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Energy loss of heavy ions specularly reflected from surfaces under glancing-angle incidence
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Department of Applied Mathematics, University of Waterloo, Waterloo, Ontario, Canada N2L 3G1

~Received 6 July 2000; published 17 April 2001!

A theoretical model is developed to study the energy loss of heavy ions specularly reflected on a solid
surface at a glancing angle using the dielectric response theory and the specular reflection model. A local-field
correction and a plasmon-pole approximation for dielectric function are employed in the low- and high-
velocity regimes, respectively. Also, the Brandt-Kitagawa model is used to express the distribution of the
electrons bound to the projectiles. We obtain analytical expressions for the position-dependent stopping power
and the surface image potential. The energy losses, dependent on the charge state of the ions and the incident
angles, are calculated and compared with the corresponding experimental results.
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I. INTRODUCTION

Extensive studies have focused recently on the interac
of heavy ions with solids, both experimentally and theore
cally. Especially multiply charged ions, which are availab
due to rapid progress in the development of ion sources,
of interest in such areas as ion scattering spectroscopy,
tron emission, x-ray emission and sputtering@1–4#, where
inelastic loss processes, charge exchange, ionization,
neutralization are studied.

When an energetic ion with a positive charge approac
a metal surface or a crystal surface under a grazing ang
will be first attracted by a long-ranged induced electric fie
due to excitations of the electron gas in the surface and
sequently reflected by a short-ranged repulsive force of
oms located in the first surface layer. By studying the sc
tering trajectory and the energy loss of the ion, one c
obtain an information about the structure of the solid surfa
During the past few years, many authors have calculated
measured energy losses for light ions such as protons, sp
larly scattered on solid surfaces under grazing incide
@5–12#. For heavy-ion scattering, however, one should c
sider the effects of the charge state of the projectiles on
energy loss. In this case, the evolution of the projec
charge state due to the neutralization and ionization p
cesses is very complex. Generally, the charge state dep
on the projectile velocity, the incident angle, and the dista
between the ion and the solid surface.

For a slow, highly charged ion moving near a solid s
face, the charge transfer occurs mainly through resonant
Auger processes, while the energy loss of the ion is do
nated by the excitation of electrons in the valence band of
solid. A theoretical analysis of the neutralization dynam
above the surface has been presented on the basis o
classical over-the-barrier~COB! model @13# in which reso-
nant multielectron capture of conduction electrons, reson
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loss into the unoccupied states of the conduction band,
the intra-atomic Auger deexcitation were considered and
transient formation of hollow atoms was described. For gr
ing incidence, the staircase model of sequential neutral
tion has been formulated as a simplified analytical treatm
of the COB model@14,15#, which was recently extended in
simulation of the neutralization processes above the cond
ing and insulating surfaces@16#. Winecki, and co-workers
@17–19# have measured the energy loss and the final ave
charge states for Cq1, Arq1, and Feq1 ions after grazing
scattering from a smooth graphite surface and introduce
simple model of the neutralization of argon projectiles at lo
impact velocities. They found that the energy losses and
final charge states are almost independent of the in
charge state of the ion, which makes clear that the ion ex
riences a charge-state equilibration during the grazing s
tering and attains a full neutralization before it reaches
distance of the closest approach. Based on an analytica
proximation, a position-dependent stopping power has b
obtained in a simple exponential form for slow ions duri
grazing scattering showing pronounced oscillations withZ1
@20#. Based on the experimental data, which show a mo
tonic increase of the energy loss of Nq1 ions with increasing
charge state and the calculations of the stopping of Nq1 ions
for different charge states, an effective distance from
surface at which the ion is fully neutralized and relaxed h
been estimated in Refs.@21,22#.

