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Structure and dynamics of alkali-metal clusters and fission of highly charged clusters
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A dynamical optimization of the minimum energy cluster structures of Na, K, Rb, and Cs clusters was
performed using a many-body potential based on local density calculations. The energetics and vibrational
analysis of the neutral clusters in the size rangeNs<310 were calculated, including the free energy as a
function of the cluster size and the melting temperature. The fission process due to Coulomb foree3-bf 2
and 4+ charged alkali-metal clusters was studied extensively using molecular dynamics. We show that the
cluster size at which multiply charged clusters undergo fission depends strongly on the cluster temperature.
Three phases in the temperature-size-phase plane are identified corresponding to unstable, metastable, and
stable clusters. These regions are bound by the spontaneous size at zero temperature and the critical size at the
critical temperature. The cluster critical size exhibits a power law dependence on the total charge, which is in
excellent agreement with experiments. The energy barriers that the clusters need to undergo fission are reported
as a function of cluster size. The limitations of the liquid drop model are indicated in light of the dynamical
findings.[S0163-182608)05624-(

l. INTRODUCTION modell’” Therefore, multiply charged clusters are intrinsi-
cally unstable if their size is belom.. Above this size,
Considerable experimentat® and theoretica effort  clusters are metastable if their internal energy is lower than
has taken place in recent years to study the fission of multian energy barrier for fission that depends on the metal and
ply charged alkali-metal clusters. The study of charged clusthe charge. If the cluster internal energy exceeds this energy
ters is of fundamental importance since cluster detectiodarrier, then fission occurs. The range of metastable cluster
through mass spectrometry proceeds via ionization and desizes(appearance sizess quite ample. The largest appear-
tection of charged species. Singly ionized clusters of mosénce size is known as the critical size and this is the most
elements are stable at low temperature while multiplyfrequently measured quantity? Chandezonet al!® ob-
charged clusters are not, because the Coulomb repulsion beerved a suite of critical sizes for Na clusters undergoing
tween the charges acts against the cohesive forces. Fissionfigsion from different ion beam measurements and correlated
multiply ionized clusters presents strong analogies to correthese differences with temperature effects.
sponding phenomena exhibited by heavy atomic nuclei. Ex- Local spin density calculations of doubly charged beryl-
perimental fission patternésymmetric versus asymmetric lium clusters withN<5 (Ref. 18 have shown that small
fission and fission barriers have been interprétéd-116  doubly charged clusters may exist in metastable states if their
within the framework of the liquid-droplet model of nuclear internal energy is lower than an energy barrier leading to a
theory!” In those models, only the initial and final state en-dissociation channel. The fragmentation process of very
ergies are taken into account. Predictions exist of fragmensmall Na)[l+ cluster ions containing up to 12 atorfisizes
tation channels of 2 cluster ions using the local density below n, (Refs. 19 and 2 has been studied within the
approximation(LDA) and the deformed-jellium modé&t* DA for the electronic structure in conjunction with molecu-
The most common assumption for describing the fission prolar dynamics(MD). However, this approach is computation-
cess of charged metal clusters is that small singly chargedlly demanding and has not been used to investigate the fis-
fragmentdof three or nine atomsevaporate from the cluster sion mechanism of metastable multiply charged clusters with
until a singly ionized cluster is left behid® Then it is  sizes aboven,. Molecular dynamics simulations aimed to
possible to model the process as a chemical reaction by coescribe realistic finite-temperature properties of larger sys-
sidering a static energy balance between reactants and progms, for example, clusters containing more or about 20 at-
ucts overcoming a reaction activation barrigr®1417 oms, should meet two requirement®: a quantum mechani-
One of the issues central in understanding the fissioral foundation to describe the interaction between atoms and
mechanism due to Coulomb forces is the determination ofii) a high numerical efficiency. The first requirement is im-
the appearance cluster sikg, which is the smallest size at portant because of the many-body character of the inter-
which a cluster supporting a charge o#2or larger is ob- atomic forces that enter in the description of the structural
served experimentally. The minimum appearance size valuand thermodynamical properties. On the other hand, large-
is obtained at zero temperature when fission is spontaneouscale quantum mechanical simulations are highly computer
This is the Bohr-Wheelen, parameter of the liquid-drop intensive. Therefore, first-principles approaches are severely
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limited to study vibrational, structural, and thermodynamicfission” if the size is abové\. and the temperature is below
properties of large clusters. As an alternative, atomistic simuT, (ii) clusters “metastable to fission” if the size is be-
lations are playing an increasingly important role in the detweenn. and N, and the temperature is below a phase-
sign of modern materials. Most model potentials are empiriseparating line that spans between zero temperaturd gnd
cal and their parameters are fitted to experimental values d@nd(iii) “unstable clusters” if the size is betweemn andN,
bulk materials. Because the predicted structural materigdnd the temperature is above the phase line. We calculated
properties are as accurate as the interatomic potentials uséfe phase line for all the four metals under consideration.
the development of improved model potentials is crucial.Fission only occurs in the metastable region, which is the
There have been several efforts that include averaged man§@9ion studied in this work. Multiple types of fragmentation
body effects fitted on first-principle calculations of both bandProcesses occurring in the unstable region are not the subject
structure calculatiodd and small clusters potential energy ©f this work. _ . .
surface€? Model potentials describe well those properties  1hiS paper is organized as follows. Section Il describes
associated with the structure and motion of the ionic atomi¢h® LDA band structure calculation leading to the establish-
cores, which are much slower than the motion of the elecent of the model potentials for Li, Na, K, Rb, and Cs.
trons. Section Il describes the results for several bulk properties.
We have applied a different many-body interatomic po_The structure, energetics, and vibratipnal gnalysis of .neutral
tential to describe sodium clusters, both the structure of ned¥a K, Rb, and Cs clusters are described in Sec. IV, includ-
tral clusters and the fission mechanism of clusters multiply"d @ visualization of the minimum energy structures of Cs
charged by 2, 3+, and 4+.2% These properties are struc- clusters with 8_ up to 20 atoms. Section V devglops the mo-
tural and dynamical and therefore appropriate for study fronfecular dynamics strategy used to study the fission mecha-
an atomistic point of view. The class of many-body poten-Nism at finite temperatures. Section VI describes the results
tials is based on LDA calculations and the second momerfebtained for all appearance sizes of clusters supporting
approximation (SMA).24%5 The fission mechanism in hot charges of &, 3+, and 4+ (5+ in the case of Os The
charged metallic clusters, as in the nucleus, is based on tfscussion in Sec. Vil is followed by concluding remarks in
interactions between the ionic atomic cores. Our Wdrk S€c. VIII.
studies fission from a dynamical view, and for that we de-
veloped the best existing potentigb our knowledgg for Il. MANY-BODY POTENTIALS BASED ON LOCAL
sodium. These highly charged clusters undergo fission when DENSITY BAND STRUCTURE
they are hot at a certain size, the appearancelsjzeln our
calculation we predicted the full range of appearance sizes of
sodium clusters from its lower boumd (spontaneous fission First-principles calculations within the local density ap-
at zero temperatuyeup to the critical sizeN, attained at proximation of the total energy and electronic bands for both
temperatures below the boiling point. Fission in the metabcc and fcc crystals of the alkali metals Li, Na, K, Rb, and
stable cluster size region that spans betwegandN, was Cs were performed using an augmented-plane-waw/\)
studied with nonequilibrium molecular dynamics by chang-method?® The band states were calculated self-consistently
ing the internal energy of the multiply charged clusters. Mul-in the semirelativistic approximation with spin-orbit cou-
tiply charged clusters larger thad, are stable and do not pling neglected. The self-consistent semirelativistic calcula-
fission. Our calculated critical siz€sare in excellent agree- tions yielded the crystal potential, the charge density, and the
ment with experiment:*1° eigenvalue sum, which were used in Janak’s expression for
In this work we present a systematics of interatomic po-the total energy’ The exchange and correlation were treated
tentials based on the LDA/SMA for K, Rb, and Cs and useby the Hedin-Lundqvist formalisiff The band calculations
these potentials to study the energetics, free energy, meltingpntained 5% points in the irreducible Brilloun zone for the
and boiling temperature, and surface energy of neutral clusacc structure and 8R points for the fcc latticé® The total
ters with 8 up to 309 atoms. We also study dynamically theenergy was calculated for at least six different lattice param-
fission mechanism of 2, 3+, and 4+ cluster ions contain- eters for each material and each crystal structure.
ing 10—160 atoms. This work tackles the fission process over The APW total energy per atom of the crystal was ex-
a wide range of temperatures. Furthermore, we predict quampressed relative to the energy of an isolated atom calculated
titatively the critical size for fission of alkali-metal clusters in the same approximation. Since it is well known that the
charged up to 4. Our calculated critical sizes at high tem- total energy of isolated atoms is poorly described by the
peratures are in excellent agreement with experimental valDA, for the purpose of constructing the model potentials,
ues for hot clusters:*'°This is a confirmation of the impor- we shifted the atomic energy so that the energy evaluated at
tance of ionic atomic motions in the fission process. It is thethe LDA equilibrium volume coincides with the experimen-
first time, to our knowledge, that such an attempt has beetal value of the bulk cohesive ener§yThese energy shifts
carried out due to the difficulty of representing materials,are 0.43, 0.21, 0.28, 0.19, ant0.10 eV for Li, Na, K, Rb,
such as the alkali metals, that are very soft. By including theand Cs, respectively. In Table | we report the results of the
dynamics of the atomic cores, our calculation represents ealculated equilibrium lattice constants and bulk modulus
significant improvement over the liquid-drop model that de-along with the corresponding experimental valé€s?! The
scribes the process only at zero temperature and assume®xperimental cohesive energy is also reported in the table.
structureless ionic cluster. In addition, we develop a sizeThe calculated equilibrium lattice constants are within an
temperature phase portrait that allows classification of therror of about 5% and the bulk moduli are within an error of
highly charged clusters in three phasg@psclusters “stable to  about 25% with experiment.

