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The properties of small neutral and positively charged sodium clusters and the fragmentation 
dynamics of Na,f + are investigated using a simulation technique which combines classical 
molecular dynamics on the electronic Born-Oppenheimer ground-state potential surface with 
electronic structure calculations via the local spin-density functional method. Results for the 
optimal energies and structures of Na, and Na,f (~2~4) are in quantitative agreement with 
previous studies and experimental data. Fission of Na,++ on its ground state Born- 
Oppenheimer potential-energy surface, following sudden ionization of selected configurations 
of an Na,+ (or Na,) cluster, whose vibrational energy content corresponds to 300 K, is found 
to occur on a picosecond time scale. The preferred fission channel is found to be Na: + Na + , 
with an interfragment relative translational kinetic energy of - 2 eV, and a vibrationally 
excited Na,+ . The dynamics of the fragmentation process is analyzed. 

I. INTRODUCTION 
The evolution of energetic, structural, dynamic, and 

thermodynamic properties of matter as a function of the de- 
gree of aggregation (i.e., size of the system, or number of 
particles composing it) is of fundamental interest in diverse 
fields and for systems of widely varying length scales. The 
study of finite clusters of atomic and molecular constituents, 
in the size range bridging the molecular and condensed mat- 
ter regimes, is an area of growing activity due to the develop- 
ment and proliferation of experimental techniques for the 
generation and probing of well-characterized size-selected 
clusters,’ and the formulation and implementation of theo- 
retical and computational methods which allow accurate 
predictions and elucidation of clusters’ properties and phe- 
nomena.’ 

In addition to the inherent interest in the unique phys- 
ical and chemical properties of atomic and molecular clus- 
ters, studies of the energetics, stability, and fragmentation of 
metal clusters (especially of free-electron metals) point to a 
close analogy between many properties of these clusters and 
those of atomic nuclei, despite the gross difference in the 
nature of binding in these systems. For example, the elec- 
tronic shell structure and magic number stabilities,3 quadru- 
polar surface deformations,4’5 collective electronic excita- 
tions”a’“‘3 (giant dipole, plasma resonances) and 
dissociation and fission (i.e., fragmentation of charged clus- 
ters, either spontaneously following ionization or by colli- 
sions with rare gas atoms) studied mostly in alkali-metal 
clusters3’“‘~‘627 are properties whose nuclear analogs have 
long been studied.” 

The energetics, stability, excitations, and optimal geo- 
metries of small alkali-metal clusters have been the subject of 
a large number of theoretical studies using high-level quan- 
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turn-chemical computational techniques’3P29 and density 
functional (DF) methods3’“‘PYP’0*30-32 (within and beyond 
the spherical jellium approximation). in addition, jellium 
model calculations of the energetics of dissociation channels 
of neutral and charged sodium and potassium clusters have 
been made, ‘9-27 motivated by recent cluster photodissocia- 
tion experiments. 1416 The above studies were all for static 
ionic configuration (with the atomic geometry absent alto- 
gether in jellium calculations). Further insights into the 
properties of small alkali-metal clusters, in particular per- 
taining to the validity of the shell model predictions,have 
been recently obtained from classical dynamics simulations, 
on the ground state adiabatic electronic potential energy sur- 
face calculated via the local density functional method, in 
neutral sodium and mixed sodium-potassium clusters.33 

The aims of our study are: 
(i) Development of efficient methods for dynamical 
simulations of atomic and molecular clusters and other 
condensed matter systems, based on ionic dynamics on 
the ground state Born-Oppenheimer potential energy 
surface, determined via electronic structure calcula- 
tions using the density functional theory.34*3’ 
(ii) Application of the method to investigations of small 
neutral and charged metal clusters and of fragmentation 
dynamics. 
Our simulation method is described in Sec. II. Energetic 

and structural results for Na, and Na,+ (n~4) clusters are 
presented in Sec. III A, and compared to previous theoreti- 
cal studies and experimental results. In Sec. III B we demon- 
strate application of the simulation method to studies of the 
fragmentation dynamics of Na,f +. These simulations indi- 
cate that starting from a Na,+ (or Na,) cluster whose vibra- 
tional energy content corresponds to 300 K, spontaneous 
fragmentation, following ionization into the ground state 
potential energy surface of Naz +, occurs on a picosecond 
time scale. Starting from several configurations, dynamical- 
ly generated for the parent cluster, the preferred fragmenta- 
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tion channel is Na,+ + Na +, 5th an interfragment relative 
kinetic energy of -2 eV. While this fragmentation channel 
is the one predicted by examining the energies of the initial 
and final products for all the possible dissociation channels, 
we show that by restricting the initial state of an NZ1,+ (or 
Na,) cluster to the equilibrium rhombus (DZh symmetry) 
configuration, fragmentation on an energetically less favor- 
able channel ( Naz + 2Na + ) occurs. These results illustrate 
the importance of dynamical considerations in investiga- 
tions of reaction dynamics. We summarize our results in Sec. 
IV. 

