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Energy transfer of keV Ne atoms to the lattice of a LiH001) surface under channeling
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The energy loss of neutral Ne atoms with keV energies scattered under a glancing angle of incidence from
a flat LIF(00D) surface is investigated by means of a time-of-flight method. Under these scattering conditions,
i.e., surface channeling, electronic excitations of the insulator surface as well as charge-exchange processes
play a negligible role, so that the elastic energy transfer of projectiles to atoms of the target surface can be
studied. Our data are interpreted by Monte Carlo computer simulations based on quantum-chemical interaction
potentials. The simulations show that thermal vibrations of lattice atoms play an important role for a quanti-
tative description of projectile energy loss under channeling. From our simulations we derive a surface Debye
temperature of 25850 K for the LiR001) surface.
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[. INTRODUCTION the bulk of the solid. This regime of ion surface scattering is
characterized by the general features of channdlihg7],

The dissipation of kinetic energy of atomic projectiles in which have been exploited in recent years to study stopping
matter proceeds in terms of electronic excitatidhslec- phenomena of ions in the electron selvedge of metal sur-
tronic stopping”) and elastic collisions with target atoms faces. In those studies detailed information on electronic
(“nuclear stopping’). The latter mechanism contributes only stopping mechanisms has been revealegd-14 by assum-
at low projectile velocities, i.ey<vg (v denotes Bohr ve- ing that nuclear stopping contributes to the overall dissipa-
locity) and dominates the angular deflection of projectiles intion of projectile energy in a negligible manner.
the scattering eventl]. A particular regime of ion-solid in- Recently, we reported on experiments of scattering keV
teractions is achieved under “channeling,” where the projecNe atoms from a flat and clean Li#01) surface under a
tiles collide with atoms of a crystal in a sequence of corregrazing angle of incidendé 6]. Owing to specific features of
lated small-angle scattering eveiis-8]. This condition is  charge exchange of atoms and ions in front of wide-band-gap
met for projectile impact close to a low index axis or planeinsulators, i.e., suppression of charge exchange via resonant
of the crystal lattice and results in well defined projectile electron transfer or Auger-electron neutralization, this chan-
trajectories characterized by relatively large impact paramnel for inelastic projectile energy loss can be ruled out. Then
eters. It is simple to shosee also beloythat, for collisions  excitations of lattice atoms via long-ranged Coulomb inter-
in the channeling regime, the transfer of projectile energy tactions (“optical phonons”[17]) play a dominant role for
target atoms of the crystal lattice is very small in comparisorstopping of ions in front of insulator surfacgk3,19. It turns
to electronic dissipation processes. As a consequence, elegdt that this contribution to stopping can be avoided also by
tronic stopping phenomena in solids can then be studiechaking use of neutral atoms as primary projectiles. As a
fairly well even at low projectile velocitieg9—14). consequence, the elastic energy transfer from projectiles to

