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Auger, resonant, and plasmon-assisted charge-transfer processes in atom-surface collisions
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The Keldysh Green’s-function formalism is used to evaluate the atomic occupation number of a projectile
colliding with a metal surface. This formalism has an advantage that allows us to handle simultaneously Auger,
resonant, and plasmon-assisted exchange processes along with the interference between them. A time-
dependent Hamiltonian containing Auger-like and resonantlike terms, and the electron-electron Coulomb po-
tential in the solid, is proposed. The atomic self-energies are calculated up to a second order in the interaction
potential. An effective resonant amplitude is defined, and Auger self-energies are presented where the
plasmon-assisted processes are included through a surface response function. Finally, some numerical results
for a proton colliding with an Al surface by using a simplified description of the solid response function are
presented, where an analysis in terms of the incidence angle and the energy level is shown.
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I. INTRODUCTION

The scattering of ions and atoms by solid surfaces i
collisional process where many-body interactions toget
with complex dynamical aspects of the collision are
volved. Existing experimental data over many differe
projectile-target combinations1–4 reveal the importance o
the study of ion-surface collisions to determine the struct
of both projectile and target. The resonant and the Au
neutralization mechanisms have been currently assume
the available ones. In the first case, a high-lying level of
ion at the valence-band energies is neutralized by one sur
electron. Thus a one-electron description is adequate bec
the solid relaxation effects are small. For low-lying leve
there are no single-electron transfers that can preserve
energy of the system. In this case an electron of the sur
makes the transition to the low-lying level of the incomin
ion, and the potential energy is transferred to a second e
tron of the surface, which is ejected. This two-electron p
cess is the Auger neutralization channel. But there is exp
mental evidence of other multielectron channels, in which
electron is captured by the ion, and the energy released in
process is absorbed by some surface collective excitation5 It
is observed that, for low-energy He1 and Ne1 projectiles
scattered from Al and Mg surfaces, the plasmon-assis
neutralization is more important than the Auger neutrali
tion mechanism. Furthermore, the remarkable excitation
bulk plasmons cannot be ascribed to the projectile pene
ing the solid, since bulk plasmon structures are domin
even at collision energies as low as 30 eV.

During the last years great progress in the theoret
treatment of the electron exchange problem for ions mov
in free-electron-like solids has been achieved. The linear
sponse approximation~LRA! Ref. 6 and the density
functional approach are commonly used to describe ions
teracting with a solid.7 In an ion-surface collision, the sudde
turn on and off of the electron exchange interaction re
570163-1829/98/57~23!/14919~11!/$15.00
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difficult the use of such formalisms, and a time-depend
approach becomes indispensable. First, rate-equations m
els were used to calculate the atomic charge fractions w
different levels of sophistication.8 In these models the rat
coefficients are calculated assuming an instantaneous i
action between the atom and the solid, therefore, the dyna
cal effects of the exchange process are disregarded.

The pioneering paper of Keldysh,9 in which an analogy to
the usual Feynman technique is developed for calcula
Green’s functions for time-dependent Hamiltonians, ser
as the starting point for the treatment of nonequilibriu
problems. In 1976, Blandin, Nourtier, and Hone applied t
formalism to the calculation of the atomic population for
time-dependent resonant exchange process.10 Since then, a
growing number of papers was devoted to the study of o
electron transfer within the Keldysh formalism. Resona
and quasiresonant channels were considered to simulate
perimental results in slow ion-surface collisions.11–13 For
projectiles that have a chance of being negatively char
during the collision, the intra-atomic interaction has be
also treated by using the Keldysh formalism.14

On the other side, the Auger and plasmon-assisted ch
nels have been studied in the past years within a r
equation framework. Snowdonet al.calculated total rates fo
both resonant tunneling and Auger transfer for a static H1

ion near a jellium surface.15 Almulhem and Girardeau pro
posed the surface-plasmon-assisted exchange process
calculations of the matrix elements for this process ha
been performed within a fixed-ion approximation.16 Zimmy
et al.analyzed the interplay of resonant and Auger proces
in proton neutralization for grazing incidence. Both chann
were considered on an equal footing within the rate-equa
approach.17 Recent works show that a correct description
the solid response function that includes the collective a
electron-hole pair excitations leads to a good agreement
the experimental results.18

As far as we know, the only attempt to apply the Keldy
14 919 © 1998 The American Physical Society
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formalism approach to the treatment of the Auger excha
channel was done by Makoshi and Kaji in 1991.19 In this
paper they calculated the second-order self-energy fo
Hamiltonian with a time-dependent Auger-like potenti
They focused on the slow ion collision case, and used
wide-band approximation to justify the use of the ra
equation approach when the band is wide enough comp
to the energy scale of the particle motion.

In this paper we present anab initio approach based o
the Keldysh Green’s-function formalism that unifies t
resonant tunneling with the Auger and plasmon-assis
electron exchange mechanisms. A time-dependent Ha
tonian with surface symmetry is proposed, and the Keld
Green’s function for the atomic state is calculated through
Dyson equation. The self-energy is obtained by using
Feynman diagrammatic technique up to a second order in
interaction potential. The plasmon-assisted processes ap
when the Auger lines in the diagrammatic expansion
screened by the Coulomb potential as in theGW
approximation.20 This yields a surface susceptibility functio
that simulates the response of the surface as in the LRA
using Auger and plasmon-assisted processes as nonsep
excitations of the surface.21 The great advantage of this ap
proach is that it allows one to improve in a systematic w
the calculation of the atomic population by including mo
terms in the series expansion of the self-energy.

