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Capture of low-energy electrons by simple closed-shell metal clusters
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The capture by polarization forces of low-energy electrons by closed-shell sodium clusters has been studied
in the framework of the time-dependent local density approximation within the spherical jellium model and the
classical scattering theory of Langevin. Results fopf\lda,;, and Nag are compared with the predictions of
the classical image charge model and recent experimental results by KaspetoaidiPhys. Rev. 260, 3071

(1999].
DOI: 10.1103/PhysRevA.65.023202 PACS nuni®er36.40—c

I. INTRODUCTION ated static multipolar polarization by using a microscopic
theory based on the time-dependent local density approxima-
Atomic clusters constitute a bridge between atomic, motion (TDLDA) and the spherical jellium model. In this way
lecular, surface, and condensed matter physics. Among afine can simulate from a purely microscopic many-body
the types of clusters, metal clusters, and in particular alkaltheory the static response of the valence electrons within the
metal clusters, have been intensively investigated experimemuster to the electric field of the impacting electron.
tally and theoretically in order to have a better comprehen- As an application and due to the availability of experi-
sion of the evolution of electronic size effecf$,2]. At  mental data, we have studied the capture of low-energy elec-
present, mass selected free metal clusters are experimentalppns by small closed-shell sodium clusters within the clas-
available, which clears the way for a clean and meaningfukjcg| scattering theory of Langevin.
study of their interactions with all kinds of projectiles includ-  oyr theoretical approach is outlined in the next section.
ing light (e.g., photon$3], electrong4]) and heavy particles regyits concering neutral closed-shell sodium clusters hav-
(e.g., atomg5], molecules, surfacesin particular, inelastic i,y >0 40, and 58 valence electrons are given in Sec. Il and

scattering of low-energy electrons on metallic Clusters IS g 5404 with recent experimental results. Finally, we give a
process of fundamental Interest since it prowdgs a Vvery POWeqnclusion and discuss some perspectives of this work in
erful way for studying many-electron correlations in quan-

L Sec. IV. Atomic units are used unless otherwise specified.
tum finite systemg6].

Since metal clusters are highly polarizable objects, it is
well known that, in the case of the scattering of slow elec-
trons by neutral metal clusters, the first important force af- IIl. THEORETICAL METHOD
fecting the incoming electron is the polarization of the clus- A. Cluster description
ter by the projectile field. At large distances this force is
equivalent to the presence of a potential having the usual The clusters are described in the spherical background
expression—a, —;(w=0)/2* where a,_;(@=0) is the jellium model, which is known to be a very good approxi-
static electric dipole polarizability of the cluster. This last pation for closed-shell simple metal clusters. This model
quantity has been measured for selected sizes of sodiurggnsists in replacing the real ionic core potential by a con-
potassmn{?], and very recently lithium cIuste{@]._ Gener-  giant positive background corresponding to a uniformly dis-
ally, in electron-atom or electron-molecule collisions, polar-tributeol charge density. For a metal cluster havigingly

ization effects may be properly included by taking into ac- L . L
count only the dipole term of the full polarization potential. charged ionic cores, this potential is given by

Until very recently, the same procedure was assumed to be

valid in electron—metal-cluster collisiofi§]. However, in a A _(L for <R

very recent paper devoted to the capture of low-energy elec- 2R¢ Rc oc

trons by large {10* atoms free sodium clustergL0], Kas- Viel(r)= A ()]
perovich et al. have shown that, in order to obtain good - — for r>Rc,

agreement with their experimental results, it is necessary to
go beyond the dipole approximation. The model use/d G}

