote bR={r;,r;} the geometry of the N&so
Mulliken charges on each alkali atom, and the associate@ystem, the vectors; and r; representing the three-
dipole moment. The most stable configuration turns out to bélimensional positions of the sodium atoms and 60 carbon
the one with opposite sites, lower by about 0.34 eV than thé@toms, respectively. We assume that the whole cluster carries
other one. Even though the Mulliken charges on sodium ar@ total chargeQ, which may not necessarily be zero. The
slightly smaller, they remain comparable to the single atonfotal potential energy’ of the system is written as the sum of
case. This significant electronic transf@bout 0.88 per  Several contributions

atom) causes a strong electrostatic repulsive interaction be-

tween Na atoms, which in turn destabilizes the adjacent con-  V(R)=Vna{ri}) + Vc({rj )+ Vined R) +Veou(R). (2)
figuration. The present result is consistent with the DFT-LD,
calculations of Hamamotet al,*® and with the experimental
interpretations by Martiret al® for clusters with fewer than
seven sodium atoms.

We are now interested in the relative position of two a
kali atoms adsorbed on thg;@nolecule. From the results of
the previous parfstrong electronic transfer from the alkali

AVNa is the pure metallic binding energy, which we took as an
empirical many-body potential in the second moment ap-
proximation(SMA) to the electronic density of states in the
tight-binding theory?> This potential involves five param-

etersé&y, €9, P, q, andry:
I1l. EMPIRICAL MODELING 0 #0: P d 0

The calculations presented in the previous section will VNa({ri})ZSOE e Prik/ro—1)
now be used to parametrize an atomistic model, in order to i<k
achieve large scale sampling of the configuration space of 12
larger clusters and perform simulations, which are even to- _E 532 e~ 2a(rik/ro=1)| 3)
day beyond the possibilities @b initio approaches. i kZi

) ) In this equation, the sum runs over all sodium atoms rgpnd
A. Fluctuating charges potential is the usual distance between atdnasidk. The initial values
The crucial element determining the relative extents offor the five parameters were taken from Ref. 5%, is the

ionic-covalent forces and metallic forces is charge transfepure covalent binding energy of thgmnolecule. This term
between carbon and sodium. This transfer is expected to devas modeled with the Tersoff potentrdlWe did not attempt
pend on how the metal atoms are located ovgs. Gor  to change any of the original parameters, but we added sev-
instance, the atoms closest to thg, Gurface are likely to eral fixed point charges to improve the electrostatic descrip-
undergo a stronger charge transfer than the most distant ondmn of this molecule. Following Schelkachelva and
Therefore we cannot use a model with fixed partial chargesTareyeva® 60 charges+ q were placed on each C atom,
A convenient answer to this problem is provided by the fluc-while 30 charges-246q were placed at the center of each
tuating charges model, often denoted as the “fifiggoten-  C=C bond. Actually the full Tersoff potential is relatively
tial. Originating from DFT analyse® these ideas have been costly, and we only used it for reoptimizing some stable
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structures. In the next section, the effects of approximating TABLE lll. Data used for fitting the empirical model with fluc-

Cso as rigid will be quantitatively addressed. tuating charges.
The termV,,, represents the nonionic part of the interac-

tion between carbon and sodium atoms. It is simply approxi- Property Source Reference Predicted

mated as a pairwise repulsion, involving two new parametera/e(NaCﬁo) B3LYP 0.87 0.88

D andg: u (NaGy, D) B3LYP 14.5 14.5

AE (Na,Cq, €V) B3LYP —-0.34 -0.27

ViedR)= > >, De #"il. 4 r(Na, A) cla 3.06 3.34

heNan J < Ceo E(Nay, eV) cla 0.74 0.58

We will assume in the following that chemical bonding be- a(Cgo, A%) exp.” 76.5 58.5

tween Na and C is controlled by charge transfer, hence we
neglect other effects such as dispersion forces. In theqfluc-ZD""t"’l from Jeung, Ref. 61.
model, the Coulomb electrostatic interaction is expressed a®ata by Antoineet al. from Ref. 62.

