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Core-hole excitation and decay for continuum-coupled systems: The adsorbate case
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In isolated atoms and molecules the resonant excitation and the subsequent decay of core-electron excita-
tions are appropriately described as a coherent one-step process. Narrow-band excitation brings out its distinct
features(linear dispersion and line narrowing for decay spectra in atoms; detuning effects such as vibrational
collapse and turn-on and atomic versus molecular lines in molecllsing the example of adsorbates on
metal surfaces, we address the question if and how this is modified for systems in which discrete intermediate
(core-excitedl states are coupled to a continuum. The basic question of coherent versus incoherent processes is
considered, and the more practical question is addressed as to what is the correct interpretation of the observed
detuning effects for adsorbates. We demonstrate the inappropriateness of the usual wave function description
based on the perturbative treatment of the time-dependent @obes equation which leads to unphysical
interferences and physically unacceptable features of the decay electron spectra and develop an appropriate
density matrix approach. While its complications make a general solution impossible, we show that this
approach leads in a systematic way to a picture in which coherent and incoherent excitation-decay channels
compete but do not interfere with each other. The two-step description of the incoherent channel and the
one-step character of the coherent one emerge from this analysis. The earlier interpretation of the observed
variations of the relative strengths of the two channels upon detuning as the variation of the delocalization
probability of the intermediate core excitation is justified by our treatment.
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[. INTRODUCTION oms. Both characteristics are direct consequences of energy
conservation. For molecules additional very interesting “de-
Traditionally, the excitation of core holes and their fol- tuning effects” exist which derive from the fact that the time

lowing decay by x-ray photon or Auger electron emissionscale of nuclear motion determines the appearance of the
have been viewed as a two-step process. This is adequate fdecay spectra. Only exactly at resonance will the full lifetime
broad-band excitatiofwhere “broad” and “narrow” are de- of the core-excited state contribute to the final-state spec-
fined by comparison to the lifetime width of the core-hole-trum; detuning away from resonance leads to a shortening of
excited state Recent advances of experimentation with syn-the available time with potentially strong effects on the
chrotron radiation have made it possible to use muchspectr@=® For bound intermediate states detuning can—
narrower excitation bandwidtislf the resolution of the depending on the relative positions and Shapes of the poten-
emitted decay photon or electron is sufficiently narrow asja| energy curves of the ground, intermediate, and final
well, only a one-step description is appropriate for the entirestates—lead to the disappearance of vibrational structure
excitation-decay sequgn?:e/,vnh the consequence that en- («iprational collapse’) (Refs. 7, 10, and 31or the opposite
ergy conservation applies only between the init@lound  gffect7.11 For repulsive intermediate states “molecular” and
state and the finaldecay state. The experiments are then «yomic jines can arise which possess different dispersion
termed resonant inelastic x-ray scatterii®yXs) and reso- behavior and can interfere in a very interesting and compli-

nant Auger-RamariRAR, also ARR spectroscopies® Be- 1o
cause of the strong dominance of Auger over radiative de(—:at(ad way upon detuning; and a Doppler effect for the

cays for light elements and the greater ease of high resolutio‘fa‘nm'tted eIe_ctrons can be obser\}émll these effects can be
for secondary electrons over secondary photons, a |arg%e§cr|bed in a statlonary form.al'lsm'based on the Kramers-
body of results on atoms and molecules exists for the Auger€iSenberg formula or in explicitly time-dependent formal-
case which we will take as the example here. It should b&SMS Which in some respects have the advantage of a more
noted that most arguments carry over to the x-ray emissioftuitive _appeal. Alarge t_)ody of_expenmental and theoretical
case. work exists, and extensive reviews as well as surveys have
For isolated atoms and molecules with well-defined quanbeen giveri:***°The basic one-step picture thus is unavoid-
tum states, consideration of the coupled excitation-decagble for isolated systems with well-defined quantum states.
process necessarily implies a one-step picture. The experfS long as no coupling to internal continua happens this
mental signatures of experiments under such narrow-banpicture is also appropriate for soligsee the RIXS cage®A
(“Auger-Raman”) conditions aré“linear dispersion” of the  basic question is if there are any changes for a system with
decay electron kinetic energy with the excitation photon en<oupling to a continuunfor to more than one continueOne
ergy and “line narrowing”(definition of the linewidth of the might argue that the basic process should always be one-step,
decay electrons by the photon energy resolution and theven if the particular conditions let it appear indistinguish-
final-state lifetimenot the intermediate-state lifetiméor at-  able from the result derived from a two-step picture. This
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opinion—that it is always a one-step process—has beearguments can be carried over to other continuum-coupled
voiced in the literaturé’ systems, such as, e.g., solids or large molecules in which a
An interesting case of a coupled discrete-continuum sysfunctional group is coupled to a large residual molecule.
tem is that of an adsorbate on a metal or semiconductor In the following we will first demonstrate that the usual
surface. Here the excitation-decay sequence of a core-hobgpproach for coherent excitation-decay processes, a perturba-
excitation can in principle proceed in two ways which aretive Schralinger equation approach—nhere called the wave
easiest to visualize for a resonant, core-to-bound intermedfunction approach—is inappropriate for our ca$&’since it
ate state which brings an electron from a core state of theoes not permit one to incorporate the coupling to the sub-
adsorbate into a bound empty, dipole-coupled state of thetrate with efficient internal dissipation and dephasing and
system, in the simplest model into an empty orbital on thetherefore leads to unphysical interference terms. We then de-
adsorbate. The electron in that excited adsorbate state c&alop a treatment based on the Liouville equatitve den-
then delocalize into the bulk substrate. If this delocalizationsity matrix approachdesigned to eliminate this difficulty. In
is slower than the core-hole decay, then the system does ngiis approach both excitation-decay channels are accounted
know anything about this possibility, and the characteristic§or without making any prior assumptions as to their one- or
of the Auger-Raman conditions are expected to result. Ifewo-step nature or whether they interfere or not. Unfortu-
however, the electron transfer is competitive with or fastemately, however, a solution for the cases of a variable degree
than the core-hole decay, a modification is expected; in thef coupling to a broad band of continuum states cannot be
extreme it results in a breakdown of the Auger-Ramangiven. We have to be content with the treatment of limiting
characteristics? Experimentally it is indeed found that for a casegeither a single adsorbate state or a subset of adsorbate-
weakly adsorbed species like an Ar atom physisorbed on gubstrate states coupled extremely strongly to a broad con-
transition metal surfacE,;*’ both types of spectra occur: the tinuum band of variable densjtyNevertheless, we believe
linearly dispersing Raman spectrum and a spectrum calleghat our treatment shows the essential correctness of the ear-
“normal Auger” because of its constant kinetic energiesiier naive model mentioned above: the competition of a co-
upon detuning and its equality to the Auger spectra obtaineflerent Raman-Auger channel as in the isolated atoms with an
by primary excitation into the ionization continuum. Based (intrinsically) incoherent normal-Auger channel. No interfer-
on a simple rate approach, the ratio of the integrated intenences exist between the two channels, and therefore the ob-
sities of the two spectra has been used to derive the ratio &ferved detuning behavior must be connected with the varia-
the charge transfer time and the core-hole decay time angion of the delocalization probability of the intermediate
since the latter is known reasonably well, to derive the absoexcitation away from the adsorbate complex, which will be
lute value of the former which turns out to lie in the range of connected with the character and density of substrate states
some ten femtoseconds for different systéffS.The ratio  and their coupling to the adsorbate complex.
of channel intensities is often given in a normalized manner; The paper is organized as follows. The processes are de-
i.e., the so-called Raman fraction is the strength of the Rascribed in Sec. II; the results of the standard description
man channel relative to the sum of both channels. Fopased on the wave function approach are presented and dis-
strongly coupled adsorbates such as chemisorbed moleculggssed in Sec. IIl. The density matrix approach follows in
(CO, NO, N) the normal-Auger part overwhelmingly Sec. IV. This section is divided into several subsections and
dominate$" and the Raman fraction becomes very small. Buthe reader interested mainly in the results may concentrate on
using the different dispersion behavior of the two types ofsec. |V D where the results of the density matrix approach
spectra, even here estimates of thery short, below 1 f6  are confronted with those of the wave function approach.
charge transfer or delocalization times are possible. The discussion following Eq$24) in Sec. IV C should also
Such an analysis is based on a somewhat naive model @ noted in this case. Finally, in Sec. V the density matrix
the clear separation into either decay before transfer or trangpproach is generalized to account for those parts of the

fer before decay. It does not take into account the subtletiegdsorbate-substrate interaction which cannot be treated
which the above-mentioned theories have demonstrated faithin the perturbation theory approach.

ARR spectra of isolated molecules, in particular those re-

vealed by detuning. Experimentally quite distinct but differ-

ent variations of the Raman fraction with photonlenergy OVer | NORMAL-AUGER AND RAMAN-AUGER PROCESSES

the C(_)re-h(_)Ie resonance have been obse_rved in all systems FOR AN ADSORBED ATOM

examined in sufficient detai?=2! The question arises as to

whether this variation is a signature of the one-step coherent We start with the description of the processes involved.
processes and their interferences or whether it is connectekhey are visualized in Fig. 1 in which the shaded areas to the
to the way the resonant state is coupled to the internal corleft represent the Fermi sea of a metal and the levels on the
tinuum in the substrate, or whether both effects contributetight represent some selected orbitals of the adsorbed atom.
The ad hoctreatment mentioned assumes the second interAn adsorbed atom in its ground stdtg) with total energy
pretation. We have endeavored to develop a treatment whid, is subjected to the time-dependent nearly monochromatic
would shed light on this question and hopefully also give asynchrotron radiation fieldangular frequencyw ) which
better picture of the basic processes in such a coupled sypromotes one of its core electrons to the lowest unoccupied
tem, as compared to isolated atoms and molecules. While werbital, resulting in an atom in a core-hole-excited stale
develop it for our adsorbate case, it would appear that manwith energyEy .
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The above process competes with the decay along the
Raman-Auger channel, leading to the same final state of the
combined system. In this process the stdpedecays first by

a spectator Auger process in which the electkan emitted
\\4 into vacuum and the atom becomes an ion in a $&tée.g.,
|3p~24s™1)) with energyE,. This is then followed by loss

