PHYSICAL REVIEW B 67, 205426 (2003

Interference between resonant and Auger mechanisms for charge-exchange processes near surfaces
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In this work we solve the dynamics of the Newns-Anderson Hamiltonian supplemented with Auger terms
and analyze the case of Hecattered off an A{100) surface. The dynamical solution is compared with results
of calculations based on much simpler approximations. We prove that resonant and Auger processes can be
treated separately and independently in this case and that charge exchange between He and Al proceeds via
resonant and Auger exchange of electrons between the promoted molecular orbital of He and the conduction
band states of Al.
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[. INTRODUCTION gets the energy position and width of the atomic level; then
the rates for capture and loss processes are obtained fron
lon surface collisions have long been used as a tool fofhese widths as a function of the distance between atom and

surface analysis. The collision determines the final charge cfurface. The rates are then inserted into a classical master

the different ionic species, the amount of electron emissior€duation which allows us to obtain the occupancy of the

y . . . 14 .
and the sputtered particles from the solid. The collision pro-atomlc level as a function of timé:™In Sec. Il we obtain an

: , L : approximate static solution of the NAA Hamiltonian and see
cess is a dynamical situation in which charge exchange bEEhat close enough to the surface the hybridization between

nant processes are basically one-electron, tunneling
cesses between conduction band states of the solid and highe evolution of our model Hamiltonian. The solution will

lying levels of the atom. In contrast, Auger processes involvg,g compared with results of the SCA and we will answer the
at least two electrons and then a many-body description ifnportant question of whether Auger and resonant processes
necessary, especially when plasmon-assisted neutralizationgfould be treated coherently or independently. Simplified
important. Then, while the dynamical quantum-mechanicatalculations presented in Ref. 12 suggested that quantum in-
aspects of resonant charge exchange processes have begfierences between Auger and resonant processes can have
analyzed by many authots? Auger processes have mostly important consequences in the calculation of atomic occu-
been treated within a semiclassical approximatiscA).* pancies. Our calculations show that this is not indeed the
The purpose of this paper is to include resonant and Augegase for Hé on Al and from this result we can infer that
processes into an unified model for ion neutralization. Oufesonant and Auger processes should interfere seldom. In this
model Hamiltonian is the usual Newns-Anderson Hamil-section we will also show by explicit calculations that charge
tonian which describes resonant processes, supplementg@énsfer between He and Al takes place between a promoted
with terms describing Auger process@AA Hamiltonian).  molecular orbitalMO) and the conduction band states of Al.

In the trajectory approximation, the Hamiltonian depends orour conclusions are presented in Sec. IV. Atomic unés (
time through the dependence of its matrix elements on the-7 =m=1) are used throughout this work.

distance between atom and surface and the quantum, time

dependent problem is solved by means of the Keldysh 1I. NAA HAMILTONIAN AND STATIC SOLUTION
formalism!! A similar problem was addressed in Ref. 12,
where the Green’s function for the atomic state proposed b
Keldysh was obtained through its equations of motion an
the self-energies calculated up to second order in the inte
action terms. In this work, however, accuracy in the descrip- . _ ~ ~ ~

tion of the actual process was sacrificed on behalf of simplic-H=E,;(R)n,+ > et an

ity and thus several of the approximations made led to too k !

large values of some interactions. In the present work we o R

perform realistic calculations for the case study of He Al + 2 [Tax(RICIC+H.Cl+ X [Tay(R)Che +H.c]
and the results of the dynamical calculations are compared !

with results of calculation based on much simpler approxi- N aint A

mations. An interesting question addressed in Refs. 45 is + > [Vk,kr(,f,ku,,/,a(R)Clef(,er"(rrCaJr H.c].
when the SCA is a good approximation to the full dynamical k#k'#K",0'!

solution. In the SCA one first solves a static problem and (1)

Our model Hamiltonian is the spinless Newns-Anderson
amiltonian supplemented with terms describing Auger pro-
cesses and reads
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In Eq. (1) E, is the “diabatic” atomic energy leveR is (w—Ea)«&a;&;))(w)
the position of the atom with respect to the surfageande
are the energies of the metal conduction band states and lo-
calized states, respectivell, , and T, being their respec-
tive hopping integrals with the atomic orbital. The last term
in Eq. (1) describes Auger processes with matrix elements

:1+§k: T;,k<<ak?6;>>(w)+§|: Tx{(Crieh) (o)

+ 2 Vﬁk'a” K"o! a<<6l”0"6k/0'/6k ,6;))(0))
kek'#K" 0!

