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Energy loss of heavy ions specularly reflected from surfaces under glancing-angle incidence
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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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[. INTRODUCTION loss into the unoccupied states of the conduction band, and
the intra-atomic Auger deexcitation were considered and the
Extensive studies have focused recently on the interactiotransient formation of hollow atoms was described. For graz-
of heavy ions with solids, both experimentally and theoreti-ing incidence, the staircase model of sequential neutraliza-
cally. Especially multiply charged ions, which are availabletion has been formulated as a simplified analytical treatment
due to rapid progress in the development of ion sources, aref the COB mode[14,15], which was recently extended in a
of interest in such areas as ion scattering spectroscopy, elesimulation of the neutralization processes above the conduct-
tron emission, x-ray emission and sputteririg-4], where ing and insulating surfaceldl6]. Winecki, and co-workers
inelastic loss processes, charge exchange, ionization, andi7—19 have measured the energy loss and the final average
neutralization are studied. charge states for €, Ar%", and F&" ions after grazing
When an energetic ion with a positive charge approachescattering from a smooth graphite surface and introduced a
a metal surface or a crystal surface under a grazing angle, $imple model of the neutralization of argon projectiles at low
will be first attracted by a long-ranged induced electric fieldimpact velocities. They found that the energy losses and the
due to excitations of the electron gas in the surface and sulfinal charge states are almost independent of the initial
sequently reflected by a short-ranged repulsive force of atcharge state of the ion, which makes clear that the ion expe-
oms located in the first surface layer. By studying the scatriences a charge-state equilibration during the grazing scat-
tering trajectory and the energy loss of the ion, one carering and attains a full neutralization before it reaches the
obtain an information about the structure of the solid surfacedistance of the closest approach. Based on an analytical ap-
During the past few years, many authors have calculated angroximation, a position-dependent stopping power has been
measured energy losses for light ions such as protons, specobtained in a simple exponential form for slow ions during
larly scattered on solid surfaces under grazing incidenc@razing scattering showing pronounced oscillations \iith
[5—-12. For heavy-ion scattering, however, one should con{20]. Based on the experimental data, which show a mono-
sider the effects of the charge state of the projectiles on thtonic increase of the energy loss of Nions with increasing
energy loss. In this case, the evolution of the projectilecharge state and the calculations of the stoppingGf ns
charge state due to the neutralization and ionization profor different charge states, an effective distance from the
cesses is very complex. Generally, the charge state depensigrface at which the ion is fully neutralized and relaxed has
on the projectile velocity, the incident angle, and the distancéeen estimated in Reff21,27.
between the ion and the solid surface. For grazing scattering of high-velocity heavy ions on
For a slow, highly charged ion moving near a solid sur-solid surfaces, the experimental data are less abundant than
face, the charge transfer occurs mainly through resonant arfdr slow ions, while, to the best of our knowledge, no theo-
Auger processes, while the energy loss of the ion is domiretical studies of the ion charge states and the energy losses
nated by the excitation of electrons in the valence band of theeem to be available. For 2-Me\ACand C" ions incident
solid. A theoretical analysis of the neutralization dynamicson SnTe crystal surfaces under glancing angles, fetital.
above the surface has been presented on the basis of tf&3] have measured the energy losses and the charge-state
classical over-the-barriglCOB) model [13] in which reso-  distributions and deduced from the experimental data, effec-
nant multielectron capture of conduction electrons, resonartive ion charges and a freezing distance at which the ions
begin to change their charge states.
In our previous work{5], grazing scattering of protons
*Email address: songyh@dlut.edu.cn from a solid surface has been investigated based on the di-
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electric response theory and the specular reflection modgjnhere, according to the BK mOdeEfn(Q)=Zl[Q(Zo)
(SRM) [24,25, and the numerical results for energy lossesi (QA)2]/[1+(QA)?] with A being a screening length
have been obtained that agree well with the correspondingpg), a(zo)=1—N,(z0)/Z; the ionization degree, and

experimental data. In the present paper, we develop a theq; (z.) the number of electrons bound at the ion located at
retical model to simulate the position-dependent stoppin@o_

power, the scattering trajectory and the energy loss for |y order to describe the surface response, Ritchie and
heavy-ion grazing scattering on a solid surface. The organiyjarysak{24] and Wagnef25] introduced the SRM in which
zation of the paper is as follows. In Sec. I, general expresthe induced potential can be determined by the external
sions for the surface image potential and the stopping powegharge, its image and a fictitious surface charge fixed by the
are formulated on the basis of the SRM in conjunction withygndary conditions. Using the SRM and the dielectric re-