of another electron into the substrate sﬁte
s In the experiments at which we aim our approach, spectra
of the decay electrons emitted into vacuum are measured
and, in some cases, the decay channels can be identified as
main contributors to different parts of the spectra. In
such cases the “Raman fraction,” defined as the ratio
of the emission cross section of electrons emitted in a
process along the Raman-Auger channel to the total electron
emission cross section, can be determité¥as a function
Co_ of the exciting radiation frequencys, . In the Raman
w \" fraction the strong dependence due to the resonant
character of the primary excitation is removed, leaving
a relatively weak dependence due to other reasons like the

s>

o
o
Raman-Auger channel
Normal-Auger channel

1d> energy dependence of the transition matrix elements and
Electronic configurations for Ar— of the densities of states of electrons in vacuum and/or
R (1) i }zi - ‘]Zi/f;ls > in the substrate. One of the aims of our approach is to iden-
s :‘Spi/2245\1> tify possible reasons for such a dependence, as outlined
T If) = 13972 above.
We would like to stress here that the specific designations,
in terms of occupied and empty orbitals appropriate for Ar in
s the gas phase, do not have to be correct for adsorbed Ar

because the transitions listed may involve many electrons at
once; i.e., the holes created on the atom may be almost in-
FI_G. 1. E_Iect_ronic configurations and exc_:itation_ deca_y Cha““el%tantaneously screened by the substrate electRii, W,
considered in this model. Inset: the electronic configurations for theandV in Fig. 1 refer to those parts of the Hamiltonian of the
Ar adsorbate. system which are responsible for the primary excitation, the
Auger transitions, and the electron tunneling between the
atom and the substrate, respectively. If the sfafecan no
b_Ionger decay by releasing an electron into the substeite

strate in comparison with the corresponding states of an isd€" Pecause the process leading to it was a participant Auger
lated atom. To be specific we can consider, as an example, &0Cess or because the substrate screening pulls the excited
Ar atom physisorbed at a surface of Ru ’Pt or Ag. The r:,i_orbital of the atom below the Fermi level of the substrate
diation promotes one of its corep2electrons to the lowest then some of the issues discussed in this pdpeg., the
unoccupied 4 orbital, so the core-hole-excited stath can interference of both channels in the wave function apprpach
be identified with 2p;,24s™1). This excited state of the atom Pecome mute. But the general approach, as we shall see, still
is unstable against losing an electron into vacuum or into th&ccounts for_ such a F’_OSS'b'“'EY- _ _
substrate, which initiates the two distinct decay channels Our goalis to provide a consistent theoretical framework
shown in Fig. 1 and described below. for a unified treatment of the above processes. The usual
The atom in the statdd) can lose an electron into approach to be tried by anybody faced with this problem
a single-particle state] in the substrate, resulting in the Would be to use third-order perturbation thedty account
adsorbed ion in a state denotgm) with energyE, (e.g., for three events: excitation, electron transfer, and decay—the
|2p32) for Ar), possibly screened by the substrate electrong@ttér two in either order based on the time-dependent
The energy of the electron in the substrate is denatgd Schralinger equation. In this approach, termed the wave
and, for simplicity, a possible band index is incorporatedfuncuon approach in this paper, the quantum states of inter-

into g. Further Auger decay releases another electron int§St ¢a@n be collectively denoted bjm,s,v), where m

the vacuum statek (with kinetic energy &) while the =9 d, s, P, or f denotes the sf[ate of the_atom or iencan
atom ends up in a doubly ionized stafé with energyE; glther be Q(if no extra electron is present in the substyate
(e.g.,|3p~2)). The decay channel frofd) through|p) to  d if the extra electron in the substrate is in a single-particle
the final state|f) is termed the normal-Auger channel in stateq and, similarly,v can either be 0 ok depending on
Fig. 1. whether there is no electron in vacuum or there is one

By states of the atom, likgg), |d), and others to follow,
we always mean quantum statesatifelectrons localized on
the atom, possibly modified by the interaction with the su
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with momentum7k. Specifically, the states argg,0,0),  developing the density matrix approach, so several critical
1d,0,0), |s OIZ) Ip a 0), and|f q IZ) The wave function ap- comments concluding Sec. Ill might seem unjustified when

proach treats both continua involved, electron states irqead for the first time. One of the conceptual difficulties with

vacuum and in the substrate. in exactly the same wav. Ph Sti_we wave function approach is the fact that, once certain of its
o . y e Y- PYSh ost obviously incorrect features are ignored or corrected in
cally, this is not correct; while an electron in vacuum is trul

) o : e Y an ad hocmanner, the remaining consequences look often
free (possibly having its wave function differing from the «opysically reasonable,” resulting in unjustified confidence

plane wave form on the account of its interaction with thej, {he correctness of such an approach. It should eventually
substratg the electron in the substrate interacts strongly withpacome clear, however, that some of these “physically rea-
all elementary excitations in it: other electrons, phonons, etcggnaple” consequences are not, in fact, correct. The density
The electron released into the substrate single-particle gtatematrix approach is presented in Sec. IV. The full theoretical

does not stay in it but dissipates its energy into the entirelevelopment is quite a tedious task, so details will be omitted

substrate. Consequently, the statpsy,0) and |f,q,k) are (and references to earlier works using similar schemes will

not stationary states, contrary to the assumption inherent iR€ 9iVen, but all necessary simplifying assumptions and ap-
the wave function approach. In particular, in the wave funcProximations will be spelled out explicitly. We then also con-

; ; ; - front the results of the density matrix approach with those of
tion approach the time evolution of the relative phases be: . : . v
bp P Sec. lll. A systematic reduction of the full density matrix is

tween any two states taken into account explicitly in the . . - ) .
expansion of the time-dependent wave function of the syspossmle only in the case o_f a sufficiently weak interaction

) o between the core-hole-excited adsorbed atom and the sub-
tem is followed while, in fact, the phase coherence betwee

L ) Ytrate, which results in a loss of features of potential impor-
any of the above two states and the remaining ones is lost Qi \ - iy actual systems. Therefore, we propose in Sec. V a

a time scale much shorter than the times over which theyhenomenological generalization of the density matrix ap-
evolution of the system occurs which is relevant for the Char'proach for strongly coupled adsorbates.

acteristics of the decay electron spectra. One of the conse-
guences is the possibility—inherent in the wave function ap-

proach — that the same stdfeq,k) might be reached along Ill. WAVE FUNCTION APPROACH
both decay channels, as explicitly shown in Fig. 1, so the

electron spectrum exhibits signatures of a quantum interfer-. We begin V‘."th .the simplest possible treatment Wh'Ch IS a
ence between the channels. A truly correct wave functiorg'reCt generalization of the second-order perturbation theory

approach should, at least in principle, incorporate all Otheppproach to the Raman-Auger decay process for an isolated

- Lo tom
substrate electron@nd its other elementary excitatigristo a . .
the considerations, i.e., take into account all relevant station- We start by assuming that the matrix elements of the Au-

ary states of the substrate in which the substrate with ond®’ and the tnneling transitions depend on the state of the

extra electron in a single-particle staﬁenay eventually end releaﬁed electrofinto a vacuum stat& or into a substrate

up. Such a version of the wave function approach is impracstated, respectively only via its energy, i.e.,

tical and there does not seem to exist any systematic theoret-

ical reduction scheme for its approximate treatment without

losing the dynamical interactions within the substrate en- Wi g=We o(£0), (1a)
tirely. A physically equivalent description for which such a
systematic reduction scheme exists is that in terms of the
time-dependent Liouville equation for the density matrix of
the combined system consisting of all electrons on the atom
(or ion), the electron in vacuuniif presen}, and the elec-
tronic system of the substratencluding the electron trans- and that the state of an electron already present in the sub-
ferred from the adsorbed atgnThis method is specifically strate or in vacuum is neither affected by nor does it influ-
designed to deal with the dynamics of a small “dynamicence the subsequent emission of an electron into vacuum or
system”(here the adsorbed atom, also referred to as the “priinto the substrate, respectivelthis implies that post-
mary system} interacting by exchanging energy and par- emission interactions are eliminated from the madeg.,

ticles with a reservoir with very efficient internal interac-

tions. In such an approach the internal degrees of freedom of

the reservoir are effectively “projected out,” leaving only an e S AN~ — S- - R

explicit reference to stationary states of the primary system Widkpa = 9.6 Wik p=9q.4' Wr.p(&0), 23
(here|m,v) with v=0 or k). We outline such a description
and want to confront its results with those of the wave func-
tion approach.

We start with a short presentation of the wave function
approach in Sec. Ill. We not only summarize its results therén the wave function approach one usually starts from the
but also point out potential inconsistencies and difficultiesthird-order perturbation theory amplitudes for the normal-
inherent in it. Some of them we have identified only afterAuger and Raman-Auger channels, respectively,

Vpa,dzvp,d(ea)a (1b)

Viak,sk = Sk Vik,si{ €q) = Ok Vi s(€q).- (2b)
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W o(EDVp.a( €5 (—Eo Dy o/2)
[Eg+fiw, —Eq—i(T4+T§)/2)(Eg+ho —Ep— EG—iT}2)

(3a

Vi o(€g)Ws o(EQ) (= Eo- Dy g/2)
[Eg+ho —Eq—i(T4+T])/2I(Eg+ho —E—E—iTL2)

(3b)

whereé; andD 4 are the radiation amplitude and the dipole With the contributions due to the normal-Auger and Raman-
transition matrix element betweg¢g) and|d) statesI'". and ~ Auger processes being, respectively,

'y, are the contributions to the lifetime width of a stéte)
T T S =0(Eyt+how —Ef—E— Ejthw —Ef—
(m=d,p,s) due to the autoionizing Auger electron emission N(E)=0(Egt o —E—E—er)ps(Bgt o —E— &)

[the corresponding interaction Hamiltonian\iswith mairix IWt p(E)Vp a(Egthiw — Ei—&)|?
elements given in Eq$la) and(2a)] and due to the electron X— : 5 p— (6a)
transfer to the substrafenteractionV, matrix elements in (E+E—Ep)“+(I'p/2)
Egs. (1b) and (2b)], respectively. Explicitly, the linewidth
contributions are Sr(E)=0(Egtho —Ei—E—€p)ps(Egt o —Et— &)
2
Py=hy=2mpy(Ey— E)|Wip(E,~Ef (42 NialBgtho "B OWe OF - o)

(E+Es—Eg—fho)?+(I'Y2)?

