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Radiative electron attachment in sodium clusters
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The electron attachment to bound unoccupied levels of spherical neugralissers =8, 20, and 4Dis
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 photoemissiofiP) 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 datd.S1050-294{@8)00110-3

PACS numbd(s): 36.40—c, 34.80-i

I. INTRODUCTION form (neglecting spin and treating up to first orler

Collisions between electrons and atomic clusters provide
a powerful tool to study several properties of the cluster. In Hint=
the last few years many theoretical papers have investigated,
from a quantum-mechanical point of view, some of these L ) ) o
processes. The simplest analyzed collision was the elasti¢hereA is the vector potential of electromagnetic radiation
[1-3] in which the incident electrons do not transfer energy,and p is the linear momentum vector of the incoming elec-
mass, or charge. But as is well known, other complex proiron. In the case of inverse photoemission the initial state has
cesses can occur. Between them, recent paget$ have  no photon, so photons are created in the process. It becomes
studied a particular inelastic collision where energy is transnecessary to quantize the electromagnetic field. The classical
ferred to the target promoting a valence electron from a leve|,qcior potential,& is replaced by the field operat&(f,t)
under the Fermi surface to another level above it. Also thgjefined by
excitation of the collective plasmon states of the clusters has

—Wec[p-AﬂLA-p], 1)

been analyzed in the framework of the electron scattering 1 o
theory[6]. . | | AX D= "=c\ == 2 X [ag (D)™
Electron-cluster collisions have also gained the attention W o T % '

of experimentalists who measured, using cluster beam deple- N . -
tion spectroscopy, absolute totafinclusive inelastic +ag (Hel@e k], 2
electron-sodium cross sections, in the energy range 0.1 eV to
=6 eV [7-10. There exist different mechanisms which can yheree(@) (¢=1,2), the linear polarization vectors, are real
remove a neutral Na cluster from the beam. For low electron it yectors whose directions form a right-handed set with
energieqless than bound and ionization energittee domi- . - >
nant process is probably the capture or attachment of th@e photonT propagat.|on direction of the vector The tyvo
incident electron and the temporary formation of g,Ngys- ~ OPeratorsay . aiq either create or destroy a photon in the
tem followed by some relaxation process. On the other handstate k,«), respectively, and/ is the normalization volume
for impact energies above 1 eV, the incident electrons can for the photon.
produce primary cluster fragmentation. For inverse photoemission the initial stagg(q,r) (with

In this paper we want to study a particular process relate@o photons represents the incoming electron moving in the
to the electron attachment in which the incident electronmean field created by the cluster. The final state consists of

loses a discrete amount of energy from the continuum statg, ejectron in a bound staj(q(F) above the Fermi level and

by makﬁng_ a direct transition tq a pound unoccupied level viay, outgoing photon, emitted in any direction with wave vec-
the emission of a photon. This kind of attachment or more

precisely, inverse photoemissigtP) process, provides in- tor k where|k| =w/c:
formation on the state into which the electron falls. We will 4

i it ; ; - - T T —~ ~
here estimate the contribution of IP process to the inclusive xi(@i, 1) = E it ,.(q ,r)erm,(qi)Y/,m,(r),

inelastic electron scattering cross section reported in[Ref. air Sy
)
Il. FORMALISM
In a proper theoretical description of the process the (G, = Un/(q“r)Y ) @)
Hamiltonian describing the™-photon interaction has the X r /i
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with g; (g¢) the wave vector of the incomin@ttacheglelec- Lyrm=(—1)™"(2/+1)(2/ +1)
tron of energyE; (E;) related byE,—E;=%w. The radial ’ ‘ , ’ y
wave functionsf ,.(q;,r)/q;r andu,,(qgs,r)/r are obtained [3 (7 1 7\ 7 1 /'
solving numerically the same one electron Sclimger equa- X a7lo0 o o/l=m —=» m ) )
tion with the potential
,e? Rn//r<qi>=J uk(r)f (g, rrdr. ©)
V(r):VLDA_m- 5

The differential cross section is obtained from E6)
In Eqg. (5), Vpa is the mean field potential resulting from the dividing by the incident electronic fluk=(%.q;/me)(1/V),
solution of the Kohn-Sham equations in the local densitywhere Ve is the box volume of normalization of the con-
approximation in the context of the jellium modéfl] which ~ tinuum electron state:
was extensively and successfully used in cluster theory and it 22 3.m,
is still being used in more refined collision calculatigag]. doy, 2(4m)°€ 0 (2/+1)

2 |Y1,m7m’(;(a))

In the scope of the present approach the jellium model pro-  d(} c3hj3qi2 am’.m

vides a rough estimation of the magnitude of the IP cross . . . N

section. We know that for dynamical quantities based on XYY o 1m (A G Sy Y51 (DG 1
off-diagonal matrix elements such as the dipole transition (10)
calculated in this paper, the agreement among results from

different potentials is qualitative. Detailbut not the order with

of magnitudé quantitatively depend on the dynamics, that is, ‘

on the wave functions which could show some differences in . - i /1 /71

each potential. The second term of Ef) accounts for the Clmm = N2/ =) +1 17" Ry s 00 O
polarization induced in the cluster by the incoming electron.

