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Pairwise interaction potentials for multi-electron atoms moving in front of a LiF (001) surface are inves-
tigated theoretically and experimentally. From angular distributions of fast He, N, S, Cl and Kr atoms graz-
ingly scattered under axial surface channeling conditions, rainbow angles are experimentally determined
for a wide range of energies for the motion normal to the surface plane. These angles are used as a bench-
mark to probe the pairwise potential model. In the simulations the scattering process is described by
means of the surface eikonal approximation, while the atom–surface interaction is derived by adding bin-
ary interatomic potentials that include the proper asymptotic limit.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

The atom–surface interaction potential plays a crucial role in
the study of inelastic processes originated in grazing scattering of
fast particles from solid surfaces. It determines the motion of the
incident atoms above the surface, in the selvedge region where
the electronic density displays a strong variation, affecting conse-
quently electron emission yields, electronic excitation probabili-
ties, projectile charge states, etc. In the case of ionic crystals,
different models have been proposed to represent such an interac-
tion [1–6]. Some of those fail to describe the angular distributions
of swift atoms elastically scattered along low-indexed crystallo-
graphic directions (axial surface channeling) [7–9]. In particular,
the angular positions of the outermost maxima of the projectile
distribution, which result from rainbow scattering, were found to
be sensitive to the corrugation of the surface potential across the
incidence channel, becoming a useful tool to examine this interac-
tion [10–12].

In this article we investigate the interaction potentials for mul-
ti-electron atoms – He, N, S, Cl and Kr – at a LiF (001) surface by
using a pairwise additive model. The model is based on the sum
of individual interatomic potentials, which take into account con-
tributions from the different ionic centres of the insulator [13]. In
this way, the binary potentials associated with the interaction be-
tween the atomic projectile and isolated Li+ and F� ions become
the elementary bricks used to build the atom–LiF surface potential.
In previous works [14,15] we have derived He–Li+and He–F�
binary potentials by means of the Local Density Approximation
(LDA), as given by the Abrahamson method [16]. For ionic materi-
als, due to the high electron density localization around the atomic
nuclei, this simple approach was found to be a good approximation
for the description of grazing scattering processes [7,8,17], being a
reliable alternative to self-consistent ab initio calculations. Here
we explore a modification of the LDA to incorporate the Hartree–
Fock (HF) limit values corresponding to the kinetic and exchange
energies. In addition, the surface potential model includes also pro-
jectile polarization and surface rumpling, two effects that were
found to be important for the description of fast atom diffraction
patterns [14,18,15].

In order to test the potentials, we study experimentally and the-
oretically the angular positions of rainbow peaks for axial channel-
ing. Results for two different directions of the LiF crystal – <110>
and <100> – are analyzed in terms of the perpendicular incidence
energy, considering values in the range 0.1–60 eV.

To describe the scattering process we employ a distorted-wave
model – the surface eikonal approximation [14] – that makes use
of the eikonal wave function to represent the elastic collision with
the surface, while the motion of the fast projectile is classically de-
scribed by considering axially channeled trajectories for different
initial conditions. This method is a semi-classical approximation
that includes a clear description of the main mechanisms of the
process and has been successfully applied to investigate fast atom
diffraction from insulator surfaces [15,17,19]. In comparison to
other approaches [20,18,21], within the eikonal model the corruga-
tion of the complete three dimensional surface potential is taken
into account without averaging the projectile–surface interaction
along the incidence direction. Inelastic processes, such as exciton
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and electron production and electron transfer, are not considered
in the present work. For helium projectiles (and for rare gases as
well) these contributions are expected to be negligible [22], but
for projectiles with open shells inelastic processes might play an
important intermediate role not accounted in our scheme.