For grazing scattering of high-velocity heavy ions o
solid surfaces, the experimental data are less abundant
for slow ions, while, to the best of our knowledge, no the
retical studies of the ion charge states and the energy lo
seem to be available. For 2-MeV C31 and C41 ions incident
on SnTe crystal surfaces under glancing angles, Fritzet al.
@23# have measured the energy losses and the charge-
distributions and deduced from the experimental data, ef
tive ion charges and a freezing distance at which the i
begin to change their charge states.

In our previous work@5#, grazing scattering of proton
from a solid surface has been investigated based on the
©2001 The American Physical Society02-1
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electric response theory and the specular reflection m
~SRM! @24,25#, and the numerical results for energy loss
have been obtained that agree well with the correspond
experimental data. In the present paper, we develop a t
retical model to simulate the position-dependent stopp
power, the scattering trajectory and the energy loss
heavy-ion grazing scattering on a solid surface. The org
zation of the paper is as follows. In Sec. II, general expr
sions for the surface image potential and the stopping po
are formulated on the basis of the SRM in conjunction w
the dielectric response theory taking into account the dis
bution of electrons bound to the projectile. In Sec. III, n
merical results for energy losses of ions are obtained
compared with the available experimental data in both
low- and the high-velocity regimes. A short summary will b
presented in Sec. IV. Atomic units~a.u.! will be adopted
throughout this paper, whereme5\5e51.

II. SURFACE IMAGE POTENTIAL AND STOPPING
POWER

Assume an ion incident on a solid surface under a sm
glancing angleu. A coordinate system is placed in the sca
tering plane with thex axis parallel to the surface and thez
axis perpendicular to it. The scattering center (x50, z50)
is placed at a target-atom nucleus in the first atomic pl
such that the regionz,r d is occupied by the electron gas o
the bulk of the solid, wherer d is the average atomic radius o
the target. The notationsr5(R,z), k5(Q,kz), and v
5(vi ,vz) will be used, whereR, Q, andvi represent com-
ponents parallel to the surface. In the vicinity of the surfa
the ion is attracted by a force due to excitations of the e
tron gas and as a result its perpendicular velocity compon
vz will increase. As the ion approaches the first atomic pla
the repulsive forces will become stronger than the attrac
one and the ion will be specularly reflected by a collect
planar potential. We only consider here the situation wh
the projectiles are reflected from the first atomic layer so t
the angles of the incidenceu should be of the order of mrad
This in turn implies that we may assume that the ion mo
parallel with the surface when the surface image poten
and the stopping power are considered. This adiabatic de
dence on the ion distancez0 from the surface allows one t
express the distribution of electrons bound at the ion as

rext~r ,t !5@Z1d~R2vit !2sn~R2vit !#d~z2z0!, ~1!

whereZ1 is the atomic number of the projectile and (vit,z0)
is the position vector of the ion. Here,sn(R)5*rn(r )dz is
the two-dimensional charge distribution withrn(r ) being the
charge density of the bound electrons. Using a statist
model, an analytical expression for the charge densityrn(r )
was introduced by Brandt and Kitagawa~BK! @26#, which
we use here to express the Fourier transform of the exte
charge density as follows:

r̃ext~k,v!52ps̃n~Q!d~v2Q•vi!e
ikzz0, ~2!
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where, according to the BK model,s̃n(Q)5Z1@q(z0)
1(QL)2#/@11(QL)2# with L being a screening length
@26#, q(z0)512Nn(z0)/Z1 the ionization degree, and
Nn(z0) the number of electrons bound at the ion located
z0.

In order to describe the surface response, Ritchie
Marusak@24# and Wagner@25# introduced the SRM in which
the induced potential can be determined by the exte
charge, its image and a fictitious surface charge fixed by
boundary conditions. Using the SRM and the dielectric
sponse theory, the potential induced by the ion can be wri
in the form

F ind~r ,t !5
1

2pE dQ

Q
s̃n~Q!F~Q,v,z8,z08!e2 iQ•(R2vit),

~3!

wherev5Q•vi andz85z2r d , z085z02r d are the positions
along thez axis measured from the electron-gas edge of
solid surface, whileF(Q,v,z8,z08) is the interacting func-
tion. When the ion moves in vacuum (z08.0) andz8.0, the
function F(Q,v,z8,z08) can be expressed as

F~Q,v,z8,z08!5
es~Q,v!21

es~Q,v!11
e2Q(z81z08), ~4!

while for the ion traveling in the interior of the solid (z08
,0) andz8,0, one obtains

F~Q,v,z8,z08!5es~Q,v,z82z08!1es~Q,v,z81z08!

