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Surface- and volume-plasmon excitations in electron inelastic scattering on metal clusters

Leonid G. GerchikoV, Andrey N. Ipatov, and Roman G. Polozkov
St. Petersburg Technical University, 195251 St. Petersburg, Russia

Andrey V. Solov'yoV
Abram Fedorovick loffe Physical-Technical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
and Institut fu Theoretische Physik der Universita0054 Frankfurt am Main, Germahy
(Received 26 April 2000; published 13 September 2000

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 numbd(s): 36.40.Gk

[. INTRODUCTION lar momentuml arises from impact parameters abdrf,
where R is the cluster radius. This condition reflects the
In this paper, we study the role of collective electron ex-trivial fact that the probability of excitation of a surface plas-
citations in the formation of inelastic scattering cross secimon mode is maximal when the characteristic collision dis-
tions of fast electrons on metallic clusters in the range oftance is about the wavelength of surface plasmon. At higher
transferred energies above the ionization threshold. There aggattering angles, the broad maximum arises in the EELS in
two types of collective electron excitations in metal clustersthe region of transferred energies well above the ionization
known as the surface and volume plasmons. Resonance frpetential. This was noticed first By 0], when calculating the
quencies of surface plasmons are typically lower than theross sections of electron inelastic scattering on metal clus-
ionization potential of a cluster, while the resonance frequenters in the time-dependent local density approximation
cies of volume plasmon modes are above the ionizatiofTDLDA), and was ascribed to the volume plasmon excita-
threshold. In the present paper, our attention is devotedon.
mainly to volume plasmon excitations, because they are es- The first calculation of the electron impact ionization of
sential for the formation of the electron impact ionization metal clusters has been performed[ti¢] in the local den-
cross section of metal clusters. sity approximation(LDA). This work was devoted to the
Surface plasmon excitations are well-known in atomicinvestigation of the diffraction behavior of the differential
cluster physics. The dipole surface plasmons are responsibienization cross section. Independently, the similar diffrac-
for the formation of giant resonances in photoabsorptiortion phenomena have been describefilih, 13 both for elas-
spectra of metal clusters, see, e[d~8]. They also play an tic and inelastic collisions of electrons with metal clusters. In
important role when considering inelastic collisions of [14] the ionization process has been considered at energies of
charged particles with metal clustd®-13. In the inelastic  the projectile and ionized electrons much larger than the en-
scattering process the plasmon excitations with higher anguergy of cluster electrons. In this energy region one can ne-
lar momentd >1 become essential. The role of surface plasglect the many-electron interaction responsible for the for-
mon excitations in inelastic electron-cluster scattering wasnation of the plasmon oscillations. In the present paper we
thoroughly studied in our previous papdisl—13. It was investigate collisions at lower energies and demonstrate that
demonstrated that collective excitations provide significanin this case the plasmon oscillations play an essential role in
contribution to the electron energy loss spectriEELS) in the ionization process. Therefore, the correct description of
the region of the surface plasmon resonance. With increaste process implies the proper treatment of the many-
of the scattering angle, the plasmon excitations with higheelectron correlations in a cluster.
angular momenta become more probable. The main contri- Calculation of the EELS based on the random-phase ap-
bution to the partial cross section corresponding to the angysroximation with exchanggdRPAE) simultaneously takes
into account all collective and single-particle excitations in
the cluster. In order to elucidate the role of collective exci-
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model Hartree-Fock wave functions used as a basis. We peresonances have the discrete spectrum. In this case the plas-
form also the calculations in the plasmon resonance approxinon resonance width determines the energy region where
mation, accounting for collective electron excitations only. the collective excitation spreads over the single-particle
We have applied the similar approach studying the role oPnes. The cluster excitation spectrum remains discrete if one
surface plasmon excitations in the formation of the EELS orfloes not take into account coupling of the electron and the
metal cluster§12,13. Comparison of the RPAE results with ion motion[18—24. According to these papers the electron
those obtained from the plasmon resonance approximatiofxcitation linewidth in the vicinity of the surface plasmon
demonstrated that the excitation of surface plasmons in ESonance originating from the electron-ion coupling is about

cluster provides dominating contribution to the differential | ~0-2 eV.
inelastic scattering cross section in the vicinity of the plas- Contrary to surface plasmons, the resonance frequency of