to mimic the full static polarization potential is the classical
image charge model describing the interaction of a poinwhereRc=A"g andr is the Wigner-Seitz radiusr (=4
charge in front of a macroscopic neutral conducting spheréor sodium clusters In the Kohn-Sham formulation of den-
[11]. This classical approach is certainly valid for large clus-sity functional theory, the ground-state electronic densiy
ters. For smaller sizes, one may doubt the validity of such &f anN-electron system is written in terms of single-particle
macroscopic approach. In the present work, we have evalwrbitals ¢; as
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N q:
pe(N=2, pi(N=2 [i(N)|2. 2 :
i=1 i b I g R,
R
These orbitals obey the Sclidiager equation
Cluster
1 R R - q2
_§V2+VKS(r)}¢i(r):Eid’i(r): ©)
whereVKS(F) is an effective single-particle potential given ) _ _
by FIG. 1. Coordinates and notation used in the text.
Vies(N) = Vjei(N) + Vi (pe(1)) + Vielpe(M)), (4)  electron cloud by the external partidisituated at positioR;

see Fig. 1 Vin,q can be written as
with VH(pC(F)) the Hartree potential anvxc(pc(F)) the

exchange-correlation potential. Since the form\igf is not - s sp(r';R) - | Ve So(FB
known in general, several approximations have been pro- ina(FR)= IF—r'| ap | p(r;R)
posed in the literature. In this work, we have used the form p=Pc

obtained by Gunnarsson and LundqVi&®] in the frame- :Vﬁd(F' R)+V md(r R), (9)

work of the local density approximation:

>\ 1/3
ch(pC(F)):_(:gp;_(r)) —0.0333Ir(1+

calculated within the local density approximation and given
in Eq. (2). Since we are concerned only with the interaction
potential between the external chamgeand the cluster elec-

where r(r)=[3/4mpc(r)]¥3 is the local Wigner-Seitz ra- tronic distribution, one also defines the polarization interac-

dius. The net charge of the clustergs=A—N. tion energy as

) where pc denotes the electronic density of the ground state
5

rs(r)

: ; PR Sp(r';R) .
B. Time-dependent local density approximation p(R) f p(r’ )dr’ _ qzl |nd(R R) (10)
If the system is in a weak external static field, the theory |R—r |
of the linear responsirst order many-body theoyy13,14] .
relates the static induced electronic dengip(r:[a]) to the I the following, we shall us¥/f74(R) instead ofVizo(R;R).
external potentiaV t(ra ;[a]) by the following relation: For sphencqlly symmetric sy;tenﬁslosed shgll metal clus-
exte ' ter9 the static response functignmay be written as

5p(r;[a])=fx(r,r’)Vex[(r’;[a])dr’ (6) TR (r,r’)
- X Umr o (rr')?
where x(r,r’) is the static response function afal repre-
sents a set of parameters. For the process considered hea@ad, as usual, the Coulomb interaction is expanded as
Vet IS just the electrostatic interaction between the external
particle of chargej; and theN valence electrons and is given 1 4 rt

” IR—r'| LE(2L+1) TYEm(RYuu(r),  (12)

Ler(r)YL M’( ,) (11)

-0z

N
Vex(FR)= E , (7)  with r_=min(Rr’) and r-=maxRr’). Inserting the two
= | preceding expressions into E@) leads to
whereR andFj describe the positions of the external particle SpL(r;R)
and valence electrons, respectively. For the sake of clarity, Sp(r;R)= —(hE r—Yfm(r)YLm(R) (13
the set of vectors; will be represented by. It is possible to
rewrite the static induced density given in Ef) as with the multipolar density of transition defined by

L

6p<F;f<>=Jx°<rir*'>[vext<r*':ﬁ>+vind<F';ﬁ>]dF'. t:) s R AT f NS g (14
pL(r; )_(ZL—+1) ())(L(f,r )r';” r.. (149

In the above expressioy? anded(F’;ﬁ) are, respectively,

the noninteracting static response function and the inducetthe static response functiop(r,r’) is a solution of the in-
potential(at positionr’) due to the polarization of the cluster tegral equation
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x(r,r’ out that, for even multipolesL(= 2k with ke N), the situa-
tion L'=1 andE= ¢, (w=0) appears and the computation
of G, can no longer be carried out with the use of E2). In
order to overcome this difficulty, we have employed the pro-
cedure of Stottet al. developed originally for closed-shell
atoms and described in detail in REE5]. It is worth noting
that this problem does not occur either for the calculation of
the dynamical response functiow ¢ 0) or for the calcula-
occ tion of the static dipole response&0,L=1).

