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Electron excitations in the scattering of hydrogen and rare gas ions on Cu
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We present results of an electron spectroscopy study of the electronic excitations produced in the scattering
of 5–100 keV hydrogen and rare gas ions~He, Ne, and Ar! from single crystalline and polycrystalline Cu
surfaces. For all the projectiles the electron spectra show structures in the region 13–50 eV, superimposed on
a broad and intense background. Most of these structures are assigned to Cu excitations. We study the depen-
dence of the position and intensity of the structures as a function of the energy and type of projectile, and of
the incident and observation angles. We compare them with those observed in energy loss measurements
induced by electrons. In the case of Ne scattering we observe additional peaks in the electron spectra around
20–35 eV which come from autoionization processes in Ne** scattered projectiles. In this case we also
measured the production of Ne1 and Ne11 versus projectile energy and discuss its relation with the Ne**
autoionizing peaks.

DOI: 10.1103/PhysRevB.68.085414 PACS number~s!: 79.20.Rf, 79.20.Kz, 73.20.Mf
m

th
s
in
h
b

re
a

e
ti
ro
n
o
ti
re
e
e

d
c
ro
en
ve

o
lt o
w
ce

a
b
i

ur
le

e

lts
he

a,
the

he
ase
ave
two

te

has
lec-
the
en
f
es.
-
up
the
low
in
ry
nt at

the
ing
ted

eir
ns

f

I. INTRODUCTION

In this work we study the electron emission resulting fro
the interaction of rare gas ions (He1, Ne1, and Ar1) and
hydrogen with single and poly crystalline Cu surfaces in
5 to 100 keV energy range. Two main processes are con
ered: projectile autoionization in the case of Ne scatter
and surface electronic excitations for all the projectiles. T
first process, i.e., production of excited states followed
autoionization,1–11 has attracted considerable attention in
lation to surface composition studies in low energy ion sc
tering LEIS and secondary ion mass spectroscopy~SIMS!.
An important factor affecting the accuracy of structure det
mination, especially when experiments with electrosta
analysis of particles are dealt with, is ion neutralization. P
cesses in which particles are reionized in violent collisio
with surface atoms may significantly affect the fraction
backscattered ions. The understanding of both neutraliza
and ionization processes is thus of importance for the cor
use of analytical techniques. For the systems studied h
the effect of autoionization is observed solely during N1

scattering.
The understanding of surface electronic excitations un

ion and electron bombardment and in particular of the ex
tation of surface and bulk plasmons has significantly p
gressed over the last years as a result of many experim
and theoretical works.12–34In general, surface plasmons ha
been studied using electron or photon excitation. Plasm
excitation also occur in the stopping of fast ions as a resu
direct or indirect excitation and it has been recently sho
that a plasmon assisted neutralization is an important pro
~see for example a recent survey by Baragiolaet al.27!. A
good part of the work on plasmon excitation by ions h
been performed on Al surfaces, which are characterized
an energy loss function with a simple behavior, i.e., dom
nated by a well-defined collective excitation. Studies of s
face excitations by ions on other surfaces with more comp
0163-1829/2003/68~8!/085414~9!/$20.00 68 0854
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electron structures~transition and noble metals for exampl!
are scarce.

In the following we shall briefly summarize some resu
of earlier studies relevant to the work described here. T
production of autoionizing states of Ne in collisions with N
Mg, Al, and Si surfaces has been extensively studied in
past 20 years.1–9 Most of these studies were performed in t
low keV energy range. Strong differences with the gas-ph
case,35 concerning the type of excited states produced, h
been observed. Amongst these is the existence of only
major lines attributed to the decay of Ne** 2p4(3P)3s2 and
2p4(1D)3s2, and the predominance of the triplet core sta
over the singlet core state.1,3–9 The fact that the lowest 3s2