A. Local density calculation
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TABLE I. Lattice constant, bulk modulus, and melting temperature for alkali-metal clusters from our
LDA and model potential calculations and from experiment. The last column is the experimental cohesive

energy.

bcc lattice constanta.u) Bulk modulus(Mbar) Melting temperaturéK) E, (eV)
Element LDA Potential Expt. LDA Potential Expt Potential Expf. Expt2
Li 6.35 6.34 6.60 0.155 0.157 0.133 504.8 453.7 1.63
Na 7.68 7.63 8.11 0.094 0.087 0.074 332.9 370.9 1.13
K 9.53 9.52 9.9 0.047  0.048 0.037 270.8 336.8 0.93
Rb 10.17 10.16 10.60 0.037 0.037 0.029 270.8 336.8 0.85
Cs 10.93 10.91 11.42 0.020 0.020 0.023 300.4 301.6 0.80

8Reference 29.
bReferences 30 and 31.
‘Reference 36.

B. Model potentials coordination shells in a crystal and over all atoms in clusters.

The criterion to construct the functional that describes thd" addition,r, is a free parameter, as suggested in Ref. 25.
SMA (Refs. 24 and 26many-body potentials is based on the T1hus the potential has five parameters.
functional that approximates the hopping integral in a tight- !N this work we fitted the parameters of E¢@—-(4toa
binding (TB) description. The TB approximation has been LDA datab_ase that consists of the total energy as a functl_on
successfully proposed for most metals including the alkalPf the lattice constant for both bce and fec lattices. This
metals®?>~*The TB eigenvalue equation is represents a very s!gmﬂcant improvement over previous
SMA TB fits to experimental quantities rather than to LDA
0 _ i ) band structure. Therefore, these potentials are based on rig-
(Sia_E)||a>+_§, % tap(rij)]jb)=0, (D orous first-principles LDA results. Resulting values for the
a parameters are reported in Table Il. The rms error of the fit is
wheree?, are the one-electron eigenvalues associated withery small, as shown in the last column of this table. No
one of the electrons of the atom at sit¢hat occupies the alternative empirical parametrization of this potential has
orbital a. The hopping integralg}(ri;)=(ia|V;j|jb) in-  been offered in the literature.
clude the site-site Coulomb interactiafy , which depends
on the interatomic distanag; . For a system witiN atoms,
the total potential energy of the atomic ions is lll. BULK PROPERTIES OF ALKALI METALS