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. Experiment

In our experiments we have scattered 3He, N, S, Cl, and Kr atoms
with impact energies Ei ranging from 3 keV to 70 keV from a LiF
(001) surface under a grazing angle of incidence hi. The angles of
incidence were adjusted in such a manner that the energy for the
motion of projectiles normal with respect to the surface plane
Ei? ¼ Ei sin2 hi was between about 1 eV and 70 eV. The fast atoms
were produced from ions generated in an ECR ion source via neu-
tralization in a gas cell in the accelerator beam line. The neutral-
ized beam was thereafter collimated by three sets of vertical and
horizontal slits to a divergence of less than 0.03�. The adjustable
slits are components of a two stage differential pumping system
in order to maintain a base pressure in the 10� 11 mbar domain
in our UHV scattering chamber. The target was prepared by cycles
of grazing sputtering with 25 keV Ar+ under hi � 2� at a target tem-
perature of about 200 �C and subsequent annealing of the target at
a temperature of 350 �C for about 15 min. After a major number of
preparation cycles well defined angular distributions for scattered
atoms were observed.

The azimuthal orientation of the LiF (001) surface was chosen
such that the incident beam was directed along a <110> or
<100> direction in the surface plane. The angular distributions
were measured by means of a position sensitive micro-channel-
plate detector which was mounted 0.66 m behind the target. With
typical count rates of some 1000 counts per second, a complete
angular pattern was recorded within a couple of minutes. As a rep-
resentative example for our experimental data we show in Fig. 1 an
angular distribution for the scattering of 70 keV Kr atoms from a
LiF (001) surface along the <100> direction under a grazing angle
of incidence hi = 1.4�. The distribution is presented in a colour-
coded 2D-plot (red = high intensity, blue = low intensity) and re-
veals three pronounced peaks which can be attributed to double
scattering for the central peak and rainbow scattering for the
two outer peaks. The rainbow angle Hrb is marked in the figure
and will be used for comparison with the calculations presented
here.
Fig. 1. Two dimensional intensity distribution, as recorded with a position sensitive
detector, for Kr atoms scattered from LiF (001) along the h100ichannel. The
incidence energy and angle are Ei= 70 keV and hi=1.4�, respectively.
3. Theoretical model

When a swift atom impinges on a crystal surface under axial
surface channeling conditions, the elastic scattering can be de-
scribed by means of the surface-eikonal transition matrix [14],
which reads:

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, with A the integration area, and

aif ð~RosÞ ¼
1

ð2pÞ3
Z þ1

�1
dt vzð~RPÞ
��� ���� exp½�i~Q :~RP

� igð~RPÞ� V surfð~RPÞ ð2Þ

is the transition amplitude associated with the classical path
~RP ¼ ~RPð~Ros; tÞ, with vzð~RPÞ being the component perpendicular to
the surface plane of the projectile velocity at the time t. In Eq. (2),
~Q ¼ ~Kf �~Ki denotes the projectile momentum transfer, with ~Kiðf Þ

the initial (final) projectile momentum satisfying the energy conser-
vation, i.e. Kf ¼ Ki. The phase g is the eikonal-Maslov phase, which
is defined along the projectile path as [19]

gð~RPÞ ¼
Z t

�1
dt0 V surfð~RPðt0ÞÞ þ /M; ð3Þ

where V surf is the projectile–surface interaction and /M ¼ mp=2 is
the Maslov correction term, with m the Maslov index as defined in
Ref. [23].

Within the surface-eikonal model, the angular distribution of
elastically scattered atoms can be derived from Eq. (1) as

dP=dXf ¼ ð2pÞ4m2
P TðeikÞ

if

��� ���2, where mP is the projectile mass and Xf

is the solid angle corresponding to the exit direction of the projec-
tile. This distribution depends strongly on V surf , which determines
not only the eikonal phase but also the classical projectile
trajectories.

3.1. The atom–surface interaction

In this work the projectile–surface potential is expressed by the
sum of the static (short range) and polarization (long range) contri-
butions, i.e.,

V surfð~RÞ ¼ V ðstÞ
surfð~RÞ þ V ðpolÞ

surf ð~RÞ; ð4Þ

where ~R is the projectile position vector. In Eq. (4), the static po-

tential, V ðstÞ
surf , represents the interaction between the atom and

the crystal surface derived by assuming that their electronic
densities remain frozen when the atom approaches the surface.