The paper is organized as follows: In Secs. II A and II
the Keldysh formalism and the correlation functions need
for the evaluation of the charge-state fractions are presen
In Sec. II C, the second-order self-energy is calculated
Sec. II D, the particular case of bulk-plasmon-assisted p
cesses is considered, where the bulk dielectric function
pears automatically. In Sec. III, by using a simplified d
scription of the solid response function, we show so
results for a proton impacting on an Al jellium target, and t
interplay between the resonant processes and the b
plasmon-assisted processes is analyzed. Finally, in Sec
some concluding remarks are presented.

II. THEORY

A. Keldysh formalism

In this section we introduce the formalism to calculate
neutralization rates for a one-state atom when it is scatte
from a metal surface. The resonant, Auger, and plasm
assisted channels, together with the effects of the dynam
evolution, are considered. We assume a classical trajec
for the ion which yields a time-dependent Hamiltonian; t
Keldysh Green’s-function formalism9 is then the adequat
method to calculate the population of the states for this n
equilibrium process. The total Hamiltonian can be written

H5H01H1~ t !,

whereH0 is the noninteracting part involving the sum of th
energy terms related with the ion and metal band states

H05«aca
†ca1(

kW
«kWckW

†
ckW .

We have chosen the solid as the inertial reference sys
then «a is the orbital energy plus the kinetic energy due
e

a
.
e

-
ed

d
il-
h
s
e
he
ear
e

by
able

y

,
d
d.
n
-

p-
-
e

lk-
V,

e
ed
n-
al
ry

-
s

m,

the ion velocity. The interaction Hamiltonian,H1(t) involves
the resonant and the Augerlike terms, and the electr
electron Coulomb potential in the solid:

H1~ t !5(
kW

@VkWa~ t !ckW
†
ca1H.c.#

1 (
kW ,kW8,kW9

@VkWkW8kW9a~ t !ckW
†
ckW8

†
ckW9ca1H.c.#

1 1
2 (

kW ,kW8,kW9,kW98
VkWkW8kW9kW98ckW

†
ckW8

†
ckW9ckW98.

The resonant interaction is chosen to be a hopping po
tial:

VkWa~ t !5^kW u
2Ze

ur 2R~ t !u
ua~ t !&;

a more general one-electron potential term will not mak
real difference in what follows. The Augerlike term is a tw
electron potential between the solid and the ion states:

VkWkW8kW9a~ t !5^kW u^kW8u
1

ur 2r 8u
ukW9&ua~ t !&. ~1!

Finally, the two-electron potential between the band sta
has to be considered in order to include the plasmon-ass
neutralization channel, arising from the dynamic screen
by the metal electrons:

VkWkW8kW9kW985^kW u^kW8u
1

ur 2r 8u
ukW9&ukW98&. ~2!

It is worthwhile to point out that the atomic and ban
states involved in the evaluation of the transition amplitud
VkWa(t) and VkWkW8kW9a(t) should be orthogonalized states. T
keep the usual commutative relations between the state
ation and destruction operators, the electron field operato
real space must be expanded in a complete set$ckW ,ca%, im-
posing the orthogonality condition.

The Keldysh formalism is a rigorous theory of nonequ
librium processes consisting of an extension of the us
diagrammatic techniques for calculating Green’s functio
As clearly explained by Blandin, Nourtier, and Hone, t
correlation functions defined for a time-dependent process
not fulfill Wick’s theorem, and their diagrammatic expansio
in terms of noninteracting functions is not valid. Th
Keldysh method solves this problem by introducing a cor
lation function evaluated in the variabless ands8 that runs
over the contourC shown in Fig. 1, that admits a diagram
matic expansion, and from which the usual two-time Gree
functions can be extracted.10 In the case we are interested i
the population of the atomic state as a function of time c
be calculated through the evaluation of the followin
Keldysh Green’s function:

Ga~s,s8!52 i ^0uTc@ c̃a~s!c̃a
†~s8!Sc#u0&, ~3!

whereTc is the chronological ordering operator on the co
tour C
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Tc@ c̃a~s!c̃a
†~s8!#5H c̃a~s!c̃a

†~s8! if s.s8

2 c̃a
†~s8!c̃a~s! if s,s8,

andSc is the scattering operator defined as

Sc5Tc expF2 i E
c
H̃1~s!dsG ,

c̃a andH̃1 being the atomic state destruction operator and
interaction potential in the interaction scheme, respective

The atomic and band states are mixed by the presenc
H̃1; then the Feynman perturbation expansion of Eq.~3! will
give us a result in terms of the unperturbed Keldysh Gree
functions

Ga
0~s,s8!52 i ^0uTc@ c̃a~s!c̃a

†~s8!#u0&

and

GkW
0
~s,s8!52 i ^0uTc@ c̃kW~s!c̃kW

†
~s8!#u0&.

A Dyson equation forGa(s,s8), and consequently a self
energyS(s,s8), are defined:

Ga~s,s8!5Ga
0~s,s8!1E

c
Ga

0~s,s1!S~s1 ,s2!

3Ga~s2 ,s8!ds1ds2 . ~4!

