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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 idifée, 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 if*Necattered projectiles. In this case we also
measured the production of Neand N& * versus projectile energy and discuss its relation with th&*Ne
autoionizing peaks.
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[. INTRODUCTION electron structure@ransition and noble metals for example
are scarce.

In this work we study the electron emission resulting from  In the following we shall briefly summarize some results
the interaction of rare gas ions (HeNe", and Ar") and  of earlier studies relevant to the work described here. The
hydrogen with single and poly crystalline Cu surfaces in theproduction of autoionizing states of Ne in collisions with Na,
5 to 100 keV energy range. Two main processes are considdg, Al, and Si surfaces has been extensively studied in the
ered: projectile autoionization in the case of Ne scatteringpast 20 years-® Most of these studies were performed in the
and surface electronic excitations for all the projectiles. Thaow keV energy range. Strong differences with the gas-phase
first process, i.e., production of excited states followed bycase® concerning the type of excited states produced, have
autoionization; ! has attracted considerable attention in re-heen observed. Amongst these is the existence of only two
lation to surface composition studies in low energy ion SCatmajor lines attributed to the decay of Ne2p*(3P)3s? and

tering LEIS and secondary ion mass spectrosc@S).  >541p)3s2, and the predominance of the triplet core state

An important fact.olrl afferr:]tlng the accuracy of_sr:ruclture deteryer the singlet core staté° The fact that the lowests
mination, especially when experiments with electrostalicyioq ang not other excited states are strongly populated has
analysis of particles are dealt with, is ion neutralization. Pro-

! . : - L . .~ been explained in terms of the binding energies of the elec-
cesses in which particles are reionized in violent collision

: S . Strons in these states with respect to the work function of the
with surface atoms may significantly affect the fraction of R .
etal. Some other autoionizing lines have also been

backscattered ions. The understanding of both neutralizatio 47 . g Lo .
and ionization processes is thus of importance for the corre@PServed” at low keV energies with a typical intensity of
use of analytical techniques. For the systems studied her@/Most two orders of magnitude smaller than the main lines.
the effect of autoionization is observed solely during"Ne Recently, we presentéa study of Ne autoionizing state pro-
scattering. duction on a A(111) surfac_e inan extended energy range up
The understanding of surface electronic excitations undet0 50 keV and under grazing incidence. It was shown that the
ion and electron bombardment and in particular of the excienergy dependence of the production of the series of low
tation of surface and bulk plasmons has significantly prointensity peaks is quite different from that of the two main
gressed over the last years as a result of many experimentaeaks due to the#3s? autoionizing states. The secondary
and theoretical work¥~3*In general, surface plasmons have lines appear at higher energies and become very important at
been studied using electron or photon excitation. Plasmotens of keV. As discussed previouSifrom the three pos-
excitation also occur in the stopping of fast ions as a result o§ible parent core configurations for the secondary lines the
direct or indirect excitation and it has been recently showr2s?2p* core had been ruled out because of their low binding
that a plasmon assisted neutralization is an important processiergy. In high velocity collisions these may be populated
(see for example a recent survey by Baragietal?’). A more efficiently because of parallel velocity effettsyhich
good part of the work on plasmon excitation by ions haswould also result in a different energy dependence of their
been performed on Al surfaces, which are characterized bgroduction. The other two possibilities, i.e., configurations
an energy loss function with a simple behavior, i.e., domi-with a 2s vacancy 22p°nl, 2s2p®nl and configurations
nated by a well-defined collective excitation. Studies of sur2s?2p®nin’l’ could both, in principle, account for several of
face excitations by ions on other surfaces with more complethe secondary lines. Nevertheless, existing tHataphoton
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emission in this energy range, clearly shows that states with o7 T Ne'w Poly-ca ]
a 2s vacancy 22p°(*P, 3P)nl and 22p°®nl are indeed ex- Eo(keV)  4=10°, (0, 9)=(70°, 62°)
cited at high energies. Concerning this last aspect, an inter- 08 Ne2*

esting example is provided by the Ne-Cu interactidwhere

the scattered Ne fraction shows a steplike increase when
the Ne incident energy exceeds a threshold at about 4 ke\
(Refs. 10, 1L This behavior was correlated with enhanced
energy losses, the appearance of scatteréd Narticles and
the detection of Ne Auger electrons. The ensemble of these
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phenomena was attribut®dto innershell 2 vacancy cre- § 02} ./: Hou1
ation in Ne during close collision with Cu, resulting in Ne s -w r

excited states that reionize by Auger autoionization. It was  °'f

suggestetf that this process onsets at high energies since it 5.2 J

requires sufficiently short internuclear distances fereXci- “%0 02 04 o5 oz emmEE
tation. In the present work we extend the investigation of Scattered ion energy /Eo  Projectile energy Eo (keV)

