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a b s t r a c t

Angular distributions of fast Ne atoms after grazing collisions with a LiF(001) surface under axial surface
channeling conditions are experimentally and theoretically studied. We use the surface eikonal approx-
imation to describe the quantum interference of scattered projectiles, while the atom–surface interaction
is represented by means of a pairwise additive potential, including the polarization of the projectile atom.
Experimental data serve as a benchmark to investigate the performance of the proposed potential model,
analyzing the role played by the projectile polarization.

� 2010 Elsevier B.V. All rights reserved.

1. Introduction

Diffraction of swift atoms, with energies in the keV range, dur-
ing grazing scattering from crystal surfaces [1,2] has attracted
remarkable attention [3–9] . In particular, due to the high sensitiv-
ity to the projectile–surface interaction [3,5–7,10], fast atom
diffraction is a powerful tool to probe surface potentials, opening
the way for the development of an accurate surface analytical tech-
nique [11,12].

Until now, most of the research on this diffraction phenomenon
was carried out using light atoms, like H or He, as projectiles. In
this article we study experimentally and theoretically axial surface
channeling of a heavier projectile – neon – for which interference
effects have been also reported [3]. Here, as a continuation of pre-
vious works [3,13] on the Ne–LiF(001) system, we analyze the
angular positions of diffraction peaks quantitatively. Our goal is
to use diffraction patterns in order to test the validity of pairwise
additive potentials [14] for an atomwith several electrons interact-
ing with an ionic crystal surface. The Ne–LiF surface interaction is
represented as a sum of individual interatomic potentials, which
takes into account contributions from the different ionic centers
of the insulator material, including the projectile polarization. This
approach is simplified with respect to interaction potentials
obtained from ab initio calculations, which are complex, time con-
suming, and may be unreliable at the small energies [15] relevant

here. For the interaction of noble gas atoms as Ne and closed shell
ions as Li+ and F� ions of the LiF(001) surface, the superposition of
binary interatomic potentials is a good approximation for the
description of classical scattering at grazing incidence [13]. In this
work we show that even at small energies, in the regime where dif-
fraction effects for fast atoms are present, the approximation of the
surface by free and unperturbed ions is adequate if attractive con-
tributions due to the polarization of the noble gas atom are taken
into account.

To describe the scattering process we employ a distorted-wave
model – the surface eikonal approximation [5] – that makes use of
the eikonal wave function to represent the elastic collision with
the surface. On the other hand, the motion of the fast projectile is
classically described by considering axially channeled trajectories
for different initial conditions. This method is a semi-classical
approximation that includes a clear description of the main mecha-
nisms of the process, being simpler to be used than a full quantum
calculation in terms of a wave packet propagation [2,6]. The
surface-eikonal approximation has been successfully applied to
investigate fast atom diffraction of helium atoms scattered from
insulator surfaces [10,16]. In comparison to other approaches [3,6],
the corrugation of the complete three dimensional surface plane
was taken into account without averaging the projectile–surface
potential along the incidence direction.

By comparing eikonal angular spectra with experimental
angular distributions for different incidence energies and channels
we are able to determine the range of applicability for our potential
model. As also observed for He projectiles [5,10], we find that the
projectile polarization is important for impact along the h110i
channel but plays a minor role for incidence in the h100i direction.
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The experimental method and the theoretical formalism are
summarized in Sections 2 and 3, respectively. Results are pre-
sented and discussed in Section 4, and in Section 5 we outline
our conclusions. Atomic units (e2 ¼ �h ¼ me ¼ 1) are used unless
otherwise stated.

2. Experimental method

In our experiments we have scattered neutral Ne atoms with ki-
netic energies Ei ranging from 0.8 keV to 25 keV from a clean and
flat LiF(001) surface at room temperature under grazing angles
of incidence 0:4 < Uin < 2�. Fast Ne+ ion beams were produced in
a 10 GHz electron cyclotron resonance (ECR) ion source (Nanogan
Pantechnique, Caen, France). The neutralization of the Ne+ ions
was achieved via charge transfer in a gas cell mounted in the beam
line of the accelerator operating with Ne gas and subsequent
deflection of remaining ions by an electric field. A base pressure
of some 10�11 mbar was achieved in our UHV chamber by a turbo-
molecular pump in series with a titanium sublimation pump,
where the pressure gradient with respect to the beam line of the
accelerator was maintained by two differential pumping stages.
Pairs of slits at both ends of these stages were used for the
collimation of the incident beam to a divergence of <0.03�. This
high collimation is needed in order to achieve a sufficient degree
of coherence for the scattering process.