1 1 as g, in what follows, contribute to a better electrostatic
— - 2 r 12 k ’
VCouI(R)_Ei enadi+ 5 Hndi +; eclj+ 5 Hcd'; description for the whole system. The flgcpotential can
easily account for such extra fixed charges as well as for a
, ) possible external electric fiel&. Both fixed charges and
+,21 JijGid; + 2 Jii i Gir + E ‘]ii’qiqj” electric field affect the self-consistent determination of the

=i J<] fluctuating charges, and the potent&,, should be supple-
(5 mented with the term

whereq; andqj’ denote the charges carried by sodium atom

i and carbon atom respectively. In Eq(5) the labels {,i") ) )
and (j,j') refer to sodium and carbon, respectively, and % JiinQk"‘Zk ‘]j,kqjqk_Ei (E-r)gi— > (E-ra; .
gc are the electronegativities)y, and H¢ the hardnesses, ’ b . ®)
andJ;; the Coulomb interactions, which are assumed to be

explicit in the interatomic distancs; . In practice, we have B. Parametrization

chosen the Ohno representation The empirical flucg potential described in the previous
_ 5 _ paragraph has 15 parameters, namely, the five parameters of
‘Jij(r)_[r2+H‘i expl—y;r )] ©) the SMA potential, the two parameters of the Na-C repul-
For a given geometrR, the effective electronegativities of sion, the electronegativity differeneg-ey,, the six param-
each atom are defined lay=dV/Jdq, which yields etersy;; andH;; , which include the two hardnessks;, and
Hc, and finally the fixed chargéq. These parameters were
, chosen so as to reproduce several properties previously com-
Si:‘?Na_"HNaqi"'; Jij +2 Jii Gir (@) puted by DFT caFcuIations, or mgasﬂred inpexperiments.
H However, these data do not give much insight into the bond-
for sodium atoms, and a similar equation for carbon atomsing between Na and C atoms. In addition, some of the pa-
Following Sandersoff, we now use the principle of elec- rameters, especially those involved in the(r) functions,
tronegativity equalization. This principle states that, at equitan be in principle extracted from calculations on diatomic
“brium, all ¢’s are the same in the molecule. If we denote bym0|ecu|es On|y_ Also, while [\Eaand C‘2 are well character-
\ this common value, then the chardeg,q;} are such that jzed experimentally and theoretically, only very scarce data
they minimize the potential -, above, under the constraint are available for the NaC molecule.
that the total charge is prescribed to a specific v&udhis We have therefore achieveb initio configuration inter-
minimization is equivalent to adding the extra tent;q; action(Cl) calculations of NaC, as well as some calculations
+quj’—Q) to the potentiaV ¢, , and thus\ plays the role  on Ng and G to get the Coulomb integrals. These were
of a Lagrange multiplier. taken with minimal linear combinations of atomic orbitals
Finding the optimal charges amounts to solving ra ( basis set obtained by contracting the Gaussian-type orbitals
+61)X (n+61) linear system. This system has a unique soof atomic self-consistent field calculations in larger basis
lution, as long as the hardnesses are all strictly positive. Othsets. The resulting integrals were then fitted through the
erwise the quadratic fornVe,, could no longer be mini- Ohno functions, Eq(6) above.
mized. Appropriate fits of the Coulomb integrals gave us initial
We did not attempt to refine the present model further byguesses for the parameters andH;; . We then obtained the
adding higher order electrostatic or polarization terms andvhole set of parameters by minimizing a standard error func-
we assume that the self-consistency of charges is sufficient tion y?, to reproduce the following quantities, quoted in
ensure a correct electrostatic balance. Dispersion forces havable III.
been neglected as well. The interested reader is referred to (1) The charge transfer from sodium (0e§7and the elec-
the works in Refs. 51 and 52 for more details. However, wetric dipole (14.5 D) in NaGsy, values taken from our DFT
should mention that the fixed charge$q(—245q), denoted calculations.
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1.0 — y - y the selected atom is moved from its equilibrium position by

Vi a vectorAr with maximum amplitude 10 A. With probability
os | ‘.‘ — Na<C i 1—p, it is moved anywhere over theggwith the same
radial distance from the center of mass of the fullerene. In
\ practice, all sodium atoms are moved before a quench is
0.6 1 \ I performed to find a new stable minimum. The valugoias
N taken as 80% for the smaller sizes, and decreased down to
0.4 | RN . 10% forn>12. To prevent divergences in the flgcpoten-

tial due to short distances resulting from the random dis-

placements, and to prevent pathological crossing of the C
surface by Na atoms, we added a purely repulsive potential
between the surface ofggand the sodium atoms

Jij (a.u.)
1
|
/

0.0

r (boh) Vel ri) == 5(Iril-rc,)” ©)

FIG. 1. Coulomb integrals for the NaC, and NaC molecules.
The curves are given for the empirical poteniaick lineg and for  \yhere we tooke =880 eV/A andr._=3.89 A. This poten-
60

the ab initio calculation(thin fines. tial was only used in concern with global optimization.

