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Proton-induced kinetic plasmon excitation in Al and Mg
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We report energy distributions of electrons emitted from Al and Mg surfaces bombarded by 3–100-keV/amu
hydrogen and deuterium ions. The energy spectra contain structure consistent with the decay of bulk plasmons,
even below the velocity threshold expected from current theories. To explain the results we compare the
importance of additional mechanisms involving electron capture, lattice-assisted excitation, and excitation by
fast secondary electrons.@S0163-1829~99!02423-6#
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I. INTRODUCTION

One of the main ways in which fast charged particles lo
energy in condensed matter is by exciting plasmons; col
tive excitation of valence electrons.1 This mode of energy
loss is especially important for materials of low atomic nu
berZ, and for high-Z materials when the projectile velocity i
insufficient to produce significant inner-shell excitations.
addition, the most common plasmon decay mechanism
single-electron transition, can contribute to the emission
electrons from the solid.2,3 Although plasmon excitation o
metals by fast ions has attracted several theoret
studies,3–6 experimental work for fast ion impact at energi
of tens and hundreds of keV~Refs. 7–11! has been limited to
identifying the plasmon decay structures seen in the elec
emission spectra. In spite of the importance of plasmon
citation in energy loss and as source of electron emission
fast ions, quantitative studies of the plasmon excitation pr
abilities have only been done theoretically.

An electron-gas description of valence electrons leads
minimum or threshold velocityn th for plasmon excitations
by a moving charge, determined by conservation of ene
and momentum. This is shown with the aid of a diagram
allowed energy transfer\v vs momentum transfer\k in the
excitation of a gas of free electrons~Fig. 1!.3 Allowed exci-
tations by heavy particles occur at and below the stra
lines \v5kn, which, for projectile velocitiesn,n th cannot
intersect the plasmon line. For ions with mass much hig
than the electron mass, the threshold velocity for excitin
narrow plasmon resonance isn th;1.3nF,3 wherenF is the
Fermi velocity. A slightly lower threshold results from th
small plasmon width in metals like Al and Mg. We note th
excitation of plasmons by ions nearn th is not constrained by
the available projectile energy, and this makes ions be
suited than electrons for exploring the possible existenc
excitations below the predicted threshold.

To study ion-induced plasmon excitations, we cannot
the projectile energy-loss method common in studies w
fast electrons.1,12 Characteristic energy losses are not o
served with heavy projectiles because they are obscure
multiple energy losses from collisions with target nuclei. A
PRB 590163-1829/99/59~23!/15506~7!/$15.00
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alternative method to observe plasmons is through the e
trons or photons that result from their decay.12 Since the
radiative channel is very unlikely, we have used electr
spectroscopy for studying plasmon excitation. The charac
istic spectral signature allows the separation of electr
from plasmon decay from those originating from other p
cesses: Auger neutralization of the incoming ion at
surface,13,14 direct ionizations in ion-atom and ion-electro
collisions, and Auger decay of inner-shell excitations.15 In
the study we report here, we measured electron emis
spectra from clean Al and Mg surfaces bombarded by1

and D1 ions with incident velocities above and belown th
~3–100 keV/amu!. We observed structure in the energy spe
tra of electrons even at velocities lower thann th . Below, we
describe the experiments and discuss the discrepancy o
results with the theoretical expectation. Using simple mo
els, we estimate theoretically the contributions of possi
mechanisms giving rise to plasmon excitation, and comp
these results with experiments.