states and not other excited states are strongly populated
been explained in terms of the binding energies of the e
trons in these states with respect to the work function of
metal. Some other autoionizing lines have also be
observed4,7 at low keV energies with a typical intensity o
almost two orders of magnitude smaller than the main lin
Recently, we presented9 a study of Ne autoionizing state pro
duction on a Al~111! surface in an extended energy range
to 50 keV and under grazing incidence. It was shown that
energy dependence of the production of the series of
intensity peaks is quite different from that of the two ma
peaks due to the 2p43s2 autoionizing states. The seconda
lines appear at higher energies and become very importa
tens of keV. As discussed previously7,9 from the three pos-
sible parent core configurations for the secondary lines
2s22p4 core had been ruled out because of their low bind
energy. In high velocity collisions these may be popula
more efficiently because of parallel velocity effects,36 which
would also result in a different energy dependence of th
production. The other two possibilities, i.e., configuratio
with a 2s vacancy 2s2p5nl, 2s2p6nl and configurations
2s22p3nln8l 8 could both, in principle, account for several o
the secondary lines. Nevertheless, existing data8 on photon
©2003 The American Physical Society14-1
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emission in this energy range, clearly shows that states
a 2s vacancy 2s2p5(1P, 3P)nl and 2s2p6nl are indeed ex-
cited at high energies. Concerning this last aspect, an in
esting example is provided by the Ne-Cu interaction,10 where
the scattered Ne1 fraction shows a steplike increase wh
the Ne incident energy exceeds a threshold at about 4
~Refs. 10, 11!. This behavior was correlated with enhanc
energy losses, the appearance of scattered Ne21 particles and
the detection of Ne Auger electrons. The ensemble of th
phenomena was attributed10 to innershell 2s vacancy cre-
ation in Ne during close collision with Cu, resulting in N
excited states that reionize by Auger autoionization. It w
suggested10 that this process onsets at high energies sinc
requires sufficiently short internuclear distances for 2s exci-
tation. In the present work we extend the investigation
Ne-Cu collisions to a wider energy range~up to 50 keV!, and
for smooth and rough surfaces~both single crystal and poly
crystal Cu!. Above 10 keV we observe production of oth
structures, which are assigned to Ne** 2s2p5nl and
2s2p6nl states.

Collective electronic excitations of surfaces and in p
ticular plasmon excitation in ion surface scattering has b
the object of a large number of works.13,14,17,19–21,23–34Ex-
perimentally, ion induced plasmon excitation may be stud
by observation of electrons or photons resulting from th
decay. Radiative decay of surface plasmons can occur
some degree of surface roughness, which allows couplin
surface plasmon field to electromagnetic field of light. R
diative decay of surface plasmons during ion bombardm
was reported in Ref. 37 and more recently for the
case.33 Most recent experimental studies have focussed
the identification of structures observable in derivatives
secondary electron spectra resulting from ion~H, He, Ne, Ar!
scattering on Al, ascribable to plasmon decay.27 These struc-
tures have been attributed to surface and bulk plasmon e
tation and most recently there appears to be indication
multipole plasmon excitation.27 For the case of Al, both plas
mon decay structures are clearly observed under electro
radiation, where a correlation between the energy loss pe
seen close to the elastic peak and the structures due to
mon decay can be established.27,34 For Cu surfaces, struc
tures in the electron spectra in the region of 10–15 eV w
observed by the Utrecht group and attributed to poten
emission in the case of He projectiles,38 plasmon decay for
H1 projectiles,26 and to diffraction effects.29,39 In the present
work we observe for all the projectiles (H1, He1, Ne1,
Ar1, ande2) structures in the energy range from 13 to
eV, which appear for both single and polycrystalline Cu, a
have little dependence on incident and observation ang
We discuss the origin of these structures based on en
loss experiments induced by electron bombardment and
vious interpretations of the corresponding electron losses
the following section we give a brief description of the e
perimental procedure and then present and discuss ou
perimental results.

