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Kinetic electron emission induced by grazing scattering of heavy ions from metal surfaces
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Department of Applied Mathematics, University of Waterloo, Waterloo, Ontario, Canada N2L 3G1

~Received 19 February 2003; published 27 August 2003!

The angle-resolved energy spectra of the electrons emitted from a metal surface during specular reflection of
heavy ions have been studied by means of the first-order, time-dependent perturbation theory, with the electron
states obtained from a finite step-barrier potential model. The surface response has been described by the
dielectric formalism within the specular reflection model, where the local-field correction and the plasmon-pole
approximation have been used for the dielectric function in the cases of low and high ion velocities, respec-
tively. The ion trajectory has been evaluated based on the surface continuum potential and the ion image
potential, whereas the screening of the ion by the bound electrons has been taken into account by means of the
Brandt-Kitagawa model. It has been found that the electron spectra are dominated by the decay of surface
plasmons for fast incident ions, whereas the electron emission is dominated by the single-electron excitation
mechanism for slow incident ions.
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I. INTRODUCTION

The interactions of accelerated ions with solid surfac
including the inelastic energy-loss processes, the charge
change, and the secondary emission phenomena, have
the subject of many experimental and theoretical stud
@1–4#. Special attention has been paid to the ion-surf
grazing scattering owing to its prolonged interaction tim
with the surface and the extreme sensitivity to the surf
properties. When an energetic ion approaches a solid sur
it loses its kinetic energy due to ionization and excitation
the electrons in the solid via dynamically screened Coulo
interactions. While the excitation of the electrons bound
the surface atoms is only important under the large-an
scattering conditions, the energy losses during the glanc
angle incidence on the surface are dominated by the ex
tions of the valence-band electrons in the near-surface
gion. Thus, in the case of grazing scattering, the excita
processes in the valence band include two mechanisms
collective excitations giving rise to the surface-plasm
field, and the single-particle excitations of the quasi-fre
electrons via binary collisions with the projectile.

The so-called kinetic electron emission~KEE! is gener-
ally perceived as being closely related to the projectile
ergy losses, where the excited target electrons are transp
and emitted through the surface into vacuum. When the p
jectile approaches the surface under planar channeling
ditions, the electron emission originates from the region j
above the topmost atomic layer of the solid, so that the m
tiple inelastic scattering during the transport of electrons
wards the surface plays minor role in the spectra of emi
electrons. Then, the energy spectra of emitted electrons
determined by the characteristics of the excitation mec
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nism and by the transmission across the surface. While
spectra of KEE due to single-electron excitation are gen
ally smooth, the plasmon excitation mechanism can give
to electron emission, owing to the decay of plasmon into
electron-hole pairs, which can be emitted with a characte
tic peak structure.

The excitation of plasmons in the bulk and at the surfa
of solid targets by fast charges has been studied for s
time. Most of the experimental studies have used fast pro
tiles which can excite plasmons via direct Coulomb inter
tion @5–7#. However, an increasing attention has been
cused in the past several years on the plasmon excita
induced by slow ions. Although this mechanism is not e
pected to operate under such conditions due to the conse
tion of energy and momentum restrictions, several recent
perimental studies@8–15# have reported characteristi
features in the emitted electron energy spectra induced
slow ions, which can be ascribed to the plasmon excitat
and decay mechanism. Several explanations of this ef
have been discussed, but detailed interaction mechanism
plasmon excitation by slow ions is still not understood co
pletely.

From the theoretical point of view@16#, the energy spectra
of the electrons emitted from the surface can be dedu
from calculations of the energy-loss rate experienced b
charged particle due to the creation of the electron-hole pa
Furthermore, the first-order perturbation theory has b
used to describe the ion-induced electron emission@17,18#
for ions traveling on trajectories which are parallel or norm
to the surface, where the surface wake potential was
scribed by means of the specular-reflection model~SRM!
@19,20#, and the electron wave functions were used, wh
take the presence of the surface into account. These stu
showed that the energy distributions of the emitted electr
contain features which originate in the deexcitation of pl
mons. On the other hand, the role of single-electron exc
©2003 The American Physical Society03-1
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SONG, WANG, AND MIŠKOVIĆ PHYSICAL REVIEW A 68, 022903 ~2003!
tions in the electron emission, produced by the scree
Coulomb interaction between the incident ion and the s
face electrons, has been studied by means of the first B
approximation@21,22#. It has been found that this mech
nism provides the dominant contribution, in comparison w
the experimental data, to the electron emission for angles
from the direction of specular reflection of the projectile.
addition, while neglecting the plasmon decay mechani
the SRM model has been modified@23,24# and used to study
the binary collisions with the free-electron gas, giving t
results which compared well with the experimental data
large ejection angles of electrons. Finally, as an alternativ
the plasmon excitation and decay mechanism, the inte
ence arising from the decay of surface Bloch waves via s
tering on surface atoms has been recently proposed@25# as
responsible for the characteristic features in the elec
emission spectra induced by grazing scattering of slow io