Until recently, it was a well-known fact that under chan- lattice atoms is the dominant mechanism for energy loss un-
neling the contributions of an energy transfer of projectiles tader these conditions, and nuclear stopping under channeling
atoms of the crystal are “negligibly” small, however, no spe- conditions could be studigd 6,20.
cific information was available on the actual size of this pro- In this paper we will present details on experimental and
cess. This status can simply be explained by the dominandé&eoretical descriptions of this interesting phenomenon in the
of electronic processes under these conditions of scatteringield of ion-solid interactions. We will first present some
i.e., single and collective excitations of target electrons, resimple estimates on the elastic energy transfer of atomic pro-
sponse phenomena, and charge exchange. As a consequerjeetiles to a crystal lattice for scattering from a string or
a specific feature of channeling could not be explored irplane of atoms in the regime of channeling. Then we outline
previous experimental studies. Ritchie and Mangbsl in-  in detail our experimental setup that comprises of a high-
vestigated this problem theoretically and concluded a surresolution time-of-flight(TOF) device for measurements on
prisingly large transfer of projectile energy to the crystal lat-energy loss of neutral Ne atoms with keV energies from a
tice, which was termed “mechanical energy loss” by the LiF(001) surface. We discuss the evaluation and correction
authors. These calculations were performed for scattering ajf data, since the variation of the path length for different
projectiles from a crystal surface under a grazing angle oangles of scattering and its effect on the flight time is of
incidence so that conditions of “surface channeling” are ful- pivotal importance for the measurements. Our data are inter-
filled and projectiles are reflected from the solid in front of preted by means of Monte Carlo computer simulations.
the topmost layer of surface atoms and do not penetrate infbhese calculations reveal that the energy transfer from
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haveAE,=AE;/10<10 “E, in the specific case mentioned.
This is indeed a very small fraction of energy dissipated to
—— 28 the crystal lattice. It is interesting to note that the small en-
- ergy loss in small-angle scattering of projectiles with atoms
in the gas phase is further reduced by the number of effective
collisionsn. As a consequence, nuclear stopping can be con-
sidered as being negligible in view of electronic processes
effective under atomic collisions with solids under channel-
ing. This feature has been made use of in a fair number of
studies, in particular with low-energy ions, in order to inves-
tigate features of electronic stopping phenomena in solids
and at surfacef9—14. In those studies, the nuclear energy

FIG. 1. Sketch in order to illustrate scattering of atomic projec-10SS was generally considered as being negligibly small, but
tiles from a single target atom by angles and from a string of  its actual magnitude was never discussed nor derived from
target atoms representing the topmost layer of a surface. an experiment so far.

In the following, we describe first our experimental setup
atomic projectiles to atoms of the topmost layer of the crystabnd procedures and then computer simulations on the scat-
lattice is affected in a decisive manner by thermal vibrationgering of keV neutral Ne atoms from a clean and flat
of lattice atoms. By making use of atomic interaction poten-LiF(001) surface under a glancing angle of incidence. These
tials obtained from calculations, we derive the surface Debystudies allow us to derive detailed data and information on
temperature of LiFD01) from best fits of our simulations to the projectile energy transfer to the crystal lattice in this re-
the experimental data. gime of scattering.

—

projectile target atom

surface atoms

Il. SIMPLE ESTIMATES ON ELASTIC ENERGY
TRANSFER IN ATOMIC COLLISIONS IIl. EXPERIMENT

We begin our discussion on the intricate problem on In our experiments, we performed TOF studies in order to
nuclear stopping for ion-solid interactions under channelingneasure the energy loss of neutral Ne atoms with energies in
conditions with simple estimates based on classical mecharhe keV domain after grazing scattering from the surface of a
ics and conservation of energy and momentum. For the ger-iF(001) crystal. For this collision system we could show
eral case, we obtain for the ener@ of projectiles with  that contributions for electronic excitations and long-range
incident energyE, and mass , after elastic scattering from response phenomena can be ruled[d6]. Detailed studies
a single target atom with madd, under an angleb, as  on the elastic energy transfer to the lattice atoms can then be

sketched in the upper panel of Fig[4,21], performed because of the following:
(1) For scattering under surface channeling conditions,
E;=Eq(cos®g+\(M,/M;)2—sir @)%/ (1+M,/My)>2. processes between atomic planes within the bulk of a solid

1) can be excluded. In particular, transmission channeling ex-
periments can only be performed with relatively thick

) : monocrystalline foils resulting in multiple reflections from
channeling from surfaces, one obtains from Ef).for My aiomic planes, whereas for surface scattering a trajectory for
~M, an energy transfer to the target atdemergy loss for 5 gingle specular reflection event is effective.

projectiles AE;=Eq— E1<1OT3E,0 in a single binary en- (2) For a wide-band-gap materigLiF here), electronic
counter. For a steering of projectiles by a striogplang of  gycitations of valence electrons are strongly suppressed for
atoms as illustrated in the lower panel of Fig. 1, the totalio,y_energy ion bombardment. Furthermore, contributions of
scattering angle, is the result of a collision sequence with charge exchange, in particular ionization of neutral projec-
angular deflection®; <ds andd =D, . Inthe regime of  jles are negligible at low projectile velociti§g2].