II. EXPERIMENTAL DETAILS

The experiments were conducted in an UHV cham
working at 3310210 Torr ~with the beam line on!. The ions
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were generated in a radio frequency source, mass sele
and collimated to better than 0.1°. The scattered ions and
emitted electrons were analyzed with a custom-made40 cylin-
drical mirror analyzer working at 1% energy resolution a
61° angular resolution. Measurements of ions and electr
are carried-on separately, since they require different pol
ties in the analyzer voltages. The inner cylinder of the a
lyzer rotates around its main axis allowing measurement
a wide range of observation angles.40 For the present mea
surements the incident angle~a! was varied from 1° to 10°
with respect to the surface plane with the azimuthal orien
tion selected random. The observation angle was varied
wide range; in each spectrum it is defined by the angleu
and f, with u the scattering angle, i.e., measured from t
ion beam direction, andf from the scattering plane~inset of
Fig. 1!. The spectra shown are not corrected for the transm
sion function of the analyzer, which is approximately prop
tional to the energy. In addition to the spectroscopic data,
the Ne-Cu case we acquired some time of flight spectra
neutrals plus ions and only neutrals scattered at 107°.
purpose of these measurements was to obtain the scat
Ne1 ion fraction and the Ne** autoionizing line intensity
under the same experimental conditions~projectile incidence
and surface roughness!.

The preparation of the Cu~100! and Cu polycrystalline
surfaces was performed by repeated cycles of 20 keV g
ing Ar bombardment and annealing at 450 °C. The azimut
orientation of the surface was continuously changed dur
the Ar bombardment. This method produces a surface top
raphy that is strongly dependent on the incident angle of
Ar beam. At 0.5°–2° flat surfaces can be obtained wh
incident angles larger than 10° produces a rough surface.
cleaning of the surface was verified with Auger electr
spectroscopy before and after performing the measureme

FIG. 1. ~a! Ion energy spectra obtained for Ne1 scattering off a
polycrystalline Cu surface. The spectra are normalized and sh
vertically to ease the observation. Note the presence of Ne21 above
5 keV. ~b! Plots of the Ne1 and Ne21 intensities versus projectile
energy, and of these values divided by the cross section for si
scatterings(ss) at the measured angle. The inset shows the an
notation.
4-2
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ELECTRON EXCITATIONS IN THE SCATTERING OF . . . PHYSICAL REVIEW B 68, 085414 ~2003!
III. RESULTS

A. Ionization and excited state production in Ne scattering

1. Ion scattering

To study the excitation and ionization processes for N1

projectiles we performed ion scattering measurements, s
ion fraction measurements and finally an electron spect
copy study focused on the production of autoionizing sta
Figure 1~a! shows ion scattering spectra plotted versusE/Eo
~E: scattered ion energy,Eo : primary ion energy! for poly-
crystalline Cu. The spectra are normalized to the incid
current and shifted vertically to facilitate the observatio
Note that in this scale the spectra appear aligned but it res
in a compression of the peaks. The high-energy peak co
sponds to scattered Ne1 while the peak that appears
E/Eo50.285 is due to Ne21. Figure 1~b! shows the intensity
~area of the peaks! and also the intensity divided by th
single scattering cross section corresponding to a scatte
angle of 75°~the direction of observation!. The dependence
of the Ne1 intensity with projectile energy is similar to tha
measured by Bucket al.,10 i.e., it increases in the low energ
region, from 5 to 6 keV in our case~we did not reach the
sharp rise at 4 keV seen in their measurements! and then
becomes less dependent on projectile energy. As may
seen, in agreement with the measurements of Ting Li
MacDonald,11 the Ne21 peak appears clearly in the ion spe
tra above 5 keV. The intensity of Ne21 increases rapidly till
about 8 keV and then keeps increasing more gradu
~above 8 keV the height of the peaks becomes approxima
constant but they become broader!. This intensity divided by
the cross section for single scattering, which should be
proximately proportional to the scattered ion fraction
shows a stronger dependence on projectile energy and h
threshold of about 4.5 keV.

Figure 2 shows time of flight spectra measured for 10 k
Ne1 scattering from poly-Cu. In this case, both neutral p
ions and only neutral are measured; the ion spectrum
obtained from their difference. The angle of incidence w
set at 10° with respect to the surface plane and the obse
tion at a scattering angle~u! of 107°. If we integrate the full
spectrum, corresponding to single and multiple collision
quences, the ion fraction is small, about 13%. On the ot
hand, the ion fraction for the single collision case is mu
higher. If we assume that the ion peak comes mainly fr
the first layer and integrate the neutrals above a smo
background we obtain an ion fraction value around 6
which is in good agreement with the value measured
Buck et al.10 for first layer scattering.

