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Surface- and volume-plasmon excitations in electron inelastic scattering on metal clusters
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In this work we treat inelastic scattering of fast electrons on metal clusters in the range of transferred
energies above the ionization threshold. We demonstrate that in this energy range many-electron collective
excitations, namely, the volume plasmons, provide dominating contribution to the differential cross section
resulting in its resonance behavior. The volume-plasmon resonances excited in the cluster during the collision
decay via the ionization process. We determine the resonance frequency and the autoionization width of the
volume plasmon excitations. In order to elucidate the role of plasmon excitations, we calculate the differential
cross section of the process using two different approaches. We calculate the cross section in the random-phase
approximation using the Hartree-Fock wave functions as a basis and accounting simultaneously for all single-
particle and collective excitations in the cluster. We compare the results of this approach with those obtained
in the plasmon resonance approximation.

PACS number~s!: 36.40.Gk
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I. INTRODUCTION

In this paper, we study the role of collective electron e
citations in the formation of inelastic scattering cross s
tions of fast electrons on metallic clusters in the range
transferred energies above the ionization threshold. There
two types of collective electron excitations in metal clust
known as the surface and volume plasmons. Resonance
quencies of surface plasmons are typically lower than
ionization potential of a cluster, while the resonance frequ
cies of volume plasmon modes are above the ioniza
threshold. In the present paper, our attention is devo
mainly to volume plasmon excitations, because they are
sential for the formation of the electron impact ionizati
cross section of metal clusters.

Surface plasmon excitations are well-known in atom
cluster physics. The dipole surface plasmons are respon
for the formation of giant resonances in photoabsorpt
spectra of metal clusters, see, e.g.,@1–8#. They also play an
important role when considering inelastic collisions
charged particles with metal clusters@9–13#. In the inelastic
scattering process the plasmon excitations with higher an
lar momental .1 become essential. The role of surface pl
mon excitations in inelastic electron-cluster scattering w
thoroughly studied in our previous papers@11–13#. It was
demonstrated that collective excitations provide signific
contribution to the electron energy loss spectrum~EELS! in
the region of the surface plasmon resonance. With incre
of the scattering angle, the plasmon excitations with hig
angular momenta become more probable. The main co
bution to the partial cross section corresponding to the an
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lar momentuml arises from impact parameters aboutR/ l ,
where R is the cluster radius. This condition reflects th
trivial fact that the probability of excitation of a surface pla
mon mode is maximal when the characteristic collision d
tance is about the wavelength of surface plasmon. At hig
scattering angles, the broad maximum arises in the EELS
the region of transferred energies well above the ionizat
potential. This was noticed first by@10#, when calculating the
cross sections of electron inelastic scattering on metal c
ters in the time-dependent local density approximat
~TDLDA !, and was ascribed to the volume plasmon exc
tion.

The first calculation of the electron impact ionization
metal clusters has been performed by@14# in the local den-
sity approximation~LDA !. This work was devoted to the
investigation of the diffraction behavior of the differenti
ionization cross section. Independently, the similar diffra
tion phenomena have been described in@11,13# both for elas-
tic and inelastic collisions of electrons with metal clusters.
@14# the ionization process has been considered at energie
the projectile and ionized electrons much larger than the
ergy of cluster electrons. In this energy region one can
glect the many-electron interaction responsible for the f
mation of the plasmon oscillations. In the present paper
investigate collisions at lower energies and demonstrate
in this case the plasmon oscillations play an essential rol
the ionization process. Therefore, the correct description
the process implies the proper treatment of the ma
electron correlations in a cluster.