For angular deflectionsd <2°, typical for low-energy

small angles, Eq(1) can be written as (3) For neutral noble gas atoms no long-range Coulomb
M M forces are relevant. These forces, present for ions, can lead to
AE;~ Eo—l St d~ Eo—ld)§. (2)  excitations of transverse-optical phonons that result fof Ne
M, M ions of a few keV to energy losses of some 10[d8,19,

, o clearly beyond the estimated size of nuclear stopping.
Assuming, for simplicity, thatb ¢ results from a number of Choosing low-energy neutral projectiles accompanied by

comparable deflection®; , i.e., »s=n®;, we have negligible projectile ionization during the collision elimi-
n nates this contribution to dissipation of energy completely.

My [ ®g)\2 The experimental setup for our TOF studies is sketched in

AE”_; AEiNnEOM_z ) TAEM, @ Fig. 2. An important prerequisite for our investigations is an

overall time/energy resolution in the subpermille domain,
so that the energy losSE is reduced by about the number i.e., an overall energy resolution typically in eV at keV pro-
of effective collisions with lattice atoms. E.g., far=10 we jectile energies. Ne ions are produced in a hollow cathode
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FIG. 2. Experimental setup. Note that the
channel plate detector is rotated with respect to
axis labeled R”

beam gas diff
chopper target pumping LiF (001) target ! channeltron channelplate

ion sourcgSO55, High Voltage Engineering Europe, Amers- feature for the TOF spectra is crucial for the experiment and
fort, NL) with an energy spread of less than 1 B8] and its interpretation.
are accelerated to the final projectile energy of a few keV by For finite angles of scattering’s the reduction in path
using a high-voltage supply with a low-ac ripple0.1 V).  length from target to detectonzx, can be derived from
After deflection by a small magnet the ion beam passe§imple geometrical concepts,
through first sets of defining slits and a pair of electric-field
plates for chopping the beam by fast voltage pulses with rise AX=X;+X,—X;, COSPg— \/xg—xi Sir? ®g. (4)
times smaller than 10 ns from negative to positive offset
voltages. Slits and field plates are adjusted in a way thaThis reduction in path length leads to a smaller flight time of
packets of ions pass this chopper unit only for voltages closerojectiles and thus to an enhancement of measured projec-
to zero, resulting in effective chopping times of typically 1 tile energies
ns.

The ions pass a gas target operated with Ne atoms at a 2AX
pressure of about 1@ mbar, where the projectiles are effi- AE= X1+ Xo E. ®)
ciently neutralized by resonant charge transfer with a negli-
gible increase in energy spread for the fast atomic.beam. Thigpis shift in energy is slightly lower, but still of the same
beam passes further slit syste@<2-mm aperturewhich are  ,rqer of magnitude than the elastic energy transfer to lattice
components of two differential pumping stages. Thegioms.
LiF(00D) target was cleaved under air and mechanically pol-  gecayse of the relevance of this correction for our data,
ished in order to reduce the step densities of the surface. Thg, performed an additional experiment with our setup to
damage introduced by the polishing procedure is removed by, gy the effect of a modified path length as function of the
lengthy preparation cycles of grazing sputtering of the suryngje of scattering. We slightly deflected a‘Nbeam by a
face with 25-keV Af" ions under an angle of incidence of hias yoltage in the target region, where the target surface is
about 2.5°. During sputtering the target is kept at an elevatedjigntly translated off its position for scattering experiments.
temperature of about 300 °C where LiF shows sufficient conpa grid of an electron detecténot operated during these

ductivity in order to avoid a macroscopic charging up of thegy dies serves as second electrode here. A sketch of relevant
target samplg24]. For annealing of the surface, the tempera-components for this investigation is shown in Fig. 3. The
ture is raised to 400°C for about 15 min. After & major incoming jon beam is deflected by the electric field owing to
number of cycles a clean and flat surface, widely free fromy, pias yoltage applied to target or grid. With a voltage of up
defects, is obtained. The "quality” of the surface can bey, 100 v, the beam is deflected by angles that are also
checked in a straightforward manner by recording angulagcpieved in the surface scattering experiments. The concept
distributions for scattered projectild25-27; we observe ot this study is based on comparable trajectory lengths from

well defined angular distributions as presented below. The, et 1o detector for projectiles deflected by the electric field
target surface is kept at a base pressure of about