Ne-Cu collisions to a wider energy range to 50 ke, and

for smooth and rough surfacésoth single crystal and poly- FIG. 1. (a) lon energy spectra obtained for Necattering off a

crystal Cy. Above 10 keV we observe production of other polycrystalline Cu surface. The spectra are normalized and shifted
structures, which are assigned to *N@s2p°nl and vertically to ease the observation. Note the presence 6t ldbove
2s2ptnl siates 5 keV. (b) Plots of the Né& and Né* intensities versus projectile

Collective electronic excitations of surfaces and in par—energyi and of these values divided by the cross section for single
. e . scatteringo(ss) at the measured angle. The inset shows the angle
ticular plasmon excitation in ion surface scattering has been " .
the object of a large number of workg!417:19-21.23=3¢ rlotation.

perimentally, ion induced plasmon excitation may be studied

by observation of electrons or photons resulting from theivere generated in a radio frequency source, mass selected
decay. Radiative decay of surface plasmons can occur fand collimated to better than 0.1°. The scattered ions and the
some degree of surface roughness, which allows coupling afmitted electrons were analyzed with a custom-rffacidin-
surface plasmon field to electromagnetic field of light. Ra-drical mirror analyzer working at 1% energy resolution and
diative decay of surface plasmons during ion bombardment-1° angular resolution. Measurements of ions and electrons
was reported in Ref. 37 and more recently for the Agare carried-on separately, since they require different polari-
case®® Most recent experimental studies have focussed ofies in the analyzer voltages. The inner cylinder of the ana-
the identification of structures observable in derivatives Of|yzer rotates around its main axis a||owing measurements in
secondary electron spectra resulting fromoinHe, Ne, A) 3 wide range of observation ang®sFor the present mea-
scattering on Al, asc_ribable to plasmon detayhese struc- surements the incident angle) was varied from 1° to 10°
tures have been attributed to surface and bulk plasmon excjith respect to the surface plane with the azimuthal orienta-

tation and most recently there appears to be indication Ofiy, selected random. The observation angle was varied in a
multipole plasmon excitatioff. For the case of Al, both plas- wide range; in each spectrum it is defined by the angles
mon decay structures are clearly observed under electron i

radiation, where a correlation between the energy loss eak-nd ¢, with 6 the scattering angle, i.e., measured from the
' . 9y PeaNSH beam direction, aneb from the scattering plangnset of
seen close to the elastic peak and the structures due to pl

mon decay can be establisH&d* For Cu surfaces, struc- aFcig 1). The spectra shown are not corrected for the transmis-

tures in the electron spectra in the region of 10-15 eV weré_ion function of the analyze_r_, which is approximate_ly propor-
observed by the Utrecht group and attributed to potentia"onal to the energy. In adqmon to the_spectro_scoplc data, for
emission in the case of He projectifsplasmon decay for the Ne-Cu case we acquired some time of flight spectra for
H* projectiles?® and to diffraction effect&®3°In the present neutrals plus ions and only neutrals scattereq at 107°. The
work we observe for all the projectiles (H He", Ne*, purpose of these measurements was to obtain the scattered
Ar*, ande”) structures in the energy range from 13 to 50 Ne® ion fraction and the N& autoionizing line intensity
eV, which appear for both single and polycrystalline Cu, andinder the same experimental conditié¢psojectile incidence
have little dependence on incident and observation angle@nd surface roughness
We discuss the origin of these structures based on energy The preparation of the C(100 and Cu polycrystalline
loss experiments induced by electron bombardment and preurfaces was performed by repeated cycles of 20 keV graz-
vious interpretations of the corresponding electron losses. Img Ar bombardment and annealing at 450 °C. The azimuthal
the following section we give a brief description of the ex- orientation of the surface was continuously changed during
perimental procedure and then present and discuss our ethe Ar bombardment. This method produces a surface topog-
perimental results. raphy that is strongly dependent on the incident angle of the
Ar beam. At 0.5°-2° flat surfaces can be obtained while
Il. EXPERIMENTAL DETAILS incident angles larger than 10° produces a rough surface. The