Vﬁ’k,g,’k,,g,,a(R)=f drlJ' drodis (1) by (1) (6)
The next step is to calculate the new Green’s functions
XVscreehl'1:12) dir(r2) dalra),  (2) appearing on the right-hand side of Ef) from their equa-

) ) ) tions of motion and then keep terms to lowest order in the
whereVseeekr'sr2) is the Coulomb potential appropriately jneraction integrald and VA. In this way we can approxi-
screenedgy, ¢/, and ¢, are the wave functions for the ,5te

conduction band staték), |k’), and|k”), respectively, and

¢, is the wave function of the atomic orbital. It should be 0—){Cr:CHYM(w)=T, ({Cq:CH) (@) 7)
kept in mind that statefk), |k’), and|k”) have to be all (= @{({CxiCal) ait(Caican)(

different since we are describing a process in which a metand

electron is transferred to the ion with simultaneous excitation

of another metal electron. (0—€){(Cr;CHY(@)=T, ({Ca;Cl))(w). (8)
Different methods can be used to obtain adiabatic atomic .
levels interacting with a continuum of stat€s® Here, the For the fourth term of Eq(6) and neglecting exchange
energy position and width of the adiabatic level are obtainederms, we obtain after a lengthy calculation
from the resonances of the spectral density of states defined At A sy
as?® (w+ er— € — €){{CpnyrCkr 7 Ci ; Ca) ) (@)
P Sn s WA
1 A ag :<<Ca;C;>>(w)[<1_nk"><nk’><nk>vk'krar’k//u./,a
pa(@)=— —IM{(C4;Cx))(w+in), () . . .
aw +<nku><1_nkr><1_nk>V£‘k/0_r’kug.r’a]y (9)

wherez is an infinitesimal, Im stands for the imaginary part, where, to zeroth order in the interaction integréfs,) is the
and ((c,;c}))(w) is the Fourier transform of the retarded Fermi-Dirac function evaluated at the energy. As we will

two-times Green’s function see below, the second and third terms on the right-hand side
of Eq. (9) describe Auger capture and Auger loss processes,
o AT W — it —tV m T A 2 pyatosr respectively.
{{CaD);Ca(t))) HO(t=1){Ca(t")Ca(t) +Calt)Calt )%21) Equations(7) and (8) and(9) are now inserted in E(6)
and our final expression for the spectral density of states
with the definition, reads
. () 1I 1
~ ~ « ~ ~ H ! =——Ilm ~ 1
<<ca;c;>>(w):f d(t—t)((Ca(t);Eh(t))yei et 1), P T o EamSn(o+in) —Sa(0tin)
o (10
)

where Sg(w+in) and S (w+i7n), the self-energies for

This Green’s function can be obtained exactly if only one-"ésonant and Auger processes respectively, are given by
electron interaction terms appear in the Hamiltonian but this IT. 2 T, |2
is not the case in the presence of Auger terms due to the Se(o+ing)=, akl all
multielectron character of the Auger interaction. A conve- k w—€gtln T o—etlp
nient way of obtaining an approximate expression foran d
((cq;cl)) is provided by the method of the equations of
motion. Following this method, we first take the derivative of Sawtin)=Sasc(o+tin)+3a (0+in), (12
Eq. (4) with respect ta. Then, making use of the relation

11)

where the self-energies for Auger capture and Auger loss
. processes read
9 _iho
H_I[ ’ ]! | A |2

. k.k"o! Ko a
Sac(w+in)= —
AC( 77) k,k/,%',a" w+ 6k!!_6kl_6k+|7]

