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Threshold in the Stopping of Slow Protons Scattered
from the Surface of a Wide-Band-Gap Insulator
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We have measured the energy loss of slow protons scattered with energies from 300 eV to 28 keV
from a clean and flat LiF(001) surface under a grazing angle of incidence. Our data reveal a threshold
behavior of stopping at low projectile energies. The effect on the outgoing charge state indicates that
electron capture and loss are dominant mechanisms for the stopping of slow protons interacting with a
wide-band-gap insulator. Our data allow one also to deduce information on charge transfer in front of
the surface of an insulator. [S0031-9007(98)07770-9]

PACS numbers: 34.50.Bw, 79.20.Rf

Stopping of atomic projectiles in matter is an importantsurface with a distance of closest approach of typically
subject in fundamental and, in particular, applied researct2—3 a.u. The overall energy loss of scattered projectiles
An interesting problem in this field, that has been paidis generally much lower than the initial energy (typically
increasing attention to recently, is the (electronic) stopsome percent). Data on projectile stopping obtained via
ping of light ions with low velocities# < vy, vy is the  bulk transmission or surface scattering can be compared
Bohr velocity) in insulators. From simple intuitive argu- to some extent, since (1) at low velocities small impact
ments one would expect that the band gap of insulatorparameters resulting in larger angular deflections play a
will suppress electronic excitation phenomena by the pronegligible role, and (2) the electronic structure of the LiF
jectiles. Then stopping of slow light ions in insulators target is practically identical in the bulk and at the sur-
should clearly differ from stopping in metals, where exci-face (no surface states [4—6], reduction of band gap by
tations of conduction electrons close to the Fermi energg lowering of the Madelung potential at the surface is
play a decisive role [1]. Similar as for the stopping by small [7]).
noble gas atoms, where substantial electronic excitation In the experiments we have scattered protons with
energies give rise to threshold effects for projectile stopenergies ranging from 300 eV to 28 keV from a LiF(001)
ping [2], one should observe similar effects also with in-surface under a grazing angle of incidereg =~ 0.6° to
sulator targets. 2°. The clean and flat target is kept at a base pressure of

In a recent paper Edeetal.[3] reported on the 107!° mbar. In order to avoid a macroscopic charging-
energy loss of slow protons traversing thin foils madeup by incident ions, the target is kept &t= 300 °C.
from large-band-gap insulators. No threshold effectsThe energy loss of incident protons is measured by (1)
for projectile stopping in insulators (AD;, SiO,, or  an electrostatic energy analyzer and (2) a time-of-flight
LiF) are observed down to energies of about 2 keV(TOF) setup with an overall energy resolution of typically
Instead, the stopping power shows the linear dependend® to 50 eV.

—dE/dx ~ v. The authors interpret their data in terms In grazing scattering from surfaces one has well-defined
of excitations owing to a local reduction of the bandtrajectories in the regime of (planar) channeling [8].
gap of the target in collisions of the projectiles with Then, in contrast to transmission experiments, projectiles
target atoms. are less affected by multiple scattering, resulting in a

Motivated by these studies, we investigated the stoplimited range, a considerable angular spread, and nuclear
ping of slow protons by an insulator for projectile energy loss. An analytical expression for trajectories can
energies down to 300 eV. We observe a threshold bebe derived from a collective interatomic scattering poten-
havior in the stopping by the wide-band-gap insula-tial approximated by the exponential dependence on the
tor LiF (E, = 14 eV). Since defined energy losses of distancez from the surface plan&/(z) = a; exp(—a»z)
atomic projectiles at those low energies with solids car{9]. For the interaction potential of hydrogen in front of a
hardly be measured via transmission through solid matkiF(001) lattice we deduce from a fit to a potential based
ter, we have scattered the incident ions (protons) fronon the sophisticated Ziegler-Biersack-Littmark screening
the surface of a crystal target under a grazing angle ofl0]: a; = 13.85 eV anda, = 0.88 a.u.
incidence. Under this condition the projectiles do not A position dependent stopping powsfz) = —dE/dx
penetrate the solid but are reflected specularly from thean be derived from measured energy logs£949] where
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The free parametersy(E) and 8 are obtained from . o
experimental studies on the dependenceAdf on ®;, FIG. 1. Energy loss as a function of projectile energy for

protons scattered unde®;, = 0.6° and specular reflection
from LiF(001). After scattering H ions are analyzed with

the electrostatic analyzer. The dashed line represents a linear
dependence with energy.

at a fixed energy¥.. Here we observe a poor variation of
AE with angle, i.e.8 = 0. From, e.g.AE = 350 eV at

6 keV we deduce from Eqg. (2,(6 keV) = 2.5 eV/a.u.
[12].

For a variable energy Eq. (2) leads with= 0 to however, clearly below the lined#-dependence revealed

2 12 in Fig. 1 (dashed line). Then the energy losses split and
AE = — 75 So(E)E'/". (3)  reach constant values of abadt = 1.5) eV for neutrals
drday and about(18 = 3) eV for H™ ions. These data give

In Fig. 1 we present data for the (most probable) energgvidence for a threshold behavior for entering a linear
loss as a function of the projectile enelgyat ®i, = 0.6°.  ,_dependence of stopping power of slow protons in an
AE shows a linear dependence with energy (dashed linghsylator.

below about 15 keMv = 0.8 a.u). Note the deviation  For 3 detailed discussion on the data we display
below some keV (see below). According to Eq. (3) suchy Fig. 3 TOF spectra for incident protons with =

a linear behavior is observed f65(E) ~ £'/2, the well- 00 ev. The spectra are transformed to energies and

established lineaw-dependence of stopping power or fited by Gaussian line shapes. The overall energy
stopping cross section for metallic and atomic targets at

low projectile velocitiefv = v) [13,14]. This finding is

in accord with the transmission experiments through thin
foils by Ederet al. [3]. An extrapolation of our stopping
powers to the bulk region yieldSy(E) of the same size
as presented in Ref. [3] and as obtained from thev
code [10]. The lineav-dependence was observed in the
previous studies [3] down to aboBt= 2.5 keV for a LiF
target. A threshold behavior, presumably present at lower
velocities (energies), could not be cleared up.