The self-energy for the atom propagator has a straight
ward perturbation expansion in powers of the interaction
tential, and, as in the time-independent case, it is bette
truncate the series expansion of the self-energy and to s
Eq. ~4! rather than approximating the Green’s function itse
OnceGa(s,s8) is calculated , it only remains to recover th
real-time Green’s functions from it. By using the fact that f
each real timet, two values ofs can be associated, th
branches involved fors and s8 give rise to four functions
Gab, wherea andb are1 or 2 depending on the position
of s ands8 on the upper (1) and lower (2) branches of the
contourC. By applyingTc to theSc definition, it is easy to
arrive at the following expressions:

Ga
115Ga~ t,t8!,

Ga
112Ga

125Ga
r ~ t,t8!,

Ga
112Ga

215Ga
a~ t,t8!, ~5!

FIG. 1. ContourC defines the relation between thet and s
variables. Whiles runs over the contour from2` to ` , t runs
from 2` to t and again to2`. For eacht variable, the upper and
lower branches of the contour define a Keldysh Green’s functio
e
.
of

’s

r-
-
to
lve
.

Ga
111Ga

225F~ t,t8!,

where Ga(t,t8)52 i ^C(0)uT@ca(t)ca
†(t8)#uC(0)& is the

causal two-time Green’s function, where the fermionic o
erators are in the Heisenberg representation, andT is the
usual chronological ordering operator. The other tw
Green’s functionsGa

r (t,t8) andGa
a(t,t8) are the retarded and

advanced ones, respectively.F(t,t8) is related to the occu-
pation of the atom-state. In order to evaluate the atom-s
population as a function of timen(t), it is better to deal with
F(t,t8) instead ofGa(t,t8), which is not well defined att
5t8. The average occupation number can be calculated f
F(t,t8) as follows:10

n~ t !5
@12 iF ~ t,t !#

2
. ~6!

Similar relations are satisfied by the self-energy:

S111S125S r~ t,t8!,

S111S215Sa~ t,t8!, ~7!

S111S225V~ t,t8!.

B. Equations of motion

The diagrammatic technique is a step-by-step method
gives us an approximated solution forS(s,s8), and through
Eq. ~7! approximations forSa,r(t,t8) andV(t,t8). It is more
convenient to calculateGa

a,r andF directly instead of solving
G(s,s8). This can be done through their equations of moti
that are obtained by differentiating the time version of E
~4!. For simplicity, we introduce the reduced Green’s fun
tions

ga
a,r~ t,t8!5ei *

t8
t

«a~t!dtGa
a,r~ t,t8!,

f ~ t,t8!5ei *
t8
t

«a~t!dtF~ t,t8!

and similar expressions for the reduced self-energiesea,r and
v. The equations of motion for these new quantities are

i
d

dt
ga

a,r~ t,t8!5d~ t2t8!1E
2`

`

ea,r~ t,t1!ga
a,r~ t1 ,t8!dt1 ,

i
d

dt
f ~ t,t8!5E

2`

t8
v~ t,t1!ga

a~ t1 ,t8!dt1

1E
2`

t

e r~ t,t1! f ~ t1 ,t8!dt1 ,

with the following boundary conditions:

ga
a~ t,t8!50 if t8,t,

ga
r ~ t,t8!50 if t8.t,

f ~2`,t8!5@2n~2`!21#ga
a~2`,t8!.

Several features are remarkable:~1! ga
a,r is solely deter-

mined byea,r , and is independent of the orbital initial popu

.
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14 922 57M. A. VICENTE ALVAREZ, V. H. PONCE, AND E. C. GOLDBERG
lation; therefore the orbital population cannot be extract
from these functions.~2! f (t,t8) is determined byga

a(t1 ,t8)
for 2`,t1,t8 with a boundary condition that depends o
the initial population.~3! A similar equation of motion can
be achieved for f (t,t8) as a function ofga

r (t1 ,t8) for
t8,t1,`, and a boundary condition that depends on t
final population.

C. Self-energy

If we assume the solid to be a jellium, but consider e
plicitly the translational symmetry that remains in the dire
tion parallel to the surface, the Auger potential term Eq.~1!
can be written in its most general form as

(
kW ,kW8,qiÞ0,k9

V
kW ,k8,k9,a

qi ckW
†
ckW8

†
c~ki82qi ,k9!ca1H.c. ~8!

where now the solid indexkW5(ki ,k) labels a state with com-
ponentski and k parallel and normal, respectively. In thi
section, when the labelk appears without the arrow, we refe
to the normal component. Moreover, the Coulomb poten
Eq. ~2! becomes

1
2 (

kW ,kW8,qiÞ0,k9,k98

V
k,k8,k9,k98

qi ckW
†
ckW8

†
c~ki82qi ,k9!c~ki1qi ,k98! . ~9!

The atomic self-energyS(s,s8) up to a second order in
the Auger and resonant potentials can be symbolized by
diagrams shown in Fig. 2, where solid lines are attached
noninteracting band propagators, and waved curves are
tached to Auger interactions, while the points at the solid li
edges represent resonant processes. Diagrams~a!–~d! have
the peculiarity that only one electron is propagating in tim
therefore they can be summed to give

SR~s,s8!5(
kW

VkW ,a
8 ~ t !* VkW ,a

8 ~ t8!GkW
0
~s,s8!, ~10!