the dielectric response theory taking into account the distrigponse theory, the potential induced by the ion can be written
bution of electrons bound to the projectile. In Sec. Ill, nu-j, the form

merical results for energy losses of ions are obtained and

compared with the available experimental data in both the 1 (dQ- _

low- and the high-velocity regimes. A short summary will be ~ Pina(r.1)= Ef acn(Q)F(Q,w,Z',Zé)ef'Q'(Rfv”t),

presented in Sec. IV. Atomic unit@.u) will be adopted 3)

throughout this paper, whera,=%=e=1.

wherew=Q-vjandz'=z—rq, zy=2,—rq are the positions

along thez axis measured from the electron-gas edge of the

solid surface, whileF(Q,w,z’,z}) is the interacting func-

tion. When the ion moves in vacuur(>0) andz’ >0, the
Assume an ion incident on a solid surface under a smalffunction F(Q,w,z’,z;) can be expressed as

glancing angled. A coordinate system is placed in the scat-

tering plane with thex axis parallel to the surface and tke €(Qw)—1 —Q(z' +2))

axis perpendicular to it. The scattering center=Q, z=0) es(Q,w)+1e '

is placed at a target-atom nucleus in the first atomic plane

such that the region<r 4 is occupied by the electron gas of while for the ion traveling in the interior of the solidz(

the bulk of the solid, wherg, is the average atomic radius of <0) andz’<0, one obtains

the target. The notations=(R,z), k=(Q,k,), and v L, S L,

=(vj,v,) will be used, whereR, Q, andv, represent com-  F(Q.@,2".29) = &(Q,0,2"~20) + &(Q,w,2"+ 29)

ponents parallel to the surface. In the vicinity of the surface, ' )

the ion is attracted by a force due to excitations of the elec- — 26(Q.0.29)6(Q,0,7')

tron gas and as a result its perpendicular velocity component 1+€(Q,w)

v, will increase. As the ion approaches the first atomic plane, (5)

the repulsive forces will become stronger than the attractive

one and the ion will be specularly reflected by a collectivewith €(Q,w,z") being the surface dielectric function, which

planar potential. We only consider here the situation whercan be expressed in terms of the bulk dielectric function

the projectiles are reflected from the first atomic layer so thatg(k,w) [27].

the angles of the incidenagshould be of the order of mrad. It will be shown that the surface image potential, i.e., the

This in turn implies that we may assume that the ion moves<lassical self-energy of the ion, is an important quantity in

parallel with the surface when the surface image potentiatletermining the ion trajectory. With the induced potential,

and the stopping power are considered. This adiabatic depekq. (3), the surface image potential Ug(zp)

dence on the ion distanag from the surface allows one to = (1/2)fdrpey(r,t)P;,q(r,t) can be expressed as

express the distribution of electrons bound at the ion as

Il. SURFACE IMAGE POTENTIAL AND STOPPING
POWER

F(Qwz' 2= 4

— efQ‘zriz[,)‘,

1 dQ -~ 2 (-
Us(Zo)=—47Tf Q [on(QIF(Q w,25,29).  (6)
Pexdl ) =[Z18(R—vjt) —on(R=Vt)]8(z—2p), (1)

With the x axis along the direction of the parallel component
whereZ; is the atomic number of the projectile angt(z,)  of the ion velocityv|=v, and using the induced surface po-
is the position vector of the ion. Here,(R)=[py(r)dzis tential, Eq. (3), the position-dependent stopping power
the two-dimensional charge distribution wish(r) being the  Se(Zo) =Jdrpex(r,t)v-V,®inq(r,t)/v is given by
charge density of the bound electrons. Using a statistical 1 40
model, an analytical expression for the charge density) - ~ 20 '
was introduced by Brandt and KitagawBK) [26], which SG(ZO)_%f E[Un(Q)] (=QWIMF(Q,©,2,2)].
we use here to express the Fourier transform of the external (7)

charge density as follows: i )
Equations(6) and (7) present general expressions for the

