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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 Al11) 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.
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[. INTRODUCTION as we could expect, the propagation of the electron oscilla-

tion parallel to the surface is more affected than the oscilla-

The study of the collective excitation of electrons at ation in the volume by the presence of potassium on the sub-
metal surface(surface and volume plasmons of funda-  Strate. This is observed for incident ions as well as for

mental interest for the understanding of surface propertieBicident electrons. An interesting feature is thath surface

and has been the subject of many experimental and theorelld bulk plasmon structures are present in the whole energy
ical works?~2%In particular, for the case of an interaction of ange, i.e., starting at 5 keV. In relation with this point, we
ions with surface&? the volume plasmon excitation has discuss the effect of the velocity of the low-energy protons

been extensively discussed, while the surface plasmon exc? the onset for plasmon excitation by direct processes, by

tation has been less frequently studied. The excitation progecondary electrons, and by electron capture processes. Dif-

cesses involved in ion-surface collisions are either kinetic OFerent approaches to these aspects have been discussed pre-

potential processes depending on the potential energy of thve'zOUSIy (see, for exa”?p'e' Refs. 9, 10, 14, 16, and. 20-
T . L 17 nally, we show the existence of another electron structure at
incident ion and projectile enerd$!’ In the case of plas-

mons excited by highly charged ions or low-energy ions,an energy that is in between of the ones for surface and bulk

il off h | isted el ?Iasmon decay, and that might be associated with the excita-
potential effects such as plasmon-assisted electron captuf of 5 multipole plasmon of AL11). The existence of such
and loss must be invokéd®**2°For low-energy protons

excitation and decay has been reported previously for inci-
Ritzau et all° and later Sachezet al? Yy p P y

_ proposed a kinetic  gent photor@-22and for incident electroré:2®
process where the excited secondary electrons of the metal

are responsible for the excitation of the volume plasmon.
Niehauset al'® and Winteret all’ observed more prominent
structures in a direction close to the sample normal which The experiment was performed in the Bariloche séflip;
were ascribed to interference effects of Bloch waves. Theonsists of energy distribution measurements of electrons
different processes have been studied theoretically by severamitted during electron and grazing ion bombardment. The
authorg>"+9:10,14,17.18,20 H* ions were directed onto the Al surface with an incident
In the present paper we discuss the effect of an electropenergy ranging from 5 to 100 keV, at incident angleis the
ositive adsorbate on the excitation of the surface and bulkange of 1°-10° with respect to the surface plaimset of
plasmons by ion and electron bombardment. Baragioldig. 1(b)] and at random azimuthal orientation. The electron
et al!! studied the dependence of the low-energy emissiospectra were measured with a custom made cylindrical mir-
resulting from collisions of 100 eV Heions with Al sur-  ror analyzer with 1% energy resolution, and the energy scale
faces covered with Cs. In that work the intensity of the struc-calibrated with the ALLVV Auger peak(68 eV) induced by
ture observed at 11 eV decreased rapidly with Cs coveragelectron bombardment. The direction of observation was set
Because of this effect, the structure was attributed to a suiat §=35° (from the surface planeand ¢ =41° [with respect
face plasmon of short wavelength. More recently, Stolterfohto the incident beam direction, inset of Figb}l]. The angu-
et alX® have reported intense spectral structures near 6.5 ardr acceptance was-2°. Observation at other angléfar
11 eV produced by bombardment of Al with g which  from the sample normalproduced changes in the low-
were ascribed to surface and bulk plasmon decay. For thenergy secondary maximu(m both position and intensijy
case studied here, 5—-100 keV Hhitting K-covered A(111)  but the structures assigned to plasmon decay remained at the
surfaces, two similar structures are observed and followed asame energy position. In order to measure the low-energy
a function of the coverage. This method provides a cleaelectrons the sample was biased-t6 V. The electron spec-
identification of both surface and volume plasmons. Indeedira are energy shifted by 5 eV and are not corrected for the

II. EXPERIMENTS
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transmission function of the analyzer.

The sample was cleaned by cycles of 20 keV Arom- ( ) 500
bardment at 1°—-3° incident angle under continuous rotation o
of the azimuthal angle and sample annealing at 450 °C. The | Surface Bulk ~5%ML
cleanliness was verified by Auger electron spectroscopy | Plasmon Plasmon
(AES) before and after performing the measurements. The K
deposition was obtained by evaporation from a heated alkali
dispenser sourcé€SAES getter, Italy. Auger measurements
were performed to follow the increase of the K coverages
step by step until saturation was reached. At room tempera-
ture the maximum coverage corresponds to one monolayer.
After exposure the pressure in the chamber remained in the
range of 1010 T.

