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Energy transfer of keV Ne atoms to the lattice of a LiF„001… 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~001! 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 250650 K for the LiF~001! surface.
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I. INTRODUCTION

The dissipation of kinetic energy of atomic projectiles
matter proceeds in terms of electronic excitations~‘‘elec-
tronic stopping’’! and elastic collisions with target atom
~‘‘nuclear stopping’’!. The latter mechanism contributes on
at low projectile velocities, i.e.,v,v0 ~v0 denotes Bohr ve-
locity! and dominates the angular deflection of projectiles
the scattering event@1#. A particular regime of ion-solid in-
teractions is achieved under ‘‘channeling,’’ where the proj
tiles collide with atoms of a crystal in a sequence of cor
lated small-angle scattering events@2–8#. This condition is
met for projectile impact close to a low index axis or pla
of the crystal lattice and results in well defined project
trajectories characterized by relatively large impact para
eters. It is simple to show~see also below! that, for collisions
in the channeling regime, the transfer of projectile energy
target atoms of the crystal lattice is very small in comparis
to electronic dissipation processes. As a consequence,
tronic stopping phenomena in solids can then be stud
fairly well even at low projectile velocities@9–14#.

Until recently, it was a well-known fact that under cha
neling the contributions of an energy transfer of projectiles
atoms of the crystal are ‘‘negligibly’’ small, however, no sp
cific information was available on the actual size of this p
cess. This status can simply be explained by the domina
of electronic processes under these conditions of scatte
i.e., single and collective excitations of target electrons,
sponse phenomena, and charge exchange. As a consequ
a specific feature of channeling could not be explored
previous experimental studies. Ritchie and Manson@15# in-
vestigated this problem theoretically and concluded a s
prisingly large transfer of projectile energy to the crystal l
tice, which was termed ‘‘mechanical energy loss’’ by t
authors. These calculations were performed for scatterin
projectiles from a crystal surface under a grazing angle
incidence so that conditions of ‘‘surface channeling’’ are f
filled and projectiles are reflected from the solid in front
the topmost layer of surface atoms and do not penetrate
1050-2947/2002/66~2!/022902~8!/$20.00 66 0229
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the bulk of the solid. This regime of ion surface scattering
characterized by the general features of channeling@4–7#,
which have been exploited in recent years to study stopp
phenomena of ions in the electron selvedge of metal s
faces. In those studies detailed information on electro
stopping mechanisms has been revealed@11–14# by assum-
ing that nuclear stopping contributes to the overall dissi
tion of projectile energy in a negligible manner.

Recently, we reported on experiments of scattering k
Ne atoms from a flat and clean LiF~001! surface under a
grazing angle of incidence@16#. Owing to specific features o
charge exchange of atoms and ions in front of wide-band-
insulators, i.e., suppression of charge exchange via reso
electron transfer or Auger-electron neutralization, this ch
nel for inelastic projectile energy loss can be ruled out. Th
excitations of lattice atoms via long-ranged Coulomb int
actions ~‘‘optical phonons’’ @17#! play a dominant role for
stopping of ions in front of insulator surfaces@18,19#. It turns
out that this contribution to stopping can be avoided also
making use of neutral atoms as primary projectiles. As
consequence, the elastic energy transfer from projectile
lattice atoms is the dominant mechanism for energy loss
der these conditions, and nuclear stopping under channe
conditions could be studied@16,20#.

In this paper we will present details on experimental a
theoretical descriptions of this interesting phenomenon in
field of ion-solid interactions. We will first present som
simple estimates on the elastic energy transfer of atomic
jectiles to a crystal lattice for scattering from a string
plane of atoms in the regime of channeling. Then we outl
in detail our experimental setup that comprises of a hi
resolution time-of-flight~TOF! device for measurements o
energy loss of neutral Ne atoms with keV energies from
LiF~001! surface. We discuss the evaluation and correct
of data, since the variation of the path length for differe
angles of scattering and its effect on the flight time is
pivotal importance for the measurements. Our data are in
preted by means of Monte Carlo computer simulatio
These calculations reveal that the energy transfer fr
©2002 The American Physical Society02-1
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atomic projectiles to atoms of the topmost layer of the crys
lattice is affected in a decisive manner by thermal vibratio
of lattice atoms. By making use of atomic interaction pote
tials obtained from calculations, we derive the surface De
temperature of LiF~001! from best fits of our simulations to
the experimental data.