5 5 _ surface image potential and the stopping power, depending
pext(k,w)=27Ta'n(Q)5(w—Q~VH)e'kZZO, (2 on both the projectile ionization degrgéz,) and the dielec-
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tric function e(k,w) of the matter. We note that no choice tailed expressions fof,(«,z) and f;(«,z) are provided in
has been made so far for the dielectric function and the iont32]. On using Eq(10) in Eq. (6), one can obtain the ana-
ization degree. In the next section, two different forms of thelytical expressions for the surface image potential in the
dielectric function will be used to calculate the surface imagevacuum ¢;>0),

potential and the stopping power for low- and high-velocity

projectiles. The parametrized expressions for the ionization _ 1o~ ,fel) =1

degree will be also presented in both the cases. Us(Zo) =ke 0 drlon(x)] fr(K)-q-]_e Pt (1D
lll. ENERGY LOSSES and in the bulk of the solidZ;<0)

Total energy loss of a heavy ion can be obtained by inte- 1

grating the position-dependent stopping power, Ef), US(zO):k,:f dx[ (k)13 fr(x)+F(K,220)

along the scattering trajectory, 0
. 2f2(k,z})

AEzzf Se(Zo)[ 1+ (dzo/dx) ~2]Y2d 7, (8) T (n) -1 (12

Zm

wherez,, is the distance of closest approach to the scatterin
center. In the laboratory coordinate system, the trajector
equation for the projectile can be expressedss

imilarly, on using Eqg.(10) in Eq. (7), the position-
ependent stopping power can be expressed as

Se(zo)=2k§iflde[TTn(K)]ZH(K,Zé), 13
UrJo

) ©) in terms of the function

dzy__ 6\/1_ Up(2o) +Us(2o)

dx E6?
yvhereE_zmvzlz is the initial kinetic energy of the incident H(x,z})= 2fi(x) e~ Kerzy 2,>0, (14)
ion, m is the mass of the ionlJ(zo) is the surface con- [1+fr(,<)]2
tinuum potential that can be obtained from the Mdis
approximation[28], and + correspond to the incoming and or
the outgoing trajectories. In E@8), the closest distanczg,
for the ion from the scattering center is given by the equation ) , 2fr2(x,z(’))fi(;<)
E#2=U,(zm) +Us(zy). On integrating Eq(9), one easily H(k,zp)=fi(x) +fi(K,22) + ——————
P ; . . [1+f.(x)]
obtains a symmetrical trajectory of the ion. Generally, as we
all know that, the incoming and the outgoing trajectories are At (k,z0)fi(k,z0)
not symmetrical strictly due to the distribution of the bound - RN 25<0, (19
r

electrons of the projectiles. However, we also know, the pro-
jectiles will lose their energy mostly near and in the electron, ore f () =f,(x,0), f;()=F;(x,0), while a cutoffi=1

. : . . r r W) b i )
gas. So, our assumption of regarding the scattering trajectoy,q heen introduced in the upper limit of the integral in Eq.
as a symmetrical one is feasible while considering that th<?13)_
incident angles are of the order of mrad and the depth the Aq the projectile approaches the surface, it generally ex-

ions enter into the target is no more than its average atoMigeriences electron capture and loss processes due to colli-
radiusry . sions with the surface atoms, but the evolution of the ioniza-

tion degree in grazing scattering is not well understood at
A. Low-velocity approximations present. It has been observed in many experimglits- 19

When the projectile velocity is less than the Fermi ve- that the low-velocity ions are largely neutralized by electron
locity, ve=(372n) 2 of the electron gas with density, transfer from the metal surface before the_y reac'h the distance
one can go beyond the random-phase approximagsmy)  ©Of the closest approach. In the present simulation, we adopt
[29,30 by using the local-field correctetLFC) dielectric ~ an exponenﬂally decaying fqnctlon to mo_del the electron
function[31,32, which provides a more accurate descriptiontransition rate[33] when the ions are outside the electron
of the excitations of the surface electron gas by including th&@s- Thus, the position-dependent ionization degree can be
exchange-correlation interaction among the electrons. Usin§*Pressed as a double exponent whgnr g, viz.,

the low-velocity approximation along with the LFC bulk di- _

electric function, the surface dielectric functieg(Q,w,z) a(zo) = exp{ —exp( _ 4k ZS) ] (16)

can be expressed as L
e(Q,z,w)="f(k,z)+iufi(«,2), (100  whereqg is the initial ionization degree aridis a character-

istic length, whilezs=L In(I'gL/v,)), with v, being the per-
where xk=Q/(2kg) andu=w/(xvg) are the dimensionless pendicular velocity and' a typical resonant ionization rate,
variables ke =v is the Fermi wave number, while the de- which is taken to be of the order of s . The determi-
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nation of this parameter complies with R¢83], and we 100
have testified that even two times larger or smaller value of it _ EFS 1)
has few effects on our calculation results. And one can verify sof| " ngA' .

that the rate of change of the ionization degege,) has a
maximum at the locatiog,=z;.

