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Faculté de Physique, USTHB, BP 32 El-Alia, Bab Ezzouar, Algiers, Algeria
b
LCAR UMR 572 UPS-CNRS 118 route de Narbonne, 31062 Toulouse Cedex, France
Available online 22 January 2005

Abstract
Electronic polarization induced by low energy ions near solid surfaces at grazing incidence considerably modiﬁes the
collision geometry. This eﬀect is studied by the comparison between experimental and simulated time of ﬂight (ToF)
spectra of helium ions scattered from amorphous Si for small incidence and emergence angles. In this work, we include
the image eﬀect and the external stopping power in a simulation code through the Specular Reﬂection Model (SRM).
The image potential is computed by using the dielectric surface functions in the Random Phase Approximation (RPA),
Plasmon Line Approximation (PLA) and static Thomas–Fermi approximation. With the later, it is found a better
agreement with the experiment for the ionic part of the spectra.
 2004 Elsevier B.V. All rights reserved.

1. Introduction
It has been shown in previous works [1–3] that
the electronic stopping power and charge exchange
probabilities can be deduced from Monte Carlo
simulation compared to experimental ToF spectra
obtained for low energy ions scattered from solid
surfaces. Because of the diﬀerent charge exchange
processes occurring outside and inside the solid
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(Auger neutralization or close collision charge
exchange), the incident ions can hit and leave
the surface as charged or neutral particle. It has
been equally suggested that image potential greatly
modiﬁes the collisionnal geometry and provides
some perturbation to the shape of the ion part of
the scattered ion.
Indeed, in grazing geometry the solid exerts an
attractive force on charged species owing to electronic polarization near the surface. As shown in
Fig. 1, the actual incident as and emergence bs angles can diﬀer signiﬁcantly from the measured
(nominal) angles av or bv. This eﬀect is magniﬁed
at low energy and/or at grazing incidence (or
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Fig. 1. Image potential eﬀect on the charged in the vicinity of a solid surface. The incident, emergent and scattering angles are deﬁned
(see text).

emergence). The actual and measured angles are
related by the equation:
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where E is the incident energy of the incoming
ion, Vim represents the total image potential. The
image plane (at z = 0) deﬁnes the ‘‘eﬀective surface
position’’ [4] so that the asymptotic potential felt
by a positively singly charged ion far from the surface tends to the classical image potential [5]:
1
V class
im ðzÞ ¼  4z. (We use atomic units throughout
this work.)

where k 2 ¼ k 2z þ Q2 , e(k, x) is the bulk dielectric
function for an inﬁnite and isotropic solid, (k, x)
represent respectively the wave vector and the frequency of a perturbation at which the electronic
response is evaluated, and z is the coordinate normal to the solid surface.
In the limit of a point charge projectile with
charge Z1 and with velocity v = (v?, vk) at a distance z0 from the surface (the origin is taken at
the image plane), the induced potential inside and
outside the solid can be computed. For grazing
incidence and emergence of the projectile,
v  (0, vk) the induced potential /ind at the projectile, and the image potential Vim(z0) are given by

2. The specular reﬂection model

V im ðz0 Þ ¼

ð1Þ

The image potential, and more generally, the
polarization of a semi-inﬁnite solid due to a point
charge perturbation requires the knowledge of the
self-consistent dielectric function. In the Specular
Reﬂection Model (SRM) proposed by Ritchie
and Marusak [6], the solid is described as a jellium
ended by an abrupt surface. The electrons participating to the response are specularly reﬂected at
the surface so that the electronic density vanishes
outside the solid. In this model, the response of
the semi-inﬁnite medium like the induced potential
can be obtained through the surface dielectric
function es(Q, x, z) given by [7]
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with ezs ¼ es ðQ; Q  vk ; zÞ. In the static limit (v ! 0),
and far from the solid surface, this relation2 tends
Z
toward the classic expression: V im ðz0 Þ   4z10 .
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The total image potential Vim is deﬁned by the
value of the image potential deep inside the bulk
(Vim = Vim(1)).
Three main approximations, brieﬂy recalled below, are generally used for the calculation of the
bulk dielectric function:
(i) Random phase approximation [8]. For a totally degenerated electron gas, the bulk dielectric
function is
eðk; xÞ ¼ 1 þ