5x 10 ! mbar and a temperature of 300°C, the angle of
incidence®d;, is chosen from 0.5° to 2°. The flight time for
specularly reflected projectiles, i.e., same angle of incidence
and angle of exit®;,=d, is recorded by a multichannel-
plate detector behind the target. This detector can be rotated
within the plane of scatteringplane contains surface normal
and direction of incoming beamwith a radius of x,
=0.862 m with respect to an axis label&l (see figurg
which is located at a distancg =0.398 m from the target.
Since this reference of rotation does not coincide with the
position of the target, the effective distance between target
and multichannel-plate detector varies slightly with the angle
of scattering®s. It turns out that this reduction of the path
length with angle has a comparable effect on the data as the FIG. 3. Geometry in the vicinity of target and equipotential
estimated energy loss, so that a reliable correction of thisurves as calculated witksimION.

electrode
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FIG. 4. Angle of scatteringfull diamonds, right ordinajeand 01 234560
time shift (full circles, left ordinate for 3-keV Ne* ions. Open polar angle (deg) polar angle (deg)
circles represent data after correction for reduced path length, solid
curves are the angular deflection and the time shift calculated frorﬂ1
o . e
the potentials in the target region lsyvion.

FIG. 5. Angular distributions for 3-keV N atoms scattered from
LiF001) surface undef;,=1° (left pane) and®;,=2° (right
pane). Solid curves represent results from computer simulations as

. . . autlined in text.
and by scattering from the target surface. The equotentlaﬁ

curves drawn in the figure are calculated with the program . . . S
SIMION [28]. residual fraction of the well-collimated projectile beam that

Results from these studies are presented in Fig. 4. Fdiioes not hit the target and has passed above the surface with-

positive voltages the target is biased and the grid is groundeﬂUt scattca_rlng(pgak at the left side of the distributiprirhe

and for negative voltages and vice versa. The full diamong&@ngular distributions for scattered atoms show a pronounced
represent measured scattering angle for 3-keV lms as and defined peak at the thectlon of specular reflection, i.e.,
function of voltage, which agree fairly well with angular q>in=q>out=fps/2. _The S.Ol'd curves represent results from
deflections computed witBIMION (solid curve. Main issue ~ COMPuter simulations discussed below.

of this investigation is the effect of the angular deflection on_ N Fig. 6 we display representative energy spectra for

the TOF spectra. The full circles represent measured shifts i keV Ne atoms scattered from the L@o1) surface under
flight time of 3-keV N€ ions as function of bias voltage and specular reflection, where the TOF spectra have been trans-

also of deflection angle. This flight time is shifted by theformed to an energy scale and corrected with respect to the

reduced path length with increasing angéee above but effective path lengtisee discussion in preceding secjion

also by the potential in the target region. The solid curveThe open circles in the figure represent an energy spectrum

indicates the shift in flight time calculated from the potentials'€c0rded for the projectile beam where the target has been
derived with SIMION. These data clearly deviate from the [@Ken out of the beam axis so that the atoms reach the chan-

measurements. However, corrections of the flight time@elf plate detector WithOUt scattering from the surface. Th?
based on the simple geometrical approach given in Es solid curves are best fits to Gaussian line shapes that describe

and (5) provide data(open circleg that show perfect agree-

ment within the uncertainties of the experiment. This result 1.0

shows that our data can reliably be corrected with respect tc e

the change in path length caused by a variation of the angle 08l o 3 )

of scattering. In order to provide a quantitative judgement on=

this correction, we mention that, e.g., for 3-keV Ne atoms the 3

shifts in path lengths and flight times result in shifts of pro- © 0.6 .