When the projectile enters the electron gas in the bulk of
the solid,zy<r4, we adopt an empirical modéB4] based
on a velocity-dependent electron-stripping criterion in which
the ionization degree shows a remarkably good agreement
with experimental values for heavy ions in solids, viz.,

energy loss(a.u.)
T
fa)
1]

2001 y=0. 45v,,

0 1 1 I3 1 1 1 1
dp=1—exp(0.803/°3-1.316%%°-0.381 5%, 0 1 2 3 4 5 6 7 8
(a)
—0.008 98&2), (17) charge state
wherey, =v, /22", with v, being the ion velocity relative to 200 =
the target-electron velocity, defined as follows —~ [ " Ref @ .
5150  [--- RPA .
14 vE &
U=V — |, UV=UEg, 2 [ .
r 5v° } Swob
(18) S
3 +2v2 1(0)4 _ é:;50;
UrTy 3p2) 15\vg) |’ USUF- ° v=0.63v,
Using the matching conditiog(ry)=qy, it is easy to find 0 ' ' l ' ' ' '
the value of the positioms and the corresponding value of ¢ 1 2 3 4 5 6 7 8
the characteristic length. (b) charge state
In Fig. 1, we plot the energy losses for slow!Nions ) o
with the velocities) =0.45, and 0.63 (v, being the Bohr FIG. 1. Energy loss as a function of the incident charge fbf N

velocity) incident on an Al surface under a grazing angle 0fions specularly reflected from an Al surface under an incident angle
§=12.2 mrad versus the initial ion-charge states AISO6!=12.2 mrad(about 0.7°). The solid lines represent the calculation
showﬁ are the corresponding experimental points fro.m Refresults of our model for the initial ion velocities ¢) 0.4%, and

. . . . (b) 0.6 (vg being the Bohr velocity The triangles and the
[.21] ar:]d tge Calcula}tlo:w :‘jesuklfs Iby uI.Q,Ifrlg;IdRPA dlel.eanc_ltlkj‘nc'squares are the experimental values taken from [R&f, and the
“0’? that does not include the local-fie cqrreqtlons. e(.)'dashed lines are the results by using RPA dielectric function.
retical results for the energy loss show a slight increase with
the increasing charge state and fit the experimental results. . . . o
reasonably well. In fact, it is found that for heavy ions at low With two different empirical expressions of the ionization
velocities, the linear reponse theory based on RPA is nogegree based on the classical barrier model and experimental
expected to be valid for such a strong perturbationd@t@, respectively. _
(22/300/v>1). On the contrary, the density functional for- . We haV? a_lso calculated the_ energy I_st as a function of
mélism has done a sound job ,in describing the response pereasing incident angles for different initial charge states of
the electron gas to this kind of perturbation by calculating he ions, as shown in Figs. 2 and 3. As in our previous

the self-consistent potential that includes the result of the

nonlinear screening of the ion and the exchange-correlation 100 r

effect of the electron gd85—37. However, from Fig. 1, we g k v=0.45v,
have reasons to believe that after some corrections, the linear 3 roe

response theory is still applicable to be adopted at low ve- Z 801

locities regime. These corrections in the present work in- 3 10t

clude: the effects of the exchange-correlation interaction of % g0 |

electrons can be included approximately by a static LFC to 8 -

the dielectric function that had already adopted in the re- ¢ 50 3N

searches of the wake potential and energy loss of an ion g0 Lo v vy
moving near a solid surface and in a sqkg31,32,38. It has 0O 2 4 6 8 10 12 14 16

been proved in Fig. 1 and our previous wdg9] that the
results of the stopping power calculated by LFC show in-
creases over those based on RPA dielectric theory; on the FIG. 2. Calculation results for energy loss of NN**, and N'*
other hand, the mean effect of all capture and loss processeéshs as a function of the incident angles for grazing scattering from
is considered by the BK effective charge theory, cooperatingn Al surface at an initial velocity of =0.4%,,.