II. METHOD 
In principle, complete descriptions of static, dynamic, 

and thermodynamic physical and chemical properties and 
processes of materials are contained in solutions to the 
SchrGdinger equation. However, for all but the most ideal- 
ized models, such solutions are not possible without resort- 
ing to approximate -methods, motivated by physical and 
practical (computational) considerations. 

One of the piIlars of modern quantum-theoretical treat- 
ments of materials is the Born-Oppenheimer (BO) approxi- 
mation, based on the time-scale separation between nu- 
clear and electronic motion. Even within the BO framework, 
calculations for multielectron and nuclei system require 
further approximations. While high-level quantum-chemi- 
cal computational techniques provide valuable information 
for small clusters of atoms (for selected nuclear configura- 
tions), they are not suitable for investigations of extended 
systems and of time-dependent phenomena which require 
repeated evaluation of the electronic energy along the trajec- 
tories of the nuclei. 

Density functional theory,34*3s and in particular local 
spin-density3’ (LSD) and the local density (LD) approxi- 
mations, provide accurate (although approximate) and 
practical methods of solution for quantum many-body prob- 
lems and have become over the past two decades corner- 
stones of electronic structu.re calculations in condensed mat- 
ter physics. The long conceived goal of combining nuclear 
molecular dynamics (with the nuclei treated classically) 
with ground-state electronic structure calculations via the 
LD method has been implemented successfully by Car and 
ParrineIlo33 (CP) and used to investigate several sys- 
tems 33,38,39 

The evolution of systems of coupled quantum and clas- 
sical degrees of freedom has been the subject of intensive 
investigations leading to the development of the path- 
integrall(b)-2(d) (PI) and time-dependent self-consistent 
field2(n)*2(c) (TDSCF) methods. Adiabatic evolution on a 
single electronic potential energy surface (usually the 
ground state) using the TDSCF method is obtained by re- 
stricting the electron(s) to remain in a specified state along 
the dynamically evolving nuclear trajectories.2’a)*2(c)*4M2 
While most studies using this method were concerned with a 
single electron interacting with the media via pseudopoten- 
tials, an extension to a multielectron system (2-6 electrons), 
within the LSD scheme, has been made.“3 

The method which we have developed and used in our 
investigations of small sodium clusters and of the fragmenta- 

tion dynamics of charged clusters, combines classical nu- 
clear molecular dynamics with LSD electronic structure cal- 
culations, within the framework of the BO approximation. 
The approach is similar in spirit to other adiabatic simula- 
tions (e.g., those described in Ref. 43), though different in 
implementation. As such, this study is part of continued ef- 
forts aimed at the development of effective methods for adia- 
batic simulations of the dynamics of systems of coupled nu- 
clear and electronic degrees of freedom. 

In the LSD theory3’ the total electron density 
p[r;{R(t)}], for an N electron system, for a given nuclear 
configuration {R(t) 3, is given by 

pv;Gw 1 = ,pjcl& V;-&>H I2 
i,u 

‘pa@) +p,m (1) 

where (T = (Y or fi ( 1 or J ) is a spin label, and 0 G&, < 1 are the 
orbital& occupation numbers. The orbitals $lc are the single- 
particle self-consistent solutions (corresponding to eigenval- 
ues ~~~ ) of the Kohn-Sham (KS) LSD equations 

lia"[i',p(t),~(~);{~(r)3l~~~,,[t;{~(t))l 
= $T&m~wH, GW 

where 

H,KS[~,p(i'>,~(~,;C(~)31 

= - gv: + VeJ3,C%t>31 

+ ~ffEpm9i”l + ~x,.,[Pmm)l. (2b) 
The first term in Eq. (2b) is the electron kinetic energy oper- 
ator, F/‘,r is the electron-ion pseudopotential, and V, and 

are the Hartree potential and local, spin-dependent, 
ZZGange-correlation potential C(a/ap,)E,,[p(r),~(r)]}. 
The spin polarization function g(r) is given by 