Calculation of the EELS based on the random-phase
proximation with exchange~RPAE! simultaneously takes
into account all collective and single-particle excitations
the cluster. In order to elucidate the role of collective ex
tations in the formation of the EELS we compare the EE
calculated using two different methods. We calculate the
elastic differential cross section in the RPAE with the jelliu
©2000 The American Physical Society01-1
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model Hartree-Fock wave functions used as a basis. We
form also the calculations in the plasmon resonance appr
mation, accounting for collective electron excitations only

We have applied the similar approach studying the role
surface plasmon excitations in the formation of the EELS
metal clusters@12,13#. Comparison of the RPAE results wit
those obtained from the plasmon resonance approxima
demonstrated that the excitation of surface plasmons
cluster provides dominating contribution to the different
inelastic scattering cross section in the vicinity of the pl
mon resonance. However, in the energy region above
ionization potential, the RPAE cross sections systematic
surpassed those derived from the plasmon resonance
proximation. In this region of transferred energy, the discr
ancy between two approaches arose in each partial cont
tion of the EELS. These numerical results allowed us
assume that the discrepancy is connected with the ioniza
process that occurs via the volume plasmon excitations
this process the projectile electron excites volume plasm
oscillations in the target cluster, which afterward decay
the ionization.

The main goal of the present paper is to prove this
sumption and to clarify the role of the volume plasmon e
citations in the electron impact ionization of metal cluste
For this purpose we have performed the RPAE calculati
of the differential EELS and alternatively calculated the io
ization cross section in the plasmon resonance approx
tion. This approximation leads to a simple analytic descr
tion of the cluster collective dynamic response, which
example reproduces well enough the main features of
electron inelastic scattering process on clusters in the vici
of the surface plasmon resonance@12,13#. The advantage o
this approach compared to the pure numerical RPAE ca
lation consists of the posibility to separate the contributio
of collective and single-particle excitations. Analogously, t
comparison of the EELS derived from the RPAE calculat
with the ionization cross section obtained in the plasm
resonance approximation demonstrates which part of
EELS is formed via the ionization channel of the electr
inelastic scattering process. Such a comparison performe
this work shows that in collisions taking place via the vo
ume plasmon excitation, the ionization process provides
main contribution to the EELS. This fact leads us to t
conclusion that the ionization of the cluster is the ma
mechanism of damping for the volume plasmons.

In this paper we determine also the autoionization wi
of the volume plasmon resonance. Let us note that the ev
ation of widths of plasmon resonances is one of the fun
mental problems in atomic cluster physics. This problem h
been solved for surface plasmons@15–17#. For volume plas-
mon excitations we solve the problem. In general, the wi
of plasmon resonance is formed via the Landau damp
mechanism, i.e., via the decay of the collective excitation
the single-particle ones. However, there is an important
ference between damping of the surface plasmons in m
clusters and the Landau damping well-known in plas
physics, because the resonance frequencies of surface
mons are smaller than the ionization potential of the clus
Single-particle excitations in the region of surface plasm
04320
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resonances have the discrete spectrum. In this case the
mon resonance width determines the energy region wh
the collective excitation spreads over the single-parti
ones. The cluster excitation spectrum remains discrete if
does not take into account coupling of the electron and
ion motion @18–24#. According to these papers the electro
excitation linewidth in the vicinity of the surface plasmo
resonance originating from the electron-ion coupling is ab
G;0.2 eV.

Contrary to surface plasmons, the resonance frequenc
volume plasmons in metal clusters is higher than the ion
tion potential. Therefore, volume plasmons can decay via
ionization process. It will be shown that volume plasm
width connected with the ionization process is considera
larger than the width originating from the electron-ion co
pling. Also, it is worth noting that the number of the volum
plasmon modes in a cluster is larger than the number of
surface ones and that all the volume plasmons have the s
resonance frequency. These facts result in the strong de
dence of the effective electric potential created by volu
plasmons upon the kinematics of the collision. In such c
cumstances, methods of the plasmon width evaluation u
in the earlier papers for the surface plasmons are inap
cable. In this paper we suggest an approach for the plas
width determination. This approach allowed us to determ
the volume plasmon resonance width and also to reprod
the expression for the width of the surface plasmon re
nance, which was obtained in the earlier papers by ot
methods.