) . We also carried out some finite temperature molecular
(2) The energy difference between the twooNg, iso-  gynamics simulations using the NeB®over chain thermo-

mers with sodium atoms on adjacent or opposite hexagonaiat techniqué® In the extended Lagrangian scheme, the
sites AE=—0.34 eV from our DFT calculations, in favor of charges were also thermostatted at a low temperaftire
the opposite sites locatipn o _ =T/100, T being the vibrational temperature, to prevent di-
(3) The binding energy(0.74 eV} and eqwhblrlum dis-  yergence of their kinetic temperatfeThe masses of the
tance (3.06 A) in Nafrom ab initio calcula.tlon§6._ thermostats were taken &3 =3nksT/w? (1st thermostat
4 '3I'he experimental electric polarizability of ¢& 44 Qi=1=0Q4/3n (other thermostajsfor the atoms, and
(76.5 A, taken from Ref. 62 Q¥ =(n+60)kgT*/w3 (1st thermostat and Q*,.,

. 2 . - - -
The error functiony” was therj minimized using a local _ */(n+60) (other thermostatgor the charge&® Appro-
Monte Carlo search. The moves in the parameters space were .
. fate values for the square frequencies were takemas
not taken too large, in order to keep the parameters close t[élo_ﬁ and w2=5% 105 atomic units. respectively. The
their initial magnitudes. The final values of the parameters Oﬁc “o= IC_units, respectively.

the SMA potential areso=0.01366 eV, £,=0.1689 eV, p tittous masses of the charges were chosen equal for all
—7.175,q—1.34 andr§:3.29 A The poararﬁeters for the Charges, and taken as®18.u. The velocity Verlet algorithm

repulsive potential between Na and C atoms dde was used to propagate the dynamics with a time step

=313.4 eV and3=3.423 A", For the Coulomb integrals =1fs, and the parallel tempering stratégyas used to
we found Hy,=7.16 eV, Ho=13.68 eV, Hy,c=6.32 eV ' accelerate convergence when simulating the clusters at ther-
a . 1 . 1 al . )

ya=0.120 A 2, y.=1.02 A2, and ypac=0.15 A-2, Fi- Ml equilibrium.

nally, the electronegativity difference was taken As

=4.6 eV, and the fixed chargéy as 0.209. We represented IV. RESULTS
in Fig. 1 the Coulomb interactions between Na and C atoms.
They are found to remain very close to thle initio calcula-
tions. For each siza in the range £n=<30, 1¢ quenches were

The predicted values of the quantities used in the fittingoerformed during the basin-hopping searches for the global
procedure are also reported in Table Ill. The general consighinimum. The most stable structures found using this algo-
tency is very good, even though we note that the polarizabiltithm are reported in Fig. 2. We have also indicated|(tien-
ity of Cgo is slightly underestimated in our model. However, C;) symmetry groups. Although this may not be obvious
only the 8q parameter has some influence on this parametefrom looking at Fig. 2, the g molecule is also optimal in
The energy difference between the two isomers ofQyais these structures when modeled with the Tersoff poteWtiaI.
somewhat overestimated, but the crucial point here is that th&he effect of adding sodium atoms on thg,Geometry will
isomers are ordered similarly. be quantified later.

At low coverage, Na atoms tend to stay as far as possible
from each other, in order to minimize Coulomb repulsion
induced by a significant charge transfer. The growth roughly

The putative global minima, or lowest energy structuresgoes symmetric until the seventh atom is added. There are
were determined using a variant of the Monte Carlothen only few open spaces for the eighth atom to stay, and
+minimization algorithnf® also known as basin the structure found by breaking some Na-C bonds in favor of
hopping®®* This optimization stage was made with a fully metal Na-Na bonds appears slightly more stable. More im-
rigid Cgo molecule, and the random atomic displacements oportantly, this droplet initially created faon=8 remains at
the sodium atoms were of two kinds. With a probability larger sizes and grows monotonically as further atoms are

A. Structural properties

C. Simulation tools
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(1,Cs0) 8 ; S ) 0.05 T T

o—a C,, geometry
0.04 | e—e charge i

0.03

0.02

relative error (%)

0.01

0 10 20 30

0.00

number of Na atoms

FIG. 3. Relative error for the geometric distortidlempty
squarep and for the total charge on sodiuffull circles) when
considering the g, molecule as rigid, with reference to the Tersoff
potential.

rigid approximation in the present work. We note, however,
that other materials such as fluorine may spontaneously in-
duce significant deformations when they covep @ large
amounts’?