eV electrons on K/AI(111)

~25%ML

saturation

0 5 10 15 20 25|
~5%ML

Surface plasmon ]

Bulk Plasmon |

dN/dE (arb. units)

IIl. RESULTS AND DISCUSSION

L N(E) (Arb. units)

A. Dependence with K coverage

Figure 1 shows electron energy spectra obtaifaeih the 5 10 15 2
low-energy regior{<25 eV, derivative modeand(b) around Electron energy (eV)
the elastic peakin the normal modefor 508 eV electrons (b) T
incident on an A(111) surface covered with increasing 0 Elastic
amounts of K. The azimuthal direction of the incident elec- 20 'OLM Peak
trons was set random; a typical spectrum in the low-energy \
region is shown in the inset of Fig(d). On the high-energy : [0} Surface
edge of the broad structure seen in the inset we observe two Plasmon
shoulders at-6.5 and~11 eV which are attributed to the
decay of surface and bulk plasmons, respectively. The two
collective modes are better discernable in the first derivative
dN/dE of the electron spectrd**'® As it could be
expected? the surface plasmon contribution presents a
stronger attenuation with K coverage, i.e., at 25% monolayer
(ML) it becomes barely observable while the bulk plasmon saturation
intensity has decreased slightly. Measurements carried on at
different incident directions presented a similar behavior. . i . S ) . ) .
Figure Ib) shows the electron energy loss spectri#&LS) 485 490 495 500 505
in the region corresponding to the surface and bulk plasmon Electron energy (eV)
losses. In correspondence with the above discussion for the
low-energy part of the electron spectra, a preferential attenu- F|G. 1. (a) Derivative of the electron spectra measured during
ation of the surface plasmon can be observed, although ithe scattering of 508 eV electrons at clean and K-covered Al sur-
this case the attenuation is not complete even near full covface. The inset shows the normal spectrum for 5% ML coveréye.
erage. This last phenomenon cannot be related to the inelaBnergy loss spectra for 508 eV electrons in the region of the first
tic mean free path\, since\ for 500 eV electrons and for plasmon losses The incident angieis 35° and the observation
low-energy electron$5—10 eV} are similar. The fact that a angles are#=35° and¢=41°. The inset shows the angle defini-
collective mode excited by 500 eV electroffsg. 1(b)] at  tion.
the interface can be sustained even at coverages near one
monolayer has been observed before by photon excitation.to kinetic and potential electron emission from the surface.
In that work, performed at low temperatures, several alkaliThe low-energy edge of the spectra corresponding to near-
layers were needed to quench completely the substrate plasero-energy electrons shifts with increasing K coverage,
mon structure. reaching a value of about 2 eV for high coverage, which

Figures Za)—2(d) show the electron energy spectra ob- corresponds to the work function decrease of the sample. A
tained for 5 and 40 keV H ions incident on the AL1l)  somewhat surprising feature is that after the first adsorption
surface along a random azimuthal direction. The spectrdow coverage the intensity of the low-energy secondary
were measured successively with increasing K depositioelectron maximum decreases instead of increasing, as could
(from top to bottom. They are vertically shifted for compari- be expected for a decrease in the work function. In order to
son. The spectra shown in the right paréls and(d)] are  check if this effect came from the sample polarization, we
the derivative of those presented in the left of@sand(c), changed the sample bigsom 3 to 7 eV} and observed the
respectively. The general shape of these spectra correspondsame dependence. This effect could be due to the randomly
to the typical energy electron distribution found in the adsorbed K atoms that can shadow the Al substrate and can
literature®2 The dissymmetric broad structure is attributed produce scattering of the grazing ions at large angles, reduc-

-
[3,]

