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In this work we investigate the Auger deexcitation process of a slow metastable helium atiiiHis
triplet state on a Na surface. The electronic properties and the Auger rates of the interacting atom-metal system
are calculated self-consistently at any distance of fftem the surface in the framework of the local spin-
density approximation using the embedding Green’s function method. The energy distribution of the emitted
electrons is obtained by integrating the Auger rates along the classical trajectory in the adiabatic approxima-
tion. The analysis of the spin-resolved local density of states shows that the excited atomic states broaden into
resonances already at large atom-surface distances. The calculated atom deexcitation rates are in good agree-
ment with experimental results.
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[. INTRODUCTION could allow one to extract a great deal of information and to
realize the full potentiality of this spectroscopy.
Metastable deexcitation spectroscapyDS), sometimes In this work we shall concentrate on the Auger deexcita-

also denoted as metastable impémt atom) electron spec- tion of a slow metastable helium atom (Hein its triplet
troscopy, is a useful experimental technique developed tétate on a jelliumlike Na metal substrate. It is quite interest-
investigate the electronic structure of solid surfacBecent INg to investigate the deexcitation process on such a low
developments comprise adsorbate coverage dependent My¢rk-function metal since it is reasonable to expect that an
profiles® and studies on the energy transfer in metastabld\uger transition directly causes the deexcitation event on
adatom-surface interactiofis. this substrate and no other processes are in competition with
In the MDS technique a beam of excited atoms is fo-this Or(‘)e%_ Moreover, we can compare the experimental
cussed on a substrate and electrons are ejected as a con@gults with our theorl%tlcal_ones to test our approach.
quence of the deexcitation of the impinging atoms. It is well N previous works" ‘we investigated the Auger deexci-
established that this phenomenon is essentially an Auger préation of atoms chemisorbed on a simple metal surface
cess and that the kinetic-energy distribution of the emittegVithin a DFT approach. It is clear that a further challenging
electrons contains information on the electronic structure oflifficulty of the MD process with respect to standard Auger
the surfacé:® Unlike photons or electrons used in ordinary SPectroscopy is the presence of an additional degree of free-
electron spectroscopies, metastable atoms do not penetr&@M. the He trajectory. To make such a problem manageable,
the bulk of the solid and so MDS gives the opportunity tothe energy distribution of the ejgcted electrons is determined
probe the outermost surface layer selectively. However, it i§'€glecting the effect of the motion of the atom on the deex-
usually quite difficult to obtain information on the surface citation rate (adiabatic approximatin In this approxima-
electronic structure from an experimental spectrum since thon, we can extend the theory we have develoPeand
energy distribution of the emitted electrons depends not onlgalculate the Auger deexcitation probability of the excited
on the electronic density of states of the surface, but also oil€ atom at different distances from the surface. Then, using
the dynamics of the interaction between the excited atom an@ Simple rate equation, we can work out the survival prob-
the substrate. Therefore any theoretical description of thability of the excited species as a function of the distance,
emission spectra should properly account for the metal-ator@nd finally calculate the total deexcitation spectrum.
interaction, which can lead to a modification of the unper-  This paper is organized as follows. In Sec. Il we describe
turbed electronic structure of the probe and the target, ant'® main features of the deexcitation mechanism of a meta-
also consider the process of the electron emission along tH@ble helium atom on a metal surface. In Sec. Ill we present
trajectory of the approaching atom. Although some attemptghe deta}lIs of our theore'tlcal approach. The res'ults. and their
have been made to reproduce the experimental restitiso discussion are reported in Sec. IV. The last section is devoted
within a density-functional theor§DFT) framework® anab  to the conclusions.
initio approach to treat the interacting metal-atom system in
a fully consistent way is still Iagking. For this reason relev_ant II. DEEXCITATION MECHANISM
problems, such as the deexcitation rates or the most likely
distance from the solid at which the atom deexcites, still It is usual to classify the deexcitation processes at a metal
present open questions. We believe that only a detailed consurface according to the values of the work functirof the
parison between experimental spectra and theoretical onesetal and of the ionization potential of the excited atom. In
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FIG. 1. Deexcitation mechanisméa) (upper panel resonant
ionization(RI) + (lower panel Auger neutralizatioffAN), (b) Au-

ger DeexcitationAD).