In this work, we attempt to describe the contributions
the KEE spectra from both the collective and the sing
electron excitations under the grazing scattering conditi
by using the dielectric function theory. In our previous wo
@26#, we had developed a theoretical model to simulate
position-dependent stopping power, the scattering traject
and the energy loss for heavy ions, grazingly scattered f
a solid surface. The fact that such a model gave reason
good comparison with the experimental data@27,28# lends
some confidence in the present calculations of the differen
electron emission probabilities. These probabilities are
tained by means of the first-order perturbation the
@17,18#, where the ion-electron interaction is described
the surface wake potential deduced from the SRM mo
with different expressions when the ions move above, o
the interior of, the solid surface. In particular, the dielect
model is used with the local-field correction when consid
ing slow ions, whereas the plasmon-pole approximation
used for fast ions. Since we are concerned with the elec
emission induced by heavy ions, the distribution of electro
bound to the projectile and the concomitant effective cha
state of the projectile are taken into account. The work
organized as follows. In Sec. II, we describe the theoret
model of the electron emission. The analysis of the graz
scattering trajectory for heavy ions is presented in Sec.
The results of our calculation are presented in Sec. IV, w
Sec. V contains our concluding remarks. Atomic units, wh
me5\5e51, are used unless otherwise stated.

II. MODEL FOR ELECTRON EMISSION

We consider a heavy projectile incident on a solid surfa
under a glancing anglea and place a coordinate system
the scattering plane, with thex axis parallel to the surface
and thez axis perpendicular to it. The coordinate centerx
50, z50) is placed at the electron gas edge of the so
surface, such that the regionz,0 is occupied by the electro
gas of the bulk of the solid. The notationsr5(R,z), k
5(Q,kz), andv5(vi ,vz) will be used, whereR, Q, andvi
represent the components parallel to the surface.

We consider here only the situation where the project
are reflected from the first atomic layer, so that the angle
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the incidencea should be of the order of milliradians, cha
acterizing planar channeling. The ion distancez0 evolves
adiabatically, that is, on a time scale much longer than
other characteristic time scales of the problem. The to
charge density of the projectile is

rext~r ,t !5@Z1d~R2v it !2sn~R2vit !#d~z2z0!, ~1!

whereZ1 is the atomic number of the projectile and (vit,z0)
is its position vector, whilesn(R)5*rn(r ) dz is the two-
dimensional projection of the full three-dimensional distrib
tion rn(r ) of the electrons bound at the projectile. Using t
statistical model of Brandt and Kitagawa~BK! @29# for rn(r )
enables one to express the Fourier transform of the t
charge density as follows:

r̃ext~k,v!52ps̃n~Q!d~v2Q•vi!e
ikzz0, ~2!

where s̃n(Q)5Z1@q(z0)1(QL)2#/@11(QL)2#, with L
being the screening length@29#, q(z0)512Nn(z0)/Z1 the
ionization degree, andNn(z0) the number of electrons boun
at the ion located atz0.

The surface response to the incident ions is obtained
means of the SRM model, in which the dispersion effects
incorporated by expressing the surface response in term
the bulk dielectric function. In this model, the electro
which constitute the response of the medium are conside
to be specularly reflected at the surface, whereas the e
tronic charge density vanishes outside the surface. Thus
suming that the ion moves on a trajectory parallel to
surface, the induced potential is given by@30#

f~Q,v,z!5
~2p!2s̃n~Q!d~v2Q•vi!

Q

3H F 2e2Qz0

11es~Q,v!
es~Q,v,z!Gu~2z!

