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Model calculation for energy loss in ion-surface collisions
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The so-called local plasma approximation is generalized to deal with projectiles colliding with surfaces of
amorphous solids and with a specific crystalline structptannar channeling Energy loss of protons graz-
ingly colliding with aluminum, SnTe alloy, and LiF surfaces is investigated. The calculations agree quite well
with previous theoretical results and explain the experimental findings of energy loss for aluminum and SnTe
alloy, but they fall short to explain the data for LiF surfaces.
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[. INTRODUCTION Our goal here is to extend the LPA to deal with grazing
collisions with surfaces We put forward two approaches.

We consider here the energy loss of fast heavy projectilekirst, we propose a model developed to deal with FEG
grazingly colliding with solid surfacegl]. The more rigor-  edges, the so-called axial mod@M) [8]. The AM intends
ous approach to tackle this problem would be the determingto be a much simpler but still precise version of the so-called
tion of the so-called density response functie(m,r’,w) for ~ specular reflection modeéBRM) [9-12]. We expect the AM
the slab, which is very time demanding in terms of Compu-tO describe surfaces of amorphous solids, i.e., noncrystalline
tations. Instead, the most common approach consists in réurfaces. Our second proposal deals with crystalline surfaces.
sorting to the basic knowledge of atomic collisions and cal-To that end, we reformulate the LPA to yield an expression
culating all the possible semiclassical inelastic amplitudeghat we call the surface local plasma approximatishPA),
(excitation and ionizationin terms of the projectile impact Wwhich accounts for planar channeling. This approximation,
parameters. If we emp|oy a distorted-wave method, for exas we will prove, explains quite well the results of Juaristi
ample, the quanturi-matrix element in terms of the projec- €t al. [2] and the experiments with conductor surfaces, but
tile momentum transfer is obtained instead. In this case, on@ot the LiF case. Atomic units are used unless otherwise
should transform the quantufi-matrix element into the stated.
semiclassical amplitudes via the eikonal approximation. It

requires a two-dimensional numerical integral for every elec- Il. THEORY

tron energy transferred. It follows a numerical average _ _ )

over the density of atom targets of the surface to obtain the A. Dielectric formalism at surfaces

basic expression, i.e., the energy-loss distributiéidw as We are interested in studying the process of projectiles

a function of the distance of the projectile to surfae To  moving parallel to the surface, instead of moving well inside
calculate the total-energy loss, two more numerical integrathe solid [8,13,14. The relevant quantity to describe the
tions follow: on the energy lose® and on the projectile tra- energy-loss distribution of a projectile interacting with the
jectory involving all the values oZ,. The work of Juaristi  valence electrons at the surface is introduced as a straight
et al. [2] follows all these steps. When the target surface isyeneralizationof the dielectric response function. It is here
composed of heavy atoms, such as SnTe alloys this procetenoted withe (g, w,Z,), whereq is the momentum transfer,
dure becomes extremely tedious. The main numerical task is is the energy deposited, arif}, is the distance of the
not the treatment of the valence electrons, which can berojectile to the surface. The energy and momentum-loss
fairly approximated by a free electron g&sEG), but the  spectrum d?P(Z,)/dwdq per unit path is related to
bound electrongBE) of the atoms composing the surface e(q,w,Zp) in the usual way
target. By BE we refer to the atomic description we use; not
necessarily to inner shells but also to states with negative d’P(Zo) S
energiegthe electrons of the H2p) state, for example, will deodq E
be here considered BE

In this work we start from a simple model describing the yith g = — 272/(mv?), and the moments of the energy loss
interaction of projectiles with BE of many-electron atoms .o pe written then as
that is the local plasma approximatiobPA) [3,4]. One ex-
pects that the more electrons the target atom has, the better - w d2P(Z,)
the LPA will be. The LPA describes quite well the case of p(”)(zo)zf do w“f dg——>, 2
projectiles moving in thébulk, i.e., inside the solid in the 0 wlv dwdg
perturbative regimgs—7]. Results using the LPA approxima-
tion were reported recently for impact of protons on differentwheren=0 corresponds to the probabilifgr the inverse of
solids such as aluminum, copper, and silig&iy the mean the mean free path\(Zy)=1/P(®)(Z,)], n=1 to the stop-
free path, the stopping, and the straggling were compareging, P®(Z)=S(Z,), and n=2 to the straggling
with the experiments and the agreement was excellent.  P3)(Z,)=02%(Z,).