mon resonance. However, in the energy region above th\éolume plqsmons in metal clusters is higher than the io_niza-
ionization potential, the RPAE cross sections systematicalljion Potential. Therefore, volume plasmons can decay via the
surpassed those derived from the plasmon resonance anization process. It will be shown that volume plasmon
proximation. In this region of transferred energy, the discrepWVidth connected with the ionization process is considerably
ancy between two approaches arose in each partial contriblg'9€r than the width originating from the electron-ion cou-
tion of the EELS. These numerical results allowed us td?ng- Also, it is worth noting that the number of the volume
assume that the discrepancy is connected with the ionizatio@Smon modes in a cluster is larger than the number of the
process that occurs via the volume plasmon excitations. I§Urface ones and that all the volume plasmons have the same

this process the projectile electron excites volume plasmoffSonance frequency. These facts result in the strong depen-

oscillations in the target cluster, which afterward decay viad€nce of the effective electric potential created by volume
the ionization. plasmons upon the kinematics of the collision. In such cir-

The main goal of the present paper is to prove this ascumstances, methods of the plasmon width evaluation used

sumption and to clarify the role of the volume plasmon ex-IN the earlier papers for the surface plasmons are inappli-
citations in the electron impact ionization of metal clusters.caPle. In this paper we suggest an approach for the plasmon

For this purpose we have performed the RPAE calculation¥idth determination. This approach allowed us to determine
of the differential EELS and alternatively calculated the ion-the volume plasmon resonance width and also to reproduce
ization cross section in the plasmon resonance approximdP® expression for the width of the surface plasmon reso-
tion. This approximation leads to a simple analytic descrip1@nc€; which was obtained in the earlier papers by other
tion of the cluster collective dynamic response, which formethods. _ , _
example reproduces well enough the main features of the '€ Paper is organized as follows. In Sec. Il, we briefly
electron inelastic scattering process on clusters in the vicinigputline our approach for the description of the fast electron-
of the surface plasmon resonarfd2,13. The advantage of cluster collision, which is based on the Hartree_—Fgck jeII|um
this approach compared to the pure numerical RPAE calculodel and the RPAE. A more detailed description of this
lation consists of the posibility to separate the contributiondn€thod was given in our previous worke2,13. In Sec. I,
of collective and single-particle excitations. Analogously, theth€ Plasmon resonance approximation is outlined and the ex-
comparison of the EELS derived from the RPAE calculationP"€ssion for the plasmon resonance width is derived. In Sec.
with the ionization cross section obtained in the plasmorlY, W& compare the results obtained by the two methods in
resonance approximation demonstrates which part of thE'e case of a 50 eV electron collision with the paluster.
EELS is formed via the ionization channel of the electronThe atomic system of unitsi.=[e|=%=1 is used through-
inelastic scattering process. Such a comparison performed RHt the paper.
this work shows that in collisions taking place via the vol-
ume plasmon excitation, the ionization process provides the Il. RANDOM PHASE APPROXIMATION
main contribution to the EELS. This fact leads us to the WITH EXCHANGE
?:;A:ﬂg% tgf;;g%i%n:%ﬁﬁz \?c]:lut:]nee gllzsstrirorfs the main The_differential Cross sec'Fion for the electron inelastic
) scattering on a metal cluster is equal to

In this paper we determine also the autoionization width
2

of the volume plasmon resonance. Let us note that the evalu- 2| am
ation of widths of plasmon resonances is one of the funda- d*oc=— —2<‘I’f E e'dTa \Ifi>
mental problems in atomic cluster physics. This problem had v1q a
been solved for surface plasmdri$—17. For volume plas- ) 5
mon excitations we solve the problem. In general, the width P’ P dp’
; T ' . X 5 tei— 5 —¢gi|df ——. (1)
of plasmon resonance is formed via the Landau damping 2 2 (2m)3

mechanism, i.e., via the decay of the collective excitations to

the single-particle ones. However, there is an important dif- Herep andp’ are the initial and the final momenta of the
ference between damping of the surface plasmons in metgirojectile electron, indexeisandf denote the initial and the
clusters and the Landau damping well-known in plasmdinal states of the clusteg,; ande; are their energies respec-
physics, because the resonance frequencies of surface pldisely, r, are the coordinates of the delocalized electrons in
mons are smaller than the ionization potential of the clusterthe clusterg=p’ —p is the transferred momentum, the wave
Single-particle excitations in the region of surface plasmorfunctionsW¥;, ¥ are the many-electron wave functions of
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the initial and final states of the cluster, respectively. The

cross sectiorfl) has been obtained in the Born approxima-
tion, which is valid for projectile electrons with energies
much larger than the cluster ionization potential.
Performing multipole expansion of matrix elements in Eq.
(1), we derive the following expression for the differential