incident angle({mrad)
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calculations for hydrogen ions at low velocitigs], one can 1.8

easily see from these two figures that the energy losses de- IR
crease monotonously as the incident angles increase. In ad-
dition, the distances of the closest approach are presented in
Fig. 4 in terms of the incident angles showing that the larger
the incident angle, the deeper the ion penetrates into the elec-
tron gas located in the region<r4 with the atomic radius
rq=2.99. Intuitively, the energy loss should be most intense
in the vicinity of the topmost layer giving rise to larger en-

v=0. 45v,

the closest distance(a.u.)
[\
T

0.8 L 0 0

ergy losses for shorter distances of closest approach and con-
sequently, larger incident anglésee Fig. 4 which contra- 0 2 4 6 8 1012 14 16
dicts the trends in Figs. 2 and 3. In fact, a decrease in the incident angle (mrad)

d:cstrz]imlze Of;hef crl]osest_applroach does r;]ot Imﬁlyhan :ncrease FIG. 4. Distance of closest approach to the surface topmost
of the length of the projectile trajectory through the e eCtronIayer for N'* ions specularly reflected at Al surface as a function of

gas in the surface region. On the contrary, the attractive SUkpe incident angles. The solid line corresponds to the ion velocity
face image potential increases the effective angle of incip g3, and the dashed line to the velocity 0u45

dence, thus making the effective length of the projectile tra-

jectory through the electron gas shorter when the incidengjyded especially for the projectiles at small distances from
angles are larger. Thus, the trends shown in Figs. 2 and 3 fqre surface. In this work, the PLA is adopted in which both

the energy loss as a function of the incident angle can bgf these two types of excitations are included, with
easily understood through the use of E@.and(9). How-

ever, this conclusion does not tally well with R¢R2] in wf)
which the energy losses show little dependence on the inci- e(k,w)=1+— 55 —, (19
dent angles. K4+ Bk~ o(w+ivy)

On the other hand, the ionization degree of the ion in the mE s . -
electron gas is obtained from EL7) an% therefore, does Where = y3/5v is the speed of propagation of density dis-

not depend on the initial charge state. Thus, in Fig. 4, theturbances in an electron gas characterized by a Fermi veloc-

closest distance, which is determined by the surface imag'etzy Uk, @p 1S the pIagma freque_zncy of the m_ed|um, ands .
. . . an infinitesimal positive quantity representing the damping
potential and the surface continuum potential, depends onl

on the incident angles and the impact energy but not on thésrﬁ:f tﬂ{:‘tst?:. dlire]lgcr;(tjriecr ftl?ngtti)g?:nd:n::\}ggclggﬁsﬂrséuwﬁ as-
initial charge state. p y g

its component) parallel to the surface. Such an approxima-

tion was proved to be a reliable one in Rd#0,41 assum-

ing that the plasmon dispersion along theaxis may be
Several approximations to the bulk dielectric function neglected, which is justified in our small incident-angle

have been used in literature to express the surface respons®del. Thus, the surface dielectric function can be expressed

to fast incident ions such as the hydrodynamic approximaas

tion and the plasmon-pole approximatiéRLA) [27]. We )

have used recently the local frequency-dependent dielectric , e Qzl

function with a damping factor to represent the response of &(Q w,25) = 0w (20)

the medium at high projectile velociti¢§], where only the

contributions of the collective excitations to the energy lossSimilar to the work for point charges obtained by Echenique

were considered. However, the contribution of single-et al. [42], the surface image potential and the stopping

electron excitations of the solid atoms should also be inpower can be figured out as follows.

On using this expression for the surface dielectric func-

B. High-velocity approximations

250 [ tion in Eqg. (6), we obtain the analytical description of the
i v=0.63v, surface image potential in the high-velocity approximation,
200 | viz.,
§ C
% 50 | wg (sl o~ 2 1 2Q)z|
£1s0 | Uz =5 [ 4Q17,(Q) P emge 7%
5 2 Jo AsVAL—Q%?
T o ’)w‘z’prluer 1°)) ——
—0(—2z5)—5 o
2 Jo n A, fAs_szz

0 2 4 6 8 10 12 14 16

incident angle (mrad)

X (1—e~ 2%y, (21)