The experiments were conducted in an UHV chambegleaning of the surface was verified with Auger electron
working at 3< 10~ 1° Torr (with the beam line on The ions ~ spectroscopy before and after performing the measurements.
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Ill. RESULTS 100 ———F——F——T1 71 T 1
10 keV Ne” - Cu(100)
A. lonization and excited state production in Ne scattering L «=10°  0=107°

1. lon scattering

To study the excitation and ionization processes fof Ne
projectiles we performed ion scattering measurements, some
ion fraction measurements and finally an electron spectros-
copy study focused on the production of autoionizing states.
Figure Xa) shows ion scattering spectra plotted vergiE,

(E: scattered ion energ¥,: primary ion energyfor poly-
crystalline Cu. The spectra are normalized to the incident
current and shifted vertically to facilitate the observation.
Note that in this scale the spectra appear aligned but it results
in a compression of the peaks. The high-energy peak corre-
sponds to scattered Newhile the peak that appears at
E/E,=0.285 is due to N& . Figure 1b) shows the intensity
(area of the peaksand also the intensity divided by the
single scattering cross section corresponding to a scattering
angle of 75°(the direction of observationThe dependence

of the Ne" intensity with projectile energy is similar to that . . .
measured by Buckt al,*’i.e., it increases in the low energy 20 40 60 80 100 120 140
region, from 5 to 6 keV in our cas@ve did not reach the channel number
sharp rise at 4 keV seen in their measuremeatsl then . . :
becomes less dependent on projectile energy. As may be F'G: 2. Time of flight spectra for neutrals plus ioé-{1), only
seen, in agreement with the measurements of Ting Li anHemralS(N) and only ions(l) pmduoced in 10 keV N& scattering
MaCDonaId%l the N&* peak appears clearly in the ion spec- off a clean Cu(100) surface at 107°. The neutral spectrum is broad

. . . . . and comes mainly from multiple scattering sequences, while the ion
tra above 5 keV. The intensity of Kié increases rapidly till spectrum is much narrower with a larger contribution from single

about 8 keV and then keeps increasing more graduall)écattering(sg collisions.
(above 8 keV the height of the peaks becomes approximately

constant but they become broadis intensity divided by different ion energies. This shift is due to kinematic or Dop-

the cross section for single scattering, which should be ap-Ier offectd10 due 1o the emission from a moving ion. This
proximately proportional to the scattered ion fractions,p g ton.

shows a stronger dependence on projectile energy and hasﬁ}gfhcé ?;E%rlaeg(:s ;?azoem;‘ ?g?;%?ggg of the spectral features
threshold of about 4.5 keV. y '

Figure 2 shows time of flight spectra measured for 10 keVea;r"r;fSSetuSJirggtg;e;earseczt'g'rliir tgnwgﬁta\r’]\ls gg]se(arr\{aercj (';,:Sosg
Ne" scattering from poly-Cu. In this case, both neutral plus 9 9

ions and only neutral are measured; the ion spectrum Wa@entmned above. The structures are better defined at grazing

obtained from their difference. The angle of incidence wasmCldence and at the higher energies where we can clearly

set at 10° with respect to the surface plane and the observglstlnguISh four peaks instead of the three structures ob-

’ . : Served previousl|y’
tion at a scattering angl@) of 107°. If we integrate the full . .
spectrum, corresponding to single and multiple collision se- We also observed that the intensity of these structures and

guences, the ion fraction is small, about 13%. On the otheEheir width _changes as a fL_mction of surface rougéhéness, an
hand, the ion fraction for the single collision case is mucheffect we.dlscusseq |n.deta|l recently for thg Al caseAn
higher. If we assume that the ion peak comes mainly fromexample is shown in Fig. 4 for 10 KeV (.:O"'S'O”S'. where we

: an see a broader structure than in Fig. 3, which was ob-

the first layer and integrate the neutrals above a smootfi . . . : .
background we obtain an ion fraction value around 60%3.Ined after a short per|od~_30 min) of grazing sputten_ng
which is in good agreement with the value measured bWlth the Ne beam of a previously roughened surface with 20