FIG. 1. The excitation spectrum of a free-electron gas with
density corresponding to Al, where\v and k are the energy and
momentum transfer, respectively. The shaded area is the doma
single-particle excitations, and the line corresponds to the plas
dispersion in the random-phase approximation. Maximum-ene
transfer lines for different proton energies are shown as stra
lines. The points are from electron-energy-loss measurements o
plasmon resonance~Ref. 24!.
15 506 ©1999 The American Physical Society
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II. EXPERIMENTS

The experiments were carried out in an ultrahigh-vacu
chamber~base pressure 8310210Torr! using a spherical-
sector electrostatic analyzer. The pass energyEpass of the
analyzer was set constant at 25 eV~resolutionDE50.2 eV!,
and electrons were accelerated toEpass by a programmable
voltage applied to an entrance electrode. In this mode
operation, the transmission of the analyzer is approxima
constant over the measured electron energy range. The
lyzer work functionfa was measured using 100-eV ele
trons following the procedure outlined in Ref. 16. For pu
poses of discussion, electron energies are shifted to refe
the vacuum level of the sample.

A focused, mass-analyzed ion beam from an ion accel
tor entered the chamber from a differentially pumped cha
ber through a 1-mm-diameter aperture. The axis of the a
lyzer acceptance cone and the normal to the target sur
were collinear, and the incidence angle of the ions was
with respect to this axis. Clean polycrystalline targets wh
obtained by vacuum depositing 40–100-nm-thick films fro
carefully outgassed Al and Mg~99.999% pure.! In situ Au-
ger electron spectroscopy with 2.5–3-keV electrons show
the absence of contaminants above the detection limi
;1%. To extend the projectile velocity range to lower va
ues, we used deuterium ions, which are expected to
equivalent to protons of the same velocity, since isotope
fects are negligible in electron emission at these velocitie17

Incident electrons were also used to produce the plas
decay structures, which were very similar to well-know
electron-excited spectra reported previously.18–20

To accurately measure low-energy electrons, we u
Helmholtz coils and a thinm-metal liner to reduce the mag
netic field in the region between the target and the analy
to ,2 mG, and biased the target to25 V. The focusing
effect on the detection efficiency, created by this bias and
the analyzer electro-optical elements, was checked by ca
lating electron trajectories.21 The results were used to corre
the collected spectra. We tested this correction by compa
spectra taken at different sample potentials.

III. RESULTS

Figures 2 and 3 show representative electron energy s
tra N(E) obtained from Mg and Al surfaces, respective
The spectra are similar to spectra reported in the litera
and obtained under different excitation conditions.7,9,18–20

The spectra were normalized so their integral equals the
electron yields g, which were measured by us an
elsewhere.22 A prominent shoulder is observed in theN(E)
spectra, similar to that seen for electron impact, which is
to the decay of bulk plasmons by excitation of a valen
electron~interband transition! with simultaneous momentum
exchange with the lattice. This process produces an elec
energy distribution with a maximum energy ofEm5Eb
2f, whereEb is the energy of the bulk plasmon, andf is
the work function of the target. The maximum energyEm
corresponds to the case where the plasmon is absorbed
electron at the Fermi level. The high-energy edge of
shoulder is broadened by;2 eV due to the finite plasmon
lifetime.23,24 Figures 2 and 3 also show derivative spec
dN/dE obtained using the Sawitsky-Golay algorithm, whi
of
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introduces a broadening of;0.5 eV.dN/dE has minima at
Em , from which we can determine the plasmon energyEb .

The measured values ofEm are higher than\vp (k50)
expected for zero-momentum bulk plasmons~15.3 and 10.6
eV for Al and Mg respectively!, and depend on projectile
energy, as shown in Fig. 4. The shift in the plasmon ene
with impact velocity is related to the plasmon dispersion,
shown in Fig. 1. In the region where pair excitations a
allowed, the width of the plasmon resonance measured u
electron energy loss is 3–5 times greater than those we s
the ion-induced secondary electron spectra.24 Another sig-
nificant finding is that, nearn th , the plasmon energy is ob
served to deviate significantly from the behavior expec
from Fig. 1.

We do not see the surface plasmon clearly resolved fr
the peak in the energy distribution due to the surface barr

FIG. 2. Electron energy spectraN(E) from Al bombarded by
H1 at 60° incidence. Bottom: derivative spectradN(E)/dE. Param-
eter is the ion energy in keV.