&F(r) = [p,(r) -pp(r)]/p(r). (3) 
In our calculations we have used the norm-conserving 

electron-sodium ion pseudopotential, and for E,, the inter- 
polation formula of Vosko and Wilk.4’ 

The solutions to the KS equations are obtained by us via 
the fast Fourier transform (FFT) technique, propagatirig in 
imaginary time with the split-operator method.46,47 ‘The 
manifold of KS .orbitaIs is obtained by successive projections 
of lower (earlier determined) eigenstates tcljo. ( j < m), when 
determining $,,,*. The self-consistent solutions are achieved 
by iterating the process with the input electronic density for 
the (i + 1) th iteration constructed from the densities of pre- 
vious iterations (i.C., density mixing) according to Broy- 
den’s second method.48 Convergence is tested by evaluating 
I = {JcPr[p’“(3) - p (’ + ‘) (ir) ] 2)“2, where i is the iteration 
index, and is achieved when I < 6 X 10 - 8 . 

In the event of eigenvalue degeneracy, the above itera- 
tive scheme is unstable. To overcome this problem we use a 
Fermi-distribution function49 for the occupation numbers 
J& 

fib = [exp(Ejp -p,)/k,T, f l] -I, (4) 
where the chemical potential p, is obtained by solving the 
equation N; = X&, ( 8, N, = N) . We found that choosing 
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k, T, z 10 - 3 Hartree is adequate. 
Our simulation procedure thus proceeds along the fol- 

lowing steps: 
(a) For a given ionic configuration, {R(t)), solve for 

the KS orbitals, as described above, and construct the elec- 
tronic densityp[r,CR(t))]. 

(b) Propagate the positions and velocities of the ions 
(I = l,...,N,) using the classical equations of motion 

evolution of the ions results in configurations whose symme- 
tries correspond to degenerate electronic states. These situa- 
tions (which may also lead to crossing of energy levels) are 
dealt with effectively by including in the set of KS orbitals, 
which are self-consistently determined and propagated, a 
few orbitals above the initially highest occupied one, and 
using the Fermi-occupation function to determine the orbi- 
tal’s occupancies after each quantum propagation step. 

Mk, = - Vn, V,[{R(t)}] - s 
d rp[r;{R(t)}] 

XvRl~e~[r,~W>~l, (5) 
where V, is the ion-ion Coulombic interaction and the sec- 
ond term on the right-hand side is the Hellmann-Feynman 
force of interaction between the ions and the electrons. The 
integration of the equations of motion, using the velocity 
Verlet algorithm,sO yields a new ionic configuration 
{R( t + At)), where in our calculation At = 0.025405 fs. 

(c) Propagate the KS orbitals in real time, using FFT 
and the split operator technique, i.e., 
$jm[r;CR(t + At>)1 

- iH,KS[r,p(r),S(r);{R(t))lSf = 
fi 

X$jOllr;CR(t))l. (6) 
As evident from Eq. (6), due to the use of the split-operator 
technique, the real-time propagation, using a quantum time 
step St = At/n,, is repeated n, times (typically IZ~ = 10) 
between classical steps. At the end of this process we have 
the (approximate) KS orbitals at time t + At. 

(d) Using the KS orbitals at t + +t, obtained in step 
(c), calculate p[r;{R(t + At))] and the total energy 
E(t + At). 

(ii) Due to the unitarity of the quantum propagator 
[Eq. (6), and of the split-operator approximation to it] the 
orthogonality of the initial wave functions +, is maintained 
during the time evolution, thus avoiding time-consuming 
orthogonalization which enters other methods.38 . . 