r By using the expressiond?2), (13), and (14), one then

XAFF)=2 ¢ (NGi(r)G(rr ;
may writeU, as
+¢i<F>¢r<F'>G*<F,F';ei> 02 -
o URI=UyR=- 3 5 [“onrR . @
B Yio(D) YiR(r') (16

. Clebsch-Gordan coefficient in the expressid®), it turns
=xo(r,r’)+ J J (r,r'’

" [avKS
ap

X( /II g )dr//drm (15)

pP=pc

XO(F,F’) is the independent-particle static response function
which is given by

)
<

_Z (rr’)
m It is easy to check the asymptotic behaviorlgf:
where € and ¢;(r)= (P, /r)rY,m(r) are the eigenvalues )
and eigenfunctions of the Kohn-Sham equati8) and qf a (0)
i , . . Up(Ri~——= 2 ——, R—x, (22
G(r,r’;E) is the retarded Green’s function, which may be P 2 =1 RaL+2
expanded as

where | (0) are the static multipolar polarizabilities given

> 5, Gp/(r,r";E)
G(NIE)= > v, LYo (). an By
L'M’ rr
It is easy to show that for the static case a (0=0)= (2L+1)J f xu(r,r)(re)drdr’. (29

0 (21+1)(2L"+1) _ o
x2(r,r)=4% Py(r)Py(r’) yp= For the dipole contributionl(= 1) and for neutral clusters
niL’ (g,=0), the leading term of the polarization interaction en-
2 ergy at large distances has the usual expression
) GL/(r,r';€n). (18)  —qg?ay(0)/2R*. One also notes that,, does not depend on
the sign of the projectile chargg;. Thus, an electronq;
The radial part of the Green’s functid®(r,r':E) may <0) or a positron ¢,>0) will induce the same polarization

be expressed in terms of solut|0ns of the radial homogeneod’s”ergy
equation at energg = In a pure classical macroscopic electrostatic model one

may idealize a closed-shell simple metal cluster as being a

I L" L
X
0 0 O

d2 I(1+ 1) conducting sphere of radiu’; with a sharp surface. Then,
——— —2Vis(r)+ k2| x;(r)=0. (19 by using the image charge method, the interaction energy of
dr a point charge in front of a neutral metallic sphére., R

Denoting byw,(r) the solution of Eq(19) that behaves as- > Rc) can be obtained in a closed form and is giver{ by

ymptotically as an outgoing wave awnglr) the solution that 2R3
is regular at the origin, we have U (R)=UM(R)= — d1Rc , (24)
P P 2R2(R2-R2)
U|(I’<)W|(I’>)

G(r,r";E)= (20
I Wlu,w] with the multipolar expansion
where we have used _=min(,r’),r~=max(,r’), and 2R3 2R5 R2|+1
W[u,w] is the Wronskian of the functions(r) andw;(r). UM(R)= — diRc  GdiRc 1 .. @5
Once the radial Green's functions are compute®(r,r’) . 2R*  2R®  2R¥*2

may be constructed from E@16), and the static response
function x(r,r’) is then obtained by solving the integral Thus, from the above expression one sees #f{0)=RZ
equation(15) with the use of a space discretization proce- represents the classical static dipole polarizability and
dure. a5'(0)=R2 the quadrupole one.