2
2es~Q,v,z08!es~Q,v,z8!

11es~Q,v!
2e2Quz82z08u,

~5!

with es(Q,v,z8) being the surface dielectric function, whic
can be expressed in terms of the bulk dielectric funct
e(k,v) @27#.

It will be shown that the surface image potential, i.e., t
classical self-energy of the ion, is an important quantity
determining the ion trajectory. With the induced potenti
Eq. ~3!, the surface image potential Us(z0)
5(1/2)*drrext(r ,t)F ind(r ,t) can be expressed as

Us~z0!5
1

4pE dQ

Q
@s̃n~Q!#2F~Q,v,z08 ,z08!. ~6!

With thex axis along the direction of the parallel compone
of the ion velocityvi.v, and using the induced surface p
tential, Eq. ~3!, the position-dependent stopping pow
Se(z0)5*drrext(r ,t)v•¹ rF ind(r ,t)/v is given by

Se~z0!5
1

2pvE dQ

Q
@s̃n~Q!#2~2Q•v!Im@F~Q,v,z08 ,z08!#.

~7!

Equations~6! and ~7! present general expressions for t
surface image potential and the stopping power, depend
on both the projectile ionization degreeq(z0) and the dielec-
2-2
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ENERGY LOSS OF HEAVY IONS SPECULARLY . . . PHYSICAL REVIEW A63 052902
tric function e(k,v) of the matter. We note that no choic
has been made so far for the dielectric function and the
ization degree. In the next section, two different forms of
dielectric function will be used to calculate the surface ima
potential and the stopping power for low- and high-veloc
projectiles. The parametrized expressions for the ioniza
degree will be also presented in both the cases.

III. ENERGY LOSSES

Total energy loss of a heavy ion can be obtained by in
grating the position-dependent stopping power, Eq.~7!,
along the scattering trajectory,

nE52E
zm

`

Se~z0!@11~dz0 /dx!22#1/2dz0 , ~8!

wherezm is the distance of closest approach to the scatte
center. In the laboratory coordinate system, the trajec
equation for the projectile can be expressed as@5#

dz0

dx
57uA12

Up~z0!1Us~z0!

Eu2
, ~9!

whereE5mv2/2 is the initial kinetic energy of the inciden
ion, m is the mass of the ion,Up(z0) is the surface con-
tinuum potential that can be obtained from the Molie`re’s
approximation@28#, and7 correspond to the incoming an
the outgoing trajectories. In Eq.~8!, the closest distancezm
for the ion from the scattering center is given by the equat
Eu25Up(zm)1Us(zm). On integrating Eq.~9!, one easily
obtains a symmetrical trajectory of the ion. Generally, as
all know that, the incoming and the outgoing trajectories
not symmetrical strictly due to the distribution of the bou
electrons of the projectiles. However, we also know, the p
jectiles will lose their energy mostly near and in the electr
gas. So, our assumption of regarding the scattering trajec
as a symmetrical one is feasible while considering that
incident angles are of the order of mrad and the depth
ions enter into the target is no more than its average ato
radiusr d .

