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Excitation of two interacting electrons as a plasmon-decay mechanism
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Projectile-induced plasmon excitation in an electron gas has been studied by several authors who proposed
two possible mechanisms for these plasmons to decay. In a previous work we considered one of these mecha-
nisms in which the plasmon transfers its energy to a nearly free electron that makes an interband transition. In
this paper, the other mechanism is analyzed. A simple model is developed to describe plasmon decay in
aluminum via the excitation of two interacting electrons. Results for the transition probability and the excita-
tion power are presented. When contributions from both mechanisms are considered, they account for more
than 60% of the excited plasmons. Also, the slope of the plasmon excitation curve is correctly reproduced. The
study of first and second differential spectra in angle and energy show that plasmon decay into two interacting
electrons is the main source of low-energy electrons moving in the forward dirggtitim respect to the
projectile initial velocity.
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[. INTRODUCTION oped most of the theory presently available on the subject.
The first attempt, to our knowledge, to include both two-
Collective excitations that occur in a degenerate electrolectron processes and interband transitions in a plasmon
gas, due to the long range of Coulomb interactions, are usuinewidth calculation is due to Sturm and Olive{#0], who
ally referred to as plasmons. In the late 1950s both DuBoi@btained that interband transitions were the dominant
[1,2] and Noziees and Pine$3] developed formalisms to Plasmon-decay mechanism. Later experimental data by
describe these systems and found that, to the lowest pertp/atzman[11] confirmed the existence of strong non-RPA-
bative ordefrandom-phase approximatigRPA) in a free- like correlatlo_ns in an elec_tron Ilqwd_where band-structure
electron gas modglthere was no available mechanism for effects are unimportant. This brought interest in two-electron

these plasmons to decay. However, DuBois suggested tha&ontributions to the plasmon damping back to life as can be

for the electron densities found in metals, interactions be§éen i[n a c%uple of publications by Bachlechner and collabo-
. ' rators[12,13.
yond the RPA were important and gave the lowest-order con- In a previous work14], henceforth referred to as I, we

tribution to the plasmon damping. That is, a plasmon excited

in the bulk Id d by t forring it 0 t developed a simple model to calculate the transition prob-
N the bulk could decay by transterring 1s energy o wo, Orability and the stopping power for projectile-induced plas-
more, interacting electrons. Alternatively, Noze and Pines

. ) _ mon creation and later decay via the excitation of a nearly
suggested that, in a solid and under the influence of a pergee glectron. First and second differential spectra in both

odic potential due to the ion cores, plasmons would bengle and energy were reported discriminating contributions
damped even in the RPA since there existed some interbang];e to different lattice momenta.
transitions at the plasmon energy. Also, they estimated, on |n this paper, we develop a formalistanalogous to the
heuristic grounds, that the two-electron contribution to thegne used in )l to include two-electron contributions to our
plasmon damping would be proportional to the square of thenodel and results. As will be shown, they turn out to be
plasmon wave vectdk?. important to correctly reproduce the plasmon creation curve
Early evidence was brought up by DuBois and Kivelsonslopes at high projectile velocities. Also, we find that this
[4] about the failure of two-electron processes to explaimlasmon-decay mechanism is the main source of low-energy
available experimental results. They had taken the twoelectrons in the forward directiomith respect to the projec-
electron contribution to the plasmon damping and performedile initial velocity).
some calculations of thk? coefficient including screening There is a third possible mechanism for plasmon decay
effects. Their estimation turned out to be an order of magnithat deserves some consideration. The excited plasmon could
tude below experimental values for Al. Also, they mentionedtransfer its energy to a single electron and a phapbionon-
that two-electron processes failed to explain the finite plasassisted electron excitatipnSturm and Oliveira considered
mon damping fok—0. this possibility and found that for metals such as Li, Na, and
The first quantitative description of plasmon decay viaK this process represented just a minor contribution to the
interband transitions is due to Chung and Everf@ajtwho  plasmon linewidth. Based on their result, we will not include
demonstrated that this mechanism represented an importatfis plasmon-decay mechanism in the present paper.
source of low-energy secondary electrons in nearly free- It is important to mention that plasmon creation occurs
electron metals. Their work was continued bysiRwo and not only in metals but also in semiconductors and insulators.
collaboratord6—9] who, in a series of publications, devel- In these latter cases both the plasmon creation probability
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and the relative importance of the different mechanisms of \/tot=\/(P) 4 /(e
plasmon decay can be quite different from the ones for met-
als. Some early works for the case of semiconductors are due
to Antonciket al.[15—17]. Also, there is an interesting work
by Borisov et al. [18] about different excitations on ionic
insulators. 2