II. SIMPLE ESTIMATES ON ELASTIC ENERGY
TRANSFER IN ATOMIC COLLISIONS

We begin our discussion on the intricate problem
nuclear stopping for ion-solid interactions under channel
conditions with simple estimates based on classical mec
ics and conservation of energy and momentum. For the g
eral case, we obtain for the energyE1 of projectiles with
incident energyE0 and massM1 after elastic scattering from
a single target atom with massM2 under an angleFs as
sketched in the upper panel of Fig. 1@5,21#,

E15E0~cosFs1A~M2 /M1!22sin2 Fs!
2/~11M2 /M1!2.

~1!

For angular deflections,Fs,2°, typical for low-energy
channeling from surfaces, one obtains from Eq.~1! for M1
'M2 an energy transfer to the target atom~energy loss for
projectiles! DE15E02E1,1023E0 in a single binary en-
counter. For a steering of projectiles by a string~or plane! of
atoms as illustrated in the lower panel of Fig. 1, the to
scattering angleFs is the result of a collision sequence wi
angular deflectionsF i!Fs andFs5( i

nF i . In the regime of
small angles, Eq.~1! can be written as

DE1'E0

M1

M2
sin2 Fs'E0

M1

M2
Fs

2. ~2!

Assuming, for simplicity, thatFs results from a number ofn
comparable deflectionsF i , i.e., Fs5nF i , we have

DEn5(
1

n

DEi'nE0

M1

M2
S Fs

n D 2

5DE1 /n, ~3!

so that the energy lossDE is reduced by about the numbern
of effective collisions with lattice atoms. E.g., forn510 we

FIG. 1. Sketch in order to illustrate scattering of atomic proje
tiles from a single target atom by angleFs and from a string of
target atoms representing the topmost layer of a surface.
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haveDEn5DE1/10,1024E0 in the specific case mentioned
This is indeed a very small fraction of energy dissipated
the crystal lattice. It is interesting to note that the small e
ergy loss in small-angle scattering of projectiles with ato
in the gas phase is further reduced by the number of effec
collisionsn. As a consequence, nuclear stopping can be c
sidered as being negligible in view of electronic proces
effective under atomic collisions with solids under chann
ing. This feature has been made use of in a fair numbe
studies, in particular with low-energy ions, in order to inve
tigate features of electronic stopping phenomena in so
and at surfaces@9–14#. In those studies, the nuclear ener
loss was generally considered as being negligibly small,
its actual magnitude was never discussed nor derived f
an experiment so far.

In the following, we describe first our experimental set
and procedures and then computer simulations on the s
tering of keV neutral Ne atoms from a clean and fl
LiF~001! surface under a glancing angle of incidence. The
studies allow us to derive detailed data and information
the projectile energy transfer to the crystal lattice in this
gime of scattering.

III. EXPERIMENT

In our experiments, we performed TOF studies in order
measure the energy loss of neutral Ne atoms with energie
the keV domain after grazing scattering from the surface o
LiF~001! crystal. For this collision system we could sho
that contributions for electronic excitations and long-ran
response phenomena can be ruled out@16#. Detailed studies
on the elastic energy transfer to the lattice atoms can the
performed because of the following:

~1! For scattering under surface channeling conditio
processes between atomic planes within the bulk of a s
can be excluded. In particular, transmission channeling
periments can only be performed with relatively thic
monocrystalline foils resulting in multiple reflections from
atomic planes, whereas for surface scattering a trajectory
a single specular reflection event is effective.

~2! For a wide-band-gap material~LiF here!, electronic
excitations of valence electrons are strongly suppressed
low-energy ion bombardment. Furthermore, contributions
charge exchange, in particular ionization of neutral proj
tiles, are negligible at low projectile velocities@22#.