2. Electron spectroscopy

Typical electron energy spectra due to Ne1 incident on
Cu are shown in Fig. 3 for 3.5, 10, and 20 keV incident i
energies. The spectra are composed of a broad backgr
on which are superposed small structures whose inten
increases somewhat with increasing ion energy. In this fig
a smooth background was also subtracted to obtain a b
view of the structures, which are assigned to decay of
toionizing states of Ne** . Note that these appear shifted
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different ion energies. This shift is due to kinematic or Do
pler effects3–10 due to the emission from a moving ion. Th
effect also leads to some broadening of the spectral feat
in the laboratory frame of reference.

These structures are similar to what we observed in
earlier studies of Ne scattering on Al and other targets
mentioned above. The structures are better defined at gra
incidence and at the higher energies where we can cle
distinguish four peaks instead of the three structures
served previously.10

We also observed that the intensity of these structures
their width changes as a function of surface roughness
effect we discussed in detail recently for the Al case.9,41 An
example is shown in Fig. 4 for 10 keV collisions, where w
can see a broader structure than in Fig. 3, which was
tained after a short period~;30 min! of grazing sputtering
with the Ne beam of a previously roughened surface with
keV Ar bombardment at normal incidence. A better flat s
face ~obtained by grazing sputtering for several hours a
annealing! gives no structures at all, as it can be seen in
spectrum labeled ‘‘flat surface’’~Fig. 4!. In order to see rea-
sonably well-defined Ne autoionizing structures we alwa
had to roughen the surface by heavy Ar or Kr bombardm
at large angles. This effect is related to the fact that for a
surface the autoionizing atoms decay closer to the surfac
distances where the energy difference between the N**
state level and the Ne1 level is shifted with respect to the
corresponding one at infinity due to image potential effec
For ion trajectories closer to the surface, the structures du

FIG. 2. Time of flight spectra for neutrals plus ions (N1I ), only
neutrals~N! and only ions~I! produced in 10 keV Ne1 scattering
off a clean Cu~100! surface at 107°. The neutral spectrum is bro
and comes mainly from multiple scattering sequences, while the
spectrum is much narrower with a larger contribution from sin
scattering~SS! collisions.
4-3
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GRIZZI, SÁNCHEZ, LACOMBE, AND ESAULOV PHYSICAL REVIEW B68, 085414 ~2003!
Ne** autoionization become structured.41,42 On a rougher
surface decay occurs~on average! farther from the surface
the peaks become narrower and their position is closer to
one at infinite separation, i.e., the gas phase position. In
of Cu the flattening of the surface by the grazing ion be
was sufficient to broaden rapidly the Ne lines and make th
disappear, an effect that is much more efficient than in
which could be related with a higher Cu sputtering yield.

By analogy to earlier work, the structures labeled I and
can be assigned to Ne** 2p4 (3P) 3s2 and 2p4 (1D) 3s21

FIG. 3. Electron energy spectra produced in Ne1 collisions with
a rough Cu~100! surface. The observation angle was set at forw
angles (u535°, f510°) to better define the Ne** autoionizing
lines. Also shown in the figure is the spectrum after a smooth ba
ground subtraction. Note that at 3.5 keV the Ne** lines are barely
observable.

FIG. 4. Electron energy spectra produced in 10 keV Ne1 colli-
sions with a Cu~100! surface for two stages of surface roughne
Note that in the case of the flat surface the Ne lines are not obs
able.
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deexcitation. Note that in the case of Cu, the singletD ap-
pears to be more intense than the tripletP, which is not the
case in Al, although it is closer to the behavior of Ne lines
gas phase collisions. This means that the core rearrange
process responsible of the dominance of the tripletP peak in
Al is not so efficient in Cu. The featuresa andb are similar
in intensity and position to the ones observed at these hig
energy collisions in case of Ne scattering on Al.9 As for Al
we would assign these to the production of the Ne 2s va-
cancy states: 2s2p5 (1P,3P) nl and 2s2p6nl. This assign-
ment agrees with that proposed by Bucket al.10 but does not
imply that all excitations including the 2p4 core states mus
occur via the 2s vacancy production. The existence of Ne21

~as evidenced in Fig. 1! and the fact that the autoionizin
lines are so small, while the ion fractions~Fig. 2! are so
large, suggest that autoionization is not the only channel
sponsible for the ion fractions, i.e., single and double ioni
tion of Ne in the hard collision~after neutralization in the
incoming part of the trajectory! may contribute to the scat
tered ion fraction.