<1_ ﬁkr/>
valid for any operatof) and Fourier-transforming in time we o
obtain XNy )Ny, (13
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and

A 2
|Vk,k'¢r',k”rr’,a|

Sa(w+in)= -
AL( 77) K kl%/ ' w+ Ekrr—6k7_6k+|7]

X (M) (1= N (1= Ny, 19
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_ 111 1
|m2A(w+lﬂ)=—§(a+—)(a}). (19

TAL

The real part off 5(w) gives the contribution of Auger
processes to the energy shift of the atomic level but this
contribution is negligible for the case of He on Al that we

In the jellium model, Eqs(13) and(14) can be expressed investigate. Therefore in the calculations we will show below
in terms of the matrix elements for the transition of onethe Auger self-energy has been approximated by its imagi-

metal electron to/from the atomic stek, , and the dynami-
cal susceptibility for interacting electrongq,w;z,z"). Fol-

nary part Eq(19). Moreover and for the reasons we will give
in the next section, we assume that the Auger capture rate

lowing the steps of Ref. 20, our final expression for the Au-decreases exponentially away from the jellium edge

ger self-energies are

- , 2
EAC(me:%k;kF fo w—fki‘ww/"‘iﬂf (sﬂ-q)2
xf dzf dzZ'—Imx(q,w;z,2")
XM3(0,2)M4(0,2") (19
and
- / 2
EA"(an):%kaF fo w—Ekd—ww”riﬁf (37-32
xfdzf dz'—Imx(q,w;z,2")
XM3 (a,2)Mak(9,2'), (16)

whereke is the Fermi wave vector and , , is given by

2 )
Ma,k<q,z>=F<¢k|e"*'*1e“*‘2‘21‘|¢a>. (17)

When calculating the resonant self-energy, we follow th
linear combination of atomic orbitalt CAO) approach used
in Refs. 21,22 and write down metal Bloch states in terms o
different atomic orbitals. Assuming that core orbitals giveL
rise to completely flat bands, the resonant self-energy can q

written as
Srl@+in)=2 Ti.T; J'de |T|'a|2
R 7 5 ialja w—6|+i7]’
(18

pij(€)
w—€etin 9

wherei,j denote the conduction bands orbitals gn €)

=2 a.u., as suggested by explicit calculations shown in Ref.
24,

1 1 e~ (Z-z)/d 7>z,
—_ e X
TAC(w) Tﬁc(w) 1if 2z, (20)

where the saturation value (ﬂg(c)(w) is calculated using

the bulk formula for the Auger transition ratésn order to
include the plasmon assisted neutralization proceSses.
However, the value of the decay lengtlis the one obtained
using a surface response functior; 1.15 a.u. from Ref. 21.
With respect to the Auger loss processes, notice that these
processes only can occur in the static case when the atomic
energy level is above the Fermi level and this means dis-
tances shorter thag, for He on Al. Therefore, in our ap-
proximation 1/, is calculated in buli® and is independent

of distance.

The spectral density of states calculated in this way is
shown in Fig. 1 for distances between He and the first atomic
layer of Al of (a) 2 a.u.,(b) 1 a.u., and(c) 0.9 a.u. In Fig.

1(a), the resonant interaction between He and the conduction
band orbitals of Al shifts down the energy level of Keote

the appearance of a small weight in the density of states near
the top of the conduction bap8ut since the peak position is

®elow the bottom of the conduction band and there is little

eight at the energies of the conduction band states, the level
idth is only due to Auger capture and the line shape is
orentzian. Up to distances of around 1.1-1.2 a.u. the spec-
Fal density of states shows a sharp peak below the bottom of
the conduction band even though there is an increase of
spectral weight of the energies within the conduction band.
We will show in the next section that the SCA is a very good
approximation for problems in which He is scattered off Al
at distances of the order of 1 a.u. or larger. In Fith) the
He-1s energy level has been promoted in such a way that the