1Fes~Q,v!21

es~Q,v!11
e2Q(z1z0)1e2Quz2z0uGu~z!J

~3!

when the ion is in the vacuum and by

f~Q,v,z!5
~2p!2s̃n~Q!d~v2Q•vi!

Q H Fes~Q,v,z02z!

1es~Q,v,z01z!

2
2es~Q,v,z!es~Q,v,z0!

11es~Q,v!
es~Q,v,z!Gu~2z!

1F2es~Q,v,z0!

es~Q,v!11
e2QzGu~z!J ~4!

when the ion moves in the interior of the solid. Here,u is the
unit step function,es(Q,v,z) is the surface dielectric func
tion which can be expressed in terms of the bulk dielec
function e(k,v) as follows:
3-2
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es~Q,v,z!5
Q

pE dkz

k2

eikzz

e~k,v!
, ~5!

andes(Q,v)5es(Q,v,z50).
Describing the solid in the jellium approximation, th

electrons are considered to be free within the solid, and c
fined in the z,0 region by a step potentialV5V0u(z),
whereV05EF1F, with EF being the Fermi energy andF
the work function. Using the first-order, time-dependent p
turbation theory, the solutions of the Schro¨dinger equation
for the electron states with the step potential barrier are@17#

c l
s~r !5

ei li•R

A2pA
w l z

s~z!, ~6!

whereA is the area of the surface,l5( li ,l z) is the momen-
tum of the electron on the solid side, whiles stands for the
character of the state, including the bound states,s50 ~with
l z
2<2V0),

w l z
0 ~z!5S l z2 ip

l z1 ip
e2 i l zz1eil zzD u~2z!1

2l z

l z1 ip
e2pzu~z!,

~7!

outgoing states,s51,

w l z
1~z!5S l z2kz

l z1kz
e2 i l zz1eil zzD u~2z!1

2l z

l z1kz
eikzzu~z!,

~8!

and incoming states,s52,

w l z
2~z!5A l z

kz
F 2kz

kz1 l z
e2 i l zzu~2z!

1S kz2 l z

kz1 l z
eikzz1e2 ikzzD u~z!G , ~9!

wherep5A2V02( l z
0)2, while kz5A( l z)

222V0 is the nor-
mal component of the electron momentum in vacuum. Le
denote the initial and the final momenta of the electron
l05( li

0 ,l z
0) and l15( li

1 ,l z), so that the initial and the fina
energies of the electron are«05 l 0

2/2 and«15 l 1
2/2, respec-

tively. Using the asymptotic wave functions for the fin
states of the excited electrons, which have been applie
the case of surface electron emission, Bethe@31# and Wilems
@32# have obtained the approximate expression for the p
turbed wave function in terms of the screened potential,

nc~r ,t !5
1

A2pA
E dke2 i k•re2 i«1tu„kz~ t2t0!2z…Mk← l0

.

~10!

Here,Mk← l0
represents the transition amplitude,
02290
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Mk← l0
5

2 i

~2p!2 S kz

kz1 l z
D F2^w l z

1uf~Q,v,z!uw l
z
0

0
&

1
kz2 l z

Akzl z

^w l z
2uf~Q,v,z!uw l

z
0

0
&G , ~11!

where k5( li
1 ,kz) is the momentum of the electron i

vacuum andQ5 li
12 li

0 .
Regarding the transport of the excited electrons to

surface, we follow the simple method used befo
@17,18,21#, where the effect of inelastic collisions is include
approximately through an exponential factoremz which mul-
tiplies the electron final states inside the solid. The param
m is set to be proportional to 1/l, the inverse of the electron
mean free path. Since the transport effects are expecte
play only a minor role under the grazing scattering con
tions, different choices of the parameterm do not affect the
calculation results appreciably. After inserting Eqs.~3! and
~4! into Eq. ~11!, one obtains the full expression of the tra
sition amplitudeMk← l0

5mk← l0
d(v2Q•vi), such that, for

z0>0,

mk← l0
5

2 i s̃n~Q!

pQ H l z
0

l z
01 ip

F I ~p1 ikz!1
kz2 l z

kz1 l z
I ~p2 ikz!G

1
kz

kz1 l z

e2Qz0

es~Q,v!11 F J„m2 i ~ l z2 l z
0!,0…

1
l z
02 ip

l z
01 ip

J„m2 i ~ l z1 l z
0!,0…G J , ~12!

