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Above-surface neutralization of slow highly charged ions in front of ionic crystals
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We present a theoretical analysis of the above-surface neutralization of highly charged ions in front of LiF.
The study is based on the assumption that the dominant electron transfer occurs in the classically allowed
region. Estimates of critical distances and corresponding quantum numbers for capture from an ionic crystal
within the classical-overbarrier~COB! model are presented, which differ considerably from corresponding
results for metals. The role of the dielectric response of LiF is investigated. In addition, classical-trajectory
simulations are performed for a slow highly charged ion approaching an insulator. It is shown that capture
effectively begins; 3 a.u. closer to the surface than estimated from the COB model. This correction can be
incorporated into a modified COB model. The energy gain for grazing incidence ions is obtained using a
staircase model which includes the deceleration due to charge-up of the surface.@S1050-2947~97!08503-X#

PACS number~s!: 34.50.Dy, 34.70.1e, 79.20.Rf
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I. INTRODUCTION

The interaction of slow highly charged ions~HCIs! with
metal surfaces has been extensively studied, experimen
as well as theoretically, over the past few years@1–4#, stimu-
lated by the development of modern high current i
sources. More recently, there has been an increased int
in HCIs impinging on insulator surfaces@5–11#, in particu-
lar, LiF. Possible technological applications include etch
of surfaces of insulators and semiconductors with slow HC
which could be useful in the fabrication of microelectron
devices and nanostructures.

The microscopic processes involved during the interac
of HCIs with surfaces are of many-body nature and inclu
multielectron transitions. From numerous studies of elect
yields, soft x-ray emission, and scattered ions, the follow
scenario for the neutralization of HCIs near metals h
emerged: As the HCI approaches the surface, it induce
rearrangement of the electron density in the solid~i.e., an
‘‘image’’ ! which, in turn, accelerates the ion towards t
surface. This is known as image acceleration and the re
ing energy change as image energy gain. As soon as
potential barrier separating the electronic motion in the s
face and in the ion becomes lower than the Fermi ed
electrons are transferred in classical-overbarrier~COB! tran-
sitions between the metal and the ion. Under barrier tra
tions ~tunneling! have been found to be negligible@2,4# for
slow HCIs, with typical interaction times around;10214 s.
The interaction time is determined by the inverse perp
dicular velocity of the HCI, which has a lower bound give
by the image energy gain. The neutralization occurs by e
tron transfer into highly excited levels of the ion, leading
the formation of so-called ‘‘hollow atoms.’’ A COB mode
which was originally developed for ion-atom collisions@12–
14#, was extended and used for HCI-metal surface inter
tions @2–4#. In spite of its inherent simplifications the CO
model could explain the transient above-surface neutral
tion of an HCI near a metal, in particular the above-surfa
component of theK Auger emission@15# and the image en
551050-2947/97/55~3!/2097~12!/$10.00
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ergy gain. It also indicated that the atom remains holl
above the surface, i.e., the relaxation to the neutral gro
state takes place only in close collisions with surface a
below-surface layers of the solid.

Current experimental studies of HCIs impinging on ins
lator surfaces@5–11# seek to understand differences a
similarities with the neutralization of HCIs near metals. I
sulators have a narrow valence band, a large work func
W, and a wide band gapD. In the case of LiF, which we
focus on in the following,D even exceeds the work functio
(D.W) extending into the positive-energy continuum. Fu
thermore, the dielectric response of a LiF surface stron
differs from that of a metal. First experimental results f
HCIs incident on LiF have shown both similarities and d
ferences to metals which are not yet well understood:
image energy gain in grazing incidence scattering was fo
to be similar to that of metals@5,6#. However, theKLL Au-
ger peak with the minimalL population, signifying the hol-
low atom formation by above-surface neutralization for m
als, was found to be missing@7#, suggesting that hollow-
atom formation is suppressed. Recent experiments o
different type of insulator, SiO2, suggest, on the other hand
hollow-ion formation@11#.

The present work attempts a theoretical description of
interaction between HCIs and insulator surfaces, more s
cifically, ionic crystals with applications to LiF. Our analys
makes use of realistic electronic potentials near an insul
whose response is treated using the experimental freque
dependent dielectric function. Results for the first capture
an electron from the surface into an HCI are presented.
describe the charge transfer in terms of the classi
overbarrier~COB! model modified for insulator surfaces an
give critical distancesRc for the onset of electron captur
and criticaln quantum numbers,nc , for the projectile state
the first electron is captured into. In addition, we have dev
oped a classical-trajectory Monte Carlo~CTMC! approach
@16,17# for this problem. In our classical-trajectory simula
tion the evolution of an electron, originating in a localize
state in F2, is followed during its removal from the LiF
2097 © 1997 The American Physical Society
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2098 55HÄGG, REINHOLD, AND BURGDÖRFER
crystal due to the presence of the HCI. From the CTM
simulation we obtain estimates of capture and loss betw
the HCI and LiF. While this simulation is carried out on
for the first electron transfer of the neutralization sequen
the present results are used to extrapolate to the com
neutralization sequence for grazing incidence. This perm
an estimate of the image energy gain for HCIs approachin
LiF surface at grazing incidence. In the calculation of t
total energy change of the HCI we also account for the
celeration caused by the charge-up of the surface from
quential removal of electrons. Differences to metallic targ
in terms of velocity and charge dependencies are analy
In the following, atomic units are utilized unless otherwi
stated.

II. THE ELECTRONIC SURFACE POTENTIAL

A realistic surface potential for an electron crossing
barrier between an ion and an ionic crystal can be written

V~rW,RW !5Ve~rW !1Vpe
I ~rW,RW !1Vpe~rW,RW !, ~1!

whererW5(x,y,z) is the position of the electron, withx and
y parallel to the surface andz perpendicular to the surface
and RW 5(Rx ,Ry ,Rz) is the position of the projectile~an
HCI!. The origin of the coordinate system is chosen a
halide ion in the surface~F2 in LiF!. A sketch of the geom-
etry is given in Fig. 1. Although the following is valid fo
any ionic crystal, the discussion will focus on LiF.