FIG. 2. Lowest-energy structures found for g, in the range

1=<n=30 using the fluctuating charges potential.
B. Electrostatics

deposited. Actually the droplet even captures some of the e flyctuating charges potential can be straightforwardly
isolated atoms during the growing process: only two atom$,seq to compute electrostatic properties, some of them being
remain isolated fon=30. amenable to experimental comparison. The total charge car-

These are the main results of the present work. Our modgfeq py all sodium atoms is represented in Fig. 4 versus clus-
pre_d|cts thqt charg_e transfer is initially strong enough to in+g; size. As long as new hexagonal sites gf &e capped by
hibit metallic bonding. Then, as more atoms are added, thg,e added Na atoms, charge transfer increases steadily. The
competition between ionic and metal forces fma_lly turns a_rtotal charge reaches a plateawnat8, corresponding to the
the advantage of the latter. The crossover size for thignget of nucleation. Above this size, slightly more than three
‘wetting-to-nonwetting’ transition, which we estimate here 10 gjectrons are transferred in the present empirical model.
be aroundn=8, may be of course somewhat different in gjngle point DFT calculations performed on some of the
more accurate chemical descriptions. It is, however, worthy5jjer sizes confirm this trend, but they estimate the maxi-
pointing out that, even though the present potential i NOky,| charge transfer to be closer to 5-6 rather than 3. Such a
explicitely quantal, it still shows an enhanced stability of Nalarger value is in agreement with the theoretical findings of
trimers upon nucleation. The atom unconnected 10 th¢ C amamoto and co-worke!&. This may be associated with
carries a slightly negative charge, and the whole trimegne rgle in the molecular orbital calculations of the threefold
nearly has the charge 1, in consistency with the known
special stability of Ng .8 15 . .

In Fig. 3 we have plotted two indicators of the mistake o—o charge
made when considering thg@nolecule as rigid. The whole =—u dipole (D)
Na,Cqo systems were locally reoptimized using the Tersoff
potential, and we calculated the relative erest[ A(rigid)

— A(Tersoff)]/A(Tersoff) for two propertiedA: (1) the glo-
bal shape is estimated frof= = ||r;|?>, where the sum runs
over all Na and C atoms an@) the total charge carried by
sodium atomA=2; _ na0;i -

As can be seen in Fig. 3, the relative error remains smaller
than 5< 10 “ for the shape, and smaller thark20 * for
the charge. Of course, heating the cluster would introduce J
some degree of floppyness in the fullerene. However, at the 0 * 10 20 20
temperatures involved in the experimédtiie order of mag-
nitude of 300 K, we do not really have to worry about the
vibrational motion of carbon atoms. The¢Inolecule itself FIG. 4. Total chargéempty circleg and electric dipole moment
only melts above 2000 R® Hence it is quite safe to use the (full squares versus size in N#Cq, clusters.

number of Na atoms
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FIG. 5. Electric polarizabilityempty circleg and susceptibility FIG. 6. Size of the largest fragment in neuttampty circleg,
at 300 K (full square$ versus size in N&Cq. anionic (full circles, Q=—1), cationic (full triangles, Q=+1)

Na,Cqo° clusters. The average value at 300 K calculated from simu-

degenerate LUMO orbital of &, an effect which cannot be lations is also given as stars.

explicitely accounted for in the present electrostatic model.