1
M e(qwzo) | @

1050-2947/2003/68)/0629017)/$20.00 67 062901-1 ©2003 The American Physical Society



J. E. MIRAGLIA AND M. S. GRAVIELLE PHYSICAL REVIEW A 67, 062901 (2003

Deep inside an amorphous soli@toms at randoi we  where Vyyg=4/37R3,s, Rws=(3/476,)Y is the Wigner-
should find that (q,w,Z¢) —¢(q,w), asZy— — =, ¢(q,w) Seitz sphere radiusg, is the volume density of atoms,
being the usual dielectric function. In case of dealing withk.(r)=[3#2n(r)]*®is the local Fermi velocity, and(r) is
valence electrons, they are generally described as a FEG afite electronic local density of the bound state. In Es).
therefore the Lindharfrandom-phase approximatiéRPA)] &, (q,w,k) is the RPA or Lindhard dielectric response func-

dielectric functiong| (g, w) is used[15]. tion (we will omit variableke when possible
The expression given by E@5) could be called thee-
B. Interaction with the FEG stricted form used in solids. Alternatively, if we are inter-

o ) ested in collisions with isolate atoms in a gas phase, the cross
One of the more popular models to describe inelastic pregection per atom is defined a€m=P™MV,,s and O (Rys
cesses with the FEG in the presence of surfaces is the SRI\/Lr) is removed from Eq(5), giving rise to theunrestricted

This model allows us to describe the electron-loss distribusgm  As the mean radius of the BE considered is much
tion knowing the bulk dielectric function(q, ) [9-12. N gmajler thanRys, both results, the restricted and unre-
a recent paper, another approximation for the dieleCtri%tricted, are equal.
function—called AM—was proposed and explored in detail |5 case of dealing with BE of the solid atoms in the sur-
[8]. By comparing the mean free path, stopping, stragglingace, the surface edge needs to be determined. In the case of
and the induced potential, it was found that there is no apy FEG, the edge is commonly shifted half of the planar atom
preciable difference between the AM and the SRM for pro-geparation from the topmost atomic plane. For BE states, we
ton impact energies ranging from keVs to MeVs. Moreovergiow an equivalent approach, i.e., the BE edge is shifted a
there are a number of advantages of the AM, such as g antity equal to the radius of the bound state considered.
simple closed form and a straight separation between binaryne extension of the AM to account for BE is only appli-
and collective modes. In essence, the AM keeps the simplicsape when we are in the presence of a surface of an amor-
ity of the bulk expression, and the expression to be used iRhqys solid, more specifically when the atoms are at random.
Eqg. (1) reads[8] This is so because in E¢p) all the values of (the distance
of the projectile to the target nucleuare permitted. This is
——————=[1+R(0,0)E(q])10(Zo) not the case of most experiments, where the surface is deter-
eam(9,®,Zo) mined by a specific crystalline plane and not all the values of
r are permitted.

1
+H[1-R(q,0)E(QP] 50 (= Z0),

(q,0) 2. Planar channeling scattering
3) As we deal with a specific crystalline surface, we can no
longer use the AM, since we are at planar channeling condi-
with E(aj) =exp(-29{|Zo)), af=(a”+ w?Tv?)/2, tions. The approximation that we will follow here is an ex-
tension of the LPA to deal with collisions with localized
1-&(q,w) states at a given crystallographic plane. If we are interested

R(q,w)= 4 in the impact-parameter dependence of the cross section per

+ ' . o
L+e(q,0) atom o(®=pPOl, ¢, it results from Eq.(5) after writing
. L ) dr=dbdx [7],
and® is the Heaviside function. In Eq€3) and(4), £(q, w)
is the dielectric response function of the FEG, namely, )
e.(g,w). In Ref.[8], the Mermin-Lindhard dielectric func- L(b)zﬁ Im ; (6)
tion was used instead, to account for plasmon decay lifetime dbdwdq q el (q,w,b)|’
[16].
S - [ @
. . - X—
C. Interaction with the BE 6. (0, ,b) e e (@@, Ke (1)

