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Excitation vs electron emission near the kinetic thresholds for grazing impact
of hydrogen atoms on LiR001)

A. Mertens, S. Lederer, K. Maass, and H. Wifiter
Institut fir Physik, Humboldt Universitazu Berlin, Invalidenstrasse 110, D-10115 Berlin, Germany

J. Stakl, HP. Winter, and F. Aumayr
Institut fur Allgemeine Physik, Technische Universiviien, Wiedner Hauptstrasse 8-10, A-1040 Vienna, Austria
(Received 4 January 2002; published 19 March 2002

The coincident measurement of projectile time-of-flight spectra and number of emitted electrons for grazing
scattering of fast Alatoms from a LiF001) surface allows us to investigate electronic excitation and emission
processes, including those without emission of electrons. Using this method, we are able to study very small
electron emission yields and thus kinetic threshold behavior for projectile induced electronic processes. We
observe different onsets for electron emission and electronic excitation of the target, providing important
conclusions on the relevant interaction mechanisms. Near the kinetic thresholds, inelastic processes are found
to be dominated by production of surface excitons.
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Recently, considerable attention has been paid to impa&xperimental approach that allows us to measure, in particu-
phenomena of fast atoms and ions at ionic crystals, i.elar, low electron emission yields and electronic excitation
wide-band-gap insulators. Irrespective of the large bindingorobabilities with high sensitivity and accuracy, was intended
energies of valence band electroftgpically 10 eV), high  to help clarify the controversial discussion on the micro-
electron yields; ™ low projectile threshold energies for ki- scopic interaction mechanisms.
netic electron emission; substantial negative ion yields/ We have studied electronic excitation and emission during

and a “metal-like” beha}vior of eIec_trpnic stopping of ions impact of fast  atoms with a flat and clean L{§01) sur-
down to rather low projectile velocities/energies have beeRgce ynder a grazing angle of incidence Gs3B, <2°. Key
observed® A consistent interpretation of these different ex- to-ture of our setup is the coincident measurement of time-

perimental obsgrva_tmqs was given in term_s OT Interatom'cof-ﬂight (TOF) spectra for projectiles scattered from the sur-
electron promotion in binary collisions of projectiles with F face with the number of electrons for each scattering event

; ; ; P 6,10-12

ions at lattice sites of the ionic crysthl’ . by means of an electron numb&EN) detector. A chopped
Electron emission and excitation phenomena can be in:j b hits the LiFOO1) | der high indeft

vestigated under well defined conditions for impact under aﬁ eam nits the Li sample under high Indexran-

grazing angle of incidence. Then projectiles collide with thed®M”) azimuthal orientation. Scattered igrojectiles are re-
surface in a sequence of small angle scattefifsyrface corded 1.38 m behind the target by means of a channelplate

channeling®) with specific impact parameters and do not €lectron multiplier(CEM). Electrons er.nitt.ed fror_n the LiF_
penetrate into the bulk of the target. In this geometry ofsurface are coIIect.ed by avyeak electric field owing to a bias
scattering, we observed for keV protons scattered from &f some 10V applied to a highly transparent grid about 1 cm
LiF(001) surface discrete energy losses, ascribed to singlé front of the target. This grid shields the adjacent high
excitations of valence band electrons, and concluded the foplectric field from the bias of a surface barrier detector
mation of negative ions as important precursor in the excitatSBD) at +30 kV which accelerates the extracted electrons,
tion process. Roncin et al!* expanded this type of studies resulting in detector pulse heights proportional to the elec-
by coincident detection of projectile energy loss with thetron number ejected per projectile impatfThe target sur-
number of emitted electrons. These authors identified fronfiace, kept at a base pressure in the mid %nbar range, is
inelastic events accompanied with no electron emission thprepared by cycles of grazing sputtering with 25 keV"Ar
formation of surface excitons as dominant excitation channebns and annealing at about 400 *CThe measurements are
for valence band electrons. performed at about 200 °C, where LiF shows sufficient con-
An alternative mechanism for electron emission duringductivity, in order to avoid macroscopic charging up of the
grazing impact of hydrogen ions on LiF was proposed bytarget.
Strackeet al# and Zeijlmans van Emmichoveet al° from In our TOF setup, the output signal from a time-to-
electron spectra for projectile energies of some 100 eV. Heramplitude converte(TAC) is fed to an analog-to-digital
electron promotion in close HF~ binary collisions fol-  converter(ADC) and stored in the block of a memory unit,
lowed by autoionization of doubly excited Fstates are con- with the block address derived via the pulse height of the
sidered to explain emission of electrons at low collision en-SBD from a second ADC. Data transfer to the memory unit
ergies(details see below is triggered at the instant when a projectile recorded by
We expect important new information on this problemthe CEM hits the surface. Because recording of data is initi-
close to the kinetic thresholds for electron excitation andated by the CEM signal and the efficiency for detection of
emission. Thus the work reported here, performed with arelectrons by the SBD is close to 100%, no corrections
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FIG. 1. Projectile time-of-flight versus number of emitted elec- b / /6/ o
trons for 400 eV and 800 eV Hmpact atd;,=1.8°. 3 P O/ ;
aat
. . . A
for electron number spectra as in studies with the setup as L7 /°// ]
reported in Ref. 14 are necessary. 2D plots in Fig. 1 for 400 107 F &
eV and 800 eV M scattered afP;,=1.8° show a number of 255 500 500

discrete features for specific electron numbémnsrizontal (eV)
axis) as well as projectile flight timévertical axis. energy e