In Eq. ~1! the interaction between the electron and t
image of the projectile is given byVpe

I (rW,RW ), while

Vpe(rW,RW ) is the Coulomb interaction between the electr
and the projectile itself, andVe(rW) is the electronic surface
potential in absence of the perturbation by the HCI. T
latter contains four terms,

Ve~rW !5Vpol~rW !1VM~rW !1Vsc~rW !1Ve
SI~z!, ~2!

FIG. 1. Sketch of the coordinate system with the origin at
F2 ion in the LiF surface. The filled circles in the surface are2

ions and the open circles Li1 ions. The projectile is positioned a
(Rx ,Ry ,Rz) outside the ionic crystal while the active electron h
coordinates (x,y,z). The nearest-neighbor distance@for LiF~100!
the distance between Li and F# in the crystal is denoted withd.
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representing the polarization potentialVpol(rW), which de-
scribes the interaction between the electron and the ha
atom; the Madelung potentialVM(rW), which is the interaction
between the electron and the ionic lattice of the crys
Vsc(rW), which accounts for the screening of the localiz
positive charge left in the surface; andVe

SI(z), the interaction
between the electron and its own image.

The attractive potential determining the affinity of F2 can
be described by the induced polarization potential,

Vpol~rW !5
2apol

2~ urWu21c2!2
, ~3!

where apol55.1 a.u. is the dipole polarizability of the F
atom@18# andc serves as a ‘‘cutoff’’ for smallurWu. Equation
~3! leads to the correct asymptotic behavior

lim
urWu→`

Vpol~rW !5
2apol

2urWu4
~4!

at large distances. The valuec50.5664 a.u. is obtained by
solving the one-electron Schro¨dinger equation withVpol
such that the eigenenergy of an electron with angular m
mentum l51 ~the outermost electron in F2 is in a 2p or-
bital! is equal to the electron affinity of the F2 ion in
vacuum,E520.125 a.u.@18#.

The electrostatic interaction in an ionic crystal is a sum
Coulomb potentials between negatively charged and p
tively charged ions. This so-called Madelung potential, at
ionic site in the crystal, can be written as2Mq0

2/d, where
6q0 is the charge of the ions,d is the nearest-neighbo
spacing in the crystal, andM is called a Madelung constan
@19–21#. While d is specific for each crystal (d53.8 a.u. for
LiF!, M is specific for each crystalstructure. For crystals
with NaCl structure~such as LiF! M51.75 in the bulk and
1.68 at the surface@for a ~100! surface# @20#. In calculations
of equilibrium properties for alkali halides Wanget al. @22#
accounted for effects of fractional ionicity~i.e., q0<1). By
comparing the theoretical results with experimental valu
they concluded that for LiFq0.60.86.

Here, the Madelung sum is the sum of the Coulomb
teractions between an electron with an effective cha
q(z) at a positionrW ~which lies, in general, outside the crys
tal! and the ions in the crystal at positionsRW k and with
chargesZk56q(z). The origin of the electron is assumed
be at an F2 ion in the surface (Rk50) and the Madelung
potential is

VM~rW !5 (
RkÞ0

q~z!Zk

urW2RW ku
. ~5!

The varying chargeq(z) accounts for the fractional ion
icity in the surface (z50! as discussed by Wanget al. @22#.
We choose

q~z!5q01~q`2q0! f ~z! ~6!

with the limits

n



n
to

r
ni

y

o
c

o
w

l i

th
d

fo

n
-

he
t
p
io

e of

t

a
nd

the

c

f

er-
CI
l-

e

r

re

on
s-

y

55 2099ABOVE-SURFACE NEUTRALIZATION OF SLOW HIGHLY . . .
lim
z→0

@q~z!#5q050.86, lim
z→`

@q~z!#5q`51 ~7!

using

f ~z!5$12exp~22z/3!%3 ~z>0!, f ~z!50 ~z,0!.
~8!

It is important that the inclusion of az-dependent charge
q(z) does not introduce any force at the surface~i.e.,
]q/]z50 atz50), and our choice off (z) is consistent with
this criterion. The explicit form of the switching functio
f (z) is not crucial for the conclusions about first capture
be drawn later in this work.

The exact value of the Madelung sumVM(rW) should be
calculated for an infinite crystal@19–21#. However, if suffi-
cient care is taken to ensure convergence, a finite numbe
rows and layers can for our purposes be used without sig
cant loss of accuracy. As few as about 20 rows (x and y
direction in the surface plane! and around 10 layers (2z
direction opposite to surface normal! are found to be suffi-
cient. It is worth noting that if, for LiF, the electron affinit
(; 3.4 eV! is added to the Madelung potential (;8.9 eV!,
one obtains a total removal energy of an electron from LiF
12.3 eV which is very close to the experimental work fun
tion which is about 12 eV@23,24#.

In an analysis of first capture the long-range behavior
the potentials is of particular interest. For this purpose
define a function

aM~z![2z, VM~x50,y50,z!/q2~z! ~9!

for z>0. The asymptotic limit (z@1) isaM(z).1, implying
that the long-range behavior of the Madelung potentia
Coulombic, and we also note that by definitionaM(0)50.

In order to calculate the potentialsVsc(rW), Ve
SI(z), and

Vpe
I (rW,RW ), it is necessary to treat the dynamic response of

crystal through the inclusion of a frequency-dependent
electric function. The standard expression@4,25#, derived
within linear response and the specular reflection model,
the image potential induced by the ion with chargeQ and
experienced by an electron with chargeq(z) above the sur-
face (z.0) is

Vpe
I ~rW,RW !

5
Qq~z!

2p2uvzu
E dKW E dv

vz
2ei ~K

W
•rW 2vt !

vz
2K21v̄2 Fe~v!21

e~v!11Ge2Kuzu,

~10!

with rW5(rW ,z), kW5(KW ,kz), andvW 5(vW uu ,2vz), wherekW is the
wave vector andvW is the velocity of the projectile~which
follows a trajectory RW (t)5vW t). Furthermore, v̄5v

2KW •vW uu , wherev is the frequency entering the dispersio
independent dielectric functione(v). The usage of a dielec
tric function without dispersione(v)5e(k50,v) results in
the image plane coinciding with the topmost layer of t
crystal. The latter approximation could be eliminated if da
on the dispersion were available. We note that the exact
sition of the image plane is not crucial for the determinat
of
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of critical distances for capture, because of the dominanc
the Madelung potential over the image contributions.

