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Theoretical description of fast kinetic electron emission in ion-surface collisions

Carlos O. Reinhold and Joachim Burgdo¨rfer
Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-6373

and University of Tennessee, Knoxville, Tennessee 37996-1200
~Received 3 July 1996!

We present a microscopic description of the emission of fast electrons in glancing-angle ion-surface colli-
sions. We employ a classical trajectory Monte Carlo approach that treats the primary production of kinetic
electrons in close collisions and their subsequent transport through the surface region on the same footing.
Dynamic image interactions and multiple scattering are explicitly included. As an application, we analyze the
ejected electron spectra over a broad range of electron energies and emission angles for 0.2–0.5-MeV/u Li ions
interacting with SnTe~001! surfaces. Good agreement is found with experiment for the shape of the spectrum
of forward-ejected electrons containing prominent structures such as the convoy electron peak and the binary
ridge. @S1050-2947~97!02201-4#

PACS number~s!: 79.20.Rf, 34.50.Fa
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I. INTRODUCTION

The study of kinetic electron emission in ion-solid col
sions provides an important link between atomic physics
condensed matter physics. Comparative analysis of spe
from ion-atom, ion-solid ~transmission!, and ion-surface
~glancing incidence! collisions affords the opportunity to ex
tract detailed information about long-ranged image inter
tions and multiple scattering in the solid and near the surfa

The so-called convoy electron peak~CEP! represents an
illuminating example for such differences. This peak w
experimentally discovered two decades ago as a cusp-sh
structure in the spectra of electrons arising from ion-atom@1#
and ion-solid ~transmission! collisions @2# for electrons
ejected with velocitiesvW e close to the projectile velocity

vW p . Because cusp electrons recede from the target in c
spatial correlation with the projectile, the behavior of t
cross sections in the limituvW e2vW pu→0 was found to be gov-
erned by threshold laws characteristic of the two-body fin
state interaction between the electron and the projectile.
existence of similar peaks in ion-atom and ion-solid co
sions is simply a consequence of the fact that the final-s
two-body interaction is identical. Analysis of the detaile
shape of the CEP for ion-atom and ion-solid collisions h
revealed, however, that the dynamics responsible for
population of low-lying continuum states is vastly differen
In particular, the dynamics for ion-solid collisions is chara
terized by a complex array of multiple scattering events t
can lead to the population of large angular momentum st
~see, e.g.,@3–5# and references therein!.

Recent experiments concerning glancing-angle i
surface interactions have revealed a prominent structur
forward ejection angles near the region where the CEP
expected to appear in foil transmission experiments@6–13#.
Compared to the peak for transmission conditions, howe
the convoy peak for ion-surface collisions is dramatica
broadened and shifted in energy. The first evidence
broadening of the CEP was found by DeFerraris and Ba
giola @6# for scattering of protons at an Al surface. A simil
broadening was observed for semiconductor surfaces@7,8#.
551050-2947/97/55~1!/450~16!/$10.00
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Concurrently, a shift of the CEP to electron velocities larg
than vp was proposed@9# and independently measured@7#
for projectile charges greater than one. Subsequently, la
shifts of up to 100 eV have been observed in several lab
tories and a number of explanations have been propo
@9–16#.

The theoretical description of fast electron emission
glancing-angle ion-surface scattering is still in its infanc
Iitaka et al. @15# and Kimuraet al. @12# have shown a clas
sical trajectory Monte Carlo~CTMC! simulation using an
ensemble of initial conditions from a simple model~elec-
trons distributed in a shell around the projectile! rather than a
microscopic theory. Taking into account the propagation
the electrons in the combined field of the projectile and
image, they found a shift of the CEP. First-order Born a
proximation calculations have been performed for elect
emission by resonant coherent excitation~RCE! @17# and for
the emission from a jelliumlike conduction band@18#. Within
a perturbative approach, however, dynamic image poten
effects on the final state and multiple scattering are diffic
to incorporate. Moreover, for multiply charged ions and
termediate velocities perturbation theory breaks down.

In the following, we present a comprehensive CTMC d
scription of kinetic electron emission. Its major approxim
tion consists of a classical description of the motion of t
ejected electron. To date, the CTMC method has proven
be one of the most successful approximations in describ
absolute ejected electron spectra at intermediate en
atomic collisions~i.e., ion velocities similar to initial orbital
velocities of electrons in the target! @19#. The approximate
validity of the classical description can be theoretically ju
tified based on the observation that for collision processe
intermediate velocities large momentum transfers domin
and quantum corrections are, on the average, small@20#.

The present theory is a combination of the CTMC meth
as applied to atomic collisions@19,21# and the classica
transport theory originally developed for transmission of io
or atoms through solids@22#. Accordingly, the initial close
collisions between the projectile ion and electrons of the
get and the subsequent transport through the surface re
and out to asymptotic distances is treated on the same f
450 © 1997 The American Physical Society
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55 451THEORETICAL DESCRIPTION OF FAST KINETIC . . .
ing. This approach permits the nonpertubative treatmen
the core potentials and long-range dynamic image poten
as well as the incorporation of multiple-scattering-induc
energy loss and straggling effects. A preliminary acco
with an application to the CEP peak was given in@23#. In the
present work we give a more detailed outline of the theor
cal framework and apply it to the emission spectrum of el
trons in Liq1→SnTe collisions for a broad range of emi
sion angles and energies.

In order to improve the clarity of presentation, we de
some of the technical aspects to the Appendices. Ato
units are used throughout unless otherwise stated.

II. THEORY

We shall be concerned with the scattering of a heavy
with nuclear chargeZp , ionic chargeQp , massMp , and
initial velocity vW p at an ideally flat surface at grazing inc
dence. All numerical calculations throughout this paper w
refer to a SnTe(100) surface. However, the method is, w
minor modifications, applicable to other semiconductor
metal surfaces. The projectile is assumed to be fast comp
to the Fermi velocityvF of the crystal (vp.2vF), which
corresponds to impact energies in the range of hundred
keV/u. We shall assume that the incidence angle of the
with respect to the surfaceup is small enough so that the io
is specularly reflected~a value up56 mrad will be used
throughout, which corresponds to the experimental value
Kimura et al. @12,24#!. We neglect the slowing down of th
heavy ion due to its interaction with the surface. Typic
energy losses are less than 3% of the incident energy~e.g.,
@25#!, which has a negligible effect in the evolution of fa
electrons. Thus, the velocity of the ion parallel to the surfa

vpi
W5vpcosupx̂ is a constant of motion in a grazing collisio
under surface channeling conditions.

The position vector and momentum of the impinging i
in the laboratory frame shall be denoted byRW

5„vpi
t,0,Rz(t)… andPW 5„Mpvpi

,0,Pz(t)…, respectively. The

surface is in the (x,y) plane and the projectile is moving i
the direction of the positivex axis ~see Fig. 1!. Similarly, rW

andpW are used to denote the position vector and the mom
tum of an electron in the laboratory frame@in atomic units
pW 5veW5(vx ,vy ,vz), ve being the velocity of the electron#.

FIG. 1. Coordinate systems and ion trajectory for a 0.3-MeVu
Li 11-SnTe collision.
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The origin is at the jellium edge, which is displaced from t
topmost atomic layer byzJ , corresponding to one-half of th
nearest-neighbor distance (zJ52.99 a.u. for SnTe@26#!. We
note, however, that our description of the surface incor
rates features beyond the jellium model. Specifically, the
fect of the ionic core and the core electron density will
explicitly taken into account. Alternatively, we will adop
the moving coordinate system of Fig. 1. The position of
electron in the moving frame is denoted bysW5(x,y,z)
5rW2vpW i

t.