~3! For neutral noble gas atoms no long-range Coulo
forces are relevant. These forces, present for ions, can lea
excitations of transverse-optical phonons that result for N1

ions of a few keV to energy losses of some 10 eV@18,19#,
clearly beyond the estimated size of nuclear stoppi
Choosing low-energy neutral projectiles accompanied
negligible projectile ionization during the collision elim
nates this contribution to dissipation of energy completel

The experimental setup for our TOF studies is sketche
Fig. 2. An important prerequisite for our investigations is
overall time/energy resolution in the subpermille doma
i.e., an overall energy resolution typically in eV at keV pr
jectile energies. Ne1 ions are produced in a hollow cathod

-
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FIG. 2. Experimental setup. Note that th
channel plate detector is rotated with respect
axis labeled ‘‘R.’’
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ion source~SO55, High Voltage Engineering Europe, Amer
fort, NL! with an energy spread of less than 1 eV@23# and
are accelerated to the final projectile energy of a few keV
using a high-voltage supply with a low-ac ripple~,0.1 V!.
After deflection by a small magnet the ion beam pas
through first sets of defining slits and a pair of electric-fie
plates for chopping the beam by fast voltage pulses with
times smaller than 10 ns from negative to positive off
voltages. Slits and field plates are adjusted in a way
packets of ions pass this chopper unit only for voltages cl
to zero, resulting in effective chopping times of typically
ns.

The ions pass a gas target operated with Ne atoms
pressure of about 1024 mbar, where the projectiles are effi
ciently neutralized by resonant charge transfer with a ne
gible increase in energy spread for the fast atomic beam.
beam passes further slit systems~0.2-mm aperture! which are
components of two differential pumping stages. T
LiF~001! target was cleaved under air and mechanically p
ished in order to reduce the step densities of the surface.
damage introduced by the polishing procedure is removed
lengthy preparation cycles of grazing sputtering of the s
face with 25-keV Ar1 ions under an angle of incidence o
about 2.5°. During sputtering the target is kept at an eleva
temperature of about 300 °C where LiF shows sufficient c
ductivity in order to avoid a macroscopic charging up of t
target sample@24#. For annealing of the surface, the tempe
ture is raised to 400 °C for about 15 min. After a maj
number of cycles a clean and flat surface, widely free fr
defects, is obtained. The ‘‘quality’’ of the surface can
checked in a straightforward manner by recording angu
distributions for scattered projectiles@25–27#; we observe
well defined angular distributions as presented below. T
target surface is kept at a base pressure of ab
5310211 mbar and a temperature of 300 °C, the angle
incidenceF in is chosen from 0.5° to 2°. The flight time fo
specularly reflected projectiles, i.e., same angle of incide
and angle of exit,F in5Fout, is recorded by a multichanne
plate detector behind the target. This detector can be rot
within the plane of scattering~plane contains surface norm
and direction of incoming beam! with a radius of x2
50.862 m with respect to an axis labeledR ~see figure!
which is located at a distancex150.398 m from the target
Since this reference of rotation does not coincide with
position of the target, the effective distance between ta
and multichannel-plate detector varies slightly with the an
of scatteringFs . It turns out that this reduction of the pat
length with angle has a comparable effect on the data as
estimated energy loss, so that a reliable correction of
02290
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feature for the TOF spectra is crucial for the experiment a
its interpretation.

For finite angles of scatteringFs the reduction in path
length from target to detector,Dx, can be derived from
simple geometrical concepts,

Dx5x11x22x1 cosFS2Ax2
22x1

2 sin2 FS. ~4!

This reduction in path length leads to a smaller flight time
projectiles and thus to an enhancement of measured pro
tile energies

DE5
2Dx

x11x2
E. ~5!

This shift in energy is slightly lower, but still of the sam
order of magnitude than the elastic energy transfer to lat
atoms.

Because of the relevance of this correction for our da
we performed an additional experiment with our setup
study the effect of a modified path length as function of t
angle of scattering. We slightly deflected a Ne1 beam by a
bias voltage in the target region, where the target surfac
slightly translated off its position for scattering experimen
The grid of an electron detector~not operated during thes
studies! serves as second electrode here. A sketch of rele
components for this investigation is shown in Fig. 3. T
incoming ion beam is deflected by the electric field owing
a bias voltage applied to target or grid. With a voltage of
to 100 V, the beam is deflected by angles that are a
achieved in the surface scattering experiments. The con
of this study is based on comparable trajectory lengths fr
target to detector for projectiles deflected by the electric fi

FIG. 3. Geometry in the vicinity of target and equipotent
curves as calculated withSIMION.
2-3
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and by scattering from the target surface. The equipoten
curves drawn in the figure are calculated with the progr
SIMION @28#.