2 x20
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dq;
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where x0 is the plasmon frequency of the electronic gas, n is its density related to a mean electron radius rs = (3/4pn)1/3 and q represents the
electron wave vector. d is an inﬁnitesimal positive
quantity characteristic of oscillation damping. It
has been established by Garcia de Abajo and Echenique [9] that the induced potential inside and
outside the solid depends weakly on the projectile
velocity, between 0 and 0.2 a.u. So, the static
approximation can be used in the present case of
4 keV He+ projectile (v = 0.2 a.u.). An expression
of ezs for low energy ions has been previously established in this way [10].
(ii) Plasmon line approximation [11].
eðk; xÞ ¼ 1 þ

x20
4
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xg is the energy gap of the solid and k is an adjustable parameter determined from KatoÕs cusp condition [12].
(iii) Static Thomas–Fermi approximation [13].

3. Results and discussion
3.1. Image eﬀect
In Fig. 2 the evolution of the image potential
versus the distance at the image plane is shown
for the PLA approximation for the electronic density suitable for Si (rs = 1.97). The classical image
potential is also reported. It can be seen from these
results that the image force is maximal in the vicinity of the image plane. So, the ionic trajectory is
strongly deviated around the image plane as schematized in Fig. 1. In Eq. (5), the electronic gap xg
of the Si explicitly appears. However, the obtained
image potentials with and without the gap, lead to
approximately the same result. This result tends to
valid the approximation of free electron gas used
for the other models. In Table 1, the diﬀerent values of the total image potential are given for the
diﬀerent bulk dielectric functions used. A great
dispersion in the values is obtained, and the
dynamical values remain smaller than the static
Thomas–Fermi value used by Kato et al. [14].
The comparison with the experimental results is required to discriminate between the diﬀerent
approximations and also to test the validity of
the dielectric treatment of the electronic response
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This last approximation is only valid for very slow
projectiles typically when v  1 a.u.

-4

-3

-2

-1

0

1

2

3

4

5

Ion Position z0(a.u.)
Fig. 2. Image potential versus normal distance between the
projectile and the image plane for density suitable for Si
(rs = 1.97).
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Table 1
Total image potentials obtained in various approximations for
the bulk dielectric functions e(k, x)
Approximation

Vim (eV)

RPA
PLA (k = 1)
PLA
TF [14]

10.1
7.6
5.5
15.0

of the solid. To make connection to the actual incident and emergence angle experienced by a positively charged projectile, we represent in Fig. 3,
the relation between as and av (resp. bs and bv)
for the diﬀerent approximations used. It can be
seen that, in the present experimental conditions,
the diﬀerence between as and av (resp. bs and bv)
vanishes for nominal emergence angles greater
than 7 i.e. for scattering angles greater than 13.
In these conditions, the image eﬀect cannot inﬂuence the geometry of the collisions.
3.2. Experiments
The experimental setup has been previously described in detail [1–3,15]. Brieﬂy, He+ beam of 4
keV is directed toward an amorphized Si target.
The incident angle is 6, the ToF arrangement is
able to detect the scattered projectiles from 0 up
to 165. The ultra high vacuum prevents surface
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Fig. 3. Variation of the actual as (resp bs) versus nominal av
(resp bv) angles.
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contamination after sputter surface cleaning by a
Ne+ beam. This beam is also used to amorphize
the Si near surface target. A post-acceleration in
the ToF arrangement discriminates between the
various charge states of the detected species. Typical spectra obtained in the angular scan are reported in Fig. 4. Together with the experimental
spectra, are shown the corresponding results of
the simulated spectra at each scattering angle. On
Fig. 5, angular scan spectra are shown for very
low emergence angles.
3.3. Simulations
Monte Carlo simulations of multiple scattering
collisions are performed using a code previously
described [1–3]. Several parameters as charge exchange probabilities and friction coeﬃcient c of
the electronic stopping power are extracted from
comparison between experimental and simulated
ToF spectra at various scattering angles. The two
processes of charge exchange between He and Si
are taken into account. Let ÔaÕ be the characteristic
length of the electronic density decay beyond the
image plane. The Auger neutralization is found
to be characterized by a parameter (a + d)/kAuger =
0.083 a.u. quite close to the previous result 0.072 of
Arezki et al. [1]. kAuger is the ion mean free path for
Auger neutralization. The close collision ionization or neutralization probability (assumed to be
equal) is PI = PN = 0.41, conﬁrming somewhat
the value of 0.34 obtained for Si(1 0 0)-(2 · 1) surface interacting with 5 keV He+ ions [16]. A good
ﬁt is obtained for the all spectra at scattering angles greater than about 13. This agreement is
valid for both neutral part and for ionic part
(Fig. 4). However, a clear discrepancy appears
for smaller angles (Fig. 5).
On the other hand, assuming the same value of
the electronic friction coeﬃcient c for both He+
and He0, the best ﬁt of the ToF spectra corresponds to an electronic friction coeﬃcient
c = 0.322 a.u. at this projectile velocity. This value
is comparable to the Density Functional evaluation c = 0.27 a.u. computed elsewhere, taken the
Si band gap into account [2].
At small scattering angles, the actual emergence
angle bs of a charged He+ is diﬀerent from the
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Fig. 4. Comparison between experimental (d) and simulated (––) ToF spectra for scattering angles greater than 13. The incident
angle is 6 and the He+ incident energy is 4 keV.