The left columns in the plots represent processes with no FIG. 2. Fractions of excitongfull circles), emitted electrons

emission of electrons, where the prominent peak in bothy| rjangles, and H™ ions (open circles for scattering of
cases is due to “elastic” events with no electronic excitationaioms from Li001) underd;,=1.8° as function of projectile en-
of the target and only small energy transfer to lattice atomsgy,
of less than 1 eV’ The next peak in this column is identified
with a longer flight time corresponding to an energy loss of . . N
12.0 eV, and is attributed to the excitation of a surface, At ®in=1.8° we derive from spectra as shown in Fig. 1
exciton!® i.e., the local excitation of a Fion imbedded in fr_actlons for the excitation of one exciton as well as for emis-
the ionic lattice with a binding energy of about 1 eV with SIon Of one electroriFig. 2). We determine in addition by
respect to vacuum. In the data for 800 eV a weaker signal i§1€ans of electric field plates and a further CEM the fractions
found also for the excitation of a second exciton, whereas foP! Negative ions in the scattered begpositive ion fractions
400 eV the inelastic contribution remains rather small. Theé?'® negllg!ble heOganq plot those aIsp in Fig. 2. The data'
right columns are related to emission of one electron, wher&eveal a different kinetic onset behavior for the three quanti-
the lowest peak shows a mean energy loss of 14.0 eV, ThileS: With a dominance of the production of surface excitons.
energy is dissipated by the projectile in lifting an electron 'S finding is new and can be used to clarify the relevant
from the LiF valence band into vacuum and is larger than fointéraction mechanisms. In passing we note that the propor-
producing an exciton. A weak signal corresponding to thetlonallty betvyeen electron_yleld and mean energy loss ob-
emission of one electron and the additional excitation of on&€rved for this system at higher energies<(1 keV) (Refs.
exciton is present in the 800 eV data. For 400 eV, only veryt4 19 does not hold near the kinetic threshold. .
few events can be related to the emission of an electron, _El€ctron emission from wide-band gap insulators as LiF is
Signal patterns as presented in Fig. 1 allow us to investiintérpreted to proceed in binary cqlllsm_ns‘ of Htoms with
gate the inelastic interaction mechanisms in detail. Owing t§. 10nS embedded at crystal lattice sit€sctive sites”).
the high efficiency for detection of electrons, corrections in! "€ two current models for the microscopic interactions are
the evaluation of data play a negligible role, and precise totaPr€Sented in terms of potential curves as sketched in Fig. 3.
electron yields from measured probabilitis, for the emis- | "€ UPPer pangla) shows calculated potentials as derived in
sion of n electrons can be obtained fiém Ref. 10 with a crossing of the diabatic curves for the initial
(H°+F") and final (H +F°) interactions at a distance from
% % the active site oR~4 a.u. In this model, electron emission
y=> an/ > w,. (1)  Pproceeds via electron promotion to vacuureference for
n=0 n=0 energy scale P+ F°) at R<3 a.u., and population of dou-
bly excited F (F~**) with subsequent autoionizatidfin
The coincident detection of TOF and EN spectra deliverghe alternative approadi), diabatic potential curves for the
as well the probabilityw, for emission of no electron and initial and final interactions do not cross, and lis the pre-
makes our method a unique tool for precise measurementsirsor for excitation of surface excitons (¥) and electron
near the kinetic emission threshold, wheyds very small  emission via detachment PH e ™) triggered by interactions
and W, dominates. The substantial progress for studies omith lattice atoms surrounding active site¥. In this quali-
electron emission achieved with our setup follows from thetative picture, a diabatic curve crossing with the exciton
fact that an EN detector of “conventional” design does only branch (H+F *) is present?
provide data for nonzero numbers of electrons, and for small Main features of mode(b) were developed to describe
v W, has to be estimated from assumptions on the statisticthe efficient formation of negative ions during grazing scat-
of the emission processé&s. tering of reactive ions from the surface of ionic crystals by
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FIG. 4. Plot of Qg+ ne+ny-)®;, versus ¥ for constant en-

distance (a.u) ergy of normal projectile motiofE,=0.4 eV.

