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Plasmon excitation in the interaction of protons and electrons with clean and potassium-covered
Al surfaces
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We present a study of the low-energy electron emission resulting from the interaction of 5–100 keV protons
colliding with clean and K-covered Al~111! surfaces at grazing incidence. In the whole energy range the
spectra show structures that are associated with decay of both bulk and surface plasmons. We discuss the
dependence of these structures with K coverage and compare them with those seen in the loss spectrum
induced by 500 eV electron bombardment. We observe that the surface mode presents a stronger dependence
with K coverage. Finally, we discuss the role of the ion velocity on the thresholds for surface and bulk plasmon
production by direct excitation, by secondary electrons, and by electron capture processes.

DOI: 10.1103/PhysRevB.67.125418 PACS number~s!: 79.20.Rf, 79.20.Kz, 73.20.Mf
a

tie
or
of
s
x
r
o

f t

ns
tu

e
on
t
ic
h
e

ro
u

io
io

uc
ag
su
oh
a

t

d
ea
e

illa-
lla-
ub-
for

ergy
e
ns
, by
Dif-

d pre-

e at
ulk

cita-

ci-

ons
he
nt

on
ir-

ale

set

-

t the
rgy

the
I. INTRODUCTION

The study of the collective excitation of electrons at
metal surface~surface and volume plasmons! is of funda-
mental interest for the understanding of surface proper
and has been the subject of many experimental and the
ical works.1–23 In particular, for the case of an interaction
ions with surfaces,6–20 the volume plasmon excitation ha
been extensively discussed, while the surface plasmon e
tation has been less frequently studied. The excitation p
cesses involved in ion-surface collisions are either kinetic
potential processes depending on the potential energy o
incident ion and projectile energy.16,17 In the case of plas-
mons excited by highly charged ions or low-energy io
potential effects such as plasmon-assisted electron cap
and loss must be invoked.8,10,13,20 For low-energy protons
Ritzau et al.10 and later Sa´nchezet al.12 proposed a kinetic
process where the excited secondary electrons of the m
are responsible for the excitation of the volume plasm
Niehauset al.18 and Winteret al.17 observed more prominen
structures in a direction close to the sample normal wh
were ascribed to interference effects of Bloch waves. T
different processes have been studied theoretically by sev
authors.6,7,9,10,14,17,18,20

In the present paper we discuss the effect of an elect
ositive adsorbate on the excitation of the surface and b
plasmons by ion and electron bombardment. Barag
et al.11 studied the dependence of the low-energy emiss
resulting from collisions of 100 eV He1 ions with Al sur-
faces covered with Cs. In that work the intensity of the str
ture observed at 11 eV decreased rapidly with Cs cover
Because of this effect, the structure was attributed to a
face plasmon of short wavelength. More recently, Stolterf
et al.19 have reported intense spectral structures near 6.5
11 eV produced by bombardment of Al with Ne41, which
were ascribed to surface and bulk plasmon decay. For
case studied here, 5–100 keV H1 hitting K-covered Al~111!
surfaces, two similar structures are observed and followe
a function of the coverage. This method provides a cl
identification of both surface and volume plasmons. Inde
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as we could expect, the propagation of the electron osc
tion parallel to the surface is more affected than the osci
tion in the volume by the presence of potassium on the s
strate. This is observed for incident ions as well as
incident electrons. An interesting feature is thatboth surface
and bulk plasmon structures are present in the whole en
range, i.e., starting at 5 keV. In relation with this point, w
discuss the effect of the velocity of the low-energy proto
on the onset for plasmon excitation by direct processes
secondary electrons, and by electron capture processes.
ferent approaches to these aspects have been discusse
viously ~see, for example, Refs. 9, 10, 14, 16, and 20!. Fi-
nally, we show the existence of another electron structur
an energy that is in between of the ones for surface and b
plasmon decay, and that might be associated with the ex
tion of a multipole plasmon of Al~111!. The existence of such
excitation and decay has been reported previously for in
dent photons21,22 and for incident electrons.16,23