In the following sections we regard aluminum as a free'where Vp, =—Zpl|R—r1,| is the projectile-electron Cou-
electron gagFEG, interacting electrons in a jelliumThe lomb attrgction =1 25)' VE=3 (11 —r14) is th
two-electron wave function is expanded in a first-order Born. . 1hhe), V2= 223Ul T 2) 1S The

(e)
series, the perturbing potential being an effective Yukawdmler‘%cuon olf ,electron 1 or 2 with the FEGY,
electron-electron interaction. Results for the transition prob~2>1=3V1j = 23(=3(1r;—r;]) is the total electron-electron
ability and the excitation power are presented. First and se¢oulomb repulsion for electronin the FEG due to its inter-
ond differential spectra in both angle and energy are plotte@ctions with the rest of the FEG, aMi,=1/r,—r4| is the
and compared to nearly free-electron contributions as well agtéraction of electrons 1 and 2 with each other. Coordinates
to binary[19] and inner-shel20] ones. Neutralization of the R andr, represent the projectile and electranpositions,
incident proton is considered negligible at the velocities herdespectively. Note that if the projectile is a proton, thdp
considered21,22. We conclude that in many energy regions > 1. . ) .
and directions we can tell whether an electron was excited by The total potential will be approximated by
the decay of a plasmon or not. What is more, we can discern
which plasmon process was involved.

In this paper we will speak of the FEG’s excitation power . ) . . et
rather than of its stopping power. This is because we are ndf g‘e spirit ?ff RPA, we will define effective potentials;
focusing on the projectile being “stopped ” by the FEG but Vi, , andV3;' that will represent interactions in the presence
on electrons being excited by or via the FEG. For binary oof the FEG. These potentials are expressed as foll g (
inner shell processes it is clear that both the excitation ants not shown as it is completely analogous\;t&flf :
the stopping power per unit time will be equal. For the case
of plasmons, we will speak of the stopping power in the case
of plasmon creatiorithe projectile loses energy to create a
plasmon and of the excitation power in the case of plasmon

= 2 ij+Vpl+Vp2+ 2 V](e)-l-V(le)-l-V(Ze)-i-VlZ,
=3 =3

ff ff ff
Vit vE+ Ve + VS, (©))

nglfzvpﬁjzs (V1jGg Vpj+VpGg Vi)

decay(an electron is excited due to the decay of the plas- + + i i
mor). We regard this expressions as more precise than the +J-,,223,|¢] (VuiGo VijGo Vi +VriGo VijGo Vi)
ones used in |.
All nearly free electron calculations were performed for LR
polycrystalline aluminum. Atomic units are used throughout
this paper.
pap V5i'= Vit 123 (V1jGg Vj2+V2;Gq V1)
Il. THEORY . . N .
+ V11Gg Vi Gy Vio+ Vo Gy Vi Gy Vi
A. The Hamiltonian j.|>23,|¢j (V2180 Vi Go Viz*VaiGo VijGo Via)
We are interested in the interaction of a projectdepro- T (4)

ton in this casgwith two electronglabeled 1 and 2 all of
them embedded in a FEG. In particular, we want to study th@vhereGg =(E—Hg+i0%)tis the usual free Green opera-