Cross section:
% S]]z vatraw)
7Tp Im

12

d2 2

ds’dQ

2 VIm a)

p
Xo\ 5=

p?
> 3]

—wfi)df.

Here e’ =p'?/2 is the excitation energyws=e¢—e;, and
integration overdf implies the summation over the discrete

spectrum and the integration over the continuous spectrum of

the final states of the cluster.
The partial contribution of the potential of the projectile
electron is

Vim(r)=4/62j,(ar) Y m(n), )

wherel andm are the angular momentum and its projection
respectively, j; is the spherical Bessel function. In the
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Here (¢,,|1/[r—r'||,4,) is the matrix element of the
residual interelectron interaction, which contains the direct
and the exchange terms.

The more detailed description of the RPAE method em-
ployed for the calculation of the inelastic scattering cross
section in collisions of electrons with metal clusters is given
in our previous papergl2,13.

IIl. PLASMON RESONANCE APPROXIMATION

The RPAE calculation of the inelastic scattering cross
section simultaneously takes into account all single-particle
and collective electron excitations in the cluster. In order to
perform the analyses of the role of collective electron exci-
tations in the formation of inelastic scattering cross sections,
we have described the electron impact ionization process in
the plasmon resonance approximatid®,11. In this ap-

proximation, the dynamic response of the cluster on the elec-

present paper, we only consider the spherical clusters havirigic field of the projectile is described analytically in an ap-
all electron shells closed and also the zero total angular mddroach relying on the smallness of interatomic distances in

mentum of the ground stat¥; . In this case, contributions of
different multipolarity do not interfere in the cross section
(2).

Calculation of the inelastic cross secti(#) has been per-
formed in the RPAE, using the Hartree-Fock jellium model
wave functions as the basis functioi®5,26,11. Transition
amplitude between the ground stalte and the excited state
V¥, can be expressed in the RPAE as a linear combinatio
of the single-particle matrix elements

(V2 Vin(r2[¥5) = 24 (X0, Vin(Dl )

+Y0 (B VDl )]. @

The single-particle wave functiong, in Eg. (4) are the so-
lutions of the system of coupled nonlinear integrodifferential
Hartree-Fock equatiorf25-27

n2

p

wVZSleV’ (5)

whereU is the potential of the positively charged ionic back-
ground andV g is the nonlocal potential of the HartreeFock
inter-electron interaction. .
The forward-going X[}, , and the backward-going(?,
amplitudes in Eq(4) are the solutions of the RPAE equation

o el

where the matrixe$\ andB are defined as follows:

Xfi
Yfl

xfi
Yfi

A
B*

B

- ®)

comparison with the cluster radil®

The cross sectiof2) can be expressed via the variation of
the electron density of the clustép(r) under the action of
the external electric fiel&/,,(r):

d?c

ds’dQ

= 2 J Vim() IM{8pim(r)}dr— (7)
n
using the relationship

Im{3pim(Az,0)}
=wf (Wil 2 o =1 WX Wil 2 Vin(ra)| W)
X O6(Ae—

wy;)df, (8

where Ae=p?/2—p’?/2 is the transferred energy. In the

plasmon approximatiodp;,(Ae,r) can be calculated as a
response of a dielectric sphere, having the dielectric perme-
ability e=1— 0(R—r) w5/ w? [15]:

w2

1) Ag,r)= P j1(ar)0(R—=r)Y,(n
pim(Ag,r) Asz—wf)-f—iAsFm]l(q) ( )Yim(n)

] ii(gR)

21+1
( ) —w|+IA8FS| g°R

2
p

Ae?-witiAel,

)Ylm(n)

(O]