The polarization term, V ðpolÞ
surf , is due to the rearrangement of

the projectile electron density induced by the presence of the io-
nic surface.

As we are dealing with an ionic insulator, where all electrons
are strongly localized around the ionic nuclei, the static potential
is evaluated by adding the individual interactions with solid ions,
including the topmost and several atomic layers of the bulk (pair-
wise additive hypothesis). It reads

V ðstÞ
surfð~RÞ ¼

X
j

Vbinð~RjÞ; ð5Þ

where the sum formally includes all the ions of the target crystal,

with ~Rj the position vector of the projectile with respect to the tar-

get ion labelled as j, and Vbinð~RjÞ represents the binary interaction
between the projectile and the target ion j.



Table 1
Energies and parameters (in atomic units) of the binary interatomic potentials in the
asymptotic limit, as explained in the text.

Ion/Atom Eð1Þk EðHFÞ
k

a Eð1Þx EðHFÞ
x

b

Li+ 6.544 7.236 1.106 �1.420 �1.651 1.162
F� 90.68 99.46 1.097 �9.366 �10.27 1.097
He 2.560 2.862 1.118 �0.884 �1.026 1.160
N 48.62 54.40 1.119 �5.745 �6.597 1.148
S 368.62 397.50 1.078 �22.96 �25.00 1.089
Cl 426.68 459.48 1.077 �25.34 �27.51 1.085
Kr 2590.9 2752.0 1.062 �88.61 �93.85 1.059
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In a similar way, the polarization potential is expressed as

V ðpolÞ
surf ð~RÞ ¼ �

C4

2

X
j

eZðRjÞ
R2

j

bRj

�����
�����
2

; ð6Þ

where C4 is the atomic polarizability of the projectile [24],bRj ¼ ~Rj=Rj, and eZðRjÞ is an effective charge which has been intro-
duced to make each term of Eq. (6) finite at the origin. This effective
charge is defined as [25]

eZðRjÞ ¼ Zð1ÞTj
1� 1þ Rj

R0
þ

R2
j

2R2
0

 !
exp � Rj

R0

� �" #
; ð7Þ

where R0 is a screening parameter determined by the target and
projectile mean radii, and Zð1ÞTj

is the asymptotic ionic charge, with
Zð1ÞTj

¼ 1 and �1 for Li+ and F�, respectively. In addition, in the eval-
uation of the static and polarization contributions we have consid-
ered a surface rumpling as reported in Ref. [19].

For the calculation of Vbinð~RjÞ, each binary projectile – solid ion
potential was obtained from the Abrahamson model [16], which is
equivalent to the Firsov method [26]. However, the original formal-
ism has been modified in order to include the proper asymptotic
limit of the kinetic and exchange contributions. Details on such cal-
culations are explained in the following Subsection.

3.2. Binary static potentials

The short-range interaction between an atomic projectile P and
an ionic target Tj can be approximated as a sum of three terms [16],

Vbinð~RjÞ ¼ V cð~RjÞ þ Vkð~RjÞ þ Vxð~RjÞ; ð8Þ

corresponding to the Coulombic (c), kinetic (k) and exchange (x)
potentials, respectively, where ~Rj is the relative position vector be-
tween the atomic nuclei. Note that in this expression we have omit-
ted a fourth term, associated with the correlation potential, which is
negligible in our case.

The first term of Eq. (8) represents the well known Coulomb
interaction,

V cð~RjÞ ¼
ZTj

ZP

Rj
� ZTj

Z
d r!0 nPð r!0Þ
j r!0 þ R

!
jj
� ZP

Z
d r!

nTj
ð r!Þ

j r!� Rj
!j

þ
ZZ

d r!d r!0
nPð r!0ÞnTj

ð r!Þ

jRj
!� r!þ r!0j

; ð9Þ

where ZP (ZTj
) is the nuclear charge of P (Tj), nP ¼ nPð r!0Þ

(nTj
¼ nTj

ð r!Þ) is the corresponding Clementi–Roetti electron den-
sity [27] as a function of the position vector r!0 ( r!), which is mea-
sured with respect to its nucleus.