Buck et al° for first layer scattering. %eV Ar bo_mbardment at normal inpidence. A better flat sur-
face (obtained by grazing sputtering for several hours and
annealing gives no structures at all, as it can be seen in the
spectrum labeled “flat surface(Fig. 4). In order to see rea-
Typical electron energy spectra due to ‘Nacident on  sonably well-defined Ne autoionizing structures we always
Cu are shown in Fig. 3 for 3.5, 10, and 20 keV incident ionhad to roughen the surface by heavy Ar or Kr bombardment
energies. The spectra are composed of a broad backgrouatilarge angles. This effect is related to the fact that for a flat
on which are superposed small structures whose intensityurface the autoionizing atoms decay closer to the surface, at
increases somewhat with increasing ion energy. In this figureistances where the energy difference between th& Ne
a smooth background was also subtracted to obtain a bettstate level and the Nelevel is shifted with respect to the
view of the structures, which are assigned to decay of aueorresponding one at infinity due to image potential effects.
toionizing states of N& . Note that these appear shifted at For ion trajectories closer to the surface, the structures due to

(=23
o
(=}

400

counts (arb. units)

2. Electron spectroscopy
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Ne® - Cu(100) deexcitation. Note that in the case of Cu, the sin@leap-
pears to be more intense than the trigletwhich is not the

~ (a) 0 20 keV, a=2 case in Al, although it is closer to the behavior of Ne lines in

’§ ' a gas phase collisions. This means that the core rearrangement
o 2 process responsible of the dominance of the tripleeak in

S b Al is not so efficient in Cu. The featuresandb are similar

M %10 in intensity _a_nd pqsition to the ones observedgat these higher
-4 . .AAA Y et energy collisions in case of Ne scattering on°Ms for Al

we would assign these to the production of the Neva-

cancy states: £2p° (*P,3P) nl and 22p°®nl. This assign-
ment agrees with that proposed by Buetkal *° but does not
imply that all excitations including theg® core states must

occur via the 2 vacancy production. The existence of?Ne
104 x 10 (as evidenced in Fig.)land the fact that the autoionizing
k | lines are so small, while the ion fractiorigig. 2) are so
0 T T T T

‘ “AM'““M‘M D large, suggest that autoionization is not the only channel re-
(c) 3.5 keV, a=10 sponsible for the ion fractions, i.e., single and double ioniza-
41 tion of Ne in the hard collisionafter neutralization in the
incoming part of the trajectojymay contribute to the scat-

| tered ion fraction.
x5 It should be noted in this context that the Ne-Cu case
N\MAMAM L tends to fit into a general trend. Indeed it is observed that

%0 25 280 275 Mo @5 %o #5400 Ne** 2p* core states are most strongly excited in case of Ne
Electron energy (eV) scattering on Na. The intensity of production of these states
at low energies then decreases as one goes from Na to Mg,
FIG. 3. Electron energy spectra produced in"Nellisions with Al and finally Si. Excitation of p* core Né&* states is most
a rough Cu(100) surface. The observation angle was set at forwardefficient at low energies for the quasisymmetric Ne-Na case
angles ¢=35°, $=10°) to better define the N& autoionizing a5 one would expect by analogy with gas phase collisions.

lines. Also shown in the figure is the spectrum after a smooth backThe |ow intensity observed for the Cu case fits into this
ground subtraction. Note that at 3.5 keV the*Ndines are barely trend.

observable.

10 keV, a=12°

1 (b)

20

N(E) (arb. units)

N(E) (arb. units)

Ne** autoionization become structur&t? On a rougher B. Cu surface excitations
surface decay occur®n averaggfarther from the surface, o .
y 5 ge Electron energy distributions produced during HHe",

the peaks become narrower and their position is closer to the - + . .
one at infinite separation, i.e., the gas phase position. In cads€ » @nd Ar' scattering off C00 and polycrystaliine Cu

of Cu the flattening of the surface by the grazing ion bea urfaces were mea_\sured overa large energy range, from 5 to
was sufficient to broaden rapidly the Ne lines and make then© K€V and for different incident and observation angles.
disappear, an effect that is much more efficient than in A|,F|gure 5 shows_some (_axamples of these electron spectra, and
which could be related with a higher Cu sputtering yield. the corresponding derivative spectra. In order to get a clean
By analogy to earlier work, the structures labeled | and ”and 'smc.)oth surface the QW0 samp!e was prepared by
can be assigned to K& 2p* (3P) 3s? and 20* (D) 3s?! grazing ion bombardment and annealing. In this case, as de-
scribed above, since the surface is sufficiently smooth, the

o T > )
70 1 Kev Ne" 5 CuTT0) Ne** autoionizing lines are absent. The polycrystalline Cu

o -Rough surface (e, 10%) was cleaned by sputtering alofgithout annealing
Figures %a) and 8b) show electron spectra produced by
] 50 keV H, and He scattering off smooth C¢100 and