III. ENERGETICS, STRUCTURES, AND 
FRAGlUlENTATION DYNAMICS OF SMALL SODIUM 
CLUSTERS 
A. Energetics and structures 

(e) Check for energy conservation (this step is- neces- 
sary because of the possibility of nonadiabatic transitions 
during the time evolution described above). If energy is con- 
served within a preset criterion (we use a deviation of 
&.2.5X 10 5 ’ Hartree as a tolerance) we continuefrom step 
(b) above, using the updated electron density in Eqs. (5) 
and (6). Lack of energy conservation is evidence that the 
actual ground state can no longer be described by the (time 
evolved) original set of KS orbitals, In this case we continue 
from step (a), solving for a new set of~self-consistent. KS 
orbitals for the current ionic configuration. With the above 
choices of classical (At) and quantum (St) time steps, in- 
stances of nonadiabaticity occur, for our system, on the aver- 
age between (500-1000) At. In this context we note that the 
issue of nonadiabaticity depends on the nature of the elec- 
tronic structure of the material (and the ,degree of aggrega- 
tion). Thus, for semiconductors and insulators, the exis- 
tence of gaps, much larger than the energy associated with 
thermal ionic motion, allows for substained adiabaticity for 
relatively long time periods. On the other hand, in metallic 
systems (as is our case) nonadiabaticity is ubi,quitous. 

Using the simuIation method described in the previous. 
section, we have determined first the optimal structures and 
dissociation energies of Na, and Na,+ (?2<4) clusters. All 
calculations were performed using a 32’ FFT grid with a grid 
spacing of 0.75 a,. The results of our calculations, along with 
those obtained by previous calculations3r using the LSD 
method, and experimentally determined values5’Ys3 are giv- 
en in Table I. The dissociation energy, D, in Table I, for both 
the neutral and ionized clusters, is defined ss the energy of 
the process Na: + ) -+ Na + Na: +_ j , and the energy E of a 
cluster is that corresponding to the optimal (minimum) en- 
ergy geometry, with reference to the energy of the infinitely 
separated ions and valence (3s) electrons. Since the proper- 
ties of sodium clusters are found to be rather insensitive to 
the nonlocal part of the ionic pseudopotential, we restrict 
ourselves in these calculations to the I = 0 contribution, for 
which the ionization energy of a sodium atom is calculated 
to be 5.264 eV, compared to the experimental valueSS of 5.14 
eV. To complete the description of our results we note that 
the optimal structure of Na, is an isosceles triangle C,, sym- 
metry) with an apex angle of 81.5q which is a Jahn-Teller 
distortion of the equilateral triangle geometry. The. latter 
geometry is found for the ionized Na: cluster. Both the Na, 
and Na,+ clusters possess a planar rhombic equilibrium ge- 
ometry (DZh symmetry), with the lengths of the long and 
short axes given in Table I. 

The energies and structures obtained by us are in quanti- 
tative agreement with the results of previous calculations 
using the LSD method3’ (but with a different exchange-cor- 
relation potential) and with available experimental data.“- 
53 

B. Fragmentation dynamics 

The following two points should be noted: 
(i) Since the KS Hamiltonian depends on the electronic 

density, which in turn is determined by the KS orbitals, 
events of degeneracy, or near-degeneracy, have to be consid- 
ered. This can happen, for example, when the dynamical 

Having discussed the equilibrium properties of smallso- 
dium clusters we turn to investigations of fragmentation dy- 
namics following ionization. lkently, unimolecular disso- 
ciation channels of doubly charged Na,f + clusters have been 
experimentally investigated,16 near and above the critical 
size n, = 27. In these studies it was found that on a time 
scale of 50 ,US following photoionization of the neutrals by a 
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TABLE I. Calculated and experimental equilibrium configurations and energies of sodium clusters. Interionic distances (r,), dissociation energies (D,), 
total energies (E) , and vibrational frequencies (0, ) . The-lengths of the sides of the isosceles triangle equilibrium geometry of Na,, and those of the long and 
short axes of the rhombus equilibrium geometry of Na, and Na,+ , are given in parentheses. 

Naz Na,+ Na, Na: Na4 Na,+ 

r, (ad 

DC (eV) 

E (eV) 

m,(cm-’ ) 

5.546 6.546 (5.79,5.79,1.56) 6.26 (11.294,5.518) (11.669,5.781) 
5.48” 6.42’ (5.7,5.7,7.1)” 6.0” (11.114,5.5Y (11.46L5.7)” 
5.818b 6.72’ 1.. . . . . . . . . . 

0.8614 0.995 0.418 1.453 0.948 0.656 
0.91n 1.05n 0.40” 1.55” 0.63” 0.68” 
0.747” 0.991d (0.378 - 0.527)’ 1.30d . . . . . . 