FIG. 2. Second-order self-energy diagrams. Solid lines are
sociated with band electron propagators, and waved lines with
Auger transition amplitudes. The points at the solid lines edges
resonant exchange amplitudes. Diagram~a! represents a pure reso
nant process. Diagrams~b! and ~c! are interferences between reso
nant and Auger transitions. Diagrams~d!–~f! are associated with
pure Auger processes. We refer to~e! as the direct Auger contribu-
tion, and~f! as the exchange Auger contribution to the self energ
d

e

-
-

l

he
to
at-
e

;

where an effective resonant amplitude has been defined

VkW ,a
8 ~ t !5VkW ,a~ t !2(

qW
V

qW ,k,q,a

ki2qi ~ t !nqW . ~11!

Equation~10! comprises resonant processes, and those
ger transitions where the solid excitation does not propag
in time, along with the interference between them.

By using Eq.~7!, it is straightforward to obtain the two
time self-energies

SR
a~ t,t8!5 iQ~ t82t !(

kW
VkWa

8 ~ t !* VkWa
8 ~ t8!e2 i«kW~ t2t8!,

SR
r ~ t,t8!5SR

a~ t8,t !* , ~12!

VR52 i(
kW

VkWa
8 ~ t !* VkWa

8 ~ t8!e2 i«kW~ t2t8!~122nkW !.

The last two diagrams@Fig. 2~e! and 2~f!# represent Auger
transitions assisted by an electron-hole excitation, wh
both electron and hole propagate in time. In Fig. 2~e!, the
transferred electron behaves like a free particle, and the s
polarization can be expressed, as in the LRA, through a
sponse function. We will refer to this case as the direct A
ger transition, and its contribution to the self-energy is

SD~s,s8!52 i (
kW ,qi ,k8,k9

V
kW ,k8,k9,a

qi ~ t !* V
kW ,k8,k9,a

qi ~ t8!

3GkW
0
~s,s8!P

k8,k9

qi ~s,s8!, ~13!

where we have introduced the polarization function

P
k8,k9

qi ~s,s8!52 i(
ki8

G
~ki8 ,k8!

0
~s,s8!G

~ki82qi ,k9!

0
~s8,s!,

~14!

that is very similar to the one obtained in the LRA.
Finally, Fig. 2~f! symbolizes those processes where

recaptured electron is different from the one lost by the ato
These exchange processes give the following contributio
the total self-energy:

SE~s,s8!52 (
kW ,kW8,qi ,qi8 ,k9

V
kW ,k8,k9,a

qi ~ t !*

3V
kW8,k,k9,a

qi2ki81ki~ t8!GkW
0
~s,s8!GkW8

0
~s,s8!

3G
~ki82qi ,k9!

0
~s8,s!. ~15!

If the electron-electron Coulomb potential in the solid
disregarded, the second-order self-energy is the additio
Eq. ~10! to Eqs. ~13! and ~15!. Nevertheless, it is known
from experimental observations that the plasmon-assi
transitions play an important role in the neutralization
ions. In addition, the linear response theory puts b
electron-hole pair and plasmons in the same framework

s-
e

re

.
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defining the dielectric response function in a way that
solid behaves like an external body that provides the ene
and momentum necessary to assure the transition. Follow
a similar procedure, we replace the Auger interactions w
screened lines.22 Figure 2~e! is then substituted by Fig. 3~a!,
where the four vertex function is expanded in terms of
Coulomb interaction in Fig. 3~b!; the screening of Fig 2~f!
gives four diagrams~Fig. 4!. The effect of considering the
electron exchange mechanism assisted by the collective
electron-hole pair excitation in the solid is just to replace
polarization functionP

k8,k9

qi (s,s8) in Eq. ~13! by the suscep-

tibility function x
k8,k9,q8,q9

qi (s,s8), and the direct Auger self
energy becomes

SD~s,s8!52 i(
kW ,qi

(
k8,k9,q8,q9

V
kW ,k8,k9,a

qi ~ t !*

3V
kW ,q8,q9,a

qi ~ t8!GkW
0
~s,s8!x

k8,k9,q8,q9

qi ~s,s8!.

~16!

As the unperturbed part of the Hamiltoninan and the
teraction potential involved in the calculation of the susc
tibility function are time independent, from the four two-tim
susceptibilities only one survives. In addition, it must
identical to that obtained in the LRA and a function of t
time difference. Therefore, a Fourier transformation can
performed, and a frequency functionx

k8,k9,q8,q9

qi (Ã) can be
defined. The retarded piece of this function is closely rela
to the dielectric response function.23 In Sec. II D, we presen

FIG. 3. ~a! Diagrammatic representation of the direct Aug
contribution to the self-energy when the Auger interaction lines
screened by the Coulomb potential between band states. The
vertex function represented by a filled square is the susceptib

function x
k8,k9,q8,q9

qi . ~b! Diagrammatic expansion ofx
k8,k9,q8,q9

qi in
terms of the Coulomb potential~waved lines!.
e
y

ng
h

e

nd
e

-
-

e

d

the form of the dielectric function when the solid wave fun
tions are approximated by plane waves. Although the ded
tion is given for a particular case, the same procedure ca
carried out when the breaking of symmetry due to the surf
is considered.

The Auger exchange self-energy expressions are not
sented here. They can be straightforwardly obtained as p
ucts of unperturbed Green’s functions and susceptibi
functions.

