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Comparative study of metal-cluster fission in Hartree-Fock and local-density approximations
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Fission of doubly charged metal clusters is studied using the open-shell two-center deformed jellium
Hartree-Fock model and local density approximation. Results of calculations of the electronic structure and
fission barriers for the symmetric and asymmetric channels associated with the following procegéés Na
—Na,"+Nag*, Nag?" —Nays" +Nag™ and Nag>" —2Na" are presented. The role of the exact exchange
and many-body correlation effects in metal clusters fission is analyzed. It is demonstrated that the influence of
many-electron correlation effects on the height of the fission barrier is more profound if the barrier arises
nearby or beyond the scission point. The importance of cluster deformation effects in the fission process is
elucidated with the use of the overlapping-spheroids shape parametrization allowing one an independent
variation of deformations in the parent and daughter clusters.
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[. INTRODUCTION scribes the fission process it fails to reproduce experimental
data in full detail. This happens because the LDM does not
Fission of charged atomic clusters occurs when repulsivéake into account shell effects. It has been shown that the
Coulomb forces, arising due to the excessive charge, oveshell effects are important in nuclear fissifit8] and even
come the electronic binding energy of the clugtier3]. This  more important in fission of metal clustdig]. One can de-
mechanism of the cluster fission is in a great deal similar tagscribe the shell effects in metal clusters using the shell cor-
the nuclear fission phenomena. Experimentally, multiplyrection method, originally developed in nuclear phy$is—
charged metal clusters can be observed in the mass spectrg]. This method was adapted for metal clusters in Refs.
when their size exceeds the critical size of stability, which[19—24].
depends on the metal species and cluster chargé)]. For The asymmetric two-center-oscillator shell model
clusters above critical size, simple evaporation of neutral ATCOSM), introduced in Ref[25] for nuclear fission is
species is the dominant fragmentation channel, while belowuite successful in prediction of the fission barriers. This
the critical size, fission into two charged fragments is moremodel was also applied for the description of metal-cluster
probable. At a low temperature fissioning clusters can bdission[26]. Although ATCOSM method uses single electron
metastable above a certain size, because of the existence ofrdel potential it has the significant advantage in compari-
fission barrier. son to other models allowing one simple shape parametriza-
Initially, theoretical studies of cluster stability were basedtion and an independent variation of deformations in the par-
on pure energetic criteria that only involved the energies oent and daughter clustef6].
the initial and the final statgd40-13. Later, a simple one- The microscopic description of energetics and dynamics
center liquid drop mode(LDM), which was initially sug-  of metal-cluster fission process based on molecular-dynamic
gested by Lord Rayleigh in 18443] and later widely used (MD) simulations has been performed in R¢&7—3( using
in nuclear physics, was adapted to charged metal clustetfe local-spin-density-functional method. This method is,
[14]. In this model, one introduces the “fissility parameter,” however, strongly restricted by the cluster size, because of
X=EgeI92ESP"e" which is proportional to the ratio of the computational difficulties, and thus is usually applied to the
Coulomb to surface energy of charged spherical liquid drosmall metal clusters with the number of atois: 20.
[13]. The fissility parameter distinguishes the situations when Fission process of metal clusters can be also simulated on
cluster is unstable, metastable, or stable. The investigation afe basis of the jellium model, which does not take into
the Rayleigh instabilities in multiply charged sodium clustersaccount the detailed ionic structure of the cluster core. Jel-
has been done in Rdf15], where reasonable agreement with lium model considers the electrons in the usual quantum-
experimental data was found. mechanical way, but approximates the cluster core potential
In spite of the fact that the simple LDM qualitatively de- by the potential of the homogeneous positively charged
background and, therefore, is better applicable for lager clus-
ter sizes(see, e.g.[31] for review). Most of the electronic
*Email address: lyalin@rpro.ioffe.rssi.ru structure calculations of the jellium metal clusters have been
TPermanent address: A. F. loffe Physical-Technical Instituteperformed using self-consistent Kohn-Sham local density ap-
of the Russian Academy of Sciences, Polytechnicheskaya 2@roximation(LDA) [32]. The LDA jellium calculations for
St. Petersburg, Russia 194021; Email address: metal-cluster fission can be groupgb] into two categories
solovyov@rpro.ioffe.rssi.ru according to the fragment shape parametrization, namely, the
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two-intersected-spheres jelliun{33-35 and variable- tant conclusion about the relative role of the two different
necking-in parametrizatiof86—38. It has been shown that channels of the reaction.
the cluster shape parametrization must be flexible enough to The atomic system of unitye|=m,=7%=1, has been
account for the majority of effects generated by the shelused throughout the paper, unless other units not indicated.
structure of the parent and daughter clusters, which in gen-
eral have not spherical but deformed shaj#§. Il. THEORETICAL METHODS