1. Random scattering

The AM was designed to deal with a projectile moving Whereb is the impact parameter amg= b+ x“. Next we
parallel to the surface, interacting with a FEG. We here excan write the double differential probability per unit path at a
tend the AM to deal with BE of surface atoms by simply given distance to surfacg,, in its usual form
using the same equations, given by E(@.and (4) but re- , y
placing e(q,w) by the LPA dielectric response function d-P % d*P
e.pa(0, ), accounting for the BE instead of the FEG. dwdq 20" 5sﬁmdym(b: VZo+y?), (8

In case of dealing with BE of the solid atoms in the bulk,

the dielectric functiore, pa(q, ) is defined a$3-7] where &g is the surface density of atomég=1/Sy,s, and

Sws= 7Tp\2NS. Replacing Eq(6) in Eq. (8) and introducing
. _ if r O(Rws— 1) (5) polar coordinatesixdy=dp=p dpd¢, we arrive at an ex-
e pald, @) Vs e (g, w,ke(r))’ pression similar to Eq(1),
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where now —o— Born 1

1 1 f O (pws— VZ5+p?)

esLpAd,®,Zp) - Sws P e (q,0,Ke(Zg,p))

Ke(Zo,p) =[37n(r = yZ5+p)]"3, (11 =

is the local Fermi velocity, and(r) is again the electronic s

local density of the bound states. As the atoms have aziT

muthal symmetry, we can writdp=2mpdp and Eq.(10)

can be reduced to a one-dimensional numerical integral.
Based on its volume definitions, as given by E§),

e pa(q,w,ke(r)) requires an average of all possible projec-

tile distances to the nucleus of a sphere of radiuk be-

comes then natural that, when dealing with planar channel- .

ing, one should average all the positions of the projectile at 107 3

distancesZ, to the surface. In Eq(10) we have explicitly ]

included® (pyws— \/Zoz+p2) and so it should be named the

restricted form. Similarly, one can write thanrestricted

form by excluding such a constrain in the integrand of Eq. 10°

(10). Note that the circle of polar radiysys, and not the

sphere of radiuf®kys, represents the actual density of atoms Zo (a.u.)

crossed by the projectile at planar channeling conditions.

Before proceeding, we would like to note a straightfor- FIG. 1. Proton energy loss per unit length due to the bound
ward extension of the LPA as explained next. As the projecelectron states (@+2p) of aluminum as a function of the distance
tile moves inside the solid, the LPA is expressed in terms ofo the atomic plane. Impact proton energies as indicated. Notation:
avolumeintegral, Eq.(5), while for projectiles moving par- line plus empty circles, denoteli results of Juaristét al.[2] using
allel to a surface, the SLPA is expressed in terms of a surfacde first Born approximation; dotted lines, the axial model results;
integral, Eq.(10). One can then expect that for projectiles and solid lines, surface local plasma approximation.
moving along a specific path in relation to the lattiesial
channeling for examp)ethe LPA can be simply generalized
to alinear integral along its trajectory.

(10

1500 keV
H*on Al 3

cal task requires just a three-dimensional integrat @), q,
and w to calculate the present results for the ABLPA).

As the projectile travels into the solidZg— —«), the

lll. COMPARISON WITH OTHER stopping predicted by the AM due to the bound stateg (2
THEORETICAL MODELS +2s) tends to the value 0.07@.048 for 700 (1500 keV,

We will concentrate on protons moving parallel to alumi- vyhich coincides quite .weII with the results obtained_with the
num and LiF surfaces. In all the cases, the restricted form ofirSt Born approximation 0.0580.048 and the continuum
the LPA was used. distorted-wave eikonal initial stat€ DW-EIS) 0.055(0.037
within the solid. If we add the contribution of the FEG we
have a total stopping, which is very near the experimental
values(see Ref[5] for detailg. A very important fact is that