D. Bulk dynamical response

To keep the mathematics as simple as possible, but a
same time to give an example of the application of the f
malism, we approximate the electron-hole pair wave fu
tions by plane waves in the Auger and Coulomb potentia
As a direct consequence, no surface polarization will be
tained, that is to say, only bulk plasmons and electron h
excitations would be the product of the Auger exchange p
cess. With this assumption, the Auger potential amplitu
becomes

VkW ,qW ,a~ t !5
4p

q2
^kW ue2 iqW rWua~ t !&,

wherekW is now a three-dimensional vector,qW is the momen-
tum transferred during the process, and the Coulomb po
tial has the usual expression

1

2 (
kW ,k8W ,qW Þ0

4p

q2
ckW1qW

†
ckW82qW

†
ckW8ckW .

The effective resonant amplitude is reduced to

VkWa
8 ~ t !5VkWa~ t !2(

qW
VkW2qW ,qW ,a~ t !nkW2qW ,

and the direct Auger self-energy becomes

SD~s,s8!52 i(
kW ,qW

VkW ,qW ,a~ t !* VkW ,qW ,a~ t8!GkW
0
~s,s8!xqW~s,s8!,

~17!

where the susceptibility depends onqW , the momentum trans
ferred to the solid.

The four two-time self-energies become

FIG. 4. When the Auger exchange diagram@Fig. 2~f!# is
screened by the Coulomb potential, four terms appear. The
term is equal to the original one, the second and third terms ar
the first order in the susceptibility function, and the fourth term i
second-order correction.

e
ur

ty
S̄D~ t,t8!52 i(
kW ,qW

VkW ,qW ,a~ t !* VkW ,qW ,a~ t8!S GkW
011

~ t,t8!xqW
11

~ t,t8! 2GkW
012

~ t,t8!xqW
12

~ t,t8!

2GkW
021

~ t,t8!xqW
21

~ t,t8! GkW
022

~ t,t8!xqW
22

~ t,t8!
D ,
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where the fourxqW
ab(t,t8)’s are not all independent. It can b

shown that they have a self-energy character, therefore,

xqW
11

~ t,t8!5Q~ t2t8!xqW
21

~ t,t8!1Q~ t82t !xqW
12

~ t,t8!,

and, introducing the susceptibility Fourier transfor
x11(qW ,Ã),

x11~qW ,Ã!52x22~qW ,Ã!* .

By using these two relations, the self-energy advanced p
can be written in terms ofx11(qW ,Ã) as

SD
a ~ t,t8!52Q~ t82t !(

kW ,qW
VkW ,qW ,a~ t !* VkW ,qW ,a~ t8!

3E
2`

` dÃ

2p
e2 i ~«kW1Ã!~ t2t8!@nkW x11~qW ,Ã!

2~12nkW !x
11~qW ,Ã!* #, ~18!

and similar expressions can be obtained forSD
r andVD .

It is remarkable that the two-time self-energies depe
exclusively onx11, which is the jellium susceptibility in the
time-independent case. This is a direct consequence o
time-independent character of the Coulomb potential, an
the way the Auger amplitudes were screened. For posi
frequency valuesx11(qW ,Ã)5x r(qW ,Ã), wherex r is the re-
tarded piece given byx r51/«(qW ,Ã)21, with «(qW ,Ã) the
dielectric response function. Using

x11~qW ,Ã!5
2

2pE0

`

dÃ8Im@x11~qW ,Ã8!#

3S 1

Ã82Ã2 ih
1

1

Ã81Ã2 ih
D ,

theÃ integration can be reduced to only positive values, a
x11(qW ,Ã) can be replaced byx r .23 Finally, the direct Auger
self-energies become

SD
a ~ t,t8!5 iQ~ t82t !(

kW ,qW
VkW ,qW ,a~ t !* VkW ,qW ,a~ t8!

3E
0

`dÃ

2p
e2 i«kW~ t2t8!2 ImS 21

«~qW ,Ã!
D @nkWe

iÃ~ t2t8!

1~12nkW !e
2 iÃ~ t2t8!#,

SD
r ~ t,t8!5SD

a ~ t,t8!* , ~19!
ce

d

he
of
e

d

V~ t,t8!52 i(
kW ,qW

VkW ,qW ,a~ t !* VkW ,qW ,a~ t8!

3E
0

`dÃ

2p
e2 i«kW~ t2t8!2 ImS 21

«~qW ,Ã!
D

3@nkW eiÃ~ t2t8!2~12nkW !e
2 iÃ~ t2t8!#.

These are our final expressions. They give the direct A
ger self-energies as a product of three meaningful terms:~1!
VkW ,qW ,a

* VkW ,qW ,a , the electronic exchange probability assisted

an excitation of momentumqW , ~2! Im@21/«(qW ,Ã)#, the ex-
citation probability that takes into account the response
the solid as an interacting electronic system; and~3!
(12nkW) and nkW , the condition imposed by the Pauli prin
ciple that an electron must be captured from an occup
state and lost to an empty one. The direct Auger contribut
to the self-energy can be viewed as the product of the in
action of three bodies: the ion with a fixed classical traje
tory, the transferred electron, and finally the solid that a
like an energy and momentum bath. These component
the system interact when a transfer process occurs, m
while, they propagate following their own dynamics: th
transferred electron behaves like a free particle, while
excitation induced in the medium has a time depende
fixed by its energy and momentum. These phases are con
ered in the Keldysh approach, so the quantum characte
the transfer process is preserved. Conversely, within the r
equation approximation the solid response is instantane
and static; the excitation induced in the medium does
propagate in time and the quantum character of the proce
lost.