the corresponding density of states. For the case of He on Aheai position is within the conduction band. Note how the
E.. Tia, andT, , were calculated in Ref. 22 as a function of line shape is being distorted with respect to the Lorentzian
the distance between He and the first atomic layer of Al. Thdine shape and how the peak is much wider than in Fig). 1

relevant orbitals are Hesl Al-3s, and 3 for the conduc-

The interaction between He and the core orbitals of Al is

tion band orbitals and Al- 2 and 2p as core orbitals. See mainly responsible for the position of the peak but the width
Figs. 1 and 2 of Ref. 22 for details. For all of these orbitalsof the level is mostly due to the resonant interaction with the
the Hartree-Fock single-zeta wave functions of Ref. 23 wereonduction band states. In Fig(cl the hybridization be-

used and He was assumed to be on-top position.

tween the atomic orbitals of He and Al is so strong that the

With respect to the Auger self-energies, it is easy to seapectral density of states is as wide as the conduction band of
that the imaginary part of the Auger self-energies for capturé\l. The same situation is found at shorter distances. In these

and loss processes, Eq45) and (17) respectively, are re-

lated to the golden rule Auger ratesri¢ and 1, % by

cases it is impossible to define a level width with confidence
and this renders the SCA a very unreliable approximation.
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3(t,t'). This quantity can be found using the equations of
204 a) motion method and, as in the static case, keeping terms to
- lowest order in the interaction integrals. The result is
= 161
$ 1. S(LE)=ZR(tE) +Zac(tt) 2 (t1),  (2D)
&5
:g 8 where the resonant self-energy is given by
B
& 4
Se(tt)=—io(t—t")
0 T U T ‘—A 1 . ’
-1.5 -1.0 0.5 0.0 0.5 X ; Ti,a(t)Tj,a(tl)f dEpij(f)eile(tit)
12+ :
3 2 Tha(DT (e 90, (22
- b
g o !
& and the self-energies for Auger capture and loss processes
5 61 are given by
>
.’5
c 4
a ] *dw . ,
. Sac(tt)=—iot—t) > | —e e
4 k<ke JO T
0 T T T 1 d2q
1.5 1.0 05 0.0 0.5 X 2m)? dz | dz'—Imx(q,0;2,2")
a
5 -
g XM;’k(q,z,t)Ma’k(q,Z’,t’) (23)
E’, 44 c)
3 and
E 1 i 3od(,!) . ’
% 2 Satth=—iot—t) >, | —e ilatw)t-t)
o kK>ke Jo T
[m]
1 d?
] xf qu dzf dz'—Imx(q,w;z,2")
. (2m)
e o 09 o0 o XM34(0,2,0Mai(q.2',1), (24)

Energy (a.u.)

FIG. 1. The spectral density of states as a function of energy for Equationg22), (23), and(24) produce Eqs(11), (15), and
distances between He and the first atomic layer of Aldf2 a.u., (16, respectively, in the static limit. However, the calcula-
(b) 1 a.u., andc) 0.9 a.u. Energy is referred to the Fermi level. The tion of the atomic occupancy using Eq&3) and(24) in the
top and the bottom of the co_nduction band of Al are at energies annamical case is too demanding because it is necessary to
0.43 and—0.43 a.u., respectively. evaluate a eight-dimensional integral for each pait']

with t andt’ along the ion trajectoryWe use 50 000 values
Therefore a full dynamical quantum description of chargesf t andt’ at the lowest velocities Therefore in this work
exchange is necessary whenever He can get closer than 1 agk will use some approximations to the Auger self-energies
from an Al atom. that keep the basic physical ingredients of a full calculation.
We propose twoAnsdze for the Auger self-energies. Both
use the exact but much more affordable calculation of
2 A(t,t") in the bulk of the metal done in Ref. 28 and assume
an exponential decay away from the surface when ettber

In this section, the time-dependent evolution of the occut’ are such that the corresponding perpendicular distance is
pancy of the He-% level is analyzed using Keldysh Green’s outside the jellium edge. As we said before, this exponential
function techniques. Details have been publisheddecay is found approximately in explicit calculations of the
elsewheré?27-28| et us only summarize here that the basic Auger transition rate&’
quantity we need is the two-times retarded self-energy In our firstAnsatzS o o (t,t') are written dow®® as

Ill. DYNAMICAL SOLUTION OF THE NAA
HAMILTONIAN: RESULTS AND DISCUSSION
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EfAlc)(t:t/) TABLE |. Comparison of the results fdP* obtained with the
SCA and with the full dynamical calculation for He scattered off Al
She(t—t") if |t|<|t| and [t'[<[t, at an scattering angle of 180°, for several values of the incident

kinetic energy.