Bulk
Plasmon

N(E) (arb. units)
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The trends are similar for 5 and 40 keV Hncident energies
(Fig. 2 and for 508 eV electrongFig. 1). Note that the
observation angles used for incident ions and electrons are
different, which suggests that the effects described above are
not a specific feature of the direction of observation. Mea-
surements carried on at other observation angles showed the
same dependence with coverage for the plasmon structures.
These measurements support the identification of the surface
plasmon. Indeed, the presence of adatoms changes rapidly
the properties of the topmost layer of Al and the self-
sustaining oscillation of the electron gas at the surface is
more sensitive than the collective oscillation of the electron
gas propagating in the volume. Note that contrary to the
behavior of the low-energy edge, the position of surface and
volume plasmons does not shift with the changes of the
sample work function due to K adsorption. This is because
the plasmon energies are fixed with respect to the sample
Fermi level, and in the experiments the Fermi levels of ana-
lyzer and sample are in contacr biased by-5 V) and the
Tk electron energy is measured with respect to the vacuum level
surface  Plasmon of the analyzer, which does not change with K adsorption.
. plasmon . L] At 5 keV H* a structure appears in between of the surface
N Eloectrosn e:er s (9\2/3 ° Eliactr(;r: en; (Ze‘JV) » and bulk plasmon digat about 9 eV that is better seen for

9y 24 low K coverage. Since its energy corresponds tai@.8,

FIG. 2. Electron energy spectN(E)] and its derivative this could be ascribed to the decay of the surface multipole
[dN(E)/dE] for H* at 40 keV[(@), (b)] and 5 keV[(c), (d)] inci-  Plasmort***?*The multipole plasmon of AL11) has been
dent on A(111) for different K exposures. The vertical scale for S€en by photon excitation, where it appears at the same
each spectrum has been shifted for clarity. The incident angée energy’>*and by electron bombardmetft*The excitation
5° and the observation angles ate 38° and¢=44°. of the multipole plasmon by photons and electranshe

alkali film has been studied by Barmast al?® and Tsuei

ing the length of the ion trajectory at the surface and conse€t al?® for the case of several layers of alkali films grown on
quently reducing the number of ejected electrons. Note that &l at low temperature. In our measurements we cannot ob-
strong decrease in the specularly scattered projectiles is usgerve the structure that comes from K since at room tempera-
ally observed during the first stages of adsorption on flature the coverage is at most one monolayer and the excitation
surfaceg’ At higher coverages the intensity of the secondaryof the K plasmon is weak and appears at very low energies
maximum increases again and becomes higher than for tHd—2 e\).2>28:29
clean surface.

On the high-energy edge of the secondary electron distri- B. Discussion of threshold values

bution we observe two structures which have been ascribed The f h ; d bulk ol
to plasmon decaJS?,lZ,lS,lGThe two structures are better dis- e fact that surface and bulk plasmon structures are seen

cernable in the derivative specfiiiaigs. 2b) and 2d)]. At 5 in t_he whole energy range, starting at 5 keV, cannot be ex-
keV incidence the two dips are around 6.3 and 11 eV, ThesBlained by a direct kinetic mechanism, and as discussed
correspond to the structures observed with 508 eV inciderRreviously,”*= ¢ ¢ other processes must be invoked.
electrong(Fig. 1). These two structures correspond in energy K|net|.c processqugmg Lmdhards d|ele_ctr|c fl_Jnct|on
to the decay of the zero-momentum surface and volume p|a§(_)rmulat|on, Fhe excitations produced in the mela_stlc scatter-
mon of Al(111), respectively. At 40 keV incidence the same N9 Of & particle of charg&e massm,, and velocityv in-
two structures are better observed, but shifted to higher eff€7acting with a free electron g&EG) may be described by
ergies(8 and 13.5 eV, These can be attributed to the decayNe Probability functiod”
of non-zero-momentum surface and volume plasmons of Al. 5
The energy of the plasmon depends on the excitation pro- _(Ze) | -1
cess. At 40 keV incident energy the excitation of both plas- ouk(d, ©) = vl
mons may also take place by a direct kinetic efféathich
is not allowed at 5 ke\(this will be discussed at the end  whereq andw are the momentum and energy transfers to the
Similarly to the behavior observed in Fig. 1, a decrease ifFEG in units off. To describe plasmon excitations with this
the intensity is observed for both plasmons with increasingormalism we first look for the collective resonances in the
exposure. Here again the surface and volume plasmon strudielectric function, given by (g, w)=0. This equation deter-
tures vary differently. At low exposure the 6.3—8 eV struc-mines the plasmon dispersion curwg(q) and the range of
ture decreases first. With increasing exposures this one disndamped collective oscillations=0j=<q. whereq is the
appears when the 11-13.5 eV structure starts to decreasmaximum momentum of the plasmon.