The important feature of the LDA method consists in the o o
fact that it takes into account many-electron correlations vie{s‘ - Two-center jellium model and cluster shape parametrization
the phenomenological exchange-correlation potersale, According to the main postulate of the jellium model, the
e.g.,[39,4Q for review). However, so far, there has not been electron motion in a metallic cluster takes place in the field
found the unique potential, universally applicable for differ- of the uniform positive charge distribution of the ionic back-
ent systems and conditions. As a result there is a “zoo ofround. For the parametrization of the ionic background dur-
potentials”[41] valid for special cases. These potentials, ofing the fission process we consider the model in which the
course, do exist, in principle, as unique quantities but are ndhitial parent cluster having the form of the ellipsoid of revo-

actually understood, so they cannot serve as a satisfactofyftion (spheroid splits into two independently deformed
basis for achieving a physical interpretation. spheroids of smaller sizg2]. The two principal diameters

Alternatively, one can develop direab initio methods for 2k and by of the spheroids can be expressed via the defor-

the description of electronic properties of metal clusters. gmation parametedy as
can be achieved by using the Hartree-Fddk) approxima-

tion and by the construction on its basis the systematic a=
many-body theories such as the random-phase approxima-

tion with exchange{42], many-body perturbation theory or Here partial indexek=0,1,2 correspond to the parent clus-
the Dyson equation methdd3-45. Based on fundamental ter (k=0) and the two daughter fragmente<(1,2), R, (k

physical principles these models can be refined by extending 0,1,2) are the radii of the corresponding undeformed

the quality of the approximations, while the physical mean-gpherical cluster. The deformation paramet@rsharacterize

ing of the effects included are clearly demonstrated and thug,e tamilies of the prolate §>0) and the oblate §<0)
give more accurate characteristics of metal clusters thanheroids of equal volum\e!k=477akb§/3=47TRE/3.

LDA. The radii of the parent and the resulting nonoverlapping

Originally, the Hartree-Fock model for the metal—clusterdaughter fragments are equaIFthrsN&’S whereN, is the

electron structure has been worked out in the framework of,umber of atoms in thkth cluster and. is the Wigner-Seitz

spherically symmetric jellium approximation in Refs. aqius. For sodium clusters = 4.0, which corresponds to
[46,47. It is valid for the clqsters with closed electronic pe density of the bulk sodium. For overlapping region the
shells that correspond to magic numbegs20, 34, 40, ..).  radii R,(d) and R,(d) are functions of the distanas be-

On the basis of the Hartree-Fock approach the dynamic jelyeen the centers of mass of the two fragments. They are so

lium model has been propos¢d8,49. This model treats getermined that the total volume inside the two spheroids
simultaneously the vibrational modes of the ionic jellium equals the volume of the parent clusterR/3.

background, the quantized electron motion and the interac- The ions charge density(r) is kept uniform including
tion between the electronic and the ionic subsystems. In Pty e overlapping-spheroids region
ticular, the dynamic jellium model allows to describe the ’

2+ 5\ %R

2_—5k (21)

2_5k 1/3
Re, b= 275, Rk

widths of electron excitations in metal clusters beyond the 2.1 2y /h2 27,2

X ) o - +y49)/b{+(z+d/2)¢/aj<1
adiabatic approximation. The open-shell two-center jellium e (X+YY) ; (z ) ;
Hartree-Fock approximation valid for metal clusters with ar- p(n)=4 pc (C+y*)/bs+(z—dl2)?/az<1 (2.2
bitrary number of the valence electrons has been developed 0 otherwise.

in Refs.[50,51]. The two-center jellium HF method treats the

_quz_innzed electron motion in the f|eld_ of the sph_er0|dal IoniChere p =7, /V, is the ionic charge density inside the cluster

jellium background in the spheroidal coordinates. Th'sandzo is the total charge of the ionic core.