jectile energy of AE=0.4 eV at a scattering angle @b °

=1°, 1.7 eV at 2°, and 3.8 eV at 3°. N
o 0.4 n
£

IV. EXPERIMENTAL RESULTS S .,
After careful preparation of the Li{B01) surface, well
defined angular distributions for scattered projectiles serve a: o

an indication for a clean and flat target, widely free from 2985 2990 2995 3000 3005 3010

defects[26,27]. As an example, we show in Fig. 5 two an-
gular distributions ford,,=1° (left pane) and ®;,=2°
(rlght pane) recorded by translation of a channeltron detec- FIG. 6. TOF spectrgconverted to energy scaléor 3-keV Ne

tor within the plane of scattering at a distance of 0.45 matoms scattered from the L{B01) surface under specular reflection.
behind the target. A reference for the direction of the incom-Open circles, direct beam; full circles, angle of inciderbe,

ing beam is derived from the intense signal owing to the=1.05°; full triangles®;,=1.75°.

energy (eV)
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FIG. 7. Nuclear energy loss as a function of angle of incidence FIG. 8. Nuclear energy loss as a function of angle of incidence
for 3-keV Ne atoms scattered from the (@01) surface. The solid for 5-keV Ne atoms scattered from the K@01) surface. The solid
curves represent results from computer simulations using surfaceurves represent results from computer simulations using a surface
Debye temperatures of 200, 250, and 300 K as well as rigid latticeDebye temperature of 250 K as well as rigid lattice.

the central part of the peaks fairly well. The spectrum for the . )
incident beam has a full width at half maximum of about 3.58r9Y 10ss is, as expected, clearly smaller than electronic pro-
eV, i.e., the overall energy spread of our setup amounts t§€SSES: In the followmg we W!|| discuss the analy3|_s of our
typically 103, Closer inspection of the peaks reveals wingsdat‘? and reve_al some interesting fe_atur_es on stoppmg in this
at the low- and high-energy sides, which we attribute to ef'€9ime. We W|Illshow that thermal V|brat|qns of lattice atoms
fects caused by the timing of our chopping unit and byp!ay an essential role fo.r an gndt_erstandmg of nuclear stop-
change of energy owing to charge exchange of the incidering Of channelled atomic projectiles.
ions in the gas target. These wings in the spectra, however,
will be neglected here, since we concentrate on the most
probable energy loss given by the well defined maxima of
the peaks. The data presented in the preceding section are analyzed
The full circles represent a spectrum obtained for projecin terms of Monte Carlo computer simulations in order to
tiles scattered from the LiF surface under an angle of incihandle the complex many-body problem. Essential aspects
dence®,,=1.05°, which shows a shift of 1 eV in compari- on these simulations have been outlined in a recent paper
son to the incident beam. These data demonstrate that tfhi20], however, for the studies presented here we have chosen
overall energy resolution of our setup is sufficiently high toatomic interaction potentials for Ne atoms in front of a
resolve such a small energy loss of only about40For  LiF(001) surface that are derived from quantum-chematal
®,,=1.75° (full triangles the data show a further slight in- initio methods. It turns out that in particular the long-range
crease of the energy loss. Note that in the low-energy tail obehavior of those individual quantum-chemical potentials is
the spectrum a broader structure can be identified for largegubstantially different from pair potentials obtained in the
impact angles and energies. In the studies presented here wBomas-Fermi approach with corresponding screening func-
have not investigated this feature in more detail, because thi#ns [1,31]. Our quantum-chemical calculations are based
part of the spectrum does not affect the prominent peakn a LiH001) surface represented by a (ls1F,9)°* cluster
structure owing to elastic energy transfer. The origin of thiscontaining one central Li ion with five F~ ions directly co-
part of the energy spectrum is ascribed to electronic proordinated to it and 13 Li cations in the next coordination
cesses, primarily excitations of the tar29,30d, where en- shell. This cluster is embedded in an extended point-charge
ergy losses of less than about 10 eV might be attributed téield of 27X 27X 6=4374 point charges with ionicities 1.
excitations of the projectile atoms. In order to speed up the convergence of the Madelung en-
Most probable energy losses are derived from spectra a&rgy, fractional charges were placed at the outermost borders
shown and plotted as function of angle of incidence in Fig. 70f the point-charge array, as proposed by EVj88]. The
for 3 keV and in Fig. 8 for 5 keV Ne atoms. The observedcomplete system, i.e., cluster plus point-charge field, is
monotonic increase of the energy loss with angle is similacharge neutral. The lattice constant4.0262 A of the un-
for the two energies, where the energy loss at the largedistorted LiF crysta[33] was used both for the cluster and
projectile energy is systematically higher. The solid curves irthe point-charge field; no relaxations of tf@01) surface
both figures represent the analysis of data based on classicsiere considered.
trajectory Monte Carlo simulations as outlined in the follow-  The full interaction potential was calculated in the form of
ing section. The data displayed here are to the best of ouyotential-energy curves for Ne atoms in front of the (06D
knowledge the first measurements on the elastic energgurface at different positions: Li ontop sifei), F ontop site
transfer to a crystal lattice under channeling conditions. OufF), midpoint between two For Li) atoms(M). The distance
measurements show that this mechanism for projectile ersf Ne atoms from the topmost surface layer was varied be-