Ji+1(gR)
q

X 8(r—R 9
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where w,=\3N¢/a is the volume plasmon resonance fre- smaller than the autoionization width determined below and
quency,w; = \1/(21+ 1)w, is the frequency of surface plas- therefore it can be neglected.
mon excitation with the angular momentunN, is the num- In order to describe the Landau damping of plasmon ex-
ber of delocalized electrons; is the static polarizability of ~citations, let us rewrite the inelastic scattering cross section
the cluster, and',, andT', are the widths of the volume and via the amplitudes of single-particle transitions accounting
surface plasmon resonances, which are defined below. Nof@r many-electron correlations in the cluster by means of the
that volume plasmon excitations with different angular mo-plasmon resonance approximation instead of the RPAE. In
menta have the equal resonance frequangy the region of the excitation energies above the ionization
Substituting Eq.(9) to Eq. (7), we obtain the inelastic threshold, where single-particle electron excitations have

scattering cross section in the plasmon resonance approximgontinuous spectrum, the inelastic scattering cross section
tion: reduces to the ionization cross section. The many-electron

interaction in the cluster results in plasmon oscillations of the
electron density induced by the electric field of the projectile.
d?o 4p'R 9.2 wast| This means that the single-particle transitions in the cluster
= 2+ DHAR 555 leading to the ionization occur in the effective electric field
de'dQ)  apqg® T (Ae“— i) +AeTg o o
created both by the projectil¥,,(r), and by the variation of

2p'R3 w?AsT,, the electron density in the cluster during the excitation pro-
+ > > (21+1) > p2 5 > cessVn(r). Indeed, the consistent many-body description of
mPa" ! (Ae"—wp)"+Ae"T, the ionization process leads to the replacement of the projec-

tile electron potential by the effective potential, which takes
X| j2(aR) —j1+1(qR)j;-1(qR) into account many-electron correlations in the taf@&. In
general, this result is applicable to single-particle transitions
2 in an arbitrary fermion system under the action of an external
——Rj,+1(qR)j|(qR) . (10 field [29]. Many-electron correlations in the target atom can
q be taken into account for example in the RPAE approach
[28]. According to this approximation, the cross section can
This cross section is totally determined by collective electrorbe expressed via the single-electron wave functions and the
excitations in the cluster. The first and the second terms ifotal effective potential of the whole systeMi,+ V. In
Eq. (10) describe contributions of the surface and the volumehe present paper, we describe this potential in plasmon reso-

plasmon excitations, respectively. nance approximation:

Now let us determine the widths of plasmon resonances.
Damping of the plasmon oscillations is connected with the d?o p’
decay of the collective electron excitations to the single- dodQ 7p & <

particle ones similar to the mechanism of Landau damping in

infinite electron gas. Frequencies of the surface plasmon ex- - 5
citations usually lie below the ionization threshold. There- XJ [ Vim(D)+Vim(D]9,)]

fore single-particle excitations in the vicinity of the surface

plasmon resonance have the discrete spectrum. In this case Xo(Ae—g,+e,)du, (13)

the width of a surface plasmon excitation caused by the Lan-

dau damping should be treated as the width of the distribuwhere summation is performed over all occupied single-
tion of the oscillator strengths in the vicinity of the reso- €lectron Hartree-Fock statesand over all vacant statgs
nance. The problem of the formation of the surface plasmofncluding the integration over the continuum. In the region of
resonance width has been intensively studied during pasie larger than the cluster ionization potential, expression
years[15—-17. Thus in the present paper we pay the most(11) describes the differential cross section of electron im-
attention to the width formation of volume plasmons. Thepact ionization of the cluster. Potentid),,(r) created by the
resonance frequencies of volume plasmons are above thkgectron excitation is connected with the variation of the
ionization threshold. This means that the volume plasmomlectron density in the field of the projectile particle:
excitations are quasistable. They have the real channel of the