Ii=fy.=2m0(Es—E—er) ps(Es— Ep)| V¢ o(Es— Ep)|%, and syr(£), which we do not quote, accounting for the in-
(4b) terference of both channels.
It is worthwhile to note the following.
Ti=hy{=2mpy(Eq—Es)|Wsa(Eq—Eo)|%  (40) (i) The emitted electron spectra are proportional to
pv(E)R(E). It also is, obviously, proportional to the Lorent-
I=1vy4=2m0(Eq—Ep—er)ps(Eq—Ep)|Vpa(Ea—Ep)|®,  zian factorfin Eq. (5)] which accounts for the resonant char-
(4d)  acter of the initial excitation process.

. . (i) The Raman-Auger contribution in Eq6b) has
wherepg(€) andpy(£) are the electron densities of states in roughly a Lorentzian shape with the full width at half maxi-

the substrate and in vacuum, respectively, andthenction |, \m (FWHM) controlled by the lifetime width of the “fi-

assures that the electron transfer to the s_ubstrate is possilg| state |s). An extra width would be provided by the
only into substrate states above the Fermi lexel linewidth of the exciting radiation which in this treatment,
Equations (3) are obtained when the time-dependent,qqming monochromatic radiation, is ignored. Its inclusion
_Schrcdmger equation is solved In the Iowe_st qrder in thejs a trivial matter but, in view of the fact that present experi-
interaction with radiatiorii(t) and in perturbations andW.  ments aim at minimizing the radiation linewidth, we ignore it
The result of such an approach is that the amplitudes have g, se we are not specifically aiming at effects related to a
typical form for processes in which all three events—gnite hyt small linewidth of the radiation. The position of the
excitation-electron tunneling, Auger decay in EGa), of  jnetic energy peak of the Raman-Auger contribution
excitation-Auger decay, electron tunneling in E8b)—are  cpanges linearly with the radiation frequenéhe effect
coherent sequences of three events with no energy consengsjieq finear dispersiorand its width is not affected by the
tion required in any of them sep_arately. Such a coherent S§izatime width of the intermediate statd). These two prop-
quence of events as a whole is referred to as a one-stehyjes are the expected consequences of the fact that the

Process. Raman-Auger process is a one-step process in which the

Both amplitudes must be added, the sum squared, angqyence of excitation and electron emission events is a
then multiplied by 27/%, by the energy conservation Dirac’s gjngle quantum process. The third event, the electron transfer

delta 5(Eq+hw —Ei—&—¢&g) (the only conditifJn |m from the two-valence-hole-excited st to the substrate,
posed by the energy conservatioand by ps(€q) (&3 conpriputes the “final-state lifetime” widt™® to the spec-

—€r), and integrated over all pos_sib_le energi&s of th_e trum in Eqg. (6b). This is also expected. However, the fact
electron transferred to the substrétas includes summation that both the frequency of the exciting radiatian,, and the

over all overlapping bands, if necessaryhe result is the energy of the emitted electroi, appear explicitly in the

rate of emission of electrons into vacuum with enefgy energy argument of the substrate density of stateand of
the tunneling matrix elemedﬁ/fvsl2 in Eq. (6b) is contrary to

R(E) = 2_77 |<§0' Ijd,g/2|2 physical intuition. It is surprising because once the electron
Ch (Egtho—E?+[(T4+TY)/2]2 is emitted into the vacuum its distribution should not be sen-
sitive to that into which states of the substrate the other elec-

X[sn(E) +SRr(E)+syr(E) ], (5) tron is subsequentlyeleased from the excited orbital of the
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atom. Note that it is not thpresenceof pg|V; ([ as a mul-  systems in which the normal-Auger and Raman-Auger peaks
tiplying factor in Eq.(6b) which is questioned, but the fact are well resolved under conditions of optimal resonant exci-
that their energy argument contains the energy of the aktation (for 2w ~E4—E,). Large detuning away from the
sorbed photon and the energy of the decay electron. Theesonance is then needed to merge the peaks close enough
presence of the factqrg|V ¢ is actually necessary to con- for the interference effects to be visible, but then the entire
vert the Lorentzian factor in E@6b) into the Dirac’sé func-  signal hardly rises above the noise level.
tion in the limit of a stable stat¢s), i.e., whenV; —0 Still, as we have argued in Sec. II, the interference effects
[implying I'c—0; cf. Eq.(4b)]. should not be present, even in principle, because once the

(i) In contrast, the normal-Auger contribution in EQq. electron is transferred into the solid all phase relations be-
(6a), also having nearly Lorentzian shape, does not moveyeen pre- and post-transfer states of the system are quickly
with the radiation frequencyi.e., no dispersion at alllts  |ost. One might either account for this by ignoring the inter-
FWHM is controlled by the lifetime width of the core-hole- torance term, arguing perhaps that for the Raman-Auger
ionic state|p) (whose Auger decay leads directly to the h | the final is in fadsk rather thar - ie. |
emission of the detected electypmloes not depend on the channe t € fina _state IS, 1N agsk) rather thar{fk); i.e., it

is not identical with the final state along the normal-Auger

lifetime width of the intermediate core-hole-excited s{atg X -
and would not be affected by the linewidth of the incidentChannel' so one should just add the probabilities along both
channels, not their amplitudes. By such a procedure one

radiation[except for the trivial dependence describediin M ) 5
abovd. These properties are usually attributed to the fact thal0S€S, however, the possibility of accounting for the finite
the normal-Auger process is a sequence of independefifetime of the Raman-Auger channel “final” stafsk). It
quantum events. This, however, is not how it is treated in th&€an be re-introducedd hocin the final expression by, effec-
wave function approach. As seen in E@8), the normal- tively, replacing the energy conservation Dirag'sunction
Auger and the Raman-Auger channels are treated in exactfpr this process by the appropriate Lorentzian, but this pro-
the same way: as a one-step process being a coherent $gdure is as unsatisfactory as just ignoring the interference
quence of three events. The behavior of the normal-Augeterm in Eq.(5). Using the wave function approach wittd
contribution seen in Eq(6a), different from that of the hoc corrections is unsatisfactory not only because of its in-
Raman-Auger one in Eq6b), is solely due to the averaging consistency but also because the correctness of the retained
over the continuum of the final states of electrons in theexpressions for the normal-Auger and Raman-Auger contri-
substrate which must be done because only states of elelutions is doubtful. We have seen already in paragrajphs
trons emitted into the vacuum are resolved in the experiand (i) above that, indeed, the way in which the decay
ments while the electrons lost to the substrate are not otglectron energy and the photon energy appear in the energy
served at all. In other words, the contributioda) to the  argument of the substrate density of states and of the tunnel-
decay electron spectrum due to the normal-Auger proceg§g matrix element is problematic.

only mimics the behavior expected from the sequence of As indicated above, the competition between the Raman-
three independent events with energy being conserve@uger and normal-Auger channels can be conveniently pa-
(within the lifetime widthg separately in each event. Still, rametrized by the Raman fraction which is defined as a ratio
based on physical intuition, it may be argued that, while theof the integrated Raman-Auger contribution to the electron
fact that the energy argument p|V, 4| contains the en- spectra to the total integrated spectramother possibility
ergy of the photon initiating the process is understandablevould be just the ratio of integrated Raman-Auger to the
the reasons why it also contains the energy of the decaiptegrated normal-Auger contributions’he Raman fraction
electron are not entirely clear. One would rather expect thagan be determined experimentally for systems for which both
the energy of the electron released into the substrate shou@ntributions can be clearly separated due to their different
be equal to the difference between the total energy of théispersion behavior with respect to the varying frequency of
system after the photon is absorb&j+7%w, , and the en- the incoming radiation. A benefit from measuring the Raman
ergy E, left on the atom after the tunneling event. Conse-fraction is tha'_[ the strong resonant dependence of the spectra
quently, the energy argument p§|vp’d|2 in Eq. (6a would ~ On the_ radiation frequency, repres_ented by the Lorentzian
be Eq+fiw —E, rather thanEy+fo —E(—&. In any factor in Eg.(5), cancels out, allowing us to access much

event, the argument should not contain the enef@f the ~ Weaker dependences due to the energy dependence of the
decay electron released into vacuuaiter the tunneling Mmatrix elements and/or densities of states. Note, however,

event if these two events are tru|y independent_ that the Raman fraction contains less information than the
(iv) The consequence of treating both channels as ondull spectra, and its experimental determination may be af-
step processes which seems most objectionable — on intufected by assumptions concerning line shapes of contribu-
tive grounds—is the presence of the interference &ya(c) tions due to both channels, in particular those concerning the
in Eq. (5). Physical intuition would dictate that such interfer- Presence or lack of the interference terms.
ence between both channels should be absent in the presenceAn analytic evaluation of the Raman fraction can be done
of the substraté¢see the detailed discussion of this point in only approximately. We multiplyR(&) by the density of
the second last paragraph of Seg¢. However, the interfer- states in vacuunpy(&), and integrate ovef. Doing this, the
ence term cannot be avoided in the perturbative wave fund-orentzian resonant excitation factor in E&) can be ig-
tion approach based on the Sdfiirger equation. Admit- nored (this is not an approximation: it will cancel out when
tedly, its influence on the shape of the spectra is very small ithe fraction is taken When the integrals ofy (&) py(€) and
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of spr(&)py(€) are evaluated we assume that all non-

Lorentzian factors in the integrands vary slowly as a functiorn= | PV(E)Sn(E)dE

of £ in comparison with the fast variation by the strongly

peaked Lorentzian factor. These non-Lorentzian factors can, ~ (Egtho —E,—€f)

therefore, be pulled outside the in.tegrals V\&’tlfgplaced with X ps(Eg+hw —Ep)|Vp g(Eq+fio, — Ep)|2, (79)
the peak value of the corresponding Lorentzian, and only the ’