V. EVALUATION OF DATA AND DISCUSSION
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. 0.8553 a.u. @)
ot U (2984295
< 5 (Z1 2
10 is the universal screening lendth], shows that the universal
g i potential is comparable at the smallest distances relevant for
S 107 our studies. However, at larger distances we find a significant
5 . stronger repulsive potential for the ZBL approach than de-
= 10 rived from the quantum-chemical code.
i'g B For the computer simulations outlined below the inter-
a 10 atomic potentials are of paramount importance, since trajec-
i N ] tories of scattered projectiles are computed from these poten-
0 55 0 tials. In comparison to our recent studifg®0], we have

z (a.u.) modified the simulations on trajectories during atom surface
scattering by making use of quantum-chemical potentials.
FIG. 9. Potential energy for interaction of a Ne atom with These potentials are incorporated in the available program by
LiF(002) surface(z=0 is referred to the topmost layeZBL rep-  the approximation of a Bohr type of screening, i.e., pair po-
resents the potential for universal screening, symbols represent reentials for Ne-Li" and Ne-F are given by exponential
sults from quantum-chemical calculatioffall circles represent on  screening,
top of F~ ions, open circles represent on top of Lions, and full

triangles are for “middle positiony. For details see text. Z,7,
V(r)= Texp(—clzr/au). (8

tween 2 and 10 a.u.; beyond 10 a.u. the interaction energies
are negligibly small. All calculations were performed at the The constants;, are derived from correlated best fits to the
Hartree-Fock level. This approximation yields the predomi-three data sets shown in Fig(@rves drawn through data in
nant contribution to the interaction between closed-shell sysfigure). The data are well described by this simple approxi-
tems such as Ne and the L@®1) surface, in particular, in mation with ¢,;,=0.622 for Ne-Li" and c;,=0.481 for
the range of intermediate and large interaction energies. ValNe-F . Based on these potentials, trajectories for Ne atoms
der Waals interactiond_ondon dispersion forcgsannot be scattered under grazing incidence from a (D) surface
described in this way, so that the physisorption of Ne onare derived in the framework of classical mechanics by as-
LiF(001) is not included in these calculations. In view of the suming a sequence of elastic binary collisions of neutral Ne
fast motion of the Ne atoms we estimate the uncertainties foatoms with Li" and F ions imbedded at lattice sites of a
our static description, which amount to the same order ofemi-infinite crystal. As pointed out, electronic processes,
magnitude as physisorption potentials. Reasonably largguch as electron-hole pair and plasmon excitation, as well as
Gaussian basis sets of quadruple zeta quality with severgharge transfer, electronic promotion, and long-ranged exci-
sets of polarization functions are used. Téeparts of the tation of transverse-optical phonons can be neglected for the
basis sets for Li and F were taken from RE34], for Ne  specific system investigated here. In accordance with the ex-
from Ref.[35]. Since these basis sets are rather large, th@eriments a “random” azimuthal orientation of the target
basis set superposition errors turned out to be small; nevepurface was chosen by an azimuthal angle a few degrees off
theless, all results were corrected by means of the full courthe [100] direction in the plane of the crystal surface. The
terpoise method of Boys and Bernaf8#]. simulations were performed with a DEC 3000-600 worksta-
In Fig. 9 we have plotted the calculated potential energiegion, and typically 16 trajectories of scattered projectiles are
for a Ne atom in front of a LiFD01) surface as function of followed and analyzed with respect to angular scattering and
distancez from the topmost surface layer. The full circles final energies.