In the exchange Auger processes@Figs. 2~f! and 4# the
system cannot be separated into different components
cause of the undistinguishable character of the electrons
time evolution of the particles between successive inter
tions appears to be crucial, and the contribution to the s
energy to be of the same order as the direct Auger contr
tion. With the Keldysh formalism one can handle these t
contributions to the self-energy on an equal footing alo
with the interference between them.

Other important improvements with respect to the ra
equation model can be stressed. Equation~19! can be written
as the sum of two contribution: the positive frequency te
~left side!, can be associated with the capture process,
the negative frequency term~right side!, which can be asso
ciated with loss processes. When the calculation of
atomic population is performed, these contributions mix a
interfere with each other to give the final result. Converse
in the rate-equation approach the contributions of capt
and loss processes are artificially separated because the
fluence on the evolution of the atomic population is e
pressed through probabilities. Moreover, in a rate-equa
approach the probabilities govern the time evolution of
atomic population, while in the Keldysh formalism the fu
quantum character of the scattering is preserved through
time dependence of the probability amplitudes.

It is worthwhile to point out that in the stationary case
an atom moving in an infinite jellium the Auger amplitude
time dependence is a phase factor. It is straightforward
show that in that case Eq.~19! reduces to those expression
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proposed by Echenique, Flores, and Ritchie calculated f
a different point of view.24

The total self-energy is

ST~ t,t8!5SR~ t,t8!1SD~ t,t8!1SE~ t,t8!, ~20!

whereSR(t,t8) is defined in Eq.~12!, SD(t,t8) in Eqs.~19!
or ~16! when the surface effects are taken into account,
SE(t,t8) in Eq. ~15!.

Equation~20! is the central result of this work, where th
most relevant charge-exchange mechanisms have been i
porated into the same framework, giving place to interf
ences between them in a natural way within the formalis
The dynamical character of the scattering process is ta
into account together with the dynamical response of
solid, allowing not only for an Auger neutralization proce
but also for a plasmon-assisted neutralization one.

In the Keldysh approach, the self-energy contains all
physical effects involved in the description of the system.
great advantage resides in its additive character: new me
nisms can be incorporated simply by adding new terms.
way to improve the formalism becomes clear: better s
energies will give better results. In our case, for example
more realistic description can be obtained by replacing
unperturbed propagators of the transferred electron in F
3~a! and 4, with propagators screened by the electr
electron potential. Then the transferred electron will pro
gate between successive exchange processes as an in
ing particle and not as a free one. Moreover, the perturba
series in the interaction potentialHI can be continued to
higher orders, going beyond the LRA approximation, a
realistic image effects can then be incorporated. We beli
that the self-energy proposed in Eq.~20! is complex enough
to describe the problem, and the surface susceptibility fu
tion allows us to handle bulk- and surface-plasmon-assi
transitions along with the resonant and Auger mechani
Finally, by slightly changing the interaction potential an
following similar steps, Auger transitions with electron-ho
creation in the atom or quasiresonant mechanisms can
be incorporated.

III. RESULTS

The aim of this section is to present an application of
formalism to a simple model of an ion-solid collision. Acc
racy in the description of the actual process is sacrificed
behalf of simplicity. At low ion velocities it is expected tha
the resonant channel is more important than the Au
mechanism, while at high velocities the situation is invert
As an example of the interplay of the different channels
volved in the ion neutralization, we perform the calculati
at an intermediate ion velocity, at which both channels
expected to be equally important. We consider the case
one-state ion that impacts on an Al target, considering o
bulk dynamical response. This restriction allows us to ca
out a simple preliminary calculation in order to clarify th
role played by the bulk-assisted transitions. The compari
with the experimental results requires a more rigorous
scription of the surface response function, which is left fo
forthcoming paper.

The resonant and Auger self-energies are calculated f
m
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Eqs. ~12! and ~19!, approximating the solid wave function
by plane waves, and the atomic orbital by a 1s wave func-
tion. The effect of the surface is included by multiplying th
transition amplitudes by exponentials decreasing with
ion-surface distance.25 With this assumption,VkWa

8 (t) be-
comes equal to

VkWa
8 ~ t !5e2gR~z~ t !!

Ze
5/2A2

p

e2 i ~kW2vW !vW t

Ze
21ukW2vW u2

3F 12
2

p

kF1~k22kF
2 !/2k lnUkf2k

kf1kU
Ze

21ukW2vW u2
G ,

whereZe is the ion charge,vW is the ion velocity,kF is the
Fermi momentum, andgR„z(t)… is a function of the ion tra-
jectory. The second term in the expression in brackets is
correction to the resonant amplitude due to the Auger tr
sition @Eq. ~11!#. The Auger potential amplitude can be wri
ten as

VkW ,qW ,a5e2gA„z~ t !…
~2Ze!