@ We calculated several crystal properties using the present
model potential functions. The bulk modulus, equilibrium
whereU,, is the sum of the one-electron eigenvalues of thdattice constant, and melting temperature are reported in
occupied states calculated from EG) and U, describes Table I, where values can be compared to the LDA values
the repulsive ionic interaction represented by the Bornfor the first two properties. The melting temperature for the

Ucon=Uert Urepa

Mayer potential bcc and fcc crystals were calculated from Lindemann’s
criterion® Lindemann’s criterion states that at the melting

B (i temperature, the average amplitude of vibratja) should

Urep= 2,“ 80; ex;{ p(ﬁ 1) } ®) be about 15% of the nearest-neighbor distathcen the har-

monic approximation the vibration displacement of every
Analytical interatomic potentials for Li, Na, K, Rb, and atomu; is a linear combination of the normal modgssuch
Cs were constructed by using the SM22°which takes into  that

account the essential band character of the metallic bond.
Namely,U, consists of a band structure term proportional to T
the effective width of the valence band given by the square 2\ _ CN12) $2\ NP

. Y= i D)= i —
root of the second moment of the local density states. The (i) ,—Z‘l e DI ) ,2‘1 leGi.i)l mwjz’ ®
SMA is similar to the embedded atom formalism and in-
spired by the TB expression to represent the hopping inte- TABLE II. Model potential parameters in Eq3) and (4).

grals:tﬁbzAab exXp(—dqyjj). In the SMA the cohesive en-

3N-6 3N-6

ergy of the crystal is given by an analytical expression €0 Lo ro rms
composed of a sum of one-atom effective binding energies Element (mRy) (mRy) p q (a.u)  (mRy)
5 ij 172 Li 24450 23.889 7.75 0.737 5490 0.016
Ucoh:Urep_zi ;I {o exp —2q E_l ) Na 1.1727 21.398 10.13 130 6.99  0.014
K 1.51 19.30 1058 1.34 8.253 0.009

where the first term is Eq3). The second term is the attrac- Rb 1.43 18.12 10.48 1.40 8.81 0.004
tive interaction representing the band structure treated in the cg 1.51 17.80 062 145 944 0.021
SMA. In this work sums are taken over neighbors within 12
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where e(i,j) is a matrix showing the contribution of the TABLE llIl. Wigner-Seitz radiusrg of bcc crystals, calculated
normal modeg; with frequencyw; to the particle displace- surface energy; from Fig. 1 and Eq(9), calculated surface tension
mentu; andk is Boltzmann’s constant. The melting tempera- o & T=0, and experimental surface tension.

ture is then

o (eVIAY) & (eVIA?)

Nm(0.15d)%/k Element rg (a.u) € (eV) atT=0K (Exptd)
= , 6
Mm 3N 3N-6 ©) Na 3.76 1.076 0.0217 0.0125
E 2 e(i, j)Z/wj2 K 4.69 0.852 0.0110 0.0069
=1 =1 Rb 5.00 0.7574 0.0086 0.0056
wherem is the atomic masgj=v3a/2, anda is the lattice Cs 5.37 0.6714 0.0068 0.0044

constant for the bcc crystal symmetry. Using our model pos
tential, we are able to find the normal modes of clusters an
crystals. For crystals, we chose a number of symmetrical

k—.n;]e?]h points in tdhe Brillpu;n ngla alnd c§00kl th; af;/erag he density of the jellium depends on the mass of the alkali
with the corresponding weights. Calculated values glare metal, the observed shell structure differs from one metal to
given in Table | and compared to experiméht. another*2—45

We also calculated the Gmeisen constant, which is de-
fined as

eference 36.

roximatelyN,=8, 20, 40, 58, 90, 132, 168, €tt*! Since

For completeness, in order to study the binding energy of
metallic clusters, it is important to include an electronic term
_ _ to describe subshell closings in a semiclassical description

7%=~ d(in w)/d(in V)= (V) (dw; /dV), (D such as the one that emerges from the use of model poten-
whereV=a®?2 is the volume per atom at equilibrium in the tials. According to Strutinsky's theoreffithe energy of the
bce crystal. This constant is useful in discussing anharmonitteracting fermion system can be divided into a smooth part
effects in solids. We calculategas the arithmetic average of and an oscillating part associated with the shell correction.
v; for each normal mode. This is equivalent to a sphericallhe smooth part varies slowly with particle number and can
average irk space, although for some effects it may be necbe represented by the model potential introduced in Sec.

essary to consider the dependenceyain specifick direc- Il B. The shell correction contains all the oscillations coming
tions. The calculated Gneisen constant is 1.61 and 1.54 for from the bundling of energy levels. Therefore, we have

sodium and potassium, respectively. The experimental va@dded a shell term to the potential described in Sec. 11 B, to
ues are 1.4—1.TRef. 37 and 1.34°° respectively. model the higher stability of clusters of sikethat contain a

number of valence electrord, corresponding to subshell

IV. NEUTRAL ALKALI-METAL CLUSTERS closings:
The model potential discussed in Sec. Il B gives informa- _ Ucon 0.2E 13

tion on the structure of the material, where the atoms are En= N N < Ne O(N=Ne,), ®

located, and how they displace about their positions. Since

the ionic atomic core motions are about two orders of magwhereU,,, given in Egs.(2)—(4), represents the structural

nitude 'slower than the glectromc motions, the atomic longontribution to the binding energy per atom, units are in eV,

move in the 'ave'raged flel_d created by the electrons. Thig s the subshell index, anil,,_is the number of electrons

mean behavior is taken into account through the SMAsnat close thek subshell. The last term is a sum of delta

which gives the width of the valence band. However, the n iions peaked at each subshell index and weighted by a

potential does not explicitly address the grouping of ONeYependence ohlél’(3 to reflect the contribution of the surface