Equation ~10! can be solved exactly for constan
e(v)5e, which gives

Vpe
I ~rW,RW !5

~e21!

~e11!

Qq~z!

urW2RW I u
, ~11!

whereRW I5(Rx ,Ry ,2Rz) is the position of the image of the
ion. For a frequency-dependent dielectric function such
functional form is only obtained at very large distances a
is known as the ‘‘static’’ or zero-frequency limit

Vpe
I ~rW,RW ! ——→

z,Rz→1`

„e~0!21…

„e~0!11…

Q

urW2RW I u
. ~12!

A major difference between a metal and an insulator is
behavior of the dielectric functione(v) in the limit v→0,
i.e., at large distances. For a metalue(0)u→` while for an
insulator e(0) is finite. The static value of the dielectri
function of LiF, reached at frequenciesv,1025 a.u., is
e(0); 9.1 while the ‘‘optical value’’ (v;102221021 a.u.!
is e(`);1.96@26#. In between these two limits,e(v) varies
strongly withv. It should be noted that in the optical limit o
the dielectric response,e(v)5e(k→0,v), only delocalized
and long-range polarization effects are included. Local p
turbation of the surface due to the interaction with the H
does not entere(v). It has earlier been argued that for re
evant neutralization distances and times (.10214 s .1023

a.u.!, thev-dependent dielectric functione(v), rather than
the static limit e(0), should be used when calculating th
image potentials@27#.

The experimental values ofe(v), as given by Palik and
Hunter @26#, are well represented by

e~v!5e~0!1$e~`!2e~0!%
v2

v~v1 ig!2v0
2 , ~13!

where e(0) is the static value ande(`) the optical value.
The dielectric function~13! has a resonancelike behavio
where the resonance is positioned atv0 and has a widthg.
The real part and imaginary part ofe(v) are displayed in
Figs. 2~a! and 2~b!, respectively. The theoretical values a
obtained from Eq.~13! using v051.3931023 a.u. and
g59.031025 a.u.

We analyze the dependence of the image potentials
e(v) for different interaction times and neutralization di
tances. To this end, we write the potential in the form

Vpe
I ~z,Rz![Vpe

I ~x5Rx ,y5Ry ,z,Rz!

5x~z,Rz!
Qq~z!

uz1Rzu
~14!

where the dielectric response functionx(z,Rz) represents a
‘‘weighted’’ value of the ratio„e(v)21…/„e(v)11… in the
integrand of Eq.~10! and has, for an insulator, at infinitel
large distances the static limit
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2100 55HÄGG, REINHOLD, AND BURGDÖRFER
x~z,Rz! ——→
z,Rz→1`

e~0!21

e~0!11
. ~15!

We note that the limits of the response are given
0<x<1 where the upper limitx51 is reached for a metal

For finite z andRz , x is given by

x~z,Rz!5
Vpe
I ~z,Rz!uz1Rzu

Qq~z!
. ~16!

In this work we treat two cases: grazing incidence~finite

vW uu , vz→0) and normal incidence (vW uu→0, finite vz). In the
former case Eq.~10! becomes@25#

Vpe
I ~rW,RW !5

Qq~z!

2p E dKW

K
eiK

W
•~rW 2vW uut !e2K~ uzu1uRzu!

3H e~KW •vW uu!21

e~KW •vW uu!11
J , ~17!

while in the latter case Eq.~10! becomes

Vpe
I ~rW,RW !5Qq~z!E

0

`

dKJ0~Kr!e2K~ uzu1uRzu!

3H e~ iK uvzu!21

e~ iK uvzu!11 J . ~18!

The response functionx, governing the image potentials
behaves differently for the cases of normal incidence
grazing incidence. In Fig. 3 we displayx(z,Rz) as a function

FIG. 2. Dielectric functione(v) for LiF as a function of the
frequencyv. The squares are experimental values from Palik a
Hunter @26# and the solid line is obtained from Eq.~13! with
v051.3931023 a.u. and g59.031025 a.u. ~a! Real part of
e(v), ~b! imaginary part ofe(v).
y

d

of the reduced variable (z1Rz)/v for normal (v5uvzu) as
well as grazing (v5uvW uuu) incidence together with the optica
and static limits ofx. We note that for the first captur
(z1Rz) is usually of the order of 10 a.u.. In grazing inc
dence measurements of the image energy gain the par
velocity is typically in the 0.1 a.u. range which yield
(z1Rz)/v;102. In normal incidence measurements typic
perpendicular velocities are of the order of 0.01 a.u. a
(z1Rz)/v;103. From Fig. 3 it is clear that in this region
@(z1Rz)/v;1022103# the fluctuations ofe(v) strongly af-
fects the shape ofx(z,Rz) and neither the static nor th
optical limit are good approximations.

The self-image potential for the electron, entering t
electronic surface potential@Eq. ~2!#, is given in terms ofx
by

Ve
SI~z!5x~z,Rz5z!S 2

q2~z!

4z D . ~19!

The localized positive charge in the surface, produced
the transfer of the electron to the HCI, is screened by
dynamic response. This contribution to the electronic surf
potential in Eq.~2! is

Vsc~rW !5
1

urWu
aM~z!x~z,0!q2~z!, ~20!

with the correct asymptotic behavior

lim
z→`

@Vsc~x50,y50,z!#5
x~z,0!

z
. ~21!

