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Electron excitation after plasmon decay in proton-aluminum collisions
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When a projectile travels inside a metal, it interacts with the electron gas, producing both binary and
collective excitationgplasmons Within the nearly-free-electron-gas scheméskoand co-workers showed
that plasmons decay in first order and a conduction electron is enfittiedband transition Working within
the frame of atomic collisions, we develop a simple model to describe this decay. The first-order Born
expansion is used to approximate the electron wave functions. The influence of the lattice potential on the
excited electron is considered in the calculations in order to balance the momentum-conservation equation. It
gives contributions associated with sites of the reciprocal lattice. The potential expansion coefficients are
obtained following Animalu and co-workefBhilos. Mag.9, 451(1964)]. First- and second-differential spectra
(in energy and ang)eare analyzed discriminating contributions due to different lattice momenta. In all cases,
contributions due to binary excitations of the valence electrons and inner-shell ionization are presented to
establish a comparison.
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. INTRODUCTION tions, G contributions are included and turn out to be rel-
evant.

There are several mechanisms through which a projectile In Sec. I, the model is derived and the approximations
traveling inside a metal can interact with the metal electrorinvolved in the model are explained. In Sec. lll, the results of
gas. These interactions result both in binary and collectiveur numerical calculations are shown and analyzed. Total
excitations[1]. The latter are usually referred to as “plas- probabilities as well as stopping powers are presented. Also,
mons.” In real metals, these plasmons have a finite lifetimesingle- and double-differential spectra are obtained in terms
and eventually decay. Chung and Everhart showed in 197@f both the excited electron final energy and its final moving
[2] that, within the nearly-free-electron-g&dFEG) model,  direction(with respect to the projectile’s initial velocityAll
an important source of emitted low-energy secondary elecealculations are performed for polycrystalline Al penetrated
trons may arise from the decay of long-wavelength surfacdy protons. Atomic units are used throughout this paper.
and volume plasmons via near vertical interband transitions.
Later on, Rsler and co-workerfg3—6] continued their work
considering not only secondary electron emission but also
particle-induced one. In a series of publications, they devel- A. The transition matrix
oped most of the theory presently available on plasmon de- . — N
cay and its contribution to the electron emission spectra. The tOt"."I Hamiltonian of a projectile moving in an NFEG
Working with NFE metals and within a model potential for- can be written a$i=Ho+V,
malism(developed by Animalu and co-workeig—11]), they 1 1
showed that the excitation of conduction electrons by decay Ho=— oM Vé—E EV?_ :
of plasmons generated by the impinging particle results in an P I .
important contribution to the electron emission.

In this paper, a simple model is developed to describe
plasmon decay via interband transitions. The electron gas is V=V +VE+vE=3 (VP Ly vE) (1)
assumed to be under the influence of a weak periodic poten- !
tial due to the lattice. This potential can be expanded in plane
waves with definite moment& that correspond to the sites where V}P)z —Zp/|R—rj| is the projectile-electron Cou-
of the reciprocal latticelbcc for Al) [12]. The expansion lomb attraction,\/(e)=E|'(1/|r|—rj|) is the electron-electron
coefficients are/g and are tabulatefll1]. The excited elec- repulsion, and\/fé)=2|W(X|—rj) is the attractive interac-
tron wave function is approximated using a first-order Borntion of the electron with the whole solid crystal composed by
expansion. Calculations are kept to first ordeZin (charge  the jons cores. Coordinaté r;, andX; represent the pro-
of the projectile and inV (the lattice potential We follow a  jectile, electron, and ion-core positions, respectively.

simple derivation arriving an expression equivalent to the |n general, the initial and final Hartree states of the many-
one obtained by Rser and co-workers. These authors glectron system are simply

worked with the two lowest values @& (namely,G; and
G,), although some considerations regardi@g can be V.= n 5
found in a paper by Reder and Brauef13]. In our calcula- 1= i by Py i 2)
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FIG. 1. Schematic diagram of the interactions. A first-order con-
tribution is shown.
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where we have singled out the excited electfioamed j")
by the wave functiong; r); satisfying

1 _
— SV VIRV —e i €y =0, &)
The other electrons as well as the projectile will be consid
ered as free particles. Their wave functiogg @nddy), are
plane wavesnormalized to the Dirad), thus neglecting
V{9 +V(® for | #]. Further, we will focus on the case when

the free-electron final states are such thigt = ¢y, bk,
= ¢y, -+ (see Fig. ], that is, the bulk ends in its ground
state.