A. Low-velocity approximations

When the projectile velocityv is less than the Fermi ve
locity, vF5(3p2n0)1/2, of the electron gas with densityn0,
one can go beyond the random-phase approximation~RPA!
@29,30# by using the local-field corrected~LFC! dielectric
function @31,32#, which provides a more accurate descripti
of the excitations of the surface electron gas by including
exchange-correlation interaction among the electrons. U
the low-velocity approximation along with the LFC bulk d
electric function, the surface dielectric functiones(Q,v,z)
can be expressed as

es~Q,z,v!5 f r~k,z!1 iu f i~k,z!, ~10!

wherek5Q/(2kF) and u5v/(kvF) are the dimensionles
variables,kF5vF is the Fermi wave number, while the de
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tailed expressions forf r(k,z) and f i(k,z) are provided in
@32#. On using Eq.~10! in Eq. ~6!, one can obtain the ana
lytical expressions for the surface image potential in
vacuum (z08.0),

Us~z0!5kFE
0

1

dk@s̃n~k!#2
f r~k!21

f r~k!11
e24kFkz08 ~11!

and in the bulk of the solid (z08,0)

Us~z0!5kFE
0

1

dk@s̃n~k!#2F f r~k!1 f r~k,2z08!

2
2 f r

2~k,z08!

11 f r~k!
21G . ~12!

Similarly, on using Eq. ~10! in Eq. ~7!, the position-
dependent stopping power can be expressed as

Se~z0!52kF
2 v

vF
E

0

1

kdk@s̃n~k!#2H~k,z08!, ~13!

in terms of the function

H~k,z08!5
2 f i~k!

@11 f r~k!#2
e24kFkz08, z08.0, ~14!

or

H~k,z08!5 f i~k!1 f i~k,2z08!1
2 f r

2~k,z08! f i~k!

@11 f r~k!#2

2
4 f r~k,z08! f i~k,z08!

11 f r~k!
, z08,0, ~15!

where f r(k)5 f r(k,0), f i(k)5 f i(k,0), while a cutoffk51
has been introduced in the upper limit of the integral in E
~13!.

As the projectile approaches the surface, it generally
periences electron capture and loss processes due to
sions with the surface atoms, but the evolution of the ioni
tion degree in grazing scattering is not well understood
present. It has been observed in many experiments@17–19#
that the low-velocity ions are largely neutralized by electr
transfer from the metal surface before they reach the dista
of the closest approach. In the present simulation, we ad
an exponentially decaying function to model the electr
transition rate@33# when the ions are outside the electro
gas. Thus, the position-dependent ionization degree can
expressed as a double exponent whenz0.r d , viz.,

q~z0!5q0 expH 2expS 2
z02zs

L D J , ~16!

whereq0 is the initial ionization degree andL is a character-
istic length, whilezs5L ln(G0L/vn), with vn being the per-
pendicular velocity andG0 a typical resonant ionization rate
which is taken to be of the order of 1015 s21. The determi-
2-3
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nation of this parameter complies with Ref.@33#, and we
have testified that even two times larger or smaller value o
has few effects on our calculation results. And one can ve
that the rate of change of the ionization degreeq(z0) has a
maximum at the locationz05zs .

When the projectile enters the electron gas in the bulk
the solid,z0,r d , we adopt an empirical model@34# based
on a velocity-dependent electron-stripping criterion in wh
the ionization degree shows a remarkably good agreem
with experimental values for heavy ions in solids, viz.,

qb512exp~0.803yr
0.321.3167yr

0.620.381 57yr

20.008 983yr
2!, ~17!

whereyr5v r /Z1
2/3, with v r being the ion velocity relative to

the target-electron velocity, defined as follows

v r5vS 11
vF

2

5v2D , v>vF ,

~18!

v r5
3vF

4 F11S 2v2

3vF
2 D 2

1

15S v
vF

D 4G , v,vF .

Using the matching conditionq(r d)5qb , it is easy to find
the value of the positionzs and the corresponding value o
the characteristic lengthL.