The LiF(001) surface was prepared by cycles of grazing
sputtering with 25 keV Ar+ ions at 250 �C where the ionic conduc-
tivity of LiF is sufficiently enhanced in order to avoid macroscopic
charging up and subsequent annealing to temperatures of about
350 �C. The scattering experiments were performed in the regime
of axial surface channeling, i.e. the azimuthal setting of the surface
plane was chosen such that the direction of the incident beam was
parallel with atomic strings along low indexed directions in the
surface plane.

2D angular distributions of scattered projectiles were recorded
by means of a commercially available position-sensitive multi-
channelplate detector (MCP) with a delay-line anode (DLD40,
Roentdek Handels GmbH) located 66 cm behind the target. This
provides a simple and very efficient procedure for recording data,
where complete diffraction patterns, as shown below, can be
recorded in a time of typically minutes. Since only about 104 pro-
jectiles per second hit the target surface, fast atom diffraction is
non-destructive and can be applied in studies on insulator surfaces
(neutral projectiles) [1,2], as well as adsorption phenomena at me-
tal surfaces [7,12]. Recent work has demonstrated fast atom dif-
fraction also for clean metal surfaces [4,8,17], semiconductor
[11,18] surfaces, and thin films on metal substrates [19].

3. Theoretical model

Within the surface eikonal model the transition matrix per unit
area A reads [5]

TðeikÞ
if ¼ 1

A
Z
A
d~Ros aif ð~RosÞ; ð1Þ

where ~Ros determines the initial position of the projectile on the
surface plane and

aif ð~RosÞ ¼ 1

ð2pÞ3
Z þ1

�1
dt vzð~RPÞ
��� ���� exp½�i~Q � ~RP

� igð~RPÞ�VSPð~RPÞ ð2Þ

is the transition amplitude associated with the classical path
~RPð~Ros; tÞ, with vzð~RPÞ being the component of the projectile veloc-
ity perpendicular to the surface plane. In Eq. (2) ~Q ¼ ~Kf �~Ki denotes

the projectile momentum transfer, with ~Kiðf Þ the initial (final) pro-
jectile momentum satisfying the energy conservation, i.e. Kf ¼ Ki.
The phase g is the eikonal-Maslov phase, which is defined along
the projectile path as [16]

gð~RPÞ ¼
Z t

�1
dt0VSPð~RPðt0ÞÞ þ /M; ð3Þ

where VSP is the projectile–surface interaction and /M ¼ mp=2 is the
Maslov correction term, with m the Maslov index as defined in
Ref. [20]. Note that the surface eikonal approach takes into account
the quantum interference between different axially channeled
projectile trajectories. The basic idea is similar to the one of the
semiclassical formalism applied in Ref. [3]. But in contrast to such
an approximation, which is derived using classical cross sections,
the surface eikonal model is based on a quantum formalism which
involves the coherent addition of complex transition amplitudes.

A key quantity within the surface eikonal approximation is the
potential VSP , which determines not only the eikonal phase but also
the classical projectile trajectories. In this work the projectile–sur-
face potential is expressed by the sum of the static and polarization
contributions, i.e. VSP ¼ V ðstÞ

SP þ V ðpolÞ
SP . The static potential, V ðstÞ

SP , rep-
resents the interaction between the atom and the crystal surface
derived by assuming that their electronic densities remain frozen
when the atom approaches the surface. This term is described by
adding individual contributions corresponding to the different so-
lid ions (pairwise hypothesis). As we are dealing with an ionic
insulator, where all electrons are strongly localized around the io-
nic nucleus, and Ne is a close-shell atom, the pairwise additive
hypothesis is expected to be a reliable approach [21]. For the calcu-
lation of V ðstÞ

SP , each of the binary projectile – solid ion potentials
was obtained from the Abrahamson model [22], which is equiva-
lent to the one employed by Kim and Gordon [23]. The polarization
potential V ðpolÞ

SP originates from the rearrangement of the projectile
electron density induced by the presence of target ions. It is given
by

V ðpolÞ
SP ð~RÞ ¼ �a

2

X
i

Zðeff Þ
Ti ðRiÞ
R2
i

bRi

�����
�����
2

; ð4Þ

where a is the atomic polarizability, with a ¼ 2:67 a:u: for neon [24],
and the sum formally includes all ions of the target crystal, with ~Ri

the position vector of the projectile with respect to the target ion la-
belled as i and bRi ¼~Ri=Ri. In order to make each term of Eq. (4) finite
at the origin, we have introduced an effective charge for the target
ion i, defined as Zðeff Þ

Ti ðRiÞ ¼ Zð1Þ
Ti ½1� ð1þ ~ri þ ~r2i =2Þ expð�~riÞ�, where

~ri ¼ Ri=R0i, R0i is a screening parameter, determined by the target
and projectile mean radii [25], and Zð1Þ

Ti is the asymptotic ionic
charge, with Zð1Þ

Ti ¼ 1 and �1 for Li+ and F�, respectively. Note that
Zðeff Þ
Ti ðRiÞ provides the proper limit of the polarization potential at

intermediate distances, in contrast to the previously used Bucking-
ham screening [5,10] which includes incorrect R�6

i terms [26]. In
the evaluation of the static and polarization contributions we have
considered a surface rumpling derived from an ab initio calculation
reported in Ref. [16]. However, for Ne projectiles the neglect of the
surface rumpling hardly changes the calculated distributions.
Details of the calculation are given in Refs. [5,10].