The lattice and the surrounding electron cloud are polari
and this is accounted for by the screening potentialVsc(rW).
Near the surfaceVsc(rW) approximates the Mott-Littleton in-

d

FIG. 3. Response functionx(z,Rz) as a function of
(z1Rz)/v, wherez is the distance between the electron and
surface while the projectile is at distanceRz and has a velocityv.
The solid line is for grazing incidence (v5uvW uuu) and the dashed line
is for normal incidence (v5uvzu). The upper solid line is the static
limit $x(z,Rz)5@e(0)21#/@e(0)11#% and the lower solid line is
the optical limit$x(z,Rz)5@e(`)21#/@e(`)11#%.
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55 2101ABOVE-SURFACE NEUTRALIZATION OF SLOW HIGHLY . . .
teraction@28#. The inclusion ofaM(z) in Eq. ~20! does not
only preventVsc(0,0,z) from diverging close to the surfac
(z→0) but also ensures that for a metal (x→1) the contri-
bution from the interaction with a crystal surfac
VM1Vsc , vanishes. We note thatx in Eq. ~19! as well as
Eq. ~21! should be related to the time dependence of
charge transfer, as determined by the local velocity of
electron. Since this is presently not feasible, we choose
velocity of the projectile which provides an estimate for t
relevant time scale.

The asymptotic behavior ofVe(rW) is of particular interest
for analytic estimates of critical distances for charge trans
To this end we define a functiona(z) such that

a~z![2zVe~x50,y50,z!. ~22!

The functiona(z) for a LiF crystal is displayed in Fig. 4
together with the corresponding function for the Madelu
potential, aM(z) @Eq. ~9!#, and the asymptotic form
limz→`$a(z)%5a`.12x(z,Rz50)1x(z,Rz5z)/4. The
x-dependent behavior of the functiona(z) for insulators is
quite different from the case of a metal for whichx→1 and
a(z).1/4. For metals the long-range behavior is domina
by the electronic self-image while for an insulator the a
ymptotic interaction between the electron and the target
vary between Coulombic @small dielectric response
a(z).1] and self-image-like@large dielectric response
a(z).1/4].

Finally, in Eq. ~1!, the Coulomb interaction between th
projectile and the electron is denoted by

Vpe~rW,RW !5
2Qq~z!

urW2RW u
. ~23!

For sequential capture and distances comparable to the
dius of the charge cloud of previously captured electro
Slater screening should be taken into account@2,4,27#. Here,
we focus our attention on the first stage of capture.

The six contributions to the total electronic surface pot
tial V(rW,RW ) @Eqs. ~1! and ~2!# have now been explicitly de
scribed. The COB estimate forRc for first capture will be
made for the so-called ‘‘top position,’’ where th

FIG. 4. Functiona(z) in Eq. ~22! for LiF ~solid line!, the cor-
responding functionaM(z) for the Madelung potential~dotted line!,
and the asymptotic forma`.12x(z,0)1x(z,z)/4 ~dashed line! as
a function ofz, the distance between the electron and the surfa
e
e
e

r.

d
-
n

ra-
s,

-

projectile is located on top of the lattice site of the halide, i
along thez axis in our coordinate system. Along the lin
rW5(0,0,z), with RW 5(0,0,Rz) the potentialV(rW,RW ) can be
simplified to

V~z,Rz!52
apol

2~z21c2!2
2
aM~z!q2~z!

z
$12x~z,0!%

2
1

4z
x~z,z!q2~z!1x~z,Rz!

Qq~z!

uRz1zu
2

Qq~z!

uRz2zu

52
a~z!

z
1x~z,Rz!

Qq~z!

uRz1zu
2

Qq~z!

uRz2zu
. ~24!

The potential in Eq.~24! is shown in Fig. 5 for grazing
incidence with velocityuvW uuu50.1 a.u. and chargeQ56 po-
sitioned atRz512 a.u. outside the surface. The breakdown
the potential into its six contributions is also displayed. It
clear from Fig. 5 that the shape of the total potential is dom
nated by the polarization potentialVpol(rW) close to the sur-
face and by the Coulomb potentialVpe(rW,RW ) close to the
projectile. The height of the potential at the saddle poin
also affected by the Madelung potentialVM(rW) and the im-
age potentialVpe

I (rW,RW ). The small dielectric response re
duces the influence of all the image contributions as co
pared to a metal. In particular, the contributionsVsc(rW) and
Ve
SI(z) are small in magnitude. The exact forms ofVsc(rW)

andVe
SI(z) close to the surface are not known but they m

approach a finite value forz→0, which we incorporate
through the exponential prefactorf (z). This inclusion does
not significantly affect the shape and the position of t
saddle nor does it alter the long range behavior of the po
tials.

The total potentialV(rW,RW ) is displayed in Fig. 6 in planes
parallel to the surface (z fixed! for a grazing incidence HCI
atRW 5(0,0,12), with chargeQ56 and velocityuvW uuu50.1 a.u.
In Fig. 6~a! we showV(rW,RW ) for z51.0 a.u., i.e., very close
to the surface. The dominant contributions areVpol(rW) and

.
FIG. 5. Electronic potentialV(z,Rz) calculated from Eq.~24!

for grazing incidence with velocityuvW uuu50.1 a.u., chargeQ56, and
positionRz512 a.u. The total potential as well as its six contrib
tions are shown.
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2102 55HÄGG, REINHOLD, AND BURGDÖRFER
VM(rW) and the effect of the ionic centers in the crystal
clearly visible. In Fig. 6~b! the plane is atz52.9 a.u., which
is the position of the top of the barrier~Fig. 5!. The potential
in Fig. 6~b! has a pronounced minimum at (x50, y50) and
the effect of the ionic centers is still visible. In Fig. 6~c! the
potential is shown forz58.0 a.u., i.e., close to the projectile
and, as expected, the shape of the potential is comple
dominated byVpe(rW,RW ).

III. CRITICAL DISTANCES AND QUANTUM NUMBERS

In the COB model, the neutralization sequence begins
critical distanceRz5Rc where the barrier between the io
and the surface falls below the highest-lying occupied tar
levels ~Fermi edge! and the electron transfer becomes cla
sically allowed. This model implicitly assumes that
Rz5Rc the electronic states have become sufficiently po
ized such that they explore the region of the saddle. In
section we present estimates forRc and for quantum num-
bersnc of the levels the electron will be captured into f
insulators in the ’’top geometry,’’ which represents the mo
favorable configuration for charge transfer. Corrections d
to the polarization of the 2p orbital of F2 and the depen-
dence on the lateral position with respect to the HCI will
discussed in the next section.