The paper is organized as follows. In Sec. II, we brie
outline our approach for the description of the fast electr
cluster collision, which is based on the Hartree-Fock jelliu
model and the RPAE. A more detailed description of th
method was given in our previous works@12,13#. In Sec. III,
the plasmon resonance approximation is outlined and the
pression for the plasmon resonance width is derived. In S
IV, we compare the results obtained by the two methods
the case of a 50 eV electron collision with the Na40 cluster.
The atomic system of unitsme5ueu5\51 is used through-
out the paper.

II. RANDOM PHASE APPROXIMATION
WITH EXCHANGE

The differential cross section for the electron inelas
scattering on a metal cluster is equal to

d4s5
2p

v U 4p

q2 K C fU(
a

eiq"raUC i L U2

3dS p82

2
1« f2

p2

2
2« i Dd f

dp8

~2p!3
. ~1!

Herep andp8 are the initial and the final momenta of th
projectile electron, indexesi and f denote the initial and the
final states of the cluster,« i and« f are their energies respec
tively, ra are the coordinates of the delocalized electrons
the cluster,q5p82p is the transferred momentum, the wav
functionsC i , C f are the many-electron wave functions
1-2
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SURFACE- AND VOLUME-PLASMON EXCITATIONS IN . . . PHYSICAL REVIEW A62 043201
the initial and final states of the cluster, respectively. T
cross section~1! has been obtained in the Born approxim
tion, which is valid for projectile electrons with energie
much larger than the cluster ionization potential.

Performing multipole expansion of matrix elements in E
~1!, we derive the following expression for the differenti
cross section:

d2s

d«8dV
5

p8

pp (
lm

E UK C fU(
a

Vlm~r a!UC i L U2

3dS p2

2
2

p82

2
2v f i Dd f . ~2!

Here «85p82/2 is the excitation energy,v f i5« f2« i , and
integration overd f implies the summation over the discre
spectrum and the integration over the continuous spectrum
the final states of the cluster.

The partial contribution of the potential of the projecti
electron is

Vlm~r !54p/q2 j l~qr !Ylm~n!, ~3!

wherel andm are the angular momentum and its projecti
respectively, j l is the spherical Bessel function. In th
present paper, we only consider the spherical clusters ha
all electron shells closed and also the zero total angular
mentum of the ground stateC i . In this case, contributions o
different multipolarity do not interfere in the cross secti
~2!.

Calculation of the inelastic cross section~2! has been per-
formed in the RPAE, using the Hartree-Fock jellium mod
wave functions as the basis functions@25,26,11#. Transition
amplitude between the ground stateC i and the excited state
C f , can be expressed in the RPAE as a linear combina
of the single-particle matrix elements

^C f u(
a

Vlm~r a…uC i&5(
nm

@Xnm
f i ^cnuVlm~r …ucm&

1Ynm
f i ^cmuVlm~r …ucn&#. ~4!

The single-particle wave functionscn in Eq. ~4! are the so-
lutions of the system of coupled nonlinear integrodifferen
Hartree-Fock equations@25–27#

S p̂2

2
1U1VHFDcn5«ncn, ~5!

whereU is the potential of the positively charged ionic bac
ground andVHF is the nonlocal potential of the HartreeFoc
inter-electron interaction.

The forward-going,Xnm
f i , and the backward-going,Ynm

f i

amplitudes in Eq.~4! are the solutions of the RPAE equatio

S A B

B* A* D S Xf i

Yf i D 5v f i S Xf i

2Yf i D , ~6!

where the matrixesA andB are defined as follows:
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Anr,sm5~«n2«r!drmdns1^cncmU 1

ur2r 8u
Ucrcs&,

Bnr,sm5^cncsU 1

ur2r 8u
Ucrcm&.

Here ^cncmz 1/ur2r 8u zcrcs& is the matrix element of the
residual interelectron interaction, which contains the dir
and the exchange terms.

The more detailed description of the RPAE method e
ployed for the calculation of the inelastic scattering cro
section in collisions of electrons with metal clusters is giv
in our previous papers@12,13#.