(2]

S - Flat surface rough pqucrystalline Cu, respectiyely. As we Wi|! see in fol-

S 30] Rough surface lowing figures, measurements W|th+l—_lshqw basically the

5 {with BG subtraction same features than for,HFor both projectiles we observe a

m 01 large and asymmetric energy distribution of secondary elec-

> 10 x5 trons. Superimposed on the high-energy tail of these distri-
oh . butlons there are several structures of lower intensity. There
00 25 2o s mo  Bs s is a hump around 20 eV, which is clearly seen in the deriva-

tive spectrum(the energy positions indicated throughout the
paper are those corresponding to the minimum in the deriva-
FIG. 4. Electron energy spectra produced in 10 keV Nelli-  tive spectrum For light projectiles we also observe the Cu
sions with a Cu100) surface for two stages of surface roughness.Auger peak around 60 eV. In addition to these structures,
Note that in the case of the flat surface the Ne lines are not obsensome other structures in the range from 30 to 52 eV can also
able. be observed. As opposed to the behavior of the peaks due to

Electron energy (eV)
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20 — . . . . : . ,
{a) 50 keV HzaCu (100) ' I I I I I I I
4=5", 0,6)= (72, 65") Azimuth=45° .
15 L 5
\ :
Cu Auger AZimuth=20°
10 b :
(b) 50 keV He" - poly-Cu TJJ\ :
a=5°, (6, )= (78°, 75°) 1 -— . _4p0
= = sl Azimuth=10 :
2 c .
= N > 2 Azimuth=0°
g Cu Excitation o) [ 0
O E ~—
[ S
8 (¢) 50 keV Ne' - Cu(100) Cu excitation L LL
— a=10°, (8,4)=(60,44) o} E -5+ e
w = —~—~ ! : . .
> / w L 4/\’\3u excitation 1
R p f i
% Z 0k Cu Auger i
©
20 keV H' - Cu (100)
(d) 20 keV Ar" - Cu(100) | -15 | o -
a=12°, (8,6)=(60,44) a=5", (8, ®)=(60,44)
ool )
\| 0 10 20 30 40 50 60 70 80
Cu excitation
0 20 40 60 800 20 40 60 80 Electron energy (eV)
Electron energy (eV) FIG. 6. First derivative of the electron energy spectra acquired

with 20 keV H" scattering off the C(100) surface along different

FIG. 5. Electron energy spectra and their first derivative Pro-_imuthal orientations.

duced in H , He', Ne*, and Ar" collisions with single and poly-

crystalline Cu surfaces. out measurements under electron bombardment in order to

correlate the energy loss structures around the elastic peak

Ne** autoionizing state¢seen only for rough surfaces Figs. with the structures seen at low energies.
3 and 4 which show a considerable shift with projectile  Figure 6 shows the derivative of electron spectra acquired
energy due to Doppler effect, these structures are approxiyith 20 keV protons hitting the Q@00 surface at 5° inci-
mately independent of projectile energy, and thus correspongence, and at different azimuths. The observation angle was
to emission from the surface. For the heavier projectilegixed at (9, ¢)=(60°,44°). The azimuth 0° is not correlated
[Figs. 5c¢) and 8d)] the hump around 20 eV is observed with to a particular crystallographic axis, it corresponds to a ran-
a weaker intensity. This is also the case for the Cu Auger linglom azimuth. We observe that within the experimental sta-
around 60 eV, which, as shown by Louchettal,” it is tistics the hump at-20 eV has little or no dependence on the
weakly excited for Ar projectiles. azimuthal direction of incidence. Other measurements at dif-