FIG. 3. Same as Fig. 2, except for the initial velocily =~ Where os= 605)/\/E is the surface plasma frequenchl
=0.6%,. = Q%4+ B2Q*+ w}, and AZ=Q%/4+ B?Q?+ w;. The ana-
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lytical expression of the stopping power can be obtained by 3100 : :
using Eq.(20) in Eq. (7), in which case o0 i :giolgterpolatlon
w2 2v 1 i | *d=1.5
o — ; = : L d=2.5
Se(zo):—SJ dQ[o,(Q)]P————=e Xl+ 0 §2700
T n szz_Ag :2500 -\\\\‘\_//
2 [* yors ! ‘\d
(—20)—" J dQ7n(Q) 2 ——=— 2300 o
v wplv \/(321)2_A'2J ’100 L T n‘e
% (1_ e ZQ‘Zél)' (22) ¢ 2 inéident e?ngle(mrgad) 10 12

In fact, when the velocity of the incident particle is much ~ FIG. 6. Same as Fig. 5 except for the initial charge stafe: C
larger than those of the electrons in the solid, both the outerons.
shell electronghomogeneous electron gaand the inner-
shell electrons will contribute to the energy loss. Contribu-ture where the charge state remains unchanged when the ion
tion of the inner-shell electrons to the stopping power isiS outside the electron gagq(>rg), while the ionization de-
calculated by using an approximate expression for the totsgree is given by E¢(17) when the ion is close to the topmost
electron densitys(z) [43] derived from the continuum sur- layer (zo<d). In order to describe the charge evolution, we
face planar potential in the form use, somewhat arbitrarily, a linear interpolation between the
initial charge statayy and the equilibrium bulk ionization

3 degreeq;, when the ion is in the rangd<zy<ry of dis-
ne(2)=[zsz/(23TF)]§1 a;B; expl—Bizlarg), (23)  tances from the surface, viz.,

whereZ, is the atomic number of the target atorh, is the _ . Md=2 24
atomic density of the surface atomic planerr 4(20)=0o rg—d (do~ Co) (24)
=0.885373%,  {a;}={0.1,055,0.35 and {B;}
=1{6.0,1.2,0.3. This expression is used in the bulk contribu- with d being a free parameter. Although such a description of
tion to the stopping power described by the second term inhe charge state evolution is rather qualitative, it will prove
Eq. (22. practical in subsequent calculations of energy losses in high-
On the other hand, at high velocities, the ions may entevelocity ion-surface grazing scattering.
into the electron gas deeper in a shorter interaction time and In order to compare our model with available experimen-
be exposed to electron loss as well as electron capture wheal data[23], we simulate the energy loss of Cions inci-
compared with the slow ions. The charge exchange in théent on the surface SnTk00). The jellium edge in the SnTe
vicinity of the topmost atomic layer will be so intense thatis atr4=2.99 a.u. from the topmost atomic lay@#] while
the charge state will become equilibrated within a short pathhe target charg&, corresponding to the SnTe surface is
length [44], in agreement with the definition of a freezing approximated byZ,=(Zsn+ Z10)/2=51, which is justified
distance at which the charge exchange processes begin fecause the atomic numbers of Sn and Te are close enough.
take placg 23], which was shown to be almost independentFigures 5 and 6 show the energy losses ¥f @d ¢ ions,

of the incident angle and less than the atomic radjusThis  respectively, in terms of the incident angles with the initial
means the exchange process of the ion-charge state might

occur within the electron gas. Consequently, we adopt a pic- 3000
. %, C*~SnTe
2400 . . T o2500 F e e
. L ~—no interpolation 3 [ . . e
: - d=0.5 > "o
3 92 - L
< 300 | —~d=1.5 2 2000
8 pono | TR & . this work
— g 1500 L » Ref. [23]
z I @ X --- this work
g 2100 , |+ Ref (23] |
5 ! C SuTe e —
2000 b e 0 2 4 6 8 012
0 9 4 10 12 incident angle (mrad)

incident fngle(erad)
FIG. 7. Energy loss as a function of the incident angles f&f C

FIG. 5. Energy loss for € ions scattered on the surface of and C* ions specularly reflected from the surface of SnTe. The
SnTe as a function of the incident angles. The initial ion velocity issolid line shows the results for3¢ ions while the dashed line
2.583,. One line corresponds to the case without the linear intershows the results forC ions, with the initial velocity of the ions
polation betweem, andq, and the other three lines correspond to being 2.583,. The squares and the triangles are the experimental
different values of the parameterat which the ion-charge state values taken from Ref23], corresponding to € and C* ions,
begins to follow Eq(17). respectively.
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~ 27 cinity of the topmost layer implies that they may penetrate to

2 ’ about the same depth when the incident angle is greater than

g L5 ¢ about 7 mrad as shown in Fig. 8.