III. PLASMON RESONANCE APPROXIMATION

The RPAE calculation of the inelastic scattering cro
section simultaneously takes into account all single-part
and collective electron excitations in the cluster. In order
perform the analyses of the role of collective electron ex
tations in the formation of inelastic scattering cross sectio
we have described the electron impact ionization proces
the plasmon resonance approximation@15,11#. In this ap-
proximation, the dynamic response of the cluster on the e
tric field of the projectile is described analytically in an a
proach relying on the smallness of interatomic distances
comparison with the cluster radiusR.

The cross section~2! can be expressed via the variation
the electron density of the clusterdr(r … under the action of
the external electric fieldVlm(r …:

d2s

d«8dV
5

1

p2

p8

p (
lm

E Vlm~r … Im$dr lm~r !%dr ~7!

using the relationship

Im$dr lm~D«,r !%

5pE ^C i u(
a

d„rÀr a)uC f&^C f u(
a

Vlm~r a!uC i&

3d~D«2v f i !d f , ~8!

where D«5p2/22p82/2 is the transferred energy. In th
plasmon approximationdr lm(D«,r … can be calculated as
response of a dielectric sphere, having the dielectric per
ability e512u(R2r )vp

2/v2 @15#:

dr lm~D«,r !5
vp

2

D«22vp
21 iD«Gv l

j l~qr !u~R2r !Ylm~n!

1S ~2l 11!
v l

2

D«22v l
21 iD«Gsl

j l~qR!

q2R

2
vp

2

D«22vp
21 iD«Gv l

j l 11~qR!

q D
3d~r 2R!Ylm~n… ~9!
1-3
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wherevp5A3Ne /a is the volume plasmon resonance fr
quency,v l5Al /(2l 11)vp is the frequency of surface plas
mon excitation with the angular momentuml, Ne is the num-
ber of delocalized electrons,a is the static polarizability of
the cluster, andGv l andGsl are the widths of the volume an
surface plasmon resonances, which are defined below.
that volume plasmon excitations with different angular m
menta have the equal resonance frequencyvp .

Substituting Eq.~9! to Eq. ~7!, we obtain the inelastic
scattering cross section in the plasmon resonance approx
tion:

d2s

d«8dV
5

4p8R

ppq4 (
l

~2l 11!2 j l
2~qR!

v l
2D«Gsl

~D«22v l
2!21D«2Gsl

2

1
2p8R3

ppq2 (
l

~2l 11!
vp

2D«Gv l

~D«22vp
2!21D«2Gv l

2

3S j l
2~qR!2 j l 11~qR! j l 21~qR!

2
2

qR
j l 11~qR! j l~qR! D . ~10!

This cross section is totally determined by collective elect
excitations in the cluster. The first and the second term
Eq. ~10! describe contributions of the surface and the volu
plasmon excitations, respectively.

Now let us determine the widths of plasmon resonanc
Damping of the plasmon oscillations is connected with
decay of the collective electron excitations to the sing
particle ones similar to the mechanism of Landau dampin
infinite electron gas. Frequencies of the surface plasmon
citations usually lie below the ionization threshold. The
fore single-particle excitations in the vicinity of the surfa
plasmon resonance have the discrete spectrum. In this
the width of a surface plasmon excitation caused by the L
dau damping should be treated as the width of the distr
tion of the oscillator strengths in the vicinity of the res
nance. The problem of the formation of the surface plasm
resonance width has been intensively studied during
years@15–17#. Thus in the present paper we pay the m
attention to the width formation of volume plasmons. T
resonance frequencies of volume plasmons are above
ionization threshold. This means that the volume plasm
excitations are quasistable. They have the real channel o
Landau damping leading to the ionization of the cluster. T
process of inelastic scattering in the region of transfer
energies above the ionization threshold can be describe
follows. The projectile particle induces the oscillations of t
electron density in the cluster. Oscillations of the elect
field caused by the electron motion result in the ionization
the cluster. Coupling with the ionic motion leads also to t
damping of the plasmon oscillations. However, the cor
sponding linewidth, which we assume to be the same o
of magnitude as in the region of the surface plasmon re
nance, is about (G;0.2 eV). This value is considerabl
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smaller than the autoionization width determined below a
therefore it can be neglected.