4. Results

In Fig. 1(a) we show the experimental distribution of Ne0 atoms
elastically scattered from a LiF(001) surface after grazing inci-
dence along the h110i direction, as function of the angles Uout

andW. These angles correspond to the polar and azimuthal exit an-
gles, respectively, of the projectiles, withWmeasured with respect
to the incidence direction in the surface plane. As observed for light
atoms, the angular distribution in Fig. 1(a) shows maxima

M.S. Gravielle et al. / Nuclear Instruments and Methods in Physics Research B 269 (2011) 1208–1211 1209



symmetrically placed with respect to W = 0, inside an annulus of
radius Uin, with the incidence angle Uin measured with respect to
the surface plane. In order to study the intensity profile in detail,
the experimental intensity inside the annulus from Fig. 1(a) is dis-
played in Fig. 1(b) as function of the deflection angle h, defined as
h ¼ arctanðW=UoutÞ. The outermost peaks of the distribution shown
in Fig. 1(b) are associated with rainbow scattering, having a classi-
cal origin, while the inner peaks are related to supernumerary
rainbows, stemming from quantum interference effects. Similar
structures are also displayed by the eikonal spectrum obtained
from Eq. (1) considering the integration area A as one reduced unit
cell. The positions of the supernumerary rainbows are well repro-
duced by the eikonal angular distribution, being indicative of the
quality of the proposed potential model. Note that at the extreme
angles the eikonal spectrum shows sharp maxima, not present in
the experiment. These peaks at classical rainbow angles originate
from the semiclassical description of the projectile motion, which
does not include the finite intensity on the dark side of the classical
rainbow [27]. However, this deficiency of the eikonal approach

does not affect supernumerary rainbows at smaller deflection
angles.

As discussed in Refs. [3,9,16], diffraction patterns have two
different origins: supernumerary rainbows and Bragg diffraction.
Both mechanisms are included in the eikonal description and can
be analyzed separately as follows. In Eq. (1) the integration region
on the surface plane,A, is in principle determined by the size of the
initial wave packet of incident projectiles [28]. By considering this
area as composed by n identical reduced unit cell, each of them
centered on a different site~Xsj of the crystal surface, we can express
the corresponding eikonal transition matrix as

TðeikÞ
if ;n ¼ TðeikÞ

if ;1 Snð~QsÞ; ð5Þ
where TðeikÞ

if ;1 is derived from Eq. (1) by evaluating the ~Ros-integral
over one reduced unit cell, while the function

Snð~QsÞ ¼ 1
n

Xn
j¼1

exp �i~Qs �~Xsj

h i
ð6Þ

takes into account the crystallographic structure of the surface, with
~Qs the momentum transfer parallel to the surface plane. Each factor
in Eq. (5) describes a different mechanism. The factor TðeikÞ

if ;1 is related
to supernumerary rainbows and carries information on the shape of
the interaction potential across the incidence channel, being pro-
duced by the interference of trajectories whose initial positions
~Ros differ by a distance smaller than d, with d being the spatial lat-
tice periodicity of the channel. The factor Snð~QsÞ is associated with
the Bragg diffraction and provides information on the spacing be-
tween surface atoms only. As the component of the momentum
transfer along the incidence channel is negligible, we can approxi-
mate Snð~QsÞ � SnðQs?Þ, where Qs? ¼ Kf cosUout sinWis the compo-
nent of the parallel transferred momentum perpendicular to the
incidence channel. For scattering along the h110i channel this func-
tion reads SnðQs?Þ ¼ sinðn?bÞ=ðn? sin bÞ, with n? being the number
of reduced unit cells along the perpendicular direction and
b ¼ Qs?d=2. Hence, Snð~QsÞ gives rise to Bragg maxima placed at
Qs?d ¼ m2p, with m an integer number, the width of such peaks
being affected by the number of reduced unit cells reached by the
incident wave packet, i.e. the larger n? is, the narrower the Bragg
peaks are. In Fig. 1(b) we also display the eikonal spectrum obtained
from Eq. (1) by considering three reduced unit cells, which presents
Bragg maxima as superimposed structures to the supernumerary
contribution. Discrete Bragg peaks originated from the interference
of trajectories from different reduced unit cells as for light atoms
[16] are not present in the experimental distribution due to the lim-
its in spatial resolution of the detector. Furthermore, the coherence
for diffraction in terms of Bragg peaks might be destroyed as a re-
sult of decoherence processes, as e.g. the influence of the thermal
vibrations of the surface atoms [29]. The supernumerary rainbows,
however, are more robust against decoherence [9]. Then, we neglect
the Bragg peaks in the simulation by taking into account one re-
duced unit cell only.

