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Excitation vs electron emission near the kinetic thresholds for grazing impact
of hydrogen atoms on LiF„001…
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The coincident measurement of projectile time-of-flight spectra and number of emitted electrons for grazing
scattering of fast H0 atoms from a LiF~001! 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 imp
phenomena of fast atoms and ions at ionic crystals,
wide-band-gap insulators. Irrespective of the large bind
energies of valence band electrons~typically 10 eV!, high
electron yields,1–3 low projectile threshold energies for k
netic electron emission,3,4 substantial negative ion yields,5–7

and a ‘‘metal-like’’ behavior of electronic stopping of ion
down to rather low projectile velocities/energies have be
observed.8,9 A consistent interpretation of these different e
perimental observations was given in terms of interatom
electron promotion in binary collisions of projectiles with F2

ions at lattice sites of the ionic crystal.4–6,10–12

Electron emission and excitation phenomena can be
vestigated under well defined conditions for impact unde
grazing angle of incidence. Then projectiles collide with t
surface in a sequence of small angle scattering~‘‘surface
channeling’’13! with specific impact parameters and do n
penetrate into the bulk of the target. In this geometry
scattering, we observed for keV protons scattered from
LiF~001! surface discrete energy losses, ascribed to sin
excitations of valence band electrons, and concluded the
mation of negative ions as important precursor in the exc
tion process.9 Roncin et al.14 expanded this type of studie
by coincident detection of projectile energy loss with t
number of emitted electrons. These authors identified fr
inelastic events accompanied with no electron emission
formation of surface excitons as dominant excitation chan
for valence band electrons.

An alternative mechanism for electron emission dur
grazing impact of hydrogen ions on LiF was proposed
Strackeet al.4 and Zeijlmans van Emmichovenet al.10 from
electron spectra for projectile energies of some 100 eV. H
electron promotion in close H01F2 binary collisions fol-
lowed by autoionization of doubly excited F2 states are con
sidered to explain emission of electrons at low collision e
ergies~details see below!.

We expect important new information on this proble
close to the kinetic thresholds for electron excitation a
emission. Thus the work reported here, performed with
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experimental approach that allows us to measure, in part
lar, low electron emission yields and electronic excitati
probabilities with high sensitivity and accuracy, was intend
to help clarify the controversial discussion on the micr
scopic interaction mechanisms.

We have studied electronic excitation and emission dur
impact of fast H0 atoms with a flat and clean LiF~001! sur-
face under a grazing angle of incidence 0.5°<F in<2°. Key
feature of our setup is the coincident measurement of tim
of-flight ~TOF! spectra for projectiles scattered from the su
face with the number of electrons for each scattering ev
by means of an electron number~EN! detector. A chopped
H0 beam hits the LiF~001! sample under high index~‘‘ran-
dom’’! azimuthal orientation. Scattered H0 projectiles are re-
corded 1.38 m behind the target by means of a channelp
electron multiplier~CEM!. Electrons emitted from the LiF
surface are collected by a weak electric field owing to a b
of some 10 V applied to a highly transparent grid about 1
in front of the target. This grid shields the adjacent hi
electric field from the bias of a surface barrier detec
~SBD! at 130 kV which accelerates the extracted electro
resulting in detector pulse heights proportional to the el
tron number ejected per projectile impact.15 The target sur-
face, kept at a base pressure in the mid 10211 mbar range, is
prepared by cycles of grazing sputtering with 25 keV A1

ions and annealing at about 400 °C.16 The measurements ar
performed at about 200 °C, where LiF shows sufficient co
ductivity, in order to avoid macroscopic charging up of t
target.

In our TOF setup, the output signal from a time-t
amplitude converter~TAC! is fed to an analog-to-digita
converter~ADC! and stored in the block of a memory uni
with the block address derived via the pulse height of
SBD from a second ADC. Data transfer to the memory u
is triggered at the instant when a projectile recorded
the CEM hits the surface. Because recording of data is in
ated by the CEM signal and the efficiency for detection
electrons by the SBD is close to 100%, no correctio
©2002 The American Physical Society10-1
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BRIEF REPORTS PHYSICAL REVIEW B 65 132410
for electron number spectra as in studies with the setup
reported in Ref. 14 are necessary. 2D plots in Fig. 1 for 4
eV and 800 eV H0 scattered atF in51.8° show a number o
discrete features for specific electron numbers~horizontal
axis! as well as projectile flight time~vertical axis!.

