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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.
[S0163-182608)05820-2

[. INTRODUCTION difficult the use of such formalisms, and a time-dependent
approach becomes indispensable. First, rate-equations mod-
The scattering of ions and atoms by solid surfaces is &lIs were used to calculate the atomic charge fractions with
collisional process where many-body interactions togethedifferent levels of sophisticatiohln these models the rate
with complex dynamical aspects of the collision are in-coefficients are calculated assuming an instantaneous inter-
volved. Existing experimental data over many differentaction between the atom and the solid, therefore, the dynami-
projectile-target combinatiofis® reveal the importance of cal effects of the exchange process are disregarded.
the study of ion-surface collisions to determine the structure The pioneering paper of Keldystin which an analogy to
of both projectile and target. The resonant and the Augethe usual Feynman technique is developed for calculating
neutralization mechanisms have been currently assumed & een’s functions for time-dependent Hamiltonians, serves
the available ones. In the first case, a high-lying level of theas the starting point for the treatment of nonequilibrium
ion at the valence-band energies is neutralized by one surfaggoblems. In 1976, Blandin, Nourtier, and Hone applied this
electron. Thus a one-electron description is adequate becaufsemalism to the calculation of the atomic population for a
the solid relaxation effects are small. For low-lying levelstime-dependent resonant exchange prot&Since then, a
there are no single-electron transfers that can preserve tlggowing number of papers was devoted to the study of one-
energy of the system. In this case an electron of the surfacelectron transfer within the Keldysh formalism. Resonant
makes the transition to the low-lying level of the incoming and quasiresonant channels were considered to simulate ex-
ion, and the potential energy is transferred to a second eleperimental results in slow ion-surface collisiofs!® For
tron of the surface, which is ejected. This two-electron pro-projectiles that have a chance of being negatively charged
cess is the Auger neutralization channel. But there is experduring the collision, the intra-atomic interaction has been
mental evidence of other multielectron channels, in which aralso treated by using the Keldysh formalidfn.
electron is captured by the ion, and the energy released in the On the other side, the Auger and plasmon-assisted chan-
process is absorbed by some surface collective excitafion. nels have been studied in the past years within a rate-
is observed that, for low-energy Heand Ne" projectiles  equation framework. Snowdaat al. calculated total rates for
scattered from Al and Mg surfaces, the plasmon-assistetoth resonant tunneling and Auger transfer for a static H
neutralization is more important than the Auger neutralizaion near a jellium surfacE® Almulhem and Girardeau pro-
tion mechanism. Furthermore, the remarkable excitation oposed the surface-plasmon-assisted exchange process, and
bulk plasmons cannot be ascribed to the projectile penetratalculations of the matrix elements for this process have
ing the solid, since bulk plasmon structures are dominanbeen performed within a fixed-ion approximatithizimmy
even at collision energies as low as 30 eV. et al. analyzed the interplay of resonant and Auger processes
During the last years great progress in the theoreticain proton neutralization for grazing incidence. Both channels
treatment of the electron exchange problem for ions movingvere considered on an equal footing within the rate-equation
in free-electron-like solids has been achieved. The linear reapproach’ Recent works show that a correct description of
sponse approximationLRA) Ref. 6 and the density- the solid response function that includes the collective and
functional approach are commonly used to describe ions inelectron-hole pair excitations leads to a good agreement with
teracting with a solid.In an ion-surface collision, the sudden the experimental resulf§.
turn on and off of the electron exchange interaction rends As far as we know, the only attempt to apply the Keldysh
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formalism approach to the treatment of the Auger exchangéhe ion velocity. The interaction HamiltoniaH, (t) involves
channel was done by Makoshi and Kaji in 1991In this  the resonant and the Augerlike terms, and the electron-
paper they calculated the second-order self-energy for electron Coulomb potential in the solid:

Hamiltonian with a time-dependent Auger-like potential.
They focused on the slow ion collision case, and used the
wide-band approximation to justify the use of the rate-
equation approach when the band is wide enough compared
to the energy scale of the particle motion.

In this paper we present ab initio approach based on
the Keldysh Green’s-function formalism that unifies the
resonant tunneling with the Auger and plasmon-assisted 41 E
electron exchange mechanisms. A time-dependent Hamil- 2
tonian with surface symmetry is proposed, and the Keldysh
Green's function for the atomic state is calculated through its The resonant interaction is chosen to be a hopping poten-
Dyson equation. The self-energy is obtained by using theial:

Feynman diagrammatic technique up to a second order in the

interaction potential. The plasmon-assisted processes appear - —Ze

when the Auger lines in the diagrammatic expansion are Via(t) =(K| RO a(t));

screened by the Coulomb potential as in tf@&W ) )
approximatiorf° This yields a surface susceptibility function & more general one-electron potential term will not make a
that simulates the response of the surface as in the LRA, bgal difference in what follows. The Augerlike term is a two-
using Auger and plasmon-assisted processes as nonsepara®JRetron potential between the solid and the ion states:
excitations of the surfacd. The great advantage of this ap- L

proach is that it allows one to improve in a systematic way . R >

the calculation of the atomic population by including more Vigrkra(t) = (KI(k ||r—r’| [K")a(t)). @
terms in the series expansion of the self-energy.