and, forz0,0,

mk← l0
5

2 i s̃n~Q!

pQ H 2es~Q,v,z0!

es~Q,v!11

l z
0

l z
01 ip

S 1

Q1p1 ikz

1
kz2 l z

kz1 l z

1

Q1p2 ikz
D1

kz

kz1 l z
F J„m2 i ~ l z

2 l z
0!,z0…1

l z
02 ip

l z
01 ip

J„m2 i ~ l z1 l z
0!,z0…G

2
kz

kz1 l z

es~Q,v,z0!

es~Q,v!11 F J„m2 i ~ l z2 l z
0!,0…

1
l z
02 ip

l z
01 ip

J„m2 i ~ l z1 l z
0!,0…G J , ~13!

where

I ~a!5H 1

Q1a Fes~Q,v!21

es~Q,v!11G2
1

Q2aJ e2Qz01
2Qe2az0

Q22a2

~14!

and
3-3
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SONG, WANG, AND MIŠKOVIĆ PHYSICAL REVIEW A 68, 022903 ~2003!
J~a,z0!5
2a

Q22a2 F2Q

p E
0

` dkz

kz
21a2

coskzz0

e~k,v!
2es~Q,v,z0!G ,

~15!

with v5Q•vi .
We finally obtain the triple differential probability of th

electron emission as a function of the position of the ionz0
@22,24#, viz.,

d3P

dk
52pE dli

0reu~EF2«0!u~ l 1
22 l i

22Q•vi!umk← l 0
u2,

~16!

wherere52 takes account of the spin factor. The first st
function confines the initial states of the electrons inside
Fermi sphere, while the second one assures that the emi
constraint is met, (l z

0)25 l 1
22 l i

22Q•vi>0. Since we are in-
terested in the grazing scattering geometry, the total elec
emission distribution will be obtained by integratingd3P/dk
along the ion scattering trajectory, which will be discussed
the following section.

III. SCATTERING TRAJECTORY

In the vicinity of surface, the motion of the incident ion
controlled by two kinds of forces. First, the ion is attract
by the dynamic image force and, as a result, its perpendic
velocity componentvz increases. As the ion approaches t
first atomic plane, the repulsive forces due to the continu
planar potential grow stronger causing specular reflection
the ion. From Eqs.~3! and ~4!, the induced potential can b
written as

f ind~r,t !5
1

2pE dQ

Q
s̃n~Q!F~Q,v,z,z0!e2 iQ•(R2vit),

~17!

where the functionF(Q,v,z,z0) is given, for the ion moving
in the vacuum (z0.0 andz.0) by

F~Q,v,z,z0!5
es~Q,v!21

es~Q,v!11
e2Q(z1z0),

and, for the ion inside the target (z0,0 andz,0), by

F~Q,v,z,z0!5es~Q,v,z2z0!1es~Q,v,z1z0!

2
2es~Q,v,z0!es~Q,v,z!

11es~Q,v!
2e2Quz2z0u.

The surface image potential, i.e., the classical s
energy of the ion, can be expressed asUs(z0)
5(1/2)*drrext(r ,t)f ind(r ,t), which, with Eq.~17!, gives

Us~z0!5
1

4pE dQ

Q
@s̃n~Q!#2F~Q,v,z0 ,z0!. ~18!

On the other hand, the surface continuum planar poten
Up(z) can be easily obtained from the Molie`re’s approxima-
02290
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tion @33#. So, in the laboratory frame of reference, the equ
tion of motion in the direction perpendicular to the surfa
can be written as

m
dvz

dt
52

]Up~z0!

]z0
2

]Us~z0!

]z0
, ~19!

wherem is the ion mass. Denoting the initial kinetic energ
of the incident ion byE5(1/2)mv2, and usingmdvz /dt
5d(mv2/2)/dz0, we can integrate Eq.~19! overz0 to obtain
the equation for the trajectory of the ion undergoing specu
reflection at the glancing anglea,

dx

dz0

57
1

aA12
Up~z0!1Us~z0!

Ea2

, ~20!

where7 correspond to the incoming and outgoing parts
trajectory, respectively. Note that the position of closest
proach to the surfacezm is given by Ea25Up(zm)
1Us(zm).