5/2

~2p!4
e2 i ~kW2vW 1qW !vW t h~kW ,qW !,

where

h~kW ,qW !5
4p

q2@Ze
21ukW2vW 1qW u2#2

is approximated by a function that depends only on thekW and
qW modulus in order to simplify the numerical calculation
The error introduced by this approximation is expected to
small, because the time-dependent phase factor remains
touched; in addition, in the infinite jellium case this pha
yields the energy conservation rule that governs the qua
tive behavior of the transition rates. Finally, we take the
electric response function in the plasmon-po
approximation.24 As a direct consequence, a cutoff is intr
duced in the excitation energies equal to the plasmon
quency. In Sec. II, we pointed out that the atomic and so
states involved in the evaluation of the resonant and Au
amplitudes should be orthogonal; however, in this prelim
nary calculation, and to keep the burden of the numer
calculations to a minimum, we use nonorthogonalized wa
functions. The order of magnitude of the coupling terms w
not be modified when band states are orthogonalized to
atomic orbital, although for small momentum transfers a
duction of the coupling strength is expected.

Hereinafter, we suppose that the ion has a chargeZe51,
and impacts on the surface with a glancing anglew and a
constant normal velocity up to a turning pointz0, from where
it is specularly reflected. Then,gR„z(t)… and gA„z(t)… are
both equal to

gR,A„z~ t !…5g~z01vzutu!,
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with g51.3 a.u. for Al.25 Following Kimura,26 we assume an
incidence-angle-dependent turning point atz0. By increasing
w, the penetration into the solid increases andz0 becomes
more negative.

Figure 5 gives the orbital population as a function of tim
n(t) for an ion velocity of 0.5 a.u., an incidence angle
w57°, and an energy level located at the middle of t
valence band,«a50.25 a.u. with respect to the Al band bo
tom. The solid line is the result obtained when the full inte
action is considered, the dashed line the result when o
Auger processes are active, and the dotted line the re
when only resonant processes are taken into account. Va
of the ion-surface distance are shown for different times. T
trajectory of specular reflection has the turning point plac
at z0521.26 a.u. inside the jellium. It must be noticed th
the turning point is above the first layer of atoms, loca
more than 2 a.u. inside the jellium edge. The resonant ch
nel opens first, while the Auger interaction becomes imp
tant only for distances closer to the surface. This is evide
of the longer range of the resonant interaction as compa
with the Auger interaction for these collision parameters.
we will see in Fig. 7, the interplay between both chann
strongly depends on the position of the orbital energy w
respect to the solid band. At the beginning of the trajecto
the full interaction occupation number is slightly larger th
the resonant one. The Auger interaction acts as a cap
channel becausen(t) is smaller than its bulk equilibrium
value. When the ion penetrates the jellium, both Auger a

FIG. 5. The atomic occupation number is shown as a function
time for an ion velocity of 0.5 a.u., an incidence anglew57° and
an energy level«a50.25 a.u. The solid line is the result when th
full interaction is considered, while the dashed~dotted! line is the
result when Auger~resonant! interaction is considered alone. Th
ion-surface distance is also shown.
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solid lines reach a plateau and a dynamic charge equilibr
is achieved, the orbital occupation number is independen
the initial conditions, and its value corresponds to the infin
jellium case. The resonant neutralization tends to an equ
rium value in an oscillatory way inside the jellium, but do
not achieve a constant value while the ion stays inside.
nally, as the interaction is turned off, the orbital populatio
adjust to their final values by increasing the occupation nu
bers. It is remarkable that the bulk equilibrium value for t
full interaction is lower than the Auger and resonant bu
values. From a rate-equation calculation it could be expec
that the full interaction line falls always between the Aug
and resonant results in an equilibrium situation because
the depopulation of the state due to one of the excha
channels would be compensated for by the other. Theref
the effect we find in our calculations should be a direct co
sequence of the interference between the Auger and reso
processes, which is well taken into account by the Keldy
formalism.

For the parameters chosen for the collision, the ion e
up almost completely neutralized; both channels are equ
important, and the total final population lies between the A
ger and resonant final values as the rate-equation appr
predicts. The resonant interaction appears to be stronge
though the occupation number in the equilibrium situation
similar for both channels when they are treated solely. T
is not a contradiction; the equilibrium value is related not
the intensity of the interaction but to the relative streng
between the capture and loss parts of the mechanism.

The oscillations of the atomic population as a function
time in the resonant result are typical of one-electron
change processes, as are well known in ion-atom collisio
In the simplest model of the electron exchange between
levels with energy separationDE and mean couplingV̄, it is
easy to see that the capture probability has the follow
time dependence;27

Pc~ t !;S V̄

G
D sin~Gt !2, ~21!

with a frequencyG given byG25(DE/2)21V̄ 2. When the
interaction with a band is considered, an estimation of
capture probability time dependence can be obtain by in
grating contributions like Eq.~21! over the band energies
Therefore, the oscillations will be important in the narrow
band case while they will be washed out for a wide ba
These considerations apply to the one-electron reso
channel. Conversely, the Auger channel opens up t
electron transitions, so the energy separation between in
and final states is not limited by the bandwidth, which e
plains the absence of oscillations in the atomic occupa
number of Figs. 5 and 6.

