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Surface-topography dependence of line shapes in electron spectra due to decay
of autoionizing states produced in inelastic ion-surface collisions
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The line shapes of peaks in electron spectra due to decay of autoionizing states of Ne, formed in collisions
of Ne with Al solid targets, were studied as a function of surface roughness. Strong variations in these line
shapes were observed. These were modeled by taking into account the level shifts of the excited and ionic
states of the atom in front of the surface and various resonant and Auger capture and loss processes. It is shown
that rather complex line shapes may be expected. The electron spectrum generally possesses a peak at energies
in the vicinity of that corresponding to autoionization of a free atom, as well as a high-energy tail and a
secondary maximum. The intensity of the secondary maximum depends on how close to the surface most
excited atoms decay and hence depends on surface flatness.
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[. INTRODUCTION formed on theingoing trajectory and result from successive
capture and loss processé®forethe ion reaches the sur-

A number of recent studiegl—6] have focused on the face. The energy position of these peaks is not the same as in
production of doubly excited autoionizing states of inert-gaghe scattered-ion case but is higher, due to shifts of the
atoms in collisions with metal targets. These states are atomic levels near the surface. This shift also explains their
signature of inelastic, violent “binary” collisions of incident large widths. Some model calculations of the line shapes of
and target atoms. The study of their formation is interesting®@@ks resulting from autoionization of scattered particles
from the point of view of the study both of mechanisms of M0OVing away from the surface have been made, but no ex-
excitation and of various electron-transfer processes that aR€"imental data were available to compare with these predic-
involved in their production. Experimentally these states aréonS: In @ recent studyl0] we noted that the shapes of the
observed as well-defined structures or peaks in the electrorl)leakS due to decay of autoionizing states vary quite strongly

spectra, which are superposed on a continuous backgrour%c' a functl_on of surfacg rou_ghness, an effect that was tenta-
due to potential and kinetic electron emission. The electro tively ascnbeq o varying distances .Of decay from the sur-
: r1"ace, in relation to the above-mentioned simulation work

d for d £ th for f (7 h[%,g]. Effects of roughness were also noted in the past in the
ones expected for decay of these states for free afoins olar angular distribution of secondary electrons emitted in

Shifts from these positions have been attributed to kinemati r-Al collisions [11]. In this paper we present some data on

effects[1-5], i.e., due to emission from a moving source: athe shapes of peaks in electron spectra due to decay of scat-
scattered atom, rapidly receding from the surface. Rathggred excited N& atoms on surfaces of varying degrees of
strong variations in the line shapes of these peaks have beegughness, which are compared to the simulated spectra and
observed, when the collision energy and especially the obround to be in quite good agreement, assuming that on rough
servation angle is varief®]. Thus these peaks are generally surfaces decay of autoionizing states occurs further from the
asymmetric, with low- or high-energy tails, depending uponsurface than on flat surfaces.
whether the observation angle, as measured with respect to
the incident-ion-beam direction, is small or large, respec-
tively. This behavior has been related to the characteristics of
the ion angular distribution], which extend to rather large The experiments were conducted in an ultrahigh-vacuum
scattering angles and are characterized by large energshamber working at & 10~ Torr (with the beamline on
losses. Calculationg2] of the line shapes, assuming a The ions were generated in a radio frequency source, mass
Ssfunction natural line shape and taking into account kine- selected, and collimated to better than 0.1°. The emitted elec-
matic and apparatus broadening effects, have been found tmons were analyzed with a custom-made?] cylindrical-
qualitatively reproduce some of these features. mirror analyzer working at 1% energy resolution atd°
Some indications about the natural line shapes are nowngular resolution. The inner cylinder of the analyzer rotates
available. It is now well known that in doubly charged ion around its main axis, allowing measurements in a wide range
scattering[8,9] on metals, electron spectra display broadof observation anglgs2]. For the present measurements the
peaks due to autoionizing states, which in this case aricident direction was selected randomly and the observation
angle fixed at ¢,¢)=(21°,5°), with § measured from the
ion-beam direction ang from the scattering plan@nset of
*Corresponding author. Electronic address: Fig. 1.
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Il. EXPERIMENTAL DETAILS
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repeated cycles of 20-keV grazing Ar bombardment and anroughness. The spectra were all measured at low incident
nealing at 450 °C. The azimuthal orientation of the surfaceangles(between 3° and 6° In all cases, the lowest spectra
was continuously changed during the Ar bombardment. As &orrespond to the flattest surface, i.e., one that was obtained
result of these cleaning and polishing cycles, the surface préemmediately after the polishing cycles. For this surface the
sents long and flat terracéat least 100 A long[13]. The  autoionizing lines are relatively weak and brogkD]. In-
cleaning of the surface was verified with Auger-electroncreasing the surface roughness by means of large-&btte