electron levels within the valence band that is observed in e
alkali-metal clusters. This grouping of states creates peaks ffi!'vature to the cluster binding energy per atom. Therefore,
the density of states. As the clusters grow larger and tend t§!'S [ast térm is a pure electronic contribution to thze binding
have bulklike sizes, these oscillations in the density of state§N€rgy: Eaché function is represented by,/[ e+ (N
disappear. A simplified representation of this effect is ob-—Ne,)?], where 8= 1/ andn is the principal quantum
tained by the spherical jellium model for clusters that totallynumber of theK subshell. The factor 0.2 is an estimate based
neglects the structure of the atomic ions. Under the sphericaln ab initio calculations for sodiurfi’48

jellium model, electron-subshell closings occur when the Under this interatomic potential function, large clusters
number of electron$\, in the valence band is 2, 8, 18, 20, containing up to about 10 000 atoms, nonrelaxed and spheri-
34, 40, 58, 68, 90, 92, 106, 132, 138, 168, etc. Thereforegally carved from perfect bcc and fcc lattices, are less stable
clusters containing those numbers of electrons in the valendian icosahedral clusters. Maftirhas confirmed experimen-
band are expected to be more stable than others. In the jellly that clusters larger than 1500 atoms have icosahedral
lium model of clusters, there is an accidental degeneracgtructure. For smaller alkali-metal clusters, the structure ob-
where many of these electron subshells bundle together gitained with the present model potential is expected to work
ing rise to shell$® These shells constitute peaks in the den-best when the coordination shell of each atom is well popu-
sity of states. In the jellium calculations these peaks can béated.

shifted by changing the density of the jellium. Shells occur In what follows we report results for clusters with less
when the number of valence electrons in the cluster is conthan 13 atoms along with those for clusters of up to 309
sistent with groupings of electron-subshell closings at apatoms. However, results for the small clusters are more ap-
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FIG. 1. Cluster binding energy per atom veriis'®. (a) Sodium clusters: this woricircles and experiment from Ref. (€rosse} Ref.
47 (triangles, Ref. 48(squarey and Ref. 51(solid dotg. (b) Potassium clusters: this wofkircles and experiment from Ref. (€rossesand
Ref. 52(triangles. (c) Rubidium clusters: this worlkcircles. (d) Cesium clusters: this worfcircles. The solid line in all four figures is the
fit to our calculation.

proximate. The minimum energy geometrical configurationclusters, whereas Fig. 3 illustrates four almost degenerate
of clusters in this size range was obtained by a dynamicadtructures obtained for clusters with 20 atoms. Several of the
simulated annealing proce¥5Clusters were annealed using lowest energy Cs isomers shown in Fig. 2 are the same as
MD and a time step of 0.Qg, wherety,= \/mrozlEb, misthe those reported for sodiufi.However, Fig. 2 illustrates sev-
mass of the alkali metal, ang andE,, are given in Tables | eral other structures not reported previously. The alkali-
and Il. Annealed clusters were finally minimized with a metal clusters are very soft and many different structures
Newton-Raphson algorithm. were found within a few kilocalories of energy. For example,
Figure Xa) shows the binding energhEy| for sodium the energies of the four structures forgQOs Fig. 2 are
calculated from Eq.(8) (circley as compared with bundled within 0.2 kcal/mole, there are eight differentCs
experiment (crosses and with three first-principles structures within 1.4 kcal/mole of the minimum energy struc-
calculation§”*®°! (triangles, squares, and closed cirgles ture, while there are four different Ggstructures within 0.14
Our potential gives satisfactory binding energies for thekcal/mole and seven different gsstructures are found
smallest clusters and excellent agreement with experime®yithin 0.24 kcal/mole. The larger the clusters, the greater the
for larger clusters. Figure(l) illustrates an equivalent analy- number of isomers that are almost degenerate in energy.
sis for potassium, showing again good agreement of our caltructures of Na, K, Rb, and Cs clusters not reported here are
culation(circles with experiments (crossesand a compari-  reported elsewhere as part of a database with approximately
son to previous calculation'$.Figures 1c) and d) show 1000 entries constructed with all the minima discovered for
the results for rubidium and cesium. To our knowledge, therghese four metals® Cesium structures different from those in
are no other calculations or experiments of binding energieRef. 48 are, following the energy ordering in Fig. 2, the
for these two materials. Clusters whe¥e= Ng, are notice-  second Cg second Cg first Cs,, and all of the Cg and
ably more stable due to the shell effect. Figure 2 gives sevEs;,. The third Csg, structure in Fig. 3 has been found pre-
eral minimum energy geometries obtained for small cesiunviously for sodiunt®® The other three have not yet been re-
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where theN-independent terri,, is reported in Table |. The

;%(i‘,;}’" second term is the surface term proportionaNi@® typical

\\Q/ﬁ\\g\/{ of metals. The solid line in Figs.(@—1(d) shows this fit.

‘.'g_lg‘.’ The fit yields a surface energy ef=1.076, 0.852, 0.7574,
X7 and 0.6714 eV for Na, K, Rb, and Cs, respectively. Relation

0.5018 eV o, 04906 ev Nopg 983 eV (9) is very interesting and shows that for alkali-metal clusters

all the structural binding energy comes from the surface
FIG. 2. Structure and binding energy/atom of the lower energyterm. The smaller the cluster, the larger the surface contribu-
structures found for cesium clusters wikh=8-13. tion. This behavior is certainly not obtained for other mate-

orted as far as we know. We find that there are three rer_ials such as silicoR? We conclude that metal clusters in the
Sominant motifs; the Gs bentagonal bipyramid, the @Sp size range of this study behave as surfaces. The surface ten-

pentagonal pyramid, and the octahedron, that repeatedly aﬁi_on of the;e metallic ;)bjects at zero temp(_arature was calcu-
pear with different relative orientations in the structure of the'ated by usinges=4mrso, wherers is the Wigner-Seitz ra-
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FIG. 5. Free energy per atom vs cluster di#é for (a) Na, (b) K, (c) Rb, and(d) Cs at three different temperatures: Stdangles, 55
K (circles, and 105 K(pluses.

dius. Results are given in Table Ill. Considering that surfaces(d) for Na, K, Rb, and Cs, respectively. It is apparent that as
tension decreases with increasing temperature, our results akisters grow larger they become more stable and their free
consistent with experimental values for the b(ist column  energy tends slowly toward the bulk value. The relative im-
of Table 111).% portance of the shell contribution vanishes as the cluster
Normal mode calculations for clusters of all sizes weregrows larger.