Stoppings per unit path length of 700- and 1500-keV prothe AM resultsdo notpredict the results of Juaristt al.[2].
tons on aluminum(111) surfaces are shown in Fig. 1 as a The reason is that the extension of the AM to account for BE
function of Z, due only to the BE (8+2p). Also in that is only applicable in the presence of an amorphous solid
figure, we display our AM(dotted ling and SLPA(solid  surface, more specifically when the atoms are at random.
lines) predictions along with the results of Juaristial.[2],  Juaristiet al. [2] calculated the bound probabilities with the
obtained using the first Born approximation. To represent theuantum first Born approximation in the impact-parameter
BE states, we have employed the Hartree-Fok multiple formalism, accounting properly for the planar channeling
functions given by Bungeet al. [17]. The Al(111) atomic  conditions.
density producegs=2.83, not very different fromRy g By comparing the SLPA with the results of Juaristial.
=2.98. The shift of the edges with respect to the atomid2], we conclude that our approximation explains very well
surface when using the AM was: @#%2=2.4 for the the main structure of the stopping. At the atomic surface, the
FEG, 0.60 for the B, and 0.62 for the & bound statef17]. SLPA vyields a result very close to that obtained by Juaristi
For the SLPA there is no need to shift the BE edges. Thet al.[2]. Recall that they are quite different from the experi-
contribution of the inner shelldwas neglected. The numeri- mental values inside the solid, which are described properly

A. Energy loss from aluminum
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FIG. 2. Energy loss per atom in collision with solid LiF as a Total:
function of the incident proton energy. Notation: LPA and CDW- ot BT e E ] F(2p)+F(2s)
EIS approximation as indicated, and full symbols indicate the ex- 3 R
periments of Ref[19].

by the AM instead. The difference is that these experiments
have been carried out with the atoms at randdeam-foil 10% |
collisions while here we use planar channeling.

" 1 N
-2 0 2
B. Energy loss from lithium fluoride

Z (a.u.)

S

First we investigate the capacity of the LPA to predict the
data in the bulk. Stopping cross sections per aifh of FIG. 3. Proton energy loss per unit length due to the bound
protons on LiF are plotted in Fig. 2 and compared with thestates of LiF as a function of the distance to the atomic plane for
CDW-EIS calculatior 18] and experimentgl9]. The CDW-  100-keV impinging energy. Notation: line plus full squares, results
EIS is a distorted-wave method to calculate ionization amusing the CDW-EIS; dotted lines, the axial model results; and solid
plitudes[20,21]. The agreement of the LPA with the experi- lines, the surface local plasma approximation.
ments is excellent, at least at the level of integrated cross
section. =1.88 or equivalent a volume plasmon enedgy 18 eV), it
Stoppings per unit path of 100 and 500 keV protons onwould produce a stopping value per atom at 500 keV of 19
LiF (100 surfaces are shown in Figs. 3 and 4, respectively, aa.u., which coincides with the experimental reqsie Fig.
a function ofZ, due to the BE states'®2s), F (2p), and  1). This value ofr 5 does not differ largely frommg=1.5 used
the total including Li (1s) for 500 keV, which is not negli- by Sarasoleel al. [23] to deal with low velocity ¢;=0.5)
gible. In these figures we also display the results of our calproton impact on LiF.
culation using the CDW-EIS under channeling conditions. In  Note that the AM as well as the simile FEG are capable of
a recent paper we have used these CDW-EIS probabilities tdescribing the surface collective modes at large distances to
calculate the track potential on LiF surfaces at 100-keV prothe surface. The existence of the collective mode in the AM
ton impact[18]. is guaranteed by the presence of fadR{iq,w). Spectrum
The BE wave functions were determined using thedistribution for the(volume and surfadecollective modes
Hartree-Fok multiplez functions given by Clementi and Ro- for the FEG have been studied in RE8]. There is a con-
etti [22]. For the(100) surface we fincpys=4.28 differing  ceptual difference between the collective mode produced by
substantially fromRy,s=3.74. Just for the AM, the shifts of the FEG and that produced by the BE that should be stressed.
the edges with respect to the atomic surface were 1.25 fdn the former, it is due to the well-known surface mode of
F(2p), 1.03 for F (2s), and 0.57 for Li (1s). The effect free electrons found by Ritchie and Marug&k, while in the
of the inner shell F(1s) was neglected. The SLPA fairly latter the collective mode refers to the surface oscillation of
predicts the same value as the CDW-EIS fo(Es), though  the polarization of the bound states. Perhaps, the right word
it does not for F(2p). The SLPA shows a different distri- to define it would besurface polaronbut the definition of