1
=0 —izAxc(t)S(t—t") if [t|>]t] and [t'|>]ti],
7 Bac() ol ) it =1t E,, (eV) 115 150 185 211 300 450 1000

0 in other cases SCA 0.055 0.080 0.101 0.117 0.166 0.229 0.373
(25) Dynamical 0.062 0.086 0.109 0.125 0.172 0.236 0.374

and
W SRL(t=t) if [t <|t;| and [t'|<|t], of the trajectory the velocity changes abruptly from the in-
2R(E)= 0 in other cases coming valuev;, to the outgoing value in the laboratory

(26) framev gy, Vo= 0.7, f(_)r a scattering angle of _180° and
vou=0.7%;, for a scattering angle of 136°. Turning points

In Egs. (25 and (26), ERC,AL("—V) are the exact bulk were calculated in Ref. 22 as a function of the incident en-
self-energiesA 5¢(t) is the static full width at half maximum ergy. In this work we will focus on the calculation of the ion
(FWHM) of the peak in the static density of states calculatedsurvival probability defined aP™=1—n,(t— +«), for
in Sec. Il andt; is the time at which the ion coordinate n,(t— —o)=0, which is the magnitude usually measured in
perpendicular to the surface equals the jellium edge positiofow energy ion scattering_EIS) experiments.
z;. This Ansatzimplies to use the SCA outside the jellium  The first results we present concern the accuracy of the
edge and it is justified because in Ref. 28 the SCA was foun&CA in cases where the width of the atomic energy level is a
to be a vey good approximation for describing Auger pro-well defined quantity. This happens in our case at distances
cesses alone. With respect to Auger loss processes, these plarger than around 1 a.u. and the width is mostly due to
cesses can only take place when the final position of théuger processes as we saw in Sec. Il. Conditions for the
energy level is above the Fermi level and this is inside thevalidity of the SCA were derived in Refs. 4,5 for resonant
jellium edge in our case: hence H@6). However, by using processes in the limit of a very wide conduction bdtidtre
Egs.(22), (25), and(26) the quantum dynamical character of js no shift of the diabatic leveE, at all) and in Ref. 28 for
resonant and Auger processes is kept and they are allowed fQ,ger processes. However, it is not evident what the condi-
interfere when they can both contribute to the level widthtjons should be in the present case, where the resonant self-
and this is inside the jellium edge. Thisisatzhas the prob-  energy actually leads to a very pronounced shift of the
lem that the Auger self-energies are discontinuous functiongtomic energy level and the Auger self-energy basically con-

of tandt’ att; which leads to discontinuities in the deriva- tributes only to the level width. The SCA applied to the
tive of the atomic occupancy a‘t To ascertain how seri- calculation ofP™ gives

ous the problem is we make a secofidsatzin which the

Auger self-energy has a form similar to the resonant self- P"=Pain Paout (29
energy. We notice in Eq22) that3x(t,t") is the product of N . ] o

one factor depending on the time differenicet’ and the ~WhereP,;, andPy o, the Auger survival probabilities for
hopping integrals depending ¢randt’, these hopping inte- the incoming and outgoing trajectories, respectively, are cal-
grals decreasing exponentially with the distance to the surculated as

face similar to the matrix elementd, , of Egs.(23) and N o
(24). In our secondAnsatz 3 ¢ a (t,t") are writen down as Pain=6€xg — o), dzApc(2) |, (30
@A) =32 AL (t—t)F(DF (L), (27)  and a similar expression f@, o, In EQ.(30) Aac(2) is the