Results from these studies are presented in Fig. 4.
positive voltages the target is biased and the grid is groun
and for negative voltages and vice versa. The full diamo
represent measured scattering angle for 3-keV Ne1 ions as
function of voltage, which agree fairly well with angula
deflections computed withSIMION ~solid curve!. Main issue
of this investigation is the effect of the angular deflection
the TOF spectra. The full circles represent measured shif
flight time of 3-keV Ne1 ions as function of bias voltage an
also of deflection angle. This flight time is shifted by th
reduced path length with increasing angle~see above!, but
also by the potential in the target region. The solid cu
indicates the shift in flight time calculated from the potenti
derived with SIMION. These data clearly deviate from th
measurements. However, corrections of the flight tim
based on the simple geometrical approach given in Eqs~4!
and ~5! provide data~open circles! that show perfect agree
ment within the uncertainties of the experiment. This res
shows that our data can reliably be corrected with respec
the change in path length caused by a variation of the a
of scattering. In order to provide a quantitative judgement
this correction, we mention that, e.g., for 3-keV Ne atoms
shifts in path lengths and flight times result in shifts of pr
jectile energy ofDE50.4 eV at a scattering angle ofFs
51°, 1.7 eV at 2°, and 3.8 eV at 3°.

IV. EXPERIMENTAL RESULTS

After careful preparation of the LiF~001! surface, well
defined angular distributions for scattered projectiles serv
an indication for a clean and flat target, widely free fro
defects@26,27#. As an example, we show in Fig. 5 two an
gular distributions forF in51° ~left panel! and F in52°
~right panel! recorded by translation of a channeltron dete
tor within the plane of scattering at a distance of 0.45
behind the target. A reference for the direction of the inco
ing beam is derived from the intense signal owing to

FIG. 4. Angle of scattering~full diamonds, right ordinate! and
time shift ~full circles, left ordinate! for 3-keV Ne1 ions. Open
circles represent data after correction for reduced path length,
curves are the angular deflection and the time shift calculated f
the potentials in the target region bySIMION.
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residual fraction of the well-collimated projectile beam th
does not hit the target and has passed above the surface
out scattering~peak at the left side of the distribution!. The
angular distributions for scattered atoms show a pronoun
and defined peak at the direction of specular reflection,
F in5Fout5Fs/2. The solid curves represent results fro
computer simulations discussed below.

In Fig. 6 we display representative energy spectra
3-keV Ne atoms scattered from the LiF~001! surface under
specular reflection, where the TOF spectra have been tr
formed to an energy scale and corrected with respect to
effective path length~see discussion in preceding section!.
The open circles in the figure represent an energy spect
recorded for the projectile beam where the target has b
taken out of the beam axis so that the atoms reach the c
nel-plate detector without scattering from the surface. T
solid curves are best fits to Gaussian line shapes that des

lid
m

FIG. 5. Angular distributions for 3-keV N atoms scattered fro
the LiF~001! surface underF in51° ~left panel! andF in52° ~right
panel!. Solid curves represent results from computer simulations
outlined in text.

FIG. 6. TOF spectra~converted to energy scale! for 3-keV Ne
atoms scattered from the LiF~001! surface under specular reflection
Open circles, direct beam; full circles, angle of incidenceF in

51.05°; full triangles,F in51.75°.
2-4
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the central part of the peaks fairly well. The spectrum for
incident beam has a full width at half maximum of about 3
eV, i.e., the overall energy spread of our setup amount
typically 1023. Closer inspection of the peaks reveals win
at the low- and high-energy sides, which we attribute to
fects caused by the timing of our chopping unit and
change of energy owing to charge exchange of the incid
ions in the gas target. These wings in the spectra, howe
will be neglected here, since we concentrate on the m
probable energy loss given by the well defined maxima
the peaks.