Fig. 1 we schematically illustrate the two main processes that

may occur:
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dergo resonant ionizatiofiRl) through tunneling of the elec-
tron in the excited state into an unfilled level above the Fermi
energy in the metdlFig. 1(a), upper pandl The resulting ion
continues toward the surface where it is neutralized by a
conduction electron from the metal. The released energy is
imparted to a secon@Augen electron of the metal, which
may be ejected from the surface if the energy transferred is
sufficiently large. This second step of the deexcitation, which
is essentially a core-valence-valef@/V) Auger transition,
is called Auger neutralizatiofAN) [Fig. 1(a), lower pane].
The second deexcitation mechanism, called Auger deexcita-
tion (AD) or Penning ionization, is illustrated in Fig(k).
This occurs if the incident excited atom ionization potential
is greater than the work function of the metal. In this case,
the RI process is suppressed because there are no empty
levels of appropriate energy within the metal. A common and
simplified explanation of this deexcitation process is that an
electron of the conduction band of the metal fills the deeply
lying hole of the probe atom. Hence the energy produced in
this transition is transferred to the electron bound in the ex-
cited state of the atom which is therefore ejected. According
to this interpretation, this type of interaction yields an energy
distribution of emitted electrons which is a direct image of
the occupied states of the valence béifdhe ejection prob-
ability is the same for all electron staje§his suggests a
correlation between MD spectra and those obtained with ul-
traviolet photoemission spectroscofiyPS), and, in fact, the
spectral features of MD spectra are usually identified by a
comparison with UPS datat®

This explanation of the AD process is somewhat oversim-
plified. In fact, the atom and the substrate retain their indi-
vidual electronic structure when they are widely separated.
However, this is no longer true when the atom is close
enough to the solid so that its wave function begins to over-
lap the metal surface ones. In this case it is no more strictly
meaningful to speak of purely atom’s or metal’s states in the
energy range of the conduction band of the solid whose elec-
tron wave functions overlap with the atomic excited state of
the approaching atom. Consequently, the sharp atomic level
broadens into a resonance. It is therefore clear that the deex-
citation spectrum may significantly depend on the metal-
atom interaction which can lead to a modification of the
unperturbed local electronic structure. The purpose of this
work is to calculate the energy distribution of the emitted
electron when a %S He is scattered off a low-work-function
metal surface, by calculating the atom-metal electronic prop-
erties in a consistent picture.

Ill. THEORETICAL FRAMEWORK

In this section we illustrate the theoretical model we use

In each energy level diagram a metallic surface is showro calculate the Auger deexcitation probability of a slow
on the left with a conduction band filled up to the Fermi metastable 2S helium atom that interacts with a metal sur-
energy, while the localized well of a closely approachingface described by the jellium model following Ref. 7.

excited atom is shown on the right. If the work function of

The total probability(numbej of electrons produced at

the surface is comparable to or larger than the ionizatiorenergyE when an excited atom with a hole in its Ehell
potential of the excited atom, the incident particle can unimpinges on a metal surface is given by
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% allows one to obtain the number of Auger electroN$E),
N(E)=J' dt P(E,t)n(t). (1) per unit energy created at enerfy by an excited He atom
o incident on a metal surfadsee Eq.(1)].
Here, P(E,t) is the rate per unit energy at which Auger Itis worth noting that in this treatment we have implicitly
electrons of either spin are produced at endfdyy the core  assumed that the Auger deexcitation event is the only deex-
ionized atom that deexcites at timeandn(t) is the prob- citation process that takes place. If other processes were in-
ability that the initially (at t=—o) empty 1s state is still  volved, in competition with the Auger one, these could affect
empty at timet. To determine the quantitg(t) we use the the survival probability of the excited atom(z), and con-
simple rate equation sequently the total probability of emitted electrons per unit
energy,N(E), and should therefore be taken into account.