also obtained, such that th&3-6 normal mode frequencies Furthermore, the melting temperaturg, of clusters was
for every cluster siz&\ are availablé® Figure 4 illustrates calculated as a function of cluster size within Lindemann’s
the trend of the zero point energy as a function of clustempproximation Eq(6), assuming that the ratio between the
size. Given that these clusters are very soft and that absoluteean atomic displacement in the clusters agdis 0.15.
energy differences between binding energies of two differenKnowing bothF and T, permits tracing of a phase portrait
isomers are so close, Fig. 4 shows that the zero point energy the planeF/N vs N3, This portrait is given in Fig. 6,
is not negligible and presents a strong dependence with clusvhere each point indicates the free energy per particlg,at
ter size up to aboul=60. This zero point energy has sys- for every given size. Solid lines are drawn to guide the eye.
tematically been neglected in studies of energy balance @elow the line clusters are liquidlike and above the line clus-
zero temperature where clusters are assumed to be structuters are solidlike. This phase portrait shows clearly that the
less. Additionally, we studied the cluster Helmholtz free en-solidlike phase increases its stability as the cluster grows
ergy in the harmonic approximation larger.

The same trend described by EE) can be used to esti-

mate the boiling temperature of &ratom cluster by assum-
+EWN, (100  ing that

3N-6

F=— > kT
i=1

In

exp— A w;/2kT)
1—exp(—ho;/KT)

where w; are the normal mode frequencies for a cluster of
size N. Results of the free energy per particle at three low Tb:TO( 15 N1’3>, (11)
temperatures for sizes £N=<309 are shown in Figs.(8 - b
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FIG. 6. Portrait in the plane of free energy vs cluster $i26 ids. In addition, this model is consistent with the findings for

Each point is the free energy at the melting temperature for eac od|u_rr11 co_ncernmg the spherical average_of the eleqtron
cluster size: Na(pluses, K (diamonds, Rb (triangles, and Cs ensny.. This average shows _that the negative charge in the
(circles. Lines guide the eye. cluster is almost uniform, which suggests that the positive

charge should also be uniform to account for charge neutral-

whereT, is the boiling temperature of the bulk. Tables | and ity
[ll give the bulk binding energye, and the cluster surface
energye,, respectively.

The Hamiltonian to represent a charged cluster with total
chargeQe=13;q; is

1 C aiq 9P«
=_ 2 = i B g
V. FISSION OF MULTIPLY CHARGED ALKALI-METAL H= 2 zl Mo+ En+ 2 % { rij rﬁ ! (12
CLUSTERS i#]

In this section we describe the use of our cluster potentiavhere thev; andm are the ion velocities and mass&, is
to simulate the fission mechanism of multiply ionized clus-given in Eq.(8), g; are the effective charges of the ions, and
ters in the size range ¥0N<160. A dynamical study with « is the polarizability of ions: 0.312, 0.9, 1.7, and 2.8 A
MD of the fission mechanism is very important because thdor Na, K, Rb, and Cs, respectively The constan€ is zero
entropic effects are automatically included. Fission is a profor neutral clusters and one when the cluster is charged.
cess where information on the structure of the clusters is First the above Hamiltonian was used to simulate singly
important because the largest contribution to the cluster ercharged clusters{=1) at zero temperature. These singly
tropy comes from the atomic motions. Multiply ionized ionized clusters are stable. To that purpose we followed a
alkali-metal clusters are usually produced using the techprocedure similar to the one described for neutral clusters to
niqgue of multistep photoionization. These highly ionizedfind the structures with minimum energy. Figure 7 shows the
clusters that have lost two or more electrons are very hotiesults on the binding energy of the singly ionized cesium
with temperatures close to the boiling point of the metal. Atclusters(crossescompared to the binding energy of neutral
these high temperatures the motion of the atoms in thelusters(circles. The shell closings are clear and the clusters
charged cluster are liquidlike and the atoms visit many posiwith N=9, 21, 41, ... are more stable than their neighbor-
tions within the available volume of the cluster. There areing sizes. Similar observations were obtained for all the other
numerous experiments available on the critical size to unmetals. It is worth noting that the effect of a single charge
dergo fission. Therefore, one of the aims of our simulation isshanges the structure of the very small clusters. However,
to obtain dynamically the critical size and temperature. clusters with more tharN=10 keep the same geometry

In this simulation, we assume that the positive charge isvhen singly charged. The overall binding energy of the
distributed equally among the atoms in the cluster by assignsharged clusters is a few kcal/mol higher than for the neutral
ing a point fractional effective chargg=Qe/N to each clusters, in agreement with previous -calculations for
atom. Thus the deficiency of electrons is delocalized over theodium?’
cluster irrespectively of where the atoms are located. Within Simulations were performed using MD and Efj2). To
this picture, a positively charged cluster is representetlby describe the fission process we define two additional param-
bonded atoms, each of which holds a chamge that inter-  eters:(i) a maximum atomic distance from the cluster center
acts with all other charges, polarizes the material creatin@f massR,, and(ii) a maximum bond lengtR, defined as
induced dipoles on each atom, and further interacts withiy incremented by the maximum averaged amplitude of
those induced dipoles. Because the charge distribution is un&tomic vibrations at a given temperatuf, is set to about
form, charge homogeneity is preserved and the cluster 8.6y and R, t0 approximately 1€y for clusters with
electrically isotropic, much as are fluids and amorphous soIN<150. A “cluster” is defined as that aggregateNfatoms
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FIG. 8. Phase diagram for the fission process. Three regions are i 3
identified corresponding to unstable, metastable, and stable clusters. 600 , °F ]
The critical point is characterized ¥ ., N.). < % 0
=400 » -
held together by the potential ener@y with interatomic 2001 } . 1
distances smaller thaR, . Neutral clusters €=0) at low ®)
enough temperatures are exclusively composed of bonded ol
atoms. Notice that the nearest-neighbor interatomic distances 0 20 40 6°N 80 100120
at zero temperature are necessarily smaller tRgn By a
monitoring a larger characteristic interatomic length, we are ‘
able to observe the fission when it has already taken place 800 ¢ A
and the two fragments are already separated, i.e., the shortest 700 ¢ . e T
distance between the fragments is larger tHan For 600f .0 ¢ iI :
charged clustersG=1) fission occurs when the cluster size ~ 500 2 Y A3 ]
is too small to sustain the charge. < s e 4
The experimental conditions, as described by Martin and mA00 T o f
co-workers>#*° are such that when measurement occurs 300 F .0 * .5 3
some clusters undergo fission, but also there are other clus- 200 | :é:; g{ () ]
ters that evaporate single neutral atoms. Temperatures in the 100 atee T
experiment are very close to the boiling point. In this work 0 40 80 120
we have not attempted to describe the evaporation process of Na
the multiply charged clusters mostly because of the lack of
information on how the distribution of charge is affected 900 N
when a neutral atom is stripped from the cluster. For that 800 | o
reason in the computer experiment we only reach a maxi- 700 | **++¢g§;2 ¢
mum working temperaturélose to boiling. This maximum 600 . ..‘ AN
working temperature is associated to the highest temperature Csoof £, o+  °
that we could attain by heating a cluster before a single atom 400t ¢ ':f' Ed
separates from the cluster. If the distance from any single 300 & ‘e ;:
atom to all other atoms is larger thd®, and its distance 200 _:’! (d)
from the cluster center of mass is larger thyy, the simu- 100 o L
0 40 80 120 160