The paper is organized as follows: In Secs. Il Aand Il B,  Finally, the two-electron potential between the band states
the Keldysh formalism and the correlation functions neededhas to be considered in order to include the plasmon-assisted
for the evaluation of the charge-state fractions are presentegleutralization channel, arising from the dynamic screening
In Sec. Il C, the second-order self-energy is calculated. Iy the metal electrons:

Sec. Il D, the particular case of bulk-plasmon-assisted pro-

cesses is considered, where the bulk dielectric function ap- . ..

pears automatically. In Sec. Ill, by using a simplified de- Viiririon = (K[(K' [ ——[K")[K"). (2
scription of the solid response function, we show some r=r’]

results for a proton impacting on an Al jellium target, and the

: It is worthwhile to point out that the atomic and band
interplay between the resonant processes and the bUIk'tates involved in the evaluation of the transition amplitudes
plasmon-assisted processes is analyzed. Finally, in Sec. P

some concluding remarks are presented. ka(t) and Viora(t) should be orthogonalized states. To
keep the usual commutative relations between the state cre-
ation and destruction operators, the electron field operator in
Il. THEORY real space must be expanded in a completd get,}, im-
A. Keldysh formalism posing the orthogonality condition.

In this section we introduce the formalism to calculate the,. The Keldysh formalism is a rigorous theory of nonequi-

neutralization rates for a one-state atom when it is scatterel((ljibrium processes consisting of an extension of the usual
lagrammatic techniques for calculating Green’s functions.
from a metal surface. The resonant, Auger, and plasmon

) . _ As clearly explained by Blandin, Nourtier, and Hone, the
assisted channels, together with the effects of the dynamlc%rorrelation functions defined for a time-dependent process do

?(;/ro'lﬁgoig’n ?/;iigﬁnsiggrseg. t%i—gzsiwgeﬁt C;'E:Sri'iﬁiln};?_eﬁg%t fulfill Wick’s theorem, and their diagrammatic expansion
y P ’ in terms of noninteracting functions is not valid. The

ﬁeelghyosgt(?szgufaigr]tﬁtéogoLOJg'[?‘gfg?tftlgegtattzz %‘:iﬂ:ﬂsa:‘%nlfe_ldysh method solves this problem by introducing a corre-
equilibrium process. The total Hamiltonian can be written aslatlon function evaluated in the variablesands' that runs
’ over the contouC shown in Fig. 1, that admits a diagram-
H=Ho+H,(1), matic expansion, and from which the usual two-time Green’s
functions can be extractélIn the case we are interested in,
whereH, is the noninteracting part involving the sum of the the population of the atomic state as a function of time can
energy terms related with the ion and metal band states be calculated through the evaluation of the following

Keldysh Green'’s function:

Hy(t)=2 [Via(ticica+H.cl
k

. Tt
+ > [Viira(hepep Cancat Hoc ]
kK" K"

Tt
L V|2|2/ﬁ//ﬁ///CEClz,CIZNCIZW.
KK K" K"

Ho=e4c] crck. - -
o= eaCaCat 2 £,k Gu(s,8) = —i(OTLEu(ELSHSII0), (3

We have chosen the solid as the inertial reference systermhere T, is the chronological ordering operator on the con-
thene, is the orbital energy plus the kinetic energy due totour C
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Lo

t' G T+G, =F(t,t"),

i ® + where G,(t,t')=—i(¥(0)|T[ca(t)cl(t')]|¥(0)) is the
causal two-time Green’s function, where the fermionic op-
erators are in the Heisenberg representation, Bnd the
usual chronological ordering operator. The other two

C - Green's function$}(t,t') andGi(t,t") are the retarded and
advanced ones, respectivefy(t,t’) is related to the occu-

FIG. 1. ContourC defines the relation between theand s pation of the atom-state. In order to evaluate the atom-state
variables. Whiles runs over the contour from-» to « , t runs  population as a function of time(t), it is better to deal with
from —< to 7 and again to-. For each variable, the upper and F(t,t") instead ofG,(t,t'), which is not well defined at
lower branches of the contour define a Keldysh Green’s function. =t’. The average occupation number can be calculated from

F(t,t') as follows®

A%

- - Ca(s)cl(s’) if s>¢ ,
Tdea(seis=1 =, = - TR ©
—cCu(s')cy(s) if s<¢g’, 2
andS; is the scattering operator defined as Similar relations are satisfied by the self-energy:

++ +— ' ’
S.=T, ex;{—ijﬁl(s)ds, STT43 Sr(t,t),

STEES T =3(1,t), )
¢, andH, being the atomic state destruction operator and the
interaction potential in the interaction scheme, respectively. ITTHETT =),
The atomic and band states are mixed by the presence of
H; then the Feynman perturbation expansion of @gwill B. Equations of motion

give us a result in terms of the unperturbed Keldysh Green’s The giagrammatic technique is a step-by-step method that
functions gives us an approximated solution ¥(s,s’), and through
Eq. (7) approximations fo2®'(t,t’) andQ(t,t'). It is more

0 N = T
Ga(s,s)=—i(0[Tc[ca(s)ca(s")]|0) convenient to calculate?" andF directly instead of solving

and G(s,s'). This can be done through their equations of motion
that are obtained by differentiating the time version of Eq.
, _ -t L ) , "
Gg(s,s )= —|<0|Tc[0k(S)C|;(S )]/0). EiAc,))r.]SFor simplicity, we introduce the reduced Green'’s func
A Dyson equation forG,(s,s’), and consequently a self- .
energy(s,s’), are defined: g2 (t,t")=elrealNdTGa (¢ t"),
Ga(s,s’)=Gg(s,s’)+JGg(s,sl)E(sl,sz) f(t,t) = el MaTE(t 1)
Cc

and similar expressions for the reduced self-enereftésand

X Ggy(sz,8")ds;ds,. (4 ». The equations of motion for these new quantities are

The self-energy for the atom propagator has a straightfor- w
ward perturbation expansion in powers of the interaction po- i &gi‘r(t,t’)= 5(t—t’)+f €*M(t,t1)08" (t,t7)dty,
tential, and, as in the time-independent case, it is better to o
truncate the series expansion of the self-energy and to solve

Eq. (4) rather than approximating the Green’s function itself. iif(t,t’): ft, w(t,t)gd(t,,t)dt
OnceG,(s,s’) is calculated , it only remains to recover the dt - a

real-time Green'’s functions from it. By using the fact that for .

each real timet, two values ofs can be associated, the +J € (t,t)F(t,,t)dty,
branches involved fos and s’ give rise to four functions —o

G*P, wherea andB are+ or — depending on the positions
of s ands’ on the upper {) and lower () branches of the
contourC. By applying T, to the S; definition, it is easy to ga(t,t)=0 if t'<t,
arrive at the following expressions: a

with the following boundary conditions:

r ! — 1 I>
G;+=Ga(t,t’), ga(t,t")=0 if t'>t,
f(—oo,t’")=[2n(—%)—1]g3(—=,t’).
G;+—G;7:Gra(t,t,), ( ) [ ( ) ]ga( )
Several features are remarkabl&) g5" is solely deter-

G, =G, "=Gi(t.t"), (5 mined bye®", and is independent of the orbital initial popu-
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(CRY & 5 where an effective resonant amplitude has been defined:
(40 ky-qy (9,9 ky-qy (CTEC) , kj—q
—— §> ViaD=Via(t) =2 Vg, L (ng. (11)
s s' S s s s q
a) b) <) Equation(10) comprises resonant processes, and those Au-
g ger transitions where the solid excitation does not propagate
H RE ) & ! k") . . . .
Tk in time, along with the interference between them.
By using Eq.(7), it is straightforward to obtain the two-
. tm K+ time self-energies
|I
(k” )
Lo P SRLEI=IO —0 2 Vi (O Vi (t)e ),
d) €) f) “
FIG. 2. Second-order self-energy diagrams. Solid lines are as- sz(t,t')zzg(t',t)*, (12)

sociated with band electron propagators, and waved lines with the

Auger transition amplitudes. The points at the solid lines edges are

resonant exchange amplitudes. Diagr@nrepresents a pure reso- Qr=—i 2 Vllia(t)* VI’Za(t/)e*isﬁ(t*t’>(1_2nlz)_

nant process. Diagranib) and(c) are interferences between reso- K

nant and Auger transitions. Diagranid)—(f) are associated with ) ]

pure Auger processes. We refer(® as the direct Auger contribu- 1 he |.51.St two dllagramﬁﬂg- 2(e) and 2f)] represent Auger

tion, and(f) as the exchange Auger contribution to the self energytransitions assisted by an electron-hole excitation, where
both electron and hole propagate in time. In Fi¢e)2the

lation; therefore the orbital population cannot be extractedransferr_ed electron behaves like a free particle, and the solid

from these functions(2) f(t,t’) is determined byga(t,,t") polarization can be expressed, as in the LRA, through a re-

for —w<t,;<t’ with a boundary condition that depends on SPonse function. We will refer to this case as the direct Au-

the initial population.(3) A similar equation of motion can ger transition, and its contribution to the self-energy is

be achieved forf(t,t’) as a function ofgj(t,,t") for

t'<t;<, and a boundary condition that depends on the N q| /9 /
' T s,8')=—I Ve t - t
final population. Zp(s:s) kq|2k’ o kK ka0 Vi joralt?)
C. Self-energy XGy(s,sHIL | (s,s"), (13

If we assume the solid to be a jellium, but consider ex-
plicitly the translational symmetry that remains in the direc-
tion parallel to the surface, the Auger potential term H.