dn(t) Under the previous hypothesis of a normal scattering en-
dt R(On(1), ) ergy conservation process, we can calculate the velo¢ity
] . ) . . of the atom using the following equation:
with the condition than(t=—«)=1. In this equatiorR is
the total rate at which the Auger electrons of either spin are 1 5 i
produced at time: 7 Muev (2)°+U(2) =By, (7)

* where M is the mass of heliumy(z) is the interaction
R()= fﬁde P(E,D). (3) potential between atom and substrate, &gl is the initial
kinetic energy of the atom.

We assume that a given metastable atom, in view of its large In order to derive the deexcitation raf(E,z), at differ-
mass compared to the electron one, follows a classical mant distances from the surface we extend the approach we
tion and we only consider thedependence of the trajectory, used in previous work$'? to treat spin polarized systems
with the z axis normal to the surface and pointing outside theand CVV Auger transitions. Using the Fermi golden rule, we
metal (the origin of thez axis is taken at the positive back- can write the transition probabilities for the emission of spin
ground edge of jellium Thus we caliz(t) the coordinate of up (1), P'(E,z), and spin down {), P'(E,z), electrons at
the atom at timet. Of course, in this scattering problem we energyE, when an excited He atom is at positinfrom the
have z(t=—«)=c«. Due to the low kinetic energy of the jellium edge(atomic units are usédThe atom has a hole in
approaching atonfitens of meV(Refs. 1 and 1/, we also  the 1s shell, and we shall assume from now on that a spin
assume that it is possible to neglect the time dependence @bwn (|) electron has been removed. Then, integrating over
the interaction potential between atom and surfaciabatic  the Auger wave function solid angle, we obtSin
approximation. In this way the deexcitation probability
does not depend on time but only on the coordirabé the A
atom and we can evaluaR at a certain distance from the PT(E’Z):ZW% f dk|Daf ¢} a1 51 8(E+Ec—E,~Ep),
surface as if the atom were fixed in that position. Thus we (8)
can express the total deexcitation probability from &g.as

PYE2)= dKIDa| ¢ w
N(E)=J dz P(E,z)n(2), (4) (E.2) W%J' IDajclal.6l
yv(z)

—Eaj,cl.al.pl|°0E+Ec—E,—Ep). (9

The sum of these two contributions gives the deexcitation
rate

wherey is the round trip path on theaxis followed by the
atom in the scattering process|z(t)]=dz(t)/dt is the z
component of the velocity of the atom, and the quantiBes
andn are now expressed in terms of the coordinatdhe _pl ]
rate equation in Eq.2) becomes PE2)=P(E2+P(E2). (10
In Egs.(8) and(9) the directD 4 ¢ ,, 5 and exchang&x c .5
dn R(z) matrix elements are given by
2= @ (5)
v(2) 1

whereR is the total deexcitation rate when the atom is lo- DA,C,a,ﬁ:J drydray(ry) ‘ﬁc(rl)m Pp(r2)Yalr2)
cated at a distancefrom the surface either before or after (11)
the impact with the metal. This equation has the solution and

n[z(t)]=ex —J dz’w , (6) E _fd dr o 1 *
Azl v(zZ') ACa,p= | Aradragy (ri) a(rq) (ra)e(ra),

[ri—rol
where y[z(t)] indicates the pathpossibly considering a (12
round trip part on thez axis which goes fronz(—«)=w to  where ¢, is the Auger electron wave functionc is the
the positionz(t) of the particle at timé. Thus the knowledge orbital of the initial core hole, and, and ¢, are the final
of the rate at which Auger electron are producPdqE,z), valence state hole wave functiofvge dropped the spin index
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metastable helium atom in its triplet state by using the DFT
and the LSDA, we have studied the free atom case. The
; self-consistent solution obtained when the atom is con-
Eg * E strained to have only a spin-up electron in thelével is the
' triplet state, with two parallel spin-up electrons, one occupy-