lation is stopped, the event is discarded, and another simula-
tion is started from another configuration of a cluster of
equal size(or of size N—1). Typical values ofR,,,, are

between 9, and 12.5,, depending upon the size. With the
elimination of these events, we can ensure that our analys
is not based on evaporative conditions.

FIG. 9. Cluster temperature vs appearance Bizdor multiply
@arged clusters afa) Na, (b) K, (c) Rb, and(d) Cs: Q=2 (tri-
angle3, Q=3 (closed circles Q=4 (pluses, and Q=5 (dia-

The strategy for the fission computer experiments is thénondg'

following. First, the neutral clustefC=0 in Eq. (12)] is  quantities are averaged over that time interval only. This
equilibrated at a low temperature. Second, the neutral clustdour-stage process is repeated for every clusterisiaed for

is slowly heated to about 150 K and equilibrated at thatevery total charg€. The computer experiment is terminated
temperature. Third, the cluster is charged instantaneously bat a maximum siz&l = N, if for the N+ 1 case we discarded
switching C=1 and the simulation is continued to 25 000 five events in which one atom was beginning to strip from
time steps. Fourth, the charged cluster is heated by increathe cluster. Relevant quantities such as the temperature at
ing its temperature in a steplike fashion from 150 K until thewhich fission occurs are kept on file.

cluster undergoes fission. At each intermediate heating step, Following this procedure, the critical si2&. corresponds

the dynamics is continued for 10 000 time steps and meato that size at which the cluster undergoes fission and is at
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TABLE IV. Calculated spontaneous fission siag, critical sizeN;, and critical temperaturg&., for
Q=2+, 3+, and 4+. The last column lists the experimental results from Ref. 4.

Ne N¢ Tc (K) N (Expt?)
Element\ Q 2 3 4 2 3 4 2 3 4 2 3 4
Na 11 20 36 27 63 110 848.3 9454 10856 27 63 123
K 12 21 33 20 57 113 5726 8479 9716 20 55 110
Rb 11 21 35 24 53 106 628.6 6943 799.2 19 50 110
Cs 12 19 36 23 51 100 586.8 6308 7428 19 49 94

%Reference 4.

the highest attainable temperatifg. The appearance size limation occurs, as was suggested by Maffin.
N, is that size at which the cluster fissions at temperatures In the low-temperature region of the phase diagram, Fig.
below T.. SizesN,<N, correspond to metastable clusters.8 is the spontaneous size., which is also an important
The spontaneous fission at zero temperature was studied geantity. Clusters smaller tham. are unstable even at zero
well. For that purpose, the cluster was charged at zero tentemperature. In the liquid-drop mod@lDM),*" the Bohr-
perature and the MD simulation was continued fox B  Wheeler parameter, is given by
time steps until the cluster fissioned. The maximum size at
which clusters at zero temperature undergo fissiom.is BW
very similar to the Wheeler-Bohr parametérexcept that ne (Q)=
here it is obtained dynamically. The highest appearance size,
or critical sizeN,, is attained at temperaturdg that are  In the LDM the values of the surface energy consigrind
comparable to the boiling point of the corresponding matethe Wigner-Seitz radius, are taken from the bulk. However,
rial. in Sec. IV we obtained an estimate ef for clusters as
The previous analysis allows us to depict a phase diagrarshown in Table Ill in the correct units. Therefore, we can
for the fission mechanism as shown in Fig. 8 for a fixedcalculaten®" more realistically and compare it with the dy-
charge. Three phases are apparent in this diagram corrgamically obtained,.
sponding to stable, metastable, and unstable clusters depend-
ing upon their size and temperature. The metastable phase A Sodium
corresponds to clusters that are not hot enough to undergo '
fission. This region is bounded by two typical points Figure 9a) illustrates our results foQ=2+ (triangles,
(N¢,T.) and (n,0) in the phase plane. The first point corre- 3+ (closed circles and 4+ (crosses Each point shows the
sponds to critical quantities. The second point characterizelsighest temperature reachable by a cluster of a given size and
the spontaneous fission. Both points depen@omnd on the charge that undergoes fission without evaporation. In the fig-
metal. We were able to determine the phase boundary lingre, points for each charge build up the phase boundary line
that separates the metastable from the unstable phases. THigt separates the metastable from the unstable phases. As we
is important because now researchers can distinguish b@entioned before, this phase boundary line depends on the
tween phenomena associated with the different phases. tharge and on the metal. Therefore, Figa)9%summarizes
other words, fission only occurs when passing from thehree phase diagrams. Valuesmf, N., andT are given in
metastable to the unstable phase. Within the unstable regiorable 1V. For each cluster size, several calculations were
there is a myriad of possible fragmentation mechanismgerformed by choosing different initial times to charge the
and/or evaporation channels that make the clusters unstablkequilibrated cluster. Typical lifetimes before fission are on
In the stable phase below the critical temperature the clustethe order of several nanoseconds. As is evident from Fig.
do not undergo fission. Earlier dynamical calculations haveé(a), the critical size is 27 foQ=2, 63 forQ=3, and 110
only been performed in the unstable phase betgu}® for Q=4. The first two results are in perfect agreement with
the experimental observations of 21 and 63-1.3* In the
case ofQ=4 our critical size is 110, whereas there are sev-
eral experimental values reported: 1234 122+2, 118
+2, and 11551
The MD results depicting the phase diagram for the fis- The boiling temperature of bulk sodium is 1156.1 K. The
sion of Na, K, Rb, and Cs clusters for each valueQofire  estimated cluster boiling temperatures from Bd) are 789,
provided in Figs. 88)—9(d). It is seen that as the temperature 879, and 926 K forN.=27, 63, and 110 sodium clusters
increases the appearance size increases Mp tovhich cor- ~ corresponding t®Q=2, 3, and 4. The percent difference be-
responds td .. At the critical size the temperatufie is near  tweenT, (see Table IV and the estimated boiling tempera-
the boiling temperature, as confirmed experimentaffiNo- ~ tures is less than 17%.
tice that it is only at these high temperatures that the fission The dynamical spontaneous fission sirgsare reported
and evaporation processes could coexist. There was no evir Table IV. The LDM n2W parameters estimated with our
dence in our simulations that at temperatures belgueub-  results ofeg are n2%(2)=9.1, n?%(3)=19.2, andnZ"(4)