case in which this interaction is via the excitation and decay,, and each equation is a Born series for the potential con-
of a plasmon in the FEG. Schematically we have sidered where we have kept only those terms that can be
interpreted as interactions via a number of intermediary elec-
Zp TFEG=Zp + FEG', trons form the FEG14].
In the case ofv&!" and V&Y, this expansion leads to an
FEG* +ek1.+ek2.—>FEG+ &, + B, (1) expression of their Fourier :cfafr:sformf in terms of Lindhard
: ' dielectric response. That i8/5; (p)=Vp1(p)/e(p,w) and
VE2(p)=Vpsy(p) /e (p, @) [14].
PR g ¢ As for VEIT, its expansion is formally equal to those of
and electro_n 2 in their |n|t|a1f|na_l) states and FEG stands nglf and V|e3f2f’ therefore it is natural to arrive ﬁf;f(q)
for the excitation of a plasmon in the FEG.
The full Hamiltonian can be written g4 =K + V',

whereZpK T and e, , are the projectile, electron 1
if ) '

=V1(0)/e(q,»). However, in order to simplify our calcu-
lations we will approximate this by the standard Yukawa
potential. That isVe(q)=4mZ.,/[ (27)%(g?+\?)], with
K=— —V2__y?2 _EVZ _1 v2 )\=\/_§wp/kF_, wherew, is the plasmon energy arg is the
2= i Fermi velocity.
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Finally, in order to allow for two-electron excitations to F i =P (DU (D= (p) (1),
occur we will go beyond RPA by adding a finite widshto b ' : ' '
the plasmon line in Lindhard dielectric resporig8]. As in
I, we follow Mermin and doe(p,w)—e(p,w,y) with y

F k= B P) Bi (DUF (N= e (D) (1). (10

=0.037. We will choose this latter set of coordinates over the former
. as it will make the calculations in the following section much
B. Hartree wave functions easier
In general, the initial and final Hartrderbital) states of
the system are simply C. The transition matrix
h . . . . :
W=Dy by by, 'F:u PURERS We build the first-order Born series for tiematrix cor

responding to the excitation of two electrons as
H _ —
be _®Kf¢k3f¢k4f' T kg kg (5) TH:<‘P|f-I|V|%f1f+VEf2f|\I’iH>

where (I)Kif is the projectile wave functioriplane wave,
¢kji . is the wave function of an electron in the FE&so a

:f J jq)ﬁf(R)d’fcf(P)lﬁif*(r)[VEflf(rl—R)

plane wave[24)), and /., and /. stand, respec- +VEN(r, = R)I®i(R) b (p) i (1) dRdpdr

tively, for the initial and final combined wave functions of

electrons 1 and 2. Bot@Ki . and qskji  are normalized to the 1D
Dirac &. Now, expressing both potentials in terms of their Fourier

We will focus on the case when the FEG final state is suchransforms, making use of some previous definitions and per-
that ¢y, = ¢y, bk, = Px,,» €tc., andk;<kg for j=3, that  forming some integrations we obtain
is, the bulk ends in its ground state. Under these assump-

tions, the system’s Hamiltonian can be expresseH aHd =~ _
th P ° TH=VS”<p>5<m—Kf+p>J Y (1)

+V with f

1 1 1 ><[efip'”2+eip'”z](p*_(r)dr, (12
Ho=— 5 V&~ 5 V2 — 5 V2 + V&Y', g
ZMp 2 ' 1 2N B
where p=K;—K; and we have supposed that:!(p)
_yseff ff ~ -
V=Ver+Vez . 6 =Veli(p)=V"(p).
To the first perturbative order M, the wave function

Therefore we have a system composed of two interactin
electrongvia the FEQ and a free projectile that is perturbed
by projectile-electron interactions. (1)~ by (1) +gd Vel r

The H, eigenfunctions are the combined wave functions l/jk‘( P %o Via ¢ki( ’
Fﬁli Ky, andF[1f Ky which can be expressed as noninteract-

ing two-electron wave functions corrected by factuﬁs,
that is, whereg; =[k2+V2+i0*] L.
+ _ o Again these wave functions are expressed in terms of
F gy kg = Py (M) by (r2) Ui (r2= 1), their Fourier transforms and we get

Yeads

Yr (1= i (1) +0g V53'(r) i (1), (13)