In Fig. 4 we also plotted the variations of the magnitudedium atoms. Here a fragment is a set of connected atoms,
of the electric dipole moment. Two different regimes are where any two atoms are said to be connected whenever they
again observed, that can be correlated with the known strugre distant by less than 8 Bohr. This quantity is suitable for
tural transition. Below eight sodium atoms, the rather sym-detecting the onset of nucleation. Indeed, we can easily iden-
metric structures due to Coulomb repulsion exhibit somdify in Fig. 6 the sizes of neutral clusters where the droplet
odd-even alternance in the dipole. From8 and beyond, captures one of the remaining isolated atoms. These sizes are
the growing droplet shows a much more progressive increageund forn=13, 18, and 22.
of the dipole, except close to sizes that loose one of the Cationic clusters are less stable than neutrals, as they start
isolated atoms. to nucleate a droplet only abowe=9. This should be attrib-

The zero temperature electric polarizabiliywas calcu- uted to the larger coulombic repulsion the new atoms un-
lated by averaging the diagonal part of the corresponding 3lergo as they are placed close to already present atoms. On
x 3 tensor. Small electric fields (16 a.u.) were added the contrary, charging negatively the system diminishes
along the three Cartesian axes, and the dipoles were obtainetiarge transfer on sodium and therefore helps in creating
after reoptimization. At finite temperature corresponding tometallic bonds. This is precisely what we see in Fig. 6, where
the experiments by Dugouret al,?” we estimated the elec- the crossover size between coating and segregation is only 3.
tric susceptibilityy by assuming that the dipoles were rigid Obviously, the above arguments should be further discussed
and statistically oriented within the electric field. This allows in the light of quantum effects.
us to use a simple Langevin formula for the susceptibility, The finite temperature equilibrium properties have been
namely,y = a+ u?/3kgT. The variations ofr and (300 K)  simulated using constant temperature, extended Lagrangian
with size are represented in Fig. 5 for the entire range Imolecular dynamics as described in the previous section. The
=n<30. simulations were carried out for 30 simultaneous tempera-

The polarizability shows no particular dependence with tures equidistant bAT=10 K, and were each 10 ns long,
besides a steady but slow increase. On the contrafgas  after 2 ns were initially discarded for equilibration. To pre-
large variations with size and this also holds farExperi-  vent the alkali atoms from dissociating at high temperatures,
mental dat? are in semiquantitative agreement with the we enclosed the whole system inside a spherical container
present results. While the general behavior observed by Dugentered around thegg molecule.
ourd et al?® is similar to the one fol in Fig. 5, the values The time averaged size of the largest fragment is also
they measure are significantly larger. This might be due tdepresented in Fig. 6, at =300 K, for 1<n=<30. This
the neglect of probable increases jinas temperature in- quantity essentially follows &0 K behavior, but is slightly

creases, due to the floppyness of these clusters at 300 K. higher than 1 fon=6 and 7. Fom=8, the 300 K value is
slightly lower than the static value. This suggests that some

metallic bonds are weak and easily broken for larger drop-
lets. One must then recall that 300 K is quite a large tem-
In experiments, clusters are ionized for subsequent sizggerature for bare sodium clusters, and that dissociation
selection. To see the general influence of ionization on thevents would tend to occur on the droplet is there were no
growing process of Na clusters oveg,Cwe have performed artificial container to prevent it.
additional global optimization on anioni€(= —1) and cat- The influence of the fullerene on the global finite-
ionic (Q=+1) systems. The size of the largest sodium frag-temperature behavior of the sodium cluster was investigated
ment is represented in Fig. 6 versus the total number of sddy calculating the heat capacity of M€y, and comparing

C. Charge and temperature effects
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to our previous results on bare Na clustér$he thermody-
namical data were analyzed using a multiple-histogram re-

L . g . A B C
weighting proceduré’ The heat capacity curves are given in
Fig. 7, and we also represented the variations of(#rih- FIG. 8. Variations of the binding energy of three isomersGla
metic) average fragment sizén) with increasing tempera- versus the magnitude of electric field. The isom@sB, and Q are
ture. represented on the lower panel, the arrow indicates the optimal field

The heat capacity of NgCqo l00ks slightly different from  direction.
that of Ngg, with an extra shoulder near 40 K. The main
features at-100 K and~ 200 K in the bare cluster are en- isomers B and especially C the two alkali atoms get closer to
hanced in the supported cluster. Looking at snapshots of coach other. This is not surprising, since the presence of a
figurations taken from th& =50 K trajectory indicates that strong electric field causes the positively charged ions to
some sodium atoms can change adsorption sites, especialiyove in its direction. As a matter of fact, the field is opti-
isolated ones. The peak at 100 K can be correlated witmally perpendicular to Nain both B and C, while it has
preliminary isomerization of the Nadroplet, from which little effect when fully aligned (isomer A. Above E
some atoms can dissociate while skating over thgddr- ~10"% a.u., isomer B becomes the most stable ufil
face. This is best evidenced on the small decrea¢e)ofvith  reached 2.5 10 *, above which C is the new global mini-
T. On the contrary, at 180 K an inverse process takes placepum.
where the previously isolated atoms grow onto the droplet. The present results therefore show that a strong, external
Additionally some Na dimers may be spontaneously electric field similar to the one used in experiments can in-
formed, and briefly destroyed, during the simulation. Thisdeed induce some configurational changes in the structure of
further increases the average fragment size. Na, adsorbed on g. Of special interest to us, the field tends
to favor metallic bonding by lowering the effects of ionic
L repulsion. Hence we can expect the onset of nucleation to be
D. Electric field earlier in the presence of a field.