method h_as.been generghzed and adopted to study thg metal- the electrostatic potentiall ., (r) of the ionic back-

clusters fission process in our recent wiBR], where barrier ground can be determined from the solution of the corre-

for the symmetric fission cannel NA"—2Na,™ was calcu- sponding Poisson equation

lated.
In the present work we investigate the role of the ex- AU = —4mo(r 23

change and correlation effects in metal-cluster fission pro- core(T) wp(r). 2.3

cess on the basis of both the Hartree-Fock and LDA meth- _

ods. Both symmetric and asymmetric fission channels for the B. Hartree-Fock and LDA formalism

Nay,’* and Nag® " parent clusters are considered. Compari-  The Hartree-Fock equations can be written out explicitly

son of results of the two approaches allows us to illustratg, the form (see, e.g.[53)):

the importance of the exchange component of the many-

electron interaction in the fission process and make impor- (—A24+ Uggret Upp)|a) =g,4]a). (2.9
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The first term here represents the kinetic energy of elecexpansion for the second dimension have been carried out.
tron a, and U, its attraction to the cluster core. The The third dimension, the azimuthal angle, has been treated
Hartree-Fock potentidl ¢ represents the average Coulomb analytically in both methods. Our calculations show that the
interaction of electrora with the other electrons in the clus- partial-expansion method is effective for slightly deformed
ter, including the nonlocal exchange interaction, apdde-  systems, for which only few terms in the expansion are nec-
scribes the single-electron energy. essary to take into account in order to achieve sufficient ac-

According to the density-functional theory, the ground-curacy. However, for strongly deformed systems, or process
state energy is a minimum for the exact density of the funclike fission, the direct two-dimensional integration is more
tional of the density of the systefb4]. A self-consistent efficient.
method for calculation of the electronic states of many- The important characteristic of the cluster, which defines
electron systems was proposed by Kohn and Si&#h This  its stability is the total energ§,;. The total energy of the
method leads to the Kohn-Sham LDA self-consistent equaeluster is equal to the sum of the electrostatic energy of the
tions, which are similar to the Hartree equations ionic coreEe and the energy of the valence electrdhs

(— A2+ Uggret Uy +Vyo)|a) =e,la). (2.5 Eiot=Ecoret Eer- (2.9

HereUy is the Hartree potential, which represents the direct The electrostatic energy of the cluster ionic core is equal
Coulomb interaction of electroa with the other electrons in to

the cluster, but does not take into account the nonlocal ex- 1

change effects, whil&/,. is the phenomenological densit _

dependent local excﬁange-corr)relation potgntial. In %/he Ecore—EJVp(r)Ucore(r)dr. (210
present work we use the Gunnarsson and Lundqvist model

[55] for the LDA electron exchange-correlation energy den- In the Hartree-Fock approximation, the electronic energy
sity €., which reads as E. is given by the general expressifh3]

1/3
3/ 9 1
exc(pel(r))=— 2(4_772) (N —0.033%(rg(r)/11.4). E';IFZEa: (@] = A2+ U o @)
s

(2.6)

1
+= bk)FX(a,b)+d(abk)GX(a,b)],
Herery(r)=[3/4mpe(r)]*? is alocal Wigner-Seitz radius, 2 g’k dadul c(abk)F(a,b) +d(ablhGi(a,b)]

while pg(r) is the electron density in the cluster, and the (2.1
function G(x) is defined by following relation: '

wherea andb run over all shells. The valugs(a,b) and
—x24 X l 2.7 GX(a,b) in the Eq.(2.11) are the Coulomb and exchange
2 3 Slater integralsg, and q, are the occupation numbers for
) _ orbitalsa and b, respectively. The Hatree-Fock coefficients
~ The exchange-correlation energy densif¥(pe((r)), de-  ¢(abk) andd(abk) for the Coulomb and exchange energy
fines the LDA exchange-correlation potentigl:(pe(r)) @ contributions depend on the occupation numidees for de-