In order to describe the Landau damping of plasmon
citations, let us rewrite the inelastic scattering cross sec
via the amplitudes of single-particle transitions account
for many-electron correlations in the cluster by means of
plasmon resonance approximation instead of the RPAE
the region of the excitation energies above the ionizat
threshold, where single-particle electron excitations ha
continuous spectrum, the inelastic scattering cross sec
reduces to the ionization cross section. The many-elec
interaction in the cluster results in plasmon oscillations of
electron density induced by the electric field of the project
This means that the single-particle transitions in the clus
leading to the ionization occur in the effective electric fie
created both by the projectile,Vlm(r …, and by the variation of
the electron density in the cluster during the excitation p
cessṼlm(r …. Indeed, the consistent many-body description
the ionization process leads to the replacement of the pro
tile electron potential by the effective potential, which tak
into account many-electron correlations in the target@28#. In
general, this result is applicable to single-particle transitio
in an arbitrary fermion system under the action of an exter
field @29#. Many-electron correlations in the target atom c
be taken into account for example in the RPAE approa
@28#. According to this approximation, the cross section c
be expressed via the single-electron wave functions and
total effective potential of the whole system:Vlm1Ṽlm . In
the present paper, we describe this potential in plasmon r
nance approximation:

d2s

dv dV
5

p8

pp (
lm

(
n

3E z^cmuVlm~r …¿Ṽlm„r …ucn& z2

3d~D«2«m1«n!dm, ~11!

where summation is performed over all occupied sing
electron Hartree-Fock statesn and over all vacant statesm
including the integration over the continuum. In the region
D« larger than the cluster ionization potential, express
~11! describes the differential cross section of electron i
pact ionization of the cluster. PotentialṼlm(r … created by the
electron excitation is connected with the variation of t
electron density in the field of the projectile particle:

Ṽlm~r !5
4p

q2

vp
2

D«22vp
21 iD«Gv l

3@ j l~qr !2 j l~qR!~r /R! l #u~R2r !Ylm~n!

1
4p

q2

v l
2

D«22v l
21 iD«Gsl

j l~qR!

3@~r /R! lu~R2r !1~R/r !( l 11)u~r 2R!#Ylm~n!.

~12!
1-4
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The first and the second term in Eq.~12! describe the poten
tial of the volume and the surface plasmons, respectively

The resonance width of the particular plasmon mode
be derived from the comparison of the EELS~10! with the
one following from Eqs.~11! and ~12!.

Let us consider the partial contribution to the EELS c
responding to the angular momentuml in the vicinity of the
plasmon resonance. This meansD«'v l andD«'vp in the
case of the surface and the volume plasmon, respectiv
Both expressions~10! and ~11! contain the resonance term
describing various plasmon modes. Comparing the co
sponding resonance terms in Eqs.~10! and ~11!, one can
determine the plasmon resonance width. For example, c
paring the surface plasmon contributions@see the second
term in Eq.~12! and the first term in Eq.~10!#, we determine
the width of the surface plasmon resonance:
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Gsl5
4pv l

~2l 11!R (
nm

z^cmuwsl~r !ucn& z2d~v l2«m1«n!,

~13!

where

wsl~r !5@~r /R! lu~R2r !1~R/r !( l 11)u~r 2R!#Ylm~n!.

Note that the same expression was obtained earlier in@15,16#
using other methods. Thus result~13! obtained in the case o
surface plasmons confirms the validity of our method of c
culations of resonance width. Evaluation of the express
~13! for sufficiently large clusters leads@16# to the well-
known result for the Landau damping of the surface plasm
oscillationsGsl53lvF /R, where vF is the velocity of the
cluster electron on the Fermi surface.