E 7 First of all, in order to test the possibility of describing the

Fo i ing the - atomic state and the other electron the Rate.
i Our calculated excitation energy of this system, i.e., the dif-
i ference between the total energy of the excited atom,
* Ec ! * E(He*), and that of the atom in its ground stakHe), is
given by
(a) (b
FIG. 2. (a) shows the emission of spin-up electrons #bythe E(He*)—E(He)=(—58.24+78.10 eV=19.86 eV.
emission of spin-down electrons. The full lines indicate the direct (13
process and the dashed lines the exchange one. The full circles
represent the electrons. This value is in good agreement with the experimental result
of 19.82 eVt

for simplicity). All such wave functions are evaluated solv-

ing the Kohn and Sharfks) equations of DFT in the local Now we investigate how the induced density of states

) . NN ) . (IDOYS) of both spin populations varies with the adatom dis-
spw;)—d; dn.s'ty approwzu?ﬁ_tiDtAl)E by(g)we C;re;n ifunfﬁop tance from the metal surface. In the different panels of Fig. 3
embedding approactt.Note that EQS(o) an 9) s owfthat e present the IDOS’s for Heat distancesz=7.0a,, z

the emitted Auger electron may have spin up or spin down

with different probabilities, also for a nonmagnetic substratezs'oao’ andz=3.0, from the jellium edge. Note that the
ent proba ’ nmag . 1s Helium level always lies below the valence band and it is
For a spin-up emitted electron there is only one possible

process, the direct orf@ig. 2a)], but for a spin-down one hot shown in the figures. When the atom is far from the

; . surface, atz=7.0a, [panel (8)], the IDOS of the spin-up
there are two possible processes, the direct and the exchangg ulation(solid ling displays a narrow peak just below the
one[Fig. 2(b)]. To obtain the initial state with a core hole the P pay b :

KS equations are solved self-consistently with the constrain't:erml level which s due to the occupied 8tate and a more

that the occupation number of the spin-dowscbre state is pronounced peak at about 1.0 eV ab@edue to the empty

zero. The details about the orbitals and the method we use gf resonance. Observe how the metal-atom interaction

treat the sums over the valence states are described in t eoadens the atomic levels into resonances. It is also worth
Appendix noting that from the values of the ionization potential of a

The same theoretical treatment has been previously us f(r]e;] ectirgr?tsﬁﬁzl?\l:zuggg(;%lgu?g7e(\ay\ya2(rj1e0:n;hee\>,<voer|c(;t
to calculate the deexcitation spectra of metastable He ato % ' ’ Y €xp

on N’ and on C( In these works, however, the interaction . .- Zs resonance to be peaked at a lower energy. In our

of the atom with the surface has not be taken into aCCOUIi{SDA calculation such resonance is quite close to the Fermi

and the deexcitation process was treated using wave fun evel and not completely occupie.d, indicating a small charge
ransfer to the substrate. For this reason tlseelectron is

tions for both, metal and atomic states, which were calcu- riallv delocalized in the metal and the deexcitation ph
lated independently. The metal-atom interaction can lead to gartially delocalize € metal a € deexciation phe-

modification of the unperturbed surface electronic structure!\0MeNON also comprises a contribution that can be consid-

and to take care of this it is necessary to perform a selfserecj as a RFAN process. Another point that we can observe

consistent calculation of the interacting metal-atom system'.s. that the spin-down populatioftiashed ling has no occu-

ied states on the atom, since in this case both, tharzl

However, the need to account for the metal-atom interactioelgp i b ab the F = level. As the at
opens a relevant question about the dynamical effect related™’ resonances fie much above the ermi level. AS the atom
proaches the surface closer and clgsee Figs. &) and

to the sudden disappearance of the core hole in the final sta :
PP c)], the spin-up 2 resonance broadens and becomes

of a CVV Auger proces$>*®In this work we do not consider " fast oot ith th
this final state effect and we calculate the Auger transitior‘?’?a'ot0 er asha cons;a(tq#encetol a s(;onlger:tlm e;\qf(t: |otn VIV' €
probability using the electron wave functions of the initial electronic charge of the metal, and slightly Shilts 1o lower
excited state. energies. Observe that the interaction with the substrate

causes also a partial occupation of the spin-down states.