Since the motion perpendicular to the surface proce
adiabatically on the time scales relevant for electron exc
tion processes, the total electron emission probability can
obtained by integration of Eq.~16! along the ion trajectory,

d3P

dk¢
54pE

zm

`

dz0

dx

vdz0
E dli

0reu~EF2«0!

3u~ l 1
22 l i

22Q•vi!umk← l0
u2. ~21!

Note that the scattering trajectory is generally not symme
cal about the turning pointzm due to the effects of the pro
jectile charge-state evolution in the course of scatteri
However, we neglect these effects and assume the trajec
to be symmetrical, which is reasonable approximation, giv
that the incident and scattered angles are of the orde
milliradians and that the ions enter the target up to the dep
which are not larger than the average atomic radius.

Before Eq. ~21! could be used, one has to specify th
models for the dielectric functione(k,v) and for the ioniza-
tion degreeq(z0). As was done before@26#, we use two
different forms of the dielectric function, the local-field
corrected one and the plasmon-pole approximation, for
cases of low and high ion velocities, respectively. The
choices have been shown to be both suitable and approp
in the work on energy losses@26#, making it easy to analyze
the contributions from both the collective and the sing
electron excitations. On the other hand, the evolution of
ionization degree in grazing scattering is not well understo
at present. When the projectile approaches the surfac
experiences electron-capture and -loss processes due to
lisions with the surface atoms. Slow ions are largely neut
ized by electron transfer before they reach the distance
closest approach. At high velocities, however, the ions m
enter the electron gas deeper during a shorter interac
time, and be exposed to the electron loss as well as elec
3-4
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capture processes. Thus, the charge exchange in the vic
of the topmost atomic layer will be so intense that the cha
state will become equilibrated within a short path length.
adopt the model developed in the previous work, wher
double exponent and a linear interpolation, combined wit
velocity-dependent electron-stripping model, were used
describe the position-dependent charge states of slow
fast incident ions, respectively@26#.

IV. RESULTS OF THE CALCULATION

In this work, we study grazing scattering of ions from
aluminum surface, characterized by the Fermi velocityvF
50.92 a.u., the work functionF50.156 a.u., and the damp
ing coefficient in the dielectric functiong50.037 a.u. In Fig.
1, we show the differential probabilityd3P/dk as a function
of the electron energy for C31 ions incident on an Al surface
with different incident anglesa and with the speedv
53 a.u. Figures 1~a!–1~c! correspond to three different ob
servation anglesb with respect to the surface plane. Und
these conditions, the electrons in the electron gas above
topmost atomic layer are excited by the decay of the surf
plasmon and are emitted from the surface, producing
energy spectrum with a broad maximum at aroundvs2F
56.9 eV, which is seen in Fig. 1. It is also seen that suc
structure of the emitted spectra is largely independent of
emission angles and the incident angles. The peak widths
the consequences of the surface-plasmon dispersion w
the specular-reflection model. There are no signatures o
bulk-plasmon excitation and decay in Fig. 1, because
incident ions have been scattered away by the atoms in
first layer before they could penetrate into the solid. One
also see in Fig. 1 that, as the incident angles increase
peak values of the emission spectra also increase, w
should be attributed to the increasing depth of penetratio
ions in the electron gas and, consequently, longer time s
in interactions with electrons. Considering the depende
on the emission angleb in Fig. 1, we find that the peak
values pass through a broad maximum at aroundb5p/3,
which is similar to the conclusion drawn by other autho
@18#.

Figure 2 shows the electron emission at several obse
tion anglesb for N 1 ions scattered from an Al surface wit
relatively low velocity ofv50.5 a.u. under different angle
of incidence. The electron spectra exhibit peaks at low e
gies, and the maximum values of the electron emission
seen to increase with increasing angles of incidence, in a
similar to Fig. 1. These peaks occur at the emission ener
which increase from about 1 eV to about 5 eV as the ob
vation angles decrease, which is in contrast to the stabilit
the peak positions for fast ions, seen in Fig. 1. Such a beh
ior of the peak energies may be explained, based on
expressionv5Q•vi , as being due to the momentum trans
in the direction of the ion motion. This is also corroborat
by the fact that the peak values of electron emission incre
as the observation angle decreases, that is, as the obs
emission occurs closer to the direction of motion of the p
jectile.