spectroscopy before and after performing the measurementt0°) Ar or Ne bombardment results in a general enhancement
of the Ne autoionizing line intensity and in a change in the

line shape(middle spectra in Fig.)1 In particular, the main

Ne autoionizing lines become structured with sharp peaks.
Figure 1 shows spectra in the region of the peaks due t@s far as we known no previous report of this structured line

decay of N&* autoionizing states for 5, 10, and 20 keV ion shape has been given. For comparison, we also show in Fig.

impact for an A(111) surface with different degrees of 1 spectra taken with a much rougher surfét® spectra

Ill. RESULTS
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These spectra from the very rough surface show sharp and 3

well-defined features that are similar to those usually re- Ne

ported in past work1—6]. The peaks | and Il correspond to \

Ne** (3P)3s? and ({D)3s? states, which have been exten- 1 AC Ac

sively investigated earlier. Note that these lines are shifted to ™

higher energies because of kinemdbopple) effects, men- Net*3pal | AP Net
tioned in the Introduction, and their positions change with AC 4T
projectile energy. In the projectile frame of reference the N |
peak due to the decay of the e (3P)3s? state would be at Kl AC /v\ RT| AC
20.35 eV and that due to thé})3s? state at 23.55 eV. Peak " ’ "
[, which becomes stronger at higher energies, presumably Ne™ *Pnin? T | Ne nl