G(x)=(1+x%)In

1
1+=
X

tails [53)).
Voo(pe(1))= 3(pei(r) exclpei(r))) In the framework of LDA the electronic energy of the
xewe Opel(r) system is given by32,54
13
9 1 /
- =] — 1 pet)pelr’)
(4,”_2) re(r) E:PAZEa: (a|—A/2+ Ucore|a>+§J ﬁ drdr
11.4
-0.0833I 1+ o) 28 + f pei(r) exclpe()dr, (.12

The Hartree-Fock2.4) and LDA (2.5 equations have where the latter term represents the exchange-correlation
been solved in the system of the prolate spheroidal coordienergy.
nates as a system of coupled two-dimensional second-order
partial differential equations. The partial differential equa- IIl. NUMERICAL RESULTS
tions have been discretized on a two-dimensional grid and
the resulting system of linear equations has been solved nu- Let us present and discuss the results of calculations per-
merically by the successive overrelaxation metffa8]. This  formed in the model described above. We start our consider-
technique is different from that we have used in our previousation with the analysis of electronic configurations and occu-
works [50-52, where the expansion of wave functions andpation numbers alterations during the fission processes of the
potentials over spheroidal harmonics in the prolate and obdoubly charged sodium clusters & and NagZ" , which
late spheroidal coordinates in one dimension and a numericale perform using the two overlapping sphere parametriza-
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FIG. 1. Hartree-Fock single-electron energy levels for the asym- FZKE 3. Thf same as Fig. 1 b.Ut for symmetric fission channel
metric fission channel N&* —Na,* +Na,* as a function of frag- Nayg™ " —2Na™ . Lowest unpccupled states are shown by dashed
ments separation distanek when both the parent and daughter (40) and short dashed ¢2) lines.
clusters are Sphel’ica56= 512 52:0) The evolution of the cluster parameters are equal to Zaﬁ@: 612 62: O The Snapshots
shape during the fission process is shown on top of the figuregf the cluster shape evolution during the fission are shown on
Horizontal lines on the right-hand side of the figure mark thetop of each figure.

Hartree-Fock energy levels for the free daughter fragments. The initial electronic configuration for the parent fyfa
cluster is 1?20%17*, where Zr17 level is degenerated,
tion model. The second part of our discussion is devoted telue to spherical symmetry of the system with closed elec-
the cluster energetics and formation of fission barriers, foironic shells. With increasing fragments separation distance
the fission channels considered. We compare the results oB- the spherical symmetry of the parent cluster breaks down,
tained for the two overlapping spheres and the twothat results in splitting of the single-electron energy levels
overlapping-spheroids parametrization, as well as th@ccording to projection of the angular momentum alongzthe
variable-necking-in type of the shape parametrization an@Is: A similar splitting of the energy levels has been studied

demonstrate the crucial importance of the cluster shape de9' deformed nucle(sge, e.lg.[57]) and cluster$50,5.:l]. For
formations in the fission process. igh enough separation distances beyond the scission point,

Figures 1—3 show the Hartree-Fock single-electron enefhdicated by vertical arrowA in Fig. 1, energy levels ap-
giese. as a function of the fragment separation distatéer proach to their limiting values marked by horizontal lines on

the following asymmetric Na2*—Na, " +Nag", Nag* the right-hand side pf .the figure, being the ezlectzon energy
i N : ot o) levels of the free fission fragments Na (1o°17%) and
—Na5"+Nag™ and symmetric Ng~" —2Na&™ channels, Na* (102)
respectively, when both parent and daughter clusters are asfi?l’he glecltronic configuration and the orbital occupation
sumed to be spherical, and, hence, for drifie deformation o 9 . P
numbers for Ng“" cluster exhibits several alterations

during the fission process, as it is shown in Fig. 2 and 3.
O OO C O

This happens due to the fact that different electronic con-
| | | |

O
|

figurations minimize the total energy of the cluster at differ-
ent separation distances. The parent cluste;Nahas the

¢4Na > Na * +Na* —sme)  initial electronic configuration &*20217*27?30°154.
18 15 3 —3c (Na ") . . . .
7] Al B s Following the asymmetric channel of fission &
| 4o —Nas +Nag™ (see Fig. 2 the new configuration
S T :12’;((':‘:)) 10220%17*30%40%16* becomes preferable, when two
> o ° electrons transfer from the half-filled72 state to initially
2 —16 (Ng,) unoccupied 4 state. This happens for the separation dis-
w101 —iomay  tanced=14.2 a.u.(marked in Fig. 2 by the solid vertical
14 arrow A) before the scission poingvertical arrowB) d
20 .
=15.3 a.u. The order of the energy levels manifests several
12 16 . . . . . . . .
| redistributions during the fission process, and finally for high
181 T pa pa A s ) enough separation distancd>25 a.u), its energy levels

fragment separation, d (a.u.)

correspond to the free fission fragments ;Na

(16220%17*302156% and Na* (10?).