It has been shown that the threshold velocity for exc
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tion of a bulk-plasmon resonance via direct interaction w
the ion is v th'1.3vF , based on the constraints due to t
momentum and energy conservation@15#. However, recent
experiments have found structures in the emitted elec
spectra induced by slow ions on solid surface, which disp
low-energy maxima, reminiscent of the plasmon resona
@9,13#. Some of these low-energy projectiles were inciden
grazing angles and were not expected to penetrate into

FIG. 1. Differential probability of electron emission vs the ele
tron energy, induced by C31 ions incident on an Al surface with the
velocity of v53 a.u. at various glancing angles of incidencea.
Results are shown for three electron emission angles relative to
surface:~a! b5p/2, ~b! b5p/3, and~c! b5p/6.
3-5
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solid. Several mechanisms were discussed to explain
plasmon excitation by ions moving at velocities much low
than v th , such as Auger capture process, Auger decay
inner-shell vacancies, shake-up during the capture of an e
tron, or secondary collisions with high-energy electrons@12#.
However, none of these mechanisms has been include
our theoretical model of KEE, so that the lack of signature
plasmon decay in the electron spectra in Fig. 2 suggests
the electron emission induced by slow ions is mainly due

FIG. 2. Differential probability of electron emission vs the ele
tron energy, induced by N1 ions incident on an Al surface with th
velocity of v50.5 a.u. at various glancing angles of incidencea.
Results are shown for three electron emission angles relative to
surface:~a! b5p/2, ~b! b5p/3, and~c! b5p/6.
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the single-electron excitation mechanism in the pres
model.

For the sake of comparison, we show in Fig. 3 the exp
mental data from Ref.@14# for electron emission after graz
ing scattering of 5-keV H1 ions from Al~111! surface with
the incident anglea55° and the emission angleb545°
along with the result of our calculations with these para
eters. The agreement of our model with the experimen
fairly good up to around the electron energy ofvp2F
'11 eV, which corresponds to the bulk-plasmon resonan
While the precise mechanism of plasmon excitation un
such conditions is yet to be identified@14,15#, the broad tail
in the experimental data in Fig. 3, above the energy 11
can be ascribed to the electron emission due to plasmon
cay into electron-hole pairs. On the other hand, the ag
ment our model with the experiment at energies below 11
indicates that the main contribution to electron emission
these energies comes from the single-electron excita
mechanism.

The dependences of the electron emission spectra on
initial charge states of the incident ions are shown in Figs
and 5, indicating that, as the ion charge increases, more e
trons are excited and emitted, for both high~Fig. 4! and low
~Fig. 5! ion velocities. This significant feature of the increa
of the electron yield with increasing charge state has a
been observed experimentally for Neq1 ion impact on an Al
surface@10#, where it was explained by the onset of potent
electron emission~PEE!. Considering that the PEE i
roughly proportional to the potential energy of the incide
ion, it is clear that the multiply charged ions will induce
strong PEE. Since our model for KEE does not include a
charge transfer of the Auger type capable of inducing PEE
is remarkable that the results in Figs. 4 and 5 show that K
may be so strongly influenced by different ion charge sta
prior to the neutralization~for slow ions! or charge equilibra-
tion ~for fast ions! at the solid surface. This shows that th
charge-state-dependent induced potential exerts a stron
fluence on the electron excitation mechanisms in KEE, e
when the ion is at large distances from the surface.

The effects of the ion velocity on the electron emissi

he

FIG. 3. Differential probability of electron emission vs the ele
tron energy, induced by 5-keV H1 ions incident on an Al surface
under anglea55°, with the electron emission angleb545°. Re-
sults of our calculation~solid line! are compared with the experi
mental data from Ref.@14# ~solid triangles!.
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are shown in Figs. 6 and 7. For low velocities, in Fig. 7, t
emission peak grows higher and wider with increasing p
jectile velocity, similar to the experimental data in Re
@9,12#. However, for high velocities in Fig. 6, the peak valu
of the electron emission grow through a maximum at a m
dium velocity and continue to decrease as the ion velo
continues to increase. This roughly corresponds to the w
known dependence of the ion energy loss on its velocity.
the other hand, the peak position in Fig. 6 occurs at aro
6.9 eV, the value characteristic for the plasmon decay, w
the velocity is high, but keeps increasing as the ion veloc
decreases down to the medium range. This probably i
cates a strong mixing of the plasmon decay and the sin
electron excitation mechanisms for intermediate ion velo
ties, where the momentum transfer to the emitted elec
may become more prominent.