(b) 40 kev H* - KiAI111)

40 keV H' - K/AI(111)

N(E) (a.u.)

dN(E)/dE (arb. units)

saturation

(c) 5keV H' - Al (111) (d) skevH -ai111)

N(E) (a.u.)
dN(E)/dE (arb. Iunits)

2

5<w—q-V+ Zq_mo>’ (]

(0, 0)
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— 80 _(é) T T T brotons 1 vV =w/q, whereas for electronsmp=me=1a.u.) one
= ] S s U electrons ] must keep this term and so the threshold is displaced to
& 60 (proton energies o E (e) i
S - (1) 5 keV S T e, E Uih' = wC/qC+ qc/2 (|n au) o
o 4 [ (11) 40 keV ; T ] The relevant velocities for the cases of incident protons
8 L o with energies ofl) E,=5 keV and(ll) E,=40 keV are in-
a () (1) (n 1 dicated in Fig. 8a) by the triangles inserted on theaxis.
— 0] Y . The open triangles indicate the incident proton velocity for
05 10 15 20 25 30 35 each caseu,=0.447 and 1.265 aJy.clearly, these veloci-
V (arb.units) ties are(i) well below and(ii) just at the proton threshol[d.

solid line in Fig. 3a)], so that no plasmon excitation would

be expected from the direct mechanism. However, this is
valid for well defined plasmons @f<q_ . Calculation®’ and
electron energy loss measureméfté show that energy
losses with intensities even larger than that for lpylas-

mon take place aj=q.. These direct excitations would also
generate electrons at an energy near that corresponding to a
g=(q. plasmon, i.e., with a few eV above tlge=0 plasmon,

as is observed in our experiments for 40 keV.

Similarly, we may also analyze the alternative process of
plasmon excitation by “secondary” electrons, which may oc-
cur after these electrons are excited by a close interaction
with the incident protort®142°The conditions of maximum
energy transfer for the collision of protons with electrons
yields a maximum possible electron velocity,,,=2v,+ve
(wherev,, is the proton velocity andr the electron Fermi
velocity). The solid triangles in Fig. (@) give the values of
Umax=2vp+vg, Which correspond to the indirect process me-
E (keV) diated by secondary electrons. By comparinguhg, values
with the dashed curve in Fig.(&—which shows the prob-

o ool and s IO, e 0% L o ecacemnciny Serameerane g
open triangles indicate the projectile velocity for 5 and 40 keV vides a possible explanation to the observed excitation of

incident protons. The solid triangles indicate the maximum ve|0CitypIasmons by low-energy incident protons: in particular, the
transferred to a secondary electron,,2 ve. (b) Probability for ; !
y p2 Ve (0) "y fhreshold would be around,=1.61a.u., i.e., 2.9 keV. A

direct excitation of Al surface plasmons by proton bombardment at’. | lue has b ! | din Ref 1
different incidence anglegc) Energy transfer to the free electron similar value has been previously reported in Ret. 5'_ i
gas in Auger neutralization of protons vs the projectile energy. We turn now to the_pro<_:_ess of Su_rface _plasmon excitation.
We give here only a simplified consideration of the threshold
Using Lindhard’s dielectric function, with an parameter ~Pehavior. The probability of surface plasmon excitation by a
appropriate for aluminumy.=2.07 (corresponding to a charged particle interacting with a metallic surface following
plasma frequencys,=0.582), we have numerically deter- a reflecting trajectory may be calculated using the

mined the resonance curve, which may be approximateﬁ)(preSSiO'aF

| [arb.units]

Energy transfer (eV)

FIG. 3. (a) Probability for direct excitation of Al bulk plasmons

(within 0.5% precisioh by the fitting functionw(q) = w, (Ze)? 2Qu 2
+0.409%+ 0.409%*. The maximum wave vecta, and the P Q,0)= ~— — = .
corresponding plasmon frequen@y= w(q.) were numeri- mQ [QVI+(0—=Q-Vv)
cally determined obtaining.=0.685 andw.=0.869. 1

Using this formalism, we have integrated the probability xIm| ——M |, 2
of bulk plasmon excitation by either a proton or an electron 1+e4(Q,)

(direct excitation procegsobtaining the results shown in \here nowQ denotes the momentum transfer parallel to the
Fig. 3(@ where the solid line corresponds to protons and therfacey, andv, are the components of the particle velocity
dashed line to electrons. We obtained d|ﬁere/rgj.ocgy perpendicular and parallel to the surface, agQ, w) is the
thresholds for each of these cases, at velocitie$y)  “syrface dielectric constant.” This expression has a reso-
=1.27 a.u. for incident protons and?=1.61a.u. for elec- nance at ¥ £(Q,w)=0 corresponding to the conditions for
trons; this corresponds to threshold energ:Té,E)=40 keV  surface plasmon excitation. We approximatg(Q,w)

and E§§)=35 eV, respectively. around the resonance by the plasmon-pole approximétion,