represent calculations for a position on top of a ite (la- In detailed studies on angular distributions for keV ions
beled B, the open circles on top of a Lisite (Li), and the  scattered under grazing incidence from metal surfaces it was

full triangles for a position in the middle of a unit céM). revealed that the defect structure of the target surface and
The data reveal a functional dependence znlose to a thermal vibrations of lattice atoms are essential to describe
single exponent decay. Comparison with the potential, comthe experiments on a quantitative ley2r]. A slight miscut

monly used for fast atomic collisions with solids, proposedof the crystal with respect to a defined crystallographic plane

by Ziegler, Biersack, and LittmarkZBL potential” [1]), results, for a smooth surface, in terraces formed by topmost
layer atoms separated by steps. In the simulations this feature

is incorporated by flat terraces of geometrically distributed
2,7, E lengths separated by steps of monoatomic height with “up-
r o4 a; exp(—bir/ay), ©6) ward” or “downward” orientation. Quantitative low-energy
electron diffraction studies suggest a shift of the subplane of
Li* cations by 0.25 A towards the bulk with respect to the
with  a;={0.1818,0.5099,0.2802,0.028}17 and b;  subplane of F anions[37]. Such a “rumpling” seems to be
={3.2,0.9423,0.4028,0.2016 being constants for ZBL a general feature of alkali halides owing to the different ionic
screening and radii [38]. This finding, however, was questioned by experi-

V(r)=
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ments on scattering of thermal He atofi@9] and atomic
force microscopy40], where only a small and opposite rum-
pling by about 0.036 A was deduced. Since the question on
the equilibrium structure of the L{BO1) surface is not
settled[41], we have also investigated the effect of surface
rumpling on the data.

Thermal vibrations of lattice atoms modify the distance
between projectiles and target atoms and affect the scattering
process in a decisive manner. The effect of thermal vibra-
tions on projectile trajectories manifests itself in the width of
angular distributions for scattered particles. Computer simu-
lations have shown that for a surface of good quality the
angular width is primarily determined by those vibrations 05 10 15 20 25
[27]. In our simulations, uncorrelated thermal vibrations of incidence angle (deg)
surface atoms perpendicular to the surface plane are taken
into account in using the harmonic model with a Gaussian FIG. 10. Nuclear energy loss as a function of the angle of inci-
probability density function for the elongation of lattice at- dence for 3-keV Ne atoms scattered from the(DiF) surface. The
oms [42]. From the Debye model in high-temperature ap-solid curve represents results from computer simulations for the

proximation we obtain mean-square displacements of atorpurface Debye temperature of 250 K and ideal surface, and the
[43], dashed curve represents simulations that include surface rumpling

as detailed in text.

| 3 keV

nuclear energy loss (eV)

2\ _ 2 2
{u)=3A"T/Mokgfp, , ©) the relevant parameters for the characterization of the target