corresponds to as2p°nl state as discussed by us previously
[10,14. Its intensity, as well as that of other secondary lines, FIG. 2. Electron loss and capture scheme between various
is enhanced by the grazing scattering geometry and the relae?*, Net, and Ne states. The various Auger capt(k€), Auger
tively large projectile incident energi¢&0]. deexcitation(AD), resonant transfefRT), and autoionizatioAl)
In the case of the smoother surfaces the structure labeleghannels between states are indicated. The excited states actually
a (appearing at energies 1.6—2 eV higher than pgakhnot  considered are given in the text.
be interpreted in terms of the secondary line Ill. Note that it
appears shifted in energy and has a different intensity fronelastic energy losses in single-scattering conditions.
the structure observed for the rough surface. The shoulder As in our previous work9,15|, we use a numerical model
labeledB, which appears at approximately the same distancéuilt along the lines of the one developed by Niehaus and
from peak I, is present only for the smoother surfaces. Theo-workers[8] and successfully used by them to describe
reasons for this behavior can be understood in terms of aome of the characteristics of electron spectra recorded in
model of formation of these states near the surface as a resaloubly charged ion neutralization. FiguréaB shows the
of a series of electron-capture processes involving positivenetak-atom or ion states, corresponding to the scheme in
ions and deexcitation processes as the excited atom movegg. 2. The position of the levels in front of the surface was
away from the surface. This model has been described imodeled as described in detail i@]. This position is deter-
detail earlier[8,9,15. In the following we shall briefly sum- mined mainly by the image potential at large distances,
marize some points of this model for clarity and compare itsvhereas at small distances screening effects are taken into
predictions with our data. account. As may be seen for distances smaller than 2.7 a.u.
the (P)3s? state lies above the Fermi level and can autoion-
ize to give the Né* (3P)3s state. In the range of distances
considered, the®P)3s state lies below the Né state. On
The doubly excited N& atoms are formed as a result of the other hand, the higher-lying®)3p Ne** state can au-
a violent, small-impact-parameter collision of an incident Netoionize into the continuum, corresponding to methle**
ion or atom with a surface atofsee, e.g.[14]). On the basis for distances smaller than 2.7 a.u. THe)3p? state remains
of general considerations regarding excited-state formatioAutoionizing for distances larger than 12 a.u., which, as
in gas-phase collisions, it is expected that at low keV enershown previously15], explains the small probability of its
gies this binary collision will lead to the dominant formation production.
of states of the @*(*D) N&?* core configuration. The exact  In the model we solve a set of coupled differential equa-
nature of the excited species formed in this collision is nottions for the distance-dependent populations of the various
known. Very close to the surface, the energy levels of mostevels for a given perpendicular velocity of the ion moving
excited states will lie above the Fermi level and are henc@way from the surface. We assume that resonant and Auger
resonantly ionized, losing electrons to the conduction bandransitions are caused by the overlap of the wave functions of
As the excited particlgexcited atom or singly or doubly the electron in its initial and final states and that the transi-
charged ionleaves the surface, we have to consider a serietion probabilities are determined by the asymptotic behavior
of Auger and resonant decay and capture processes, whiét the wave functions. Other details of the model and choice
may lead to the experimentally observed final state distribuof adjustable parameters for the interactions are outlined in
tion of NE*, Ne™*, Ne*, Ne', and Ne. our previous papefl5] and will not be repeated here for
Here we adopt a simplified reaction schefsee[15] for ~ brevity.
detail9 involving a series of electron capture and loss pro-
cesses schematized in Fig. 2. The actual manifold of.levels is V. CHARACTERISTICS OF LINE SHAPES
replaced by the lowest terms and here we shall consider only
the Ne"* 2p*(3P)3s/3p and Né&* 2p*(3P)3s?/3p? excited Results of the calculation of the populations of the various
states, in order to illustrate different cases of line profileslevels as a function of atom-surface distance, assuming an
Fine-structure splittings are neglected. initial population of 100% N&* 3s, are schematized in Fig.
We assume that the excited species start out at a distan8) for 5-keV Ne ions leaving an Al surface at &the
of the order of 2.5 a.u. from the image plane and considechoice of initial populations was not found to affect the
their ejection into a range o, with E., corresponding to shape of the spectra