Apart from simple poles at the bound state energigs The fuII interaction potential between the incoming par-
the Green’s functioi,(r,r";E) is analytic for complex val- ticle of chargeq; and energyE and a closed-shell metal
ues of the energyE. Due to the selection rules of the cluster of chargey, is given by
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0.00 T T T T T 0.00

pcr’) -, ,
U(R):_leje|(R)_ql F—é—F' dr +Up(R)+UX(R7E)

(26) 005 Lo 1-005

where the first term describes the interaction with the posi- I L=1.2

tive background and the second one the interaction with the

ground-state electronic densifjdartree potential Finally,

U, is present only when the projectile is an electron and is an

energy-dependent potential representing the possibility for an

incoming electron to be exchanged with one valence cluster

electron[16]. For instance, this expression can be used to 20l : ,

compute electron elastic cross sectip@l Unfortunately, so T L=1.§ \ : 20

far, no experimental data for this process are available. '
As we shall see later, in the impact energy range consid- 0 4 8 2 16 20 24

ered in this workE<3 eV, and in a classical picture, the R (a.u)

capture process occurs at distances well above the cluster

radius. Thus, by noting that, is a short-range potential, the FIG. 2. Polarization interaction potential as a functionRofor

interaction potential relevant to our study takes the fota] ~ Néwo. Full line, Uy from Eq. (21) with L =1-8; dashed linel,
from Eq. (24); dotted line,U,= —Qqja,(0)/2R*. The arrow at the

bottom of the figure indicates the position of the cluster radius.

U (R)

015k J-01s

U(R)qu—F:thup(R). (27)

Ocap(E)=mhj. (29)

C. Capture cross section

The scattering problem is treated classically in a wayOne may understand the meaningogfas follows. Classical
similar to that of the well-known Langevin theory of ion- Orbits for whichb<<b, pass through the origin and therefore
molecule reactiofi18,19. Since experimental data are avail- Must lead to the capture reaction. On the contrary, capture
able for collisions of electrons impacting on neutral clustersdoes not occur for all collisions for which> b,
in the following, we shall restrict our study tp,=—1 and For Uy(R)=—a;(0)/2R*, the distance of closest ap-
9,=0. Futhermore, one knows from classical mechanicgroach associated with=bg, equalsRy=bo/y2 [19,22.

[20] that, in order to have trajectories approaching the clusteYVe have checked numericallg.g. see Fig. Bthat, for the
center(and leading to the capture of the projedtilthe ex-  full interaction (26), Ryo=bg/a with a<\/2. Thus, due to
pansion ofU(R) in powers ofR must include only terms the fact that classically the details bf(R) for R<R;, are

R™" with n>2. This condition is not fulfilled for charged not needed for the computation of the capture cross section
clusters due to the presence of the Coulomb interaction. andR, is always much larger than the cluster radius, this

As pointed out by Kasperovickt al. [21] and demon-
strated by Vogt and Wanni¢22], in the impact energy range 0.14
under consideration§<3 eV and not very low energythe
guantum capture cross section for a polarization potential
—qfal(O)IZR4 is essentially equal to the classical one. I
Since this result is true for the singular potential above we do 0.12
not know if it still remains valid for the full interaction po- ~ I
tential, which is not singular at the origiwe.g., see Fig. 2 <
The answer to this question will be a matter of future work. S

The procedure to obtain the classical capture cross section -
is given in Ref[20] and is the following. For a given impact
parameteb and an energ¥, the effective potential is given
by

0.14
0.12
0.10

. 0.08
b%E
Ueff(R,b)=¥+Up(R) (28)

R (a.u.)

Wheresz/Rz is the centrifugal potential. Lt gy (b) be the FIG. 3. Effective potential from Eq28) as a function oR for
maximum of the functiotJ¢¢¢(R,b). The critical impact pa- 4 electron of energg=3 eV impacting on Ng and evaluated at
rameterb, (see below is obtained from the conditioe  p—=p,=21.38 a.u. The arrows at the bottom of the figure indicate
=Ugi(by) and the corresponding capture cross section ishe positions of the cluster surface and the distance of closest ap-
given by proachRo.
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TABLE I. TDLDA static dipole and quadrupole polarizabilities 0.5 1.0 L5 20 2.5 3.0
: . . 1000 T T s u T 1000
normalized to the corresponding classical ones.
Na,,
Cluster a1(0)/a5'(0) a,(0)/a5'(0)
Nayg 1.448 1.861
Nayg 1.412 1.654
Nasg 1.290 1.566

500

justifies the use of a first order many-body the6RDLDA)
and also the use in the calculation of E&7) instead of Eq.
(26).