Within the Abrahamson method [16], the last two term of Eq.
(8) can be evaluated under the assumption that the total density
at any internuclear distance Rj is given by its asymptotic form at
large separations, that is,

ntotð~RjÞ ¼ nTj
ð r!Þ þ nPð r!�~RjÞ: ð10Þ

Hence, the kinetic and exchange potentials read

Vkð~RjÞ ¼ Ek ntotð~RjÞ
h i

� Ek nTj

h i
� Ek nP½ �; ð11Þ

Vxð~RjÞ ¼ Ex ntotð~RjÞ
h i

� Ex nTj

h i
� Ex nP½ �;

where Ek n½ � and Ex n½ � are the kinetic and exchange energies, respec-
tively, for a particle with a frozen electronic density n. By employing
the Density Approximation [28], these energies can be expanded in
terms of n as
Ek n½ � ¼ Eð1Þk n½ � þ Eð2Þk n½ � þ . . . ð12Þ
Ex n½ � ¼ Eð1Þx n½ � þ Eð2Þx n½ � þ . . .

where the first orders, denoted by super-index ð1Þ, represent the lo-
cal terms named LDA contributions, and the second orders, denoted
by super-index ð2Þ, involve non local contributions depending on
the gradient of the electronic density. The LDA kinetic and exchange
energies read [16]

Eð1Þk n½ � ¼ Ck

Z
d r! n5=3ð r!Þ; ð13Þ

Eð1Þx n½ � ¼ Cx

Z
d r! n4=3ð r!Þ;

with Ck ¼ 2:87123 a.u. and Cx ¼ �0:73856 a.u. In Table 1 we pres-
ent values of Eð1Þk and Eð1Þx for the ions and atoms of interest in the
present article. They generally differ from the HF values EðHFÞ

k and
EðHFÞ

x [28]; also shown in the Table. To a large extent the differences
between the LDA and HF energy values are due to the contribution
of the second and higher order terms in the expansion of Eq. (12)
[28].

In this article we explore the possibility of improving Vk and
Vx by including explicitly the intrinsic error involved in the LDA
energies, as given by Eq. (13), contrasting them with the more
accurate HF values. With this aim we quantize the error of the
LDA energies by means of the ratios

a n½ � ¼ EðHFÞ
k n½ �

Eð1Þk n½ �
; b n½ � ¼ EðHFÞ

x n½ �
Eð1Þx n½ �

; ð14Þ

which are shown in Table 1. These parameters verify a n½ � ffi b n½ �, in
agreement with the recommendation by Lee et al. [29]. One simple
way to account for these contributions is expressing the kinetic and
exchange potentials in terms of modified total densities nðkÞtot and nðxÞtot

as

V 0kð~RjÞ ¼ Ek nðkÞtotð~RjÞ
h i

� EðHFÞ
k nTj

h i
� EðHFÞ

k nP½ �; ð15Þ

V 0xð~RjÞ ¼ Ex nðxÞtotð~RjÞ
h i

� EðHFÞ
x nTj

h i
� EðHFÞ

x nP½ �;

where

nðkÞtotð~RjÞ ¼ a3=5
Tj

nTj
ð r!Þ þ a3=5

P nPð r!�~RjÞ; ð16Þ

nðxÞtotð~RjÞ ¼ b3=4
Tj

nTj
ð r!Þ þ b3=4

P nPð r!�~RjÞ; ð17Þ

to satisfy the proper asymptotic conditions, with al ¼ a nl
� �

and
bl ¼ b nl

� �
for l ¼ P; Tj. At large Rj distances, the potential V 0k

(V 0x) tends to one of Eq. (11) multiplied by a constant factor
aTj

(bTj
), which is equivalent to the aX approximation introduced

originally by Slater for exchange [30]. At this stage, it should be said
that differences between the total density of Eq. (10) and the mod-
ified one given by Eq. (16) (Eq. (17)) are less than 2:5% (5%).