FIG. 3. Same as Fig. 2, but for Mg.
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as seen in the spectrum of Hasselkamp and Scharman
500-keV H1 impact on Al at normal incidence.9 We attribute
this to the fact that excitation should be low due to our use
lower velocities and oblique~60°! incidence.25 The spectra
of Benazethet al.,15 measured for 60-keV H1 at 60° inci-
dence, also lack this feature. For Mg targets, structure du
surface plasmon decay occurs at;3.5 eV and so it cannot be
separated with certainty from the low-energy peak inN(E)
created by the surface barrier.

To quantify the number of electrons emitted due to bu
plasmon decay, we must distinguish them from those du
all other processes. The method we used is illustrated gra
cally in Fig. 5. The high-energy continuum tail aboveEm
1DEm is well represented by a function of the formNt(E)
5BEn, whereB and n are constant fitting parameters. W
slightly extrapolateNt(E) to Em to obtain the number o
electrons from plasmon decay, atEm , as Np(Em)5N(Em)
2Nt(Em). Subtraction of a power-law background was us
and justified by Sickafus26 to separate sources of seconda
electrons from the continuum background. To reduce the
ror associated with the choice of the exact value ofEm , we

FIG. 4. Plasmon energies derived from the plasmon high-ene
edge, measured in the derivative spectra, vs projectile velocity. A
shown are data from Ref. 9~* ! and the RPA predictions~solid
lines!.

FIG. 5. The extraction of the fractional plasmon decay yie
f p , from a measured spectrum, showing the extrapolated h
energy tailNt(E) which we subtract from the measuredN(E) to
obtain Np(E). Em is the position of the local minimum o
dN(E)/dE.
for

f

to

-
to
hi-

d
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integrateNp(E)5N(E)2Nt(E) over a small energy region
2d52 eV corresponding to the plasmon full width at ha
maximum, and calculate the fraction of emitted electro
which are due to plasmon decay,

f p5
gp

g
5

C~v0!

g E
Em2d

EM1d
Np~E!dE, ~1!

wheregp is the electron yield due to plasmon decay, and
factorC(v0) relates the integral ofNp(E) aboutEm over the
range 2d to the integral ofNp(E) over allE. Although we do
not know the exact form ofNp(E) outside of the region nea
Em , we can estimateNp(E) to obtain an approximate resul
We approximateNp(E) using a parabolic density of state
uniformly shifted byEm , and then convoluted with a 2-eV
wide Gaussian to account for the plasmon width. We e
mateC58 ~Al ! and 5~Mg!. Because the broadening in th
distribution of secondary electrons is symmetric aboutEm ,
and the integration width we use always exceeds the plas
width, C is independent of primary velocity. Our estimate
values ofC for H1 on Al are consistent with the value
obtained from plasmon decay spectra calculated by Ro¨sler,27

divided by cos60° to account for oblique incidence. H
found that, for Al~Mg!, C(n0) ranges from 5 to 12~5 to 3!
for energies from 100 to 1000 keV. Other methods of ba
ground subtraction applied to the data, including model
the secondary distributions using the theory of Schou28 and
use of the derivative spectra, were found to produce res
with greater uncertainties.

Since f p is determined usingNp(E), and the exact shap
of Np(E) is not known, the uncertainty inf p was obtained by
varying the plasmon energy, integral widthd, background
level, and value ofC(n0), and determining their effect of the
value of f p for representative spectra. For a shift in the pla
mon energyEm of 6DE50.7 eV ~the sum of the analyze
resolution and the broadening due to the numerical der
tive algorithm!, we found (d f p / f p)E;0.05. A variation of
the integral width of 0.3,d,1.5 eV produced (d f p / f p)d
;0.07. We assign generous errors of 20% in the backgro
level evaluated atEm , and an additional 20% uncertainty i
C(n0). Adding all errors in quadrature gives uncertainti
(D f p / f p);0.3 and (Dgp /gp);0.32.