In Fig. 4 we present the Auger deexcitation spectra of the
excited H& atom located at various distances from the sur-

In this section we present the results for the deexcitatiorfiace. In the figure all energies are referred to the bottom of
process of a metastablé® helium atom (H&) interacting the valence band. The maximum energy of each Auger spec-
with a Na metal surface. This substrate is described by &um lies atE=2Er—E¢, whereEc is the eigenvalue of the
jellium with r,=3.933,. Differently from our previous empty Is state of H& at a given distance from the substrate.
calculationst>*?in this case we make use of the LSDA and So the different energy maxima of the Auger spectra ob-
solve the Kohn-Sham equation in a sphere of radius tained with the atom at various distances are the consequence
=9.0ag. of the variation ofE with the metal-atom separation.

IV. RESULTS

035408-4



THEORY OF METASTABLE DEEXCITATION . . .

[
o

(a) z=17.0 ay

DOS (States/eV)
o = NW A N N 00 \D

-2 -1 0 1 2

4 -3
Energy (eV)
35 T T T .
b z=5.0 49
3 -
25t
P
L
g 2
<
a
o L5t
g
1 L
05 | -
=
~ <
0 —t————===ns * b
4 3 2 -1 0 1 2 =
>
Energy (eV) v
1.8 . . . . g
-
16t © 7=3.02 g
14 f Z
A g
S 12t =
L
g arp
k5
2 o8}
wn)
K o6}
04 |
02 F
0 3
4 2 -]
T
Energy (eV) S
. . >
FIG. 3. H& atom at different distances from the Na surface. v
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dotted line is the Fermi level. &
As is well known, the eigenvalues obtained by solving the &

KS equation do not allow one to determine the correct ki-
netic energy of the Auger electron. However, we assume tha
they can provide a reasonable description of the variation
with distance of the binding energy of the core level and so
of the energy position of the Auger spectra. The comparison

au.)

-4

Transition rate (5 X 10

2.0

1.5

1.0

0.5

0.0

PHYSICAL REVIEW B68, 035408 (2003

17

18 19 20 21

Energy (eV)

FIG. 4. Auger transition rates for the atomzt 7.0a,, 6.08,
5.0y, 4.0y, and 3.@,.

the surface the deexcitation rate increases as a consequence
of the increasing overlap between atom and metal wave
functions. We also observe that the width of these curves
rises as the metal-atom separation decreases. This is essen-
tially due to the broadening of thesZesonancédFig. 3).

(b)

Energy (eV)

of the line shapes clearly shows a significant dependence of FIG. 5. Auger transition probabilities for the emission of
the Auger transition probability on the distance of the atomspin-up(solid line) and spin-down(dashed lingelectrons(a) He*
from the substrate. In particular, when the atom approachea z=5.0a,, (b) He* atz=3.0a,.

035408-5



N. BONINI, G. P. BRIVIO, AND M. I. TRIONI PHYSICAL REVIEW B 68, 035408 (2003

In Fig. 5 we display the Auger transition probabilities for
the emission of spin-up and spin-down electrons. In particu- Lt
lar, we present the results for the atom located at two differ- /‘-
ent distances from the surface, namely,zat5.0a, [panel 08 r
(@] and atz=3.0ay [panel(b)]. Our results show a strong '\\
polarization of the produced Auger electrons. In particular, & 06 e
we find that the probability for the emission of spin-up elec- =
trons is always significantly greater than that for spin-down 04
electrons. Such a polarization effect is determined by two
contributions. First, the Auger transition probabilities for the 0.2
emission of spin-up and spin-down electrons are determined
by distinct matrix elements. Second, the polarization effect is 0 ) 4'1 é 8 1'0 1'2 ”

significantly affected by the difference in the local DOS’s
between the two spin populations on the metastable He atom.