Finally, the modified binary potential introduced in this work
extends Eq. (8) and reads
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Fig. 3. (Color online) Rainbow angles Hrb, as a function of the perpendicular energy
Ei? , for 3He atoms scattered from LiF (001) along the (a) h110iand (b) h100idirec-
tions, respectively. Solid symbols, experimental data for rainbow angles, different
symbols corresponding to different total energies. Red solid line, eikonal results
obtained by using a pairwise additive potential with modified binary interactions, as
given by Eq. (18).
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V 0binð~RjÞ ¼ V cð~RjÞ þ V 0kð~RjÞ þ V 0xð~RjÞ: ð18Þ

Note that this binary potential does not include any ad hoc param-
eter. Fig. 2(a) and (b) display V 0bin, as defined in Eq. (18), for the
interaction of all the projectiles considered in this article with F�

and Li+ ions, respectively. Results were plotted in terms of the abso-
lute value of V 0binðRjÞ � Rjð1þ 2R3

j Þ, in order to normalize the poten-
tial with the asymptotic limit, which is affected by the polarization.
Inspecting the values of a and b given in Table 1, we can estimate
that the correction to Vbinð~RjÞ introduced by the modified kinetic
and exchange energies is of the order of very few percents, being
15% at most. However, as we are interested in collisions channeled
along low-indexed crystallographic directions, rainbow angles are
very sensitive to the corrugation of the potential at the turning
point and this correction has to be investigated.

4. Results

We employ the angular distributions of fast atoms scattered
from a LiF (001) surface along low-indexed crystallographic chan-
nels as a benchmark to probe the surface potential model. At the
largest deflection angles, the angular projectile spectra present in-
tense maxima, which are associated with rainbow scattering. We
precisely focus on the rainbow angle Hrb, which is obtained from
the final projectile distribution as the position of the outermost
peaks expressed in terms of the deflection angle H, defined as
H ¼ arctanðuf =hf Þ, where hf and uf are the polar and azimuthal
exit angles, respectively (see Fig. 1).

In the geometry of axial channeling, the fast motion of the pro-
jectile parallel to the surface is weakly coupled to its much slower
motion in the plane perpendicular to the surface. Consequently,
rainbow angles depend only on the component of the impact
energy associated with the motion perpendicular to the surface,
Ei?. For He, N, S, Cl and Kr angular positions of rainbow peaks, as
a function of Ei?, are displayed in Figs. 3–7, respectively, consider-
ing two incidence directions – <110> and <100>. In all the cases,
the range of perpendicular energies extends up to 60 eV, except
for He projectiles, for which the maximum is Ei? ¼ 10 eV.

In Fig. 3, eikonal rainbow angles for He impact, derived by using
the modified binary potentials of Eq. (18) to evaluate the pairwise
surface interaction, are in very good accord with the experimental
data in the considered range of perpendicular energies for the
<110> channel and for Ei? � 0:2 eV in the <100> direction. Similar
level of agreement between theory and experiment is also
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observed in Fig. 4 for scattering of N atoms along the <100> chan-
nel. However, for N projectiles impinging along the <110> direc-
tion eikonal results overestimate moderately the experimental
rainbow angles for perpendicular energies lower than 25 eV, con-
verging to the experiment as Ei? increases.

Fairly good agreement between eikonal and experimental re-
sults is also found in Fig. 5 for S projectiles. For the <100> channel
the eikonal curve runs below the experimental data as the energy
increases, this deviation reaches about 11% at Ei? ¼ 60 eV. In turn,
for Cl projectiles (Fig. 6) the eikonal curves run near the experi-
mental values for both crystallographic directions. In the <100>
direction, differences between the theoretical and experimental
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data at high perpendicular energies are lower than 10%. On the
other hand, we should mention that the steep increase of eikonal
rainbow angles at Ei?K 0:8 eV for the <110> channel, also ob-
served for other projectiles, is affected by the screening of the
polarization potential, as given by Eq. (7).