The full circles represent a spectrum obtained for proj
tiles scattered from the LiF surface under an angle of in
denceF in51.05°, which shows a shift of 1 eV in compar
son to the incident beam. These data demonstrate tha
overall energy resolution of our setup is sufficiently high
resolve such a small energy loss of only about 1024. For
F in51.75° ~full triangles! the data show a further slight in
crease of the energy loss. Note that in the low-energy ta
the spectrum a broader structure can be identified for la
impact angles and energies. In the studies presented her
have not investigated this feature in more detail, because
part of the spectrum does not affect the prominent p
structure owing to elastic energy transfer. The origin of t
part of the energy spectrum is ascribed to electronic p
cesses, primarily excitations of the target@29,30#, where en-
ergy losses of less than about 10 eV might be attributed
excitations of the projectile atoms.

Most probable energy losses are derived from spectr
shown and plotted as function of angle of incidence in Fig
for 3 keV and in Fig. 8 for 5 keV Ne atoms. The observ
monotonic increase of the energy loss with angle is sim
for the two energies, where the energy loss at the la
projectile energy is systematically higher. The solid curves
both figures represent the analysis of data based on clas
trajectory Monte Carlo simulations as outlined in the follo
ing section. The data displayed here are to the best of
knowledge the first measurements on the elastic ene
transfer to a crystal lattice under channeling conditions. O
measurements show that this mechanism for projectile

FIG. 7. Nuclear energy loss as a function of angle of incide
for 3-keV Ne atoms scattered from the LiF~001! surface. The solid
curves represent results from computer simulations using sur
Debye temperatures of 200, 250, and 300 K as well as rigid latt
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ergy loss is, as expected, clearly smaller than electronic
cesses. In the following we will discuss the analysis of o
data and reveal some interesting features on stopping in
regime. We will show that thermal vibrations of lattice atom
play an essential role for an understanding of nuclear s
ping of channelled atomic projectiles.

V. EVALUATION OF DATA AND DISCUSSION

The data presented in the preceding section are anal
in terms of Monte Carlo computer simulations in order
handle the complex many-body problem. Essential asp
on these simulations have been outlined in a recent pa
@20#, however, for the studies presented here we have cho
atomic interaction potentials for Ne atoms in front of
LiF~001! surface that are derived from quantum-chemicalab
initio methods. It turns out that in particular the long-ran
behavior of those individual quantum-chemical potentials
substantially different from pair potentials obtained in t
Thomas-Fermi approach with corresponding screening fu
tions @1,31#. Our quantum-chemical calculations are bas
on a LiF~001! surface represented by a (LiF5Li13)

91 cluster
containing one central Li1 ion with five F2 ions directly co-
ordinated to it and 13 Li1 cations in the next coordination
shell. This cluster is embedded in an extended point-cha
field of 273273654374 point charges with ionicities61.
In order to speed up the convergence of the Madelung
ergy, fractional charges were placed at the outermost bor
of the point-charge array, as proposed by Evjen@32#. The
complete system, i.e., cluster plus point-charge field,
charge neutral. The lattice constanta54.0262 Å of the un-
distorted LiF crystal@33# was used both for the cluster an
the point-charge field; no relaxations of the~001! surface
were considered.

The full interaction potential was calculated in the form
potential-energy curves for Ne atoms in front of the LiF~001!
surface at different positions: Li ontop site~Li !, F ontop site
~F!, midpoint between two F~or Li! atoms~M!. The distance
of Ne atoms from the topmost surface layer was varied

e

ce
e.

FIG. 8. Nuclear energy loss as a function of angle of inciden
for 5-keV Ne atoms scattered from the LiF~001! surface. The solid
curves represent results from computer simulations using a sur
Debye temperature of 250 K as well as rigid lattice.
2-5
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tween 2 and 10 a.u.; beyond 10 a.u. the interaction ener
are negligibly small. All calculations were performed at t
Hartree-Fock level. This approximation yields the predom
nant contribution to the interaction between closed-shell s
tems such as Ne and the LiF~001! surface, in particular, in
the range of intermediate and large interaction energies.
der Waals interactions~London dispersion forces! cannot be
described in this way, so that the physisorption of Ne
LiF~001! is not included in these calculations. In view of th
fast motion of the Ne atoms we estimate the uncertainties
our static description, which amount to the same order
magnitude as physisorption potentials. Reasonably la
Gaussian basis sets of quadruple zeta quality with sev
sets of polarization functions are used. Thesp parts of the
basis sets for Li and F were taken from Ref.@34#, for Ne
from Ref. @35#. Since these basis sets are rather large,
basis set superposition errors turned out to be small; ne
theless, all results were corrected by means of the full co
terpoise method of Boys and Bernardi@36#.

