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Radiative electron attachment in sodium clusters

M. R. Spinella, M. Bernath, and O. Dragu´n
Departamento de Fı´sica, Comisio´n Nacional de Energı´a Atómica, Avenida del Libertador 8250, 1429 Buenos Aires, Argentina

~Received 22 October 1997; revised manuscript received 12 June 1998!

The electron attachment to bound unoccupied levels of spherical neutral Nan clusters (n58, 20, and 40! is
analyzed using electron-cluster collisions. In the direct process here studied the captured electron loses its
energy in a single step via the emission of a photon. The aim of the present paper is to estimate the strength of
this inverse photoemission~IP! mechanism, and its contribution to the total inclusive inelastic cross section
recently measured. We perform a quantum-theoretical calculation for incoming electrons in the range 0–2 eV.
The magnitudes of the total IP cross sections are dominated by transitions to the less bound unoccupied levels
while their patterns depend mainly on quasibound states in the incoming channel. It is found that in the range
of incoming energies here analyzed the IP process has a negligible contribution to the inelastic inclusive
experimental data.@S1050-2947~98!00110-3#

PACS number~s!: 36.40.2c, 34.80.2i
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I. INTRODUCTION

Collisions between electrons and atomic clusters prov
a powerful tool to study several properties of the cluster.
the last few years many theoretical papers have investiga
from a quantum-mechanical point of view, some of the
processes. The simplest analyzed collision was the ela
@1–3# in which the incident electrons do not transfer ener
mass, or charge. But as is well known, other complex p
cesses can occur. Between them, recent papers@4,5# have
studied a particular inelastic collision where energy is tra
ferred to the target promoting a valence electron from a le
under the Fermi surface to another level above it. Also
excitation of the collective plasmon states of the clusters
been analyzed in the framework of the electron scatte
theory @6#.

Electron-cluster collisions have also gained the atten
of experimentalists who measured, using cluster beam de
tion spectroscopy, absolute total~inclusive! inelastic
electron-sodium cross sections, in the energy range 0.1 e
.6 eV @7–10#. There exist different mechanisms which c
remove a neutral Na cluster from the beam. For low elect
energies~less than bound and ionization energies! the domi-
nant process is probably the capture or attachment of
incident electron and the temporary formation of a Nan

2 sys-
tem followed by some relaxation process. On the other ha
for impact energies above.1 eV, the incident electrons ca
produce primary cluster fragmentation.

In this paper we want to study a particular process rela
to the electron attachment in which the incident elect
loses a discrete amount of energy from the continuum s
by making a direct transition to a bound unoccupied level
the emission of a photon. This kind of attachment or m
precisely, inverse photoemission~IP! process, provides in
formation on the state into which the electron falls. We w
here estimate the contribution of IP process to the inclus
inelastic electron scattering cross section reported in Ref.@7#.

II. FORMALISM

In a proper theoretical description of the process
Hamiltonian describing thee2-photon interaction has th
PRA 581050-2947/98/58~4!/2985~5!/$15.00
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form ~neglecting spin and treating up to first order!

H int52
e

2mec
@pW •AW 1AW •pW #, ~1!

whereAW is the vector potential of electromagnetic radiati
and pW is the linear momentum vector of the incoming ele
tron. In the case of inverse photoemission the initial state
no photon, so photons are created in the process. It beco
necessary to quantize the electromagnetic field. The clas
vector potentialAW is replaced by the field operatorAW (xW ,t)
defined by

AW ~xW ,t !5
1

AV
cA2p\

v (
kW

(
a

@akW ,a~ t !ê~a!eikW•xW

1akW ,a
†

~ t !ê~a!e2 ikW•xW#, ~2!

whereê (a) (a51,2), the linear polarization vectors, are re
unit vectors whose directions form a right-handed set w
the photon propagation direction of the vectorkW . The two
operatorsakW ,a

† , akW ,a either create or destroy a photon in th

state (kW ,a), respectively, andV is the normalization volume
for the photon.

For inverse photoemission the initial statex i(qW ,rW) ~with
no photons! represents the incoming electron moving in t
mean field created by the cluster. The final state consist
an electron in a bound statex f(rW) above the Fermi level and
an outgoing photon, emitted in any direction with wave ve
tor kW whereukW u5w/c:

x i~qW i ,rW !5
4p

qir
(

l 8,m8
i l 8 f l 8~qi ,r !Yl 8m8

* ~qî !Yl 8m8~ r̂ !,

~3!

x f~qW f ,rW !5
unl ~qf ,r !

r
Yl m~ r̂ !, ~4!
2985 © 1998 The American Physical Society
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2986 PRA 58M. R. SPINELLA, M. BERNATH, AND O. DRAGÚN
with qi (qf) the wave vector of the incoming~attached! elec-
tron of energyEi (Ef) related byEi2Ef5\v. The radial
wave functionsf l 8(qi ,r )/qir andunl (qf ,r )/r are obtained
solving numerically the same one electron Schro¨dinger equa-
tion with the potential

V~r !5VLDA2
ape2

2~r 21d2!2 . ~5!