In order to calculate the total deexcitation probability G, 6. Survival probabilityn(z) of the excited H& atom. The
N(E) [see Eq.(4)], we have to determine the velocitf(z)  solid (dashedl line indicates the survival probability of Mebefore
of the metastable Heatom and its survival probability as a (aftep the impact with the metal.
function of z, n(z). To evaluate the velocity of the atom

using the energy conservation 1&®), we have to provide an probability when the atom is approaching the surface, while
expression for the interaction potentigl(z) between the the dashed line is that for the atom which is moving away
atom and the metal surface. Since at present we are not ali@m the jellium edge after the scattering process, for normal
to calculate the total energy of an excited atom near théncidence. Observe that the deexcitation events occur essen-
surface, we estimate such an interaction potential using thgally in a limited range of distances betweer 3.6a, (the
effective medium theorV. In particular, we have calculated turning poin‘ and z=~ 8ay. Our result also shows that the
by LSDA the total energy of a metastable’Hatom embed-  probability that an atom is reflected without deexcitation is
ded in bulk jellium of different electronic densities to simu- ~Q.5.
late the different atom-surface separatih¥ve have fitted There are reasons to believe that our calculated value does
the effective medium theory results by the Morse potential overestimate the exact ohé.First of all, as previously ob-
_ ) served, in our calculation the metastable helium atom is par-
Un(z)=a{l—exd —c(z=2)]}"~a, (14 tally ionized even at large distance from the surface. The
where the parametess ¢, andz, represent the depth of the result of this is that the fraction of thes2wave function
well, its width, and the position of the minimum, respec- Which is delocalized in the substrate does not participate in
tively. The fitted values ar@=60 meV, C=0.5'Eagl, 2 the_ descnbed d_e_cay process ar_1d cannot contribute to t_he
emission probability. A second point that we want to stress is
that our results are obtained under the hypothesis of normal
scattering: a different angle of incidence should increase the
time spent by the atom near the surface and so decrease the
survival probabtikl}ty. We have also to consider that the lack of
; . charge neutrality in the embedding region may be relevant
To compute the survival probabilitih) we also have to if the embedding sphere is not large enough to contain the

determine the quantitR(z). This is done using Eq3), i.e., . X
integrating in energy the spectfd(E,z), at the various dis- region of space mainly perturbed by the presence of _th_e He
a}iom on the surface. In our calculation a small deficit of

tances. Since we have calculated these spectra for a limite . ! . .
ectronic charge is present even using a sphere of radius

. . . e
number of positions in the range of distances betweea;3.0 — . 4 )
and 7.@,, we need to interpolate our results in this range_g'oao' Taking a much larger embedding region the accu-

and to continue these for distances aboveag.0The con- racy (and the computational effgrtof the calculation in-
. o . o creases and we find that while the shape of the Auger spectra
tinuation is performed using an exponential law

is essentially unaffected, the survival probability slightly de-
R(z)=Aexp - B2), (15) creases. Finally, another source of inaccura}cy in our c_:alcula—
tion could be the estimate of the interaction potential be-
where the parametes and B are obtained by fitting to the tween atom and surface. Indeed, the effective medium theory
tail of the calculated?(z) at largez. This exponential law at usually gives a reasonable description of the main features of
large distances follows from the decrease of the Auger mathe atom-surface potential, but the quantitative agreement
trix element with increasing atom-metal separation which iswith the result of a more accurate analysis is not always
essentially governed by the exponential decay of the waveatisfactory. For example, small variations of the classical
function of the metal valence electron involved in theturning point can change significantly the final survival prob-
transition®2021 ability n(z= + ).
In Fig. 6 we present the probability(z) that a H& atom At this point we can calculate the total Auger electron
is still in its excited state at a distanzérom the jellium edge energy distribution using Eq4) and compare it with the
[Eq. (5)]. In particular, the solid line refers to the survival experimental resuf To make such a comparison we have

z (a.u)