We build the Born series for th&matrix element corre-
sponding to the ejection of the electrpras: Tj=3,T{™
whereT{V=(W | V|¥;)= (¥, |VJ(P)|1P,) is the first Born ap-
proximation, T¢) = (W | (VP + V() G, O(V(P)+V(e))|\l’,> is
the second one, etc. The operatéfo is the usual free
Green’s operator containing the interaction of the solid with

the ejected electron, i.e.,
=[E—Ho—V{d+i0"]™ Y,

(4)

where

K +8f (5)

E=-——KZ+g= !
T 2Mp

2Mp
is the total energy, and/, is the projectile heavy mass

(Mp>1). TheT-matrix element in Born first-order approxi-
mation is very simplésee Fig. 1, and reads

T =Ve(a)Fri(a), (6)

where q=K;—K; is the projectie momentum transfer,

Ve(q)=—Zp4n/q?, andF(q) is the electronic form fac-
tor,
Fri(a)=(& lexplig-nl&). (7

Higher Born terms to first order idp can be calculated in
closed forms, and give

j, or 2;=2[dk;0 (kg—
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T =TM[X(q,g-v)]™+0(Z3), (8)

4
X(0,0)=—
q

dk L
fm®(kF_k)[g tgl, 9

-1

*_

> (10

1 |
9 - 5@k (0tin)

The Born series can be then summed up to all orders in the
electron-electron g-e) repulsion to give the simplest Pade
approximant

TJ=§ T(M=r(q)F (), (11)

vP(Q) (12)

T(q): SL(q!w),
wheree| (q,w)=1-X(q,w) is the well-known Lindhard di-
electric response functidi4,15. Finally, we have to add on
k;). To proceed further, we need the
Fermi golden rule to compute the differential probability per

unit time of electron excitation due to plasmon deddpP®*

as

dPpee

WZZW&(V.C‘—F o

—ep)|r(FH(]% (13

and it is similar to the result obtained by Chung and Everhart

[2].

B. The form factor

In binary projectile-electron collisions, the role of the
solid is neglected, and the ejected electrons are described as
free particles,ggiff')‘)z¢k(m. The form factor reduces to
(i lexpla-r)| )= 8(a—p), with p=k;—k;, and, to first
order[16], the T-matrix element is given simply by

o(q—p)7(q).

To study the role of the lattice in plasmon decay, we con-
sider a weak periodic potenti®l® acting on the electrons.
This potential is due to the ion cores, and can be expanded as
follows:

TBIN= (14)

v<5>(r):% Vge'®r, (15)

whereG is a vector pointing to a site in the reciprocal lattice.
Keeping our calculations to first order in the potential, the
Bethe expansiohl7] for the form factor{Eqg. (7)] gives

1
Fii(a)= 8(d—p)+Vo| 5~ Dof) (16
with
DOizwki—wkf_quiO*, a7
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FIG. 2. Total probability per unit time as a function of the pro-  FIG. 3. Stopping power per unit time as a function of the pro-
jectile initial velocity for the three processes ending with an elec-jectile initial velocity for the three processes considered in Fig. 2 as
tron in the continuum. Plasmon decay is plotted with a solid line,well as for plasmon excitation. The notation is similar to Fig. 2.
binary contribution with a dotted line, and inner-shell contribution
with a dashed line. Plasmon excitation is added to the plot with thgootential, as it is shown in the basic literatusze, for ex-
dash-double-dotted line. ample, the work by Ashcroft and Mermii2]). Therefore

we replaceD; andDy; by
D0f=wk — Wy, +i0+, (18) .
P Di=wy,— wk+cti|Vl,
wherew, =k?/2(e;= w,&1= ). The first term of Eq(16)
represents the momentum-conservation in a binary

projectile-electron collision as mentioned above. The seconggsieret al. formula for the form factor follows from a two-
term represents the situations in which the lattice takes pafand model calculatiofd]. Their expression is nonetheless
in the momentum-conservation equation. Thus the probablléquiva|ent to our Eq(19) so far as we consider0-|Vg]|,