where we have introduced the polarization function

can be written in its most general form as q) -
My .(ss)= IE G, (i 4)(5:5')C kH g 4(S+S)
q| t
> Vil ackck,c(kH —q kCatHe (8 (14)
k,k/,q“io,k"

that is very similar to the one obtained in the LRA.

where now the solid indef(z(kH ,k) labels a state with com- Finally, Fig. 2f) symbolizes those processes where the
ponentsk; and k parallel and normal, respectively. In this recaptured electron is different from the one lost by the atom.
section, when the lab&l appears without the arrow, we refer These exchange processes give the following contribution to
to the normal component. Moreover, the Coulomb potentiathe total self-energy:

Eq. (2) becomes

Sess)=— 2 V. 0*
1 q t t E\> . , Kk’ K",
2 -, E Vk k' k", kkaCkIC( H qH ,k”)c(k”+qH K - (9) k,k’,qH ,C]H ,k” a
k,k Y(;]H¢()k//’|(lr,
: : VI 6% s G0 (s s
The atomic self-energy.(s,s') up to a second order in o ckra (LIGR(S,S)G(s8")
the Auger and resonant potentials can be symbolized by the 0 ,
diagrams shown in Fig. 2, where solid lines are attached to XG(kﬂ—qH PACEOR (15

noninteracting band propagators, and waved curves are at-
tached to Auger interactions, while the points at the solid line | the electron-electron Coulomb potential in the solid is
edges represent resonant processes. Diagtarm&d) have  gigregarded, the second-order self-energy is the addition of
the peculiarity that only one electron is propagating in time; EQ. (10) to Egs. (13 and (15). Nevertheless, it is known
therefore they can be summed to give from experimental observations that the plasmon-assisted
transitions play an important role in the neutralization of
ER(S,S')ZE Vé a(t)*vli a(t')GE(S,S'), (10) ions. In addition, the linear response theory puts both
K ‘ ‘ electron-hole pair and plasmons in the same framework by
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FIG. 4. When the Auger exchange diagrdfig. 2f)] is
sk S screened by the Coulomb potential, four terms appear. The first
a) term is equal to the original one, the second and third terms are of
the first order in the susceptibility function, and the fourth term is a

d K kK 5 g second-order correction.
) <> * @ * M v the form of the dielectric function when the solid wave func-
¢ ot g o e tions are approximated by plane waves. Although the deduc-

tion is given for a particular case, the same procedure can be

carried out when the breaking of symmetry due to the surface
FIG. 3. (a) Diagrammatic representation of the direct Auger IS (_:I_Ohnsfered' h If .

contribution to the self-energy when the Auger interaction lines are 3 hUQGrT%XC angise -em;r%y eXpé?S&gnsf arg, not prg‘-

screened by the Coulomb potential between band states. The foﬁ?nte ere. They can be straightforwardly obtained as prod-

vertex function represented by a filled square is the susceptibilit cts of unperturbed Green's functions and susceptibility

. . . : : unctions.
function XEU Kl (b) Diagrammatic expansion C)fEU kg I

terms of the Coulomb potentig@vaved lines.

b)

D. Bulk dynamical response

defining the dielectric response function in a way that thesar-:—wz l:i?neg ttgz;:/]:tgr?ngggﬁfp?; S;Thpéea?);I?coastisclnzl%ft')[lrj]tea:‘tc;trt]e
solid behaves like an external body that providt_es ihe ENergy, alism, we approximate the electron-hole pair wave func-
and momentum necessary to assure the transition. Followi ns b)'/ plane waves in the Auger and Coulomb potentials
a similar procedure, we replace the Auger interactions witr]o\ )

ine Fi ! . ; s a direct consequence, no surface polarization will be ob-
screened lines: Figure 2e) is then substituted by Fig(®,  (ained, that is to say, only bulk plasmons and electron hole

where the four vertex function is expanded in terms of thesycitations would be the product of the Auger exchange pro-

Coulomb interaction in Fig. ®); the screening of Fig@®  cess. With this assumption, the Auger potential amplitude
gives four diagramgFig. 4). The effect of considering the pecomes

electron exchange mechanism assisted by the collective and

electron-hole pair excitation in the solid is just to replace the
polarization functiorﬂg‘,‘]k,,(s,s’) in Eq. (13) by the suscep-
tibility function )(EU,k,,’q,'q,,(s,s’), and the direct Auger self-
energy becomes

4o . -
Vi galt)= ?<k|ef"“|a(t)>,

wherek is now a three-dimensional vectcn},is the momen-
tum transferred during the process, and the Coulomb poten-
tial has the usual expression

Sp(ssh=-iy = VI o (0 Is 470 ot e
Koy K K"aq” T 2. & g2 kark —grkTke
k,k’,q#0
q NGos. s )y ’ i i i
XV;Z,q/,q",a(t )Gi(s,s ))(k,’k,,’q,’q,,(s,s ). The effective resonant amplitude is reduced to