In Eq. ~5!, VLDA is the mean field potential resulting from th
solution of the Kohn-Sham equations in the local dens
approximation in the context of the jellium model@11# which
was extensively and successfully used in cluster theory an
is still being used in more refined collision calculations@12#.
In the scope of the present approach the jellium model p
vides a rough estimation of the magnitude of the IP cr
section. We know that for dynamical quantities based
off-diagonal matrix elements such as the dipole transit
calculated in this paper, the agreement among results f
different potentials is qualitative. Details~but not the order
of magnitude! quantitatively depend on the dynamics, that
on the wave functions which could show some difference
each potential. The second term of Eq.~5! accounts for the
polarization induced in the cluster by the incoming electr
In the approximation here adopted@13#, ap is the static elec-
tric polarizability of the cluster andd is a cutoff parameter o
the order of the cluster size. In the following we will use t
experimental values ofap of Ref. @14# ~in the calculations
we assume atomic units for which\5me5e51, c.137,
anda0 is the Bohr radius!.

Making use of the time-dependent perturbation theory
to first order in the interaction@15–17#, the transition prob-
ability with emission of photons into a solid angledV per
unit time can be written as

Wf i5
Vv2

\24p2c3

3U2 e

me
A2p\

vV
^ f uakW ,a

†
~0!e2 ikW•xWpW • ê ~a!u i &U2

dV,

~6!

where the initial and final vector states are the direct prod
of the corresponding electron state and photon stateunkW ,a&.
Introducing Eqs.~3! and ~4! and taking into account tha
there are photons only in the final state, the matrix elem
in the dipolar approximation, i.e., assuminge2 ikW•xW.1, re-
sults:

^ f uakW ,a
†

~0!e2 ikW•xWpW • ê ~a!u i &.^x f upW • ê ~a!ux i&

52
ivme16p2

3 (
l 8m8n

i l 8

qi

3Y1n* ~ ê~a!!Yl 8m8
* ~ q̂i !

3Rnl l 8~qi !I nl 8m8 , ~7!

where I nl 8m8 and the radial integralRnl l 8(qi) are, respec-
tively,
y

it
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I nl 8m85~21!m1nA~2l 11!~2l 811!

3A 3

4p S l 1 l 8

0 0 0 D S l 1 l 8

2m 2n m8
D , ~8!

Rnl l 8~qi !5E unl
* ~r ! f l 8~qi ,r !rdr . ~9!

The differential cross section is obtained from Eq.~6!
dividing by the incident electronic fluxj 5(\qi /me)(1/Ve),
where Ve is the box volume of normalization of the con
tinuum electron state:

dsnl

dV
5

2~4p!2e2v3~2l 11!

c3\ j 3qi
2 (

a,m8,m

uY1,m2m8~ ê~a!!

3$Yl 11,m8
* ~ q̂i !Gl mm8

1
1Yl 21,m8

* ~ q̂i !Gl mm8
2 %u2,

~10!

with

Gl mm8
6

5A2~ l 61!11 i l 61Rn,l ,l 61S l 1 l 61

0 0 0 D
3S l 1 l 61

2m m2m8 m8
D . ~11!

Integrating over the anglesq̂i , averaging over the photon
polarization directions, and using normalized continuum a
bound electron wave functions, the integrated cross sec
for the capture of an electron into a particular final bou
state (n,l ) is given by

snl ~qi !5
16pmee

2v3~2l 11!

c3\23qi
3 (

m8,m
$uGl mm8

1 u2

1uGl mm8
2 u2%. ~12!

Thus the total IP cross section can be obtained computing
sum of the cross sections for the allowed (n,l ) final states at
a given incident electron energy:

s tot~qi !5 (
~n,l !

sn,l ~qi !. ~13!

III. RESULTS AND DISCUSSION

In the present paper we perform calculations for a parti
lar capture process on Na8, Na20, and Na40 clusters. Figure 1
shows a schematic diagram of IP mechanism and disp
also the single particle bound states obtained using the
tential of Eq.~5! for the Na8 which is shown in the inset o
Fig. 1. For this cluster we have analyzed the features of
main components which give rise to the total IP cross sec
of Eq. ~13!. We first studied the radial form factors, i.e., th
integrand of Eq.~9! for each possible final state. They co
tain useful information about the magnitude and spatial d
tribution of the capture process to a single (n,l ) bound state
and they allowed us to conclude~a! for unoccupied states
close to the Fermi level the capture process has a cons
able probability to occur around the cluster surface, me
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while, for the less bound levels, the spatial distributions
spread out of the cluster. As an example we show in Fig
the integrand at incoming energies 0.028 eV, 0.070
0.628 eV, and 1.50 eV for the 2s state~close to the Fermi
surface! and for the 3s state which is near the continuum.~b!
The form factors and, in consequence, their radial integ
increase considerably at some energies which are corre

FIG. 1. Schematic diagram of the electron attachment proc
with emission of a photon. The bound levels correspond to the8
target. The solid lines represent the occupied states and the da
lines unoccupied states. The potentialVLDA plus the polarization
term, for this system, is displayed in the inset.