8.160Q72

€l

+1. (13)

VI. TEMPERATURE DEPENDENCE OF THE FISSION
PROCESS
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=33.3 forQ=2, 3, and 4, respectively. Differences betweennEW(z): 10.1, nEW(3)=21.3, nEW(4)=37.2, andnCBW(S)
our MD and the LDM values for the spontaneous size using=57.6. The differences from the MD values 1of are less

our values of the surface tension are aroun®. than = 2.
B. Potassium VII. DISCUSSION
Results for potassium are shown in FigbPfor charges The assumption of distributing the charge over all atoms

of 2+, 3+, and 4+ depicted with triangles, closed circles, in the cluster instead of distributing over the most external
and crosses, respectively. Once again, points in the plot ilatomic layer is reasonable in the size ramiy€ 160. Indeed,
lustrate the boundary between the metastable phase and taelow temperatures, clusters in this size range have about
unstable phase for each value of the charge. Table IV sun¥5% of the atoms on the surface. Besides, clusters are not
marizes the results far;, N., andT.. The critical sizes are Dbilliard balls, but rather their atoms are enclosed by a flexible
20, 57, and 113, in agreement with experimental values o$urface that changes dramatically with temperature and time.
20, 55, and 118 The boiling temperature of bulk potas- Even a very symmetric cluster in this size range, e
sium is 1047 K. From Eqg(11) we obtain that estimates of =147 iscosahedron, presents a faceted surface and only three
the cluster boiling temperatures are 693.6, 797.8, and 848 &omic layers from the central atom. We know from tight-
K, corresponding tdN=20, 57, and 113. The maximum fis- binding calculations of planar infinite metallic surfaces,
sion temperature$, are at most 17.4% off from the boiling that when the material is negatively charged, the charge de-
temperature estimates. The MD calculated spontaneous fisays from the outermost atomic layer within a skin of 3-4
sion sizes are 12, 21, and 33 @r=2, 3, and 4, respectively. layers. In a cluster, the surface that encloses all atoms has a
Using Eq.(13) and our values oé, from Table Ill, the LDM  strongly inhomogeneous curvature that impacts in the charge
values aren?W(z):g_z, n§W(3):19,4, andnEW(4)=33.7. distribution profile. Models, or calculations, of the profile of
Again the difference between our MD results and the LDMthe positive charge distribution in clusters are unavailable in
values is less thart 2. the size range @N<160. Furthermore, the fission process
involves temperatures near the boiling point, where all atoms
have high mobility and migrate from side to side of the clus-
C. Rubidium ter. Under these circumstances the concept of “volume” at-
Figure 9c) illustrates our results for rubidium clusters oms versus “surface atoms become_s unc_lear. Because of
the above reasons, we believe that simulation of the fission

supporting a charge of 2, 3+, and 4+ with triangles, : ; ) . R ]
closed circles, and crosses, respectively. The boundary bg]echamsm with & uniform positive charge distribution de

tween the metastable and unstable regions is quite sharp, Kegvfr? d'g:/;;tr:gdiarflogfa:dconr]nar:ésxanno'nn;psirltizﬂhféepréigzrd n
determined as for the lighter metals. The corresponding criti- We conclude gf]rom Fi 8 that in ?he nanosgcond time
cal sizes are 24, 53, and 1Q6ce Table 1Y, comparable to 9-

the experimental values of 19, 50, and FfFor this mate- 29 small clusters with size larger thap are able to
rial, the boiling temperature of bulk rubidium is 961 K. From sustain a chargQ=2+ only at temperatures belo®(Q).

Eq. (11) we find that estimates of the boiling temperature areA phase diagram allows for the distinction between stable,

664.1, 733., and 7614 K o lusters contané 24,53, T30S, 200 unetabe cster. We pred e prose
and 106, respectively. These values can be compared witl% Y P

e ighest reachable temperalgsrepored n Table V. 1oe A0S oeter I underge fesion, heretre
Estimates of the boiling temperature ahgagree within at 9 P

most 5.4%. The MD calculated spontaneous fission sizes ard? to a temperature consistent with this boundary line before

. X undergoing fission.
reported in Table V. Using Eq13) and our values ok, o . .
from Table IIl, the LDM parameters obtained anéW(Z) When the fission takes place, in all the cases considered,