Figures 6 and 7 showgp as a function of projectile energ
for Al and Mg, respectively. In them, one can see substan
plasmon excitation below the predicted thresholdn th for both
Al and Mg. The results for Al are compared to the theory
Rösler3 above n th . The ratio gp /g is consistent with the
value for 500-keV H1 we extract from the data of Ref. 9
using the same procedure described above.

IV. DISCUSSION

If the observed plasmon excitation belown th results di-
rectly from interactions with the projectile, our finding
would imply the need to revise existing theories of plasm
excitation and electronic energy loss at low velocities.
the other hand, plasmons may be produced by secon
processes involving fast electrons resulting from sing
particle excitations. We explore several mechanisms
may explain the observations. The first is the relaxation
the energy-momentum conservation criteria for an elect
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gas, possible if the lattice absorbs momentum during the
citation event by an umklapp process. This mechanism
unlikely, as judged from the very weak plasmon excitati
by photons in interactions with valence electrons,29 which
require a similar absorption of momentum by the lattice. T
fact that plasmon energies do not deviate much from thk
50 value suggests that this process is also not very im
tant. Reinforcing the argument is the fact that the calcu
tions of the electronic energy loss of protons in Al crys
~i.e., lattice included! and in Al jellium30 differ by only 10%
differences for proton velocities smaller than 23108 cm/s.

Plasmon excitations that accompany the neutraliza
near surfaces of slow ions (n!nF) with high potential en-
ergy ~potential excitation! have been recently observed f
noble-gas ions on Al and Mg,31 and multiply-charged ions on
Al.32 This type of excitation was first predicted by Lucas a
Šunjic,33 and described theoretically34–37 for the case of sur-
face plasmons. For Al and Mg, bulk-plasmon excitation c
not occur for stationary protons because the potential en
available for excitationEn5IP82f is insufficient31 ~IP8 is
the ionization potential of H minus a;2-eV image shift!.
The situation changes for moving protons. Here the ene

FIG. 6. Electron yield due to plasmon decay,gp ~electrons/ion!,
as a function of incident energy for proton impact on Al. Als
shown are the theoretical predictions of Ro¨sler~Ref. 3!, adjusted for
oblique incidence~dashed line!, the plasmon-assisted electron ca
ture yieldgp

A given by Eq.~5!, and the electron yield due to plas
mons excited by energetic secondary electronsgp

e from Eq. ~12!.
Also shown are data from Ref. 9~* !.
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distribution of valence electrons is shifted in the frame of t
ion, increasing the maximum energy release accompan
neutralization, by;mnnFermi.

Plasmon excitation by electron capture can also occu
the bulk of the solid, both for protons (H1→H) and for H
resulting from electron capture collisions in the so
(H→H2). The probability that a plasmon is excited betwe
times t and t1dt is38

P~ t !5F1~ t !
dt

t1 1F0~ t !
dt

t0 , ~2!

where F1(t) @F0(t)# is the fraction of H1~H! existing at
time t in the solid, anddt/t1 (dt/t0) is the probability that
H1~H! captures an electron with excitation of a plasmon. W
are interested in the spectrum of the electrons emitted by
decay of this plasmon. In Eq.~34.1! of Ref. 32 we find that
either of the transition rates 1/t1 or 1/t0 can be calculated a

1

t1,05E
vp

vc
dv

dP1,0

dv
.

ThendP1/dv gives us the rate at which plasmons of ener
\v in an energy range\ dv are excited in the Auger captur
process. We assume that all plasmons decay by impar
their energy to a single electron. The probability that a pl
mon of energy\v produces an electron above the Fer
level at an energy«p , in an intervald«p , is written as

FIG. 7. Same as Fig. 6, but for Mg.d, H1; s, D1.
dPdecay~«p ,v!

d«p
5

r~«p!r~«p2\v!Q~«p2EF!Q~EF2«p1\v!