Fiye by = Py (T1) i, (T2)Ug (F2— 1), ()
STRLOY: 10 UV Pkt T2/H A2 T * (0 (1) = 1 ol (@-a)r 5 (ki—q)
X Ky K 3

satisfying the two-electron Shdinger equation (2m)

1, 1 V™ (a' ki)

T2 Tw2 yeff_ _142|, =+ _ 12 A1 _

2VI'1 ZVr2+V12 8I,f Fkl(i,f)'kZ(i,f) 0, (8) ku_(q’)2+|0+ 5(k| q)
wheree; { % is the energy of the pair of electrons. Equation Vellg—kp)
(8) can alternatively be expressed in a different set of coor- —qPrio dadq’. (14

i

dinates [we make r=r,—rq, p=(ri+ry)/2, k=(k,

~k1)/2, k=ky+ky] as If we substitute Eq(14) into Eq.(12) keeping our calcu-

eff

1 lations to zeroth order iVS', we find that one of the elec-
[‘Vrz— ZV,z;JFV%f—S(i,f) Frgnken=0" (9  trons has not made any transition and this is not the case we
o are interested in. So, we keep only terms of first order in
The combined wave functions in this new set are VeI, The final result for the transition matrix is
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E. Final formula and considerations

TH=VE"(p) 81— s+ PV (P29 (Ki ,P2)
~ We call binary region to the area in the-p plot where
+0(ke, —p2) 1+ V5 (—polg(ki, —p)+9(ke P01} single free-electron excitations are possible. A poipfe)
(15) inside this region satisfiea™ (p)>w(p)>w (p) [«=(p)
=(p?*+2pke)/2] wherep and w=Vv;-p are the momentum

whereg(k,q)=[k®— (k+q)2+i0*] L. and energy lost by the projectile. Note that although plas-
mons could be excited inside this region, they would be ab-

D. Hartree-Fock corrections to the wave function sorbed in the continuum of single-electron excitations and

and transition matrix would not constitute independent modes. In order to prevent

the inclusion of these pseudoplasmon processes in our re-
sults, we will keep our calculations outside the binary region.
With these considerations in mind and according to the
rmi golden rule we find that the differential probability per

it time for a given spin stat®(s,m) of two electrons

ing excited fromK; ,k»;) to (k45 ,K»¢) by a projectile that

ses momentunp and energyw=geq;+eo;—&4;— &5 Via

the excitation and decay of a plasmon is given by

The fact that we are dealing with two identical particles is
easily added to the previous formalism. Initial and final
states for the pair of electrons consist of both a spin and ap,
orbital part. There are four possible spin states: the symmef;
ric triplet states [s=1,m==1,0)) and the antisymmetric be
singlet one [s=0,m=0)). The orbital part of the combined o
wave function must also be either totally symmetric3 or
totally antisymmetric ( #). Therefore, instead of Eq10),

we should write dPy(s,m)=2m8(e 1+ a1~ 811~ 82— Vi-P)| T(5,;M)[?O (ke
o gn BB ()] —Kyi) O (Ke— Ko ) O (— Ke+Ky1)O(—Kp+Kop)
R V2 | X{1-0[w"(p) - w(p)|O[w(p) ~ 0~ (p)]}
) B (P i (N = Y7 (1)] X dp dkyjdkyidky kg (19
(F i) ¥0= % T

The transition matrix is symmetric for the spin singlet and

As Coulomb interactions are spin independent, the Spi@ntigymmetric Afor the spin triplet[That is, T(0,0)
state for the pair of electrons remains unchanged. It follows= T T(1,m)=T"]. The total probability per unit time is

that the symmetry of the orbital state must remain constant .

as well. !
The Hartree-Fock transition matrikanalogous to Eq. Pt:SZO m:E_SdPt(s,m), (20)
(11)] is therefore given by

TYA= (WA Ve Vel v S/Ay which can be written as
=(st,m¢|s;, M Pg (F o « )SAV
R Pt:f 278(e 15+ ear— 81— €5~ Vi P TI?