FWHM of the peak of the static density of states calculated
_ in Sec. ll,vy, , is the component of the velocity perpendicu-
if z>z;, lar to the surface and;=1.1 a.u. to ensure that the level
(28) width is well defined at all distances. In the dynamical cal-
) S _ culation we also set the turning point of the trajectories to 1.1
~Notice that the static limit of Eq922), (27), and(28) is  a.y. and use the secorhsatzwhen calculating the Auger
given by Egs.(18), (19), and(20), respectively. Having de- self-energies because the figstsatzimplies to use the SCA
fined the self-energies, the Keldysh formalism allows us tan a part of the trajectory already. In Table | we compare the
obtain the atomic occupancy as a function of timgt)  results of the full dynamical calculation 8" with the SCA,
=(n4(t)), for a given initial condition of incident ions Egs.(29),(30), for a scattering angle of 180°. Note that the
[ny(t— —2)=0] or incident neutral$n,(t— —)=1]. differences between both calculations are smaller than 10%,
In our calculations Hé is assumed to be perpendicularly this being a strong indication that Auger processes actually
incident on an Al(100 surface and scattered off an Al atom take place almost adiabatically to the final atomic energy
of the first atomic layer with scattering angles of 180° andlevel obtained from the static calculation.
136°. The loss of kinetic energy in the scattering event Next, we will show that the promotion of the Hes level
is taken into account instantaneously: at the turning pointlue to the interaction with the core levels of Al is an adia-

with
e—[z(t)—zj]/2d

1 if Z<Zj .

f(t)=

205426-5
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batic process at the velocities of concern for this work, 1 1463 450 300 185 100
smaller than 1.5 keV. This means that one can safely think R
that charge transfer between He and Al proceeds between th [
promoted level of He and the conduction band states of Al
via resonant or Auger transfer. To assess this point we will
compare the results fd* of our full dynamical calculation
for the NAA Hamiltonian with the results of another dynami-
cal calculation but for an I~adiabatic” Hamiltonian. In the

l-adiabatic Hamiltonian, the diabatic energy leviéjsand ¢

are substituted for the set of MO resulting from the interac-

tions T, , among them. It is assumed that only the MO, .
which is the MO that approaches asymptotically the atomict-
orbital a, interacts with the conduction band states of theé 01

- ; oo - - 0.1
metal. Thel-adiabatic Hamiltonian thus reads S ]
I
- - - ot o 5
Hl-ad: Ea*(R)na*‘F; Eknk‘f'; [Ta*’k(R)Ca*Ck"‘H.C.] -
A ~fat A ~
+ 2 [Viwor krorax (RICKC o Cicrgr Car
k#k'#Kk", o’
+H.c], (3D
where the f1-adiabatic” matrix elements are related to the
“diabatic” ones by
0.01 N 1 L 1 " 1 " 1 " 1 N 1 " 001

0 5 10 15 20 25 30 35

Tar (R =W (R) T, k(R) (32) .
v +1v, (107 s/m)
and
FIG. 2. Comparison of the results for the ion survival probabil-
A =w2 A ity obtained with the full dynamical calculatioftlosed symbols
Vick o g ax (R)=Wor (RWVi g1 p0g7,2(R)s (39) and with thel-adiabatical calculatiofopen symbolsfor the cases
| of resonant processes or{gots, Auger processes onl§ines) and
both kinds of processes included in the Hamiltonideguareps

Also shown for comparison are the results of the full dynamical

wherewg*(R) is the weight coefficient of the atomic orbita
a into the MO a*. We define thd-adiabatic ion survival

- _ 4 o
probability asfP =1 naf(t—>+o§), for ngs (.t._> <) =0. . calculation including resonant and Auger proces$sesatz(2)] (tri-
Both calculations of the ion survival probability should give angles. He" is scattered from Al at a scattering angle of 180°.

similar result.s if the-adiabatic approximation is a good one Incident kinetic energiegn eV) are marked by arrows on the upper
because orbitala anda* are the same asymptotically. Also y 5yis.

we can check the validity of theadiabatic approximation
for resonant processes orjly*=0 in Hamiltonians(1) and
(31)] and for Auger processes onlif { =T«  =0).