- 11.388 - 6.259 - 17.07 - 12.915 - 23.289 - 18.895 

148.9 119.9 
173” 115” 
159.1b 119’ 

a Reference 3 1. 
’ Reference 5 1. 
‘Reference 52 
‘Quoted in Ref. 31. 
‘Upper and lower bounds obtained from Ref. 53. 

pulsed UV laser, doubly charged clusters of size n<n, fission 
asymmetrically (i.e., dela.yed fission into singly charged 
fragments). For larger clusters the main dissociation chan- 
nel is the evaporation of a single neutral atom. In addition it 
was found that the charged fission products depart (recoil) 
with a kinetic energy of about 1 eV, and it was estimated that 
the Coulomb barrier for fission of Na&+ is about 0.8 eV. 
These results emphasize the importance of dynamical con- 
siderations in studies of trnimolecular decay of metastable 
charged clusters. 

In our current studies we restricted ourselves to much 
smaller clusters than those investigated in the above men- 
tioned experiments. Nevertheless these first simulations of 
the dynamics of a unimolecular dissociation process, evolv- 
ing on a calculated adiabatic (BO) electronic potential ener- 
gy surface, reveal the microscopic dynamics of a fission pro- 
cess occurring in Na,+ ,+ on the picosecond time scale, as well 
as serve to illustrate the potential of the simulation method 
for further investigations of dynamical processes in clusters 
and other condensed matter systems. 

In Tables II and III the energetics of dissociation chan- 
nels of Na,+ and Na,f + are shown. The values in the tables 
correspond to A = E,- - Ei, where Ef is the equilibrium en- 
ergy of the separated fragments and Ei.is the equilibrium 
energy of the parent (initial) cluster (all energies calculated 

TABLE II. Dissociation channels of Na,+ and corresponding dissociation 
energies, A (in eV) . 

Dissociation channel 

Na: +Na 
Nat + Na, 
Na,+Na+ 
3Na + Na +~ 

A (eV) 

0.66 
1.25 
1.825 
3.1 

with reference to the infinitely separated ions and valence 
electrons). In the calculations of A in Table III, the rhombus 
configuration of minimum energy of Na$+ was used.56 In 
this structure the energy of Na,+ + is - 10.737 eV and the 
lengths of the long and short axes are 14.84 and 6.620 a,, 
respectively. As seen from Table II all dissociation channels 
of Na,+ are endothermic. On the other hand, three of the 
dissociation channels of Na,+ + are exothermic (negative A 
values), with the asymmetric fission channel Na,C + -, Na,+ 
+ Na + being the energetically favored one. 

To simulate the fragmentation dynamics df Nat +,&tie 
start from the optimal (zero temperature) geometry of Na,+ 
and assign to the sodium ions random velocities scaled such 
that the kinetic energy of each of the relevant six degrees of 
freedom (i.e., the cluster is prepared with zero angular and 
center of mass velocities) fluctuates about 300 K. The total 
potential energy E, = E, + E, (which includes the elec- 
tronic energy E,, and interionic repulsion energy E,) and 
the kinetic energy of the Na,+ cluster, along a dynamically 
generated BO trajectory, are shown in Fig. 1 (a), exhibiting 
variations due to the vibrational motion of the ions, as well as 
demonstrating conservation of energy. (i.e., E, -I- Ek = 
constant). A decomposition of E, j into the electronic (E, ) 
and interionic (E,) contributions is shown in Fig. 1 (b), and 
the time variation of the distance between the sodium ions 

TABLE III. Dissociation channels of Naz + and corresponding dissocia- 
tion energies, A (in eV) . 

Dissociation channel i A (eV) 

I.Na: +Na+ - 2.24 
II. Na,’ + Na: - 1.8 
III. Na, + 2Na + - 0.65 
IV. 2Na + 2Na + 0.21 

Downloaded 10 Mar 2004 to 132.66.16.34. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



612 Barnett eta/: Small sodium clusters 

100.0 200.0 
time (fs> 

PIG. 1. Adiabatic (BO) simulation of a Na,+ cluster at 300 K. (a) Poten- 
tial (E, = E, -t E,) and kinetic energies (E,, dashed line) vs time (in fs); 
(b) electronic energy (E,, solid line) and interionic repulsion (E,, dashed 
line) ; (c) lengths of the long and short axes of the original rhombus configu- 
ration vs time. 

located at the ends of the short and long axes of the initial 
rhombus configuration is shown in Fig. 1 (c). 