Lorentzians are integrated. The integrals of the Lorentzians

in Egs.(6a) and (6b) then result in 27/T'}) and 27/T'¢, re- SREJ pu(E)Sr(E)dE

spectively. On the other hand, the factors which were pulled

outside the integrals are the same factors as those present in ~pu(Egt Ao —Eg)|Wsg(Eg+fiow —Eg)[?. (7h)

Egs.(4a and(4b), which result in the lifetime width§') and  The interference term merely redistributes the intensities be-
I'g, respectively, to appear in the numerators. Consequentlyween the Lorentzian peaks so the integralsgk(&) py(€)

the lifetime widths cancel and we get vanishes. The Raman fraction then is
(= Sr
Skt Sy
_ pV(Eg+ﬁwL_ Es)|Ws,d(Eg+ﬁwL_ Es)|2 ®)
0(Eq+ho,—Ep—er)ps(Egtho—Ep)|V, a(Eg+HhoL—Ep)|*+py(Eg+ o, —Eg)|Ws g(Eg+fiw —Eg)|*
|
which is a quite complicated function af, . the loss of quantum coherence in the process involving the

The forms of Eqs(7) and(8) indicate again that both the electron transfer to the substrate cannot be not accounted for.
normal-Auger and Raman-Auger channels are treated on
equal footing in the wave function formalism: the radiation IV. DENSITY MATRIX APPROACH
frequency and the energy of the ground state enter the energy
argument of the Auger emission matrix elemgvif4 and of
the tunneling matrix elemen¥, 4 and both densities o
states, in exactly the same manner in E3. This is not
surprising because evaluating the Raman fraction we have

The derivation leading to general expressions for the de-
f cay electron spectra for adsorbed species must be done
within the framework appropriate for studying properties of
@ primary system interacting with a dissipative systehe
integrate over all possible states of electrons emitted im(geservm). The formalism to be u_sed ShO.U|d allow one to
account for the loss of coherence in the primary system when

vacuum exactly like was already done for electrons trans . ) ;ST
ferred to the substrate: the difference in the way in whichd" act of energy-pamcle.exchange with thg d|SS|pat|ve Sys-
occurs. The separation of the system into primary and

both types of electrons are treated disappears. On the othet .~~~ . : .
Issipative subsystems is not unique and is not always easy

hand, the objections listed in paragragihis and iii) below to do. We assume initially that the primary system is just the

Egs. (6), concerning the presence éfand/orfiw, in the . )
energy arguments of the substrate density of states and t sorbed atom allon_e V\.'h'le th? eIectromc system of th? sub-
rate together with its interactions with phonons, etc., is the

tunneling matrix element, have become now irrelevant, ar X o ; :
least as long as the approximations used to evaluate the jpEServour. .General|zat'|on ?O another _possmlg separqtlon
tegrls i Eqe() ae ustfed. Inceed, e prodeyv, J©  [Ch8Te Wl be examined b Sec  wih specl atenion
has disappeared altogether along with the final-state Iifetimg gp P

width T2, and the energy argument gfg|V, 4 is Egq

predicted spectra.

o —E,, i.e., that argued for in paragrai ). tior-:—he starting point is the time-dependent Liouville equa

The next step one would make is to assume that the en-
ergy dependence qu|WS‘d|2 is much weaker than that of . i ~
po V.4l because the assumption of an energy-independent gt PO+ Z[HD),p()]=0 9
pV|W.5,d|2 usually leads to good agreement of measured and
calculated electron decay spectra for isolated atoms. Consésr the density matrix of the combined system, rather than
quently, thefrequency dependencd the Raman fraction be- the time-dependent Schdimger equation for its quantum
comes almost exclusively due to tle@ergy dependenaef  state. The time-dependent Hamiltonid(t) will be specified
the atom—substrate-electron transfer process, i.e., to the eim Sec. IV A. Then, the procedure to be followed consists of
ergy dependence of the produrg(@)lvp,d(eﬂz. This con-  three steps.
clusion, although physically reasonable, should be reexam- First, one derives aapproximate Liouvilleequation, i.e.,
ined in view of the fact that it was obtained using a methodthe equation for the reduced density matrix which accounts
in which the intermediate results are in doubt and in whichfor the dynamics of the primary systefice., the atomonly.
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The outline is provided in Sec. IV B. The reduced densitycludes also summation over the wave vector of the free elec-
matrix is the trace of the density matrix for the entire systentron. All the states listed are assumed to form a complete set
over the states of the reservoir. Under certain conditions, thef states of the primary system.

properties of the reservoir and the reservoir-primary system We reserve Greek letters,, ... to label the general
interactions enter the approximate Liouville equation only inelectronic states of the substrdteservoiy. The energy of

an averaged way, while the internal dynamics of the primarythe substrate state) is E,. Note that, in general, bi) we
system and its interaction with the radiation field are stillmean a many-electron state, not a state of a single electron in
treated exactly. The approximate Liouville equation is nothe substrate. Again, we assume that thi's form a com-
longer equivalent to the time-dependent Sclimger equa- plete set of states of the reservoir.

tion in the usual sense in which the former can be derived The full Hamiltonian of the system is

from the latter by defining the elements of the density matrix

as Yy and getting the equations for their time evolution H=Ho+ W+R(t) +Hg+V, (10

from the Schrdinger equations for the time evolution of the
wave functionsyy, .

Second, in the approximate Liouville equations, one ha
to simplify those(so far still exack terms which account for
the internal dynamics of the primary system and its interac
tion with the radiation field. The method is outlined and the
results are presented in Sec. IV C. The result isdffiective
Liouville equation for the reduced density matfisf. Egs.

where g and H, are, respectively, the Hamiltonian for the
substrate electronic system and the Hamiltonian of an atom
Without the Coulomb interactions responsible for Auger pro-
cesses; the latter are accounted fofinHereRR(t) describes

the atom-radiation interaction in the dipole approximation. In
other words,Hy+ W+ R(t) is the Hamiltonian necessary to
treat the Raman-Auger process for a free atom. Finally,
accounts for the atom-substrate interactions responsible for

(24) below, fpllowed by a d|s_cu55|on of its main features_—athe electron transfer between the subsystems. The explicit
set of equations for its matrix elements rather than a S'ngl?orms of each term are

equatior]. One of the attractive features of this result is that
this equation can be expressed in terms of an effective non-
Hermitian Hamiltoniar{cf. Eq. (22)] which accounts for the Hlo=2 [mYE,(m|, (11a
internal interactions within the primary system and its inter- m
action with radiation. This effective Hamiltonian generates
all terms in the effective Liouville equations except those W= E |MYW,, (M|, (11b
which account for the electron transfer to the substrate. The mm '
effective Hamiltonian could be taken as a starting point for
the treatment of adsorbed systems which are more compli- ,
cated than atoms, so that the internal molecular dynamics R(t)= 2 | M) Ry (1)(m |, (119
and/or the dynamics of their motion with respect to the sub- mm
strate have to be accounted for.

Finally, the spectra of the decay electrons must be derived Hg= 2 |a)Eal= E @acgca, (11d
from the effective Liouville equation. Surprisingly, this step @ q
does not require any further approximations; the results are
presented in Sec. IV D. The result is again HE§) but r_ r o
syr(€£) =0 andsy(€) andsg(&) are given now in Eq(26). A V=2 2 [MapVimg, e (m'a|
detailed discussion of the result and its confrontation with
the results of Sec. Ill follows E(26).

mm’ a,a’

"
= > [Vm'm/((’fa)caa:namﬁH.c.]. (118
A. System and its Hamiltonian 4. mm

Th . ¢ ith all its el . We have assumed that the unperturbed electronic system of
e system consists of an atom with all its electrans o o hstrate can be adequately represented by a Fermi sea of

cluding an electron in vacuum, if presgind the electronic : ; : : :
' . noninteractin uasjelectrons occupying single-particle
system of the metal substrate. In reference to Fig. 1, the > g (quas) Pying gle-p

relevant states of the atom ag), |d), and|p), being the statesq (which, if necessary, may include a band injjex
ground, core excited, and core onic states, with enefgies VNN Jesults in the l?St form dEIS’I and of V to ble in the

Eq, andE,, respectively. Rather than considering the two-S€con -quantlzatlon_ orm. /In t € atterma_m, replaces an
valence-hole—one-electron-excited stag and the two- atom in the electronic stata’ with an atom in the electronic

. - - . statem. Extra restrictions are imposed on the matrix ele-
valence-hole statif), we consideisk) and|fk) by includ- ments consistent with the model consider@d Fig. 1).

ing an electron in vacuum with momentudk always  Thys, it will be assumed that the radiation coupling matrix
associated with these states. The corresponding energies &@mentsR,, ,,(t) couple only|g) with |d). In the dipole

ergy zero at the vacuum leyelWith the free electron in-
cluded,|sk) and|fk) belong to a continuum. In what follows
we will reserve the indice$, m, and n and their primed

counterparts to run througl, d, p, sk, and fk; i.e., =, in- (12)

N h ) )
Rag(t)=~ & Bag Cog 1) = — 5 Qg (€L e7 o),
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where&, is the amplitude of the electromagnetic wave andacteristic effective width\s, and decays over a characteris-
w_ is the radiation angular frequency. We have introducedic time 7s=#/As. If 75 is much shorter than the
the Bloch frequency 4 , which we admit to be complex, so characteristic time over which the slowly varying parts of the
§'g=Qg,d. Similarly, the only nonvanishing matrix ele- reduced density matrix significantly evolve or relax, then
mentsWy, » are those in Eqg1a) and(2a) which connect the Markovian approximation may be invoked and any ref-
state|d) with |sk) and |p) with |fk), respectively. More ~€rence to the past evolution is removed from the eAquation.
generally, the important point is tha¥ and R(t) do not The memory kernel is then replaced by a supernvttiof
possess elements diagonal in the indices of the primary sy#ansition rates. The characteristic evolution time of the
tem (but they are both diagonal in and independent of theslowly varying parts ofc(t) is itself determined by the
indices of the reservoir On the other handVm, mor iS () strength of the interactions, W, andR(t). So the condition
off diagonal in the indices of the reservdire., it vanishes for the Markovian approximation requires that these interac-
for a=a') and(ii) it connects, as seen in Eq4b) and(2b), tions be small compared ths.
either stated) to |p) or |sE> to |f|2> with the same kThe This suggests the next approximation which allows us to
latter restriction implies that the electron tunneling procesdreat these interactions in the Born approximation for the
from the atom to the substrate does not affect the state of @valuation of the transition rate supermatixThe latter then
free electron already emitted. This is probably the most seripecomes a bilinear function of the matrix elementsYof
ous restriction in the model eliminating post-emission inter-which couple the primary system to the reservoir; it no
actions from it: one might argue that if the tunneling is verylonger depends on the interactiofisand R(t) which affect
effective, then the charge state change of the atom which inly the primary system.
induces may catch up with the departing electron early Itis obvious from the above that a particular separation of

enough to affect its state upon detection. the entire system into the primary one and the reservoir must
be such that the reservoir-primary system interacfioins
B. Approximate Liouville equation for the atom weak not only in comparison with the intrareservoir interac-