In Fig. 1, we plot the energy losses for slow Nq1 ions
with the velocitiesv50.45v0 and 0.63v0 (v0 being the Bohr
velocity! incident on an Al surface under a grazing angle
u512.2 mrad versus the initial ion-charge states. A
shown are the corresponding experimental points from R
@21# and the calculation results by using RPA dielectric fun
tion that does not include the local-field corrections. The
retical results for the energy loss show a slight increase w
the increasing charge state and fit the experimental res
reasonably well. In fact, it is found that for heavy ions at lo
velocities, the linear reponse theory based on RPA is
expected to be valid for such a strong perturbat
(Z1

2/3v0 /v@1). On the contrary, the density functional fo
malism has done a sound job in describing the respons
the electron gas to this kind of perturbation by calculat
the self-consistent potential that includes the result of
nonlinear screening of the ion and the exchange-correla
effect of the electron gas@35–37#. However, from Fig. 1, we
have reasons to believe that after some corrections, the li
response theory is still applicable to be adopted at low
locities regime. These corrections in the present work
clude: the effects of the exchange-correlation interaction
electrons can be included approximately by a static LFC
the dielectric function that had already adopted in the
searches of the wake potential and energy loss of an
moving near a solid surface and in a solid@5,31,32,38#. It has
been proved in Fig. 1 and our previous work@39# that the
results of the stopping power calculated by LFC show
creases over those based on RPA dielectric theory; on
other hand, the mean effect of all capture and loss proce
is considered by the BK effective charge theory, coopera
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with two different empirical expressions of the ionizatio
degree based on the classical barrier model and experim
data, respectively.

We have also calculated the energy loss as a function
increasing incident angles for different initial charge states
the ions, as shown in Figs. 2 and 3. As in our previo

FIG. 1. Energy loss as a function of the incident charge for Nq1

ions specularly reflected from an Al surface under an incident an
u512.2 mrad~about 0.7°). The solid lines represent the calculat
results of our model for the initial ion velocities of~a! 0.45v0 and
~b! 0.63v0 (v0 being the Bohr velocity!. The triangles and the
squares are the experimental values taken from Ref.@21#, and the
dashed lines are the results by using RPA dielectric function.

FIG. 2. Calculation results for energy loss of N1, N41, and N71

ions as a function of the incident angles for grazing scattering fr
an Al surface at an initial velocity ofv50.45v0.
2-4
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ENERGY LOSS OF HEAVY IONS SPECULARLY . . . PHYSICAL REVIEW A63 052902
calculations for hydrogen ions at low velocities@5#, one can
easily see from these two figures that the energy losses
crease monotonously as the incident angles increase. In
dition, the distances of the closest approach are present
Fig. 4 in terms of the incident angles showing that the lar
the incident angle, the deeper the ion penetrates into the e
tron gas located in the regionz0,r d with the atomic radius
r d52.99. Intuitively, the energy loss should be most inten
in the vicinity of the topmost layer giving rise to larger e
ergy losses for shorter distances of closest approach and
sequently, larger incident angles~see Fig. 4!, which contra-
dicts the trends in Figs. 2 and 3. In fact, a decrease in
distance of the closest approach does not imply an incre
of the length of the projectile trajectory through the electr
gas in the surface region. On the contrary, the attractive
face image potential increases the effective angle of in
dence, thus making the effective length of the projectile t
jectory through the electron gas shorter when the incid
angles are larger. Thus, the trends shown in Figs. 2 and 3
the energy loss as a function of the incident angle can
easily understood through the use of Eqs.~8! and ~9!. How-
ever, this conclusion does not tally well with Ref.@22# in
which the energy losses show little dependence on the i
dent angles.

On the other hand, the ionization degree of the ion in
electron gas is obtained from Eq.~17! and, therefore, doe
not depend on the initial charge state. Thus, in Fig. 4,
closest distance, which is determined by the surface im
potential and the surface continuum potential, depends o
on the incident angles and the impact energy but not on
initial charge state.