Landau damping leading to the ionization of the cluster. The _ yp. w2
process of inelastic scattering in the region of transferred V,,(r)= 5 3 p_
energies above the ionization threshold can be described as q° Ae _wp+|A8FU|

follows. The projectile particle induces the oscillations of the

. _ . | _
electron density in the cluster. Oscillations of the electric XLi(an = Ji@R/RYTOR=1)Yim(n)

field caused by the electron motion result in the ionization of A w|2
the cluster. Coupling with the ionic motion leads also to the t— h(aR)
damping of the plasmon oscillations. However, the corre- q° Ae“—wj+iAely

sponding linewidth, which we assume to be the same order I B (+1) v
of magnitude as in the region of the surface plasmon reso- X[(r/R) 6(R=r)+(RIT) O(r=R)]Yim(n).
nance, is aboutI{~0.2 eV). This value is considerably (12
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The first and the second term in E42) describe the poten- 47w,
tial of the volume and the surface plasmons, respectively. lﬂs|=m 2 Kl es(D ) Po(w—e,+e,),

The resonance width of the particular plasmon mode can " (13)
be derived from the comparison of the EE(B) with the
one following from Eqs(11) and (12). where

Let us consider the partial contrib.ution to' thr—; EELS cor- ea(N=[(r/R)'O(R=1)+(R/HITVo(r —=R)]Y,m(N).
responding to the angular momentuiim the vicinity of the
plasmon resonance. This meahs~ w; andAe~w, in the ~ Note that the same expression was obtained earliei5rig
case of the surface and the volume plasmon, respectively!sing other methods. Thus res(lI8) obtained in the case of
Both expression$10) and (11) contain the resonance terms Surface plasmons confirms the validity of our method of cal-
describing various plasmon modes. Comparing the correculations of resonance width. Evaluation of the expression
sponding resonance terms in Eq&0) and (11), one can (13) for sufficiently large clusters_ leadd 6] to the well-
determine the plasmon resonance width. For example, conOWn result for the Landau damping of the surface plasmon
paring the surface plasmon contributiofsee the second oscillationsI';=3lve /R, wherev is the velocity of the

term in EqQ.(12) and the first term in Eq.10)], we determine cluster eIe(_:tron (_)n_the Fermi s_urface. L
the width of the surface plasmon resonance: Performing similar calculations for the autoionization

width of the volume plasmon resonance, one derives

3 [ KodeulpIPotoy-e,+e,)du

r,= , (14
2R3 " } . 2 )
J.(qR)—JHl(qR)JH(qR)—q—RJ|+1(qR)J|(qR)

where @, (1) =[ji(ar)—ji(aR)(r/R)'TO(R—=1)Yx(n).  all the modes gives the resulting potental(r). It is essen-
Here the summation is performed over the occupied singletial that all normal modes of the volume plasmon have the
electron states and the integration is performed over the same resonance frequeney, but the excitation probability

electronic stateg. of the continuous spectrum. for these modes depends on the kinematics of collision. This
Let us stress the significant difference between the surfacgads to the dependence of the volume plasmon potential
(13) and the volume14) resonance widths. Expressiotd) @,1(r) upon the transferred_momentgm. Th'e qsul_laﬂons of
does not depend on the transferred momentum and thus € volume plasmon potential result in the ionization of the
characterizes purely the surface plasmon oscillations. On thgUSter, ‘.’(‘;?ﬁsde progabm';y anfd ths volume Fiﬂl;lsmon reso-
conar, epressorla) depends upon he ansirrmo- 1205 A ebend on sl momenytioneyer,
T 12 e volie pasion fesonance Wik St th cepenence i, on g i ather weak n e region
P P X of g<1, where collective electron oscillations mainly take
?)rl]ace. Therefore, the volume plasmon resonance width with
Nthe givenl can be approximated by the limiting value fol-

lowing from Eq.(14) atq=0:

excitation is determined completely by the angular mome
tum | and its projectiomm. This is clear from the form of the
surface plasmon potentigg(r) [see also Eq(12)], which ,
coordinate dependence for the givieandm does not depend T w

on the kinematics of the collision. For the volume plasmon, Iy=@2+5)— : ZV f Kl oo (D)9,

the angular momenturhand its projectiorm do not define

completely the radial dependence of the plasmon potential. Xo(wp—e,te,)du, (15
Note that neglecting the spatial dispersion of possible vol- 0

ume plasmon modes leads to the same resonance frequen‘@ere%'(r):(r/R)I[l_(r/R)z] O(R=T)Yim(n).