Figure 2 compares the results B of the full dynami-
cal and of thd-adiabatical calculations for a scattering angle
of 180°, for resonant processes offdiots, Auger processes
[usingAnsatz(1)] only (lines) and for both kind of processes
included in the Hamiltoniaisquares The extreme accuracy
of thel-adiabatic approximation to the dynamical problem is
noteworthy. We also present in this figure results of the full
dynamical calculation usingnsatz(2) for the Auger self- - N . N N
energiedtriangles and note that the differences between cal- P~ =Pain Psun Pa our™ (1= Pain) - Preion Paour- ~ (34)
culations using bottAnsatzeare not significant. Also note
that the results folP* taking into account Auger process In this equationP, ;, andP, , are given by Eq(30) with
only do not follow a perfect straight line; for the highest z=1.1 a.u. the distance at which the final static energy level
velocities He can reach a distance at which Hasgliabatic crosses the bottom of the conduction baﬁ@m and P gion
level is above the Fermi level where Auger loss processes am@e the resonant survival probability and the resonant reion-
possible. The survival probability for resonant processeszation probability, respectively, and both are the results of a
(dotg shows two minima at incident kinetic energies of 185dynamical calculation including resonant processes only
and 450 eV. The first of these is a joint effect of the two (that isVA=0 in Hamiltonian(1)] with initial conditions for
Al-core orbitals included in the present calculation; thisincident ions and incident neutrals, respectively. Equation

minimum disappears and only one minimum is left at a
higher kinetic energy if we include either thes Rvel or the
2p level of Al.

An important outcome of the present analysis is to verify
that for the case of He on Al Auger and resonant processes
can be separated and treated independently. This will be done
by comparing the full dynamical solution of the NAA Hamil-
tonian with the “separation” formuf%2°