FIG. 4. Differential probability of electron emission vs the ele
tron energy, induced by Cq1 ions with various charge statesq,
incident on an Al surface with the velocity ofv53 a.u. at the
glancing angle of incidencea53 mrad. The electron emissio
angle relative to the surface isb5p/3.

FIG. 5. Differential probability of electron emission vs the ele
tron energy, induced by Nq1 ions with various charge statesq,
incident on an Al surface with the velocity ofv50.5 a.u. at the
glancing angle of incidencea510 mrad. The electron emissio
angle relative to the surface isb5p/3.
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V. SUMMARY

We have developed a theoretical model for calculation
the kinetic electron emission~KEE! differential probabilities
for grazing scattering of heavy ions from a surface, at high
low incident velocities. The energy spectra of emitted el
trons have been obtained on the basis of the first-order, ti
dependent perturbation theory with the electron states ca
lated from Schro¨dinger equation with a finite-step-barrie
potential. The response of the surface has been expresse
means of the dielectric theory with the specular reflect
model, whereas the local-field correction and the plasm
pole approximation were used for slow and fast ions, resp
tively. The distributions of the electrons bound to the in
dent ion have been taken into account by using the
model, where a double-exponent model and a linear inter
lation model were employed to describe the positio
dependent ionization degree throughout the scattering
cess, for slow and fast projectiles, respectively.

The dependences of the differential probability on t
electron energy and the emission angle have been discu

FIG. 6. Differential probability of electron emission vs the ele
tron energy, induced by C31 ions incident on an Al surface with
several velocitiesv at the glancing angle of incidencea53 mrad.
The electron emission angle relative to the surface isb5p/3.

FIG. 7. Differential probability of electron emission vs the ele
tron energy, induced by N1 ions incident on an Al surface with
several velocitiesv at the glancing angle of incidencea510 mrad.
The electron emission angle relative to the surface isb5p/3.
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for different incident ion velocities, angles, and charge sta
Most of our results show the electron spectra similar to th
obtained in various experiments or theoretical accou
@8–12,16–18#. As expected, the electron emission induc
by grazing scattering of fast ions at surfaces shows a pea
the energy spectra at the position given by the surfa
plasma frequency minus the work function, as a result of
surface-plasmon excitation and its subsequent decay.
slow ions, the peaks in the energy spectra are located so
where from 1 eV to 4 eV, depending on the observat
angle, and are ascribed to the single-electron excita
mechanism. The absence of the signature of the plas
decay in the emitted spectra for slow ions is a conseque
of the fact that the plasmon excitation mechanism does
operate in our model of KEE when the ion velocities a
below the kinematic threshold value. Of course, oth
mechanisms, beyond the scope of our work, may be res
n

s

n-
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nd
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sible for the experimentally observed characteristic featu
in the electron emission spectra induced by slow ions, wh
warrants further efforts to amend the present model. Fina
strong effects of the initial ion charge states have been sh
in our calculations of the electron spectra, indicating tha
further study is recommended regarding the role of the p
jectile charge states in KEE induced by grazing scattering
heavy ions.
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052902~2001!.

@27# J.I. Juaristi, A. Arnau, P.M. Echenique, C. Auth, and H. Wint
Phys. Rev. Lett.82, 1048~1999!.

@28# M. Fritz, K. Kimura, H. Kuroda, and M. Mannami, Phys. Re
A 54, 3139~1996!.

@29# W. Brandt and M. Kitagawa, Phys. Rev. B25, 5631~1982!.
@30# P.M. Echenique, F.J. Garcı´a de Abajo, V.H. Ponce, and M.E

Uranga, Nucl. Instrum. Methods Phys. Res. B96, 583 ~1995!.
@31# H. Bethe and Edwin Salpeter,Quantum Mechanics of One an

Two-Electron Atoms~Springer-Verlag, Berlin, 1957!.
@32# R.E. Wilems, Ph.D. thesis, University of Tennessee, 1968~un-

published!.
@33# Y.H. Ohtsuki,Charged Beam Interaction with Solids~Taylor &

Francis, London, 1983!.
3-8