FIG. 3. Sketch of energy diagrams illustrating two models for . - -
the interaction of an Matom with a LiF001) surface(details see In mOde,I (b), the trans'tlon“prObab'"“thi” fr?’m the ni-
text). tial potential curve (about “parallel” diabatic potential

curves in the transition regigorcan be estimated from the

capture of valence electrons from “active sites” with binding Demkov modef* which reads for low velocities

energies=12 eV~ "% Capture is mediated by a conflu- Py~ 26 TaAE 3)
ence of levels for the initialhere F) and final(here H) "
states owing to the Madelung potential acting on the activavith 1/a=(\E;+VE,)/\2, E; and E, being the binding
electron® From comparison with recent coupled cluster cal-energies of the collision partners add the energy defect in
culations for F formation at LiF?° we conclude also for the the collision. For the specific case mentioned, we find with
present situation no crossing of the diabatic potential curve&E~4 eV=0.15 a.u.(see below from Eq. (3) Py,~4
for distances of relevance here, contrary to madglin the X 10 ® and, at grazing incidence, the total probability for an
following we compare the two models with our data. effective number oN collisions isP~NPy;,~2-3 % with

(1) Projectile trajectories derived from collective inter- N~5—8, in fair agreement with our data.
atomic potentials for the Li and F sublattices of the surface In model (b), the transition probability to the potential
using “universal screening® have distances of closest ap- curve F+H" is directly related to the sum of all fractions in
proachz,;,=3 a.u. for our scattering conditions. Then a dis-the excitation process (F, e”, and H'), i.e.,, P~N, Py,
tanceR~2.5 a.u. needed in modéd) to promote electrons =nNg+Ne+Ny-. Since AE and thus alsd® depend on the
into vacuum and to crossings with ¢ is not reached, and distance from the surface, the distance of closest approach
no electron emission can take place. Zmin has been kept constant for a variationvoby the same

(2) The probability for electronic transitions in the presentenergy of projectile motion normal to the surfade,
collision system can be estimated for the onset region fron+Eq sirf®=0.4 eV via tuning of®,,. Then lengths of tra-
the data shown in Fig. 2 and amounts to typically 1% or lessjectories scale according todt{,. Based on Eq(3) a semi-
For the diabatic curve crossing in mod@) we estimate logarithmic plot of Qg+ ne+ny-)®;, versus 1 for
transition probabilities from Landau-Zener theGryatomic 350 eV<E<800 eV (1.99=®,>1.31°) shows in Fig. 4
units) the expected linear behavior. From the slope

0.9 T T T T T

T ) d
P~exp| —5-AE(R)? / =(Vi oo~ Vio e ),
2

with AE(R,) being the energy gap between the adiabatic
potential curvegdashed curves in Fig.(8] at the distance
R, for diabatic curve crossing and the projectile velocity.
From the potential curves given in Ref. 10 we deduce
AE(R)=2.7 eV=0.10 a.u. as well as the slopes and ob-
tain from Eq.(2) for 400 eV H atoms ¢=0.127 a.u.)P 0.7 .
~0.4 for avoiding the crossing in a single collision. Even
without knowledge on the specific collision sequence during
surface channeling, such a transition probability would ex-
ceed the experimental findings by more than one order of FIG. 5. Plot of f1o)/(Ne+ Nt Ny-) Versus projectile energy
magnitude. for ®,,=1.8°. Solid curve: description of data using Q).
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—maAE we deduceAE=(4.0=0.5) eV which is consis- estimate of about 1 eV/a.u. for the difference in slope of the
tent with an estimate based on a lowering of the binding potent[al curves, we.derive from E(®) for the separation of
energy by the Coulomb potential owing to the hole at thethe adiabatic potential curvesE(R,)~2 eV.
active site and by the dielectric responséThe effective In conclusion, for hydrogen atoms grazingly scattered
number of collisions is deduced to 5N<7.8. from LiF(001 absolute fractions have been determined for
In the second step, the specific fractions in the excitatiohe production of excitons, electrons, and fibns at their
result from the curve crossing on the outgoing path at dis/@SPective onset energies. Our sensitive measurements show
tances>z,,,. Then the different kinetic threshold behavior that H™ formation is the precursor for exciton as well as
for exciton production and electron emission is interpreteclectron production and thus rule out an earlier proposed
by an avoided crossing of the adiabatic potential cuf@es alternative model. Th_e relevant_lne_lastlc transition processes
Fig. 3(b)]. We expect that the potential parameters in @y. have been analyzed in a quantitative manner.
show only a weak dependence on the collision geometry so
that, e.g., the relative exciton yielthe,)/(Next NetNy-) is
given by 1-P=1—exp(—c/v). Experimental exciton yields
as function of projectile energy as shown in Fig. 5 are well Work was supported by the DFGsrant No. Wi 1336
fitted by 1-P with ¢~0.22 a.u. Wih a rough and by Austrian Fonds FWErant No. P14337-PHY
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