bution but the same integrated value. polaron was already introduced by Feyman in another con-
Although there is no FEG in this case, in Figcy we  text[24].
also show the stopping probabilities by consideringjraile A major drawback of this SLPA is that@oes notdescribe

FEG[23], as explained next. If we considered the Bound the surface collective mode at large distances from the sur-
states as a FEG with an electronic density of 0.08§ ( face because at distancgs>p\ys, the BE contribution van-
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FIG. 5. Induced potential at the proton position calculated with
the axial model for protons on Al and LiF as a function of the
distance to the atomic plane. Surfaces and impact energies as indi-
cated. The dashed lines labeled BE represent contributions of bound
ishes completely in the restricted form. @[ pys—p] with  electron states, the dotted lines represent the FEG contribution, and
p:(Zg-I— p?)¥2is dropped, theinrestrictedform is used in-  the dash-double-dotted line represents the simile FEG calculation.
stead, probabilities at larger distances never vanish, although

FIG. 4. Same as Fig. 3 for 500-keV impinging protons.

they decay very rapidly. Note that we have considered here just the AM and not
the SLPA to deal with IS. The reason is that the induced
C. The induced potentials potential is a consequence of a sum of long-distance interac-

. . tions, and a local approximation, such as the SLPA, would
There is one more feature of the AM that we would like to have no meaning.

point out. The influence of the induced potential at the pro-
jectile position created by bound states is not negligible, as

observed in Fig. 5. It is defined, in the usual way, as IV. COMPARISON WITH THE EXPERIMENTS
oc = dq 1 In this section, we calculate total-energy |&sf protons
Vind(ZO)=V0f dwf — Re{ 1}, incident on crystalline surfaces as a function of the incident
0 wlv g eam(d, w,Zg)

angle ¢;. The total-energy loss is calculated in the usual
12 form (see Ref[1] for detailg

with Vo=2Zp/7v. Bound-state polarization of the alumi- w0 P1(Z)dZ
num surface atoms accounts for a substantial contribution for S=2v 5 73 (13
Z,<0 and rapidly vanishing foZ,>0. This is a very im- Zmin v2sir g — —U(Z)

Mp

portant contribution if we analyze the survival of the bound
states in solid$25].

In Fig. 5 we also plot the induced potential for 500-keV where U(Z)=V4(Z) + Vsi(Z), Vs(Z) is the proton-atomic
protons on LiF100). Note that the polarization effect is very surface potentialZiegler-Biersack-LittmarK2] in our case
important, of the order of the FEG of aluminum, and so itandV;(Z) is the self-induced potential. For the Al and SnTe
should be included in the projectile trajectory. As a compari-cases, we restrict the calculation\af;(Z) to the response of
son, in Fig. 5 we also plot the induced potential created byhe FEG alone calculated with the AlWhich does not differ
the simile FEG, which is not very different from that pro- from the SRM as observed in R¢8]). We did not include
duced by the AM. the polarization of the BE states to comply with the standard
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FIG. 6. Total-energy loss for protons colliding with(AL1) sur-
faces as a function of the incident angle in degrees. Impact proton FIG. 7. Total-energy loss for 500-keV protons colliding with
energies as indicated. Theoretical results for bound electron stat&T&100 surfaces as a function of the incident angle. Theoretical
calculated with the SLPA and the FEG with the AM. Notation: results for bound electron states are calculated with the SLPA and
dashed lines labeled BE represent bound electron Stap}s ZQ) the FEG with the AM. Notation: dashed lines labeled BE show
contributions, dotted lines show FEG, and solid lines show the totabound electron states fdd (n=4) andM (n=3) contributions,
(sum result. Symbols are the experiments of Wingeral. [27]. dotted lines show FEG, and the solid line shows the t@tam

result. Symbols are the experiments of Kimetaal. [28].
procedureg2]. For the LiF case, we consid#f,;(Z) due to
the polarization of the BE, as displayed in Fig. 4. -