Performing similar calculations for the autoionizatio
width of the volume plasmon resonance, one derives
Gv l5
8p2vp

q2R3

(
n
E z^cmuwv l~r !ucn& z2d~vp2«m1«n!dm

j l
2~qR!2 j l 11~qR! j l 21~qR!2

2

qR
j l 11~qR! j l~qR!

, ~14!
the
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where wv l(r )5@ j l(qr)2 j l(qR)(r /R) l #u(R2r )Ylm(n).
Here the summation is performed over the occupied sin
electron statesn and the integration is performed over th
electronic statesm of the continuous spectrum.

Let us stress the significant difference between the sur
~13! and the volume~14! resonance widths. Expression~13!
does not depend on the transferred momentum and th
characterizes purely the surface plasmon oscillations. On
contrary, expression~14! depends upon the transferred m
mentum q, i.e., the volume plasmon resonance width d
pends on the kinematics of the excitation process. This
ference can be easily explained. Indeed, the surface plas
excitation is determined completely by the angular mom
tum l and its projectionm. This is clear from the form of the
surface plasmon potentialwsl(r ) @see also Eq.~12!#, which
coordinate dependence for the givenl andm does not depend
on the kinematics of the collision. For the volume plasm
the angular momentuml and its projectionm do not define
completely the radial dependence of the plasmon poten
Note that neglecting the spatial dispersion of possible v
ume plasmon modes leads to the same resonance frequ
vp of these modes, which means the infinite degenerac
the volume plasmon excitations. Treating the volume pl
mon oscillations in the dielectric sphere as the problem
the eigenvalues, one can derive the potentials for the nor
modes of the volume plasmonwv ln(r )5@ j l(qlnr )
2 j l(qlnR)(r /R) l #u(R2r )Ylm(n), where the wave vector o
nth normal mode,qln , satisfies the equationj l(qlnR)50.
The projectile particle excites simultaneously numero
modes of the volume plasmon. The sum of the potentials
e-

ce

it
he

-
f-
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l.
l-
ncy
of
-
n
al

s
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all the modes gives the resulting potentialwv l(r ). It is essen-
tial that all normal modes of the volume plasmon have
same resonance frequencyvp , but the excitation probability
for these modes depends on the kinematics of collision. T
leads to the dependence of the volume plasmon pote
wv l(r ) upon the transferred momentum. The oscillations
the volume plasmon potential result in the ionization of t
cluster, whose probability and the volume plasmon re
nance width depend on transferred momentumq. However,
the numerical analysis performed in the next section sh
that the dependence ofGv l on q is rather weak in the region
of q!1, where collective electron oscillations mainly tak
place. Therefore, the volume plasmon resonance width w
the given l can be approximated by the limiting value fo
lowing from Eq.~14! at q50:

Gv l5~2l 15!
p2vp

R (
n
E z^cmuwv l

0 ~r !ucn& z2

3d~vp2«m1«n!dm, ~15!

wherewv l
0 (r )5(r /R) l@12(r /R)2#u(R2r )Ylm(n).

IV. NUMERICAL RESULTS AND DISCUSSION

Let us now apply the approaches developed in the pr
ous section to the description of the collision of 50 eV ele
trons with the Na40 cluster. The number of plasmon mode
with different angular momenta excited in a cluster depe
on the cluster size@12,13#. Indeed, the wavelength of a co
lective excitation should be larger than the characteri
wavelength of the delocalized cluster electrons. Thus the
gular momentum of plasmon excitations should be sma
1-5



lec
ge
th
h
es
ul
e

s
he
e

vi-
he
ee
vo
io

th
o

be

o
u

in

tion

he
oc-

ac-

ns.