Spierings® has also observed a similar hump in the elec-ferent azimuths, or with different projectiles showed the
tron spectra coming from crystalline Cu bombarded by H same behavior with azimuthal direction. From this measure-
and by H€ at lower energiegbelow 5 keV). In their case ment one can conclude that the hump seen in our measure-
the hump appears at a somewhat lower endéegpund 15 ments cannot come from a diffraction effect. However, this
eV). Another differencein addition to the projectile energy does not necessarily exclude the possibility of having diffrac-
range is that their measurements were performed closer ttion effects for this source of electrons at other angles of
the sample normal, while ours are far from the sample norebservation, or on other Cu faces, as could be the case in the
mal. The humps observed in the low energy region of the Cuneasurements near the surface normal by the Utrecht
electron spectra have received different interpretations, degroup33944Although the intensity of this hump decreases
pending on the projectile type. ForHrojectiles it was sug- with decreasing projectile energy it could be followed down
gested that diffraction effects could account for the hdfnp. to our lower energies5 keV). In the derivative mode, the
In the case of Hé projectiles, a similar hump was attributed electron spectra also show a smaller structure centered
to potential electron emissiofi,while for protons it was at- around 13 eV.
tributed to plasmon dec&$.More recently, shifts observed Figure 7 shows spectra measured with 100 keV protons
in the position of the hump and other considerations reinalong a fixed azimuth, at the same observation angje)
forced the diffraction modét**® In order to identify the =(60°,44°), but for different polar incident angles. Here,
structures obtained in our experiments we performed meahe main feature is an enhancement of all the structures for
surements in a broad energy range, from 5 to 100 keV, in &° incidence. In particular, the 13 eV becomes readily vis-
broad range of observation angles, and for both crystallingole. At this high energies Auger electrons from Cu are
[Cu(100] and polycrystalline Cu surfaces. We also carriedstrongly excitedpeak at~60 eV).
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H' 100 keV — poly-Cu, (8, $)=(60°, 44° , . .
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FIG. 7. Electron energy spectra and their first derivative pro-
duced in 100 keV H collisions with the Cu polycrystalline surface FIG. 9. Electron energy loss spectryen and its second deriva-
acquired for different polar incident angles. tive produced by 409.7 eV electrons. The numbergbjnindicate

. ) . the observed energy losses 409K,,, with E,, the position of the

Figure 8 shows spectra in both the normal mode and ifnaximum in— d2N(E)/dE2.
the derivative mode acquired also with 100 keV protons, but
on polycrystalline Cu. In this case the incidence direction
(p0|ar and azimutha| remains fixed and the observation From all the above results we can conclude that the ob-
angle is changed as is indicated in the figure. The hump &aerved structures are not a result of a particular diffraction
~20 eV is also clearly seen at all the observation angleseffect. They cannot be attributed to Auger neutralization of a
with little dependence on angle. There are small variations iparticular projectile since they are observed for different pro-
its shape and/or intensity, which might be due to statistics ojectiles and essentially do not depend on observation angle,
to the strongly varying background. At more forward angles.as should be the case for Auger neutralization in grazing
i.e., closer to the ion specular directidgnot shown, the  scattering at intermediate energfésThe structures could
structure at 20 eV is still present but it becomes more diffithen be attributed to excitations of the Cu surface, either to
cult to observe because of the rapid increase of the process gécay of a collective modglasmon or to single(interband
capture into continuum states of the projectile, which gives &jectron excitations. In order to attempt an identification of
very broad639d intense structure, covering the range from 2fhe structures and to see which of them were present under
to 100 eV:® electron bombardment we carried on a series of measure-
ments with electrons hitting two different polycrystalline Cu
surfaces, with energies in the range 200—2000 eV, and in two
different experimental setups. One of these setups is the

H* 100 keV — Poly-Cu, a=5°
225 T T T T T T T — 6

wof Cuasion joosEen cupger s same as the one used for ions, the other is a commercial
175_[\\ %0 ] \ e Lo p-metal chamber equipped with standard surface science
= QE"{ i 2 techniques. In particular this chamber has a hemispherical
T wof : A /“V-ﬂ 5 analyzer used for AES, XPS, and EELS. In this case the
Z el (72", 65") \ , £ observation is at 10° from the sample normal.
5 \ < EELS data acquired with 409.7 eV incident electrons is
5 100 ] ™ 1 ﬁ shown in Fig. 9. Figure ®) shows the second derivative
> \\\ . [—d’N(E)/dE?] as is the practice in the presentation of EELS
Z data. The—d?N(E)/dE? spectrum shows a complex loss
sof (78", 78" \\ o 14 structure characterized by several maxima. The positions of
u these maxima are in good agreement with those measured
® ] z 1? previously (Table ). The assignment of these structures in