II. EXPERIMENTS

The experiment was performed in the Bariloche setup;24 it
consists of energy distribution measurements of electr
emitted during electron and grazing ion bombardment. T
H1 ions were directed onto the Al surface with an incide
energy ranging from 5 to 100 keV, at incident anglesa in the
range of 1°–10° with respect to the surface plane@inset of
Fig. 1~b!# and at random azimuthal orientation. The electr
spectra were measured with a custom made cylindrical m
ror analyzer with 1% energy resolution, and the energy sc
calibrated with the AlLVV Auger peak~68 eV! induced by
electron bombardment. The direction of observation was
at u535° ~from the surface plane! andf541° @with respect
to the incident beam direction, inset of Fig. 1~b!#. The angu-
lar acceptance was62°. Observation at other angles~far
from the sample normal! produced changes in the low
energy secondary maximum~in both position and intensity!,
but the structures assigned to plasmon decay remained a
same energy position. In order to measure the low-ene
electrons the sample was biased to25 V. The electron spec-
tra are energy shifted by 5 eV and are not corrected for
©2003 The American Physical Society18-1
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LACOMBE, ESAULOV, SÁNCHEZ, GRIZZI, AND ARISTA PHYSICAL REVIEW B67, 125418 ~2003!
transmission function of the analyzer.
The sample was cleaned by cycles of 20 keV Ar1 bom-

bardment at 1°–3° incident angle under continuous rota
of the azimuthal angle and sample annealing at 450 °C.
cleanliness was verified by Auger electron spectrosc
~AES! before and after performing the measurements. Th
deposition was obtained by evaporation from a heated a
dispenser source~SAES getter, Italy!. Auger measurement
were performed to follow the increase of the K coverag
step by step until saturation was reached. At room temp
ture the maximum coverage corresponds to one monola
After exposure the pressure in the chamber remained in
range of 10210 T.

III. RESULTS AND DISCUSSION

A. Dependence with K coverage

Figure 1 shows electron energy spectra obtained~a! in the
low-energy region~,25 eV, derivative mode! and~b! around
the elastic peak~in the normal mode! for 508 eV electrons
incident on an Al~111! surface covered with increasin
amounts of K. The azimuthal direction of the incident ele
trons was set random; a typical spectrum in the low-ene
region is shown in the inset of Fig. 1~a!. On the high-energy
edge of the broad structure seen in the inset we observe
shoulders at;6.5 and;11 eV which are attributed to th
decay of surface and bulk plasmons, respectively. The
collective modes are better discernable in the first deriva
dN/dE of the electron spectra.11–13,16 As it could be
expected,25 the surface plasmon contribution presents
stronger attenuation with K coverage, i.e., at 25% monola
~ML ! it becomes barely observable while the bulk plasm
intensity has decreased slightly. Measurements carried o
different incident directions presented a similar behav
Figure 1~b! shows the electron energy loss spectrum~EELS!
in the region corresponding to the surface and bulk plasm
losses. In correspondence with the above discussion for
low-energy part of the electron spectra, a preferential atte
ation of the surface plasmon can be observed, althoug
this case the attenuation is not complete even near full c
erage. This last phenomenon cannot be related to the in
tic mean free pathl, sincel for 500 eV electrons and fo
low-energy electrons~5–10 eV! are similar. The fact that a
collective mode excited by 500 eV electrons@Fig. 1~b!# at
the interface can be sustained even at coverages nea
monolayer has been observed before by photon excitatio25

In that work, performed at low temperatures, several alk
layers were needed to quench completely the substrate
mon structure.

Figures 2~a!–2~d! show the electron energy spectra o
tained for 5 and 40 keV H1 ions incident on the Al~111!
surface along a random azimuthal direction. The spe
were measured successively with increasing K deposi
~from top to bottom!. They are vertically shifted for compari
son. The spectra shown in the right panels@~b! and ~d!# are
the derivative of those presented in the left ones@~a! and~c!,
respectively#. The general shape of these spectra correspo
to the typical energy electron distribution found in th
literature.16,26 The dissymmetric broad structure is attribut
12541
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to kinetic and potential electron emission from the surfa
The low-energy edge of the spectra corresponding to n
zero-energy electrons shifts with increasing K covera
reaching a value of about 2 eV for high coverage, wh
corresponds to the work function decrease of the sampl
somewhat surprising feature is that after the first adsorp
~low coverage! the intensity of the low-energy seconda
electron maximum decreases instead of increasing, as c
be expected for a decrease in the work function. In orde
check if this effect came from the sample polarization,
changed the sample bias~from 3 to 7 eV! and observed the
same dependence. This effect could be due to the rando
adsorbed K atoms that can shadow the Al substrate and
produce scattering of the grazing ions at large angles, red

FIG. 1. ~a! Derivative of the electron spectra measured dur
the scattering of 508 eV electrons at clean and K-covered Al s
face. The inset shows the normal spectrum for 5% ML coverage~b!
Energy loss spectra for 508 eV electrons in the region of the
plasmon losses The incident anglea is 35° and the observation
angles areu535° andf541°. The inset shows the angle defin
tion.
8-2



s
at
us
fla
ar

t

str
ib
s-

es
e

rg
la
e
e

ay
A

pr
as

i
in
tru
c
d
a

are
are
a-
the

res.
face
pidly
lf-

is
on
the
nd

the
se
ple

na-

evel
n.
ce

r

ole

me

n
ob-
era-
tion
ies

een
ex-
sed

ter-

the
is
he

r
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ing the length of the ion trajectory at the surface and con
quently reducing the number of ejected electrons. Note th
strong decrease in the specularly scattered projectiles is
ally observed during the first stages of adsorption on
surfaces.27 At higher coverages the intensity of the second
maximum increases again and becomes higher than for
clean surface.