B. High-velocity approximations

Several approximations to the bulk dielectric functi
have been used in literature to express the surface resp
to fast incident ions such as the hydrodynamic approxim
tion and the plasmon-pole approximation~PLA! @27#. We
have used recently the local frequency-dependent diele
function with a damping factor to represent the response
the medium at high projectile velocities@5#, where only the
contributions of the collective excitations to the energy lo
were considered. However, the contribution of sing
electron excitations of the solid atoms should also be

FIG. 3. Same as Fig. 2, except for the initial velocityv
50.63v0.
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cluded especially for the projectiles at small distances fr
the surface. In this work, the PLA is adopted in which bo
of these two types of excitations are included, with

e~k,v!511
vp

2

k4/41b2k22v~v1 ig!
, ~19!

whereb5A3/5vF is the speed of propagation of density di
turbances in an electron gas characterized by a Fermi ve
ity vF , vp is the plasma frequency of the medium, andg is
an infinitesimal positive quantity representing the damp
of the plasma. In order to obtain analytical results, we
sume that the dielectric function depends onk only through
its componentQ parallel to the surface. Such an approxim
tion was proved to be a reliable one in Refs.@40,41# assum-
ing that the plasmon dispersion along thez axis may be
neglected, which is justified in our small incident-ang
model. Thus, the surface dielectric function can be expres
as

es~Q,v,z08!5
e2Quz08u

e~Q,v!
. ~20!

Similar to the work for point charges obtained by Echeniq
et al. @42#, the surface image potential and the stoppi
power can be figured out as follows.

On using this expression for the surface dielectric fun
tion in Eq. ~6!, we obtain the analytical description of th
surface image potential in the high-velocity approximatio
viz.,

Us~z0!52
vs

2

2 E
0

vs /v
dQ@s̃n~Q!#2

1

AsAAs
22Q2v2

e22Quz08u

2Q~2z08!
vp

2

2 E
0

vp /v
dQ@s̃n~Q!#2

1

ApAAp
22Q2v2

3~12e22Quz08u!, ~21!

where vs5vp /A2 is the surface plasma frequency,As
2

5Q4/41b2Q21vs
2 , and Ap

25Q4/41b2Q21vp
2 . The ana-

FIG. 4. Distance of closest approach to the surface topm
layer for Nq1 ions specularly reflected at Al surface as a function
the incident angles. The solid line corresponds to the ion velo
0.63v0 and the dashed line to the velocity 0.45v0.
2-5
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lytical expression of the stopping power can be obtained
using Eq.~20! in Eq. ~7!, in which case

Se~z0!5
vs

2

v E
vs /v

2v
dQ@s̃n~Q!#2

1

AQ2v22As
2

e22Quz08u1Q

~2z08!
vp

2

v E
vp /v

2v
dQ@s̃n~Q!#2

1

AQ2v22Ap
2

3~12e22Quz08u!. ~22!

In fact, when the velocity of the incident particle is muc
larger than those of the electrons in the solid, both the ou
shell electrons~homogeneous electron gas! and the inner-
shell electrons will contribute to the energy loss. Contrib
tion of the inner-shell electrons to the stopping power
calculated by using an approximate expression for the t
electron densityne(z) @43# derived from the continuum sur
face planar potential in the form

ne~z!5@Z2Np /~2aTF!#(
i 51

3

a ib i exp~2b iz/aTF!, ~23!

whereZ2 is the atomic number of the target atoms,Np is the
atomic density of the surface atomic plane,aTF

50.8853/Z2
1/3, $a i%5$0.1,0.55,0.35%, and $b i%

5$6.0,1.2,0.3%. This expression is used in the bulk contrib
tion to the stopping power described by the second term
Eq. ~22!.