=5.28,. The minimum of the potential energy is in agree-
ment with previous estimatés To calculate the velocity we
consider an initial kinetic energy of the metastable atom o

kin=60 meV2? In this way the turning point of the trajec-
tory of the atom isz;,= 3.6a,.
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12 T - T T that determine the wave functions of both, metal and atomic,
states independently or treat the effects of the presence of the

1o r ] atom on the surface perturbatively. On the other hand, our
0s | + ] approach does not account for several many-body phenom-
' + ena such as the sudden disappearance of the initial core hole

in the CVV Auger process or the interaction of two core

holes in the valence band.

04 | n ] Finally, we point out that we calculate the Auger transi-
tion matrix elements without approximations, starting from a

0.6 + +

Intensity (arb. units)

02 f + T + single Slater determinant description of the wave functions

4 of the interacting He-metal system. These rates are instead

0.0 * : ' ! often derived from the knowledge of the local DOS of the
18 19 20 21 2 2 system weighted by suitable terrimore recently also in a
Energy (eV) DFT framework.® The validity of this approximation has

been discussed since long in the more general realm of CCV
and CVV Auger transitiond®?32° For example, we recall
$hat it is well accepted that CCV spectra probe the local DOS
of a screened ionized core hole. Since there is a core hole in
the initial and final states, either initial or final state wave
hé.unction may be used in calculating the Auger rates with no
limited instrumental resolutioffull width at half maximum appremgble d|ﬁergncb1. FOF a CVV transition, one expects
=0.15 eV*® and to the finite lifetimes of both initial and to get(final stat¢ information on the Ioca}l DOS around a
final states. In this case the latter contribution can be nerjeutral atom. However, the effect of the initial ionized core
nnot be neglected, since it crucially affects the Auger rates

glected. Indeed, assuming that the Auger decay is the mo§E

important deexcitation process, the lifetime of the initial state®Nterng the golden rule expression. Such a contribution,

is determined by the transition raR(z). So the energy which can only be included phenomenologically by expres-

width is less than 0.01 e¥Ref. 22 (in the range of distances sions that use the crystal DOS, is correctly accounted for by

we consideredand does not affect the line shape. BesidesoU' approach of the MDS process.

since the finite lifetime of the final state is due to the holes in
the valence band, one expects negligible effects at the top of ACKNOWLEDGMENTS
the emission band and significant broadening in the low-

energy region. However such an effect at lower energies .i§opic of this work and to T. B. Grimley for a valuable com-

difficult to observe in the experimental curves because it I$hent. This work was supported by the Italian MIUR through

largely obscured by secondary electrons. _ Grant No. 2001021128 and the INFM-Project PAIS-SPASM.
In Fig. 7 we report the comparison between the theoretica

and the experimental results. The energy is referred to the

bottom of the valence band and the experimental data have APPENDIX

been shifted in order to align the maxima of the two spectra. e wave functions of the core state and of the Auger
The experimental profile shows a pronounced peak near th§actron involved in the transition are

top of the emission band, while the tail at low kinetic energy

is essentially the background contribution due to secondary Ye(N=R_(Ec,NY, m(Q), (A1)
electronst® Our theoretical result predicts quite well the ¢ ere

shape of the emission band, but somewhat overestimates the

|
width of the peak at high energy. lﬁA(f):E 2 Rl,gA(k'f)YLm(Q)YM(R)y (A2)
I m=-—I '