16 ,
(16) Vi (D=Via(D— 2 Vicgaa(ONi—g.
L ) 7

As the unperturbed part of the Hamiltoninan and the m_and the direct Auger self-energy becomes

teraction potential involved in the calculation of the suscep-
tibility function are time independent, from the four two-time

susceptibilities only one survives. In addition, it must be s (s s')=—i> Vi .(0)*Vigat)GAs,s ) xa(s,s'),
identical to that obtained in the LRA and a function of the k.q kaa kaa K Xa
time difference. Therefore, a Fourier transformation can be 17

. g - >
performed, and a frequency functhn','yk,, o.q(®) can be  where the susceptibility depends qnthe momentum trans-

defined. The retarded piece of this function is closely relatederred to the solid.
to the dielectric response functidhln Sec. Il D, we present The four two-time self-energies become

0+ - +

_ Gy Lty (LYY =G (Lt)xs (Lt)
'/ 1 Va‘a *V_-a ! B B e C ,
Zp(t.t’) I% ka.a(t)*Vigalt’) _GE +(t,t')xa+(t,t') GE (t,t')X& (tt)
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where the four)(g’g(t,t’)’s are not all independent. It can be

— * !
shown that they have a self-energy character, therefore, Q)= '2 Via.a(®)™ Vig.a(t')

k,q

-1
) =0(t—t)x: T O —txg (), f —e"5k<t "2 Im( )
q q S(C] w)
and, introducing the susceptibility Fourier transform X[ng =t —(1—np)e ==t
++(4
(9,@),

These are our final expressions. They give the direct Au-
ger self-energies as a product of three meaningful tefis:

Vk q aVk.g,a» the electronic exchange probability assisted by

an excitation of momenturg, (2) Im[ — 1/e(q,w)], the ex-
. . . Ccitation probability that takes into account the response of
By using these two relations, ttle self-energy advanced pieG®e solid as an interacting electronic system: af8
can be written in terms of " " (q,w) as (1-ng) andng, the condition imposed by the Pauli prin-
ciple that an electron must be captured from an occupied
state and lost to an empty one. The direct Auger contribution
to the self-energy can be viewed as the product of the inter-
action of three bodies: the ion with a fixed classical trajec-
tory, the transferred electron, and finally the solid that acts
like an energy and momentum bath. These components of
the system interact when a transfer process occurs, mean-
while, they propagate following their own dynamics: the
transferred electron behaves like a free particle, while the
excitation induced in the medium has a time dependence
fixed by its energy and momentum. These phases are consid-
and similar expressions can be obtained3¢r and Q. ered in the Keldysh approach, so the quantum character of
It is remarkable that the two-time self-energies dependhe transfer process is preserved. Conversely, within the rate-
exclusively ony* *, which is the jellium susceptibility in the €equation approximation the solid response is instantaneous
time-independent case. This is a direct consequence of tind static; the excitation induced in the medium does not
time-independent character of the Coulomb potential, and opropagate in time and the quantum character of the process is

x T (Qw)=—x "(q,@)*.

SA(LE)=—0(t' —1) 2, Viga*

4 kqa(t )
K,

Kol

© dw | . , -
x| et g (G)

— o0

—(1-n)x "t (q)*], (18)

the way the Auger amplitudes were screened. For positivéost.

frequency values* * (4, =)= x'(q,w), wherey" is the re-
tarded piece given by’ =1/s(q,w)—1, with £(q,w) the
dielectric response function. Using

- 2 (= -
++ - ’ ++ ’

1 1
X — + - ,
w' —-w—in w'tw-—ipy

thew integration can be reduced to only positive values, an

*+(q,w) can be replaced by".2% Finally, the direct Auger
self-energies become

SA(tt) =10t —t)>, V

£ ia(t) qua( )
k

:Qc

X JOCd_weiElZ(tt')z |m( _
0 2w e(q, @)

+(1—npe =t

)[nlzeim(tt')

Sp(Lt)=38(tt")*, (19

In the exchange Auger procesdésgs. 2f) and 4 the
system cannot be separated into different components be-
cause of the undistinguishable character of the electrons, the
time evolution of the particles between successive interac-
tions appears to be crucial, and the contribution to the self-
energy to be of the same order as the direct Auger contribu-
tion. With the Keldysh formalism one can handle these two
contributions to the self-energy on an equal footing along
with the interference between them.

Other important improvements with respect to the rate-
equation model can be stressed. Equati® can be written
as the sum of two contribution: the positive frequency term

&Ieft side), can be associated with the capture process, and

the negative frequency terfnight side, which can be asso-
ciated with loss processes. When the calculation of the
atomic population is performed, these contributions mix and
interfere with each other to give the final result. Conversely,
in the rate-equation approach the contributions of capture
and loss processes are artificially separated because their in-
fluence on the evolution of the atomic population is ex-
pressed through probabilities. Moreover, in a rate-equation
approach the probabilities govern the time evolution of the
atomic population, while in the Keldysh formalism the full
quantum character of the scattering is preserved through the
time dependence of the probability amplitudes.