The left columns in the plots represent processes with
emission of electrons, where the prominent peak in b
cases is due to ‘‘elastic’’ events with no electronic excitati
of the target and only small energy transfer to lattice ato
of less than 1 eV.17 The next peak in this column is identifie
with a longer flight time corresponding to an energy loss
12.0 eV, and is attributed to the excitation of a surfa
exciton,14 i.e., the local excitation of a F2 ion imbedded in
the ionic lattice with a binding energy of about 1 eV wi
respect to vacuum. In the data for 800 eV a weaker signa
found also for the excitation of a second exciton, whereas
400 eV the inelastic contribution remains rather small. T
right columns are related to emission of one electron, wh
the lowest peak shows a mean energy loss of 14.0 eV.
energy is dissipated by the projectile in lifting an electr
from the LiF valence band into vacuum and is larger than
producing an exciton. A weak signal corresponding to
emission of one electron and the additional excitation of o
exciton is present in the 800 eV data. For 400 eV, only v
few events can be related to the emission of an electron

Signal patterns as presented in Fig. 1 allow us to inve
gate the inelastic interaction mechanisms in detail. Owing
the high efficiency for detection of electrons, corrections
the evaluation of data play a negligible role, and precise t
electron yields from measured probabilitiesWn for the emis-
sion of n electrons can be obtained from15

g5 (
n50

`

nWn Y (
n50

`

Wn . ~1!

The coincident detection of TOF and EN spectra deliv
as well the probabilityW0 for emission of no electron an
makes our method a unique tool for precise measurem
near the kinetic emission threshold, whereg is very small
and W0 dominates. The substantial progress for studies
electron emission achieved with our setup follows from
fact that an EN detector of ‘‘conventional’’ design does on
provide data for nonzero numbers of electrons, and for sm
g W0 has to be estimated from assumptions on the statis
of the emission processes.18

FIG. 1. Projectile time-of-flight versus number of emitted ele
trons for 400 eV and 800 eV H0 impact atF in51.8°.
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At F in51.8° we derive from spectra as shown in Fig.
fractions for the excitation of one exciton as well as for em
sion of one electron~Fig. 2!. We determine in addition by
means of electric field plates and a further CEM the fractio
of negative ions in the scattered beam~positive ion fractions
are negligible here! and plot those also in Fig. 2. The da
reveal a different kinetic onset behavior for the three qua
ties, with a dominance of the production of surface excito
This finding is new and can be used to clarify the relev
interaction mechanisms. In passing we note that the pro
tionality between electron yield and mean energy loss
served for this system at higher energies (E.1 keV) ~Refs.
14,19! does not hold near the kinetic threshold.

Electron emission from wide-band gap insulators as LiF
interpreted to proceed in binary collisions of H0 atoms with
F2 ions embedded at crystal lattice sites~‘‘active sites’’!.
The two current models for the microscopic interactions
presented in terms of potential curves as sketched in Fig
The upper panel~a! shows calculated potentials as derived
Ref. 10 with a crossing of the diabatic curves for the init
(H01F2) and final (H21F0) interactions at a distance from
the active site ofR'4 a.u. In this model, electron emissio
proceeds via electron promotion to vacuum~reference for
energy scale H01F0) at R,3 a.u., and population of dou
bly excited F2 (F2** ) with subsequent autoionization.10 In
the alternative approach~b!, diabatic potential curves for the
initial and final interactions do not cross, and H2 is the pre-
cursor for excitation of surface excitons (F2* ) and electron
emission via detachment (H01e2) triggered by interactions
with lattice atoms surrounding active sites.5,14 In this quali-
tative picture, a diabatic curve crossing with the excit
branch (H01F2* ) is present.14

Main features of model~b! were developed to describ
the efficient formation of negative ions during grazing sc
tering of reactive ions from the surface of ionic crystals

-

FIG. 2. Fractions of excitons~full circles!, emitted electrons
~full triangles!, and H2 ions ~open circles! for scattering of H0

atoms from LiF~001! underF in51.8° as function of projectile en-
ergy.
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BRIEF REPORTS PHYSICAL REVIEW B 65 132410
capture of valence electrons from ‘‘active sites’’ with bindin
energies>12 eV.5–7,16,20Capture is mediated by a conflu
ence of levels for the initial~here F2) and final~here H2)
states owing to the Madelung potential acting on the ac
electron.6 From comparison with recent coupled cluster c
culations for F2 formation at LiF,20 we conclude also for the
present situation no crossing of the diabatic potential cur
for distances of relevance here, contrary to model~a!. In the
following we compare the two models with our data.