?ty per unit time for giverk; andk;, and to the lowest order |Vg|<1 and we work withD instead ofD,. There are some

in Vg reduces to differences with respect t&’s sign, but they are due to
working in a reduced or extended zone scheme, and do not
produce different results.

szwkf—wkf,G+i|VG|, (21)

dPpe°
WZZW% O(v-qt+ei—es)0(G—p+Q)
) Il. RESULTS

X|Vel|7(=G+p)*|5—+ 5=

Dy | Do (19 Results for protons colliding with polycrystalline alumi-
Oi 0

num are reported here for different possible processes. From
now on, we will identify each process considered with an
abbreviation. “ISh” will stand for electronic excitations from

he inner shells of aluminum, “Bin” for electronic excitation
rom the free-electron gaEq. (14)], and “Dec” for elec-
tronic excitation of a nearly free electron due to plasmon
decay[Eq. (20)]. Finally, “Pls” will stand for plasmon exci-

dPpee dPpee tation.
d—kuZJ dk; dk,dk, O (ke—k;), (20

Note that the lattice absorbs momentum but not energy.
The seconds function impliesK;+k;=K;+k;+G and
accounts for the momentum conservation. The differenti

cross section of the excited electron per unit time is

HT+AI(n)—H"+Al"+e,, ISh

and the total cross section is simply the integrationl BP®° N n .
on dk; . H" +e (FEQ—H"+ec, Bin

+ +
C. The degeneracy at the Bragg plane H+FEG-HT+FEG", Pls
If |ki|=|k;+G|, thenk; lies on the Bragg plane deter- H++FEG—>H++FEG*HFEG++ekf, Dec. (22
mined by G. In this case we have two degenerate levels,
Dyi=1/i0", and the probability diverges. Similar analysis The Mermin-Lindhard dielectric response function
holds when|k;|=|k;—G|. The degeneracy found at the £y(q,,7y) [18] was used to represent the FEG in ELR).
Bragg plane is lifted, however, by the lattice weak periodicThe following parameters were considered: the Fermi veloc-
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FIG. 4. Single-differential probability as a function of the ex-
cited electron final energy for;=3.0 a.u.(measured from the bot-
tom of the banyl Contributions from differenG values are dis-
criminated. The notation is similar to Fig. 2.

ity ke=0.91(plasmon energwp=0.566), the inverse of the
lifetime y,=0.0375(following Arista [19]), and the follow-
ing lattice parameters:

|G1|=1.425eight neighbors [V [=0.0089,
|G| =1.645six neighbory, |V |=0.0281,
|Gs|=2.327twelve neighbors [V |=0.0271 (23)

The first two terms were the ones used bysRq and
|Vg,| was determined fitting Shaw resulfgable IV of Ref.

[11]) with a polynomial to reproducgVs, | and|Vg,|). As
we shall show, the influence of the third teh&fb3| is impor-
tant, mainly in the high-energy tail. The values fofg| de-
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FIG. 5. Single-differential probability as a function éf (ex-
cited electron outgoing direction with respect to the projectile intial
velocity). Contributions from differenG values are discriminated.
The notation is similar to Fig. 2.
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The results for the inelastic collisions of the projectile
with the valence electrons, accounting for bina[yPE'”)
and pIasmonc{PtP'S) excitation per unit time, are presented
here, both calculated with the Mermin-Lindhard response
function. The totalnl inner-shell ionization probability per
unit time is included in the figuresd PS"=dP?5+dpPZ",
Pt1S is negligible in the energy region considered here. They
were calculated using the continuum-distorted-wave—
eikonal-initial state(CDW-EIS) which makes use of dis-
torted waves in the initial as well as the final chani&g].

A. Total probability and stopping power

In Fig. 2, we showd PP®° (i.e., the transition probability
per unit time for plasmon decay via electron excitation as
calculated in the preceding sectjass a function of the pro-
jectile velocityv; . The result we obtain is qualitatively con-
sistent with the data we have used. For the Mermin-Lindhard
dielectric response function used here, the inverse of the life-

pend on the normalization volume considered. We workedime y(q) ranges from y,=vy(q=0)=0.0375 to y(q,

with the unit-cell volume.