It is worthwhile to point out that in the stationary case of
an atom moving in an infinite jellium the Auger amplitudes’
time dependence is a phase factor. It is straightforward to
show that in that case E¢l9) reduces to those expressions
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proposed by Echenique, Flores, and Ritchie calculated frorkgs. (12) and (19), approximating the solid wave functions
a different point of view?* by plane waves, and the atomic orbital by ss\tave func-
The total self-energy is tion. The effect of the surface is included by multiplying the
transition amplitudes by exponentials decreasing with the

St =SR(LU)+ 3t + (), (200  ion-surface distanc®. With this assumption,VI'za(t) be-
comes equal to

whereX z(t,t") is defined in Eq(12), 2 (t,t") in Egs.(19)
or (16) when the surface effects are taken into account, and 5/2 e e
"o 7 2 e i(k—v)vt
Ze(t,t’) in Eq. (19). V. (t)=e 9r®) 7@
Equation(20) is the central result of this work, where the ka T Z§+|IZ—J|2
most relevant charge-exchange mechanisms have been incor-
porated into the same framework, giving place to interfer- 5 12 -
ences between them in a natural way within the formalism. 2 Ke+(k"—kg)/2k In ki+k
The dynamical character of the scattering process is taken X|1=— 5 =2 )
into account together with the dynamical response of the T Z+[k=v]
solid, allowing not only for an Auger neutralization process .
but also for a plasmon-assisted neutralization one. whereZ, is the ion chargey is the ion velocity kg is the
In the Keldysh approach, the self-energy contains all thd=ermi momentum, andg(z(t)) is a function of the ion tra-
physical effects involved in the description of the system. Itgectory. The second term in the expression in brackets is the
great advantage resides in its additive character: new mechgorrection to the resonant amplitude due to the Auger tran-
nisms can be incorporated simply by adding new terms. Théition [Eg. (11)]. The Auger potential amplitude can be writ-
way to improve the formalism becomes clear: better selfien as
energies will give better results. In our case, for example, a
more realistic description can be obtained by replacing the 5/
unperturbed propagators of the transferred electron in Figs. Viga= —gA(Z(t))(ZZe)
3(a) and 4, with propagators screened by the electron- (2m)*
electron potential. Then the transferred electron will propa-
gate between successive exchange processes as an interagtere
ing particle and not as a free one. Moreover, the perturbation
series in the interaction potential, can be continued to
higher orders, going beyond the LRA approximation, and Lo
realistic image effects can then be incorporated. We believe h(k,q)=
that the self-energy proposed in EGD) is complex enough
to describe the problem, and the surface susceptibility func-
tion allows us to handle bulk- and surface-plasmon-assistel§ approximated by a function that depends only onkiiaend
transitions along with the resonant and Auger mechamsrm modulus in order to simplify the numerical calculations.
Finally, by slightly changing the interaction potential and The error introduced by this approximation is expected to be
following similar steps, Auger transitions with electron-hole small, because the time-dependent phase factor remains un-
creation in the atom or quasiresonant mechanisms can alg¢ouched; in addition, in the infinite jellium case this phase
be incorporated. yields the energy conservation rule that governs the qualita-
tive behavior of the transition rates. Finally, we take the di-
Il. RESULTS electric response function in the plasmon-pole
approximatiorf* As a direct consequence, a cutoff is intro-
The aim of this section is to present an application of theduced in the excitation energies equal to the plasmon fre-
formalism to a simple model of an ion-solid collision. Accu- quency. In Sec. II, we pointed out that the atomic and solid
racy in the description of the actual process is sacrificed oBtates involved in the evaluation of the resonant and Auger
behalf of simplicity. At low ion velocities it is expected that amplitudes should be orthogonal; however, in this prelimi-
the resonant channel is more important than the Augenary calculation, and to keep the burden of the numerical
mechanism, while at high velocities the situation is invertedcalculations to a minimum, we use nonorthogonalized wave
As an example of the interplay of the different channels infunctions. The order of magnitude of the coupling terms will
volved in the ion neutralization, we perform the calculationnot be modified when band states are orthogonalized to the
at an intermediate ion velocity, at which both channels areatomic orbital, although for small momentum transfers a re-
expected to be equally important. We consider the case of @uction of the coupling strength is expected.
one-state ion that impacts on an Al target, considering only Hereinafter, we suppose that the ion has a chargel,
bulk dynamical response. This restriction allows us to carryand impacts on the surface with a glancing anglend a
out a simple preliminary calculation in order to clarify the constant normal velocity up to a turning poit from where
role played by the bulk-assisted transitions. The comparisof is specularly reflected. Themg(z(t)) and ga(z(t)) are
with the experimental results requires a more rigorous depoth equal to
scription of the surface response function, which is left for a
forthcoming paper.
The resonant and Auger self-energies are calculated from Ora(Z(1)=y(Zo+v,t]),

e—i(lz—lj-%—(i)z;t h(lz,(i),

47
94 Z2+|k—v+q|?]?
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lon-surface distance (atomic units) solid lines reach a plateau and a dynamic charge equilibrium
is achieved, the orbital occupation number is independent of