A. Hamiltonian

Within the framework outlined above, the effectiv
Hamiltonian describing the ion-surface interaction is giv
by

H5Hp~RW !1(
j51

Ne

He~rW j ,RW !, ~1!

whereHp denotes the Hamiltonian for the projectile motio
while He represents the Hamiltonian of thej th active elec-
tron treated in the independent electron approximation. T
total number of active electrons is given byNe . The Hamil-
tonian functions in Eq.~1! are of the form

Hp~RW !5
P2

2Mp
1Vp~RW ! ~2!

and

He~rW,RW ,t !5H0
i ~rW,pW ,t !1V~rW,t !2rW•FW st~ t ! ~3!

In Eq. ~2!, Vp(RW ) is the effective potential experienced b
the projectile along the trajectory. The electronic Ham
tonianHe contains, in addition to the channel Hamiltonia
H0
i , which defines the unperturbed initial state of the ele

tron, a perturbation potentialV(rW,t) as well as energy loss
and straggling through a stochastic forceFst describing in-
elastic and elastic collisions in the vicinity of the surfac
Elastic collisions represent elastic scattering of the elect
at the screened heavy nuclei in the solid. Inelastic collisio
consist of single-particle–single-hole and plasmon exc
tions of valence electrons. Electron-electron interactions
only accounted for through dynamic image interactio
static atomic screening, and collision kernels.

The fundamental assumption underlying Eq.~2! is the de-
coupling of the dynamics of the impinging ion from the ele
tronic dynamics. An approximate ionic trajectory is dete
mined byVp . Subsequently, electrons are assumed to evo
according to a time-dependent Hamiltonian containing
trajectoryRW (t) of the projectile. The different microscopi
interactions that govern the ionic and electronic dynam
will be discussed in more detail below. The assumption
the decoupling of ionic and electronic degrees of freed
appears justified for fast collisions because of the dispa
between the energies of the electronic and ionic motion.
will be discussed below, this condition is not quite sufficie
as the energy of the perpendicular motion of the ion is sm
in grazing collisions. In addition, the rapid fluctuations of t
charge state of the ion during the extended interaction t
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452 55CARLOS O. REINHOLD AND JOACHIM BURGDO¨ RFER
are a prerequisite for establishing a mean-field potential
the ion and, hence, for the validity of the decoupling.

B. Monte Carlo solution of the classical Liouville equation

The electronic time-dependent evolution can be rep
sented by a phase-space number density of electr
:(rW,pW ,t). Initially,

:~rW,pW ,t52`!5(
i51

Nx

gx i
f x i

~rW,pW ,t52`!, ~4!

where the sum extends over all occupied and ‘‘active’’
bitals x i with multiplicities gx i

(( i51
Nx gx i

5Ne). In Eq. ~4!

f x i
denotes the classical phase-space representation o

orbital x i defined in terms of the effective single-partic
channel HamiltonianH0

i such that

E d3r E d3p fx i~r
W,pW ,t !51. ~5!

Formally, the time evolution of:(rW,pW ,t) is generated by the
classical time-dependent Liouville equation with the Ham
tonianHe(rW,pW ,t). The absolute differential yieldY of ejected
electrons per incoming ion can be obtained from thet→`
limit of : as

d3Y

dp3
5 lim

t→`
E

R

d3r:~rW,pW ,t ! ~6!

where the integration domainR corresponds to escapin
electrons~i.e., electrons withz.0, pz.0 and with positive
binding energy with respect to both the target and the p
jectile!.

The CTMC method corresponds to a Monte Carlo so
tion of the Liouville equation in terms of an ensemble
representative test particles that have propagated acco
to the stochastic equation of motion~i.e., a Langevin equa
tion! generated byHe :

drW

dt
5pW ,

dpW

dt
52¹W H0

i 2¹W V1FW st. ~7!

In the derivation of this Langevin equation from the Ham
tonian @Eq. ~3!#, the implicit velocity dependence of the in
teraction with the environment~‘‘heat bath’’! is not treated
as a canonical variable of the subsystem.

In order to fix the number of active electronsNe entering
the CTMC simulation, we choose a rectangular volume w
side lengthsDx, Dy, andDz, which is centered at the poin
of closest approach. Typically, these lengths areDx;1200
a.u., Dy;7 a.u., andDz;6 a.u. Consequently, the tota
number of ‘‘active’’ electrons in our simulation,Ne , is given
by the sum of all active projectile electrons,Np , target va-
lence electrons,Nt

v , and target core electrons,Nt
c :

Ne5Np1Nt
v1Nt

c , ~8!

with

Nt
v5nvDxDyDz, ~9!

Nt
c5Nt

atns
atDxDy, ~10!
r

-
s,

-

the

-

-

-
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h

wherenv is the volume number density of valence electro
ns
at is the areal number density of surface atoms, andNt

at is
the total number of active electrons in a single target cor

The Monte Carlo solution of the Liouville equation con
sists of three steps:~i! a large ensemble of phase-space poi
Ntraj is chosen att5t0 (t0→2`) to simulate:(rW,pW ,t0), ~ii !
the independent evolution of each phase-space point is
culated up to a final timet f (t f→`) by numerically integrat-
ing the Langevin equations of motion@Eq. ~7!#, and~iii ! the
final-state distribution of the electron is determined by b
ning the phase points att5t f . In order to achieve sufficien
statistical accuracy, a large number of trajector
Ntraj;53107 is computed. DenotingN(V,DV,E,DE) the
number of electrons found in the bin delimited by the so
angle interval (V2DV/2,V1DV/2) and energy interva
(E2DE/2,E1DE/2), the yield of outgoing electrons pe
ion, solid angle, and energy is given by

d3Y

dEdV
5Ne

N~V,DV,E,DE!

NtrajDEDV
. ~11!

The statistical uncertainty of this yield is approximate
given by 1/AN(V,DV,E,DE) and we require it to be
smaller than;10%.

In this work we only include the primary electrons th
are produced by a hard encounter with the impinging i
We neglect the shower of secondary electrons arising fr
collisions of primary electrons with other electrons in t
solid, which is the dominant mechanism for the producti
of soft electrons. Thus, we follow the time evolution only
electrons with large enough kinetic energy (E.vp

2/4). The
integration is stopped when the kinetic energy of the elect
in all degrees of freedom is conserved as a function of tim
For free electrons inside the solid the integration is stoppe
their depth is larger than ten inelastic mean free paths or a
they have been slowed down to energiesE,vp

2/4.

III. INTERACTION POTENTIALS

The simulation outlined above requires the specificat
of several interaction potentials. In this section we disc
our choices for the present collision system. Some of
technical details will be given in the Appendices. We emph
size that application of the theoretical framework to oth
surfaces and projectiles only requires changes in the in
potentials discussed in this section.

A. Projectile potential

The effective projectile potentialVp @Eq. ~2!# governing
the trajectory of the impinging ion is given under surfa
channeling conditions by

Vp~RW !5Vplanar
M ~Rz!1Vp

SI~vW p i
,Rz!, ~12!

which is only dependent on the surface normal coordin
Rz . In Eq. ~12!, the planar averaged Moliere potential
given by
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55 453THEORETICAL DESCRIPTION OF FAST KINETIC . . .
Vplanar
M ~Rz!52pns

atZpZtat(
k51

3
ck
dk
e2dk~Rz1zJ!/at, ~13!

where we have used the Moliere parameters@27# (ck
50.35,0.55,0.1; dk50.3,1.2,6) with the Thomas-Ferm
screening parameterat50.885(Zp

1/21Zt
1/2)22/3. Because of

the very similar values of the nuclear charges of Sn and
atoms (ZSn550 andZTe552), the planar potential can b
approximated for all practical purposes by the one associ
with a single atomic charge numberZt5(ZSn1ZTe)/2551
and surface densityns

at51/(4zJ
2).