In Fig. 9 we have plotted the calculated potential energ
for a Ne atom in front of a LiF~001! surface as function o
distancez from the topmost surface layer. The full circle
represent calculations for a position on top of a F2 site ~la-
beled F!, the open circles on top of a Li1 site ~Li !, and the
full triangles for a position in the middle of a unit cell~M!.
The data reveal a functional dependence onz close to a
single exponent decay. Comparison with the potential, co
monly used for fast atomic collisions with solids, propos
by Ziegler, Biersack, and Littmark~‘‘ZBL potential’’ @1#!,

V~r !5
Z1Z2

r (
i

ai exp~2bir /au!, ~6!

with ai5$0.1818,0.5099,0.2802,0.028 17% and bi
5$3.2,0.9423,0.4028,0.2016% being constants for ZBL
screening and

FIG. 9. Potential energy for interaction of a Ne atom w
LiF~001! surface~z50 is referred to the topmost layer!. ZBL rep-
resents the potential for universal screening, symbols represen
sults from quantum-chemical calculations~full circles represent on
top of F2 ions, open circles represent on top of Li1 ions, and full
triangles are for ‘‘middle position’’!. For details see text.
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0.8553 a.u.

~Z1
0.231Z2

0.23!
~7!

is the universal screening length@1#, shows that the universa
potential is comparable at the smallest distances relevan
our studies. However, at larger distances we find a signific
stronger repulsive potential for the ZBL approach than
rived from the quantum-chemical code.

For the computer simulations outlined below the inte
atomic potentials are of paramount importance, since tra
tories of scattered projectiles are computed from these po
tials. In comparison to our recent studies@20#, we have
modified the simulations on trajectories during atom surfa
scattering by making use of quantum-chemical potenti
These potentials are incorporated in the available program
the approximation of a Bohr type of screening, i.e., pair p
tentials for Ne-Li1 and Ne-F2 are given by exponentia
screening,

V~r !5
Z1Z2

r
exp~2c12r /au!. ~8!

The constantsc12 are derived from correlated best fits to th
three data sets shown in Fig. 9~curves drawn through data i
figure!. The data are well described by this simple appro
mation with c1250.622 for Ne-Li1 and c1250.481 for
Ne-F2. Based on these potentials, trajectories for Ne ato
scattered under grazing incidence from a LiF~001! surface
are derived in the framework of classical mechanics by
suming a sequence of elastic binary collisions of neutral
atoms with Li1 and F2 ions imbedded at lattice sites of
semi-infinite crystal. As pointed out, electronic process
such as electron-hole pair and plasmon excitation, as we
charge transfer, electronic promotion, and long-ranged e
tation of transverse-optical phonons can be neglected for
specific system investigated here. In accordance with the
periments a ‘‘random’’ azimuthal orientation of the targ
surface was chosen by an azimuthal angle a few degree
the @100# direction in the plane of the crystal surface. Th
simulations were performed with a DEC 3000-600 works
tion, and typically 106 trajectories of scattered projectiles a
followed and analyzed with respect to angular scattering
final energies.