24117 0 126 0 1,17 24 the initial conditions, and its value corresponds to the infinite
T T jellium case. The resonant neutralization tends to an equilib-

10} i rium value in an oscillatory way inside the jellium, but does
LmTTTT not achieve a constant value while the ion stays inside. Fi-
______ . 1 nally, as the interaction is turned off, the orbital populations
adjust to their final values by increasing the occupation num-
bers. It is remarkable that the bulk equilibrium value for the
full interaction is lower than the Auger and resonant bulk
values. From a rate-equation calculation it could be expected
. that the full interaction line falls always between the Auger
Total and resonant results in an equilibrium situation because then

the depopulation of the state due to one of the exchange
""" Auger i channels would be compensated for by the other. Therefore,
---------- Resonant the effect we find in our calculations should be a direct con-

1 sequence of the interference between the Auger and resonant
; processes, which is well taken into account by the Keldysh
/ formalism.

For the parameters chosen for the collision, the ion ends
up almost completely neutralized; both channels are equally
1 important, and the total final population lies between the Au-
Ly T T ger and resonant final values as the rate-equation approach

06

n(t)

02

' 60 -40 ' 20 0 20 40 60 predicts. The resonant interaction appears to be stronger, al-
) . . though the occupation number in the equilibrium situation is
Time (atomic units) similar for both channels when they are treated solely. This

) ) ) ) is not a contradiction; the equilibrium value is related not to
_ FIG. 5. The atomic occupation number is shown as a function otpe jntensity of the interaction but to the relative strength
time for an ion velocity of 0.5 a.u., an incidence angle 7° and between the capture and loss parts of the mechanism
an energy levek,=0.25 a.u. The solid line is the result when the The oscillations of the atomic population as a function of
full interaction is considered, while the dash@lbtted line is the time in the resonant result are tvpical of one-electron ex-
result when Augerresonant interaction is considered alone. The change processes, as are well kn)g\)lvn in ion-atom collisions
ion-surface distance is also shown. . ! :
In the simplest model of the electron exchange between two

with y=1.3 a.u. for AI*® Following Kimura?® we assume an levels with energy separatiahE and mean coupliny, it is
incidence-angle-dependent turning poinzgtBy increasing €asy to see that the capture probability has the following
¢, the penetration into the solid increases agcbecomes time dependenc¥,
more negative.

Figure 5 gives the orbital population as a function of time
n(t) for an ion velocity of 0.5 a.u., an incidence angle of p (t)~<:)sin(f‘t)2
¢=7°, and an energy level located at the middle of the ¢ r ’
valence bandg ,=0.25 a.u. with respect to the Al band bot- _
tom. The solid line is the result obtained when the full inter-with a frequencyl” given byI'?>=(AE/2)2+V 2. When the
action is considered, the dashed line the result when onlinteraction with a band is considered, an estimation of the
Auger processes are active, and the dotted line the resutepture probability time dependence can be obtain by inte-
when only resonant processes are taken into account. Valugsating contributions like Eq(21) over the band energies.
of the ion-surface distance are shown for different times. Th& herefore, the oscillations will be important in the narrow-
trajectory of specular reflection has the turning point placedand case while they will be washed out for a wide band.
at zo=—1.26 a.u. inside the jellium. It must be noticed that These considerations apply to the one-electron resonant
the turning point is above the first layer of atoms, locatedchannel. Conversely, the Auger channel opens up two-
more than 2 a.u. inside the jellium edge. The resonant charglectron transitions, so the energy separation between initial
nel opens first, while the Auger interaction becomes impor-and final states is not limited by the bandwidth, which ex-
tant only for distances closer to the surface. This is evidencplains the absence of oscillations in the atomic occupation
of the longer range of the resonant interaction as comparegumber of Figs. 5 and 6.
with the Auger interaction for these collision parameters. As The final occupation numbet(«) as a function ofe is
we will see in Fig. 7, the interplay between both channelsshown in Fig. 6 where ;=0.25 a.u. and =0.5 a.u. Dotted
strongly depends on the position of the orbital energy withand solid lines correspond to initially unoccupied and occu-
respect to the solid band. At the beginning of the trajectorypied states, respectively. As a general behavior, for grazing
the full interaction occupation number is slightly larger thanincidence,n(=) reaches a value that is independent of the
the resonant one. The Auger interaction acts as a captuigitial condition; the effective interacting time is large
channel becausa(t) is smaller than its bulk equilibrium enough to assure a dynamic equilibrium. When the incidence
value. When the ion penetrates the jellium, both Auger and@ngle increases, the effective time decreases, and the final