] ) ] ] surface. In Fig. 7 we demonstrate the dependence of the en-
with M, being the mass of lattice atonlisi or F) and®p, gy |oss for 3-keV projectiles on the Debye temperature by
the surface Debye temperature. In accordance with the ©4dding results fo 5, =200 K and®p, =300 K, which dif-
periments, a temperature of the target surfacéeb73 Kis  fo, considerably from the simulations fé¥ 5, =250 K and
chosen. Since the velocities of projectiles exceed those of thige experimental data. These results serve to estimate the
vibrating lattice by about three orders of magnitude, a “fro-yncertainty for the surface Debye temperature derived from
zen lattice” can be considered for individual binary colli- 5, gata. We also have plotted in the Figs. 7 and 8 results
sions. The elastic energy transfer is calculated using(Bq.  gptained under the assumption of a rigid lattice, which sub-
from actual angular deflections in close encounters with targiantially deviate from the experiments. This result leads us

get atoms. Summation of individual energy transfers ovef, the important conclusion that the energy transfer can only
complete trajectories results in the total elastic transfer to thgg gescribed on a quantitative level, if thermal vibrations of
crystal lattice or nuclear energy loss for scattered projectilegtiice atoms are taken into account.

The solid curves in Fig. 5 represent the angular distribu- |, Fig. 10 we have investigated the effect of surface rum-
tions obtained by our computer simulations. In this respect, iE”ng on the energy loss for 3-keV projectiles. By making use
is important to note that our simulations provide a consistengs e guantum-chemical potentials we come to the same
description of angular scattering as well as energy loss by thgyclusion as presented recerf®@]. The effect of rumpling
same set of free parameters. The angular distributions akg small in comparison to data for an ideal surfécie dashed
calculated for the experimental paramete® keV, ®in  and solid curves in Fig. 2Gand is equivalent to an enhance-
=1.0° and 2.0°, respectivelyand terraces with geometri- ment of the Debye temperature of some 10 K only. This is

cally distributed lengths. The structure in the foot of thepgiow the uncertainty fo®,, derived from our data on
peaked distribution can be used as a measure for the densigpergy |oss.

of downward step$27] and fixes this parameter with suffi-
cient accuracymean distance 2000 A hére\ surface De-
bye temperature dd 5, =250 K provides a good description
of the angular width of both distributions. The sensitivity of  In conclusion, by making use of specific features for the
data for a specific variation of these parameters will be outscattering of fast neutral Ne atoms from the surface of a
lined in the following for the data on projectile energy loss. wide-band-gap insulator we have investigated in detail the
The thick solid curves in Figs. 7 and 8 represent the reenergy transfer to the crystal lattice under channeling condi-
sults of our computer simulations for the projectile energytions. Since all mechanisms giving rise to electronic excita-
loss with the same set of parameters as used for the descriflens or charge exchange between projectile and crystal are
tion of the angular distributions. The data represent the mosiegligibly small here, the so-called nuclear energy loss can
probable energy loss obtained from the simulated energpe studied on a quantitative level. Our data are analyzed in
spectra after convolution with the experimental energy resoterms of Monte Carlo computer simulations based on classi-
lution. The fair description of the experimental data by thecal mechanics where projectile trajectories are calculated by
simulations at both energies, 3 and 5 keV, may serve as amsing quantum-chemical interatomic potentials between Ne
indication for the overall consistency of our analysis. Of par-atoms and Li or F~ ions imbedded in the crystal. The com-
ticular interest is the sensitivity of the data on variations ofputer simulations reveal clearly that thermal vibrations of

VI. CONCLUSION
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lattice atoms play a dominant role for a quantitative descripelaborate correction®p, =415+ 40 K [44] and®p, =350

tion of the experimental data. Angular distributions and the+ 50 K [45,46|. These values are somewhat higher than the
energy loss of scattered particles can consistently be dedebye temperature derived from our scattering experiments.
scribed in our computer simulations by the same set of pam view of the present status of the different experiments and

rameters characterizing the target surface. The lattice vibraheir analysis it is not possible to clear up the slight devia-
tions are described within the framework of the Debye modetions found in the conclusions dBp, .

by the surface Debye temperature that is deduced here in a
conservative estimate 0, =250+ 50 K. This temperature

is considerably smaller than the bulk Debye temperature of
732 K. Surface Debye temperatures derived from diffraction This work was supported by the Deutsche Forschungsge-
patterns for thermal H and He atom scattering yield aftemeinschaft under Contract No. Wi 1336.
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