205426-6
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1463 450 300 185 100 should expect important quantume-interference effects when
N IT S T | we have two processes which can happen at the same time
1 and with similar probabilities. This is going to be very sel-
dom the case with resonant and Auger processes. For the
system He/Al, we have just seen that Auger processes con-
tribute to charge tranfer in one part of the trajectory and
resonant processes in another, spatially separated part, de-
pending on the position of the atomic energy level relative to
the conduction band. For other systems, such as H/AI, the
atomic energy level is resonating with the Al conduction
band in a large range of distant®&¥ so then resonant and
Auger processes could in principle interfere but since we
expect that the probability for resonant processes is much
larger that the probability for Auger processgs a way
similar to what we find in Figs. (& and Xb)] we should not
expect quantum interferences to play a big role in charge
exchange for these systems, either. The calculations for Au-
ger processes, shown as continuous lines in Figs. 2 and 3
differ in that the effect of the resonant interaction with the
conduction band states is not included in Fig(v& took
T,x=0 in that calculation
In Fig. 4 we again compare the results of the full dynami-
cal calculation with the “separation” approximation, Eq.
(34), for a scattering angle of 136°. The situation is com-
pletely similar to the one found in Fig. 4 and the two kind of
001 bt L1001 cglculations only differ slightly when the resonant channel
0 5 10 15 20 25 30 35 : .
opens or closes. The results of this work differ from the
(10" s/m) calculation presented in Ref. 22 in that we recalculate the
Auger survival probabilities according to the level widths
FIG. 3. The contribution of different processes to the ion sur-found in the static solution of our Hamiltonian, we have
vival probability of He" backscattered from Al at a scattering angle included the loss of kinetic energy of Hdn the scattering
of 180°. Continuous line: Auger survival probabilitg9). Dots:  event and we have improved the accuracy of the calculation.
resonant survival probablllty Open diamonds: survival Channel.\/\/hen Comparing the present results with the experimental
Closed diamondsP™ given by the separation approximation, Eq. gata, taken for incident energies between 500 and 1000 eV
(34). Closed squares: full dynamical calculation ushigsatz(1) for — 5nq shown in Ref. 22 we find that the theoretical results for
thg Auger self-energy. Closed triangles: fuII_dynam_lcaI_ caIcuIa.tlonP+ are a factor of 3 to 5 larger than the experiment. One
u_smgAnsatz(Z) for the Auger self-energy. InC|_dent kinetic energies source of the discrepancy comes from the use of a too simple
(in eV) are marked by arrows on the uppeaxis. wave function for He in the calculation of the hopping inte-
grals T and Auger matrix elementg”. In particular, it was
(34) implies that Auger and resonant processes can be sepghown in Ref. 30 that the use of a better and more extended
rated and treated independently. wave function increases the values of the rates for Auger
In Fig. 3 we show, for a scattering angle of 180°, thecapture processes. To see this effect in our dynamical calcu-
resonant survival probabilit ., (dots, the Auger probabil-  |ations we recalculate the Auger self-enef@nsatz(2)] us-
ity of Eq. (29) (continuous ling, the probability for the sur-  ing the Hartree-Fock wave function of Ref. 31 while leaving
vival channelP, ;,PJ..Px o, (Open diamondsand the total  the resonant self-energy unchanged. In Fig. 5 we compare
value of P* given by Eq.(34) (solid diamonds This last the results of both dynamical calculations. The theoretical
result should be compared with the results of the full dy-results improve by 50—100 % in the energy range 500—1000
namical calculations with botAnsadze for the Auger self- eV but are still a factor of 2—3 larger than the experiment.
energies represented by solid squdressatz(1)] and solid  This suggest that we can expect further improvement of our
triangles[Ansatz(2)]. We can appreciate that the separationcalculation if we would recalculate the hopping integrals
approximation is excellent for the ion kinetic energies of thewith a better and more extended description of He and Al
present work. The larger differences between 84) and  orbitals. Also, a more realistic description of the interaction
the dynamical calculation are in the region of energiedbetween He and the Al surface, taking into account more
smaller than 200 eV, where the resonant channel is openinipan one atom, should lead to different results, especially for
and in the region of energies around 450 eV, where the resdhe larger incident energies, when the turning points of the
nant channel starts to close. We attribute these differences toajectories are closer to the surface. Finally, another effect
quantum interferences between Auger and resonant prdhat has to be considered is the fact that the velocity of the
cesses. These results allow us to infer that those interferencpsojectile do not change abruptly at the turning point of the
should not lead to dramatic effects in a general case. Weajectory but rather the loss of kinetic energy is gradual until
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FIG. 5. Comparison of the results of full dynamical calculations

FIG. 4. The contribution of different processes to the ion sur-of the ion survival probability for a scattering angle of 136°, using
vival probability of He" backscattered from Al at a scattering angle Ansatz(2) for the Auger self-energies, when these self-energies are
of 136°. Continuous line: Auger survival probabilit9). Dots:  calculated using different wave functions for He. Squares: hydro-

resonant survival probability. Closed diamond’s: given by the  genlike wave function. Triangles: the Hartree-Fock wave function
separation approximatiof84). Closed squares: full dynamical cal- of Eq. (32).

culation usingAnsatz (1) for the Auger self-energy. Closed tri-

angles: full dynamical calculation usindgnsatz(2) for the Auger ) o

self-energy. Incident kinetic energiés eV) are marked by arrows Prove that the promotion of the Heslevel due to its inter-

on the uppex axis. action with the core levels of Al is an adiabatic process and
therefore one can understand charge transfer between He and

being zero at the distance of closest approach. This will nof\l as resonant or Auger exchange of electrons between this

affect our results for Auger processes because these prpromoted orbital and the conduction band states of Al

cesses operate far from the turning point of the trajectory buAgreement between theory and experiment improves consid-

it may modify the values of our calculated ion fractions sinceerably if we improve our treatment of the He-fvave func-

the available time for resonant charge transfer gets longetion when calculating the contribution of Auger processes to

However, the main findings of this article are unchanged bycharge exchange.

this effect.
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