The experiments performed by Dugourd and co-worRers
involve clusters traveling through a small but very intense
region of active electric field. Actually, both the field and its
gradient are strong with respect to the typical energy differ- For each temperature in the range 56 K<300 K with
ences. Because the C and Na atoms get charged differentiyepsA T=50 K, we have performed 5000 sh¢iD ps long
when put into contact in N&g they may react differently in - MD trajectories from which we computed the average atomic
presence of such a strong field. We attempted to quantifynean square displacement, and subsequently the diffusion
these effects by carrying out extra global optimization forconstanD. This was repeated for a number of sizes, and also
Na,Cqso within a field of constant magnitudeE=5 for a nonzero external electric field. The datarfer 1, 4, 6,
X 10 * a.u., corresponding to 2.5510° V m~ 1. In addition 12, and 20 are represented as an Arrhenius plot in Fig. 9. The
to the four atomic degrees of freeddmeglecting the radial general linear variations of D versus 1T are characteristic
distance to the carbonghe direction of the field must also of diffusive motion. The activation barriers extracted from
be optimized. Using this approach we found three isomers tthese plots are approximatey~400 K at zero field, and
be potentially the most stable whéhis varied between 0 A~600 K atE=5x10"* a.u. At room temperature sodium
and 102 a.u. These isomers are represented in Fig. 8 alongtoms thus show a significant mobility, may a droplet be
with the variations of their energies with increasing field. Inpresent or not. Adding an electric field acts as a quench of

E. Dynamics
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10° T . . some remaining isolated atoms.

Even though the empirical model was parametrizedion
initio calculations and experimental data on small clusters, it
is nothing more than a model, and should thus be considered
as an approximation, especially when used for larger clus-
ters. Therefore, it may well be that the transition between
wetted and nonwetted forms takes place at slightly different
size if we include other effects such as polarization, or if we
describe metallic bonding using a more realistic Hamiltonian
such as tight binding. Also, the existence of rather large so-
dium coverage of opposite isolated atoms, which mainly re-
sults from electrostatic balance in avoiding too large dipole

D (A%/fs)

0.00 0.01 0.02 0.03 0.04 moments, might disappear if more realistic screening due to
/T (K1) polarization forces or quantum effects is involved. This is to
be further checked.
FIG. 9. Diffusion constants of various Neg, clusters versus Nevertheless our conclusions help in solving the experi-

inverse temperature. For W&, the results of simulations with  mental puzzling results of various authors. Furthermore, it is
nonzero external electric field are also plotted for comparison.  remarkable that very recent photodissociation and photoion-
ization experiments carried out by Pellarin and co-workers
the dynamics which could trap the system into metastablen the same systems reached the same qualitatidejuan-
configurations, provided that the vibrational modes @f C titative conclusions as ours. At low coverage<(6) they

take a part of the excess energy. observe ioniclike bonding and strong charge transfer. As the
number of metal atoms increases, metallic bonds appear and
V. DISCUSSION AND CONCLUSION become preponderant, finally controlling cluster properties.