FIG. 6. Electronic potentialV(rW,RW ), from Eq. ~1!, in planes
parallel to the surface of the crystal. The projectile is at posit

RW 5(0,0,12) a.u., has chargeQ56, and is grazing incident with

velocity uvW uuu50.1 a.u.~a! Plane atz51.0 a.u.~b! Plane atz52.9
a.u. ~c! Plane atz58.0 a.u.
ly
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At the distance of the first capture, the top of the barrie
equal to the shifted target levels,

V~zs ,Rc!5ET52W1
Q

Rc
@x~0,Rc!21#q~0! ~25!

whereW is the work function. The last term in Eq.~25!,
which is absent for a metal (x→1), describes the shift of the
target levels in the field of the projectile. The position of t
saddle (zs) is obtained from

]V~z,Rc!

]z U
z5zs

5
a~zs!

zs
2 2

1

zs

]a~zs!

]z
1

]x~zs ,Rc!

]z

Qq~zs!

uRc1zsu

1
Qx~zs ,Rc!

uRc1zsu
]q~zs!

]z

2
Qq~zs!

~Rc1zs!
2x~zs ,Rc!2

Qq~zs!

~Rc2zs!
2

2
Q

uRc2zsu
]q~zs!

]z
50. ~26!

It is important to note that Eqs.~25! and~26! represent an
implicit relation forRc and zs which must be solved by it-
eration. In order to compare the solutions with previous
sults for metals, it is useful to make an expansion of th
expressions in powers of (zs /Rc) ~i.e., in the limit of large
chargesQ!. To zeroth order in (zs /Rc), Eq. ~26! gives

zs.RcF a~zs!

Qb~zs ,Rc ,Q!G
1/2

, ~27!

where

b~zs ,Rc ,Q!5q~zs!$11x~zs ,Rc!%1Rc

]q~zs!

]z

3$12x~zs ,Rc!%2Rcq~zs!
]x~zs ,Rc!

]z

1
Rc
2

Qzs

]a~zs!

]z
. ~28!

Neglecting terms of order (zs /Rc)
2 and higher, the critical

distance for the onset of capture is given from Eq.~25! by

Rc.
1

W FQˆq~zs!$12x~zs ,Rc!%1q~0!$x~0,Rc!21%‰

1AQAa~zs!b~zs,Rc,Q!H q~zs!$11x~zs ,Rc!%

b~zs ,Rc ,Q!
11J G .

~29!

It is important to note that only for a velocity independe
responsex ~such as the optical or static limit! and a
z-independent chargeq Eq. ~29! gives an explicit expression
for Rc . For a metalx→1, a(z).1/4, q(z)51, and hence
b(zs ,Rc ,Q)52, which when used in Eq.~29! give the pre-
viously known critical distance for a metal@4#:

n
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Rc.
A2Q
W

. ~30!

In Fig. 7 we show the critical distanceRc for grazing
incidence withuvW uuu5 0.1 a.u. and for normal incidence wit
uvzu50.01 a.u. Also given is the critical distance fro
Bárány and Setterlind@29–31# as well as the critical distanc
of the COB model for gold@4#. Bárány and Setterlind@29–
31# have derived a general formula for the critical distan
for capture from metals, semiconductors, and insulators
@31#

Rc5
@2Qe~8i1e21!#1/2

~e11!W
, ~31!

where e is a constant dielectric function~static or optical
limit ! and i is the positive charge left behind on the surfac
For our comparison we have choseni51 ande59.1. The
difference between theRc’s for LiF as seen in Fig. 7 can b
explained by two effects. First, the velocity dependent
sponse functionx is in this velocity regime (uvW uuu50.1 or
uvzu50.01) far from any of the limits~static or optical! as
discussed earlier. Second, the interaction with the ionic c
tal is here treated through a position dependent poten
2aM(z)/z while Bárány and Setterlind use a pure Coulom
interaction21/z. The fact that our calculations for norma
incidence withvz50.01 a.u. yield almost identical results
those for grazing incidence withv uu50.1 a.u. is a coinci-
dence. It is clear from Fig. 7 that the onset of capture occ
at considerably smaller distances from an insulator like
than from a metal like Au. The effect of the much larg
work function of LiF dominates over the effect of a small
response functionx.

As the first electron is transferred from the target to
projectile, it ends up in a level with a critical quantum num
bernc . Since the effect of a fractional ionicity in the cryst
is negligible far from the surface@q(Rc).1#, the energy
shift of projectile levels can be expressed as

FIG. 7. Critical distanceRc for first capture as a function of th
chargeQ of the projectile. The solid line is for LiF (W512.3 eV!,
calculated from Eq.~25!, for a grazing incidence projectile with

velocity uvW uuu50.1 a.u. The dashed line is for normal incidence w
uvzu50.01 a.u. The dash-dotted line is for LiF from Ba´rány and
Setterlind@see Eq.~31!# while the dotted line is for gold (W55.3
eV!.
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En~Rz!52
Q2

2n2
1

~Q21/2!

2Rz
x~Rz ,Rz!1Vpol~Rz!

2
aM~Rz!

Rz
$12xstat%, ~32!

where the last term, absent for a metal, describes the shi
the projectile levels in the crystal field. The expression
the energy shift due to the crystal field is valid in the case
normal incidence while for grazing incidence the lateral d
placement of the positive charge must be taken into acco
The dielectric screening of the hole is given by the sta
limit xstat of the surface response function.

From the condition thatEn equals the energy of the targe
levelsET @Eq. ~25!# at the point of first capture, the critica
quantum number follows as

nc~Rc!5QF2SW1
Q@12x~0,Rc!#q~0!

Rc

1
~Q21/2!x~Rc ,Rc!

2Rc
1Vpol~Rc!

2
aM~Rc!

Rc
$12xstat% D G21/2

. ~33!

We note that with a large dielectric response (x→1) the
correct expressions for a metal@4# can be obtained as speci
cases of Eqs.~32! and ~33!.