) o , ~ tions; it must also be much smaller than the effective width
The reduced density matrix is defined as the trac@ of f the reservoir energy spectrum. The effective width is de-
over the substrate degrees of freedom of the density matrix. mined by the width of the energy interval @ over
of the entire system: which the matrix elements of do not vanisHcf. Egs.(1b),
(2b), and (11€]. It may be considerably smaller than the
(,myn:(Trsg,)m‘nZE Prma.na - (13) actL_JaI width of t_he energy spectrum of the substrate. T_his is
a an important point: if some part of the atom-substrate inter-

The derivation of the approximate Liouville equation for action is strong and energy selective, then it has to be ac-
PP 9 counted for in the zeroth-order part of the Hamiltonian, i.e.,

o(t), using Zwanzig's projection operator methBdpliows i Ho, and be used to determine the energy spectrum and
the path used in other contexts in Refs. 23. Here, we SUMectron configurations rather than be incorporated ito
marize the main assumptions needed in this derivation angose role is to account for the dynamics of transitions be-

present the result. The references quoted here should be cQjeen these configurations. We will return to this point in
sulted for technical details. Sec. V.

The main assumption is that the substrate relaxes to its Witﬁ all these simplifying assumptions the approximate

own quasistationary state described by the reservoir densi%ouviIIe equation for the reduced density matexis ob-

matrix p® [i.e., here, its Fermi sea ground stgi€) should  (ained. Its convenient general form is
not be confused with the substrate density of statg<) ]
over the relaxation time"* which is much shorter than the
characteristic time over which the slowly varying parts of the
reduced density matrix for the primary system evolve. The
relaxation time of the reservoir is determined by its internal
interactions, its interaction with the phonon bath, etc. These o A
interactions are not explicitly accounted for in the model.Where the time-independent rate sup?roperéatmcougts for
Instead, it is assumed that they are so strong that, effectivel§he dissipation into the substrate. With=0 we have5=0,
they can be dropped from the Hamiltonian, and their effect igand the implications of the resulting Liouville equation

accounted for by averaging over the reservios., overp®) would be the same as the implications of the time-dependent

the memory kernel in the resulting equation, linking the rateSchrcdmger equation for a free atom in the radiation field,

- . . ) . provided that initially the atom is in a pure state. The fact
of change ofc(t) at an instantt to its earlier evolution.

Summarizing, the main assumption requires that the intrareébat the only nonvanishing matrlxﬁelementf ‘ofare those
ervoir interactions be much stronger than any other interacoetween|d) and|p) and betweensk) and|fk) and that it
tions accounted for explicitly in the model. has no diagonal elements in the reserv@reek indicep

The next approximation deals with the memory kernel.implies that many of the matrix elements ®¥anish. Some
Due to the averaging mentioned above, it is a Fourier inteof the nonvanishing ones are real and can be expressed in
gral over the energy spectrum of the reservoir with the charterms of®

%&(tw %—[HO+ W+R(t),0(t)]=—S8a(t), (14
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om 7B The decay electron spectra are expressed in terms of
Pm,,zf EB pﬁf};lvma,,dzﬁ(Eﬁ Es—En—E.), d(osi skt otk 1k)/dt. So only equations for those occupation

probabilities and correlations have to be considered which
(15) couple directly or indirectly to the equations for the two
easily recognizable as the net transition rate from the atomieccupation probabilities given above. Examining the struc-
state|l) to |m), averaged over the quasistationary state of thdure of the commutators and the nonvanishing tunneling rates
substraté® With all that, the equations for occupation prob- in Egs.(16) one can show that the equations for all occupa-
abilities o, ,, and correlationsr,, , (still referred to collec-  tion probabilities ¢y g, 0q.4, Tpp, Tsksk: andoi ), and
tively as the approximate Liouville equatipare only for certain correlationsdy q, o4k, Tdsk» Tsisk s
opik, and o ¢ and correlations complex conjugated to
i - those form a closed set of equations: the equations for these
grOmm+ Z[WHR(),0(0) ] m occupation probabilities and correlations do not contain cor-
relations not listed®
All equations are listed explicitly in the Appendix to-
= Z Pmio11— 2 Pl mOmm, (163 gether with some comments concerning their structure. They
should be solved subject to the initial conditions

I#m I#m

d [ -
aa-m,n—i_iwm,no'm,n—’_%[w"' R(t)ra(t)]m,n Ug’g(IZO)Il, (193)
p '#mm omn(t=0)=0 for m,n#g. (19b)
==5 2 (PintPi)omn, (16)
The electron emission rate(&) is equal to the long-time
respectively. Herej ..., ...]n, denotes ther{,m)th ma-  limit of d(osi skt ok s)/dt with £ substituted forg .
trix element of a commutator and

C. Effective Liouville equation for the atom
0mn=(En—En/fi. (17) ive Liouvi quati

_ ) _ The approximate Liouville equatiofiL6) [or, explicitly,
The right-hand side of Eq163 has the typical form encoun- Egs. (A1)] is a set which still has to be simplified to be
tered in linear master equations for occupation probabilitieSy5ctaple. The approximations to be made affect only terms
but correlations still appear in the second term on the lefty, the lefi-hand side of Eq€l4) or (16), and are similar to
hand side. Consequently, E(L6D) for the correlations is  h5ge usually made in a set of coupled time-dependent
needed. Its right-hand side accounts for dephasing due to “"§chr"cdinger equations for an isolated atom to arrive at the
interactions with the substrate. The rates involved are jusémplitude of the Raman-Auger procd$sq. (3b)] in third-
half of the rates with which the probabilities decay. Usually, orger perturbation theory. Technically, they are considerably
another contribution to dephasing, called pure dephasing, &xore gifficult to do for the Liouville than for the Schiimger
ists. It would involve matrix elements of diagonal in the equations. These approximations involve three steps.
reservoir indices, SO it is_ absent f_rom the p_resent model. (a) First, we modify the equations in such a way that their
Only a few equations in the entire 4&6) will have terms 5o tions automatically account only for contributions due to
generated by the raté,, , . Assuming that the electron sys- e |owest nonvanishing order in the radiation coupling
tem of the reservoir remains always in the ground stat®  temporarily userU) to denote the contribution of ordgto
of the Fermi sea & =0 we havep® =|ag)(ag|. Usingthe ). With the initial conditions(19) it is easy to see, by
last form in Eq.(11¢ and accounting explicitly for all non- inspecting Eqs(Al), that the leading nonvanishing order
vanishing matrix elements df, one can show that the only contribution to the ground-state occupation probability is
nonvanishing rates in E¢15) are %) (the radiation can affect it only in the second ojdes
o to correlations involving the ground stdtg, they are of first
Pixsi= 7;:7 2 0(Cq— €r)| Vi o @d)|25(E5— Ei—¢&;) order, and among them on. gl,)j and a(gk are relevant. For
q all other occupation probabilities and correlations the lowest-
=TY/% (183 order nonvanishing contributions are of second order. In all
Jh, e B
cases the order of the next nonvanishing contribution is al-
o ways higher by_ 2 t_han the lowest nonvanishing_ one. If we
Ppa= 7327 E 05— €F)|Vp,d(€a)|25( Eq—Ep— &) keep only con.tr|but|ons of the lowest nonvam“shlng order to
q omn, We can ignore the superfluous superscjiptienoting
—TYh (18b) the contribution’s order. This approximation substitutes
a i g44(t)=1 in any equation wherey 4(t) is needed, i.e., the
i.e., the rates already encountered in Edd) and (4d), re-  depletion of the ground state due to the excitation process is
spectively[this is seen by replacing; in Egs.(18) with the ignored. It also removes the last term on the r(lsg)ht-hand side
integration over&; with the substrate density of states of Eq. (Alc) for og 5i(t)—it would contributes ' to the
ps(€g)]. solution.
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(b) Second, we employ the rotating-wave approximation i
(RWA) in which rapidly oscillating terms on the right-hand W=|d>( - 5F3)<d|+|l3>
side of the equationdor occupation probabilities and slowly
varying parts of correlationsare ignored. This step assumes - .
|w,— wg gl <wq g, i.e., that the detuning of the radiation fre- + 2 (ISKWaga(d|+ [ fR)Wii o(p), (228
guency away from the excitation resonance is moderate. It is k
very well met in all cases of interest in which the excitation

S

energy is usually of the order of a few hundred eV while the R(t)= |d>( _ éQd eith> (g (22b)
detuning is not larger than a few eV. Technically, the RWA 27798 ’

requires merely dropping the expiw, t) term in Eq.(12) for
the radiation coupling matrix elemeRy 4(t).
(c) Third, some equationdike Eqgs.(Alb), (Ald), (A1f),

where T'j=#vyy and 'y=%y, are the Auger decay line-
widths (& X rateg defined in Eqs(21) [or Egs.(4c) and

(A1h), and (A1j)] couple the rate of change of a particular (z_la), respectively. For non-Hermitian effective Hamilto-

omn(t) to all correlations involving configuratiodsﬁ) or

|fIZ). A typical term responsible for such a coupling is, for

example, 2 Wi 404 sk- A systematic procedure is devel-

oped which allows us to replace such terms with expressions

linking the rate of change of this particula, ,(t) to its own
time evolution at all times earlier thanThe memory kernels

present in such expressions are Fourier-type integrals over

the effective widthA,, of the electron spectrum in vacuum
[determined by the width of th&; dependence 0V 4 Or