~1! Projectile trajectories derived from collective inte
atomic potentials for the Li and F sublattices of the surfa
using ‘‘universal screening’’21 have distances of closest a
proachzmin>3 a.u. for our scattering conditions. Then a d
tanceR'2.5 a.u. needed in model~a! to promote electrons
into vacuum and to crossings with F2** is not reached, and
no electron emission can take place.

~2! The probability for electronic transitions in the prese
collision system can be estimated for the onset region fr
the data shown in Fig. 2 and amounts to typically 1% or le
For the diabatic curve crossing in model~a! we estimate
transition probabilities from Landau-Zener theory22 ~atomic
units!

P'expS 2
p

2v
DE~Rx!

2Y d

dR
~VH21F02VH01F2!RxD

~2!

with DE(Rx) being the energy gap between the adiaba
potential curves@dashed curves in Fig. 3~a!# at the distance
Rx for diabatic curve crossing andv the projectile velocity.
From the potential curves given in Ref. 10 we dedu
DE(Rx)52.7 eV50.10 a.u. as well as the slopes and o
tain from Eq. ~2! for 400 eV H atoms (v50.127 a.u.) P
'0.4 for avoiding the crossing in a single collision. Ev
without knowledge on the specific collision sequence dur
surface channeling, such a transition probability would
ceed the experimental findings by more than one orde
magnitude.

FIG. 3. Sketch of energy diagrams illustrating two models
the interaction of an H0 atom with a LiF~001! surface~details see
text!.
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In model ~b!, the transition probabilityPbin from the ini-
tial potential curve ~about ‘‘parallel’’ diabatic potential
curves in the transition region! can be estimated from th
Demkov model23 which reads for low velocities

Pbin'2e2paDE/v ~3!

with 1/a5(AE11AE2)/A2, E1 and E2 being the binding
energies of the collision partners andDE the energy defect in
the collision. For the specific case mentioned, we find w
DE'4 eV50.15 a.u. ~see below! from Eq. ~3! Pbin'4
31023 and, at grazing incidence, the total probability for
effective number ofN collisions isP'NPbin'223 % with
N'528, in fair agreement with our data.

In model ~b!, the transition probability to the potentia
curve F01H2 is directly related to the sum of all fractions i
the excitation process (F2* , e2, and H2), i.e., P'N, Pbin
5nex1ne1nH2. SinceDE and thus alsoP depend on the
distance from the surface, the distance of closest appro
zmin has been kept constant for a variation ofv by the same
energy of projectile motion normal to the surfaceEz
5E0 sin2F50.4 eV via tuning ofF in . Then lengths of tra-
jectories scale according to 1/F in . Based on Eq.~3! a semi-
logarithmic plot of (nex1ne1nH2)F in versus 1/v for
350 eV<E<800 eV (1.910>F in>1.31°) shows in Fig. 4
the expected linear behavior. From the slo

r

FIG. 4. Plot of (nex1ne1nH2)F in versus 1/v for constant en-
ergy of normal projectile motionEz50.4 eV.

FIG. 5. Plot of (nex)/(ne1nex1nH2) versus projectile energy
for F in51.8°. Solid curve: description of data using Eq.~2!.
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BRIEF REPORTS PHYSICAL REVIEW B 65 132410
2paDE we deduceDE5(4.060.5) eV which is consis-
tent with an estimate based on a lowering of the H2 binding
energy by the Coulomb potential owing to the hole at t
active site and by the dielectric response.5–7 The effective
number of collisions is deduced to 5.3<N<7.8.

In the second step, the specific fractions in the excitat
result from the curve crossing on the outgoing path at d
tances@zmin . Then the different kinetic threshold behavio
for exciton production and electron emission is interpre
by an avoided crossing of the adiabatic potential curves@See
Fig. 3~b!#. We expect that the potential parameters in Eq.~2!
show only a weak dependence on the collision geometry
that, e.g., the relative exciton yield~nex)/(nex1ne1nH2! is
given by 12P512exp~2c/v!. Experimental exciton yields
as function of projectile energy as shown in Fig. 5 are w
fitted by 12P with c'0.22 a.u. With a rough
o
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estimate of about 1 eV/a.u. for the difference in slope of
potential curves, we derive from Eq.~2! for the separation of
the adiabatic potential curvesDE(Rx)'2 eV.

In conclusion, for hydrogen atoms grazingly scatter
from LiF~001! absolute fractions have been determined
the production of excitons, electrons, and H2 ions at their
respective onset energies. Our sensitive measurements
that H2 formation is the precursor for exciton as well
electron production and thus rule out an earlier propo
alternative model. The relevant inelastic transition proces
have been analyzed in a quantitative manner.
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