X(F:i,ki)S/ACDKi%
X O (K= K1) O (kg —ka) O (— ke + ki) O (— kg +kyf)

— M + [—
— 5% 0O ,me J J % (R) x{1-0[w"(p)~ w(p)1O[w(p)
_ — o~ (p)]}dp dky;dkyidkyidKay (21)

XLF % k(P o

with

X[VBL(ri=R)+ VS (r— R)]®i(R)

X[F %« (p.0)]¥*dRdpdr, an [ TI2= 752+ 3[T4. (22
and after some algebra the final expression for the transitiomhe two electrons considered are in fact two electrons from
matrix, analogous to Eq15), reads the FEG that have been singled out. Their initial and final

_ _ energies are such thag; 5 <eg andeq; > ¢€g, that is, the
TIA=VE(p) 8(r — 1+ p){VEL (p2)[a(ki ,p2) FEG is initially in its ground state.

_ Neff o

+9(ke, = p2) 1+ Vo (—po)[g(ki, —p1) +9(Ks,pa)] L. RESULTS

tV‘i;f(sz— ki) [g(ki, =Kot t+Kyj) A. Total transition probability and excitation power

+g(Ke, — Ko+ ki) 1= VEH(— Ky +Ka) Throughout this section and the next two section, the fol-

lowing acronyms will be used to refer to different projectile-
X[g(ki kit —Koi) +9(ks ki — ko) 1} (18  induced electron excitation mechanisms: NFe—plasmon de-
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FIG. 1. (a) The total transition probability per unit time is shown FIG. 2. The total transition probability per unit time and the
for NFe and 2e contributions together with BeldFe+2e and the  excitation power per unit time as a function of the projectile initial
plasmon creation probabilityb) The excitation power per unit time velocity are shown for the 2e contribution considering different
as a function of the projectile initial velocity is shown for NFe and values for the imaginary part added to the denominators in the
2e contributions together with DedNFe+2e and the plasmon cre- Green functions.
ation stopping power.

Coming back to real aluminum, the two processes com-
cay via the excitation of a nearly free electron. The latticebined account for most of the energy spent in the plasmon
contributes with momentum associated with a site of the re€Xcitation; around 60% at high velocities and above 80% for
ciprocal lattice. Data taken from I; 2e—plasmon decay viavi~2 a.u. The question of whether plasmon excitation and
the excitation of two interacting electrons; Bin—binary ex- decay rates were equal was put forward in I. From the pre-
citation of a single free electron; ISh—single inner-shellVious analysis, one is inclined to think that they are in fact
electron excitation, &, 2s, and 2 shell of Al were included similar to each other. Minor contributions to the plasmon

in the calculations; Dec—Total plasmon dedijFe+2e). dgrr?ping due tof othher, less important, prqé:ess;i, togethlilr
In Fig. 1(a), P, is plotted against the projectile velocgy Wit corrections for the two processes considered here cou

for NFe and 2e. Also, the sum of both contributiced) is account for the underestimation found for the decay rates.

: L o ._For the case of NFe, we think contributions from fourth-
shown together with the plasmon excitation probability. It is ; . ; . .
) . .~ order (and higher-ordgrneighbors in the reciprocal lattice
interesting to note that Dec accounts for most of the excite

. o G,) could lightly improve the total results. Also, slight cor-
0, 0,
plasmongaround 60% at h'gh, veloc_ltles and more than 70A’rections in the potential coefficients could produce non-
for v;~2 a.u.) and that the inclusion of two-electron pro-

- < negligible changes in the total transition probability and ex-
cesses is important to correctly reproduce the slope of thgjiation power. As for 2e, corrections due to exchange-