The final occupation numbern(`) as a function ofw is
shown in Fig. 6 where«a50.25 a.u. andv50.5 a.u. Dotted
and solid lines correspond to initially unoccupied and oc
pied states, respectively. As a general behavior, for graz
incidence,n(`) reaches a value that is independent of t
initial condition; the effective interacting time is larg
enough to assure a dynamic equilibrium. When the incide
angle increases, the effective time decreases, and the

f
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populations show a dependence on the initial occupation
the atomic state. Then the dynamical effects on the evolu
of the atomic population are expected to be important,
the use of the Keldysh formalism to be necessary. When o
the one-electron resonant channel is considered, the at
population shows a marked oscillatory dependence onw.
The oscillations of the results when the atomic state is
tially empty or occupied are in counterphase. The electro
charge fluctuates in time between the orbital and the b
with a characteristic frequency, Eq.~21!, so if the orbital is
initially occupied, at a half-period the state will be emptie
resembling an unoccupied initial condition. When the Aug
process is incorporated into the description, the phase co
ence in the buildup of the atomic amplitude is destroyed,
the oscillations disappear, as is shown in Fig. 5.

Figure 7 analyzes the«a dependence of the final popula
tion for an ion impacting withw57° andv50.5 a.u. Again,
dotted and solid lines correspond to initially unoccupied a
occupied states, respectively. When only the resonant c
nel is turned on, the final population differs from its origin
value only when the orbital energy is close to or into t
band. Otherwise, the resonant coupling is so weak that,
to the finite interacting time, its effect becomes negligible
dynamic equilibrium condition is achieved when the orbi
energy is close to the middle of the band, where both cap
and loss processes make a significant contribution. On
other hand, the Auger channel is important through the en
energy range. When«a is below the bottom of the band, th

FIG. 6. The final occupation numbern(`) as a function of the
incidence anglew is shown for an ion velocity of 0.5 a.u. and a
orbital energy«a50.25 a.u. The solid~dotted! line corresponds to
an initial orbital populationn(t0)51@n(t0)50#.
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loss processes are forbidden, and the ion finishes neutra
in any case. Only when the orbital energy exceeds a cu
determined bykF , v, and the plasma frequencyvP , do the
loss processes contributions cease to be negligible. At la
energies, the orbital ends up depopulated even when it
initially occupied. When the orbital energy is close to a
slightly above the Fermi level, the final occupation numbe
sensitive to the initial conditions. The interaction time is n
long enough, and a dynamic equilibrium inside the jellium
not achieved. It is in this case that the use of the Keldy
formalism becomes crucial for obtaining correct answers.
nally, the full interaction calculations follow the Auger re
sults in almost the entire energy range except when the
bital energy lies in the band. Here the joined effect of bo
interactions make the final population independent of the
tial condition.

Summarizing, at the ion velocity considered, the Aug
channel governs the ion population when the orbital ene
falls outside the jellium band. Nevertheless, both chann
become important, and the interference between them m
be considered when the orbital energy is close to or into
band. Therefore, the weight of each channel is not only
termined by the ion velocity but by the position of the atom
level with respect to the solid band. The calculations of
final population as a function ofw indicate that the dynami-
cal evolution ofn(t) may be important at large incidenc
angles, where an equilibrium situation is not achieved
should also be stressed that the sudden turn on and off o
interactions as the ion is scattered by the surface is an

FIG. 7. The final occupation numbern(`) as a function of the
orbital energy for an ion velocity of 0.5 a.u. and an incidence an
w57°. Solid ~dotted! line corresponds to an initial orbital popula
tion n(t0)51@n(t0)50#.
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versible process; therefore, the use of the Keldysh formal
is highly recommended in all cases.

IV. CONCLUSIONS

The Keldysh formalism goes beyond the rate-equat
calculations by considering the dynamical effects introdu
by the scattering process itself, and provides a direct wa
approximate and improve the calculation of the correlat
functions . We have presented a method based on this
malism that contains the Auger, resonant, and plasm
assisted channels for the neutralization of atoms collid
with metal surfaces. The approach is based on the calcula
of the atomic Keldysh self-energies by using its Feynma
diagrammatic expansion in terms of the interaction poten
A second-order self-energy was calculated as the sum
resonant, Auger, and interference contributions, and an e
tive resonant amplitude was obtained that incorporates th
Auger processes with a resonantlike behavior. The plasm
assisted channel was introduced by screening the Auge
teraction lines of the Feynman diagrams with the Coulo
potential between band states, and its effect on the s
energies appears through a surface susceptibility funct
Therefore, both Auger and plasmon-assisted processes
pears, as in the LRA, as nonseparable excitations of the s
band.

The analysis shown in Sec. II C is quite general, a
considers the breakdown in the translational symmetry in
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normal direction for the coupling amplitudes and the colle
tive excitations. In this case, we found that the surface
larization functionP

k8,k9

qi depends on two normal indexesk8

and k9, while the surface susceptibility functionx
k8,k9,q8,q9

qi

depends on four indexes. On the other hand, when only b
excitations are considered~Sec. II D! both polarization and
susceptibility functions depend on the excitation wave vec
qW . It is clear that the surface susceptibility function conta
surfacelike excitations, surface plasmons, and bulklike e
tations, electron-hole pair creation or bulk plasmons, and
the function to be used when a collision with a surface
studied. Unfortunately, the great number of integrals
volved discourages the use of this function, and approxim
tions by bulk response functions are very common.

Finally, we analyzed the interplay of the resonant a
Auger processes for a H1/Al collision at intermediate ion
velocities as a function of the orbital energy and the in
dence angle. We found that both channels appear to be
portant, and the interference between them non-negligib
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