19.5 10.9

the loss spectrum is not straightforward as is the case for Al,
and has been the subject of many discussions concerning
their collective or interband character, and the surface versus
FIG. 8. Electron energy spectra and their first derivative pro-oulk relative contributions. Chiarellet al*° attributed the
duced in 100 keV Hi collisions with the Cu polycrystalline surface Measured peaks in d°N(E)/dE? mainly to collective exci-
acquired at different observation angles. The vertical lines in thdations. The loss feature at 19.5 eV was attributed to collec-

derivative spectra indicate energy losses for 60 eV Auger electrontive excitation of coupled andd Cu electrons while the 27
estimated from Fig. 9. eV feature was attributed to interband transitioh$he first

L L L L L L L T
o 20 40 60 800 20 40 60 80

Electron energy (eV)
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TABLE I. Position of the maxima in- d?N(E)/dE? spectra of
Fig. 9 corresponding to the energy losses suffered by 410 eV elec- 160
trons incident on a polycrystalline Cu surface. Values from other
works (Refs. 49, 51, 5bare also indicated.

| 410eVeVe - Poly-Cu | 410eVeVe — PolyCu |,
0=45°, 8=80° 0=45°, 6=80°

Energy positioneV)

4-20

This work 40 7.4 109 156 195 27
Chiarelloet al. (Ref. 49 427 7.2 10.3 15.0 195 275
Ming-Chenget al. (Ref. 55 4.2 7.1 19.1 26.9
Papp(Ref. 5)) 45 7.7 10.5 19.0 27.5 o

1241

N(E) (arb. units)

Cu Auger! 4

dN(E)/dE (arb.. units)

Cu excitation

2300 6V & — Poly Cu | 2300 eV & — Poly Cu
a=35°, 9=48° 0=35°, 6=48°

420

one showed a strong dependence on surface changes pro- oo
duced by adsorptioh and it was therefore suggested that it
contains a strong proportion of surface excitation.

Analysis of the real and imaginary parts of the dielectric
function () for Cu show&? that in contradistinction with the
Al case, plasmons have unusual characteristics, in the sense
that where the real part ef is zero, the imaginary part ef
is large. The loss structures in the energy range from 10 to 50 N B |
eV, which are the ones of interest in our measurements be- 0 1020 30 40 50 60 700 10 20 30 40 SO &0 70
cause they can be related to the observed structures, come Electron energy (eV)
from relatively small variations in the real and imaginagy (
ande,) parts ofe.>>®3However, these small variations in
and e, result in clear structures in the loss function Im
(—1/e) around 20 and 27-30 e¥>* Recentab initio
pseudopotential calculatiotisshow thats electrons would
generate a structure in the energy loss function around 12 e
The inclusion ofd electrons in the calculations results in a
damping of thes-like collective oscillation and the appear- ment(Fig. 10 we can assign the 13 and 20 eV structures to
ance of ad-like double peak structure near 20 and 28 eV.the losses seen at 19.5 and 27 eV, respectively. If a 27 eV
Since these peaks occur at energies wheiis close to zero, plasmon decays by transferring the energyl edectrons, the
they are in the nature of collective excitatiofisIransitions  peak should have a maximum enekggrresponding to ejec-
from d bands at about 2 eV below the Fermi energy to un-ion of electrons lying at 2 eV below the Fermi energy
occupied states at23 eV above the Fermi energy also con- around 27 Wg,—2=20.4 eV, whereW,,=4.6 eV is the
tribute and generate a peakspn. According to the author$,  Cu work function. A minimum in the first derivative of the
this combination ofd-like collective excitations and inter- electron spectrum should appear close to this energy. Simi-
band electron-hole transitions results in a prominent doubléarly, a plasmon of 19.5 eV should generate electrons of
peak in the loss function. ~12.9 eV. These values are very close to the observed ones