B BW, o BW, ay two fragments were obtained. The ratio of the two sizes
=9.6,n:"(3)=20.4, andn;"(4)=35.5. These values are tgnqs tg be about one for even chargefar a charge of 3,

in agreement with our MD simulations values withinl. and 2 when the charge is-5. For higher charges the ratio
tends to one. Our simulations support the concept of sym-
metric fission put forth by early modet$where the ratios of
fragment masses and fragment charges are equal. In the
Results for Cs are shown in Fig(d for Q=2+ (tri- simulations the size ratios, and therefore the charge ratios,
angles, 3+ (closed circles 4+ (crossegy and 5+ were not perfectly symmetric, with departures as large: 8s
(squarep The critical sizedN. reported in Table IV are 23, atoms. This is without doubt due to the model of uniform
51, 100, and 157, respectively. The metastable and unstabtdarge distribution that we have adopted. For exampl, if
phases are well separated by the points in the graph. The an odd number an@ is even, exacthyN/2 in each of the
experimental resulté are 19, 49, 94, and 155, showing ex- fragments cannot be attained with this model. Figure 10 il-
cellent agreement with the calculation. The boiling temperalustrates with four snapshots one typical fission event for the
ture of the bulk is 951.6 K. From Eq11) we find that the case Cgg'"—Cs,2" +Cs,°" as a function of time and tem-
estimates of the cluster boiling temperature are 670.8, 736.3erature. The two shades of gray in the graph have the fol-
and 779.6 K foN= 19, 49, and 94, respectively. Once again,lowing origin. Once the cluster underwent fission, breaking
T. from Table IV compares well to these estimates. Frominto two parts[Fig. 10d)], the atoms in each fission frag-
Eqg. (13 and values ofe; from Table Ill, we obtain ment were given different colors. Once identified, the atoms

D. Cesium
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(a)

(b)

(c)

FIG. 10. Snapshots along a computer simulation of the fission processgtC$a) T=190 K, time equals 30 pgb) T=600 K, time
equals 330 psic) T=745 K, time equals 400 ps; anid) T=750 K, time equals 430 ps.

were given the same color in the other three grajftigs.  ture before the heating process startathe results of Figs.
10(a)-10(c)]. As is apparent, the atoms that accommaodate irf(a)—9(d) can be replotted under the perspective of @®).
each fission fragment were distributed randomly in the initialThese shifted plots are given in Fig. 11, where=1. The
stages of the simulation at low temperature. A challenge fosolid line in this figure corresponds to the LDM fission bar-
the future is to describe the charge distribution and its timeier VE®™/N [Eq. (14)], where e, and n, were taken from
dependence in a more detailed fashion. Work is in progres$ables Il and 1V, respectively. As is apparent from Fig. 11,
along those lines. the LDM results are only in fair agreement fQr= 2, but fail

It is possible to combine our results for the alkali metalsfor higher charges and heavier atoms.
in a more unified fashion and compare them with a version
of the LDM in which the parameters. and e, are taken
from our results. The energy barrier/atom that a cluster needs

to overcome for fission is given in the LDKRefs. 9 and 1y 0.08
by
LDM _ 23 3 0.06
Vi =98eN““(1—n./N)~/135, (14 S
(]
wheren, is given in Eq.(13). In the LDM, the critical sizes -2 0.04

are obtained by equating

ViPM=|Ey|. (15)

Here Ey is given in Eq.(9). This procedure yieldN:°"
=20, 37, and 61 for Na; 24, 39, and 58 for K; 22, 39, and 61
for Rb; and 25, 36, and 64 for Cs, correspondingQo
=2+, 3+, and 4+, respectively. These values are far off
from both the MD results foN. (Table IV) and experiment.

In fact the LDM is more successful in the prediction rgf
than in the prediction oN.. __0.04
In the process of heating we are providing external ther- 3

mal energy to the cluster that results in an increase of its 2
temperature. Thus the increase of cluster temperature during  0.02
the heating process is proportional to the energy barrier/atom

V; that the cluster has to overcome in order to undergo fis-

sion:

0.06

N-173

V:(N,,Q)=c{ kT(N,,Q)—KkT,l, 16
' (N2, Q)=ci[kT(Na.Q) el ( _) FIG. 11. Cluster temperature ¥ for multiply charged Na,
wherecs is a constant] (N,,Q) can be extracted from Figs. K, Rb, and Cs cluster€ =2 (triangles, Q=3 (closed circlel and
9(a)—9Ad), and T, is approximately 150 Kinitial tempera- Q=4 (pluse$. The solid lines are the LDM from Eq14).
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In addition, from the results dfl; tabulated in Table IV, have also obtained the binding energy, zero point energy,
one can seek the relation betweBiR(Q) and Q. Let us and free energy at various temperatures and cluster sizes.
propose The surface energy is calculated from cluster properties,

which leads to a different method to obtain the surface ten-
In Ne=a. In Q+b, A7 sion at zero temperature.
where a, and b, are constants. We obtaia,=2.2. This The mechanism of fission due to highly charged metal
value is in excellent agreement with experiménthere a  clusters in the range ¥0N<160 was studied dynamically.
value of 2.3 was obtained. The Rayleigh classical macroClusters undergo fission by breaking into two parts, in sup-
scopic value is ARef. 56 and the averaged LDM value is port of the symmetric fission concept. We show that the ap-
2.07. pearance size of highly charged clusters is temperature de-

All previous results indicate how important the thermal pendent and bounded betwerp, the spontaneous size at
effects in the fission mechanism are. The thermal effects ar&€=0, andN,, the critical size af.. The comparison o
a result of the atomic motions. The shell term has no effecwith experimental values is excellent. In addition, our values
on the fission mechanism. Furthermore, the dynamical desf n; are in good agreement with the LDM when our value
scription incorporates entropic effects that are absent iof the surface energy is used. We predict the size dependence
guantum mechanical calculations. Thus we emphasize thaf the energy barrier to undergo fission and explicitly show
the fission process cannot be described solely at zero tenthe failure of the LDM to describe it. Critical sizes scale with
perature. a power law of the total charge, with the exponent being in

excellent agreement with experiment.
VIIl. SUMMARY

In this paper, we have constructed a series of potentials
for the alkali metals from first-principles calculations. The
potentials are shown to be very good in describing the struc- The authors are grateful to Dr. T. Patrick Martin for very
tural properties of bulk metals and clusters in the size rangeseful discussions and for his comments and careful reading
8<N<310. The lattice constant, melting temperature, theof this manuscript. E.B.-B. acknowledges support from the
vibration modes, the bulk modulus, and @eisen constant Office of the Provost at GMU for sponsoring the funding
are in agreement with available experimental values. Wallocated to Y.L.
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