The picture of a metallic cluster deposited on thg @ol-
In this work, we have performedb initio and DFT cal- ecule is supported by the odd-even alternation seen in the
culations on NaC, Nagg, and NaCg, in order to construct stability pattern, where eveidd) clusters evaporate mostly
an empirical model for larger clusters. This model allowed ussingle atomgdimers.

to achieve unconstrained global optimization as wellthsr- The latter effect is essentially quantum mechanical and
mo)dynamical investigations in a broad size range. Our maities beyond the empirical potential described in the present
findings are as follows. work. The favored formation of trimers at low coverage, sug-

(1) Based on first-principles calculations, N& most  gested by Palpant and co-work&and further supported by
stable in its dissociated form, the two sodium atoms lying orthe calculations of Hamamotet al.® is not reproduced
opposite hexagonal sites of the fullerene. here. This is partially due to the neglect of quantum effects,

(2) In its initial stages, the growth of Neon G;, occurs  but also to the strong electrostatic repulsion between the al-
by minimizing Coulomb repulsion between the nearly cat-kali atoms. At the onset of nucleation, a trimer is actually
ionic alkali atoms, thus placing them as far as possible fronformed, which lies perpendicular to thedSurface. Exami-
each other. nation of the partial charges shows that, while the two atoms

(3) At n~8, the electrostatic penalty is overcome by cre-in contact with G, are significantly positively charged, the
ating metallic bonds, and a sodium droplet is formed. Theouterrmost atom is charged negatively, therefore enhancing
droplet grows for larger sizes. the stability of the trimer. It would be interesting to check

(4) Depending on the ionic nature of the cluster, the crosswhether this effect is also seen in electronic structure calcu-
over between homogeneous coating and droplet formatiotations.
varies from 3(anion to 10 (cation. Finally, we would like to stress that the present model is

(5) A finite temperature or a finite external electric field not limited to simple metals adsorbed on fullerenes. Upon
can enhance metallic bonding and further decrease the crossareful parametrization using experimental or first-principles

over size. data, it could be suitably modified to treat any other metal,
(6) At room temperature, the alkali atoms undergo a sigprovided that the specific metallic interaction is taken into
nificant mobility over the G, surface. account. The case of transition metals is obviously interest-

From these results, a two-stage coating process emergéang, but may require one to ensure that the physics is indeed
This picture is consistent with the observations by the Martigoverned by charge transfer. The effects of magnetic elec-
group® and by Palpanet al2®2 who interpreted their mass trons may also be of importance. To keep the calculation at
spectrometry and photoelectron spectroscopy data as the sitpe same level of complexity, a convenient solution could be
nature of homogeneous coating at low sizes. However, ito add a Heisenberg-like Hamiltonian, in which the spins are
accordance with the electric susceptibility measurements peaccounted for on each metal atom, with a possible charge
formed by Dugourd and co-workef$,we find that larger dependence.
clusters are more stable when they form a droplet. Actually, The model could also be used for other materials, which
we predict that NgCq, clusters with 18cn<<30 show an are of experimental or technological interest. For instance,
intermediate structure, which consists of a main droplet andhe single-crystal x-ray structure ofg{F,g determined by
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Troyanov and co-workef8 could be reproduced using a -5.52
similar bond-order potential including fluctuating charges by

Stuartet al.”* Further applications to the coating @fr inser-

tion in) carbon materials include larger, possibly onionlike -5.54
fullerenes, carbon nanotubes, but also graphite sheets and
surfaces, are potentially feasible. More generally, the model
is appropriate for treating complex systems, which involve
partially covalent and metallic bonding where ionic effects
and charge transfer could turn out to be a determining factor.
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‘\: 5 o BALYP-DFT
APPENDIX: DETAILS OF THE CONFIGURATION 5.64 \‘)Mb'o
INTERACTION CALCULATION FOR NAC 1 . ) ) ) .
4 6 8 10 12 14
Some information about the distance dependence of the Na-C distance (bohr)

interaction between Na and C in NgCcan be extracted

from the NaC molecule. This must, however, be done with FIG. 10. Potential energy curves of the NaC molecule. All con-
care, since charge transfer is intricated with the multipletinuous curves correspond to Cl calculations. Some DFT values are
structure of carbon. In order to get a global picture, we havelso reporteddots for the ground state, after appropriate shift.
thus determined not only the ground state but also the lowest

valence excited states. _ “molecular orbital§MO’s) will be labeled ¥r, 20, 3¢, 11, ,

The calculation was done representmg_both C and Na vigg 1, . Despite hybridization, they can be qualitatively
standard valence semilocal pseudopotentials of the Barthel%%sociated with the € 2p,, 3s, 2p,, and D, atomic or-
and Durand typ® with [1s?] and [1s?2s?2p®] cores, re- bitals, respectively T e y

spectively. The calculation was carried out within the linear The ground molecular state correlated with the*BY

combination of atomic orbitalsLCAQO) expansion scheme asymptote is a quartet state,E " in agreement with the

with uncontracted Gaussian type functions, namely,

5s/5p/5d on both centers in order to describe the Valenceexperimental results of Sheridast al’* At its equilibrium

electrons. A core polarization operator of the form diStanceRe=4.4Q, itis mainly spanned by molecular con-