-
c-

of
in-
ave
us-

ing

ol-
mo-

in
tic
ima-
le,
ted
e
, re-
f the
S.
p-
the

col-
he

the
to

ap
e
hin
um
pe
lc

se
th

a

GERCHIKOV, IPATOV, POLOZKOV, AND SOLOV’YOV PHYSICAL REVIEW A62 043201
than the maximum angular momentum of the cluster e
trons in the ground state. The electron excitations with lar
angular momenta have a single-particle character rather
collective one. Therefore analyzing the contribution to t
cross section of those partial modes, which have strong r
nance behavior, we have to consider relatively small ang
momenta only. For example, according to the jellium mod
the maximum angular momentum of delocalized electron
the Na40 cluster is equal to 4. Therefore, only the dipole, t
quadrupole, and the octupole collective modes can be
pected in this case@12,13#.

The parameters of the surface plasmon excitations,v l and
Gsl , in the Na40 cluster have been determined in our pre
ous works@12,13#, where the role of surface plasmons in t
formation of an inelastic scattering cross section has b
studied. In this paper, we determine parameters of the
ume plasmon modes. Figure 1 shows the EELS in the reg
above the ionization thresholdD«.3.3 eV calculated using
the RPAE@see Eqs.~2!–~6!#. The energy of the collision is
equal to«550 eV and the scattering angleu59°. The thick
line corresponds to the total energy-loss spectrum, while
lines show various partial contributions. The angular m
menta corresponding to these lines are marked by num
from 0 to 4. The partial contributions to the EELS withl
,3 have the broad maximum in the vicinity ofD«
.5.1 eV. Note that the position of the maximum does n
depend much on the angular momentum. This fact allows
to ascribe this peak to the volume plasmon excitation hav
the resonance frequencyvp55.1 eV, which is quite close to
A3Ne /a.

FIG. 1. Differential cross section,ds/d«8dV as a function of
the transferred energyD« calculated for the collision of 50 eV
electron with the Na40 clusters. The electron scattering angle isu
59°. Solid lines represent the results derived from the RPAE
proach ~4!–~7! with the Hartree-Fock jellium model basis wav
functions. Thick solid line is the total energy-loss spectrum. T
solid lines marked by the corresponding angular momentum n
ber represent various partial contributions to the energy-loss s
trum. Contributions of the surface and the volume plasmons ca
lated in the plasmon resonance approximation~11! are shown by
dashed and dotted lines, respectively. Dashed-dotted line repre
the sum of the surface and volume plasmon contributions to
EELS.
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Figure 2 shows the dependence of the autoioniza
width on the transferred momentumq for the volume plas-
mon modes, which provide a significant contribution to t
EELS. The width of the dipole, the quadrupole, and the
tupole volume plasmon resonances has been calculated
cording to Eq.~14!. The transferred momentumq plays the
role of the wave vector for the volume plasmon excitatio
All three plasmon modes have the similar dependence ofGv l
uponq. The width grows slowly in the region of smallq and
it decreases rapidly at largerq. In the latter region, the prob
ability of volume plasmon excitation by the incoming ele
tron is correspondingly reduced. Note that the wavelength
a collective electron oscillation should be larger than the
terelectronic distance in the cluster, i.e., the plasmon w
vector should be smaller than the Fermi momentum of cl
ter electronsq,0.5. In the regionq,0.5, where the latter
condition is fulfilled, the dependence ofGv l uponq is rather
weak. We can approximate the resonance width by follow
valuesGv1.0.5vp , Gv2.0.3vp , and Gv3.0.23vp . Con-
trary to surface plasmons, the autoionization width of a v
ume plasmon decreases with the growth of the angular
mentum.

In order to elucidate the role of collective excitations
the formation of the EELS, we have calculated the inelas
scattering cross section in the plasmon resonance approx
tion. In Fig. 1 we plot the sum of the dipole, the quadrupo
and the octupole partial differential cross sections calcula
according to Eq.~10!. Contributions of the surface and th
volume plasmons are shown by dashed and dotted lines
spectively. The dashed-dotted line represents the sum o
surface and volume plasmon contributions to the EEL
Comparison of the EELS calculated in the two different a
proaches proves our assumption that the peculiarity in
EELS in the vicinity of D«;5 eV is connected with the
volume plasmon excitation. Figure 1 demonstrates that
lective excitations provide a dominating contribution to t
total EELS determining its pattern.