Total-energy losses for 30-, 120- and 700-keV protons on
Al(111) surfaces are displayed in Fig. 6 as a function of the
incident angle. To describe the response of the FEG we hav
used the Mermin-Lindhard function with a Fermi velocity
ke=0.927 (plasmon energyw,=0.582) and a lifetimey
=0.037[26]. The SLPA results are in very good agreement>
with the experiments of Wintegt al. [27].

Total-energy losses for 500-keV protons on SHT60)
surfaces are displayed in Fig. 7 as a functionppfand com-
pared with the experimental data of Kimueaal. [28]. To
describe the response of the FEG we have used the Mermir
Lindhard function with a Fermi velocitge=0.746(plasmon
energyw,=0.42, it includes the $ and % electrons of the
O shel) and a lifetimey=0.313[29]. To represent the den- 2 . L . L . L
sity of the BE states we have used the wave functions of 0.0 01 02 03 04
Bunge et al. [17] for the antimony(nuclear charge 51 ¢ (deg)
which averages S(b0) and Te(52), andpys=3.37. Partial !
contributions of the FEGM (n=4) andN (n=3) inner FIG. 8. Total-energy loss for 500-keV protons colliding with
shells are also displayed in the Figure. Contribution oflthe |jF(100 surfaces as a function of the incident angle. Notation:
shell is negligible at this impact energy. Total-energy loSssolid line, theoretical results calculated with the SLPA; the double-
compares very well with the experiments of Kimuehal.  dot-dashed line labeleBishows results of Sarasad al.[23]. Sym-
[28]. This is the kind of targets that are liable to be describedols are the experiments of Kimued al. [30].

500 keV
s H onFLi

_~<' T

—— - ~.

wn T
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by the SLPA, i.e., where we have to deal with a large numbeprojectiles moving parallel to surfaces of an amorphous
of loose electrongouter shelly something that makes the solid, we have extended the AM, which guarantees the stop-
proper calculation nearly intractable and, for the same reaping of the bulk inside the solid and the presence of the
son, the plasma description is more adequate. The more elesurface collective mode at large distances from the surface.
trons, the better the SLPA should be. We found that the BE contributes substantially to the self-
Figure 8 shows energy loss of 500-keV protons on LiFinduced potential at the projectile position due to the polar-
(100 surface. The induced potential due to the polarization,ation of the bound states.
of the bound states, as.displayed in Fig. 5, is here included. 10 |f the surface, as in most of the cases, is characterized by
calculate the proton trajectory. The SLPA does not agree with, gpecific crystalline structure, we have found it appropriate
the experiment§30]; it fails by a factor 2. Recent theoretical to extend the LPA to account for planar channeling condi-
results reported by Sarasotd al. [23] run closely to ours tions. The model thus developed, which we call SLPA,

and also disagree with the experimt_ants. In principle, there Agrees with previous calculations and explains the energy-
no reason to suspect the theoretical models unless the[ ss experiments, except for the LiF case. The SLPA is de-
should be _monl_ocalcollective excitatior 31]. TO make sure signed to deal Wi,th surfaces of heavy atoms, such as SnTe
:Eatgﬁaiallure tlws not due_;cjo thg cutoff iWS '(;]tmdufte% N where the number of electrons makes the atomic collision

N » We have considered a combined amplitude, 1.€.4,0ation almost intractable on one hand, and, on the other,

fo_r Zo<2, the SLPA and foZ,>2, the AM prObfi_b_'"t'eS' I the loose electrons are more liable to be approximated by a
this way we have planar channeling probabilities at shor lasma model

distances from the surface, and the collective surface mode at
large distances. Anyway, the result, not shown here, presents
no increment.
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