V. CONCLUSIONS

FIG. 7. 2°S He*-deexcitation spectral profile of a Na surface.
The solid line is the theoretical result. The crosses indicate th
experimental datéRef. 10 The energies are referred to the bottom
of the valence band.

to take into account the broadening contributions due to t

We are grateful to J. E. Inglesfield for suggesting to us the

where Y, (Q) are spherical harmonics ang, is the spin

In this paper we have presented a falll initio calculation  index. For the Auger electrons we assume a free-particle
of the Auger deexcitation line shape of a slow metastable Henergy—wave-vectork) relation,E=k?/2, the energy of the
atom on a Na metal surface, in which the particle motion isemitted electron being determined by thdunction energy
treated in the adiabatic approximation. Our theoretical resultonservation in Eq99) and(8). More details on the radial
reproduces quite well the characteristic asymmetric shape gqfarts of these wave functions are in Ref. 11.
the experimental datz. In the calculation of the transition probabilities we have to

We wish to stress that differently from previous evaluate the sum over the continuum of all valence states.
approaches®2*which studied deexcitation or neutralization This can be performed using the following relationship with
events of atoms at surfaces, we calculate self-consistently tithe Green’s functionG(r,r’;E), of the systerff (hereafter
electronic properties of the interacting atom-metal systenE=E’+i§, with E’ the energy belonging to the continuous
within the DFT framework. This allows for a better descrip- spectrum of the system antla positive, infinitesimal quan-
tion of the electronic structure than that provided by methodsity):

035408-7



N. BONINI, G. P. BRIVIO, AND M. I. TRIONI PHYSICAL REVIEW B 68, 035408 (2003

1
(2,121 +1)

Kt 1 ’ |
2 S(E-E) (NIl ()= 5[ E) ReS! . (E)
—-G*(r',r;E)]. (A3)

In this case we need the Green’s functions for both the
spin-up and the spin-down populations. In our calculation,
each of them is expanded on the linearized augmented plane

’

XMG" N a0 DM AL ,L)}

(A7)

wave (LAPW) basis set?

Gorr E)=2 Gy (BN ()] o=1.1.
M (A4)
Using the identity

S(E+E.—E,—Ep)= f ded(e—E,)8(E+E.—Ey—e),
(A5)

one can exploit the relationship of EGA3) and integrating
Egs. (8) and (9) over the full solid angle we obtain the fol-
lowing expressions foP'(E,z) andP!(E,z):

PT(E,Z):8E E 2 Cti’ ,L;],LACLi'Ln’LA

11" N,N La

1
'
2D+ 1) (B

o
Xl\/l(i’,n',lA,li' ,Irq,T)l\/l(i,n,lA,li dnsT),
(A6)

*
E CL_' ‘|_’ L CLi 'Ln'LA
L' NN La TETA

Pi(E,z)=8[

- = @ gl
><{(Zli+1)(2Ii’+1) SI,I':N,N'(E)

XM@A" N a0 00,0 MGn sl LD

where | =(i,L;), N=(n,L,), L;=I;,m;, L,=I,,m,, and
La=1a,mp. The termsM andS are given by

M@,nla i 00, 0)

=f drdr’r2r’2fi{,i(r)R|Cvl(Ec,r)
li

r
th_ilfg,ln(r/)R|A,a(kA,r'), (A8)

>

E
S (E)= fo "deAd!()AGY  (E+Ec—e)

XO(Ep—E—E+e), (A9)
where
o 1 o o *
Agn,n’,Ln ,Lr’](E) = E{gn,n’,Ln ,LA(E) - [gn',n,Lé ,Ln(E)] }
(A10)

ando=1,]. In Eq. (A9) the range of integration and thHe

=0 K Fermi factor® account for the fact that in Eq&) and

(9) one has to sum over the occupied states in the valence
band.

*Present address: International School for Advanced Studie¥N. Bonini and M. Trioni, J. Electron Spectrosc. Relat. Phenom.

(SISSA), via Beirut 4, 34014 Trieste, ltaly.
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