It should be noted in this context that the Ne-Cu ca
tends to fit into a general trend. Indeed it is observed t
Ne** 2p4 core states are most strongly excited in case of
scattering on Na. The intensity of production of these sta
at low energies then decreases as one goes from Na to
Al, and finally Si. Excitation of 2p4 core Ne** states is most
efficient at low energies for the quasisymmetric Ne-Na c
as one would expect by analogy with gas phase collisio
The low intensity observed for the Cu case fits into th
trend.

B. Cu surface excitations

Electron energy distributions produced during H2
1 , He1,

Ne1, and Ar1 scattering off Cu~100! and polycrystalline Cu
surfaces were measured over a large energy range, from
50 keV, and for different incident and observation angl
Figure 5 shows some examples of these electron spectra
the corresponding derivative spectra. In order to get a cl
and smooth surface the Cu~100! sample was prepared b
grazing ion bombardment and annealing. In this case, as
scribed above, since the surface is sufficiently smooth,
Ne** autoionizing lines are absent. The polycrystalline C
was cleaned by sputtering alone~without annealing!.

Figures 5~a! and 5~b! show electron spectra produced b
50 keV H2

1 and He1 scattering off smooth Cu~100! and
rough polycrystalline Cu, respectively. As we will see in fo
lowing figures, measurements with H1 show basically the
same features than for H2 . For both projectiles we observe
large and asymmetric energy distribution of secondary e
trons. Superimposed on the high-energy tail of these dis
butions there are several structures of lower intensity. Th
is a hump around 20 eV, which is clearly seen in the deri
tive spectrum~the energy positions indicated throughout t
paper are those corresponding to the minimum in the der
tive spectrum!. For light projectiles we also observe the C
Auger peak around 60 eV. In addition to these structur
some other structures in the range from 30 to 52 eV can
be observed. As opposed to the behavior of the peaks du

d
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ELECTRON EXCITATIONS IN THE SCATTERING OF . . . PHYSICAL REVIEW B 68, 085414 ~2003!
Ne** autoionizing states~seen only for rough surfaces Fig
3 and 4! which show a considerable shift with projecti
energy due to Doppler effect, these structures are appr
mately independent of projectile energy, and thus corresp
to emission from the surface. For the heavier project
@Figs. 5~c! and 5~d!# the hump around 20 eV is observed wi
a weaker intensity. This is also the case for the Cu Auger
around 60 eV, which, as shown by Louchetet al.,43 it is
weakly excited for Ar projectiles.

Spierings39 has also observed a similar hump in the ele
tron spectra coming from crystalline Cu bombarded by H2

1

and by He1 at lower energies~below 5 keV!. In their case
the hump appears at a somewhat lower energy~around 15
eV!. Another difference~in addition to the projectile energ
range! is that their measurements were performed close
the sample normal, while ours are far from the sample n
mal. The humps observed in the low energy region of the
electron spectra have received different interpretations,
pending on the projectile type. For H2 projectiles it was sug-
gested that diffraction effects could account for the hump44

In the case of He1 projectiles, a similar hump was attribute
to potential electron emission,38 while for protons it was at-
tributed to plasmon decay.26 More recently, shifts observe
in the position of the hump and other considerations re
forced the diffraction model.44,45 In order to identify the
structures obtained in our experiments we performed m
surements in a broad energy range, from 5 to 100 keV,
broad range of observation angles, and for both crystal
@Cu~100!# and polycrystalline Cu surfaces. We also carri

FIG. 5. Electron energy spectra and their first derivative p
duced in H2

1 , He1, Ne1, and Ar1 collisions with single and poly-
crystalline Cu surfaces.
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correlate the energy loss structures around the elastic p
with the structures seen at low energies.