On the other hand, at high velocities, the ions may en
into the electron gas deeper in a shorter interaction time
be exposed to electron loss as well as electron capture w
compared with the slow ions. The charge exchange in
vicinity of the topmost atomic layer will be so intense th
the charge state will become equilibrated within a short p
length @44#, in agreement with the definition of a freezin
distance at which the charge exchange processes beg
take place@23#, which was shown to be almost independe
of the incident angle and less than the atomic radiusr d . This
means the exchange process of the ion-charge state m
occur within the electron gas. Consequently, we adopt a

FIG. 5. Energy loss for C31 ions scattered on the surface
SnTe as a function of the incident angles. The initial ion velocity
2.583v0. One line corresponds to the case without the linear in
polation betweenq0 andqb and the other three lines correspond
different values of the parameterd at which the ion-charge stat
begins to follow Eq.~17!.
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ture where the charge state remains unchanged when th
is outside the electron gas (z0.r d), while the ionization de-
gree is given by Eq.~17! when the ion is close to the topmo
layer (z0,d). In order to describe the charge evolution, w
use, somewhat arbitrarily, a linear interpolation between
initial charge stateq0 and the equilibrium bulk ionization
degreeqb when the ion is in the ranged,z0,r d of dis-
tances from the surface, viz.,

q~z0!5q02
r d2z0

r d2d
~q02qb! ~24!

with d being a free parameter. Although such a description
the charge state evolution is rather qualitative, it will pro
practical in subsequent calculations of energy losses in h
velocity ion-surface grazing scattering.

In order to compare our model with available experime
tal data@23#, we simulate the energy loss of Cq1 ions inci-
dent on the surface SnTe~100!. The jellium edge in the SnTe
is at r d52.99 a.u. from the topmost atomic layer@44# while
the target chargeZ2 corresponding to the SnTe surface
approximated byZ25(ZSn1ZTe)/2551, which is justified
because the atomic numbers of Sn and Te are close eno
Figures 5 and 6 show the energy losses of C31 and C41 ions,
respectively, in terms of the incident angles with the init

r-

FIG. 6. Same as Fig. 5 except for the initial charge state: C41

ions.

FIG. 7. Energy loss as a function of the incident angles for C31

and C41 ions specularly reflected from the surface of SnTe. T
solid line shows the results for C31 ions while the dashed line
shows the results for C41 ions, with the initial velocity of the ions
being 2.583v0. The squares and the triangles are the experime
values taken from Ref.@23#, corresponding to C31 and C41 ions,
respectively.
2-6
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velocity v.v i52.583v0 for several values of the paramet
d and even no linear interpolation. It should be noted that
variation in d exhibits strong effects in Fig. 6 for inciden
C41 ions ~with the initial ionization degreeq052/3) while
almost no effects of a variabled are observed in Fig. 5 fo
C31 ions ~whereq050.5). On the other hand, at velocityv
52.583v0, we obtain from Eq.~17! the ionization degree in
the solidqb50.5096, which agrees with the effective char
numberQf53.22, obtained in Ref.@23# from a semianalyti-
cal model. Comparing these values to the initial ionizat
degrees in Figs. 5 and 6, one can conclude that the chan
the ionization degree plays an important role in the case
scattering under the jellium edge. Finally, we choosed
50.5 and calculate the energy losses in terms of the incid
angles, which are displayed in Fig. 7 and compared with
corresponding experimental values from Ref.@23#. The cal-
culated and measured data show an overall agreement w
the discrepancies may be attributed to the crudeness of
modeling of ion-charge state evolution. We note that
inner-shell electron contributions to the stopping power h
been taken into account in calculations shown in Fig. 7 g
ing rise to an increase of energy losses for larger incid
angles, which was not observed in Fig. 1 for low ion velo
ties. This increase in energy loss with increasing incid
angles for high-velocity ions was observed experimenta
@12# and confirmed theoretically@5# for H1, but is clearly
absent in the experimental data for heavy ions, shown in
7. Finally, the distance of closest approachzm is shown in
Fig. 8 as a function of the incident angles. Since the C31 and
C41 ions with the same incident velocity experience diffe
ent degrees of charge exchange in the jellium, their traje
ries are different at smaller incident angles but the fact t
the ions attain the same equilibrium charge state in the

FIG. 8. Distance of closest approach to the surface topm
layer for C31 and C41 ions specularly reflected at SnTe surface
a function of the incident angles. The solid line corresponds to
case of C41 and the dashed line to the case of C31.
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cinity of the topmost layer implies that they may penetrate
about the same depth when the incident angle is greater
about 7 mrad as shown in Fig. 8.