In addition to the planar Moliere potential, the charg
ion interacts with its own image through the self-image~SI!
potentialVp

SI(vW p i
,Rz). The latter can be expressed in term

of the dynamic screening potential as

Vp
SI~vW p i

,Rz!5
Qp
2

2
VI~vW p i

,Rz ,ẑRz! ~14!

whose calculation is described in Appendix A. The poten
Vp
SI plays an important role for the image acceleration of

ion toward the surface@28#.
A typical ion trajectory is depicted in Fig. 1. Collision

leading to ionization and charge exchange are quite sens
to the distance of closest approach to the topmost la
dmin5(Rz

min1zJ), which is determined by the conservation
energy for the perpendicular motion

Vplanar
M ~Rz

min!1Vp
SI~vW p i

,Rz
min!5 1

2Mp~vpsinup!
25E' .

~15!

This distance determines which target and projec
shells are active participants in the collision. For examp
Fig. 2 indicates that for the angles of incidence and collis
energies of interest in this work, Li ions are found to eas
penetrate the core (dmin,1.5 a.u.!. Consequently, the cor
level contribution to excitation, ionization, and charge tra
fer must be included. The image acceleration of the impi
ing ion ~absent for neutral projectiles! becomes increasingly
important for small perpendicular collision energies (E',
100 eV!.

FIG. 2. Distance of closest approach to the topmost target la
dmin , as a function of the collision energy for LiQp1 ions incident
on a SnTe surface with an angleup56 mrad, calculated for a fixed
ionic charge.
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B. Electronic channel potentials and initial microcanonical
distribution functions

The electronic interaction potentials entering the chan
HamiltonianH0

i @Eq. ~3!# depends on the initial statex i .
Electrons in the valence band of SnTe are treated as a
electron gas with volume number densitynv and energy den-
sity of states D(E)}AE2V0, where 0,E2V0,eF
5(3p2nv)

2/3/2 andV0 is the bottom of the valence band
The valence band of the SnTe crystal is derived from
outermost isolated-atom electronic configuratio
Sn(5s2,5p2) and Te(5s2,5p4). This yields nv55/(8zJ

3)
50.0233 a.u. andeF50.391 a.u., which are very similar t
the valuesnv50.0245 a.u.,eF50.404 a.u. obtained from the
main plasmon frequency (vp

254pnv) in photoabsorption
measurements@26#.

Accordingly, the corresponding channel potentialVt
v is

given by the static surface barrier potentialVb . In this work
we make use of the static potential barrier parametrized
Jenningset al. @29# as a function of the Wigner-Seitz radiu
r S5@3/(4pnv)#

1/3 ,

Vt
v~z!5Vb~z!55

21

4z̃
~12e2b1z̃! if z̃> 0

2V0

aeb2z̃11
if z̃,0,

~16!

where z̃5z2zim ,zim is the position of the image plane an
the height of the potential barrier,V05eF1W, withW being
the work function. For SnTe we use the following parame
values: W50.165 a.u., V050.569 a.u., r S52.135 a.u.,
zim50.697 a.u.,a50.88,b151.21 a.u., andb251.29 a.u.

With the help of the channel potentialVt
v we represent

the initial phase-space density of valence electrons by

f v
~ t !~rW,pW !5CvQF2W2

p2

2
2Vt

v~z!G , ~17!

whereCv is a normalization constant andQ is a step func-
tion. In the bulk limit (z→2`), Eq. ~17! reproduces the
correct density of states of a free-electron gas. Moreover,
local density as a function ofz @i.e., integratingf v

(t)(rW,pW )

over pW ,x, and y# is directly proportional to @2W
2Vt

v(z)] 3/2 and is found to approximate the density calc
lated by Lang and Kohn@30# in the local density approxima
tion ~LDA ! for r S52 a.u. remarkably well~Fig. 3!. The main
differences between the classical and the quantum result
that ~i! the quantum density exhibits Friedel oscillatio
~fairly weak for r S52 a.u.! and~ii ! the classical density ha
a sharp cutoff atz51.823 a.u. given by the classical turnin
point of electrons at the Fermi edge~i.e.,eF5Vb) rather than
a decreasing tail.

We treat core electrons below the valence band of S
as well as localized atomiclike orbitals with quantum nu
bersn,l . The core potentialVt

c supporting these orbitals ha
the form of a muffin-tin potential derived from atomic co
potentialsVat,

r,
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Vt
c~r !5min$@Vat~ urW2RW tu!1Vscreen~ urW2RW tu!#,Vb~z!%,

~18!

where Rt is the position of a target nucleus an
Vscreen(r )5@12exp(2r/r0)#/r is incorporated to remove th
long-range;21/r tail of the atomic potential at large dis
tances.Vat is calculated using the two-parameter Hartre
Fock ionic core potentials tabulated by Garveyet al. @31#.

Using Eq.~18!, the initial phase-space distribution fun
tion for core electrons can be calculated from a restric
microcanonical distribution@19#:

f nl
~ t !~rW,pW !5CnldFp22 1Vt

c~ urW2RW tu!2EnlG
3Q~ l c2 l !Q~ l112 l c!, ~19!

whereCnl is a normalization constant. In Eq.~19! we have
imposed the restrictionQ( l c2 l )Q( l112 l c) on the scaled
classical angular momentum,l c5u(rW2RW t)3pW u(n/ lmax), such
that the subset of the microcanonical ensemble lies in
proper l c bin associated with the quantum number of t
orbital. The binding energiesEnl entering Eq.~19! are calcu-
lated by numerically solving the radial Schro¨dinger equation
associated withVt

c . The resulting energies are shown
Table I for the relevant 4d, 4p, and 4s orbitals in our simu-
lation. A valuer 053 a.u. in Eq.~18! has been chosen, whic
yields good agreement between the calculated and meas
@32# 4d energy levels of SnTe. As expected, energy levels
core electrons in the solid are very similar to orbital ene
levels of isolated atoms.

States of electrons initially bound to the impinging io
could be easily modeled by phase-space distributions an

FIG. 3. Density of valence electrons near the surface barrier
function of the position of the electron,z, with respect to the jellium
edge. LDA calculations forr S52 a.u. from Ref.@30#.

TABLE I. Orbital energies,Enl , average linear,̂v&nl , and qua-
dratic,A^v2&nl velocities, and average radius,^r &nl in atomic units.

Orbital 2Enl ^v&nl A^v2&nl ^r &nl

Sn~4d10) 0.977 3.65 4.88 1.080
Te~4d10) 1.648 4.12 5.47 0.961
Sn~4p6) 3.196 3.71 5.82 0.902
Te~4p6) 4.163 4.06 6.32 0.835
Sn~4s2) 4.390 3.39 6.17 0.850
Te~4s2) 5.485 3.69 6.66 0.794
-

d

e

red
f
y

lo-

gous to Eq.~19! using the appropriate orbital energies a
core potentialsVp

c of isolated ions. These electrons will no
be considered in the following. As discussed below, they
expected to give a negligible contribution to the yield
electrons for the collision system under consideration.

C. Perturbation potential

The perturbation potentialV(rW,t) enteringHe @Eq. ~3!# is
given by

V~rW,t !5Vp
c@ urW2RW ~ t !u#1Vpe

I @rW,Rz~ t !#1DVb~ve ,z!, ~20!

whereVp
c is the core potential of the impinging projectile an

Vpe
I is the image potential induced by the projectile a

DVb is a velocity-dependent condition to the barrier pote
tial. Vp

c for dressed ions is calculated using the Hartree-F
ionic core potentials tabulated by Garveyet al. @31#, which
tends to2Qp /urW2RW (t)u at large separations.Vpe

I can be
expressed in terms of the dynamic screening potential@Eq.
~A8!# as

Vpe
I 52QpV

I~vW p i
,Rz ,sW ! ~21!