Figure 6 shows the derivative of electron spectra acqu
with 20 keV protons hitting the Cu~100! surface at 5° inci-
dence, and at different azimuths. The observation angle
fixed at (u,f)5(60°,44°). The azimuth 0° is not correlate
to a particular crystallographic axis, it corresponds to a r
dom azimuth. We observe that within the experimental s
tistics the hump at;20 eV has little or no dependence on th
azimuthal direction of incidence. Other measurements at
ferent azimuths, or with different projectiles showed t
same behavior with azimuthal direction. From this measu
ment one can conclude that the hump seen in our meas
ments cannot come from a diffraction effect. However, t
does not necessarily exclude the possibility of having diffr
tion effects for this source of electrons at other angles
observation, or on other Cu faces, as could be the case in
measurements near the surface normal by the Utre
group.38,39,44Although the intensity of this hump decreas
with decreasing projectile energy it could be followed dow
to our lower energies~5 keV!. In the derivative mode, the
electron spectra also show a smaller structure cente
around 13 eV.

Figure 7 shows spectra measured with 100 keV prot
along a fixed azimuth, at the same observation angle (u,f)
5(60°,44°), but for different polar incident angles. Her
the main feature is an enhancement of all the structures
1° incidence. In particular, the 13 eV becomes readily v
ible. At this high energies Auger electrons from Cu a
strongly excited~peak at;60 eV!.

-

FIG. 6. First derivative of the electron energy spectra acqui
with 20 keV H1 scattering off the Cu~100! surface along different
azimuthal orientations.
4-5
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GRIZZI, SÁNCHEZ, LACOMBE, AND ESAULOV PHYSICAL REVIEW B68, 085414 ~2003!
Figure 8 shows spectra in both the normal mode and
the derivative mode acquired also with 100 keV protons,
on polycrystalline Cu. In this case the incidence direct
~polar and azimuthal! remains fixed and the observatio
angle is changed as is indicated in the figure. The hum
;20 eV is also clearly seen at all the observation ang
with little dependence on angle. There are small variation
its shape and/or intensity, which might be due to statistics
to the strongly varying background. At more forward angl
i.e., closer to the ion specular direction~not shown!, the
structure at 20 eV is still present but it becomes more d
cult to observe because of the rapid increase of the proce
capture into continuum states of the projectile, which give
very broad and intense structure, covering the range from
to 100 eV.46,47

FIG. 7. Electron energy spectra and their first derivative p
duced in 100 keV H1 collisions with the Cu polycrystalline surfac
acquired for different polar incident angles.

FIG. 8. Electron energy spectra and their first derivative p
duced in 100 keV H1 collisions with the Cu polycrystalline surfac
acquired at different observation angles. The vertical lines in
derivative spectra indicate energy losses for 60 eV Auger elect
estimated from Fig. 9.
08541
in
t

n

at
s,
in
r
,

-
of

a
0

From all the above results we can conclude that the
served structures are not a result of a particular diffract
effect. They cannot be attributed to Auger neutralization o
particular projectile since they are observed for different p
jectiles and essentially do not depend on observation an
as should be the case for Auger neutralization in graz
scattering at intermediate energies.48 The structures could
then be attributed to excitations of the Cu surface, eithe
decay of a collective mode~plasmon! or to single~interband!
electron excitations. In order to attempt an identification
the structures and to see which of them were present u
electron bombardment we carried on a series of meas
ments with electrons hitting two different polycrystalline C
surfaces, with energies in the range 200–2000 eV, and in
different experimental setups. One of these setups is
same as the one used for ions, the other is a comme
m-metal chamber equipped with standard surface scie
techniques. In particular this chamber has a hemispher
analyzer used for AES, XPS, and EELS. In this case
observation is at 10° from the sample normal.

EELS data acquired with 409.7 eV incident electrons
shown in Fig. 9. Figure 9~b! shows the second derivative
@2d2N(E)/dE2# as is the practice in the presentation of EEL
data. The2d2N(E)/dE2 spectrum shows a complex los
structure characterized by several maxima. The position
these maxima are in good agreement with those meas
previously ~Table I!. The assignment of these structures
the loss spectrum is not straightforward as is the case for
and has been the subject of many discussions concer
their collective or interband character, and the surface ve
bulk relative contributions. Chiarelloet al.49 attributed the
measured peaks in2d2N(E)/dE2 mainly to collective exci-
tations. The loss feature at 19.5 eV was attributed to col
tive excitation of coupleds andd Cu electrons while the 27
eV feature was attributed to interband transitions.50 The first

-

-

e
ns

FIG. 9. Electron energy loss spectrum~a! and its second deriva
tive produced by 409.7 eV electrons. The numbers in~b! indicate
the observed energy losses 409.72Em , with Em the position of the
maximum in2d2N(E)/dE2.
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one showed a strong dependence on surface changes
duced by adsorption51 and it was therefore suggested that
contains a strong proportion of surface excitation.