nominal one bv. So for the ion, at a given scattering angle, bv is replaced in the simulation by bs,
while it is still used for the neutral particle. This effect is signiﬁcant in particular, for scattering angles
lower than 13.
Taking into account such an eﬀect greatly enhances the agreement between the simulated and
the experimental ion part of the spectra as can
be observed from Fig. 5. The best agreement is
obtained for the Kato et al. [14] value of the total
image potential i.e. Vim = 15 eV. This value is consistent with that obtained for the He+/Ni system
[3].
3.4. External stopping power
Owing to the electron polarization inside the
solid due to the presence of a charged particle near
the surface, the projectile is subjected to a friction
force parallel to the surface. This force or stopping

power is directly related to the induced potential
and can be computed in the frame of the SRM
[10]:
S e ðz0 ; vÞ ¼ Z 1

o/ind
ðx ¼ vt; y ¼ 0; z ¼ z0 Þ:
ox

ð7Þ

The total energy loss in the exit phase of the
charged ion is then:
Z 1
S e ðz0 ; vÞ
 dz0 :
DEs ¼
ð8Þ
sinðbv Þ
0
In this relation, it is considered that the external
energy loss is mainly produced from the image
plane in the exit phase and with an emergence
angle bv. This approximation is related to the discussion in Section 3.1. The total energy loss value
is noticeable for low values of the emergence angle.
It is found DEs(bv = 1) = DEs(h = 7) = 123 eV
and DEs(bv = 2) = DEs(h = 8) = 61 eV. At higher
values of the scattering angle h, DEs cannot be
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Fig. 5. Same as Fig. 4 but for low scattering angles (lower than 13). The dashed lines are related to the image potential correction.
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Fig. 6. Experimental and simulated spectra for scattering angles h = 7 and h = 8. The dashed lines are related to the image potential
correction, the solid lines correspond to image potential and external stopping power corrections.

estimated owing to the energy resolution of the
ToF arrangement which is about 100 eV at this en-

ergy. It should be noticed that in spite of the fact
that the ionic fraction impinging the solid surface
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is quite important, the external energy loss should
be very low owing to the relative important incident angle (av = 6). In Fig. 6 the eﬀect of the
external energy loss in the exit phase on the spectra
simulation is represented for h = 7 and 8. The
agreement with the experimental spectra is
enhanced.
4. Conclusion
In this work, ToF spectra of low energy He+
ions (Ea = 4 keV) scattered at various angles by
an amorphized Si surface are simulated through
a Monte Carlo code. A good agreement is obtained for both neutral and charged scattered
projectiles at higher emergence angles. However,
for grazing emergence angles, the agreement is
not so good particularly for charged ions. The difference is treated by introducing two phenomena
that can modify collisionnal geometry at low emergence angles. The ﬁrst one is related to the image
potential acting on the charged projectile resulting
in a diﬀerence between the emergence angle at the
solid surface and the detection angle. The second is
due to inelastic energy loss in the vicinity of the
surface in grazing geometry. Quantitative evaluation of these eﬀects, are computed in the linear
electronic response framework and the SRM is
used to reproduce the surface limit of the solid.
The obtained image potential is shown to depend
strongly on the dielectric function chosen for the
solid. With a total image potential close to 15
eV, it is found that the agreement is greatly enhanced for the ionic part of the ToF spectra.
In order to get more insight in the problem of
image potential, it would be interesting to go beyond the linear response theory. On the experimental side, well deﬁned crystalline surface at
very low projectile energy would give maximum

sensitivity to image eﬀect. Analysis of the ionic
part of the scattered energy distribution would
be of great interest.
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