Wi p—cf. Egs.(18) and(2a)], so they vanish over a charac-
teristic timer,=#/A,, . If the characteristic time over which

all occupation probabilities and slowly varying parts of cor-

relations relax or significantly evolvghe time determined
by the strength ofW andR(t), the lifetime due to the inter-

action with the substrate, and by the radiation detuning awa

from the excitation resonangd.e., when

TVEh/Av< 1/'}/3, le|W|, 1/] (,L)L_a)d‘gl, (20)

nians the commutator in Eq$l6) (i.e., the action of the
Liouville operatoy must be replaced as follows:

[W+R(t),o(t)]=H(t)o()—a(HDT, (23

whereH(t) stands fonV+R(t).
In comparison withW given in Eq.(11b) the effective
interaction )V does not contain the matrix elementé; i
and W, ¢ but, instead, has diagonal imaginary matrix ele-
ments—il'y/2 and —iT"[/2 which act as the Auger decay
widths for the level$d) andp), respectively. SimilarlyR(t)
does not contain the matrix eleméry 4(t) which eliminates
the radiation-induced transitions frofd) back to|g) [this
takes care of the simplificatiota) listed in the initial para-
raph of this sectiol and the surviving matrix element
d4,g(t) has lost its part proportional to expi{w.t) on the
account of the rotating-wave approximation. Although we
here arrived at the effective Hamiltonian® and R(t) by
considering the approximate Liouville equatiof#sl), it is

then the Markovian approximation may be invoked and anyyuite comforting to realize that for the case of an isolated
reference to the past evolution is removed by replacing eachtom, for which the Liouville equation approach is unneces-
memory kernel with either one of the two following decay sary, one gets almost exactly the same effective Hamiltonian

rates:
w 2 2 w
yd=72 |Weidl 28(Eq— Es— EQ=T§/%, (219
k
w 2T 2 w
Vo= 2 [Wikpl®8(Ep—Ei—&)=T}/h. (21b)
k

These are the rates already encountered in Bgsand(4a),
respectively, as can be seen when Ega) and(1b) are used
andX; in Eqgs.(21) is replaced with integration ovei; with
the free-electron density of states(&). More precisely, the
limits y§— 0 and/ory¢—0 must be taken at some point to
get the above rates and correction€tgE,, ... due toW
are ignored. The conditiorf20) are easy to satisfy in view of
the assumed weakness of bdthand W and the moderate
amount of detuning.

These three approximation steps convertapproximate
Liouville equations(16) [or, explicitly, Egs.(Al)] into the

[i.e., without the terms involvingp)] by starting from the
time-dependent Schdinger equation. One may speculate
that for molecular adsorbates for which the intramolecular
motion affects the dynamics of the electron transfer to the
substrate or the electron emission events, and in cases in
which they are affected by the motion with respect to the
substrate, one can start considerations from a phenomeno-
logical non-Hermitian effective Hamiltonian in which the
width parameters-iI'§/2 and—iT'j/2 are replaced with op-
tical potentials depending on these coordinates. In such
cases, however, also the electron transfer widthsnd I’
appearing on the right-hand side of E¢$6) should be re-
placed with some coordinate-dependent functions. In any
case, starting a model from the effective non-Hermitian
Hamiltonian from which the effective Liouville equation can
be constructed is an attractive proposition.

The asymmetric role played by the Auger decay and the
electron tunneling to the substrate rates in the present formu-
lation is now obvious: while the former can be incorporated

effectiveLiouville equations. Formally, these equations still into the effective non-Hermitian Hamiltonian, the latter

can be written in the same form as E@$6) but with the
interaction HamiltoniansW and R(t) replaced with non-
Hermitian effective interaction Hamiltoniang) and R(t)

given by

[present as on the right-hand side of E¢K6)] cannot be

incorporated into any effective non-Hermitian Hamiltonian.
In other words,it is impossible, even approximately, to de-
scribe the evolution of the primary system (the atom) in
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terms of a time-dependent ScHioger equation with a non-
Hermitian Hamiltonian The effective Liouville equation
must be used instead.

We can now list all relevant effective Liouville equations.
First, as indicated beforigaragrapha) at the beginning of
this sectiod we haveo 4(t)=1. Then, solutions fotrgj si

and forog ¢ for k#k’ are no longer needed. So the mini-
mum set of equations needed is

[
> Q

fopt
L

(243

aa'g,d+[iwg,d+('yg+'}’\g)/z]a'g,d:_ g,d€

d ) i
aag,sﬁ [i wg,sR"' 7§/2]Ug,sk=ng,ng,d , (24b
aUd,dJr(?’é“L Yd)0d,d
i ) )
=§(Qdygef""Ltcrgyd—ngde“"Lt(rd’g), (24C)

m O4,skt [i Wq skt ( ‘}’24' 73+ 'y\(ljv)/z]o'd,sR

ﬁWd,sRO'd,d_" ZQd,geiithUg,s—kﬁ (240
d ) i
aasksk+ YsOsksk™ — %(Wskdad,sﬁ_ Wy skTskd)
(24¢
d w v
ao'p,p"' YpOpp~ Yd9d,d= 0, (241
. w i
&Up,flz_i_ [i wp tkt 7p/2]0p,f|2:ng,fEUp,p , (249
d v i
Gtk k™ YsOsksk= ~ 7 (Wi pop, ik~ Wp, k0 p).
(24h)

The initial conditions are given in Eq19b).

We must solve Eqg24) and extract the long-time limit of
d(osk skt otk tr)/dt. Before presenting the solution we dis-
cuss the structure of Eq$24) to make the obtained result
intuitively plausible on physical grounds:

(i) The structure of Eqs(24) is transparent enough to
permit guessing some generalizations without going throug
all the mathematical machinery used to derive them. For e
ample, the possible decay of the final st{a‘t@) can be ac-
counted for by adding/s/2 inside the square brackets on the
left-hand side of Eq(249 and a termy;o ¢ to the left-
hand side of Eq(24h).

(ii) Inspecting Eqs(24e and (24h) we note that in the
sumd(osi skt ok 1k)/dt the termygogi sk, responsible for
direct flow of the occupation probability from stdtzd?) into
|fIZ> cancels out. This does not imply, however, that the life-

X:

PHYSICAL REVIEW B64 115416

time of the statdsR} drops out entirely becausg./2 still
contributes to the dephasing of correlations in Eg4b) and
(244).

(iii) It is easy to guess that the contribution to the electron
spectra due to the normal-Auger process is entirely due to the
right-hand side of Eq(24h) for do ¢c/dt, and the contri-
bution due to the Raman-Auger channel is due to the right-
hand side of Eq(24¢ for dosi si/dt. The latter is physically

appealing because it indicates that, in fact, it is the é,sft)e

rather thar{ k) which should be considered as the final state
along the Raman-Auger channel. The subsequent electron

transfer decay from|sk) to |fk) affects this spectrum
[throughy¢/2 in Eq.(24b)] by broadening the spectral line,
as seen later in Eq269. In the limit ';— 0 the Lorentzian
in the first line of Eq.(268 becomes Dirac’s delta function
o(£+Egs—Eg—fiw ) of the energy conservation in a coher-
ent one-step Raman-Auger process consisting of two virtual
transitions(events: the primary excitation followed by the
Auger decay.

(iv) The modification mentioned in commetfid would
introduce an extra lifetime broadening of the normal-Auger
spectral line but would not affect the Raman-Auger line be-

cause the rate of decay b‘ﬁZ) does not affect any equation
needed for the solution of Eq24€. This is a quite obvious

conclusion: whethetfk) decays or not does not influence

the decay rate olfsE) or any correlation between this state
and any other state involved along the Raman-Auger chan-
nel.

(v) Note also the particularly simple structure of Eg4f)
for the rate of change of the occupation probability of state
|p): it is due to direct competition between its increase due
to electron transfer into the substrate at a rggey ¢ from
the state[d) and its Auger decay at a ratgjo,, ,. This
equation involves only occupation probabilities but not cor-
relations and, consequently, the electron transfer into the sub-
strate is phase decoupled from the primary photoexcitation
along the normal-Auger channel. The electron transfer to the
substrate(increasing the occupation probability [gf)) and
the Auger decaydecreasing )tare truly independent events
from the perspective of the occupation probability of state
|p)). The energy is conserved feachof them because each
of the rates in Eq(24f), yg and y‘,’j, is a rate for an energy
conserving event, as seen in E¢$8b) and (21b), respec-
tively. Note, however, that the occupation probability ,
does not affect the rate of change of the final state along this

channel [le)) directly, but rather through the correlations

Illop,ﬂ;) between these two states. In other words, although it

is possible to use E249) to eliminates, ¢ from Eq.(24h)
in favor of the occupation probability, ,, the relation ob-
tained in this way links the rate of change @fj ¢ at an
instantt to the entire past evolution ef, , rather than to its
value att—i.e., the right-hand side of Eq24h cannotbe
written in a trivial rate formyo, ,, indicating again that the
Auger decay event does not scramble phase relations be-
tween states it involves even along the normal-Auger chan-
nel.