Analysis of the real and imaginary parts of the dielect
function ~«! for Cu shows52 that in contradistinction with the
Al case, plasmons have unusual characteristics, in the s
that where the real part of« is zero, the imaginary part of«
is large. The loss structures in the energy range from 10 to
eV, which are the ones of interest in our measurements
cause they can be related to the observed structures, c
from relatively small variations in the real and imaginary («1
and«2) parts of«.52,53However, these small variations in«1
and «2 result in clear structures in the loss function I
(21/«) around 20 and 27–30 eV.53,54 Recent ab initio
pseudopotential calculations53 show thats electrons would
generate a structure in the energy loss function around 12
The inclusion ofd electrons in the calculations results in
damping of thes-like collective oscillation and the appea
ance of ad-like double peak structure near 20 and 28 e
Since these peaks occur at energies where«1 is close to zero,
they are in the nature of collective excitations.53 Transitions
from d bands at about 2 eV below the Fermi energy to u
occupied states at;23 eV above the Fermi energy also co
tribute and generate a peak in«2 . According to the authors,53

this combination ofd-like collective excitations and inter
band electron-hole transitions results in a prominent dou
peak in the loss function.

Figure 10 shows electron spectra and their first derivati
induced by bombardment with 410 and 2300 eV electro
The spectrum for 410 eV was acquired under the same
perimental conditions than the spectrum of Fig. 9, that
close to the sample normal. The other spectrum was acqu
in the same chamber as the ion-induced spectra. The di
ent relative intensity between the Cu Auger peak and
hump at 20 eV is partly due to the fact that the 410
spectrum was acquired with a constant pass energy~trans-
mission of the analyzer approximately constant! while in the
other case the transmission of the analyzer is approxima
proportional to the energy. In both cases the hump appea
about the same energy than in the ion induced spectra sh
in previous figures, showing that this feature is indeed a
face excitation and is not correlated to the type of project
In the case of the spectrum acquired with 2300 eV electro
a smaller structure at about 13 eV can be observed. T
structure at 13 eV was also observed in ion induced spe
~Figs. 5–8!. Comparing the energy loss spectra~Fig. 9! and
those of low energy electrons induced by electron bomba

TABLE I. Position of the maxima in2d2N(E)/dE2 spectra of
Fig. 9 corresponding to the energy losses suffered by 410 eV e
trons incident on a polycrystalline Cu surface. Values from ot
works ~Refs. 49, 51, 55! are also indicated.

Energy position~eV!

This work 4.0 7.4 10.9 15.6 19.5 27
Chiarelloet al. ~Ref. 49! 4.27 7.2 10.3 15.0 19.5 27.5
Ming-Chenget al. ~Ref. 55! 4.2 7.1 19.1 26.9
Papp~Ref. 51! 4.5 7.7 10.5 19.0 27.5
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ment~Fig. 10! we can assign the 13 and 20 eV structures
the losses seen at 19.5 and 27 eV, respectively. If a 27
plasmon decays by transferring the energy tod electrons, the
peak should have a maximum energy~corresponding to ejec
tion of electrons lying at 2 eV below the Fermi energ!
around 272WCu22520.4 eV, whereWCu54.6 eV is the
Cu work function. A minimum in the first derivative of th
electron spectrum should appear close to this energy. S
larly, a plasmon of 19.5 eV should generate electrons
;12.9 eV. These values are very close to the observed o
in the electron-induced spectra~Fig. 10!. The structures seen
in the ion spectra of Figs. 5–8 appear at approximately
same energy~;13 and;20 eV!, have about the same width
their position do not depend on projectile type, energy,
orientation of the sample, suggesting strongly the same
gin. In support of this assignment we note that the width
these structures, in particular that at 20 eV which is be
defined, is similar to the width of the corresponding structu
in the calculated loss function.53 As mentioned above, the
excitation of interband transitions contribute to the who
double peaked structure of the loss function,53 and therefore
we cannot exclude direct interband excitations~nonmediated
by plasmons! in the spectrum of low energy electrons.
fact, the coexistence of these interband transitions with st
at 23 eV above the Fermi energy~requiring 25 eV of excita-
tion energy! and the collective mode at energies around
eV, may explain the dominance of the peak around 20
over the one at 13 eV.