In the approximation here adoptgtB], «,, is the static elec- / 1 /*1

tric polarizability of the cluster and is a cutoff parameter of -m m=m' m (12)

the order of the cluster size. In the following we will use the

experimental values oft, of Ref. [14] (in the calculations Integrating over the angle , averaging over the photon
we assume atomic units for whioh=me=e=1, c=137,  pojarization directions, and using normalized continuum and
anday is the Bohr radius bound electron wave functions, the integrated cross section

Making use of the time-dependent perturbation theory URor the capture of an electron into a particular final bound
to first order in the interactiofl5-17, the transition prob-  state 1,/) is given by

ability with emission of photons into a solid angi€) per

unit time can be written as 16mmee’w3(2/+1)
o Q)= Z3h23 3 2 {lG;rmm'|2
sz g m’,m
W= 4242203 +1G), |2 (12
e 2mh 1 e ea A 2 Thus the total IP cross section can be obtained computing the
- _ A —ik-xg . (@] B -
x me VoV (flag ,(0)e™™p-e'“[i)| dQ, sum of the cross sections for the allowedA) final states at
®) a given incident electron energy:
where the initial and final vector states are the direct product atot(qi)=(2/) on, Q). (13
n,/

of the corresponding electron state and photon state).
Introducing Egs.(3) and (4) and taking into account that

there are photons only in the final state, the matrix element, IIl. RESULTS AND DISCUSSION
in the dipolar approximation, i.e., assumieg'™**=1, re- In the present paper we perform calculations for a particu-
sults: lar capture process on BaNay,, and Na, clusters. Figure 1
o . shows a schematic diagram of IP mechanism and displays
(f|aE L0067 7 e @]iy=(x[p- | x;) also the single particle bound states obtained using the po-

tential of Eq.(5) for the Ng which is shown in the inset of

i wM16m2 i’ Fig. 1. For this cluster we have analyzed the features of the
= 3 2 E main components which give rise to the total IP cross section
sy of Eq. (13). We first studied the radial form factors, i.e., the
XY* (€)Y, (0 integrand of Eq(9) for each possible final state. They con-
1v /'m! \Mi . . . . . .
tain useful information about the magnitude and spatial dis-
XRn (Al i s (7)  tribution of the capture process to a singleA) bound state

and they allowed us to conclude) for unoccupied states
wherel . and the radial integraR, ,(q;) are, respec- close to the Fermi level the capture process has a consider-
tively, able probability to occur around the cluster surface, mean-
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FIG. 3. Total and individual cross sections for the capture of an
electron into final states,/ in the Ng cluster.

FIG. 1. Schematic diagram of the electron attachment process ) .

with emission of a photon. The bound levels correspond to the NaWith the energies and angular momentum of the elastic reso-

target. The solid lines represent the occupied states and the dash@ances discussed in Ref4, 4]. For the Ng, from the analy-

lines unoccupied states. The potentigl,, plus the polarization  Sis of these radial integraR, .+ [Eq. (9)] it was found that

term, for this system, is displayed in the inset. when/’ =2 is involved(according to selection rules this is
the case fop or f bound levelsthere is a strong maximum

while, for the less bound levels, the spatial distributions ardor incident energies around 0.07 eV where an elastic reso-

spread out of the cluster. As an example we show in Fig. Jance occurs. Also the”’=4 is important aroundE

the integrand at incoming energies 0.028 eV, 0.070 eV=0.628 eV. These maxima are related with the maxima in

0.628 eV, and 1.50 eV for thes2state(close to the Fermi the partial cross section for elastic electron scattering and are

surface and for the 3 state which is near the continuuh)  associated with the presence of quasibound states at those

The form factors and, in consequence, their radial integralenergies. If no resonance exists the radial integrals decrease

increase considerably at some energies which are correlatdar increasing incoming energies. Another general feature is

2

that the most important contribution arises from the levels
near the continuum. This effect can be observed in Fig. 3,