(21)
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FIG. 6. The final occupation numbe(=) as a function of the FIG. 7. The final occupation numbe(~) as a function of the

incidence anglep is shown for an ion velocity of 0.5 a.u. and an orbital energy for an ion velocity of 0.5 a.u. and an incidence angle
orbital energye,=0.25 a.u. The soliddotted line corresponds to  #=7°. Solid (dotted line corresponds to an initial orbital popula-
an initial orbital populatiom(tg) =1[n(to)=0]. tion n(to) = 1[n(t) =0].

loss processes are forbidden, and the ion finishes neutralized
populations show a dependence on the initial occupation dh any case. Only when the orbital energy exceeds a cutoff
the atomic state. Then the dynamical effects on the evolutiodetermined by, v, and the plasma frequeneyy, do the
of the atomic population are expected to be important, andbss processes contributions cease to be negligible. At larger
the use of the Keldysh formalism to be necessary. When onlgnergies, the orbital ends up depopulated even when it was
the one-electron resonant channel is considered, the atomisitially occupied. When the orbital energy is close to and
population shows a marked oscillatory dependencegon slightly above the Fermi level, the final occupation number is
The oscillations of the results when the atomic state is inisensitive to the initial conditions. The interaction time is not
tially empty or occupied are in counterphase. The electronidong enough, and a dynamic equilibrium inside the jellium is
charge fluctuates in time between the orbital and the bandot achieved. It is in this case that the use of the Keldysh
with a characteristic frequency, E1), so if the orbital is  formalism becomes crucial for obtaining correct answers. Fi-
initially occupied, at a half-period the state will be emptied, nally, the full interaction calculations follow the Auger re-
resembling an unoccupied initial condition. When the Augersults in almost the entire energy range except when the or-
process is incorporated into the description, the phase cohelital energy lies in the band. Here the joined effect of both
ence in the buildup of the atomic amplitude is destroyed, anéhteractions make the final population independent of the ini-
the oscillations disappear, as is shown in Fig. 5. tial condition.

Figure 7 analyzes the, dependence of the final popula-  Summarizing, at the ion velocity considered, the Auger
tion for an ion impacting withp=7° andv=0.5 a.u. Again, channel governs the ion population when the orbital energy
dotted and solid lines correspond to initially unoccupied andalls outside the jellium band. Nevertheless, both channels
occupied states, respectively. When only the resonant chaivecome important, and the interference between them must
nel is turned on, the final population differs from its original be considered when the orbital energy is close to or into the
value only when the orbital energy is close to or into theband. Therefore, the weight of each channel is not only de-
band. Otherwise, the resonant coupling is so weak that, dugrmined by the ion velocity but by the position of the atomic
to the finite interacting time, its effect becomes negligible. Alevel with respect to the solid band. The calculations of the
dynamic equilibrium condition is achieved when the orbitalfinal population as a function af indicate that the dynami-
energy is close to the middle of the band, where both captureal evolution ofn(t) may be important at large incidence
and loss processes make a significant contribution. On thengles, where an equilibrium situation is not achieved. It
other hand, the Auger channel is important through the entirghould also be stressed that the sudden turn on and off of the
energy range. Whea, is below the bottom of the band, the interactions as the ion is scattered by the surface is an irre-
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versible process; therefore, the use of the Keldysh formalismormal direction for the coupling amplitudes and the collec-

is highly recommended in all cases. tive excitations. In this case, we found that the surface po-
larization functionHE',‘ «» depends on two normal indexks$

IV. CONCLUSIONS q

andk”, while the surface susceptibility functiog, ,, ., -

The Keldysh formalism goes beyond the rate-equatiordepends on four indexes. On the other hand, whénvohly bulk
calculations by considering the dynamical effects introducexcitations are considerd@ec. 1l D) both polarization and
by the scattering process itself, and provides a direct way teusceptibility functions depend on the excitation wave vector

approximate and improve the calculation of the correlatiory. |t is clear that the surface susceptibility function contains
functions . We have presented a method based on this fogyfacelike excitations, surface plasmons, and bulklike exci-
malism that contains the Auger, resonant, and plasmongtions, electron-hole pair creation or bulk plasmons, and is
assisted channels for the neutralization of atoms collidinghe function to be used when a collision with a surface is
with metal surfaces. The approach is based on the calculatiogtydied. Unfortunately, the great number of integrals in-
of the atomic Keldysh self-energies by using its FeynmanR,glved discourages the use of this function, and approxima-
diagrammatic expansion in terms of the interaction potentiakjons by bulk response functions are very common.

A second-order self-energy was calculated as the sum of Finally, we analyzed the interplay of the resonant and
resonant, Auger, and interference contributions, and an effegyyger processes for a HAI collision at intermediate ion
tive resonant amplitude was obtained that incorporates thosgiocities as a function of the orbital energy and the inci-
Auger processes with a resonantlike behavior. The plasmontence angle. We found that both channels appear to be im-

assisted channel was introduced by screening the Auger ifsortant, and the interference between them non-negligible.
teraction lines of the Feynman diagrams with the Coulomb

potential between band states, and its effect on the self-

energies appears through a surface susceptibility function. ACKNOWLEDGMENTS
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