IV. THE MODEL
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E ) tion. At larger distances it is determined only by autoioniza-
£ 04r tion. The secondary maximum arises from autoionization
close to the surfacfbelow 3.5 a.u. see Figs(8 and 3b)],
02 ‘\‘ where the population is large and the *NeNe™ energy
\ separation is also large.
00t treaiy E E NP 2 U SR R It should be pointed out, in passing, that the secondary
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maximum described here is shifted to higher electron ener-
gies, just like the peaks in electron spectra in doubly charged
. . ion neutralization. In the case of doubly charged ion inci-
. FIG. 3. (@ .POtem'al'energy diagram of the Ne-Al system ysedﬁience, autoionizing states are formed onythe wgy “in,” as the
in the calculations, represented here for electrons at the Fermi level. .
The states are identified on the left of the diagram. The thick line " approaches the surface, and their decay occurs CIOTQ’e to
represents the Né-+metal continuum.(b) Populations of the the surface, where the energy _Ievels of the states are shifted.
(3P)3s and P)3s? states as a function of the distance from the These peak shifts have been dlscussed a_nd correctly modeled
image plane @o,=8°, Eo,=5 keV). in the-same frgmewqu used here in earlier WEﬂIQ]:
At intermediate distancesz£8 a.u.) the population de-
The initial population of N&° is strongly attenuated creases substantially, but the "NeNe® separation is still
through resonant ionization leading to the production ofsignificantly larger than its asymptotic value. Decay in these
Ne"* and Né*. The final production of N& always relies  conditions is responsible for the intermediate, tail portion of
on electron-capture processes. It is for this reason, that for the peak. The main portion of the peak, i.e., the region from
given set of parameters, the initial state distributions do nothe maximum to about 21 eV is determined by decay at large
affect the spectral line shapes. distances from the surfadéens of a.u, a condition that is
Near the surface the N& population can be attenuated favored for rough surfaces. The shape of the peak in this
by Auger deexcitation leading to NeThe line shapes of the region is thus determined by the autoionization lifetime of
peaks due to N& are determined by the population of the Ne** .
Ne** excited state at various atom-surface distance and the In general, the line shape obviously depends on the time
energy separation of the Ke and N¢e levels. spent in a given region of atom-surface distance. This effect
Figure 4 shows the calculated line shapes for tls8 3 determines its dependence on the exit angle and hence the
states, for 4°, 8°, and 16° exit anglé®r 5 keV iong. As  perpendicular velocity. For more grazing exit angles, i.e., for
may be seen, the peak has a sharp cutoff at small electramall perpendicular velocities, decay occurs closer to the
energies, close to the 20.35-eV position, corresponding to theurface and the spectra are broader than at larger exit angles
autoionization of a free atom. On the other hand, it has a taflFig. 3(b)]. In these conditions the secondary maximum is
extending to 22.25 eV, corresponding to the maximum enalso more pronounced and can become the dominant feature

Distance from image plane (a.u.)
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of the spectrum. The relative intensity of this maximum Ne with Al solid targets, were modeled and investigated ex-
gives a measure of the efficiency of Auger deexcitation.  perimentally. The modeling takes into account the level
The shape of the modeled spectrum for small angles comshifts of the excited and ionic states of the atom in front of
pares quite well with the shape of the experimental spectréhe surface due to image-potential and screening effects, and
for the flat surfaces. We observe that peakendgin Fig. 1 various resonant and Auger capture and loss and deexcitation
correspond approximately to the secondary maximum in th@rocesses. It is shown that the electron spectrum generally
calculated spectrum. This Iis clearly visible on the example OEossesses a peak at energies in the vicinitiy of that corre-
the spectrum for 5 ke\(middle spectrury where peak Ill  ghonding to autoionization of a free atom, as well as a high-
has a relatively low intensity and thus does not interfere Wlthenergy tail and a secondary maximum. The secondary maxi-
the tail of the main line peakpeaka). At 20 keV, peak Il ;" associated with decay near the surface, is more

gs;tﬂlys(;\v’ﬁrr]la%;‘:\';:hj,:g:icnturi?s' ;?g;;sitcol:jrgtsept?}g?lgg éi';ctpronounced for atoms scattered close to the surface, i.e., in
P P ’ 9 Y. conditions when the exit perpendicular velocity is small.

comparison is not possible, because the experimental speg; . -
trum corresponds to a sum of spectra due to scattering o hese conclusions are supported by the shape of the experi

ions into various exit angles with respect to the surface an entally obseryed spectra and their dependence on surface

the calculation does not include Doppler broadening effects. a_ltness, assuming that on rough surfaces. decay of autoion-
In the case of scattering on a rough, uneven surface, in#N9 states occurs far from the surface, while on flat surfaces

elastic scattering occurring on surface asperities, step edge&cay occurs closer to the surface where atomic levels are

etc., would favor autoionization at larger atom-surface disShifted resulting in higher electron energies.

tances(around 8 a.u. and greater in Fig, 3esulting in the

sharper spectra also observed for scattering at larger angles

with respect to the surface plane. ACKNOWLEDGMENTS
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VI. CONCLUSIONS
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