In Fig. 8 the critical quantum numbernc from Eq. ~33! is
given for LiF and normal incidence withuvzu50.01 a.u. to-
gether with the corresponding values for Au. Clearly, t
first electron captured from LiF ends up in a lower level th
the first one captured from Au. Once again the effect of
larger work function dominates. For grazing incidence
v uu50.1 a.u. assuming no lateral displacement, we find t
the resultingnc levels into which the electron is captured a
almost identical to the ones in Fig. 8 for normal incidence
should be noted that the extension of Eqs.~29! and ~33! to
multielectron capture is not straightforward: with each ad
tional electron transfer, the corresponding Madelung con

FIG. 8. Critical quantum numbernc for first capture as a func-
tion of the chargeQ of the projectile. The dashed line is for norm
incidence withuvzu50.01 a.u. The dotted line is the quantum num
bernc for gold.
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2104 55HÄGG, REINHOLD, AND BURGDÖRFER
bution changes and depends on the history of previous
ture events, i.e., on the location of lattice sites from wh
capture occurred.

IV. CTMC SIMULATIONS

Unlike metals described by a jellium, the potential surfa
in front of a LiF surface~Fig. 6! does not possess rotation
symmetry about the surface normal passing through the
jectile position. The lack of symmetry is particularly obviou
when the ion does not approach the surface in a ‘‘top’’ co
figuration relative to a halide discussed above or when e
trons from neighboring sites have already been captured
sulting in an anisotropic charge distribution in the surfa
Under these conditions, the normal as well as lateral posi
of the saddle point becomes a complicated function of
ionic position and the ‘‘reaction coordinate’’ for the overba
rier transition is no longer a straight line. It is therefore co
venient to perform classical-trajectory Monte Carlo~CTMC!
simulations@16,17# for the overbarrier transition. These pe
mit the determination of effective critical distancesRc
~which may turn out to be somewhat different from the es
mates given above! and projectile binding energies~i.e.,
nc). Moreover, they yield capture and loss rates which en
the rate equations for the populations of differentn shells in
COB simulations@4#. We have therefore performed an ele
tron trajectory simulation of capture from a LiF surface to
slow approaching HCI. Somewhat similar simulations ha
previously been undertaken for metals by Bardsley and P
etrante @32#. They calculated, using field-emission theor
the current of electrons produced by the electric field that
HCI creates at the surface of the metal. To our knowled
the present simulations are the first treating the time ev
tion of valence electrons, initially localized around ionic ce
ters, in the presence of an approaching slow HCI.

Our calculation is based on a CTMC method in which
restricted microcanonical ensemble of initial conditions re
resenting the 2p electrons of F ions is generated. The ele
trons are in the potentialVe with binding energyW512.3 eV
and with a classical atomic angular momentumL restricted
to @ l ,l11# with quantum numberl51. In agreement with
the concept of fractional ionicity, the electronic trajectori
are not completely localized around the F ions but undert
excursions to the neighboring Li ions.

In the simulation presented here, we consider normal
cidence with a constantvz50.004 a.u. This velocity corre
sponds to a typical lower limit set by the image charge
celeration. We choose the initial positionRz of the projectile
such thatRz@Rc , i.e., the polarization of the target electro
by the incident ion is taken into account. The lateral posit
of the ion is randomized over the crystal and all neighbor
F2 ions from which capture is possible are included. As
ion approaches the surface, the position of the electro
monitored. When the electron crosses the top-geom
saddle (z.zs) ~‘‘first passage’’! and thereafter reaches th
ion (z.Rz), it is counted as captured. At a given value
Rz , the number of captured electronsNc(Rz) is calculated as
the ratio of the number of trajectories for which the electr
is captured at some point during the simulation~before the
Rz) to the total number of trajectories.

The results forNc(Rz) for Q56 andQ515 are shown as
p-
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solid lines in Figs. 9~a! and 9~b!, respectively. Note, that a
small distancesNc becomes greater than unity due to captu
of electrons from different F2 sites. In fact, by the time
Nc;1, electrons from sites corresponding to a surface s
tion with a diameter of about 6d28d contribute to electron
capture. We also record the total number of electrons wh
is in the vicinity of the projectile,Ntot(Rz) at a given dis-
tance. The latter number takes into account the competi
between capture and loss. It accounts for the fact that e
trons may pass over the saddle back to the surface, if
restrictions on energy matching or blocking of occupied si
in the insulator surface are imposed. The latter provid
therefore, an estimate for maximum loss effects. Results
Ntot(Rz) are also shown in Figs. 9~a! and 9~b!, which are
considerably smaller thanNc(Rz), indicating that a signifi-
cant fraction of electrons is lost. Capture and loss rates
be obtained from the slopes of these curves.

An important observation refers to the comparison to
estimate ofRc within the COB model for insulators@Eq.
~29!#, indicated by arrows in Fig. 9. While capture is ene
getically permitted at the critical distanceRc , significant
capture does not set in until the ion has moved closer to
surface. In particular, we find that the total number of ca
tured electrons reaches 1 when the ion is about 3 a.u. cl
to the surface than what the COB estimate predicts. T
correction can be related to two effects: the statistically s
nificant contributions from projectile positions different fro
the top position and the finite response time for the polari
tion of the 2p orbital. The latter can be easily interpreted
terms of classical trajectories~Fig. 10!: the initial 2p elec-

FIG. 9. Number of captured electronsNc(Rz) for ~a! Q56 and
~b! Q515 is displayed as solid lines. The number of electrons a
accounting also for loss~see text!, Ntot(Rz), is shown as dashed
lines. The critical distances given by Eq.~25! usingW512.3 eV are
indicated by arrows.
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55 2105ABOVE-SURFACE NEUTRALIZATION OF SLOW HIGHLY . . .
tron is in a low-eccentricity orbit@Fig. 10~a!#. In order to
explore the saddle region, the orbit must be significantly
larized. Although transfer is energetically allowed, the el
tron needs, in addition, enough momentum along the ‘‘re
tion’’ coordinate for barrier crossing. As the strength of t
perturbation increases, the orbit of the electron is eventu
sufficiently polarized to have enough linear momentum
the required direction to escape along the saddle@Fig. 10~b!#.
As discussed below, this correction to the critical distance
insulators can be easily incorporated in applications of
COB model to the energy gain, to which we will refer to
the modified COB model. These corrections will also affe
conclusions regarding the efficiency of hollow-atom form
tion. It should be noted that this correction is specific
localized target electrons and does not apply to metals.