E d«8r~«8!r~«81\v!Q~«81\v2EF!Q~EF2«8!

, ~3!
de
ing
s
ger
rob-
n

where r~«! is the free-electron density of states,EF the
Fermi energy, andQ the step function. We also assum
that the plasmon produced at a depthz decays at the
same depth. We consider that the probability that o
electron is collected outside the surface is given
1/2Te2z/L, where z is the depth in the solid. The facto
1
2 takes into account that, on the average, only half
the electrons travel toward the surface.T(«)5(«2W)/«
is the probability that an electron with energy« is trans-
e
y

f

mitted through the surface barrier of heightW, and L(«)
is the calculated inelastic mean free path.38 The expression
for T follows the assumption that the electron motion insi
the solid is made isotropic by strong elastic scatter
at these low energies.39 Finally, the spectrum of electron
produced by the decay of plasmons excited in the Au
capture processes is calculated as the product of all p
abilities integrated over the incoming path of the io
z5nt/cos(u)
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dgp
A~«p!

d«p
5

cos~u!

n E dz
T~«p!

2
e2z/L

3E dv
dPdecay~«p ,v!

d«p

3S F1
dP1

dv
1F0

dP0

dv D , ~4!

wheren is the ion velocity, andu the incidence angle with
respect to the surface normal.F1 andF0 have two contri-
butions due to charge ‘‘equilibrium’’ at large depth, an
from the initial conditions att50. As a further approxima-
tion we only consider the contribution ofF1eq and F0eq

which we take from Ref. 38, and obtain the yield of electro
from this capture processes as

gp
A5E d«p

dgp
A

d«p
, ~5!

where the integration is performed on an energy window61
eV, like in the experiment. The result of Eq.~5! for Al is
plotted in Fig. 6. The bell shape of the curve is the con
quence of the opposite behaviors ofF1eq and 1/nt1 with
projectile velocity; whenn increases, the H1 fraction in-
creases and the capture probability per unit path length
creases. We find that the second term on the right-hand
of Eq. ~2! only contributes appreciably to the plasmon inte
sity for projectile energies less than 16 keV/amu; above
value, the first term dominates. It can be seen from Fig
that plasmon excitation by electron capture is not the do
nant factor determining the existence of plasmon excita
below n th .

Finally, we consider plasmon excitation by fast second
electrons produced by the projectile. One source of energ
electrons is the Auger decay ofL-shell vacancies in targe
atoms, excited by the incoming projectile. The cross sec
for production ofLVV Auger electrons by protons at veloc
ties just belown th is sA;4310218cm2/atom for Mg,15 cor-
responding to a mean free path between excitations of 42
Thus the excitation probability is only 0.02 over the 9-
mean escape depth39 of 10-eV electrons~representing plas
mon decay!. The value is even lower for Al, where the cro
section forL-shell excitation nearn th is about a factor of 4
smaller.15 Therefore, the very small excitation probability o
inner shells strongly discounts Auger electrons as a sig
cant mechanism for plasmon excitation belown th .

A more abundant source of energetic electrons is the
nary proton-electron interactions in the solid. To calcul
the electron yield due to the decay of electron-excited p
monsgp

e , we consider a proton moving with velocityn in in
the solid near the surface, exciting electrons of energy«e
with probabilityPin(n in«e). Pin is taken to be independent o
s

-

e-
de
-
is
6
i-
n

y
tic

n

Å.

-

i-
e
s-

depthz since protons suffer negligible angular scattering a
energy loss over the electron escape depth~a few nm! at
these incident velocities.39 We again assume that the electro
motion inside the solid is made isotropic by strong elas
scattering at these low energies, so that the electron ha
equal probability of traveling toward or away from the su
face.