plasmon excitation curve. correlation effects should be estimated and added to the
In Fig. 1(b), the excitation power per unit time is plotted ca|culations.
against the projectile velocity. The curves shown are analo- |t js important to mention that 2e results were obtained
gous to the ones in Fig.(d). Again, two-electron excitation setting the imaginary part of the Green functions in Bd)
is important to reproduce the slope of plasmon excitationequal to zero. In relation to this choice we must remark that
There is no energy equipartition between NFe and 2e. Aboth the transition probability and the excitation power are
high projectile velocities, the NFe contribution is dominant,very sensitive to changes in this parameter. There is an im-
while for v;~2 a.u. 2e is slightly greater. plicit limit operation here to be performed after the integra-
However, one should not think that the relative impor-tion. It is often the case that, for reasons of numerical con-
tance of the two mechanisms considered will be the same forenience, a finite value is assigned to this parameter. In Fig.
every metal. For a hypothetical element with the same damp2 we have plotted the transition probability and the excitation
ing as aluminum but with a larger volume per particte ( power per unit time, labele®; andS;, for two interacting
=3 a.u. instead of the real valug=2.09 a.u.) we found electrons to be excited by the decay of a bulk plasmon as a
that the importance of the 2e mechanism was diminished ifunction of the projectile initial velocity; . We considered
around 30% considering the probability per unit timeOne  different possible values for'0and found that not only the
can conclude from this that a larger electronic density favordimit exists and is well behaved but also that we can set this
the 2e mechanism. parameter equal to O right from the start. The integrand has

012901-5



G. A. BOCAN AND J. E. MIRAGLIA PHYSICAL REVIEW A 69, 012901 (2004

—
o
- £
S 3
8 <
] =~
% g -
o S . ~ JSh NFe
° G 10k, - -
el -4 ~— . E
= /NS /,
- . T
o ~. SN
T 1 /| R S T
0.0 0.5 1.0 1.5 20 25 3.0
0, (rad.)
T L] M T M L M d
v=3.0a.u. (b) 1
< S [ 8,~ 0.02 rad
S g 10% k (Bin far below) -
~ 3 1 N\
3 © | NFe, N
& g I 7 \
& A SN N\ WD - || IR
d =
RS T, 10° P E
o ¥ E 3
k=] F
= =
o
I s I n " . ©
1 1 " 1 i
00 05 0 15 20 25 30 06 08 10 12 14 16 18
6, (rad)

g, (a.u)

FIG. 3. (a) Single-differential transition probability as a function
og ele_ctr?ndz_ﬁflnal e_nlergf{mga_lsured fllj'ort?l_the botto;n of _the band tion of 6, (excited electron outgoing direction with respect to the
(b) Single-differential transition probability as a function 6 projectile initial velocity. Electron 2 final energy was set equal to

(ellect.ron 2 obutghoing directiﬁn with re.Tpectl to the pro_jectile nitial 54 u.(b) Double-differential transition probability as a function
velocity). In both spectra, the projectile velocity wa=3.0 a.u. o . The outgoing directiord,; was set equal to 0.02 rad. No-

Notation is indicated in the graph. tation is indicated in the graph.

FIG. 4. (a) Double-differential transition probability as a func-

no numerical complications in the region considered. Each ofjether with Bin. Therefore, we conclude that electrons ex-
the denominators is forced to be nonzero because both elegited by plasmon decay concentrate in different energy

trons must make a transitioftherefore bothp; andp, are  regions depending on which decay process was involved.

finite). Note also that it is only in the limit 0~0 that the In a completely analogous fashion, we perform the analy-

plasmon excitation slope is correctly reproduced. sis of the single-differential angular spectrum shown in Fig.
3(b). The angled is defined relative to the projectile’s direc-

B. Single-differential spectra in angle and energy tion of motion. The four processes considered are plotted

. . . , together with Dec. It is clear that 2e is just a slight correction
We are interested in being able to tell if an electron wa o Dec in the backward directiofso, the main result of |