o, of these modes, Which means the i_nfinite degeneracy of IV. NUMERICAL RESULTS AND DISCUSSION

the volume plasmon excitations. Treating the volume plas-

mon oscillations in the dielectric sphere as the problem on Let us now apply the approaches developed in the previ-
the eigenvalues, one can derive the potentials for the norm&US section to the description of the collision of 50 eV elec-
modes of the volume plasmong,,(r)=[j(q,r)  ons with the Ng cluster. The number of plasmon modes
— i@ R)(r/R)'TO(R=T1)Y,(n), where the wave vector of with different an_gular momenta excited in a cluster depends
nth normal modeg,, satisfies the equatiofy(q;,R)=0. on t_he clus_ter.5|zé12,13. Indeed, the wavelength of a cql—_
The projectile particle excites simultaneously numerouéecuve excitation should be larger than the characteristic

. avelength of the delocalized cluster electrons. Thus the an-
modes of the volume plasmon. The sum of the potentials 0gular momentum of plasmon excitations should be smaller
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FIG. 1. Differential cross sectionjo/ds’dQ) as a function of FIG. 2. Autoionization widthl",; of the dipole(1), the quadru-
the transferred energge calculated for the collision of 50 eV pole (2), and the octupolg3) volume plasmon excitations as a
electron with the Nag clusters. The electron scattering anglegis ~ function of transferred momentum
=9°. Solid lines represent the results derived from the RPAE ap-
proach (4)—(7) with the Hartree-Fock jellium model basis wave

functions. Thick solid line is the total energy-loss spectrum. Thin Figure 2 shows the dependence of the autoionization
solid lines marked by the corresponding angular momentum num-

ber represent various partial contributions to the energy-loss s e(\:/yidth on the transferred momentugnfor the volume plas-
present v b o Peton modes, which provide a significant contribution to the
trum. Contributions of the surface and the volume plasmons calcu:

lated in the plasmon resonance approximatibh) are shown by EELS. The width of the dipole, the quadrupole, and the oc-

dashed and dotted lines, respectively. Dashed-dotted line represerit§?Cle volume plasmon resonances has been Clalcular\]ted ac-
the sum of the surface and volume plasmon contributions to th&°rding to Eq.(14). The transferred momentumplays the
EELS. role of the wave vector for the volume plasmon excitations.

All three plasmon modes have the similar dependendg, pf

upong. The width grows slowly in the region of smajland
than the maximum angular momentum of the cluster elecit decreases rapidly at largqr In the latter region, the prob-
trons in the ground state. The electron excitations with largeability of volume plasmon excitation by the incoming elec-
angular momenta have a single-particle character rather tharon is correspondingly reduced. Note that the wavelength of
collective one. Therefore analyzing the contribution to thea collective electron oscillation should be larger than the in-
cross section of those partial modes, which have strong reseerelectronic distance in the cluster, i.e., the plasmon wave
nance behavior, we have to consider relatively small angulayector should be smaller than the Fermi momentum of clus-
momenta only. For example, according to the jellium modelter electronsg<0.5. In the regiong<0.5, where the latter
the maximum angular momentum of delocalized electrons izondition is fulfilled, the dependence Bf, uponq is rather
the Na, cluster is equal to 4. Therefore, only the dipole, theweak. We can approximate the resonance width by following
quadrupole, and the octupole collective modes can be exraluesTI,;~0.5w,, I',,~0.3w,, andI",3~0.23w,. Con-
pected in this casgl2,13. trary to surface plasmons, the autoionization width of a vol-

The parameters of the surface plasmon excitatiopgnhd  ume plasmon decreases with the growth of the angular mo-