As an additional perturbation, we include the effecti
velocity dependence of the surface barrier potential that
termines the channel potentials near the surface@Eqs. ~16!
and ~18!#. The static potentialVb @Eq. ~16!# contains ex-
change and correlation effects of the interacting electron g
Clearly, the electron exchange and correlation contribut
to the barrier should decrease with increasing electron
locities above the Fermi velocity. The velocity dependen
in the region outside the surface can be estimated from
velocity dependence of the electronic self-image poten
Ve
SI , which can also be expressed in terms of the dyna

screening potential as

Ve
SI5 1

2V
I~vW e i

,z,zẑ!. ~22!

We correct for the effective velocity dependence the bar
potential by including the velocity dependent perturbation

DVb~ve ,z!5H 0, ve,ve
0

Ve
SI~ve ,z!2Ve

SI~ve
0 ,z!, ve.ve

0 , ~23!

FIG. 4. Velocity dependence of the surface barrier potential
fast electrons due to the velocity dependence of the dynamical
age part of the exchange and correlation potential.
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where a valueve
051.5 a.u. has been chosen such that

model for the self-image interaction agrees with more ac
rate calculations using more sophisticated dielectric fu
tions @33#. Since the self-image interaction is proportional
ve

21 , the dynamic barrier is smaller than the static barr
~see Fig. 4!. However, we have found that this dynamic co
rection has only a minor effect on our simulation results a
typically, only causes a change of the yield of convoy el
trons of;20%.

In Fig. 5 we display the total potential experienced by
electron initially in a target core state near a Li21 ion mov-
ing parallel to a SnTe~001! surface. In addition to the cor
fields of the target (T) and the projectile (P), the wake pat-
tern and the surface barrier potentialVb @Eq. ~16!# are also
clearly visible.

D. Stochastic perturbation

The electronic Hamiltonian@Eq. ~3!# contains a stochasti
term that allows the incorporation of dissipative process
i.e., energy loss, energy, and angular straggling. Withi
Monte Carlo approach to the classical transport theory@22#,
dissipation can be included in terms of a stochastic force@Eq.
~3!#:

FW st~ t !5(
a

(
j

DpW j
ad~ t2t j

a!. ~24!

The determination ofFst(t) is thereby reduced to that of
stochastic sequence of pairs (DpW j

a ,t j
a), i.e., momentum

transfersDpW j
a delivered to the electron at timest j

a . Any
dependence of this sequence on the phase-space coord
of the electron is treated as a parametric dependence, w
does not affect the Langevin equations of motion. The
plicit determination of the stochastic sequence (Dpj

a ,t j
a) de-

pends on the choice of the differential inverse mean f
paths ~DIMFP!, or equivalently, the probability density o

FIG. 5. Potential for an electron initially in a target core (T)
near a 0.3-MeV/u Li 21 ion (P) moving parallel to a SnTe~001!
surface as a function of the position vector of the elect
(x,y51,z). The position of the projectile is (0,0,21) and the target
core is at~20,0,2zJ).
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energy transfers,v5DE5ve
2/22ve8

2/2 and momentum

transfers,qW 5DpW 5vW e82vW e , to an electron during a single

collision with velocitiesvW e andvW e8 before and after the col
lision, respectively. Determination of DIMFP’s near the su
face is complicated by the fact that translation symme
along the surface normal is broken. We discuss in the
lowing briefly their construction in the case of grazing inc
dence. Further details are given in Appendix B.

Three mechanisms will be considered: elastic scatte
(a5e) and the bulk (a5 i b) and surface (a5 i s) contribu-
tions to inelastic scattering. The path between two adjac
collisions of the same typea is assumed to be a Poissonia
distributed variable related to the mean free path,la ,

Pa~l!5la
21e2l/la. ~25!

This assumption is strictly justified only for a homog
neous medium. Near the surface,la is treated as a function
of time through the temporal variations ofve and z, which
corrects, to some extent, for the inhomogeneity.

For target-elastic scattering at atomic cores, surface
fects are not considered to be important since for small
pact parameters the spherical atomic potential domina
We evaluate the elastic DIMFP by an exact phase-s
analysis of elastic scattering of electrons at Sn and Te
lated atoms. However, in order to accomplish an effici
sampling for the probability distributionPel(q) of momen-
tum transfers we fitPel(q) ~or the DIMFP! to an analytic
form derived from the Born approximation for a two-ter
Yukawa potential of the formVy(r )52@Z1exp(2k1r)
1Z2exp(2k2r)]/r. Thus, our elastic DIMFP takes the form

le
21Pel~q!5

dle
21

dq

5C~ve!
8pntq

ve
2 S Z1

q21k1
2 1

Z2
q21k2

2D 2
3Q~qm2q!, ~26!

wherent5(2zJ)
23 is the volume number density of targe

nuclei andC(ve), Z1,2, and k1,2 are fitted to the exac
DIMFP. We choose the parametersZ1539.7, Z2511.3,
k154.0, andk251.09. The existence of the interface is tak
into account by using an upper cutoff for the maximum m
mentum transferqm(b) related to the distanceb5z1zJ to
the topmost layer. We invoke the classical relationship
tween the impact parameter and the momentum transfer
effective Coulomb interactions, i.e.,b represents the mini-
mum impact parameter~giving rise to the maximum momen
tum transfer! for binary electron-target atom collisions.

Our description of the inelastic momentum and ene
transfer distributionPi(qW ,v) near a surface is a natural ex
tension of the well-known results for the bulk. Fo
translation-invariant systems, the DIMFP~or probability
density! in the Born approximation is related to the dielectr
response functione(q,v) via the dissipation-fluctuation
theorem@34–36#

n
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l i
21Pi~qW ,v!5

d4l i
21

d3qdv

5
1

vep
2q2

ImS 21

e~q,v!
D dS v2vW e•qW 1

q2

2 D
3QS ve22 2eF2v D , ~27!

or, equivalently,

d2l i
21

dqdv
5

2

ve
2pq

ImS 21

e~q,v! DQ@vm~q!2v#, ~28!

wherevm(q)5min@ve
2/22eF;veq2q2/2#. An intuitive deri-

vation of Eq.~27! makes use of the fact that the scatteri
probability per unit time~the fluctuation! is proportional to
the energy loss per unit time,dW/dt, by the retarding force
of the dynamic screening potential~the dissipation! yielding
Eq. ~27! up to the recoil term (;q2/2) in the energy con-
serving d function, dW/dt5vW ei

•¹W Vbulk
I (pW ,z,zẑ) @see Eq.

~A3!#. Note that unlike for the elastic DIMFP, Eq.~28! is a
two-dimensional distribution function.

For grazing incidence collisions, Eq.~27! can be extended
to near the surface by making use of the fact that transla
symmetry is preserved in the plane along the beam direc
for the jelliumlike valence-band electron density outside
ionic cores of surface atoms. We separate the inela
DIMFP into two terms: a ‘‘surface’’ term (a5 i s) and a
‘‘bulk’’ term ( a5 i b). Using a local surface dielectric func
tion @37#, e(Q,v), the ‘‘surface’’ triply DIMFP associated
with the surface term of the expression for the dynam
screening potential@Eq. ~A5!# is given by

d3l i s
21

d2Qdv
5
e22Quzu

vei
pQ

ImS 12e~Q,v!

e~Q,v!11
D dS v2vW ei

•QW 1
Q2

2
D

3QS vei

2

2
2eF2v D , ~29!

where we use the notationqW 5(QW ,qz).
The ‘‘bulk’’ DIMFP is constructed such that~i! it asymp-

totically tends to Eq.~27! when the electron is inside th
solid, ~ii ! it tends to zero near the jellium edge, and~iii ! it
approximately incorporates the bulk term in the express
for the dynamic screening potential@Eq. ~A3!#. A reasonable
choice is

d4l i b
21

d3qdv
5

~12e22quzu!

vep
2q2

ImS 21

e~q,v!
D dS v2vW e•qW 1

q2

2 D
3QS ve22 2eF2v D , ~30!

where the factor (12e22quzu) yields both the exact DIMFP
@Eq. ~27!# in the bulk and a vanishing DIMFP at the surfa
(z50). Details for the evaluation of Eqs.~29! and ~30! are
given in Appendix B.
n
n
e
tic

c

n

Figure 6 depicts the mean free pathsl is ,l ib , andle used
in our simulation as a function of the electron velocity f
different fixed distancesz from the surface. In each case w
have assumed a trajectory parallel to the surface. In the
locity range of interest in this work (2.8<ve<6 a.u.!, the
total mean free pathl tot5(l i s

211l i b
211le

21)21 can be as

small as 5–10 a.u. Whenever the electron is above the
most layer (z.23 a.u.!, the dominant collision processe
~i.e., the one with the smallest mean free path! are surface
inelastic collisions reaching a peak near at the jellium ed
(z50). On the other hand, near or below the topmost la
(z,23 a.u.! elastic and bulk inelastic collisions rapidly ac
quire the dominant role. Figure 7 displays the smooth tr
sition across the surface of the total inelastic mean free p
l i5(l i s

211l i b
21)21 as a function ofz for different velocities.