V. ENERGY GAIN

As the HCI approaches the surface it experiences im
acceleration due to the polarization of the surface. The
sulting energy gain, which for HCIs with low velocities
considerable, has been measured for insulators as we
metals @5,6,33,34#. This experimental image energy ga
gives information on the distances at which the neutrali
tion process of the HCI sets in. The projectile image pot
tial is

Vp
SI~Rz!5x~z5Rz ,Rz!S 2

Q2

4Rz
D , ~34!

FIG. 10. Example of a classical trajectory of an electron as
HCI with Q515, vz50.004 a.u.,Rx50.11 a.u., andRy51.41 a.u.
approaches the surface.~a! The initial polarization of the classica
‘‘2 p’’ orbit at a distanceRz;27 a.u. from the surface, and~b! the
more pronounced polarization followed by the passage over
saddle into the projectile atRz;14.5 a.u. The dashed line shows th
position of the surface, the dotted line theRy coordinate of the ion,
and the filled circle in~b! indicates the position of the ion.
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wherex is the dielectric response function. The image e
ergy gain at the point of first capture is given in terms of t
ionic potential by

DE1
I 5Vp

SI~`!2Vp
SI~Rc!5

Q2

4Rc
x~Rc ,Rc!. ~35!

For metalsDE1
I was shown to be the dominant contrib

tion to the total energy gainDE, which was calculated in a
full COB simulation as well as from the so called stairca
model @3,4#. Within the staircase model, the charge is a
sumed to change instantaneously fromQ to Q21 at
Rc(Q), fromQ21 toQ22 atRc(Q21), etc. until complete
neutralization is reached. An implicit assumption of the sta
case model is that electron capture proceeds sequent
i.e., simultaneous multiple capture plays only a minor ro
Accordingly, within the staircase model the total energy g
for a metal is related to the gain at the point of first captu
by

DE.4DE1
I /3, ~36!

which was shown to be a reasonable approximation to
result of a full simulation, somewhat underestimatingDE for
Q&10 and somewhat overestimatingDE for very large
charge statesQ*20 @35#.

For an insulator surface we have a different scenario
to the more localized character of the electrons initia
bound to the crystal. The charge transfer from the crysta
the projectile causes a local charge-up of the surface.
presence of these positive charges decelerates the
which, to some extent, counteracts the effect of the sub
quent image acceleration. During the interaction time of o
HCI with the surface the positive charges do not migrate
the crystal.

The total energy change of the HCI approaching the in
lator surface is hence

DE5DEI1DED, ~37!

whereDED is the energy loss of the ion caused by the lo
charge-up.

Under the assumption that the staircase model is valid
have, for an insulator, a total image energy gain of

DEI5DE1
I 1 (

i51

Q21
~Q2 i !2

4 Fx„Rc~Q2 i !,Rc~Q2 i !…

Rc~Q2 i !

2
x„Rc~Q2@ i11# !,Rc~Q2@ i11# !…

Rc„Q2~ i11!… G . ~38!

The major contribution to the image energy gain is fro
the trajectory up to the first capture,DE1

I . The energy loss
DED is obtained by a similar staircase approximation wh
we calculate the sequence of momentum transfers due to
repulsive force between the instantaneous ionic cha
Q2 i and the charged-up surface with chargei . Conse-
quently, the energy loss due to deceleration is, within
staircase model,

n
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DED5 (
i51

Q21 F2S vz~ i !
uvW uuu

D T~ i !1S 1

2M uvW uuu2
D T2~ i !G ,

~39!

whereM is the mass of the ion,vz( i ) is the perpendicular
velocity which changes with each capture, and

T~ i !5
~Q2 i !$12x„Rc~Q2 i !,0…%S~ i !

Rc~Q2 i !
. ~40!

In Eq. ~40! the factorsS( i ) are given by

S~ i !5(
j51

i
D~ j ,i !

@Rc
2~Q2 i !1D2~ j ,i !#1/2

2(
j51

i21
D~ j ,i21!

@Rc
2~Q2 i !1D2~ j ,i21!#1/2

~41!

with

D~ j ,i !5(
k5 j

i

DRuu~Q2k!. ~42!

To find the distancesDRuu(Q2k) the ion travels along the
surface between two consecutive capture events, i.e., the
steps of the staircase,k andk11, we assume a grazing tra
jectory. As the ion travels the distanceDRuu(Q2k)
5Ruu(Q2k)2Ruu„Q2(k11)… along the surface, the dis
tance to the surface is reduced b
DRc(Q2k)5Rc(Q2k)2Rc„Q2(k11)…, i.e., the differ-
ence between the critical distances of two adjacent cha
states. Accordingly,DRuu(Q2k)5DRc(Q2k)uvW uuu/vz(k),
where the initial ratiovz(0)/uvW uuu is typically of the order
231022 a.u. in grazing incidence collisions. Because of t
large mass of the ion (M;104 a.u.! the first term in the sum
in Eq. ~39! will dominate the deceleration.

In order to evaluate Eq.~37!, we use theRc values from
Eq. ~32!, corrected for the shift by 3 a.u. as obtained from t
CTMC simulations. In other words, we account for a delay
formation of hollow atoms. These corrected values enter a
the evaluation ofx. Since bothx andRc are smaller than for
metals at a given charge stateQ, the effect of the much
larger work function of LiF is partially compensated. In fac
for grazing incidence withuvW iu of about 0.1 a.u., the two
counteracting effects of acceleration and deceleration lar
cancel out and the total energy changeDE is close to
DE1

I . We note that the similarities between an insulator a
a metal at this velocity, as discussed in Ref.@5# are, to some
extent, fortuitous. At higher velocities and high chargesQ,
more pronounced differences develop: In Fig. 11 the im
energy gain for first capture,DE1

I from Eq. ~35!, and the
staircase sequence including deceleration,DE from Eq.~37!,
are shown as functions ofQ for uvW uuu50.45 a.u. for LiF,
together with the corresponding values for Au. The ma
difference comes from the difference in work functions~for
LiF W512.3 eV; for AuW55.3 eV!, which is not compen-
sated for to the same extent for higher velocities.