(vi) Note also that the primary initial excitation affects the
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qccupation pro_bability of the s_tatd) only indirectly by con- rY2m
tinuously building up correlations between the ground and SR(E)=|Wj 4(&)|?

the core-hole-excited stafef. Egs. (24a and (24b)]. The ' (E+Es—Eg—fw)?+(I'2)?
radiation field also has a combined direct and indirect influ- = O(E—E(— e0)ps(Ec—E)

ence on all correlations between the state and any other sT R ERIPSIEST E

state, but none of them, except for the correlation between IV o Es— Ef)Ws,d(5)|2

|d) and|sk) along the Raman-Auger channel, influences the
electron decay spectra. Correlations|dj with any state
along the normal-Auger channel are irrelevant. This supports ; v
the earlier conclusiofin comment(v)] that the primary ex- Where one uses Eq#4b) and (4d) for I's andI'y, respec-
citation and the electron transfer into the substrate along thively; to go from the first to the second line in both expres-
normal-Auger channels are two independent processes. OfENS. _ _ _
important implication of this fact is that the electron density ~ Note that in Eqs(26) (the second line of each open

of states in the substrage(€) and the electron transfer ma- contrast to the expressions in E), the ¢ function, the
trix elementV,, ,(€) will enter the decay electron spectra Substrate density of statgs;, and the matrix elements for
only through the rates® and}. So, as seen from Eq@ib) the electron transfer to the substra/.tg,n (!.e., all quantities
and (4d), the energy of the primary excitation photoh, ) related_dlrectly to the substrateontain neither the energy of
will not appear anywhere in the energy arguments oand the emitted electron&) nor the energy of the absorbed pho-

Vin- We will return to this point at the end of the next ton (fw,). This is the res_ult of the loss of coher_en(_:e be-
section and in Sec. V. tween the photon absorption and the electron emission pro-

cess if the electron transfer to the substrate is sliced in

between them. In other words, coherence between the photon

D. Decay electron spectra absorption and the electron emission is preserved in the

We must solve Eqg24) extracting the long-time limit of Raman-Agger channel because thg electron transf_er to the
d(0sisi+ ok r)/dt. This can be donavithout any further substrate is here the last event which merely contributes to

approximations, most efficiently by taking the Laplace trans{€ lifetime width of the post-emission std8, but the co-
form of all equations in Eqs(24) and proceeding with a herence is destroyed in the normal-Auger channel because

systematic solution of the obtained set of algebraic equat_he electron transfer to the substrate intervenes be'gween
tions. The long-time limit of interest is them. The symmetry between both channels, present in the

wave function approach, does not occur here.

Going into more details, the factqrs(Es— Eg)| V¢ s(Es
—E¢)|? in the Raman-Auger contribution to the spectra not
only does not contaithw, and £ in the energy argument
[their presence was found troublesome in paragi@ptbe-
=lim{z(z[ t}sk,s&(z) + (}ﬂzyﬂz(z)])}, (25) low Egs.(6)] but it introduces also the lifetime width directly

70 into the numerator, as seen in the first line of E26h). In
the limit of a free atom, obtained by settipg— 0, we have

where &, ,(2) denotes the Laplace transform of,,(t) ['s—0 which leads to Sr(E) = |Ws a(8) I 6(E+Es—Eq
[note the difference in notationt(t), e.g., in Eq.(14), de- —%w,) [best seen from the first line of E¢R6bL)]. This is

i ) 0 exactly the expected result for the Raman-Auger process for
notes the reduced density matroperator while o, ,(z)

i g an isolated atom. At the same time, we hayg&)—0 for
here deno.tes the L.aplacg transform of one pf its matrix elel—)s_>0 because the Lorentzian in E@63 is not affected by
mentd. This is a quite tedious but rather straightforward cal-

; . 2 . taking the limit. As required, the normal-Auger process can
culation and we stress again that no approximations are Msnly occur in the presence of a substrate.
volved in it. . ) We have argued in paragraffi) below Egs.(6) that for
For the rate of emission of electrons with enetgye get o normal-Auger process the energy afgumem§d>vp,d|2

again Eq(5) but novr\]/withouttlhe interferenclze term; i.e., We ghouid not contain the energyof the electron emitted into
getsyg(€)=0. For the normal-Auger and the Raman-Auger, 5.,um but it should contain the enerfyp, of the photon

contributionssy(€) andsg(€) we get{compare with EQs6)  jyitiating the process. This is not what we see in B in

obtained in the wave function approgch which the energy argument is juy—E,. In comparison
with Eq. (6a) the argument has lost bothand# w, depen-

, 26b)
(E+Es—Eg—fiw )2+ (T'2/2)? (26b

) d
lim a[asksﬁ(t)+0fﬁ,f§(t)]
t—oo

Ty Wi dence rather than only the former. We will return to this point
Sn(E) =—|Wq 5(&)[? e BT in Sec. V. . | _
Iy (E+Ei—Ep)“+(T'5/2) Turning our attention to the Raman fraction we again

evaluate the integrals defined in Ed3) doing the same

= 0(Eq—Eper)ps(Ba—Ep) approximation as there: replaéein all slowly varying fac-

W, o(E)V,p a(Eq—Ep)|? tors [here only inpy(€) and in |Wm1r](£)|2] with the peak
X > s (26a  value of the corresponding Lorentzian factor and then inte-
(E+Ef—Ep) +(T',/2) grate the Lorentzian only. Using Eqgl) one gets
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Sv~O(Eq—Ep—€p)ps(Eq— Ep)lvp,d(Ed_ Ep)|2=1‘3/2w, _ '_I'o account_ for the strongly interacting case we can try to
(279 divide the entire atom-substrate system into three rather than
two subsystems(i) the atom,(ii) the cluster of substrate
Sr~pv(Egt o —Eg)|Wsq(Eq+fiw —Eg)|%. atoms adjacent to the adsorbed-at¢raferred to as the
(27b)  adsorption-site cluster with which the atom interacts

We see that whiléS, is just the contribution to the lifetime Strongly, andiii) the rest of the substratthe reservoirwith
width of the core-excited statel) by electron transfer to the Which the atom interacts only indirectly through the
substrate and is not equal 8, obtained in the wave func- adsorption-site cluster. In principle, one could generalize the
tion approaciEq. (78], Sk is the same as in the wave func- dens_ity matrix approach to sut;h a case,_but the. necessity of
tion approach(i.e., the same as in Eq7b)] and it isnot  treating the atom-adsorption-site cluster interactions nonper-
equal tol'¥/2m [given in Eq.(40)], the contribution to the turbatively renders such an approach intractable. One can,
lifetime width of the core excited state by the Auger decay. "OWever, attempt a much simpler treatment, basically identi-
The lack of symmetry betweeB), andSk is now obvious. cal to the density matrix approach leading to the results from
The Raman fraction defined in the first line of E8) be- the previous section, in which the atom plus the adsorption-

comes site cluster is treated as the dynamic primary system inter-
acting, now weakly, with the rest of the substrate. This ap-
2mpy(Eg+ho —Eg)|Ws g(Eg+hio —Eg)|? proach is expected to be valid when the interactions between
= ’ > the atom and the adsorption-site cluster are so strong that an
at2mpy(EgthoL—Eg)|Ws o(Eg+fiw —Eo)l electron transfer between the atom and the cluster happens

(28) on time scales much shorter than any other electronic process
In contrast to the expression obtained in E8).the Raman Which we want to account for explicitly. This is the case at
fraction depends on the frequency of the exciting radiatiorleast for chemisorbed atoms or molecules. The price paid by
only through the energy argument of the product of thesuch an approach is the necessity of dealing with a substan-
vacuum density of states and the Auger decay matrix eletially increased number of electronic configuratidssates
ment: Pv(é')|Ws,d(5)|2 with £=Eg+fiw_ —Es. As argued, of the primary dynamic systeri.e., the states to be ac-
however, in the two last sequences of paragréﬁ)h below counted for in the zeroth-order Hamiltonjam Comparison
Eqs_ (6), SN and, Consequenﬂy, the Raman fraction are exWith the situation in which the primary dynamic SyStem was
pected (and found experimentally to contain Mmerely an atom. As long as, however, these configurations
pS(QE)|Vp‘d(Q§)|2 with ¢=Eg+%w —E,, rather than¢  are treated phenomen_ologically with parameters describing
=E4—E, as obtained in Eq$27a and(28). Paradoxically, them taken from experiment or treated as free-fitting param-
the Raman fraction obtained within the physically €ters, the problem is still tractable. .
unacceptable—because of its neglect of coupling-induced The zeroth-order description requires then to consider the
phase loss—wave function approach seems to make momlaSBtauor.]ary electronlc states of an atom InteraCtIng with
physical sense than that obtained using the density matrithe adsorption-site cluster. One can visualize that each elec-

method. A way to remedy this is proposed next. tronic configuration of the atom considered so (., |g),
|d), |p), |s), and|f)) hybridizes with the electronic states of
V. GENERALIZATIONS the cluster. For the purpose of this model we account only

for the hybridization of the core-excited stdtB: hybridiza-

One of the essential assumptions made in deriving théion of the ground state is not of importan¢eecause if
results(26)—(28) in the preceding section is that the excited present it still leads to a sharp ground statad that of the
atom-substrate interaction is weak enough to be treatefinal state|f) influences the results trivialljthis is why we
within the Born approximation. In this approach the entirehave ignored in our model the possibility that this state in-
effect of this interaction on the core-excited state of the  teracts with the substrate at all, despite the certain presence
atom is to merely provide it with a lifetime width. Conse- of screening Hybridization of the|p) and|s) states can be
quently, the substrate density of stageg¢®) and the tunnel- easily accounted for without leading to any interesting ef-
ing matrix elementv, 4(&) appear in the expressiai26g  fects. The core-excited state of the atom hybridized with the
for the normal-Auger contribution to the electron spectrastates of the adsorption-site cluster leads to a series of states
with their energy argumerg equal to the energy difference distributed in energy over a certain interval and spatially lo-
Eq— E, between statefd) and|p), irrespective of whether calized on the atorand the cluster. Formally, we can incor-
the primary excitation is tuned precisely to or away from theporate this into our formalism by considering the inakas
|d) resonance. This is adequate for broad excitation linean index running through all these states. It is important to
widths for which the degree of exact tuning of the radiationnote that the wave function of each of these states contains,
within the excitation resonance has a small effect on thes an admixture, the wave function of the original core-
electron decay spectra. For nearly monochromatic excitatioexcited state. So each of them is coupled to the ground state
with a linewidth substantially smaller than the broadening of/g) by the radiation field, and direct radiative excitation from
the core-excited state one should allow for the fact that the¢he latter to any of théd) states is possible.
interaction of the latter with the substrate is not necessarily Before continuing we should note that the given picture in
weak. In such a case it is not valid to consider this interactiowhich the strong atom-substrate interaction is attributed to
within the perturbation approach. the atom-adsorption-site cluster interaction does not have to
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be the only possibility. We have already seen in Sec. IV B 1
[cf. discussion in several paragraphs leading to(E4).] that 5 PE——
one of the necessary conditions allowing us to replace the (Egtho —Eq)“+[(Ig+Tg)/2]

interactionV in the exact Liouville equatiof®) with the rate

superoperatd% in the approximate Liouville equatiofi4) is ~
that matrix elements of effectively allow tunneling into the
substrate states distributed over an energy continuum
broad that memory eff_ects_ cou_ld be_ ignored. One n’,"ghtforming the integration we will take into account only tBg
however, visualize a situation in which some parts \of dependence of various quantities in E¢S) and (26) but
couple the core-hole-excited state only to substrate states digmqre a possible dependencemimplied by the subscripd
tributed over an energy intervdlg, which is small enough IV, 4|2 and|W, 4% i.e., we pull them outside the integral
to be comparable to the typical magnitude of the matrix el-;¢ artain matrix elements squar@d, o2 and [W_ 42, re-
r . ’ S, !