FIG. 2. The same as Fig. 1 but for asymmetric fission channel For the symmetric fission channel N& —2Na*
NaZg —Najs+Naj . Lowest unoccupied states are shown by (Fig. 3) the energy levels show even more complicated be-

dashed (4) and short dashed ) lines.

havior. Thus, for the separation distarite 0.7 a.u.(marked
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in Fig. 3 by solid vertical arrowA) the new intermediate O O C 0o ONe
N

configuration b?20217*18?27*30% becomes preferable,

when two electrons transfer from the occupied tb the | ]
half-filled 27 state. Further increasing of the separation dis- ] T 2+
tance, leads to the transition of the two residuélelectrons 1
to the initially unoccupied & state ford=9.25 a.u(marked

in Fig. 3 by the solid vertical arrovB) forming the final
electronic configuration #°20°17*30°27*40” before the &
scission point(vertical arrowC) d=16.64 a.u. The order of 3
the energy levels manifests several redistributions during theg
fission process, and finally for high enough separation disO
tance @>25 a.u), its ordering corresponds tasRo 17 that
determined by the magic spherical {Naproducts. They are
doubly degenerated as compared to the initial configuration
since there are two Na fragments in the system. Such a
behavior of the HF levels as a functionafs quite similar to
those following from the ATCOSM simulatiori£6].

Figure 4 presents fission barriers for the asymmetric chan-
nel Nag2"—Na,*+Nag™ as a function of the fragments
separation distancg In order to perform the accurate com-
parison of fission barriers derived in the two-center deformed
jellium HF and LDA models with the ATCOSM resulfg6],
we have used two different types of shape parametrization
Thus, the upper part in Fig. 4 shows the barriers for fission of
a spherical parent cluster into two spherical daughter frag-
ments(i.e., o= 6;= 8,=0 in our model. This type of pa-
rametrization, known as the two-intersected spheres para
etrization, was used in many work33—35. The low part in
Fig. 4 shows fission barriers derived on the basis of param-2
etrization accounting for an independent deformation of par-"
ent and daughter clusters in order to minimize the total en-
ergy of the system for any distanak The evolution of
cluster shape during the fission process is shown for the HF
and LDA models on tops of the corresponding figures. Note,
that the variable-necking-in parametrization has been used il
the ATCOSM calculatiorj26]. fragment separation, d (a.u.)

Solid lines in Fig. 4 are the result of the two-center jel- o ) ) o
lium HF model, while dashed curves have been calculated in FIG. 4. Fission barriers in the two-center deformed jellium

LDA. Dash-dotted lines show the ATCOSM barriers Calcu_Hartree-Fock(soIid lineg and LDA (dashed linesapproaches cal-
lated in Ref[26]. The zero of energy put at=0 culated in this work for the asymmetric channel jfa—Na,"

. +Nag* as a function of fragments separation distadcén (a),
Figure 42) demonstrates a good agreement of the HF an%oth parent and daughter clusters are spherigat,6,=5,=0. In

ATCOSM fission barriers heightsr=Aarcosn=0.95 eV. (b), deformations of the parent and daughter clusters are taken into

The LDA value for the fission barrierd pa=1.30 eV, account. The zero of energy put@t0. The evolution of cluster
slightly exceeds the HF and ATCOSM ones. In HF and LDAga0e during the fission process is shown on tofapand (b) for

schemes the fission barrier maximum is located just behingsih models. We compare our results with those derived in

rgy (é_i/)

the scission pointmarked by vertical arrowd). ATCOSM (dash-dotted ling[26].
The two-intersected spheres parametrization is not ad-
equate for the description of the process;fa—Na,* Figure 4b) shows fission barriers for the asymmetric