If in Eq. (28) one used) ,(R) = — a1 (0)/2R* the result is

analytical[20] and we obtain the so-called Langevin cross 0 ' , ' ' , 0
section 1500 1500
() {2”2‘”(0) rlz (30
ag el . —
cap E < '
p 1000 | 1000
Futhermore, as shown by Klof23] if in Eq. (28) Uy(R) %
= UQ"(R) the result is also analytical and reads 2
&
5 2R3 V2 S 500 500
Ucap(E):WRc+ E (31)
For an interaction potential having an arbitrary shape the
capture cross section must be computed using numerical 0 0

methods.

1500 1500
&

Ill. RESULTS

So far, only static electric dipole polarizabilities have

been measured for selected sizes of sodium, potagiiim 1000
and lithium clusterg8]. As far as we know, theoretically as
well as experimentally, nothing is known for metal clusters
about static electric polarizabilities with#1. One may
think that this lack is due to evident experimental and theo-
retical difficulties(see the evaluation of the Green'’s function
in Sec. Il B. This situation is in contrast with the atomic

1000

500 500

case for which theoretical and experimental data are avail- 0 L L L L L 0
able for quadrupole polarizabilitigd5]. The TDLDA static 05 1o 1520025 30
dipole and quadrupole polarizabilities for MaNa,,, and Impact Energy (eV)

Nagg are given in Table |. For a given cluster size, the ratio
ci ; _ P :
,(0)/a (0) is larger forl. =2 and decreases with increas energy spread as functions of the electron impact ené&sgfor

ng r_lumber of atoms. . . ) three closed-shell sodium clusters. Full litg, from Eq.(21) with
Figure 2 shows the polarization interaction potentig| L=1-8; dashed lineU, from Eq. (24); dotted line, U,=

as a function oR for Nay,. One sees that the convergence of _ 42, (0)/2R%; dots with error bars, experimental inelastic cross
the sum appearing in E¢21) is achieved for all distances gectiong24].

with L,2=8. ForR>R¢ the convergence is faster than in

the interior region of the cluster and, for instance, Rr scopic(TDLDA) and the macroscopic results is rather im-
=16 a.u. the value df ,,, is reduced to 4. Futhermore, the portant.

dipole contribution [,,,=1) reaches its asymptotic behav-  In order to illustrate the fact that, in a classical picture, the
ior aroundR=16 a.u., which is well outside the cluster ra- capture process occurs far away from the cluster surface, we
dius Rc=10.86 a.u. One notes also that, unlike the com-show in Fig. 3 the effective potential obtained from E2g)
monly used polarization potentiat qfal(O)/ZR“,Up is not as a function oR for an electron energy of 3 eV impacting
singular at the origin. For comparison, the macroscopic inon Nag and evaluated ab=b,=21.38 a.u. This value is
teraction given by the image charge model is also shown. Fasbtained as described in Sec. Il C and the value 3 eV corre-
this small cluster size, the difference between the microsponds to the maximun electron energy considered in this

FIG. 4. Capture cross sections convoluted with the electron gun
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work. Since the distance of closest approach is much largaector is 50 cm, which leads to a time-of-flight windowy

than Rc=13.68 a.u.(for lower energiesb, and R, are  ~5x10* s. This means that excited clustéveith excita-

even largey, the incoming electron does not penetrate insidejon energyE*) having a fragmentation time;(E*)> 7, do

the cluster, which justifies the use of the spherical jelliumnot contribute to the inelastic cross section. Thus, according

model. Also, the perturbation being weak at large distancego the preceding arguments and assuming that the excitation

justifies the use of a first order many-body theory to computepectrum does not change very much for the three clusters

the polarization potential. Consequently, the detail&JOR)  [this is true for photoexcitationl(=1) [25]], the difference

for R<Rp are not needed for computation of the capturepetween the capture and the experimental inelastic cross sec-

cross section. tions must decrease with increasing cluster size. This behav-

According to the experimeni2l], the measured electron jor is illustrated in Fig. 4. Only for Na is a good agreement

energy distribution produced by the electron ggE—E;),  found between the TDLDA results and the experimental in-

may be well represented by a Gaussian shape with a fublastic cross sections.