Figure 10 shows electron spectra and their first derivative the electron-induced spectfiig. 10. The structures seen
induced by bombardment with 410 and 2300 eV electronsin the ion spectra of Figs. 5—8 appear at approximately the
The spectrum for 410 eV was acquired under the same exsame energy~13 and~20 eV), have about the same width,
perimental conditions than the spectrum of Fig. 9, that istheir position do not depend on projectile type, energy, or
close to the sample normal. The other spectrum was acquireatientation of the sample, suggesting strongly the same ori-
in the same chamber as the ion-induced spectra. The diffegin. In support of this assignment we note that the width of
ent relative intensity between the Cu Auger peak and thé¢hese structures, in particular that at 20 eV which is better
hump at 20 eV is partly due to the fact that the 410 eVdefined, is similar to the width of the corresponding structure
spectrum was acquired with a constant pass enérgys- in the calculated loss functiol.As mentioned above, the
mission of the analyzer approximately consjamhile in the  excitation of interband transitions contribute to the whole
other case the transmission of the analyzer is approximatelgouble peaked structure of the loss functidmnd therefore
proportional to the energy. In both cases the hump appears ate cannot exclude direct interband excitationesnmediated
about the same energy than in the ion induced spectra shovisy plasmonp in the spectrum of low energy electrons. In
in previous figures, showing that this feature is indeed a surfact, the coexistence of these interband transitions with states
face excitation and is not correlated to the type of projectileat 23 eV above the Fermi ener@equiring 25 eV of excita-
In the case of the spectrum acquired with 2300 eV electrondjon energy and the collective mode at energies around 27
a smaller structure at about 13 eV can be observed. ThigV, may explain the dominance of the peak around 20 eV
structure at 13 eV was also observed in ion induced spectraver the one at 13 eV.
(Figs. 5—8. Comparing the energy loss spectfg. 9 and Finally, concerning the structures seen between 30 and 55
those of low energy electrons induced by electron bombardeV we first note that they are very small, which makes their

74l

50+ -4-20

N(E) (arb. units)

N

251

dN(E)/dE (arb. units)

Cu excitation

FIG. 10. Electron energy spectra and their first derivative pro-
duced in 409.7 and 2300 eV electrons colliding with two different
Cu polycrystalline surfaces. The 2300 eV spectrum was acquired
with the instrument used for the ion induced spectra shown in Figs.
3—8. The 409.7 eV spectrum corresponds to the low energy region
Xf the spectrum of Fig. 9.
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identification difficult because they are subject to variationsion of other structures which we assigned to*N&s2p°nl

due to the spectrum statistics. However, the spectra taken ghd 22pfnl states. We also observed that the line shapes of
high energies always show structures in that energy ranggese peaks changes as a function of surface roughness—
which do not move with projectile energy and that approxi-flattening of the surface by the grazing ion beam is sufficient
mately scale with the Cu excitation at 20 eV and the Augeto make them disappear.

peak at 60 eV. Assuming that the 60 eV Auger electrons The electron spectra induced by all the projectiles also
suffer the same energy losses as the ones observed in the l@gfow structures in the region 13—60 eV which remain in the
spectra of Fig. 9, we should observe structures at the possame position with varying projectile energy and that change
tions indicated in Fig. &) by the dotted vertical lines. Since in intensity with projectile type and energy. These structures
the source of electrons in this ca@be Auger electronsare  are less dependent on surface roughness. The most promi-
not monoenergetic, i.e., the Auger peak is approximately 1@ent of these structures appears at about 20 eV, another is
eV wide, some of the low energy losses will appear overseen at 13 eV, and both are also observed in electron induced
lapped with the low energy part of the Auger peak and mayspectra. A study of these structures as a function of energy
be difficult to observe. The losses at 19.5 and 27 eV ShOU'@nd incident and observation ang|es allowed us to discard
be seen better. The fact that most of the small structuregotential emission and diffraction effects as the main mecha-
observed between 30 and 55 eV appear close to the predictegsms responsible for their origin. A study of electron spectra
energies for losses in the Auger pe@keg. 8b)] and thatin  induced by electrons in the range of 400 to 2500 eV allowed
general they are better seen when the Auger peak is intensg to correlate these structures with the energy loss features

supports this interpretation for their origin. due to single and collective excitations seen in Cu at 19.5
and 27 eV. Other smaller structures seen at energies between
IV. SUMMARY 30 and 55 eV are probably due to losses of the 60 eV Auger

. . electrons of Cu.
We presented a study of the interaction of HH, , He",

Ne*, and Ar" projectiles with single crystalline and poly-
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