On the high-energy edge of the secondary electron di
bution we observe two structures which have been ascr
to plasmon decay.10,12,13,16The two structures are better di
cernable in the derivative spectra@Figs. 2~b! and 2~d!#. At 5
keV incidence the two dips are around 6.3 and 11 eV. Th
correspond to the structures observed with 508 eV incid
electrons~Fig. 1!. These two structures correspond in ene
to the decay of the zero-momentum surface and volume p
mon of Al~111!, respectively. At 40 keV incidence the sam
two structures are better observed, but shifted to higher
ergies~8 and 13.5 eV!. These can be attributed to the dec
of non-zero-momentum surface and volume plasmons of
The energy of the plasmon depends on the excitation
cess. At 40 keV incident energy the excitation of both pl
mons may also take place by a direct kinetic effect,16 which
is not allowed at 5 keV~this will be discussed at the end!.

Similarly to the behavior observed in Fig. 1, a decrease
the intensity is observed for both plasmons with increas
exposure. Here again the surface and volume plasmon s
tures vary differently. At low exposure the 6.3–8 eV stru
ture decreases first. With increasing exposures this one
appears when the 11–13.5 eV structure starts to decre

FIG. 2. Electron energy spectra@N(E)# and its derivative
@dN(E)/dE# for H1 at 40 keV@~a!, ~b!# and 5 keV@~c!, ~d!# inci-
dent on Al~111! for different K exposures. The vertical scale fo
each spectrum has been shifted for clarity. The incident anglea is
5° and the observation angles areu538° andf544°.
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The trends are similar for 5 and 40 keV H1 incident energies
~Fig. 2! and for 508 eV electrons~Fig. 1!. Note that the
observation angles used for incident ions and electrons
different, which suggests that the effects described above
not a specific feature of the direction of observation. Me
surements carried on at other observation angles showed
same dependence with coverage for the plasmon structu
These measurements support the identification of the sur
plasmon. Indeed, the presence of adatoms changes ra
the properties of the topmost layer of Al and the se
sustaining oscillation of the electron gas at the surface
more sensitive than the collective oscillation of the electr
gas propagating in the volume. Note that contrary to
behavior of the low-energy edge, the position of surface a
volume plasmons does not shift with the changes of
sample work function due to K adsorption. This is becau
the plasmon energies are fixed with respect to the sam
Fermi level, and in the experiments the Fermi levels of a
lyzer and sample are in contact~or biased by25 V! and the
electron energy is measured with respect to the vacuum l
of the analyzer, which does not change with K adsorptio

At 5 keV H1 a structure appears in between of the surfa
and bulk plasmon dip~at about 9 eV! that is better seen fo
low K coverage. Since its energy corresponds to 0.8\vp ,
this could be ascribed to the decay of the surface multip
plasmon.3,16,21,23The multipole plasmon of Al~111! has been
seen by photon excitation, where it appears at the sa
energy,21,25and by electron bombardment.16,23The excitation
of the multipole plasmon by photons and electronsin the
alkali film has been studied by Barmanet al.25 and Tsuei
et al.28 for the case of several layers of alkali films grown o
Al at low temperature. In our measurements we cannot
serve the structure that comes from K since at room temp
ture the coverage is at most one monolayer and the excita
of the K plasmon is weak and appears at very low energ
~1–2 eV!.25,28,29

B. Discussion of threshold values

The fact that surface and bulk plasmon structures are s
in the whole energy range, starting at 5 keV, cannot be
plained by a direct kinetic mechanism, and as discus
previously,10,12,14,16,17other processes must be invoked.