With the incidence energy Ei ¼ Eik þ Ei?, where Eik ¼ Ei cos2 Uin

and Ei? ¼ Ei sin
2 Uin are associated to the initial motion parallel

and perpendicular to the axial channel, we observe that the spectra
as a function of the deflection angle h are mainly determined by Ei?.
That is, position and number of the supernumerary maxima are
independent of Ei for the same Ei? [16]. Then, since different
perpendicular energies Ei? probe a different z-range of VSP , in
Fig. 2 we plot the angular positions of the maxima of the experi-
mental distribution as a function of Ei? in order to investigate the
atom–surface potential across the h110i channel in the range from
0.07 to 0.5 eV. Note that for Ne projectiles, as a consequence of its
large mass, the energy range where supernumerary maxima can
experimentally be resolved is smaller than for helium impact.
The surface eikonal approximation using a pairwise additive
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Fig. 1. (a) Two dimensional intensity distribution, as recorded with a position
sensitive detector, for Ne atoms scattered from LiF(001) along the h110i channel.
The incidence energy and angle are Ei ¼ 1:3 keV and Uin ¼ 0:55� , respectively. Color
code: Red = high, blue = low intensity. (b) Projected intensity inside the annulus
from Fig. 1(a), as a function of the deflection angle h (gray circles) and correspond-
ing differential probabilities derived from the surface eikonal approach, considering
n? ¼ 1 (red solid line) and n? ¼ 3 (blue dashed line) reduced unit cells, as explained
in the text [30]. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

1210 M.S. Gravielle et al. / Nuclear Instruments and Methods in Physics Research B 269 (2011) 1208–1211



potential reproduces fairly well positions of rainbow and supernu-
merary rainbow maxima over the whole energy range. This
represents a sensitive test for the corrugation of the potential
across the channel. When the polarization contribution is ne-
glected, the eikonal curves largely underestimate the experimental
data.

For a further test on the surface potential we plot in Fig. 3
experimental and theoretical rainbow angles, as a function of the
perpendicular energy Ei?, for incidence along the h110i and h100i
directions of LiF(001) [13]. For both channels the eikonal curves
obtained by using the proposed atom–surface interaction follow
closely the experimental results. As evident from Fig. 3(a), along
the h110i direction eikonal rainbow angles are strongly affected
by the projectile polarization, running below the experimental data

at low electron energies (Ei? K1:5 eV) when V ðpolÞ
SP is neglected in

the surface potential. But for larger Ei? or for incidence along the
h100i channel the influence of the polarization becomes small.
The latter effect is a consequence of the ordering of the halide
and alkali ions in the h100i channel, with opposite F� and Li+

asymptotic charges placed in front of each other, compensating
their contributions to the polarization potential to order R�4.

5. Conclusions

From the agreement between the experimentally observed
angular positions of the supernumerary rainbows and the results
from eikonal angular distributions, we conclude that a pairwise
additive potential including polarization provides a reasonable
approximation for the Ne–LiF interaction for perpendicular ener-
gies ranging from 0.07 to 5 eV. We also found that the projectile
polarization is essential to describe the diffraction patterns for inci-
dence along the h110i channel, while in the direction h100i its
contribution is negligible.
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Fig. 2. Deflection angles h corresponding to maxima of angular distributions, as a
function of the perpendicular energy Ei? , for Ne atoms scattered from LiF(001)
along the h110i direction. Symbols: experimental data for rainbow (circles) and
first (triangles), second (squares), and third (diamonds) supernumerary rainbow
angles. Curves: eikonal calculation of quantum rainbow and supernumerary
rainbows derived with a pairwise additive potential, including (solid) and without
including (dot-dashed) polarization.
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Fig. 3. Rainbow angle, as function of the perpendicular energy Ei? , for Ne atoms
scattered from LiF(001) along the directions (a) h110i and (b) h100i. Symbols:
experimental data. Curves: quantum rainbow derived within the surface eikonal
approximation, including (red full) and without including (blue dashed) polariza-
tion. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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