Our calculations suggest that the study of the veloc
dependence of the energy gain for a fixed charge state m
wo
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provide a measure for the differences in the neutralizat
dynamics of metals and insulators. Figure 12 illustrates
uvW iu dependence for a grazing incidence interaction o
Q56 ion at LiF and gold surfaces. Results for bothDE1

I and
DE are shown together with experimental data. While fo
metal the energy gain is expected to be energy indepen
~as long asv i!vF), the energy gain is reduced for LiF wit
increasing velocity because of the varying ionic polarizab
ity of the LiF surface. The deceleration to some extent we
ens the dependence. A more detailed comparison with
data of Authet al. @5# and Yan and Meyer@6# is shown in
Fig. 13. We also show results for which the correction due
delayed onset of capture~see Sec. IV! is omitted. We find
very good agreement with the data of Ref.@6# within the
experimental uncertainty when the delay is taken into
count, while the energy gain is lower when this correction
not included, in better agreement with the data of Ref.@5#.
However, the significance of this agreement should
viewed with caution at present. For example, a small unc
tainty in our calculations arises from the fact that the ima
plane has been assumed to be at the topmost layer. Fur
more, recent experimental data for the velocity depende
of the exit charge state of several neutral atoms and nega

FIG. 11. Image energy gain at the point of first captureDE1
I and

total gainDE ~staircase model! as a function of chargeQ for gold
and LiF. We assume grazing incidence with a parallel velocity

uvW uuu50.45 a.u.DE1
I , dashed lines;DE, solid lines.

FIG. 12. Image energy gain at the point of first captureDE1
I ,

and total gainDE ~staircase model! for grazing incidence as a func
tion of the parallel velocityv uu for initial chargeQ56. The dashed
lines areDE1

I and the solid lines areDE.
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55 2107ABOVE-SURFACE NEUTRALIZATION OF SLOW HIGHLY . . .
ions @6# have not yet been satisfactorily explained. Furth
experimental and theoretical studies are therefore neces
to disentangle these different charge-transfer mechanism

VI. SUMMARY

We have formulated a classical overbarrier model for n
tralization of highly charged ions near surfaces of insulato
We include the Madelung and polarization potentials in
description of the electronic potential of the target surfa
Furthermore, the pronounced frequency-dependente(v) is
included in the calculation of the image potentials.

For the neutralization process of the HCI in front of
ionic crystal, expressions for critical distances and quan
numbers for the first capture have been derived. In addit

FIG. 13. Energy gain for LiF as a function of the veloci

v uu5uvW uuu for a grazing incidence HCI with initial chargeQ56. The
dashed line is the image energy gain at the point of first capt
DE1

I , and the solid line the total gainDE ~staircase model!. Ex-
perimental values from Yan and Meyer@6# are displayed as solid
squares and the value from Authet al.. @5# as an open triangle. The
correction due to the delayed capture onset is included~excluded! in
the upper~lower! curves.
s,
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li
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ary
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e
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electron-trajectory simulations have been performed for
insulator surface showing that the electron transfer is
layed, leading to corrections to the formula for critical di
tances for the onset of neutralization.

For grazing incidence we have calculated the image
ergy gain using a modified staircase model demonstrating
existence of a weak velocity dependence for LiF, due to
frequency-dependent polarizability of the surface, which
absent for a metal. The local charge-up of the insulator s
face is taken into account as a deceleration of the HCI, wh
to some extent weakens the velocity dependence. Unde
assumption that the staircase model is valid we obtain e
mates of the total energy gain displaying a velocity dep
dence. Our calculated values are close to the experime
results for LiF.

In order to estimate the efficiency of the formation
hollow atoms for HCIs impinging on LiF and draw conclu
sions aboutKLL Auger transitions the complete capture s
quence needs to be studied in more detail. A major difficu
is the complicated dependence of the potential on the his
of the neutralization sequence, i.e., from which sites previ
capture events have taken place. The local distribution of
microscopic charge-up may be crucial in determining
efficiency of hollow-atom formation.
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@13# A. Bárány, G. Astner, H. Cederquist, H. Danared, S. Huldt,
Hvelplund, A. Johnson, H. Knudsen, L. Liljeby, and K-G
Rensfelt, Nucl. Instrum. Methods B9, 397 ~1985!.

@14# A. Niehaus, J. Phys. B19, 2925~1986!.
@15# F. W. Meyer, S. H. Overbury, C. C. Havener, P. A. Zeijlman

van Emmichoven, and D. M. Zehner, Phys. Rev. Lett.67, 723
~1991!.

@16# R. Abrines and I. C. Percival, Proc. Phys. Soc.88, 861~1966!.



-

h

,

.

ys.

-
ett.

cl.
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@17# R. E. Olson, inPhysics of Electronic and Atomic Collisions,
edited by H. B. Gilbodyet al. ~North-Holland, Amsterdam,
1987!, p. 271.

@18# M. Karplus and R. N. Porter,Atoms and Molecules. An Intro
duction for Students of Physical Chemistry~W. A. Benjamin,
Inc., New York, 1970!.

@19# H. M. Evjen, Phys. Rev.39, 675 ~1932!.
@20# J. D. Levine and P. Mark, Phys. Rev.144, 751 ~1966!.
@21# C. Kittel, Introduction to Solid State Physics~Wiley, New

York, 1971!.
@22# Y. Wang, P. Nordlander, and N. H. Tolk, J. Chem. Phys.89,

4163 ~1988!.
@23# M. Piacentini and J. Anderegg, Solid State Commun.38, 191

~1981!.
@24# W. Pong and C. S. Inouye, J. Electron Spectrosc. Relat. P

nom.11, 165 ~1977!.
@25# F. J. Garcia de Abajo and P. M. Echenique, Phys. Rev. B46,

2663 ~1992!.
@26# E. D. Palik and W. R. Hunter, inHandbook of Optical Con-
e-

stants, edited by E. D. Palik~Academic Press, New York
1985!, p. 675.

@27# J. Burgdörfer, C. Reinhold, L. Ha¨gg, and F. Meyer, Aust. J
Phys.49, 527 ~1996!.

@28# N. Mott and M. Littleton, Trans. Faraday Soc.34, 485 ~1938!.
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