In the limit z→2` the bulk limit is recovered while for
z→` the mean free path tends to infinity because of
rapidly decreasing probability for excitation of particle-ho
pairs or surface plasmons at large distances from the surf
At large but finite distances, the inelastic mean free path

FIG. 6. Total,l tot , and partial mean free paths for elastic,le ,
surface inelastic,l i s

, and bulk inelastic,l i b
, collisions as a function

of the electron velocity for different positions of the electron,z,
with respect to the jellium edge.

FIG. 7. Total inelastic mean free pathl i5(l i s
211l i b

21)21 and

its bulk (l i b
21) and surface (l i s

21) contributions as a function ofz
for an electron velcityve54 a.u. parallel to the surface.
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55 457THEORETICAL DESCRIPTION OF FAST KINETIC . . .
determined by optical~dipole! excitations of surface plas
mons in the jellium surface. Analysis of the DIMFP as
function of the energy transfer~Fig. 8! shows that the mos
probable energy transfers associated withl i b

and l i s
are

bulk and surface plasmon excitations withv.vp and
v.vs5vp /A2, respectively.

IV. CHARGE-STATE EVOLUTION

The time dependence of the charge state,Qp(t), of the
projectile ion during the glancing angle scattering is a k
input quantity for the electronic evolution since it determin
both the strength of the asymptotic Coulomb interaction
tween target electrons and the projectile inVp

c as well as the
indirect interaction through the image potential termVpe

I

@Eq. ~21!#. Specifically, the value ofQp influences the
amount of shift of the convoy electron peak and the abso
yield of electrons. We have therefore performed a simulat
of the charge-state evolution using the same theoretical in
as for the dynamics of the electron emission, as discus
above, focusing, however, on the transient occupation
low-lying bound states rather than continuum states of
projectile.

As the impinging ion approaches the surface, its io
charge state fluctuates in time due to~i! capture of electrons
from the solid into bound states of the ion and~ii ! ionization
of electrons in bound states of the projectile caused by
lisions with particles in the solid. In general, the local val
of Qp(t) is a function of its initial charge state@Qp(t5t0)#
and the capture and loss probabilities near the surface.
corresponding transition probabilities per unit path leng

dPQp ,Qp8/dRx for charge changingQp→Qp8 are obtained
from the description for binary atomic collisions:~i! the
present CTMC results for ionization of Li11(1s2) and
Li21(1s) ions in collisions with the screened target nuclei

FIG. 8. Single DIMFP’s as a function of the energy transfer
an electron velocityve54 a.u. and for different distances of th
electron,z, from the jellium edge.
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SnTe,~ii ! experimental data for ionization of Li ions by fre
electrons~see@38# and references therein!, and ~iii ! present
CTMC results for electron capture processes from theN
shell of SnTe into the ground states of Li ions. If we deno
the impact-parameter-dependent transition probability

P
at
Qp ,Qp8 and assume a random location of target atoms in

r

FIG. 9. Probability per unit path length along the surface for
charge changing reactionsQp→Qp8 during the interaction of 0.3-
MeV/u Li ions with SnTe surfaces as a function of the distan
from the topmost atomic layer.

FIG. 10. The ionic trajectory,Rz(Rx), the typical stochastic
charge-state evolution,Qp(Rx), and the charge-state fractions for a
incident 0.3-MeV/u Li 1 projectile on SnTe surfaces. The sol
squares are experimental data of Kimuraet al. @24# for outgoing
charge-state fractions.



r a

ns

a-
an
e

a
rg
b

s
ia
n
n
.
el
a
he

o
f

of

1
rg
on
t.
e
at
je
g
n

ge
ci
th

ber
bly
y

are
ther
ge
ra of
ined
hts
ich
.

on
is-

ane
o a
of
ast

een
nce
i-

a
rge
im-
ill
-
at

ity

or

a-

458 55CARLOS O. REINHOLD AND JOACHIM BURGDO¨ RFER
surface, the transition probability per unit path length fo
trajectory~nearly! parallel to the surface at a distanced from
the topmost layer is given by

dP
at
Qp ,Qp8

dRx
~d!5ns

atE
2`

`

dyP
at
Qp ,Qp8~Ay21d2!. ~31!

For projectile ionization by target valence electro
treated as quasifree electrons, Eq.~31! should be replaced by

dP
el
Qp ,Qp8

dRx
~d!5nv~d!^sQp ,Qp8&, ~32!

where^sQp ,Qp8& is an average of the electron impact ioniz
tion cross section over electrons in the valence band
nv(d) is the classical density of target valence electrons n

the surface. The total transition probabilitiesdPQp ,Qp8/dRx
per path length for the interaction of 0.3-MeV Li ions with
SnTe surface implies a very rapid fluctuation of the cha
state~Fig. 9!. The present transition rates are in reasona
agreement with the calculations of Kimuraet al. @24# and
Fuji et al. @39# based on the Bohr-Linhard model. Using Eq
~31! and~32! as inverse mean free path lengths, a Poisson
stochastic process@Eq. ~25!# for charge-state fluctuations ca
be calculated, an example of which is shown in Fig. 10. I
typical charge changing cycle,Qp changes about 12 times
Therefore, memory of the initial charge state is complet
lost, not only when the final charge state is reached but
ready during the interaction process in the vicinity of t
surface.

Neglecting multiple electron processes, the evolution
the charge-state fractionsFQp

(Rx) is given by a system o
coupled rate equations

d

dRx
FQp

~Rx!5 (
Qp85Qp61

S dPelQp8Qp~Rx!

dRx
FQ

p8
~Rx!

2
dP

el

QpQp8~Rx!

dRx
FQp

~Rx!D . ~33!