+Nag" , because Na daughter fragment has an open-shellchannel Ng2"—Na," +Na;*, when spheroidal deforma-
electronic structure, and, therefore, its shape is not sphericéibns of the parent and daughter clusters are taken into ac-
because it undergoes Jahn-Teller distort[@4]. The de- count. We have minimized the total energy of the system
formed jellium Hartree-Fock and LDA calculations show over the parent and daughter fragments deformations with
that the ground state of the Nacluster has the oblate shape the aim to find the fission pathway corresponding to the
with the deformation parametéy, = —0.68. This value is in  minimum of the fission barrier. We have also used the as-
a good agreement with other theoretical estim@&8. The  sumption of continuous shape deformation during the fission
oblate shape deformation of the daughter cluster reduces tlpgocess. The deformation of the cluster fragments changes
final total energy of the systei,; by —1.32 eV for the HF, drastically the fission energetics in comparison with what
and by —1.05 eV for the LDA model calculations, in com- follows from the two-intersected spheres model. In the
parison with the spherical case. framework of the two-center deformed jellium Hartree-Fock
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O Q CD OO O O parent NagZ " cluster with the deformation parametés=
—0.35. The oblate deformation reduces the total energy of
| | | | | the cluster Ng>* by —0.58 eV for the HF and by- 0.48 eV
W ~ = . for the LDA model in comparison with the spherical case.
N /_/’ \Na g Nals+ + Na3+ We have minimized the total energy of the system over the
1.0 |IA /,/ '\.\ —HF deformation parameters of the parent and daughter fragments
_ S s '\\\ ::_-k?éow during the fission process for any separation distahcehe
> 05 P N L evolution of the fragment shapes is shown on top of the
> 1 7 ' IB TN figure for both HF and LDA models. The daughter fragment
:ZJ’ 0.0 . el N Nay;s* has an oblate shape with deformation paraméter
T B T =—0.6, while Na* is spherical, i.e.5,=0.
] =0.36 eV The total energy as a function of the fragment separation
0514, =050eV distance has a maximunimarked by vertical arrowA
1 Axrcosu= 1-35 €V for HF, and A’ for LDA), arising due to the alteration
1.0 : : : : : of the electronic configuration d?2¢?17*2w?30%16*
0 ° 10 1 20 2 % 106%20%17*30%40%16%. These maxima on the energy
fragment separation, d (a.u.) curves define the fission barrier heights, being equal to
FIG. 5. The same as Fig. 4, but for the asymmetric channefrF=0.36 eV for Hartree-Fock and p,=0.50 eV for
Nay?* — Nays* +Nag™ . LDA. It is interesting to notice that the LDA total energy

curve has a pronounced minimum @&t 12.5 a.u., located
approximation, the parent cluster {4 becomes unstable beyond the scission poimt=11.1 a.u. We have marked the
towards the asymmetric channel fa —Na,* +Nag™ . scission point by vertical arro8, both for HF and LDA.

The LDA simulations with deformation of the daughter This minimum means that a quasistable state of the super-
fission fragments take into account the decrease of the totaholecule Nas“+Na™ can be created during the fission
energy of the systerfisee Fig. 4b)]. In particular, this results process. However, the appearance of the minimum and thus
in the appearance of the local minimum in the energy curvéhe stability of the supermolecule is rather sensitive to the
atd=7.2 a.u., corresponding to the formation of the super-model chosen for the description of exchange and correlation
deformed asymmetric prolate shape of the parenj,Na interelectron interaction. This is already clear from the fact
cluster before the scission poift The latter is located at that such a minimum does not appear in the HF simulations
d=10.4 a.u. The allowance for deformation of the parent(see Fig. 5.
cluster and the fission fragments reduces the LDA fission The ATCOSM model calculation gives the value of the
barrier up to the value\| ;4,=0.16 eV, which is in rather fission barrietA xrcosy=1.35 eV, which is inconsistent with
poor agreement with the result of ATCOSMrcosy  the HF and LDA results derived in our model. Such a differ-
=0.52 eV. ence can be explained as a result of variable necking in type