I'g;, in the Nag cluster have been determined in our previ- mentum.
ous worksg[12,13, where the role of surface plasmons in the  In order to elucidate the role of collective excitations in
formation of an inelastic scattering cross section has beethe formation of the EELS, we have calculated the inelastic
studied. In this paper, we determine parameters of the volscattering cross section in the plasmon resonance approxima-
ume plasmon modes. Figure 1 shows the EELS in the regiofion. In Fig. 1 we plot the sum of the dipole, the quadrupole,
above the ionization threshollile >3.3 eV calculated using and the octupole partial differential cross sections calculated
the RPAE[see Eqs(2)—(6)]. The energy of the collision is according to Eq(10). Contributions of the surface and the
equal toe =50 eV and the scattering angle=9°. The thick  volume plasmons are shown by dashed and dotted lines, re-
line corresponds to the total energy-loss spectrum, while thigpectively. The dashed-dotted line represents the sum of the
lines show various partial contributions. The angular mo-surface and volume plasmon contributions to the EELS.
menta corresponding to these lines are marked by numbeGomparison of the EELS calculated in the two different ap-
from O to 4. The partial contributions to the EELS with proaches proves our assumption that the peculiarity in the
<3 have the broad maximum in the vicinity ohe EELS in the vicinity of Ae~5 eV is connected with the
=5.1 eV. Note that the position of the maximum does notvolume plasmon excitation. Figure 1 demonstrates that col-
depend much on the angular momentum. This fact allows ukective excitations provide a dominating contribution to the
to ascribe this peak to the volume plasmon excitation havingotal EELS determining its pattern.
the resonance frequenay,=5.1 eV, which is quite close to The more detailed analyses of partial contributions to the
V3N /. EELS is performed in Fig. 3. The solid line corresponds to
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respectively. Value of the angular momentum corresponding to the
= plasmon mode is shown near each line.
(2
>
2
o range considered takes place via the intermediate excitation
k> of plasmons.
% Figure 3 shows that the volume plasmon excitation domi-
© nates in the dipole partial EELS, while the surface and the
volume plasmon excitations provide comparable contribu-

tions to the quadrupole partial EELS. For the octupole con-

e (€V) tribution, the surface plasmon excitation becomes the most
important.
FIG. 3. The dipole(a), the quadrupoléb), and the octupoléc) As demonstrated in our previous wdrk3], the probabil-

partial cross sections of inelastic scattering of 50 eV electron on théty of excitation of various plasmon modes nonmonotonously
Naflo cluster as a function of transferred energy. The electron scaidepends upon the scattering angle. For the given plasmon
tering angle isf=9°. Solid lines show results of the RPAE calcu- mode, there is an interval of scattering angles in which this
lation [see Eqs(4)—(7)]. Dashed and dotted lines represent contri- jyode provides the maximum contribution to the EELS. In
butions of the surface and the volume plasmon excitationgsjg 4 "in order to illustrate relative importance of various
calculated in plasmon resonance approximafid). Dashed-dotted Jplasmon modes we have plotted the cross sectiordl() as

line corresponds to the partial contribution to the ionization cros a function of the scattering angle. These cross sections were

section(12), which takes into account the interference of the sur'.obtained in the plasmon resonance approximation by integra-

f[ac_e and the volume plasmon modes with the single-particle ®Clion of the partial differential inelastic scattering cross sec-
ations. . ) .
tions doy/de’dQ in Eq. (10) over the transferred energy.
Figure 4 demonstrates that that the excitation of plasmon

o _ _ _ modes with higher angular momenta is more probable at
the partlal differential cross section calculated in the RPAEIarger Scattering ang|es_ It is also seen that at |arger scatter-

Dashed and dotted lines show the contributions of the Suling angles, the volume plasmon oscillations are excited more
face and the volume plasmon excitations calculated in plaseffectively than the surface ones.

mon resonance approximati@t0). To check our assump-

tion that the main contribution to the EESL above the

ionization energy is given by the ionization process, we have

calculated the partial ionization cross secti¢h%) account- V. CONCLUSION

ing for the interference of the surface, the volume plasmon consistent many-body treatment of the EELS on metal
modes and the Single-particle excitations. The results of thi§|usters in the region of transferred energies above the ion-
calculation are shown by dashed-dotted lines. Figure 3 demzation potential is performed. Our calculations have demon-
onstrates rather good agreement between the EELS calcstrated that in this transferred energy range, collective elec-
lated in the RPAE and in the ionization cross section calcutron excitations play the important role in the formation of
ated in plasmon resonance approximation. It is seen thahe EELS. Comparison of the inelastic scattering differential
collective electron excitations provide the dominating contri-cross section calculated in the RPAE with the ionization
bution to each partial EELS. Therefore, we can conclude thatross section calculated in the plasmon resonance approxi-
the electron-impact ionization of metal clusters in the energynmation demonstrates that the ionization channel dominates in
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