=0.67)~27y,=0.075. Based on the plot fot(q,w), we

The polycrystalline structure has been achieved by ranknow the ion velocity has a minimum valugy,, called the
domizing the two Euler angles that describe the relative orithreshold velocity under which the projectile cannot generate
entation between the projectile velocity and the lattice. Theplasmons directly. For protons on aluminum,=1.24. At
Monte Carlo numerical technique has been used to integratey,, the projectile generates a plasmon with enesgy w,
the differential probabilities. The roughness of the curves~0.83 a.u. and lifetimey(q.,)=0.075, which is near the
shown in this paper is due to the usual standard deviation imaximum value obtained faiPP®¢. As v; increases, other

the Monte Carlo calculation.

plasmons withw < w. having longer lifetimegsmaller value
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of ) are excited too, and contribute to the total probability;inner-shell ionizatiorS|>" [21], the plasmon formatios; 'S
therefore increasingd PPe¢. Around v;~3.0 a.u., dPP®®  (which is similar at high velocities t&%" due to the equi-
saturates as plasmons with every allowed energy are excitegartition rule, and the integrated energy of the excited elec-
Together withdPP®, we also plotdP{'s, dPB", and  tron via the plasmon deca§*,
dP'S"[20] to establish a comparison. It is important to note Dec
FhathtP'S>d_P?e°, i.e., the plasmon formation probability StDec:f dwwf Ak (0 V— @) @ (k—ke).
is nearly twice as large as the plasmon decay one. This dkg
means that it is easier to excite a plasmon than to make it (24)
decay via this mechanism. That is, the plasmon excitatio
rate is higher than the plasmon decay one.
Possibly, values o|f\/Gj| could be improved. Also, inclu-

sion of higher terms such 4¥,| would increased P®°,
but not significantly, given the decreasing amplitude of the B. Single-differential spectra in angle and energy
oscillations of the model potentifll]. The value of Vg | is _ L

4 From now on, we will concentrate on protons impinging

similar to that of|Vg [, and it is also near a node of the with v;=3 (225 keV), where the probability for plasmon
model potential considered. We ran the program includingjecay reaches its maximum. We expect the decay spectrum
|VG4| =0.01 a.u., but found no important corrections to ourpot to vary much for higher velocities.
results. Single-differential probabilities as a function of the ex-
Another source of uncertainty is the valuegf. In Rés-  cited electron energglP,/ds, with £;=k?/2, are shown in
ler calculations,y is more sensitive to changes @ It is Fig. 4(b) for the three cases considered ending with one elec-
calculated with ygos=0.01§1+6(q/ke)?] and y(q.) tron in the continuum, i.e., plasmon decay, binary, and inner-
~4y,. shell ionization processes. In Fig@} we discriminate the
We have explored the stability of our results consideringthree different contributions for the plasmon decay due to
the value 0.018 used by Rler and Brauef4] (instead of first, second, and third neighbors in the reciprocal lattice

rAglain it may be seen that nearly one-third of the energy
ceded by the projectile to the plasmon per unit time is con-
verted to kinetic energy of the emitted electron.

0.03759, and an increment of 15% was observed. (i.e., G's three lowest valugs The G; contribution (lowest
In Fig. 3 we plot the energy lost per unit time by the lattice momentumis important only for very low energies.
projectile(stopping via binary collisions with the FEGE™, G, determines the shape of the curve for intermediate ener-

2| 8,=0.02rad @ J [

FBin .- [

10°F ¢ -157r0

dP /e (a.u.)

-2 =
102k 6, = 2.83 rad

10°F L0 @ 1 F

g (a.u.)
FIG. 6. Double-differential probability as a function of the excited electron final en@ggin, measured from the bottom of the band

Three different outgoing directionsf(=0.02, 6;=1.57, and#;=2.83 rad are considered. Contributions from differe@t values are
discriminated. The notation is similar to Fig. 2.
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'y backward angles, whei®, and G5 contributions are of the
same ordefsee Fig. 5a)].

C. Double differential spectra

Figure 6 shows the electronic distribution in angle and
energy as a function of the electron kinetic energy for three
ejection angles as indicated. TBediscriminated plot$Figs.