The initial states for simulations of the dynamics of 
Na,+ + were obtained by ionizing the Na,’ cluster (i.e., dis- 
carding the electron in the topmost occupied level) at several 
instances along the above trajectory. Following ionization 
the resulting Na$ + cluster is allowed to evolve on its BO 
potential energy surface. We remark that in order to allow 
for all possible dissociation channels these calculations must 
be performed within the LSD scheme, since some of these 
channels involve products with unfilled electronic shells. 

The temporal evolution of the system is shown in Fig. 2 
for two trajectories of Na,f +, following ionization of Na,f at 
t, = 190 and 280 fs (see Fig. 1). Shown in this figure are the 
time variations of the distances between each of the four 
sodium ions in the Na,f + cluster from the center of the va- 
lence electron density ( lrNa + - rP [ ), and of the total poten- 
tial and kinetic energies.As seen in both cases a fission of the 
cluster into Na,f and Na + fragments occurs, where for the 

Na4 +2 from Na4+ t=ROfs 

500.0 l000.0 
time (fs> 

Na4+2 from Na4+ t+?80fs 

I 

.y 
F .s ..!I 
lir 

.a 

.x 
500.0 1000.0 

time (fs> 

FIG. 2. .4diabatic simulations of the evolution of Na$ + following ioniza- 
tionofNa,+ (seeFig.l)attimest,=190fs(ina)andt,=280fs(inb). 
Shown, for each case, are the distances (in au) between each of the sodium 
ions and the center of the electron density ( [rNn - rp I), and the potential 
(E,, solid line) and kinetic (E,, dashed line), vs time. Note that for rI 
= 190 fs the Na + dissociates starts from the long axis of the original rhom- 

bus while for t, = 280 fs the dissociating Na + starts from the original short 
axis. 

the t, = 190 fs event the Na + ion is initially one of the ions 
on the long axis of the cluster, while for the tr = 280 fs event 
the product Na + is initially one of the short-axis ions. As 
seen, the onset of fission occurs -0.6 and 1.2 ps, following 
ionization, in the two cases, respectively. 

J. Chem. Phys., Vol. 94, No. I,1 January 1991 

Downloaded 10 Mar 2004 to 132.66.16.34. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



Barnett et a/.: Small sodium clusters 613 

TABLE IV. Energetics of the fission reaction Na$ + -+ Na: + Na + , ionizing a 300 K Naz cluster at different times, t, (in fs), along its BO trajectory. The 
total energy of the Na,+ * produced from the parent Na,+ at time t,, is given by E,(Na,+ + ). The internal potential and kinetic energies of the Na: fragment 
are denoted by Er) (Na: ) and E P”“(Na: ), respectively, and their sum by E,(Na: ). The translational kinetic energies of the centers of mass of the 
fragments are given by E p”‘( Na,+ ) and Ek (Na+ ), and the residual, repulsive, interaction between the fragments at the end ofthe simulation is denoted by 
Es. All energies are in eV. 

tr .WNa,+ +) 
18 - 10.238 

190 - 10.653 
280 - 10.403 

&Ok+) 
- 12.228 
- 12.723 
- 12.371 

Ey’(Na: ) 
- 12.699 
- 12.825 
- 12.641 

Ey’(Na: ) 
0.47 1 
0.102 
0.270 

Ep”‘(Na,+ ) E,(Na+) El7 
0.317 0.952 0.721 
0.376 1.128 0.566 
0.321 0.962 0.685 

Energetics of the fission processes for three ionization 
events (the two discussed above and an additional one initi- 
ated at an earlier tr) are given in Table IV. We observe that 
at the end of the simulations the two fission products are 
separating with a kinetic energy [E Frn) (Na,f > 
+ Ek (Na + ) ] of - 1.3 eV. However, at the end of our simu- 

lations the two charged fission products are still interacting, 
predominantly via Coulomb repulsion. It is reasonable to 
expect that upon further separation this residual interaction 
energy ( ER in Table IV) will be converted mostly into kinet- 
ic recoil energy (from kinematical considerations ER will be 
distributed in a ratio of 3:l between the recoil kinetic ener- 
gies of the Na? and Na + fragments, respectively.) Conse- 
quently,we estimate the total recoil energy of the fission pro- 

(a> 

I I I 
12.0 20.0 28.0 : 

short axis (au> 
0 

15.0 20.0 
long axis (au> 

FIG. 3. Fission trajectories ofa Na, + + cluster obtained by double ionization 
of a Na, cluster from its equilibrium configuration (in a), and by single 
ionization of a Na,+ cluster from the equilibrium configuration (in b) . Both 
fission processes yieId Na, f 2Na + . The starting rhombus configuration is 
marked by a dot, and the arrows guide the eye along the dissociation trajec- 
tory. 