ementsV themselves. Symmetry selection rules may play aspactively, averaged over alls. Similarly, T’ and T wil
role here. It is obvious that these parts\otannot be incor- be pulled outside the integral i_ﬁ andﬁ’,v defined in Egs.

porated intdS and cannot be treated as a perturbation. They,q) and(4c), respectively, but now in terms of the averaged
must be included in the zeroth-order Hamiltonian, leadingmatrix elements.
again to a relatively narrow band ) states localized par- With all this and using Eq<5), (26), and(29), we get the

tially on the adsorbed atom but having substantially delocalfollowing expression for the decay electron spectrum:
ized components. The interaction of these states with truly

delocalized states of the substrate distributed over a much. .
broader energy interval is represented by the matrix elementéq(g)zf dEgpa(E9)R(E)

Vp,d(€) enteringS and then treated within the formalism

2

w
atlg

S(Eg+hw —Ey), (29

SRhich allows us to evaluate the integral analytically. Per-

developed in Sec. IV. _(2m)? |€y- Dy 4/2/? _ _

If the individual |d) states are not coupled to each other, TR TRy Pa(Egt o )[sn(E)+sr(€)],
then any correlations between theses states are irrelevant and
the theoretical approach described in Secs. IVC and IV D (30

still applies. Effectively, the result for the electron decay,nare
spectrum, which is obtained, is again E). with sy(&) and
sg(€) given in Egs.(26a and (26b), respectively{and, ob-
viously, syr(€) =0], but now summed over all possibiks.
There are several quantities which in these expressions de- ><|Wf’p(5)|2|Vp‘d(Eg+ﬁwL—Ep)|2

Sn(E) = 0(Eq+Hw, —Ep—ep)ps(Eg+Hiw, —Ep)

pend on the indexl. First, as seen in Eq5), we have the (E+Er—E. )2+ (I"/2)2 ; (31a
radiative excitation dipole matrix elemejly- D 4 g|%. It will ree P
be replaced with an averad€0~[3d,g|2 over all d's and S €)= O(E.— Er— E_E
pulled outside the summation. Next, we have the linewidths SR(6) = 0(Es— B~ er)ps(Es—Ey)
'y andIl'y as well[as the related matrix]elemer\tgyd(Ed y V¢ o Es— Ef)||Ws,d(5)|2
—E,) andW; 4(&) [cf. Egs.(26a@ and(26b)]. The subscript
P S, _ _ 2 U9\ 2
d refers to individual states, d0j+ T is the lifetime width (E+Bs—Bg=ho )"+ (T5/2)
of adth state due to the Auger decay and due to the tunneling /2
interaction of the atom-adsorption-site cluster with the rest of =|W, 4()|? S
the substrate. This linewidth can be smaller than or compa- ' (E+Es—Eg—fiw)?+(I'Y2)?
rable with the exciting radiation linewidth and dloes not (31b)

determine the x-ray absorption linewidth directly. The latter,

I'n, is determined by the strong interaction between theare the contributions to the spectra due to the normal-Auger
atom and the adsorption-site cluster. and Raman-Auger processes, respectively. The factor
Performing the summation we will assume that thep,(Ey+7%w, ) accounts for the overall x-ray absorption pro-

d-states form a quasidiscrete continuum with the density ofile with width I',. Note that the and w, dependences in
statespa(Eq), spread over the interval of widthi, around  Eq. (31b), accounting for the contribution to the electron
some central energ{Ey). Summation oved will thus be  spectra by the Raman-Auger channel, are almost identical to
replaced with the integratiofidEgpa(Ey) . . . . Becausd'y  those in Eq(26b) becausee, is not explicitly present in the
+T'§, determined by weak interactions, is much smallerlatter. In contrast, for the normal-Auger channel this same
thanI", (determined by the strong onand because the en- dependence is different in E(813 than it is in both Eq(6a)
ergy dependence Q¥ 4(€)|? and ps(€) is expected to be and (26a. In fact, the energy argument @k|V o|* in Eq.
rather weak over an energy interval width of the order of(31b) contains neithe€ nor fiw,, and that ofpg|V, 4|2 in
gtI'y, we will approximate the resonant absorption- Eq. (314 is equal toE4+hw —E,, exactly as argued for in
excitation factor in Eq(5) with Dirac’s § function: paragraphsii) and(iii) below Egs.(6), respectively.
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For the Raman fraction the same procedure as beforelementary events. Consequently, the Raman-Auger decay
described above Eg#4), is followed. One gets channel is, similarly as for an isolated atom, a one-step quan-
tum process involving core-hole excitation and Auger auto-

— — ionization events, not conserving energy individually, fol-
SNEJ pu(E)sn(E)dE lowed by an uncorrelated electron transfer to the substrate
which merely smears the overall energy conservation re-
~0(Egt+ho —Ey—€p) quired in the precedingtwo-evenj step over the final-state

5 lifetime width. Along the normal-Auger channel, however,

1% the excitation, the charge transfer, and the Auger decay form

(329 a sequence of independent events with energy being con-
served at each stefsee, however, the detailed discussion

Xps(Egtho — Ep)|Vp’d(Eg+ﬁwL— Ep)

_ _ following Egs.(24)], because the coupling to the continuum
SREJ pv(&)sr(E)dE in the solid destroys the coherence. Naturally, quantum inter-
ference between the channels does not occur in this ap-
~pv(Egt+hio —Ey) proach.
5 Of more practical importance, the predicted details of the
X|Ws a(Eq+fiw —Eg)[%, (32D decay electron energies and the radiation frequency depen-

which, apart from the fact that they are expressed in terms

OI(_iizence of measured decay electron spectra and the related
matrix elements averaged over dl§, are formally the same

aman fraction differ in the two approaches when at least
expressions as obtained in EqZa and (7b) in the wave one of the following—the single-electron density of states in

function approach. Therefore, an expression analogous to E € s_ubstrate, the el_ectron _den5|ty of states in vacuum, the
(8) [but not to Eq.(28)] is obtained atrix elements of interactions responsible for the charge

The fact that eventually we obtain an expression for thetransfer to the substrate, and/or those of the interactions re-
Raman fraction which has formally the same structure as iﬁponsmle for the Auger autoionization .Of t.h_e adsorbed_ atom
i depend on energy. The treatment justifies the earlier in-

the wave function approach does not, of course, mean tha tati fthe R fracti dit d d
the latter approach is correct. For example, the interferencts'Pretation of the Raman fraction and its energy dependence

term, represented ksyr(E) in Eg. (5), cannot be systemati- given in the experimental work.
cally eliminated within the wave function approach. The Ra-
man fraction reflects only a global property of the electron

decay spectrum, not its details: the spectra in E88). and ACKNOWLEDGMENTS
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duced density matrix approach which was confronted with
the commonly employed wave function approach. The chan-
nels are the Raman-Auger channel in which the adatom Au- APPENDIX
ger decay precedes the electron transfer to the substrate and
the normal-Auger channel in which these events occur in the
reverse order. Particular attention was paid to the presence gre
lack of quantum interference between the channels and the
decay electron spectra and their photon energy dependence d i
as the radiation is tuned across the excitation resonance. gi%00= " %(Rg’dadvg—Rdngg'd), (Ala)

In particular, the perturbative wave function approach, in
which the Auger electron emission and the electron transfer
into the substrate are not fundamentally different, leads to
quantum interferences between both decay channels becaugeg atliwg gt v52)og 4
each excitation decay channel is necessarily treated as a orfé ¢ ¢ ¢
step quantum process which consists of a sequence of three i i
cof\ﬁrent events not conserving energy |nd|V|_duaIIy. =z Z Weid0g.sk— %Rg‘d(gd’d_ Ogg) (Alb)

e argue that the density matrix approach is necessary for

an accurate description of the excitation decay sequences
when they involve charge and energy transfer into the sub- ] .
strate with very efficient internal dissipation of the excitation E T P '—I—W L I—R .
energy. In such an approach the Auger decay and the electrodt * 9k Liwgsict ¥sl2log,si=7 Wasioga~ 7 Rgaoask,
transfer into the substrate are two fundamentally different (Alc)

All relevant equations forming the set of Equatidii®)
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(Ale)
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(Alh)
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dt ﬁ h <

(Ali)
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%Ufm— YsOsksk= ~ flt—(ng,pcrp,fg—Wp,fwf;,p),
(A1))
d .
gt Ttk Tloric o Tricric
Ig(WﬂZ,pU'p,ﬂZ/ —W ik ok p).  (ALK)

The equations for only half of the correlations, , are
listed; those for the remaining onesr-,—can be obtained
by taking the complex conjugates.

The set of equation@\1) is quite intimidating, so several
organizing comments are helpful. First, the radiation cou-
pling enters only the equations for those occupation prob-
abilities and correlations which involve either the ground or
the core-excited statefg) or |d), respectively. Second, the
electron transfer from the atom to the substrate enters only
through the ratey? and yg which appear as dephasing rates

with which the correlations involving either statpsk) or

|d), respectively, decaydephasing occurs at a half of these
rates. They also enter as rates with which the occupation
probabilities tend to decrease or increase. With these com-
ments it should be a simple matter to modify the above set to
account for the fact that the final state, with two valence
holes, is also short lived due to possible electron transfers
from the substrate which would fill or screen both holes. The

decay of the occupation probability d)fIZ) and of related
correlations involves the charge transfer from the substrate,

so it would add some extra rates to the supermatiix Eq.

(14). This would introduce terms in Eq$Alj) and (Alk)
which are exactly the same terms as those described in para-
graph (i) below Eg.(24). Their influence on the spectra is
described in paragrapfiv) below Eq.(24).
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