Our treatment of the electrons will be slightly different fo
these two directions. We first consider a fast electron hea
toward the surface. After traveling some distance, it m
excite a plasmon at a depthz8 with a probabilityP1 given by
the product of the probability that it does not suffer a co
sion on its way toz8, and the probability that it will produce
a plasmon atz8:

P15expS 2
~z2z8!

L D dz8

l p
, ~6!

wherel p(«e) is the mean free path to excite a plasmon, a
L(«e) is the total inelastic mean free path. Equation~6! as-
sumes that plasmons can only be excited in the first collis
event; this is because an electron loses a large fraction o
energy in one collision, and thus it is unable to excite
plasmon in a second one. Thus an energy-loss event, e
by exciting a plasmon or another electron, is sufficient
remove the electron from the high-energy tail, and should
a good approximation at the energies of interest,,40 eV for
Al. To determine l p , we use the random-phase
approximation~RPA! expression38

1

l p
5

1

ne
E

vp

vc
dv

dP~«e ,v!

dv
, ~7!

wherene is the electron velocity,vp andvc are the plasmon
frequencies atk50 and at the cut-off momentumkc , respec-
tively, anddP(«e ,v)/dv is the rate at which an electron o
energy«e will produce a plasmon of energy\v.

We assume that the plasmon produced atz8 decays atz8
as well, producing an electron with energy«. The probability
that a secondary electron of energy«e produces a plasmon o
energy\v that decays into an electron of energy« is then
given by the product

P25
dP~«e ,v!

dv
3

dPdecay~«,v!

d«
, ~8!

where the second term is given by Eq.~3!. Again, the
~plasmon-decay! electron has an equal probability of trave
ing toward the surface or away from it. Considering on
those electrons which are heading to the surface, we appl
attenuation factor of exp@2z8/L(«)# to account for transpor
to the surface. We combine the results of Eqs.~6!–~8! and
integrate overz, z8, v, and«e to obtain the number of elec
trons of energy«.
S dgp
e

d« D
out

5E d«eE
0

` dz

cos~u!
Pin ~n in ,«e!E

0

z

dz8
1

2
expS 2

z2z8

L~«e!
D 1

2
expS 2

z8

L~«! D
3T~«!

1

ne
E

vp

vc
dv

dP~«e ,v!

dv

dPdecay~«,v!

d«
. ~9!
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To determinePin(n in ,«e) we use the measured tail ofN(E)
at energies higher than the minimum value to excite p
mons, which is;18.7 ~12.1! eV above the vacuum level fo
Al ~Mg! in the RPA. This tail has the formNt(E)5B/Ep,
with «e5E1W. This gives

Pin~n in ,«e!5
2B cos~u!

L~«e!E
pT~«e!

. ~10!

Substituting Eq.~10! into Eq.~9! and integrating inz andz8,
we find

S dgp
e

d« D
out

5E d«e

B

Ep

1

2

T~«!

T~«e!

L~«!

ne
E

vp

vc
dv

dP~«e ,v!

dv

3
dPdecay~«,v!

d«
. ~11!

While we ignore the plasmon-decay electrons that are hea
into the solid, we must now consider the fast secondary e
trons that were headed in that direction. The developmen
these electrons is exactly the same as for the proton-exc
electrons which were headed out of the solid, using the c
responding exponential factor in Eq.~6!. We combine these
electrons with those in Eq.~11! to obtain the energy distri
bution of electrons due to plasmon decay:

dgp
e

d«
5E d«e

B

Ep

T~«!

T~«e!
S 11L~«e!/2L~«!

11L~«e!/L~«! D L~«!

ne

3E
vp

vc
dv

dP~«e ,v!

dv
3

dPdecay~«,v!

d«
. ~12!