excited by the decay of a plasmon or by some other proces >mains unchangedut it is as important a contribution as
Two possible mechanisms for plasmon decay are considere e both in the ?orward and in thF:e normal directions
the excitation of a single nearly free electrgwFe) and the '
excitation of a pair of interacting electroi®e). The energy ) . .
and angular distributions for the final states of these electrons ~ C- Pouble-differential spectra in angle and energy
(the excited nearly free electron on one hand and electron 2, If we look at Fig. 3a), it is natural to wonder how 2e and
of the excited pair, on the otheare compared with those of Bin compete in the low-energy region and whether it is pos-
electrons coming from nonplasmon processes such as thgble to distinguish between the two processes. Therefore, we
excitation of a single free electrgBin) and the excitation of go on to analyze the second-differential angular spectrum for
a single inner-shell electrofiSh). The projectile(proton  £,,=0.5 a.u. shown in Fig.(4). It turns out that there are no
velocity was set to 3 a.uv{=3 a.u.). Energies are referred Bin electrons either in the extreme forward or the extreme
to the bottom of the band. backward directions while most of 2e electrons move in the
In I, we analyzed the single-differential energy spectrumforward direction. So, we can tell if a low-energy electron
for an electron excited by NFe, Bin, and ISh processes andomes form plasmon decay or not according to its direction
found that around:i~1 a.u. NFe was the most important of motion. Also, note that, for this energy, 2e constitutes the
one. In Fig. 3a), this energy spectra is reproduced with themain contribution to Dec throughout the angular spectrum.
addition of 2e contributions. The solid line stands for the Likewise, Fig. 3b) leads to the analysis of second-
electrons excited by plasmon decay no matter by which otjifferential energy spectra. We consider the forward direction
the mechanismgDec=NFe+2¢g). We can see that 2e repre- (6,;=0.02 radians) where 2e and ISh are the leading terms
sents just a minor contribution fer,;~1 a.u.(so the results and 2e reaches its highest values. We see in Fixj.that ISh
of | remain essentially the sameHowever, for lower ener- spreads quite uniformly throughout the energy range. The 2e
gies (ex;=epe~0.41 a.u.) it becomes the leading term to- contribution, on the other hand, is localized in the
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intermediate-low energy area and fofij=er,,=0.41 a.u.is v;=4 a.u. the dominant mechanism is NFe. These results,
clearly an order of magnitude above ISh. So, in the forwarchowever, should not be carelessly generalized to other metals
direction we can tell if an electron comes from plasmon dewhere the relative importance of the two processes consid-
cay or not according to its energy. ered might not be the sam@or example, an element with a
larger electronic density will favor the 2e mechanism.

First- and second-differential spectra in angle and energy
) ) ) were plotted and compared to NFe ones. Nonplasmon pro-

In this paper, a simple formalism was developed t0 de¢egses such as Bin and ISh were added to the graphs in order
scribe plasmon decay in aluminum via the excitation of tWoyg establish a comparison. From the analysis of these spectra
interacting electrons. The result_s were added to those of NFge concluded that in certain energy regions and certain di-
(plasmon decay via the excitation of a nearly free electronactions it is possible not only to identify if an electron was
that makes an interband transitjpoalculated in I, to obtain  gxcited by the decay of a plasmon or not, but also to tell

the total plasmon decay probability and excitation poweryhich plasmon-decay mechanism was involved in the exci-
When both mechanisms for plasmon decay are considereghtion.

more than 60% of the plasmon excitation is accounted for. Finally, we found that most low-energy electrons travel-
Also, the slope for high projectile velocities is correctly re- ing in the forward(with respect to the projectile initial ve-
produced. From these results we are inclined to think thafocity) direction had been excited by 2e mechanism for plas-
plasmon excitation and decay rates are similar to each othefon decay. Regarding this, we reckon our results combined
and that there is no other major mechanism of plasmon dejith transport and emission estimations might explain some

cay. In I, we concluded that our estimation for NFe contri-joy energy yields found in experimental spectra for alumi-
bution could be improved by including higher-order neigh-nym surface$26].

bors in the reciprocal lattice and by slight corrections in the
potential coefficients. For the case of 2e contributions, we
think a better wave functioffor example, a Coulomb-type
wave [25]) would produce higher results. Also, corrections
due to exchange-correlation effects could account for some This work was done with the financial support of the Uni-
of the underestimation found. versidad de Buenos Aireg&Grant No. UBACyYT X044 and
For the case of aluminum, which was treated in this paperthe Agencia Nacional para la Promogide la Ciencia y la
it was found that fov;<2 a.u. most of the excited plasmons Tecnologa (Grant Nos. PICT98 0303579 and PICT99
decay via the excitation of two interacting electrons while for0306249.

IV. SUMMARY AND CONCLUSIONS
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