The resulting charge-state fractions for a 0.3-MeV/u Li 1 ion
impinging on SnTe~Fig. 10! displays an abrupt decrease
the charge-state fraction of Li1 ions from a value of one to
almost zero before the projectile reaches a distance of
a.u. from the topmost layer. Subsequently, a quasi-cha
state equilibration is achieved yielding charge-state fracti
of Li 21 and Li31 of about 50%, which persists until exi
The final charge-state fractions are in agreement with exp
mental data@24#. Moreover, indirect evidence exists th
charge-state equilibration is rapidly reached while the pro
tile is still in close proximity to the surface. By measurin
the spectra of ejected electrons in coincidence with the fi
charge state of the emerging projectiles, Kimuraet al. @24#
recently found evidence consistent with a very rapid char
state fluctuation and equilibration near the surface. Spe
cally, no correlation was found between the position of
convoy peak and the outgoing charge state of the ion.
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The rapid charge-state fluctuations and the large num
of charge-changing cycles along the trajectory considera
simplify the simulation of the electron evolution: Initiall
loosely bound projectile electrons att5t0 can be neglected
since a larger number of transient projectile electrons
produced as a result of electron capture. Furthermore, ra
than following simultaneously the evolution of the char
state and of ionized electrons we can calculate the spect
fast electrons as a weighted average of the spectra obta
for the different fixed ionic charge states, where the weig
are given by the equilibrium charge-state fractions, wh
should closely resemble the local values during emission

V. ELECTRON EMISSION

The doubly differential emission spectrum as a functi
of the Cartesian components of the velocity vector is d
played in Figs. 11 and 12 for 0.3-MeV/u Li ions scattering of
a SnTe surface. Figure 11 displays a cut in the velocity pl
(vx ,vy) parallel to the surface while Fig. 12 corresponds t
(vx ,vz) cut in the scattering plane. The void in the center
Figs. 11 and 12 is due to the fact that we consider only f
electrons withve.vp /A2. In order to clearly identify differ-
ent structures, the total ejected electron spectrum has b
decomposed into the components originating from vale
band and from core levels. Both cuts clearly exhibit the ‘‘b
nary ridge’’ @40#, well known from ion-atom collisions. This
structure arises from quasi-two-body collisions between
target electron and the impinging ion. Because of the la
mass of the ion, conservation of energy and momentum
plies that the final velocity of an electron initially at rest w
be ve5uvW p1vW p8u, wherevW p8 has arbitrary direction and mag
nitude vp85vp . This corresponds to a sphere centered
ve5vp with a radius equal tovp . The location of such a
‘‘binary sphere’’ agrees with the region of highest dens

FIG. 11. Density plot in velocity space of ejected valence
core electrons arising from 0.3-MeV/u Li-SnTe collisions cut in the
(vx ,vy) plane parallel to surface. The thick line indicates the loc
tion of the binary ridge.
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55 459THEORETICAL DESCRIPTION OF FAST KINETIC . . .
for valence electrons but not for core electrons. The width
the sphere is due to the initial momentum distribution
electrons in the valence band. The absence of a compa
structure for core electrons is a direct consequence of t
broad momentum distribution, which is comparable to
projectile velocity.

The spectrum of core electrons is seen to peak in
forward direction (vx..vy ,vz) and for velocitiesve*vp .
This region of high density corresponds to the so-called C
for ion-surface scattering, which is caused by the attrac
of the projectile field. The shift of the convoy peak to th
ve.vp region is generally believed to be a direct cons
quence of the image potential induced by the impinging
Vpe
I . The microscopic mechanism leading to the peak can

viewed as rainbow scattering of electrons at the scree
field of the ionVpe

I @23#. In order to illustrate the dramati
effects introduced by this potential we give in Fig. 13 a co
parison of our full simulation with a simulation withVpe

I

turned off. Inclusion of the image of the ion not only broa
ens and shifts the highest density region fromvx.vp, vy
.0 to ve.vp but causes a pronounced void in the forwa
electron spectrum near the regionve.vp . This depletion is a
direct consequence of the expulsion of ejected electrons
the repulsive first half-wave of the induced wake potentia
the immediate vicinity of the ion. It should be emphasiz
that this void is not due to losses by multiple scattering n
the surface, which is included in both calculations of Fig. 1

We expect that similar effects should also take place e
if the ion undergoes subsurface channeling one or two la
inside the solid. If the escape path of the electron is of
order of or smaller than a mean free path, structures ass
ated with the scattering of electrons at the wake should
be visible, though broadened. This is possibly the rea
why the shift of the convoy electron peak could even
observed for surfaces that were not very well characteri
and flat.

We note that an alternative explanation of the shift of
convoy peak has recently been proposed by Baragiola@14#

FIG. 12. As in Fig. 11, however, cut in the (vx ,vz) scattering
plane.
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who suggested that this could be a local charge effect du
the large number of electrons emitted per impinging ion. T
underlying picture is that, typically, of the order of a hundr
slow electrons are emitted per ion giving rise to a large ne
tively charged cloud trailing the ion and whose repulsi
potential would accelerate convoy electrons to larger en
gies. We have estimated the size of this effect and found
be negligible compared to the wake potential. This is due
the fact that for every slow electron emitted, there will b
dependent on the conductivity of the surface, a hole or
induced image charge with a charge of11. Therefore, the
long-range behavior of the resulting perturbation is dipo
like rather than Coulomb-like. Because the center of
charge cloud lags behind a large distance from the ion,
effect of such a dipolelike potential is small.

The doubly differential absolute yield of ejected electro
as a function of the emission energy at various emiss
anglesu5cos21(vx /ve) ~Fig. 14! is broken down into three
distinct components: emission of valence electrons, dir
emission of core electrons, and emission of electrons tr
siently bound to the projectile but originating from targ
cores. The most striking observation is that valence electr
represent only a very small fraction of the total yield of fa
electrons for the present collision system. Consequently,
sharp binary ridge structure for emission of valence electr
~Figs. 11 and 12! shows up only as a shoulder in the tot
yield of electrons. The most discernible structure of the to
spectrum is the convoy electron peak at small emiss
angles, which is primarily due to direct excitation of targ
core states. The dominance of core electron emission in
spectrum of fast electrons is in part due to the larger mu
plicity by a factor ;3.6 of active core electrons in th
N-shell of Sn or Te compared to valence electrons. M
importantly, the ion velocities considered in this wor
vp;3–4 a.u., are close to the matching velocities of tar
core electrons in theN shell of SnTe~see Table I!. Since

FIG. 13. Effect of the wake potentialVpe
I on the spectrum of

ejected electrons. As in Fig. 11, however, sum of the core
valence electrons. Upper frame withVpe

I and lower frame without
Vpe
I .
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460 55CARLOS O. REINHOLD AND JOACHIM BURGDO¨ RFER
direct electron capture from target states into low-lying co
tinuum states of the projectile relies on the overlap of th
momentum distributions of projectile and target states@41#,
core electrons in theN shell are strongly favored in complete
analogy to electron capture in atom collisions~see, e.g.,
@42#!. By contrast, direct ionization of valence electrons in
states with velocitiesvW e;vW p is very unlikely since the initial
velocities of electrons in the valence band, which are smal
than the Fermi velocity (vF;0.9 a.u.!, are small compared to
vp . In other collision systems, emission of valence or co
duction electrons may dominate, e.g., collisions at lower v
locities @13# or experiments involving lighter target atoms
such as pyrolytic graphite surfaces@43#. The latter target has
only two core electrons per atom, which are very tight
bound and possess orbital velocities of;6 a.u. Therefore,
experiments involving ions with a few hundred keV/u ener-
gies will predominantly ionize valence electrons resulting
a pronounced binary peak.

While direct excitation of a valence electron into convo
states is quite unlikely, valence electrons may eventually e
up in the region of the convoy peak as a consequence
electron transport, i.e., multiple scattering. Loosely speakin
this process is analogous to Thomas scattering in ion-at
collisions, in which electron capture of a quasi-free-electro
takes place by a double-scattering sequence, first at the p
jectile and subsequently at the target. In the present case,
two scattering events are separated in time and space
take place on the energy shell. The second scattering ce
is provided by the array of target nuclei in the surface. Th

FIG. 14. Doubly differential yield of electrons per impinging
ion in 0.3-MeV/u Li-SnTe collisions as a function of the electron
energy for different emission angles with respect to thex axis: total
yield ~thick solid line!, valence electrons~thin solid line!, core elec-
trons ~dashed line!, electrons that were transiently captured t
bound states of the ions~dashed dotted line!.
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broad convoy peak originating from valence electrons~Figs.
14 and 15! results from this multiple-scattering sequence.