The more detailed analyses of partial contributions to
EELS is performed in Fig. 3. The solid line corresponds

-

-
c-

u-

nts
e

FIG. 2. Autoionization widthGv l of the dipole~1!, the quadru-
pole ~2!, and the octupole~3! volume plasmon excitations as
function of transferred momentumq.
1-6
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the partial differential cross section calculated in the RPA
Dashed and dotted lines show the contributions of the
face and the volume plasmon excitations calculated in p
mon resonance approximation~10!. To check our assump
tion that the main contribution to the EESL above t
ionization energy is given by the ionization process, we h
calculated the partial ionization cross sections~11! account-
ing for the interference of the surface, the volume plasm
modes and the single-particle excitations. The results of
calculation are shown by dashed-dotted lines. Figure 3 d
onstrates rather good agreement between the EELS c
lated in the RPAE and in the ionization cross section cal
ated in plasmon resonance approximation. It is seen
collective electron excitations provide the dominating con
bution to each partial EELS. Therefore, we can conclude
the electron-impact ionization of metal clusters in the ene

FIG. 3. The dipole~a!, the quadrupole~b!, and the octupole~c!
partial cross sections of inelastic scattering of 50 eV electron on
Na40 cluster as a function of transferred energy. The electron s
tering angle isu59°. Solid lines show results of the RPAE calc
lation @see Eqs.~4!–~7!#. Dashed and dotted lines represent con
butions of the surface and the volume plasmon excitati
calculated in plasmon resonance approximation~11!. Dashed-dotted
line corresponds to the partial contribution to the ionization cr
section~12!, which takes into account the interference of the s
face and the volume plasmon modes with the single-particle e
tations.
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range considered takes place via the intermediate excita
of plasmons.

Figure 3 shows that the volume plasmon excitation do
nates in the dipole partial EELS, while the surface and
volume plasmon excitations provide comparable contri
tions to the quadrupole partial EELS. For the octupole c
tribution, the surface plasmon excitation becomes the m
important.

As demonstrated in our previous work@13#, the probabil-
ity of excitation of various plasmon modes nonmonotonou
depends upon the scattering angle. For the given plas
mode, there is an interval of scattering angles in which t
mode provides the maximum contribution to the EELS.
Fig. 4, in order to illustrate relative importance of vario
plasmon modes we have plotted the cross sectionsds/dV as
a function of the scattering angle. These cross sections w
obtained in the plasmon resonance approximation by inte
tion of the partial differential inelastic scattering cross se
tions ds l /d«8dV in Eq. ~10! over the transferred energy
Figure 4 demonstrates that that the excitation of plasm
modes with higher angular momenta is more probable
larger scattering angles. It is also seen that at larger sca
ing angles, the volume plasmon oscillations are excited m
effectively than the surface ones.

V. CONCLUSION

Consistent many-body treatment of the EELS on me
clusters in the region of transferred energies above the
ization potential is performed. Our calculations have dem
strated that in this transferred energy range, collective e
tron excitations play the important role in the formation
the EELS. Comparison of the inelastic scattering differen
cross section calculated in the RPAE with the ionizati
cross section calculated in the plasmon resonance app
mation demonstrates that the ionization channel dominate

e
t-

-
s

s
-
i-

FIG. 4. Partial cross sections of excitationsds l /dV for the
different plasmon modes as a function of scattering angle. Solid
dashed lines correspond to the surface and the volume plasm
respectively. Value of the angular momentum corresponding to
plasmon mode is shown near each line.
1-7
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the EELS in the vicinity of the volume plasmon resonan
Qualitatively, the process of electron-impact ionization
metal clusters can by described as follows. The projec
electron excites plasmon oscillation, which decays af
wards via the ionization process. In the present paper,
autoionization width for the volume plasmon resonance
been determined. The theory developed leads to the kn
expression for the surface plasmon resonance width.
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