FIG. 2. Radial form factors for the systeme2-Na8 at different
final states for some particular incident energies.
e
2
,

ls
ted

with the energies and angular momentum of the elastic re
nances discussed in Refs.@1, 4#. For the Na8, from the analy-
sis of these radial integralsRnl l 8 @Eq. ~9!# it was found that
when l 852 is involved~according to selection rules this i
the case forp or f bound levels! there is a strong maximum
for incident energies around 0.07 eV where an elastic re
nance occurs. Also thel 854 is important aroundE
50.628 eV. These maxima are related with the maxima
the partial cross section for elastic electron scattering and
associated with the presence of quasibound states at t
energies. If no resonance exists the radial integrals decr
for increasing incoming energies. Another general feature
that the most important contribution arises from the lev
near the continuum. This effect can be observed in Fig.
which displays the full calculation forsnl ands tot for ener-
gies ranging from 0.01 eV up to 2 eV. In this case, the m
contributions to the total IP cross section arise from thes
and 1f levels which are within the less bound states and
pattern depends on the presence of peaks in the partial
tributions related withl 8 resonances in the correspondin
elastic process. The contributions to the capture to lev
near to the Fermi surface are almost negligible. They are
or three orders of magnitude lower with respect to the c
ture in the states near the continuum.

We have made the same calculations and studies for N20
and Na40 clusters as a function of the electron incoming e
ergies. In the Na20 cluster the total IP cross section resul
from the sum of the transitions to the unoccupied levels c
sidered, 1f : 22.753 eV; 2p: 22.115 eV; 1g:21.458 eV;
2d: 20.946 eV; 3s: 20.894 eV; 3p: 20.182 eV; 1h:
20.118 eV; 2f : 20.044 eV; and in the Na40 cluster corre-
sponds to the sum of the capture to the levels: 1g:
23.023 eV; 2d: 22.242 eV; 3s: 22.011 eV; 2f :
21.219 eV; 3p: 21.039 eV; 1i : 20.865 eV; 4s:
20.313 eV; 3d: 20.292 eV; 2g: 20.291 eV. The overall
magnitude and structure of the total cross sections obtain
as in the case of Na8, were mainly determined by the
strength and resonances which appear in the transitions to
less bound levels. Figure 4 displays a comparison of the t
cross sections for the three considered systems. For the8

the average value of the total cross section is around 1025a0
2.

A similar strength was obtained in Ref.@16# for IP processes
in adsorbed molecules. For the Na20 the average magnitude

ss
a
hed

FIG. 3. Total and individual cross sections for the capture of
electron into final statesn,l in the Na8 cluster.
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is ;1024a0
2 and for Na40 it is approximately 1023a0

2 al-
though it decreases two orders of magnitude at incident
ergies of 2 eV. This figure shows how the magnitude
creases with the cluster size, in particular for energies lo
than 0.6 eV where the IP process is relevant. This beha
can be understood in terms of the higher density of sin
particle states around zero~which have the most importan
contribution to the cross section! when the mass of the clus
ter increases. Thus it is expected that this trend persists
clusters with number of atoms greater than 40.

We have also investigated the theoretical behavior of
IP process at very low incoming energies as is shown in F
5. At these energies only the scatterings-partial wave sur-
vives, populating the boundp levels and verifying the well
known rule about the inverse variation withq of the low
energy inelastic cross sections. This is obtained for N8,
Na20, and Na40 at energies less than 1025 eV, 1024 eV, and
1027 eV, respectively, where the corresponding elastic d
persion is constant†see Figs. 5~a! and 8~a! of Ref. @1#‡.

We want to remark that the use of more reliableab initio
calculations to obtain the single particle energies and w
functions~which are very difficult to perform for the system
Na20 and Na40) would not change the qualitative conclusio
of the present paper with respect of the magnitude of the
cross section. Suchab initio calculation or the use of othe
more refined potentials will have the effect of some shifti
in the positions of the peaks in the IP cross sections.

In view of the large amount of experimental work o

FIG. 4. Comparison of the total cross sections for the th
clusters Nan (n58, 20, and 40!. The numbers under the peaks co
respond to thel 8 values associated with the maxima and re
nances of the elastic scattering.
.
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photoelectron spectroscopy of metal clusters~see Ref.@18#!,
it is interesting to compare the IP process with the one
the photoemission of the corresponding anion cluster Nan

2 .
Assuming that the matrix elements of Eq.~6! are the same
for both processes the rate between them can be writte
R5v2/c2qi

2, which for the clusters here studied results a
proximately in the order of 1026 at energies near resonance
The cross section for the photoemission would also be
pected to present resonances now associated with q
bound states in the exit channel.

According to the results obtained it can be deduced t
the one step inverse photoemission process has a negli
contribution in the experimental inclusive inelastic results
Ref. @7#. The electron capture referred to in@7# probably
involves the creation of a resonant electron-cluster sys
followed by relaxation processes which differ from the em
sion of one photon here presented.
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FIG. 5. Attachment cross sections for very low incoming ele
tron energies for the three clusters here presented. Dashed
represent the 1/q dependence predicted by the scattering theory
very low energies.
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