The displacement of the threshold velocity for electronswhich yields

with respect to that for protons can be explained by the recoil
termq?/2m, in Eq. (1). In fact, for protons this term may be
neglected and the threshold velocity is simply determined by

E(z>ws[5(w—ws)—5(w+ws)]- )

1+eg 4
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The probability for the process is obtained by integrating In the capture process mediated by plasmon excitation the
P..{Q,w) of over all the possible values of momentum andenergyAE is absorbed by the plasmon. The condition for
energy transferéQ andw).*® In Fig. 3(b) we show the result this process is therefo®E(q) = wy(q). To find the thresh-
for the case of an incident proton on aluminumwith g  0ld condition we consider the most favorable situation,
=0.41a.u.) for various angles of incidence between 2° andhich is obtained when the electron to be captured is ini-
30°. The intensityl s, shown in the figure is proportional to tially with the maximum possible energyv=Er, and we
the average number of surface plasmons excited by a particRiS0O assume the maximum value @fVy|na,=0wp- In this
reflected at the surface. We observe a threshold arounefS€,

18-20 keV for small angles of incidence and a lower thresh-

1
old for larger angles. In any case, the probability of direct AE(q)maX=§v§+uF(vF+qc)+| — . (5)
plasmon excitation at the experimental energy of 5 keV is
negligibly small. The functionAE(q)max, for 1=13.6 eV, is plotted in Fig.

We have not performed additional calculations for elec-3(c) as a function of the proton energy. As may be observed,
trons, but we expect a qualitative behavior similar to that inthe thresholds for bulk and surface plasmon excitation are
Fig. 3(@). Hence the excitation of surface plasmons at protorocated at quite low energigs-0.5 and~0.1 keV, respec-
energies around 5 keV may be expected to occur not as tvely) so that both processes are allowed at the energies of
direct excitation process by the protons, but as a result of théhe current experiment.
excited “secondary” electrons.

Electron capture processFinally, we have considered IV. CONCLUSIONS
also the threshold conditions for the alternative process of |5 conclusion, we discuss in this paper the energy distri-

H : H ,16,20, ; ) ) 4
plasmon excitation in the e(l)ectron capttirt®1>*during the  pytions of the electrons attributed to plasmon decay induced
neutralization of H into H”. The energy-momentum bal- py grazing collisions of 5-40 keV Hwith an Al surface and
ance for this process may be expressed in terms of the energye "effect of addig a K overlayer on this surface. This

transfer to the FEGAE, as follows™ (in atomic units: method allows a clear identification of the surface and bulk
1 plasmon decay structures. At low ion energies another struc-
AE(q)= _(Ve_vp)2+q'vp_w0 ture at electron energies between the surface and bulk plas-
2 mon is seen for low K coverage. A discussion of the thresh-
1 old energies corresponding to the different plasmon
:E(Ve_vp)2+q'vp+ |—¢—Eg, (4) excitation mechanisms shows that the plasmon-assisted cap-
ture from Al valence band electrons to*Hoound states

where 202 (with ve<v§) is the kinetic energy of a FEG Should be allowed down to less than 1 keV projectile energy.
electron before being captured by the protgnis the mo- We fmal_ly pall the_ attention to the fact that part of the elec-
mentum transfer from the proton to the FEG, either in thetron. emission attributed to plasmo_n decay could resullt from
excitation of an Auger electron or in the excitation of a plas-excitation of damped plasmofis“with q=q_ together with
mon withq=, (note that the total momentum transfer from Single-particle excitations in the same regiémn effect that
the ion in this process is actualty+ ve— Vv, , which includes should be important near 40 keV projectile energies.

the momentum transfer to the captured electrgy; ve), |

= —Epoung IS the ionization energy of the atomic state (
=13.6 eV for H outside the solid or 11.6 eV near the sur-  Stimulating discussions with R. Baragiola are acknowl-
face), ¢ is the work function of the metaEr is the Fermi  edged. This work was partially supported by the SEPCyT-
energy p=4.3eV and Eg=11.7eV for A, and wy ECOS programGrant No. A98E01, Argentina-France col-
=Epoungd Uo= — | + ¢+ E¢ is the energy of the atomic level laboration and from CONICET(PIP3292, ANPCyT (PICT
with respect to the bottom of the FEG bahl, (with U,  03-6325 and 03-4220ICTP-CLAF, and Fundacio Antor-
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