Kinetic processes. Using Lindhard’s dielectric function
formulation, the excitations produced in the inelastic scat
ing of a particle of chargeZe, massm0 , and velocityv in-
teracting with a free electron gas~FEG! may be described by
the probability function30,31

Pbulk~q,v!5
~Ze!2

p2q2 ImF 21

«~q,v!GdS v2q•v1
q2

2m0
D , ~1!

whereq andv are the momentum and energy transfers to
FEG in units of\. To describe plasmon excitations with th
formalism we first look for the collective resonances in t
dielectric function, given by«(q,v)50. This equation deter-
mines the plasmon dispersion curvevpl(q) and the range of
undamped collective oscillations, 0<q<qc whereqc is the
maximum momentum of the plasmon.
8-3
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LACOMBE, ESAULOV, SÁNCHEZ, GRIZZI, AND ARISTA PHYSICAL REVIEW B67, 125418 ~2003!
Using Lindhard’s dielectric function, with anr s parameter
appropriate for aluminum,r s52.07 ~corresponding to a
plasma frequencyvp50.582), we have numerically dete
mined the resonance curve, which may be approxima
~within 0.5% precision! by the fitting functionvpl(q)5vp
10.40q210.405q4. The maximum wave vectorqc and the
corresponding plasmon frequencyvc[vpl(qc) were numeri-
cally determined obtainingqc50.685 andvc50.869.

Using this formalism, we have integrated the probabil
of bulk plasmon excitation by either a proton or an electr
~direct excitation process!, obtaining the results shown i
Fig. 3~a! where the solid line corresponds to protons and
dashed line to electrons. We obtained differentvelocity
thresholds for each of these cases, at velocitiesv th

(P)

51.27 a.u. for incident protons andv th
(e)51.61 a.u. for elec-

trons; this corresponds to threshold energiesEth
(P)540 keV

andEth
(e)535 eV, respectively.

The displacement of the threshold velocity for electro
with respect to that for protons can be explained by the re
termq2/2m0 in Eq. ~1!. In fact, for protons this term may b
neglected and the threshold velocity is simply determined

FIG. 3. ~a! Probability for direct excitation of Al bulk plasmon
by proton~solid line! and electron~dashed line! bombardment. The
open triangles indicate the projectile velocityvp for 5 and 40 keV
incident protons. The solid triangles indicate the maximum veloc
transferred to a secondary electron, 2vp1vF . ~b! Probability for
direct excitation of Al surface plasmons by proton bombardmen
different incidence angles.~c! Energy transfer to the free electro
gas in Auger neutralization of protons vs the projectile energy.
12541
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v th
(P)5vc /qc , whereas for electrons (m05me51 a.u.) one

must keep this term and so the threshold is displaced
v th

(e)5vc /qc1qc/2 ~in a.u.!.
The relevant velocities for the cases of incident proto

with energies of~I! Ep55 keV and~II ! Ep540 keV are in-
dicated in Fig. 3~a! by the triangles inserted on thex axis.
The open triangles indicate the incident proton velocity
each case (vp50.447 and 1.265 a.u.!; clearly, these veloci-
ties are~i! well below and~ii ! just at the proton threshold@cf.
solid line in Fig. 3~a!#, so that no plasmon excitation woul
be expected from the direct mechanism. However, this
valid for well defined plasmons ofq,qc . Calculations32 and
electron energy loss measurements33,34 show that energy
losses with intensities even larger than that for low-q plas-
mon take place atq>qc . These direct excitations would als
generate electrons at an energy near that corresponding
q5qc plasmon, i.e., with a few eV above theq50 plasmon,
as is observed in our experiments for 40 keV.

Similarly, we may also analyze the alternative process
plasmon excitation by ‘‘secondary’’ electrons, which may o
cur after these electrons are excited by a close interac
with the incident proton.10,14,20The conditions of maximum
energy transfer for the collision of protons with electro
yields a maximum possible electron velocityvmax52vp1vF
~wherevp is the proton velocity andvF the electron Fermi
velocity!. The solid triangles in Fig. 3~a! give the values of
vmax52vp1vF , which correspond to the indirect process m
diated by secondary electrons. By comparing thevmax values
with the dashed curve in Fig. 3~a!—which shows the prob-
ability of plasmon excitation by electrons—it can be co
cluded that the indirect~secondary electron! mechanism pro-
vides a possible explanation to the observed excitation
plasmons by low-energy incident protons: in particular, t
threshold would be aroundvp51.61 a.u., i.e., 2.9 keV. A
similar value has been previously reported in Ref. 15.

We turn now to the process of surface plasmon excitati
We give here only a simplified consideration of the thresh
behavior. The probability of surface plasmon excitation b
charged particle interacting with a metallic surface followi
a reflecting trajectory may be calculated using t
expression35

Psurf~Q,v!5
~Ze!2

p2Q F 2Qv'

Q2v'
2 1~v2Q•vi!