It is necessary to note that the shape of the cluster fragef the shape parametrization, which has been used in Ref.
ments in ATCOSM has been parametrized by two spheroidi26]. In the case of asymmetric NA"—Najs™+Nag”
of revolution connected by a smooth nd@6]. Our calcula- channel, the parent as well as one of the daughter fragments
tions show that the oblate shape of;Ndragment is formed have an oblate shape, therefore, shape parametrization model
at the initial stage of fission process, for separation distance&ith prolatelike additional neck is not natural, and results in
before the scission point. Moreover, in the vicinity of the increasing the fission barrier.
scission point, where the interaction between the two daugh- Figure 6 shows the dependence of total eneggy on
ter fragments Ng~ and Na* is strong, the oblate N&  Separation distancel for the symmetric channel Ng*
fragment is even more deformed than a free one. This means'2Na" . The parent cluster changes its shape from oblate
that it is more favorable for two fragments to split at shorterto prolate one on the initial stage of the fission process (
distances rather than to be connected by a smooth neck, mak-1 a.u). This transition is accompanied by the first rear-
ing the system more prolate. This fact explains why using ofangement of the electronic configuratiomarked by verti-
necking-type of shape parametrization, leads to the highegal arrowA for HF andA’ for LDA). This process has the
barrier as compare to our parametrization. barrierA=0.63 eV andA 5 ,=0.48 eV. On the next stage

Comparison of the asymmetric NA"™— Najs"+Nag™ of the reaction the prolate deformation develops resulting in
and symmetric Na? ™ —2Na" fission channels of the par- the highly deformed cluster shape, as it is shown on top of
ent Nag”" cluster is a subject of particular interest, becauseFig. 6. At the distancel~ 11 (marked by vertical arrov8 for
there have to be a competition between these two channetdF, andB’ for LDA) the electronic configuration reaches its
involving magic cluster-ions N& and Na". In Refs. final form being the same as in the spherical N&oducts.
[6,23,27 it was noticed that, namely, in fission of the fya In this case, the variable necking in type of fragments shape
cluster a magic fragment other than fNabecomes the fa- parametrization used in ATCOSM does not break the sym-
vored channel. Fig. 5 shows fission barriers for the asymmetmetry of the fragments and, therefore, the agreement be-
ric channel Ng" —Najs"+Nag™ . We have started from tween the two overlapped-spheroids HF or LDA models and
the initial configuration corresponding to oblate shape of theATCOSM variable-necking-in approach is much better than
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FIG. 6. The same as Fig. 4, but for the symmetric channel Fl.G' 7. Difference between_the L.DA and HFtotaI_en_ergies asa
Nayg* —2Nay* funcglJ(r)n of fr+agmen+ts separatlon.dlstance for the fission chqnnel
Na,;""—Na;" +Na™ . The evolution of the cluster shape during
the fission process is shown on top of the figure. Vertical arfow
in the case of asymmetric fission channel. Indeed, the totalorresponds to the scission point.
fission barrier for the symmetric channel ifd —2Nay,* is
equal toA ;- =0.63 eV and\ | o= 0.48 eV in the two-center lations predict the asymmetric channel ;pfd —Nays"
jellium Hartree-Fock and LDA models, respectively. These+Na" to be a little more favorable, however, the jellium
values are in a good agreement with the ATCOSM resultDA model says in favor of the symmetric path pa'
Aptcosv=0.52 eV[26]. —2Na™ . Although, in both models the difference in the
In Table | we have summarized the results of the HF andeights of symmetric and asymmetric fission barriers is
LDA barrier heights calculations for the considered fissionrather small, being equal to 0.02 eV.
channels and compared them with the results of ATCOSM Finally, let us compare the results obtained in the HF and
[26] and MD simulationg27,29,30Q. LDA models. The Hartree-Fock model takes into account the
The height of the fission barrier for NA™ cluster in the —exchange interelectron interaction the most exactly, but it
two-center deformed jellium LDA model is 0.51 eV lower neglects many-electron correlations, playing quite a signifi-
than its value following from the MD simulationg29].  cant role in metal-cluster energetics. Thus, LDA calculations
Molecular-dynamics simulations performed in Rg¥9] also ~ with the Gunnarsson-Lundgvist's exchange-correlation po-
were based on the density-functional theory, but included fultential [55] lower the total energ¥,, of the parent Na?*
ionic structure of the cluster. Since both methods apply th@nd Nag?* clusters on—5.58 eV and—12.03 eV, respec-
same form of the density functiongB5], the discrepancy in tively, as compared to the energies calculated in the Hartree-
the fission barrier heights can be attributed to the manifestaFock approximation. Such a difference between the total en-
tion of the influence of the cluster ionic structure in the fis-ergies of the HF and LDA jellium clusters is a result of the
sion process. One can expect that the influence of the denanifestation of many-electron correlation interaction. The
tailed ionic structure has to decrease with the growth clustemany-electron correlation interaction reduces at distances
size, making the jellium model approach more and more acbeyond the scission point, when the parent cluster splits on
curate. However, we also want to notice here that differenthe two fragments, due to decrease of the number of inter-
schemes of MD simulation§27,29,3Q lead to somewhat acting electrons in the system.
different fission barrier heightsee Table )l Figure 7 shows the difference between the LDA and HF
For the Nag2" cluster, we report a very good agreementtotal cluster energieg;"—E!'\ as a function of fragments
of the heights of fission barriers derived in the jellium LDA separation distance for the fission channelfia—Na;*
model and MD[29]. It is interesting to note that MD simu- +Nag* . For illustrative purposes we use here the two over-