For grazing scattering of protons from LiF at low ener-
gies (E < 2 keV) the neutral charge fraction dominates,
whereas the H fractions amount to some percent and
the H" fractions to less thal0~>. As a consequence,
only projectiles emerging as negative ions from the sur-
face could be investigated with the electrostatic analyzer,
and TOF techniques are needed to study the energy loss
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of projectiles emerging as neutral atoms. In our setup we
used a drift length of about 1 m.

In Fig. 2 we show data foE = 2 keV and®;, = 0.8°.
Open circles represent data for emerging neutral atoms,
full circles data for emerging H ions. Neutral atoms
and H ions are separated in these TOF measureme
by a pair of electric field plates. The energy losses fo@
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nfdG. 2. Energy loss as function of projectile energy for
rotons scattered undeb;, = 0.8° from LiF(001). The data
re recorded with the TOF setup for emerging afoms (open

both charge states coincide and show a linear dependenggcles) and H ions (full circles). The dashed line represents
with energy down to energies of about 1.3-1.4 keV the linear dependence with energy shown in Fig. 1.
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' ' ' energies of the initial and final states in the collision
system [17].

Incident protons will be neutralized via (near) resonant
capture of valence band electrons with a final energy
of the hydrogenls state Eye = —13.6 eV. Note that
an atomic level shift via image charge interaction is
compensated by the energy gained in the image charge
acceleration on the incident trajectory [18] (typically 1 eV
[19]). Thus the projectile energy is affected by energy
defects in the collision ranging from about1.5 to
—3.5 eV with an unweighted average for the energy loss
of about 1 eV. The measured data at low energies are
slightly higher, which might be ascribed to slight shifts
of valence band levels at the surface or by dissipation of
energy in the eV range by, e.g., excitation of phonons [20]
(838 meV [21]). For receding negative ions, the final state
energy is the binding energy for the Hls1s’ level of
Ey- = —0.75 eV. So for capture of a further electron
from the F 2p-valence band [19] the energy difference
amounts from about 11 to 16 eV. This explains the larger
energy loss for projectiles converted to negative ions,
measured here to be about 15 eV larger than for neutral
atoms. An energy loss of comparable size associated with
H™ formation has been observed also in backscattering of
100 eV H" projectiles from LiCl [22].

energy (eV) Important information on the atom-surface interactions
can be deduced from the energy spectra in Fig. 3. In both
FIG. 3. Upper panel: TOF spectrum (transformed to energykpectra an additional peak can be identified at an energy

for 600 eV protons scattered undér, = 0.8° from LiF(001). : . .
Open circles: incident Hions; full circles: scattered projectiles loss of about 15 eV and an intensity of about 20% with

emerging as Matoms. The curves represent fits to a Gaussiaf€SPect to the prominent peak. We ascribe the additional
line shape. Lower panel: Scattered projectiles emerging apeak to a further cycle of electron loss and capture. In
H™ ions. contrast to measurements of charge fractions only, we

can identify those cycles via the energy loss related to
resolution for the incident H beam has a FWHM=  charge exchange. In this respect our measurements can
12 eV (open circles). The scattered neutral particles (fulbe considered as an interesting variant of “translational
circles, upper panel) show a peak of comparable widtlenergy spectroscopy,” a well-established method to study
with an energy shift of about 3 eV. Furthermore, aatomic collisions in the gas phase [23].

counts

counts

smaller peak shifted by about an additional 15 eV can be From the comparable peak ratios for th€ Bnd H
identified in the low energy tail of the spectrum. data in Fig. 3, respectively, we conclude that both charge
For scattered particles emerging as negative ions (lowestates have to be closely related in the charge exchange
panel) the spectra are shifted by a clearly larger energgequence. Then single electron capture and loss events
loss of about 18 eV. Note that the background and thevill dominate and may proceed according to the following
poorer statistics for these data are owing to the reducescheme:
intensities of H ions. Also here an additional peak H- H-
shifted by about 15 eV can be identified. _ - _ -
For a qualitative discussion of our data we considel O/C NHO/C \ H
the electronic structure of the wide-band-gap insulatol
LiF. The occupied valence band formed By2p elec- +ﬂ70 w +%° % +%°
trons has a maximum in binding energy ofl12 eV H H H
and a width of about 5eV [15,16]. The band gapFor energieE = 1 keV we can conclude from the very
is about 14 eV and extends to vacuum energies. Dismall fraction of H in the scattered beams that the
rect excitations of valence/conduction band electrons thprobability for near resonant captui@®) of valence band
dominant mechanism for stopping of slow ions in met-electrons is large. In additional experiments with H
als [1], can be excluded owing to the presence of therojectiles we find no evidence for survival of these ions
band gap. We explore here the role of the charge exso that also the probability of electron loss from KL ™)
change as a mechanism for stopping by considering this large. From the spectra shown in Fig. 3 it follows from
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