Multiple scattering is also important in other regions o
the ejected electron spectrum, for example, for emission
energetic valence electrons at large angles~Fig. 15!. They
originate from binary encounter electrons, which are fi
emitted towards the inside of the solid and are subseque
scattered at target cores. At an emission angle of 60°,
pathway to electron emission gives rise to a shoulder in
energy distribution of ejected valence electrons at an ene
that is larger than that of the direct binary peak at the sa
angle @i.e., 2vp

2cos2(60°)]. A similar effect has been ob-
served in transmission experiments@44#. Furthermore, mul-
tiple scattering is responsible for ionizing core electron
which are transiently captured to bound states of the proj
tile contributing 10–20% of the convoy yield.

In Fig. 16 we compare the results of our simulatio
summed over all contributions from the core and valen
electrons, with measurements for the triply differential yie
of ejected electrons. Our simulation predicts a pronounc
convoy electron peak that is considerably shifted to energ
larger than the nominal convoy peak energyE/Ei51. The
peak position and width are in reasonable agreement w
experiment but the calculated shifts are slightly larger th
the experimental ones. At present, the origin of this discre
ancy is not well understood.

The calculations in Fig. 16 consist of a weighted avera
of the spectra obtained for Li1, Li 21, and Li31 ions ~Fig.
17!. These fractions forQp51,2,3 are 10%, 65%, and 25%
at 0.2 MeV/u, 4%, 48%, and 48% at 0.3 MeV/u, and 0%,
25%, and 75% at 0.5 MeV/u, respectively. Because the yield

FIG. 15. Doubly differential yield of valence electrons per im
pinging ion in 0.3-MeV/u Li-SnTe collisions as a function of the
electron energy for different emission angles.
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55 461THEORETICAL DESCRIPTION OF FAST KINETIC . . .
of convoy electrons is proportional toQp
g(g.2), the relative

contribution of the highest charge state is favored. The c
voy peak forQp52 ~Fig. 17! is less shifted than that fo
Qp53, which is a consequence of the fact the image pot
tial is proportional toQp . The present simulation features
relatively weakQp dependence. The first proposed model
convoy electron acceleration predicted a shift proportiona
(Qp21) @9#. The present simulation does not follow th
dependence and it even predicts a shift forQp51 that dis-
agrees with experimental findings for protons. Thus,
simulation appears to somewhat overestimate the shift of
CEP ~see also Fig. 16!.

Absolute yields of ejected electrons would provide a ve
sensitive and critical test of theoretical models. Unfor
nately, no published data for absolute convoy electron yie
are available in the literature because several aspects a
ing the normalization of the experimental yields are not w
understood~e.g., efficiency of the electron spectrometer,
fective target region that interacts with the incident bea
etc.!. We have therefore normalized the data in Fig. 16 to
calculations. Nevertheless, we can compare our abso
yieldsYth with preliminary estimates of experimental yield
kindly provided to us@45# and displayed asYexp in Fig. 16.
The striking result of the comparison between theory a

FIG. 16. Triply differential yield of electrons emitted atu598
mrad in the (x,z) plane in a solid angle of 1003100 mrad2 result-
ing from the interaction of 0.2-, 0.3-, 0.5-MeV/u Li ions with
SnTe~001!: calculated total yield~solid lines!, calculated yield of
valence electrons~dashed lines!, and experiment~open circles!. The
experimental data@24# have been normalized to theory. The calc
lated and experimentally estimated yields per ion within the
width at half maximum are given byYth andYexpt, respectively.
n-
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experiment is that the calculated yields are about an orde
magnitude larger than the measurements. We estimate
yields to be accurate to within a factor of;3. At this mo-
ment, no convincing explanation can be put forward to r
oncile this discrepancy. Experiments currently underway
ORNL using Si targets@16# may shed some light on th
absolute convoy yields in the near future.

VI. CONCLUDING REMARKS

In this work we have introduced a classical trajecto
Monte Carlo approach to describe the emission of fast
netic electrons (ve.2vF) in fast glancing-angle ion-surfac
collisions. The present theory differs from previous a
proaches in that~i! we include both core and valence ele
trons in our microscopic treatment on equal footing and~ii !
we explicitly treat the transport and multiple scattering
electrons near the surface. This allows us to calculate a
lute yields of electrons and to evaluate the relative contri
tion of the different sources of electrons as well as to anal
the relative importance of the different microscopic pr
cesses electrons undergo prior to emission. Our results
the shape of the convoy electron peak at forward emiss
angles are found to be in reasonable agreement with re
experiments. However, there is a sizable discrepancy in
absolute yields of convoy electrons from ion-surface co
sions that remains to be understood.

We have shown that the spectrum of ejected electr
exhibits clear signatures of image interactions near the
face. Employing the hydrodynamical model@46# for the in-
duced potential to treat nonlinear effects in the regime
strong perturbationQp /vp.1 appears an attractive pathwa
for improvement of the simulation. A realistic quantum m
chanical treatment for convoy electron emission for t
present collision systems remains a major challenge.

FIG. 17. Projectile charge dependence of the convoy elec
peak in 0.3-MeV/u Li-SnTe collisions.

l
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APPENDIX A: DYNAMIC SCREENING POTENTIALS

A quantity of key importance of the present simulation
the dyanmic screening potentialVI(vW ,Rz ,sW) from which the
self-image potential of the projectile ion@Eq. ~14!#, the self-
image potential of the electron@Eq. ~22!#, and the indirect
interaction between the projectile and the electron,Vpe

I , via
charge density fluctuations in the surface@Eq. ~21!# can be
th
nt
o-
-

si

d

-
-
-

c-
,

derived. Since a very large number of evaluations of
potential and the corresponding forces are required in
simulation (.1010), a compromise between accuracy a
computational simplicity must be struck. We give here a f
technical details of the evaluation ofVI .

We employ linear response theory using the so-ca
specular reflection model@33#. Within this approximation,
the induced potential is given by the solution of the Poiss
equation for a moving particle near a ‘‘surface’’~the jellium
edge!, which separates vacuum and a material described
dielectric response functione(k,v). Assuming that the par-
allel and perpendicular velocity components of the parti
satisfy the relationv i@v' , the corresponding induced po
tential per unit charge at a positionsW is given by@33#

VI~vW ,z0 ,sW !5Vsurf
I ~vW ,z0 ,sW !1Q~2z!Q~2z0!Vbulk

I ~vW ,z0 ,sW !,
~A1!

with
te
Vsurf
I ~vW ,z0 ,sW !5

1

2pE d2K

K
eiK

W
•SW H Q~z0!FQ~z!S es~K,v!21

es~K,v!11
e2K~z1z0!D1Q~2z!S 2es~K,z,v!

es~K,v!11
e2Kz0D G

1Q~2z0!FQ~z!S 2es~K,z0 ,v!

es~K,v!11
e2KzD1Q~2z!S es~K,z1z0 ,v!2

2es~K,z0 ,v!

es~K,v!11
es~K,z,v! D G J ,

~A2!

Vbulk
I ~vW ,z0 ,sW !5

1

2p2E d3k

k2
eik

W
•[SW 1~z2z0!ẑ] S 1

e~k,v!
21D5

1

2pE d2K

K
eiK

W
•SW@es~K,z2z0 ,v!2e2Kuz2z0u#, ~A3!

and

es~K,z,v!5
K

pE dkz
K21kz

2

eikzz

e~k,v!
, ~A4!

wherev5vW •KW .vKx , Q(z) is a step function, and we use the notationkW5(KW ,kz), sW5(SW ,z). We have adopted a coordina
system moving with velocityv i ~Fig. 1! with thez coordinate of the particle given byz0. TheVbulk

I component of the induced
potential is the well-known induced potential in the bulk of a solid@36#.

If plasmon dispersion along thez axis is neglected@i.e., e(k,v).e(K,v), which implieses(K,z,v).e21(K,v)e2Kuzu],
the induced potential reduces to

Vsurf
I ~vW ,z0 ,sW !.