IV. SUMMARY

Based on the dielectric response theory and the spec
reflection model, general expressions for the surface im
potential, the position-dependent stopping powers, the p
jectile trajectories, and the energy losses have been prese
for heavy-ions under grazing incidence on a solid surfa
The LFC and PLA dielectric functions were adopted in t
low- and the high-velocity regimes, respectively. The dis
butions of the electrons bound at the incident ions were ta
into account by using the BK model. Our simulation requir
a complete description of the position-dependent ionizat
degree throughout the scattering process, which is not kn
at present. Considering that the charge-exchange proba
ties near the surface may be different for slow and fast p
jectiles, a double exponent model and a linear interpolat
both combined with a velocity-dependent electron-stripp
model, were employed in simulations. Although such a
proximate treatments of the ion-charge evolution seem ra
crude, they have proved to be practical in our calculatio
corresponding to available experimental data.

In the low-velocity regime, calculations of the energy lo
exhibit a monotonic increase with the increasing cha
state, consistent with the data from Ref.@21#, and show a
slight decrease with the increasing incident angles. The
culated results demonstrate that both the charge state o
ions and the incident angles affect the ion scattering tra
tory as well as the energy loss. On the other hand, hi
velocity ions may approach the topmost layer much clo
than slow ions as the incident angles increase so that
contribution of the inner-shell electrons to the stoppi
power should be included giving rise to a small increase
the energy loss when the incident angles are greater th
mrad as shown in Fig. 7. Such an effect was observed@12#
and confirmed theoretically@5,6# for hydrogen ions, but was
not found in the experimental data for heavier atoms@23#.
Clearly, such a situation warrants a more complete rese
effort, both experimentally and theoretically.
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@33# C.J. Setterlind and A. Ba´rány, Nucl. Instrum. Methods Phys

Res. B98, 407 ~1995!.
@34# J.F. Ziegler, J.P. Biersack, and U. Littmark,The Stopping and

Ranges of Ions in Matter~Pergamon, Oxford, 1985!, Vol. 1.
@35# P.M. Echenique, R.M. Nieminen, J.C. Ashley, and R.

Ritchie, Phys. Rev. A33, 897 ~1986!.
@36# P.M. Echenique, Nucl. Instrum. Methods Phys. Res. B27, 256

~1987!.
@37# J.I. Juaristi and A. Arnau, Nucl. Instrum. Methods Phys. R

B 115, 173 ~1996!.
@38# Y.H. Song and Y.N. Wang, Nucl. Instrum. Methods Phys. R

B 135, 124 ~1998!.
@39# Y.N. Wang and T.C. Ma, Nucl. Instrum. Methods Phys. Res

51, 216 ~1990!.
@40# C.O. Reinhold and J. Burgdo¨rfer, Phys. Rev. A55, 450~1997!.
@41# C. Denton, J.L. Gervasoni, R.O. Barrachina, and N.R. Aris

Phys. Rev. A57, 4498~1998!.
@42# P.M. Echenique, R.H. Ritchie, N. Barbera´n, and J. Inkson,

Phys. Rev. B23, 6486~1981!.
@43# Y. Fujii, S. Fujiwara, K. Narumi, K. Kimura, and M. Man-

nami, Surf. Sci.277, 164 ~1992!.
@44# C.C. Montanari, M.S. Gravielle, V.D. Rodrı´guez, and J.E. Mi-

raglia, Phys. Rev. A61, 022901~2000!.
2-8