width at half maximum of about 0.3 eV f&E<1 eV, and Very recently, the same authdil] were able to measure

0.4 eV for higher electron energies. Thus, in order to comonly capture cross sections. Unfortunately, the experimental

pare with the experiment we define the following quantity: cross sections are not absolute and the experiment was not
carried out with size selected clusters but rather with a clus-
ter size distribution. Thus, a comparison with our predictions

J; ocap(E) 9(E—Ej)dE is not possible.

a'cap( E)= = . (32
fo g(E—E;)dE IV. CONCLUSION AND PERSPECTIVES

In summary, capture of low-energy electron by closed-
We show in Fig. 4, the capture cross sections calculateghell sodium clusters has been studied by using the TDLDA
by using the above formula as a function of the electronwithin the spherical jellium model and the classical scatter-
impact energy for the three systems under study. The med2d theory of Langevin. The use of this model is completely
sured inelastic cross sections[@#] are also shown for com- Jjustified since the capture process occurs well outside the
parison. For impact energies below 3 eV, essentially two procluster surface. Capture cross sections have been computed
cesses participate in the inelastic signal: excitation vidor Nag,Nayo, and Ngg and compared with the predictions
postcollisional fragmentation and electron capture, the latte@f the classical image charge model and recent experimental
being dominant at very low impact energy. The ionizationresults by Kasperovickt al. [24]. It has been shown that in
process is absent since, for the clusters under study, the effle range of impact energies considered in this wdk (
ergy of the highest occupied molecular orbital is always<3 €V) the TDLDA capture cross sections are always
higher than 3 eV. larger than the classical ones obtained by using the macro-
First of all, the important difference existing between thescopic image charge model. As expected, the difference be-
TDLDA or the image charge results and those obtained byween the two predictions decreases with increasing cluster
using the usual polarization potentialq?a,(0)/2R* indi- ~ Size. For Ngg, a good agreement is found between the
cates that it is necessary to go beyond the dipole approximé[DLDA results aqd_ the experimental inelastic cross secthns.
tion in order to describe the capture process correctly. As It is worth noticing that the present model does not in-
expected, this difference increases with increasing clusteflude dynamical effects which seem to play some role in the
size. Secondly, the difference between the TDLDA and the&apture procesgt]. .
image charge results is not very importart40%) and de- The same model can be .applled to study electron attaph-
creases slightly with increasing size of the cluster. ment to G fullerenes, for which experimental data are avail-
If the energy deposit in the clustetsshich have been a_\ble_[26]. The results will be presented_m a fothcoming pub-
electronically excited during the collisipis larger than the lication. Also, related to the fragmentation of doubly charged
lowest dissociation energy~(1 eV for sodium clustejs 5|mpl_e metal clusterg27], fusion barr_lers may be evaluated
fragmentation can occur. Depending on the experimentd?y Using the same procedure. We will address our next paper
time-of-flight window, the excited clustetabove the disso- !0 this case.
ciation threshold contribute or not to the experimental in-
elastic cross section. Since more vibrational degrees of free- ACKNOWLEDGMENTS
dom are involved for larger systems, at a given energy
deposit, the fragmentation time increases with increasing One of us(M.E.M.) would like to acknowledge financial
number of atoms within the cluster. In the experiment of Ref.support from MPIPKS, Dresden. We also would like to thank
[24], the cluster velocities are of the order of 1000 m/s andhe CNUSC(Center National Universtaire Sud de Cajdalr
the distance between the collision region and the beam dgroviding free computer time.
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