1

2pE d2K

K
eiK

W
•SW H S e~K,v!21

e~K,v!11
e2K~ uzu1uz0u!D2Q~2z0!Q~2z!S 1

e~K,v!
21De2K~ uzu1uz0u!J , ~A5!

Vbulk
I ~vW ,z0 ,sW !.

1

2pE d2K

K
eiK

W
•SW S 1

e~K,v!
21De2Kuz2z0u. ~A6!
a

ee-
ith
-

The complete anisotropy of the induced potential near
surface greatly complicates its implementation in a Mo
Carlo simulation. A four-dimensional tabulation of the p
tential would be required to treat a collision for a given im
pact energy. For this reason, equations~A1!–~A6! with k
dependent response functions are used only to treat dis
tive processes~see Sec. III D and Appendix B!. Our induced
potentials are instead calculated using a frequency-depen
dielectric function without dispersion~e.g.,@33,36#!,
e
e

pa-

ent

e~v!512
vpv
2

v~v1 ig!
, ~A7!

wherevpv5A4pnv is the classical plasma frequency of
free-electron gas with volume number densitynv andg is an
effective damping constant. For SnTe surfaces the fr
electron gas corresponds to the valence band w
vpv50.555 a.u. andg50.314 a.u. obtained from photoemis
sion spectra@26#. Using Eq.~A7!,
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VI~vW ,z0 ,sW !5
vsv

v
V1~ds ,xs ,rs!1Q~2z!Q~2z0!

vpv

v

3@V1~dp ,xp ,rp8!2V1~dp ,xp ,rp!#, ~A8!

with vsv5vpv /A2 ,

ds,p5
g

vsv,pv
, ~A9!

xs,p5
vsv,pv

v
x, ~A10!

rs,p5
vsv,pv

v
Ay21~ uzu1uz0u!2, ~A11!

rs,p8 5
vsv,pv

v
Ay21~z2z0!

2, ~A12!

V1~d,x,r!5Q~x!F0,0~d,uxu,r!1Q~2x!FF0,0~2d,uxu,r!

2
4

A42d2
e2duxu/2sin~xA42d2/2!H0~d,r!

22de2duxu/2cos~xA42d2/2!G0~d,r!G ,
~A13!

Fn,k~d,x,r!5E
0

`

dq
qkJn~qr!e2qx

11q21qd
, ~A14!

Gn~d,r!5E
0

`

dq
qn11Jn~qr!

~11q2!22q2d2
, ~A15!

Hn~d,r!5Kn~r!1
d2

2 E0
`

dq
qn11Jn~qr!~113q2!

@~11q2!22q2d2#~11q2!
,

~A16!

whereJn andKn denote Bessel and modified Bessel fun
tions, respectively. The gradient of the potential can be ea
expressed in terms of the functionsF0,1,F1,1,G0 ,G1 ,H0 ,
andH1. Note that the arguments of these functions dep
only on reduced quantities, which greatly facilitates th
tabulation.

Apart from its simplicity, our choice of the local dielectri
function ~A7! can be justified by the observation by Garc
de Abajo and Echenique@33# that for fast particles
(v.1.5vF) resulting self-image interactions are in extreme
good agreement with the ones obtained using more elabo
models. Deviations are expected to occur, however, inVpe

I

for xs,0,rs,1. In this region the wake resulting from Eq
~A7! contains a logarithmic singularity in the limitrs→0
due to the modified Bessel function in Eq.~A16!, which is
not present in calculations including dispersion@33,36#. This
singular behavior is frequently circumvented by using a c
off at q5vp /vF in the integrals of Eqs.~A14!, ~A15!, and
~A16!, however, at the price of an unphysical behavior of
-
ily

d
r

te

t-

e

induced potentials at large distances from the surface.
stead, we set the derivatives ofH0 andG0 to a constant for
r,rmin with rmin.vF /(3vp). We have verified that our simu
lation is not sensitive to variations ofrmin to within a factor
of 3 around this value. We also note that an additional lo
rithmic divergence exists in the gradient of the potent
through the functionF0,1 in the limits xs→0 and rs→0.
However, in this region, the dynamics is governed by
stronger singularity of the Coulomb field of the projecti
and this term is negligible.

At large separationsVe
SI and Vpe

I converge to classica
Coulomb-like image interactions

Vpe
I ——→
xs ,rs→1`

2
Qp

A~z1uRzu!21y21~x1gvp /vsv
2 !2

, ~A17!

Ve
SI ——→

uzu→1`

2
Q~z!

4z
2

Q~2z!vpv

2vei
A42dp

2

3Fp22tan21S dp

A42dp
2D G . ~A18!

Figure 18 depicts the position of the corresponding ima
centers. The dynamic image of the projectile is characteri
by the fact that the image charge lags behind the ion b
distance that is proportional to the ion velocity. Note, ho
ever, that the picture of Coulomb-like image interactions
only valid at large separations from the surface. Becaus
the choice~A7! for the dielectric function, the image plan
coincides with the jellium edge. We have verified that o
ejected electron spectra are insensitive to changes of60.5
a.u. in the position of the jellium edge.

Equation~A8! should account for the polarization and d
electric response of core electrons since small distancesd of
the projectile from the top row of surface atoms significan
contribute. We employ a simple estimate of the polarizat
of core electrons in the dynamic screening potential in ter
of an inhomogeneous electron gas with a local plasma
quency@47#

vp
2~d!5vpv

2 1(
n,l

4prn,l~d!, ~A19!

wherern,l(d) denotes the planar-averaged number density
electrons in the state with quantum numbersn,l . The polar-
ization of core electrons is accounted for usingvp(d) instead
of vpv in Vpe

I . Pitarkeet al. @47# have successfully imple
mented this approach to explain the anomalously large s

FIG. 18. Position of image charges at large distances.
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of the radiative electron capture peak observed by Vaneet al.
@48# for titanium ions channeled in a gold single crystal. W
have determined the electronic densitiesrnl entering Eq.
~A19! from core states of isolated atoms with Hartree-Fo
approximation@49#.

APPENDIX B: COLLISION KERNELS

For the evaluation of the inelastic DIMFP’s@Eqs.~29! and
~30!#, it is straightforward to incorporate dispersion effec
into the dielectric response function. This is different fro
the calculation ofVI ~see Appendix A!. We therefore choose
here the plasmon-pole approximation with dispersion a
single-particle single-hole excitations for valence electron

e~q,v!511
vpv
2

b2q21q4/42v~v1 ig!
, ~B1!

whereb5vFA3/5. We use the same dielectric function f
l i b

21 andl i s
21 upon replacingq by Q. We point out that at

small distances from the surface and speedsve comparable
to the threshold for electron impact excitation of core el
trons, contributions from inner shells to the DIMFP, n
glected in the following, could possibly contribute as wel

Irrespective of the choice ofe(q,v), a two-dimensional
probability distribution must be constructed. From Eqs.~29!
.

pn

.

e,

s.

A

e

k

d
:

-

and ~30!, the resulting doubly DIMFP as a function of th
energy and momentum transfers are given by

d2l i s
21

dQdv
5

2e22Quzu

pAQ2ve
22S v1

Q2

2 D 2
3ImS 12e~Q,v!

e~Q,v!11DQ@vm~Q!2v#, ~B2!

d2l i b
21

dqdv
5

2

ve
2pq

~12e22quzu!ImS 21

e~q,v! D
3Q@vm~q!2v#Q~2z!. ~B3!

The random vectorsqW andQW can be obtained from ran
dom values ofq,Q,v and the energy transfer equation
v5qW •vW e2(q2/2) or v5QW •vW e2(Q2/2). In order to accom-
plish an efficient numerical sampling of energy and mom
tum transfers we make one additional approximation by
glecting the recoil termQ2/2 term inside the square root i
Eq. ~B2!. This permits the analytical integration of Eq.~B2!
overv.
e,

.

4

s.

-
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