Using linear-response theory, we finddP(«e ,v)/dv, the
rate at which a particle excites plasmons of energyv. It is
given essentially by Eq.~6.1! of Ref. 38 integrated inq and
with Im@21/«(q,v)# evaluated only on the plasmon line
Numerical integration over« gives gp

e . Because we obtain
dgp

e/d«, which is a calculation ofNp(E), we can also deter
mine values ofC(v0) for Al and Mg. We findC(n0) range
from 6.75 to 7.1 over the energy range of interest for Al, a
from 3.9 to 4.9 for Mg.

Calculated values ofdgp
e are shown in Figs. 6 and 7 fo

Al and Mg, respectively. For Al, the agreement with expe
ment at lown suggests that energetic secondary electrons
an important source of plasmons, and can explain the
crepancy between theory and experiment belown th . For Mg,
we also obtain good agreement at the lower velocities,
the model overestimates the yields at velocities above
threshold for direct plasmon excitation. A plausible sou
for this discrepancy is that we have not considered that
to the begrenzungeffect,25,40 near the surface part of th
excitation of plasmons that we calculate actually results
surface plasmons, which we do not measure. This effec
more important in Mg and at high proton velocities whe
the mean free path of the electrons is smaller due to a la
relative contribution of high-energy electrons. We note t
there are other uncertainties in the model, like the locali
tion of the plasmon decay, and the simplified treatment
electron transport. Nevertheless, the fact that theory and
periment are close at low velocities, where the contribut
-
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n
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er
t
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n

of the higher-energy electrons is smaller, suggest that e
getic secondary electrons are the main source of plas
excitations at velocities lower thann th . The importance of
secondary electrons in producing relatively high-energy
citations in metals parallels that found in the efficient ioniz
tion of dense gases or insulators. In condensed Ar~band gap
14.2 eV!, half the ionizations are produced by seconda
electrons for 100-keV incident protons.2

The mechanism of plasmon excitation due to fast el
trons should also need a velocity above a threshold va
This results because the maximum energy transfer from
proton to an electron at the Fermi level, 2mn(n2nFermi)
~Ref. 17!, must lead to a final electron energy exceeding
minimum energy for plasmon excitation. The value of th
thresholdn th8 is 0.74(0.64)3108 cm/s for Al ~Mg!, lower
than n th and than the smallest velocities used in this stu
These thresholds correspond to 2.9 and 2.1 keV/amu fo
and Mg, respectively.

We note that in Figs. 6 and 7 the experiments do not sh
a discontinuity at the threshold for direct plasmon excitatio
as predicted by Ro¨sler’s theory.3 Possible reasons for this ar
the neglect of projectile neutralization and the limitations
the free-electron RPA. The effect of projectile neutralizati
would be a decrease in the plasmon yield that is more p
nounced at the lowest velocities, thus smoothing the onse
the threshold. However, RPA theories of electronic ene
loss that take charge exchange into account also give a
continuity atn th ~e.g., Ref. 41!. Thus we are led to the con
clusion that the abrupt threshold for direct plasmon exc
tion is a characteristic of this type of free-electro
approximation.

In conclusion, we have observed that plasmon excitat
and decay in collisions of 5–100-keV protons with Mg a
Al metals is an important electron emission mechanism. T
energy dependence of plasmon excitation agrees with
theory of Rösler3 at higher energies, but we observe signi
cant plasmon excitation at velocities below the threshold p
dicted by theory~40 and 25 keV/amu for Al and Mg, respec
tively!. We analyze several causes for the discrepancy,
conclude that the most plausible one is plasmon excitation
fast secondary electrons resulting from binary ion-elect
collisions. This result has several implications:~i! Since the
maximum electron energy depends on the projectile veloc
there is a threshold velocity for this secondary plasmon
citation that is substantially lower than that for direct exci
tion. ~ii ! Plasmon excitation by secondary electrons will
particularly important when using highly charged projectile
since they are important sources of energetic Auger e
trons.~iii ! There appears to be a significant discrepancy w
current theories of energy loss regarding the onset of
contribution of direct plasmon excitations.
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