2G2

3ImF 21

11«s~Q,v!G , ~2!

where nowQ denotes the momentum transfer parallel to t
surface,v' andvi are the components of the particle veloci
perpendicular and parallel to the surface, and«s(Q,v) is the
‘‘surface dielectric constant.’’ This expression has a re
nance at 11«s(Q,v)50 corresponding to the conditions fo
surface plasmon excitation. We approximate«s(Q,v)
around the resonance by the plasmon-pole approximatio36

which yields

ImF 21

11«s
G>S p

4 Dvs@d~v2vs!2d~v1vs!#. ~3!

y

t

8-4



ing
nd

an
o
tic
u
sh
c
i

c
i

to
s
th

d

l-
e

th
s

m

(
r-

l

the
or

n,
ini-

ed,
are

s of

tri-
ced

s
ulk
ruc-
las-

sh-
on
cap-

gy.
c-
om

l-
yT-
l-
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The probability for the process is obtained by integrat
Psurf(Q,v) of over all the possible values of momentum a
energy transfers~Q andv!.35 In Fig. 3~b! we show the result
for the case of an incident proton on aluminum~with vs
50.41 a.u.) for various angles of incidence between 2°
30°. The intensityI sp shown in the figure is proportional t
the average number of surface plasmons excited by a par
reflected at the surface. We observe a threshold aro
18–20 keV for small angles of incidence and a lower thre
old for larger angles. In any case, the probability of dire
plasmon excitation at the experimental energy of 5 keV
negligibly small.

We have not performed additional calculations for ele
trons, but we expect a qualitative behavior similar to that
Fig. 3~a!. Hence the excitation of surface plasmons at pro
energies around 5 keV may be expected to occur not a
direct excitation process by the protons, but as a result of
excited ‘‘secondary’’ electrons.

Electron capture process. Finally, we have considere
also the threshold conditions for the alternative process
plasmon excitation in the electron capture10,14,16,20during the
neutralization of H1 into H0. The energy-momentum ba
ance for this process may be expressed in terms of the en
transfer to the FEG,DE, as follows31 ~in atomic units!:

DE~q!5
1

2
~ve2vp!21q•vp2v0

5
1

2
~ve2vp!21q•vp1I 2f2EF , ~4!

where 1
2 ve

2 ~with ve<vF) is the kinetic energy of a FEG
electron before being captured by the proton,q is the mo-
mentum transfer from the proton to the FEG, either in
excitation of an Auger electron or in the excitation of a pla
mon withq<qc ~note that the total momentum transfer fro
the ion in this process is actuallyq1ve2vp , which includes
the momentum transfer to the captured electron,vp2ve), I
52Ebound is the ionization energy of the atomic stateI
513.6 eV for H0 outside the solid or 11.6 eV near the su
face!, f is the work function of the metal,EF is the Fermi
energy (f54.3 eV and EF511.7 eV for Al!, and w0
5Ebound2U052I 1f1EF is the energy of the atomic leve
with respect to the bottom of the FEG bandU0 ~with U0
52f2EF5216 eV).
ds
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In the capture process mediated by plasmon excitation
energyDE is absorbed by the plasmon. The condition f
this process is thereforeDE(q)5vpl(q). To find the thresh-
old condition we consider the most favorable situatio
which is obtained when the electron to be captured is
tially with the maximum possible energy,1

2 ve
25EF , and we

also assume the maximum value ofq•vpumax5qcvp . In this
case,

DE~q!max5
1

2
vF

21vF~vF1qc!1I 2f. ~5!

The functionDE(q)max, for I 513.6 eV, is plotted in Fig.
3~c! as a function of the proton energy. As may be observ
the thresholds for bulk and surface plasmon excitation
located at quite low energies~;0.5 and;0.1 keV, respec-
tively! so that both processes are allowed at the energie
the current experiment.

IV. CONCLUSIONS

In conclusion, we discuss in this paper the energy dis
butions of the electrons attributed to plasmon decay indu
by grazing collisions of 5–40 keV H1 with an Al surface and
the effect of adding a K overlayer on this surface. Thi
method allows a clear identification of the surface and b
plasmon decay structures. At low ion energies another st
ture at electron energies between the surface and bulk p
mon is seen for low K coverage. A discussion of the thre
old energies corresponding to the different plasm
excitation mechanisms shows that the plasmon-assisted
ture from Al valence band electrons to H1 bound states
should be allowed down to less than 1 keV projectile ener
We finally call the attention to the fact that part of the ele
tron emission attributed to plasmon decay could result fr
excitation of damped plasmons33,34with q>qc together with
single-particle excitations in the same region,32 an effect that
should be important near 40 keV projectile energies.
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