6(a), 6(c), and &e)] show thatG, and G; make the main
: : contribution except at the very low-energy tail. At the back-
NS N ward direction[Fig. 6(e)], we find that theG; contribution
- - becomes dominant for high energies white rules in the
5=10au. © a=t0av. @ middle region and3; for very low electron energies. Note
PR that three different plasmon peaks can be clearly recognized
1 107} ™ bin : here, the first two bein, peaks and the third &; one. In
: Figs. @b), 6(d), and f), the total plasmon decay contribu-
: : tion is plotted together with binary and inner-shell ones. We
see that in the forward and normal directions, inner-shell and
110°F  TH, : binary processes are dominant, leaving plasmon decay as the
3 N leading mechanism for electron excitation in the backwards
U direction. It is important, however, to point out that the trans-
Y tsh port of the electrons from the point where they are created to
Lo taas the surface and the transmission of the electrons through the
surface potential barrier modify both the angle and energy
0 (rad) distributions. So, the excitation energy and angle distribu-
f tions considered here are not the same as the emitted ones

FIG. 7. Double-differential probability as a function of the ex- (that can be compared with actual experimental ddtate
cited electron outgoing direction. Two-electron final energies ardhat theG; contribution could not be detected since the other
considered:E;=0.6 andE;=1.0 (from the bottom of the band  two processes are dominant in the low-energy region as ob-
Contributions from differenG values are discriminated. The nota- served in Fig. ). G, and G contributions can be clearly
tion is similar to Fig. 2. separated. This could be an interesting region to study the
lattice influence.

gies and, together witls,, clearly dominates in the high- Figure 7 thOWS_ thefelﬁctrqnic_distribultiofn in anglle and
energy region. The plasmon decay probability clearly preEN€rgy as a function of the ejection angle for two-electron

. 4plISh ; kinetic energy as indicated, which corresponds d¢
sents a peak concentrated around-0.97 a.u.;dP;>" is 0.6 a.u=¢, 1 [given by Eq.(25] ande;~ 1.0 a.u(around

small in that region and the spectrum is dgminated mainly b){ e plasmon decay peak posijongain, the structures fol-
the valence electrons. We understand this value conS|der|r'|§ !

that the excited electron initial energy is in the interval 0V the trend observed in the previous resut®;”" is en-
0<g;<er~0.41au., and the plasmon energy is hanced in the forward direction,P;" is very concentrated
i . u.,

0.565 a.u< w<0.83 a.u. As the excited electron final energy @nd largely dominates the spectrum in the direction perpen-

e; is given bye;=&;+ w, we find that dicular to the beam, and PPe° shows a nearly symmetric
distribution, then leaving the backward direction with plas-
0.565 a.u<e;<1.24 a.u. (259  mon decay as the leading mechanism. For both energies,

plasmon decay constitutes the most important mechanism in
this direction. It is worth noting that foe;=0.6 a.u., the
Blasmon contribution is determined mainly 8y; while for
=1.0 a.u.,G; dominates the backward direction.

In Fig. 4b), we see that it is in this energy region that
most of the electrons are excited. The fact that the peak i
actually closer to the upper limit means that excited electron§
come from near the Fermi level. Most of the excited plas-
mons are low-energy ones, and although they have longer IV. CONCLUSIONS
lifetimes, it is their decay that determines the peak’s position p simple model was developed to describe electron exci-
(0.412+ 0.56‘_5= 0.97 a.u.). The shape of our curves is similartation caused by plasmon decay. Thenatrix was built us-
to that obtained by Reler and Brauer, and the results are ofjng 3 Born expansion to include the electron-electron inter-
the same ordeff4]. . o _ action to all orders leading to the FEG dielectric response

The most relevant information is found in the angularfynction. All valence electrons were considered free except
distributiondP,/d(} as observed in Fig.(6). While dP{>"  for the excited ones. This approximation is valid to first order
contributes mainly in the forward direction andPt'™ con- in the projectile charge. The lattice was considered in the
centrates in a direction perpendicular to the bedrﬁ{Dec momentum-conservation equation, to which it contributes
keeps a nearly spherical symmetry and becomes dominant with a reciprocal lattice vectds. The weak periodic poten-
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tial generated by the lattice was considered as a perturbatiadominates here over both inner-shell and binary-ionization
on the Bloch electrons. The electronic wave function wasprocesses. The lattice plays a strong role in the excitation of
approximated using a first-order Born expansion. Our finathese electrons as it contributes wigh (third neighbors in
expression is similar to the one used bysRo and co- the reciprocal lattice
workers, except in minor points.

Our results for the total probability of electron excitation
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