- Nas 1s =1 vv_hich dis_plays the full calculation far,, and_ oot fOr ener- .
ni i\ 0p=88 gies ranging from 0.01 eV up to 2 eV. In this case, the main
VAN d=10 contributions to the total IP cross section arise from the 3
! O\ and 1f levels which are within the less bound states and the
0 ‘\\ﬂ u’m pattern depends on the presence of peaks in the partial con-
v v tributions related with/”’ resonances in the corresponding
1l l\] —— 00286V elastic process. The contributions to the capture to levels
| '/ R M near to the Fermi surface are almost negligible. They are two
-.\,‘ - 1500 eV or three orders of magnitude lower with respect to the cap-
2r v ture in the states near the continuum.
a) We have made the same calculations and studies fey Na
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FIG. 2. Radial form factors for the systeen -Nag at different

final states for some particular incident energies.

and Na, clusters as a function of the electron incoming en-
ergies. In the Ng cluster the total IP cross section results
from the sum of the transitions to the unoccupied levels con-
sidered, ¥: —2.753eV; 2: —2.115eV; Iy:—1.458eV;

2d: —0.946eV; Z. —0.894eV; P: —0.182eV; h:
—0.118 eV; 2f: —0.044 eV; and in the Ng cluster corre-
sponds to the sum of the capture to the levelg: 1
—3.023eV; A: —2242eV; F: —2.01lev; 2f:
—1.219eV; P: —1.039eV; 1. —0.865¢eV; &
—0.313eV; 3: —0.292¢eV; 2. —0.291 eV. The overall
magnitude and structure of the total cross sections obtained,
as in the case of Na were mainly determined by the
strength and resonances which appear in the transitions to the
less bound levels. Figure 4 displays a comparison of the total
cross sections for the three considered systems. For the Na
the average value of the total cross section is aroundd})

A similar strength was obtained in R¢i.6] for IP processes

in adsorbed molecules. For the Jydhe average magnitude
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FIG. 4. Comparison of the total cross sections for the three 107 Teell
clusters Na (n=8, 20, and 40 The numbers under the peaks cor- 108 ol ol 1
respond to the”” values associated with the maxima and reso- 108 107 106 105 104 103 102 101 100
nances of the elastic scattering. Energy (eV)

is ~1074ag and for Na, it is approximately 1O3a§ al- FIG. 5. .Attachment cross sections for very low incoming eleg-
tron energies for the three clusters here presented. Dashed lines

thOl.Jgh it decreases_ tW.O orders of magnitude at ingident _er}'epresent the t/ dependence predicted by the scattering theory at
ergies of 2 eV. This figure shows how the magnitude INyery low energies.

creases with the cluster size, in particular for energies lower
than 0.6 eV where the IP process is relevant. This behavior
can be understood in terms of the higher density of singlé)h_OtoeleCtron spectroscopy of metal clustesee Ref[18)),
particle states around zefwhich have the most important

it is interesting to compare the IP process with the one for
contribution to the cross sectipwhen the mass of the clus- (1 Photoemission of the corresponding anion clustey Na
ter increases. Thus it is expected that this trend persists f

ssuming that the matrix elements of E&) are the same
clusters with number of atoms greater than 40 or both processes the rate between them can be written as

— 21~242 H .
We have also investigated the theoretical behavior of th&=®“/¢a7’, which for the clusters here studied results ap-
IP process at very low incoming energies as is shown in FigProximately in the order of 10 at energies near resonances.
5. At these energies only the scatterisgartial wave sur- The cross section for the photoemission would also be ex-
vives, populating the boung levels and verifying the well pected to present resonances now associated with quasi-

known rule about the inverse variation with of the low ~ Pound states in the exit channel.
energy inelastic cross sections. This is obtained fog, Na According to the results obtained it can be deduced that

Nay, and Nag at energies less than 19eV, 1074 eV, and the one step inverse phptoemis;ion process ha; a negligible
107 eV, respectively, where the corresponding elastic disontribution in the experimental inclusive inelastic results of
persion is constarfsee Figs. &) and 8a) of Ref. [1]]. _Ref. [7]. The elecfcron capture referred to fid] probably
We want to remark that the use of more reliabinitio involves the creat|_0n of a resonant_ eleqtron-cluster sys'gem
calculations to obtain the single particle energies and wav!lowed by relaxation processes which differ from the emis-
functions(which are very difficult to perform for the systems Sion of one photon here presented.
Nay, and Nag) would not change the qualitative conclusions
of the present paper with respect of the magnitude of the IP ACKNOWLEDGMENTS
cross section. Suchb initio calculation or the use of other
more refined potentials will have the effect of some shifting We are indebted to Dr. J. E. Testoni and Dr. H. Mass-
in the positions of the peaks in the IP cross sections. mann for very helpful discussions. M.R.S. and M.B. also
In view of the large amount of experimental work on acknowledge support from CONICET, Argentina.
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