cess to be about 2.0 eV. In addition we note that the internal 
kinetic energy content of the Na,+ fragment corresponds to a 
vibrationally hot product. We remark, that the same frag- 
mentation channel, with similar energetic characteristics, 
was obtained by us for other choices of initial configurations 
along the BO trajectory of the parent Na,+ cluster, as well as 
in simulations of the dynamics of dissociation of Na,+ + clus- 
ters which were obtained by doubly ionizing selected config- 
urations from the BO trajectory of a neutral Na, parent clus- 
ter. 

It is instructive at this stage to comment on other inves- 
tigations, in which the initial parent (Na,f or Na,) clusters 
were chosen to be in their planar rhombus (D,, symmetry) 
equilibrium (optimal) configurations. Ionization of the par- 
ent cluster, and dynamical evolution of the Naz + cluster on 
its BO surface, results in a fragmentation into a Na, mole- 
cule and two Na + ions (channel III in Table III ). We note 
that this dissociation channel is not the energetically favored 
one, rather its occurrence is dictated by the symmetry of the 
initial state. From Table III we observe that the other exoth- 
ermic (spontaneous) dissociation channels do not preserve 
the D,, symmetry of the initial configuration. 

The paths of the dissociation processes are illustrated in 
Fig. 3 [starting from Na, and Na,+ , in Figs. 3 (a) and 3 (b), 
respectively]. We note that in the first stage, shown in both 
Figs. 3 (a) and 3 (b), the long axis of the rhombus elongates, 
and when becoming about 20 a,, the ions at the end of this 
axis come to a turning point and then reverse the direction of 
their motion. In the first case [Fig. 3(a)] these two ions 
eventually recombine forming an Na, molecule, and the two 
ions which were originally at the ends of the short axis sepa- 
rate, moving in opposite directions, while in the second case 
[Fig. 3 (b) ] the two ions come back to a distance of - 8 a0 
and then reverse the direction of their motion once again, 
resulting in dissociation. 

These reaction paths are indicative of a barrier along the 
reaction coordinate, which in this case lies evidently along 
the long axis of the initial equilibrium rhombus structure. 
Indeed, the results shown in Fig. 4 (a), where the total poten- 
tial energy (electronic plus interionic repulsion) of the 
Na,f + cluster is shown vs the length of the long axis, verify 
the existence of a barrier of -0.14 eV along this reaction 
coordinate. [The results in Fig. 4 were obtained by calculat- 
ing the energies of the equilibrium (optimal) structures of 
the Na,+ + cluster, while holding two sodium ions at fixed 
positions in opposite corners, thus forming an incrementally 
elongated rhombus.] The correlation between the lengths of 
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FIG. 4. (a) The potential energy (E, ) of Na$ +, vs the length of the long 
axis of the rhombus, resulting from calculations in which the energy of the 
optimal configuration of the cluster is evaluated for an incrementally elon- 
gated rhombus (with the ions at the ends of the long axis held fixed at each 
disfance and’those on the short axis allowed to adjust such as to minimize 
the potential energy). A dissociation barrier of -0.14 eV, along the long- 
axis reaction coordinate, is evident. (b) ,Variations of the short and long 
axes for the equilibrium rhombus configurations of Na,‘+. The square con- 
figuration of Naz + is marked by x in both (a) and (b) . Energy in eV and 
lengths in au. 

i- 

the short and long axes of the rhombus,corresponding to the 
equilibrium configurations of the cluster, is shown in Fig. 
14(b). 

Further information about the dissociation process of 
Na,+ +, obtained by ionizing the initial Na, cluster starting 
from its equilibrium configuration, is shown in Figs. 5 and 6. 
The total potential energy of the system vs time [shown in 
Fig. 5(a) ] exhibits rapid fluctuations which slow signifi- 
cantly as the unstable square configuration is reached (at 
- 1.2 ps). This configuration is marked by an x in Figs. 
3 (a) and 4. We note that associated with this stage is a de- 
crease in the electronic energy [Fig, 5 (b) J and increase in 
the internuclear repulsion [Fig. 5 (c) 1. The energetics of this 
dissociation process may be summarized as follows: The to- 
tal energy of the Na., ++ cluster, obtained by double ioniza- 
tion of the equilibrium (optimal) Na, cluster, is - 10.389 
eV. At the end of the simulation the Na, fragment is vibra- 
tionally cold (vibrational energy of 0.5 X 10 -4 eV) and the 
total translational kinetic energy of the dissociating Na + 
ions is 0.968 eV (with the center of mass of the Na, fragment 
almost at rest). __ 