In detailed studies on angular distributions for keV io
scattered under grazing incidence from metal surfaces it
revealed that the defect structure of the target surface
thermal vibrations of lattice atoms are essential to desc
the experiments on a quantitative level@27#. A slight miscut
of the crystal with respect to a defined crystallographic pla
results, for a smooth surface, in terraces formed by topm
layer atoms separated by steps. In the simulations this fea
is incorporated by flat terraces of geometrically distribut
lengths separated by steps of monoatomic height with ‘‘
ward’’ or ‘‘downward’’ orientation. Quantitative low-energy
electron diffraction studies suggest a shift of the subplane
Li1 cations by 0.25 Å towards the bulk with respect to t
subplane of F2 anions@37#. Such a ‘‘rumpling’’ seems to be
a general feature of alkali halides owing to the different ion
radii @38#. This finding, however, was questioned by expe

re-
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ENERGY TRANSFER OF keV Ne ATOMS TO THE . . . PHYSICAL REVIEW A 66, 022902 ~2002!
ments on scattering of thermal He atoms@39# and atomic
force microscopy@40#, where only a small and opposite rum
pling by about 0.036 Å was deduced. Since the question
the equilibrium structure of the LiF~001! surface is not
settled@41#, we have also investigated the effect of surfa
rumpling on the data.

Thermal vibrations of lattice atoms modify the distan
between projectiles and target atoms and affect the scatte
process in a decisive manner. The effect of thermal vib
tions on projectile trajectories manifests itself in the width
angular distributions for scattered particles. Computer sim
lations have shown that for a surface of good quality
angular width is primarily determined by those vibratio
@27#. In our simulations, uncorrelated thermal vibrations
surface atoms perpendicular to the surface plane are t
into account in using the harmonic model with a Gauss
probability density function for the elongation of lattice a
oms @42#. From the Debye model in high-temperature a
proximation we obtain mean-square displacements of a
@43#,

^u'
2 &53\2T/M2kBuD'

2 , ~9!

with M2 being the mass of lattice atoms~Li or F! andQD'

the surface Debye temperature. In accordance with the
periments, a temperature of the target surface ofT5573 K is
chosen. Since the velocities of projectiles exceed those o
vibrating lattice by about three orders of magnitude, a ‘‘fr
zen lattice’’ can be considered for individual binary col
sions. The elastic energy transfer is calculated using Eq~1!
from actual angular deflections in close encounters with
get atoms. Summation of individual energy transfers o
complete trajectories results in the total elastic transfer to
crystal lattice or nuclear energy loss for scattered projecti

The solid curves in Fig. 5 represent the angular distri
tions obtained by our computer simulations. In this respec
is important to note that our simulations provide a consist
description of angular scattering as well as energy loss by
same set of free parameters. The angular distributions
calculated for the experimental parameters~3 keV, F in
51.0° and 2.0°, respectively! and terraces with geometr
cally distributed lengths. The structure in the foot of t
peaked distribution can be used as a measure for the de
of downward steps@27# and fixes this parameter with suffi
cient accuracy~mean distance 2000 Å here!. A surface De-
bye temperature ofQD'5250 K provides a good descriptio
of the angular width of both distributions. The sensitivity
data for a specific variation of these parameters will be o
lined in the following for the data on projectile energy los

The thick solid curves in Figs. 7 and 8 represent the
sults of our computer simulations for the projectile ener
loss with the same set of parameters as used for the des
tion of the angular distributions. The data represent the m
probable energy loss obtained from the simulated ene
spectra after convolution with the experimental energy re
lution. The fair description of the experimental data by t
simulations at both energies, 3 and 5 keV, may serve a
indication for the overall consistency of our analysis. Of p
ticular interest is the sensitivity of the data on variations
02290
n

e

ing
-

f
-

e

f
en
n

-
m

x-

he
-

r-
r
e
s.
-
it
t
e
re

ity

t-
.
-

y
ip-
st
y
-

an
-
f

the relevant parameters for the characterization of the ta
surface. In Fig. 7 we demonstrate the dependence of the
ergy loss for 3-keV projectiles on the Debye temperature
adding results forQD'5200 K andQD'5300 K, which dif-
fer considerably from the simulations forQD'5250 K and
the experimental data. These results serve to estimate
uncertainty for the surface Debye temperature derived fr
our data. We also have plotted in the Figs. 7 and 8 res
obtained under the assumption of a rigid lattice, which s
stantially deviate from the experiments. This result leads
to the important conclusion that the energy transfer can o
be described on a quantitative level, if thermal vibrations
lattice atoms are taken into account.