<

s 1r IV. SUMMARY

§ 0.5 F Based on the dielectric response theory and the specular

. _ reflection model, general expressions for the surface image

5 oo potential, the position-dependent stopping powers, the pro-
0 2 4 6 8 10 12 jectile trajectories, and the energy losses have been presented

incident angle(mrad) for heavy-ions under grazing incidence on a solid surface.
The LFC and PLA dielectric functions were adopted in the
FIG. 8. Distance of closest approach to the surface topmosigy- and the high-velocity regimes, respectively. The distri-
layer for C* and C** ions specularly reflected at SnTe surface asptions of the electrons bound at the incident ions were taken
a function+of the incident angles. The solid line corresponds to the,q account by using the BK model. Our simulation requires
case of C* and the dashed line to the case &f'C a complete description of the position-dependent ionization
degree throughout the scattering process, which is not known
at present. Considering that the charge-exchange probabili-
fies near the surface may be different for slow and fast pro-
jectiles, a double exponent model and a linear interpolation,
both combined with a velocity-dependent electron-stripping
model, were employed in simulations. Although such ap-
, e _ proximate treatments of the ion-charge evolution seem rather
:2'583)0' we obtain from Eq(17) the_ lonization d_egree N crude, they have proved to be practical in our calculations,
the solidg,=0.5096, which agrees with the effective Chargecorresponding to available experimental data.
numberQ;=3.22, obtained in Re{23] from a semianalyti- In the low-velocity regime, calculations of the energy loss
cal model. Comparing these values to the initial ionizationgyhibit a monotonic increase with the increasing charge
degree_s in_Figs. 5 and 6, one can conclude tha_t the change é’tfate, consistent with the data from RE21], and show a
the ionization degree plays an important role in the case ofjight decrease with the increasing incident angles. The cal-
scattering under the jellium edge. Finally, we choase cjated results demonstrate that both the charge state of the
=0.5 and calculate the energy losses in terms of the incidengng and the incident angles affect the ion scattering trajec-
angles, wh|ph are d|§played in Fig. 7 and compared with th?ory as well as the energy loss. On the other hand, high-
corresponding experimental values from R@3]. The cal-  yejocity jons may approach the topmost layer much closer
culated and measured data show an overall agreement whilgan sjow ions as the incident angles increase so that the
the discrepancies may be attributed to the crudeness of oWpniripution of the inner-shell electrons to the stopping
modeling of ion-charge state evolution. We note that the,qyer should be included giving rise to a small increase of
inner-shell electron contributions to the stopping power havgpe energy loss when the incident angles are greater than 7
been taken into account in calculations shown in Fig. 7 giVyyrad as shown in Fig. 7. Such an effect was obsef¢&d
ing rise to an increase of energy losses for larger incidentnq confirmed theoreticallys,6] for hydrogen ions, but was
a_mgles, _vvh_ich was n_ot observed in Fig. 1_f0r Iow_ ion_vel_oci-not found in the experimental data for heavier atdi®3].
ties. This increase in energy loss with increasing incidengjearly, such a situation warrants a more complete research

angles for high-velocity ions was observed experimentallysffort “poth experimentally and theoretically.
[12] and confirmed theoreticall{s] for H*, but is clearly

absent in the experimental data for heavy ions, shown in Fig.
7. Finally, the distance of closest approaghis shown in
Fig. 8 as a function of the incident angles. Since tRé &nd This work was jointly supported by the Research Fund for
C** ions with the same incident velocity experience differ-the Doctoral Program of Higher Education, the Fund for the
ent degrees of charge exchange in the jellium, their trajectoExcellent Young Faculty, the Key Fund of the Science and
ries are different at smaller incident angles but the fact thaTechnology of the State Education Ministry, and the Na-
the ions attain the same equilibrium charge state in the vitional Natural Science Foundation of ChifaN.W.).

velocity v=v=2.583 for several values of the parameter
d and even no linear interpolation. It should be noted that th
variation in d exhibits strong effects in Fig. 6 for incident
C** ions (with the initial ionization degreejo=2/3) while
almost no effects of a variablk are observed in Fig. 5 for
C3* ions (whereqy=0.5). On the other hand, at velocity
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