2 I / I 
500.0 1000.0 1500.0 2000.0 

time (f3 

FIG. 5. Dissociation of Na: +, . . uuttated by double ionization of the equilib- 
rium Na., cluster. Shown vs time (in ps) are: (a) The potential energy 
(E, -t E,); (b) the electronic energy (EC); (c) the interionic Coulomb ie- 
pulsion (E,). Note the slowing down of the fluctuations in the total poten- 
tial energy in (a), and occurrence ofextrema in (b) and (c), at about 1.2 ps, 
corresponding to the reaction path passing through the unstable squarecon- 
figuration [see point marked x in Fig. 3(a) 1. 

Finally, contours (in the plane of the cluster) of the 
electronic charge density of Nat f at the initial state (just 
after ionization of the Na, cluster), at the point correspond- 
ing to the above square configuration (occurring - 1.2 ps 
after io-nization), and at the end of the simulation, are shown 
in Fig. 6. 

IV. SUMMARY 
In this study we investigated the equilibrium properties 

of small neutral and charged sodium clusters (Nan+, n<4), 
and the dissociation dynamics of Na,+ +, using simulations 
which combine local spin-density (LSD) calculations of the 
ground state electronic energy and density, with classical 
dynamics of the ions. 

,Our results (equilibrium energies and geometries) for 
small sodium clusters are in good agreement with previous 
LSD calculations and with experiments, when available. 

Our calculations of the energetics of fragmentation of 
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FIG. 6. Contours of the electron densify of Na,’ + (in the plane of the planar 
cluster), obtained from the equilibrium Na, cluster, at different stages of 
dissociation. (a) Initial state of Na,+ * just following ionization; (b) at the 
square contlguration [see point marked X in Fig. 3(a) 1; (c) at the end of 
the simulation, where the contours are essentially those of the product Na, 
molecule, with the two dissociated Na + ions each at a distance of 17.5 a,, 
from it. 

Na,+ and Na$+ show that while for Na,+ all dissociation 
channels are endothermic- (see Table II), for Na,f ’ three of 
the channels are exothermic (see Table IV), allowing for 
spontaneous fragmentation. Furthermore, starting from ini- 
tial configurations, along the dynamically generated phase- 
space Born-Oppenheimer (BO) trajectory of Na,+ (or 
Na,) at 300 K, our simulations show that upon sudden ioni- 
zation, the resulting Na, ++ cluster fissions, on the picose- 
cond time scale, on its ground-state potential-energy surface, 
yielding a vibrationally excited Na,C fragment and an Na + 
ion, which recoil with a translational energy of - 2 eV. These 
results correlate with recent experimental studies of the 
asymmetric fission of larger doubly charged sodium clus- 
ters. 

We also demonstrate that starting from the equilibrium 
(minimum energy, at 0 K) rhombus configuration of the 
parent cluster (Na, or Nad+ ), sudden (double or single) 
ionization, results in dissociation along an energetically less 
favorable channel, yielding Na, + 2Na + , whose occurrence 
is dictated by the initial D,, symmetry of the parent cluster. 
Moreover, we find that while the fission process, following 
sudden ionization from arbitrary chosen configurations (se- 
lected in our study from the BO phase-space trajectory of the 
parent cluster) is barrierless, dissociation of Na,f +, follow- 
ing ionization from the equilibrium geometries of Na, in- 
volves a barrier of -0.14 eV along the reaction coordinate 
(elongation of one of the axes of the original rhombus). 
These results demonstrate the importance of dynamical con- 
siderations in investigations of reaction dynamics (unimole- 
cular dissociation in particular) and caution against the ex- 
clusive selection of the equilibrium (minimum energy) 
configuration for the initial [parent) state. 

In closing we remark that the simulation method which 
we described (see Sec. II) for investigation is of Born-Op- 
penheimer dynamics is an effective method for investiga- 
tions of equilibrium and dynamical processes in multielec- 
tron and nuclei systems. Further applications of the method, 
to clusters and other condensed matter systems, are in prog- 
ress. 
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