In Fig. 10 we have investigated the effect of surface ru
pling on the energy loss for 3-keV projectiles. By making u
of the quantum-chemical potentials we come to the sa
conclusion as presented recently@20#. The effect of rumpling
is small in comparison to data for an ideal surface~cf. dashed
and solid curves in Fig. 10! and is equivalent to an enhanc
ment of the Debye temperature of some 10 K only. This
below the uncertainty forQD' derived from our data on
energy loss.

VI. CONCLUSION

In conclusion, by making use of specific features for t
scattering of fast neutral Ne atoms from the surface o
wide-band-gap insulator we have investigated in detail
energy transfer to the crystal lattice under channeling con
tions. Since all mechanisms giving rise to electronic exc
tions or charge exchange between projectile and crystal
negligibly small here, the so-called nuclear energy loss
be studied on a quantitative level. Our data are analyze
terms of Monte Carlo computer simulations based on cla
cal mechanics where projectile trajectories are calculated
using quantum-chemical interatomic potentials between
atoms and Li1 or F2 ions imbedded in the crystal. The com
puter simulations reveal clearly that thermal vibrations

FIG. 10. Nuclear energy loss as a function of the angle of in
dence for 3-keV Ne atoms scattered from the LiF~001! surface. The
solid curve represents results from computer simulations for
surface Debye temperature of 250 K and ideal surface, and
dashed curve represents simulations that include surface rum
as detailed in text.
2-7
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lattice atoms play a dominant role for a quantitative desc
tion of the experimental data. Angular distributions and
energy loss of scattered particles can consistently be
scribed in our computer simulations by the same set of
rameters characterizing the target surface. The lattice vi
tions are described within the framework of the Debye mo
by the surface Debye temperature that is deduced here
conservative estimate toQD'5250650 K. This temperature
is considerably smaller than the bulk Debye temperature
732 K. Surface Debye temperatures derived from diffract
patterns for thermal H and He atom scattering yield a
d

. J

.

s

r,

W.

y,

er

A

02290
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a
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elaborate correctionsQD'5415640 K @44# andQD'5350
650 K @45,46#. These values are somewhat higher than
Debye temperature derived from our scattering experime
In view of the present status of the different experiments a
their analysis it is not possible to clear up the slight dev
tions found in the conclusions onQD' .
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Stöckl, H. P. Winter, F. Aumayr, J. Viefhaus, and U. Becke
Nucl. Instrum. Methods Phys. Res. B182, 23 ~2001!.

@31# D. J. O’Connor and J. P. Biersack, Nucl. Instrum. Metho
Phys. Res. B15, 14 ~1986!.

@32# H. M. Evjen, Phys. Rev.39, 675 ~1932!.
@33# R. W. G. Wyckoff, Crystal Structures, 2nd ed.~Wiley, New

York, 1965!, Vol. I, p. 88.
@34# S. Huzinaga, Technical report, 1971~unpublished!.
@35# J. Wasilewski, V. Staemmler, and S. Koch, Phys. Rev. A38,

1289 ~1988!.
@36# S. F. Boys and F. Bernardi, Mol. Phys.19, 553 ~1970!.
@37# G. E. Laramore and A. C. Switendick, Phys. Rev. B7, 3615

~1973!.
@38# K. H. Rieder, Surf. Sci.118, 57 ~1982!.
@39# N. Garcia, Phys. Rev. Lett.37, 912 ~1976!.
@40# E. Meyer, H. Heinzelmann, D. Brodbeck, G. Overney,

Overney, L. Howald, H. Hug, T. Jung, H.-R. Hidber, and H.
Güntherodt, J. Vac. Sci. Technol. B9, 1329~1991!.

@41# G. Benedek and N. Garcia, Surf. Sci.103, L143 ~1981!.
@42# R. J. Glauber, Phys. Rev.98, 1692~1955!.
@43# M. C. Desjonque`res and D. Spanjaard,Concepts in Surface

Physics~Springer, Berlin, 1993!, p. 135.
@44# H. Hoinkes, H. Nahr, and H. Wilsch, Surf. Sci.46, 129~1974!.
@45# J. R. Bledsoe and S. S. Fisher, Surf. Sci.46, 129 ~1974!.
@46# G. Armand, L. Lapujoulade, and Y. Lejay, Surf. Sci.63, 143

~1977!.
2-8