Finally, concerning the structures seen between 30 and
eV we first note that they are very small, which makes th

c-
r

FIG. 10. Electron energy spectra and their first derivative p
duced in 409.7 and 2300 eV electrons colliding with two differe
Cu polycrystalline surfaces. The 2300 eV spectrum was acqu
with the instrument used for the ion induced spectra shown in F
3–8. The 409.7 eV spectrum corresponds to the low energy re
of the spectrum of Fig. 9.
4-7



n
n
n
xi
ge
n

e
o
e

1
er
a
u
r

ic

en

-
0
s
e
iti
g

d
gh
ss
e
c

s of
ss—
ent

lso
the
ge

res
omi-
er is
ced
rgy
ard
ha-
tra
ed
ures
9.5
een

ger

gy
N.

ns.
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identification difficult because they are subject to variatio
due to the spectrum statistics. However, the spectra take
high energies always show structures in that energy ra
which do not move with projectile energy and that appro
mately scale with the Cu excitation at 20 eV and the Au
peak at 60 eV. Assuming that the 60 eV Auger electro
suffer the same energy losses as the ones observed in th
spectra of Fig. 9, we should observe structures at the p
tions indicated in Fig. 8~b! by the dotted vertical lines. Sinc
the source of electrons in this case~the Auger electrons! are
not monoenergetic, i.e., the Auger peak is approximately
eV wide, some of the low energy losses will appear ov
lapped with the low energy part of the Auger peak and m
be difficult to observe. The losses at 19.5 and 27 eV sho
be seen better. The fact that most of the small structu
observed between 30 and 55 eV appear close to the pred
energies for losses in the Auger peaks@Fig. 8~b!# and that in
general they are better seen when the Auger peak is int
supports this interpretation for their origin.

IV. SUMMARY

We presented a study of the interaction of H1, H2
1 , He1,

Ne1, and Ar1 projectiles with single crystalline and poly
crystalline Cu surfaces in the energy range from 5 to 1
keV. For Ne scattering we have observed small structure
the electron spectra that can be assigned to decay of N**
autoionizing states. These structures have some similar
with those observed previously for Ne scattering on Na, M
Al, and Si targets, and some distinct features. As oppose
the Na, Mg, and Al cases these structures appear at hi
projectile energies, above a few keV, and the structure a
ciated to Ne** 2p4(3P) 3s2 has a lower intensity than th
2p4 (1D) 3s2 structure. Above 10 keV we observed produ
e

la,

z,
r

n-

.
V.
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B.
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tion of other structures which we assigned to Ne** 2s2p5nl
and 2s2p6nl states. We also observed that the line shape
these peaks changes as a function of surface roughne
flattening of the surface by the grazing ion beam is suffici
to make them disappear.

The electron spectra induced by all the projectiles a
show structures in the region 13–60 eV which remain in
same position with varying projectile energy and that chan
in intensity with projectile type and energy. These structu
are less dependent on surface roughness. The most pr
nent of these structures appears at about 20 eV, anoth
seen at 13 eV, and both are also observed in electron indu
spectra. A study of these structures as a function of ene
and incident and observation angles allowed us to disc
potential emission and diffraction effects as the main mec
nisms responsible for their origin. A study of electron spec
induced by electrons in the range of 400 to 2500 eV allow
us to correlate these structures with the energy loss feat
due to single and collective excitations seen in Cu at 1
and 27 eV. Other smaller structures seen at energies betw
30 and 55 eV are probably due to losses of the 60 eV Au
electrons of Cu.
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