IR ; ; 24 14 1 _1 . .
—1/2aff, was added on the sodium core in order to takeﬂguranon lo"20 1, with all the electrons in the @

into account the core-valence polarization and correlatiorf'e! Of carbon and is therefore expected to be strongly ionic.
following the formulation of Mller and Meyef® for the The DFT-B3LYP calculation of the NaC ground state pro-

electronic contribution to the electric fiefdon sodium. The vides very 5|m_|lar results, see Fig. 10. In partlc_u_lar, the .d"

N o 3 . pole moment is found to be 7.88 D at the equilibrium dis-
Na™ core polarizability wasr.=0.99%g, and a unique step- tance. This is confirmed by the dipole moment value
wise cutoff radiu§’ of 1.4%,, was used. The core- ) y P

polarization contribution on carbon was neglected due to the, 853D at the equilibrium distance and the associated

extremely small value of the dipole polarizability of thé'C charge transfebq=0.80. It can be clearly seen in Fig. 10

ion with respect to that of Na that the ground state adiabatically undergoeRat7.6a, a
The CI treatment was achieved using the multireferenc&lfong avoided crossing with a state of same symmetry 2
variational-perturbative Cl algorithraiPsi (Ref. 78 within X". As a consequence of the configuration switch, the adia-

its quasidegenerate perturbation theory verSicand the batic state &~ has a small dipole moment in the short

Moller-Plesset partition of the Hamiltonian. The intermultip- distance rang&<6a,. In the long distance range 49<R

let separations of the carbon atom, calculated consistentlys 143y, it is correlated with C(*P)+Na" and its potential

were found to beA(3P-!D)=1.386 eV, A(3P—1S)  curve exhibits a-1/R behavior, consistent with a continu-

=2.565 eV, versus 1.260 and 2.680 eV experimentlly. ously increasing dipole moment magnitudep to u=~

For C the separations were found to ke(*P— 2D) —21.6 D atR=12a,, the value for a perfectly ionic state

=1.656 eV,A(*P—2S)=2.095 eV. would be —30.5 D). For still larger distances, the state in-
The lowest states potential energy curves are shown iteracts with another covalent excited state. The strong cou-

Fig. 10. Combination of Na(F$) with C(°P) generates pling between the two quartet states'S ™ and 243~ ex-

three molecular states, namely'>1", 1 237, and 1 2II. plains the significant dissociation energy of the ground state

Combination with C¢D) also generates three states, namelyD = 1.464 eV.

12A, 2 211, and 123 7. Finally, combination with CtS) Most other states dissociating into neutral asymptotic lim-

generates a single staté32". In the following, the valence its show similar (sometimes multiple avoided crossing,
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mainly due to their interaction with ionic configurations. The =0.60 eV, R,=4.7a, for state 12[1). The same holds for
positions of the avoided crossings are obviously determinegtate #A (D,=1.61 eV,R,=4.4a,) dissociating into

by the respective positions of the multiplets of carbon andCc (D). State T1I is the only exception to the previous be-
those of the ionic states dissociating into €Na". This  havior, since it is spanned by configuration
also influences the dissociation energies of the lowest statqsvzzalh.,ll7.,23(r Indeed within a single configuration
stabilized by the interactions. In consistency with th2|s pic- approximation, no charge transfer can take place between the
ture, avoided crossing occur between staf@$1and 25 5 704 35 MO's in the quartet state because all singly oc-
_' between the three lowésll states and finally between cupied orbital spins are aligned. This state can thus be de-

A and ZA. They are partially shown in Fig. 10. As a scribed as essentially covalent with a weak dipole moment
result the lowest states involved in the avoided crossings are
nd small charge transfes=0.25 atR=4a,). Its poten-

stabilized. This leads to significant dipole moments an ial curve is essentially non bonding and can be fitted via a

charge transfer values at equilibrium for two other states cor-. | tial f hich b d as the NaC
related with the lowest asymptote, and explains their bondin 'Tpe exptlnnen 1a O"?'r\]’\’ Ic ;an € used as the Nat co-
properties D,=0.30 eV, R,=4.6a, for state 123~ alent repulsive term of the modeé).
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