In Figs. 7 we display results for Kr. The agreement of the eikonal
values with the experimental data is particularly remarkable for
the <110> channel, for which experimental rainbow angles as a
function of Ei? show a slope change at intermediate perpendicular
energies that is well reproduced by the theoretical model. Such a
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change of the slope, also observed for Cl, might be affected by the
quantum–classical transition of the rainbow scattering process.

Taking into account that different perpendicular energies are
probing the projectile–surface interaction for different distances
to the surface, the overall good concordance of the theoretical re-
sults with the experimental positions of rainbow maxima is a clear
indication of the quality of the proposed pairwise surface potential,
which includes the proper asymptotic limit of the binary atom–ion
interactions.

Finally, in order to investigate the differences introduced by the
modified binary potential of Eq. (18), absolute and relative differ-
ences with the LDA binary potential, as given by Eq. (8), are shown
in Fig. 8 for the case of the Kr–F� interaction. We focus the analysis
on this projectile – Kr – because it is a multi-electron atom with a
closed valence shell, which guarantees that additional open shell
effects are not present. We found that the modification of the bin-
ary potential, as given by Eq. (18), introduces corrections between
8% and 20%, approximately (except, of course, around the zeros of
the potential) in the LDA binary interaction. Similar differences are
obtained for the other projectiles. But these differences produce
only small corrections on the positions of rainbow angles (around
14%, at most), as illustrated in Fig. 7 where rainbow positions de-
rived from the original LDA potential are plotted with a blue
dashed line. Notice that in the case of the <100> direction, results
obtained with the original LDA binary potential display a slightly
better agreement with the experimental data at high normal ener-
gies than those derived with the modified form, while in the <110>
direction the modified version is definitively more appropriate.
However, the subject is open and we plan to study the contribution
of terms of higher order in Eq. (12), as introduced by Becke [31]
and Lee et al. [29].

5. Conclusions

From the agreement of eikonal results with experimentally ob-
served rainbow angles we conclude that the pairwise additive
potentials provide an appropriate description of the interaction
of multi-electron atoms with a LiF (001) surface for perpendicular
energies in the range from 1 to 60 eV. Here we have evaluated the
binary interatomic potentials including information of the full HF
values of the exchange and kinetics terms. Although these
corrections were found to play a minor role in the rainbow scatter-
ing process, they might affect the positions of supernumerary rain-
bow maxima that arise as intermediate structures in the angular
projectile distributions for low perpendicular energies [32].

We can summarize the following conclusions:

(i) No matter the considered projectile, at extremely low energies
– lower than 0:2� 0:8 eV – the pairwise additive model fails.

(ii) The potential model provides a very good description for
impact of rare-gas atoms, including scattering of Ne projec-
tiles investigated in a previous article [17].

(iii) We found a fairly good agreement for non-rare gas projec-
tiles impinging along the <100> direction. The largest dis-
crepancies are observed for S and Cl projectiles at high
perpendicular energies, being the differences about 11%
and 10%, respectively, at most. In this crystallographic direc-
tion the polarization is expected not to be relevant [14,17].

(iv) For scattering of Cl and N atoms along the <110> direction
we found a large departure of the theory from the experi-
mental data at low and intermediate normal energies. Notice
that in contrast to rare gases, these projectiles have open
shells, being an interesting point to focus our future research.
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[18] F. Aigner, N. Simonović, B. Solleder, L. Wirtz, J. Burgdörfer, Phys. Rev. Lett. 101

(2008) 253201.
[19] A. Schüller, H. Winter, M.S. Gravielle, J.M. Pruneda, J.E. Miraglia, Phys. Rev. A 80

(2009) 062903.
[20] A. Schüller, H. Winter, Phys. Rev. Lett. 100 (2008) 097602.
[21] A. Schüller, S. Wethekam, D. Blauth, H. Winter, F. Aigner, N. Simonović, B.
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