TABLE |. Summary of the fission barrier heights {aV) calculated in this work and their comparison
with the results of other approaches.

Channel HF  LDA ATCOSM26] MD[29] MD[30] MD [27]
Nay?"—Na; "+ Nag*t 0 0.16 0.52 0.67 0.50 0.71
Nay?* —Nags" +Nag* 0.36 0.50 1.35 0.50
Na,?* —2Na* 0.63 0.48 0.52 0.52
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lapping sphere parametrization to dismiss the effect of theualitatively wrong barrierless scenario of the fission. In the
clusters fragment shape alteration along the fission pathwagpntrary, the agreement between the HF and LDA models is
which can be different in the HF or LDA schemes of calcu-much better for both symmetric and asymmetric fission
lation. channels of the Ng®* cluster. Note also that the HF model,

It is seen from Fig. 7 that the difference between the LDApredicts the asymmetric fission channel ;j4d— Nays"
and HF total energieE:2*—ENF does not change signifi- +Nag™ to be more favorable in comparison with the sym-
cantly for separation distances below the scission point, immetric one.
spite of the strong deformation of the parent cluster. In the
narrow region ofd, nearby the scission point the value
EroA—EMNT increases and it becomes constant again above
the scission point. Such a behavior is in a great deal similar, We have developed the open-shell two-center deformed
at least qualitatively, to the all considered fission channels. lfellium Hartree-Fock and LDA method for the description
remains valid even if deformations of the parent and daughef metal-clusters fission process. The proposed two
ter fragments are taken into account. This fact has a simpleverlapping-spheroids shape parametrization allows one to
physical explanation. The many-electron correlations reduceonsider independently a wide variety of shape deformations
the total energy. During the fission process the many-electroaf parent and daughter clusters, and to investigate the role of
correlation interaction between electrons belonging the twagleformation effects on the cluster fission process. The pro-
different cluster fragments vanishes, which results in the inposed type of shape parametrization is preferable as com-

IV. SUMMARY

crease of the total energy of the system. pared to variable-necking-in one, in particular, when the fis-
In spite of the fact that many-electron correlations reducesion fragments have an oblate shape. The role of many-
significantly the total energy of the N&* and Nag?* jel-  electron correlation effects in metal-clusters fission is

lium clusters in comparison with the HF values, the differ-analyzed. The described Hartree-Fock model forms the basis
ence in heights of the fission barriers obtained in the HF andior further systematic development of the more advarated
LDA models is only about 0.15 eV. From the analysis carriedinitio many-body theories for the process of metal-clusters
out above one can conclude that many-electron correlatiorféssion.
do not influence significantly on the height of the fission
barrier if the latter arises well below before the scission

point. In the cases when the barrier is created nearby or
above the scission point, accounting for many-electron cor- The authors acknowledge financial support from the Volk-
relations becomes essential. For example, many-electron cawagen Foundation, the Alexander von Humboldt Founda-
relations play the crucial role for the NA"—Na,* tion, INTAS, DFG, DAAD, and the Royal Society of
+Nag ™ fission channel. In this case the HF model predicts_ondon.
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