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Core-hole excitation and decay for continuum-coupled systems: The adsorbate case

Zbigniew W. Gortel1,* and Dietrich Menzel2,†

1Department of Physics, University of Alberta, Edmonton, T6G 2J1 Alberta, Canada
2Physik-Department E20, Technische Universita¨t München, D-85747 Garching, Germany

~Received 30 April 2001; published 28 August 2001!

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 molecules!. Using the example of adsorbates on
metal surfaces, we address the question if and how this is modified for systems in which discrete intermediate
~core-excited! 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 Schro¨dinger 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.

DOI: 10.1103/PhysRevB.64.115416 PACS number~s!: 32.80.Dz, 32.80.Hd, 73.20.Jc
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I. INTRODUCTION

Traditionally, the excitation of core holes and their fo
lowing decay by x-ray photon or Auger electron emissi
have been viewed as a two-step process. This is adequa
broad-band excitation~where ‘‘broad’’ and ‘‘narrow’’ are de-
fined by comparison to the lifetime width of the core-ho
excited state!. Recent advances of experimentation with sy
chrotron radiation have made it possible to use mu
narrower excitation bandwidths.1 If the resolution of the
emitted decay photon or electron is sufficiently narrow
well, only a one-step description is appropriate for the en
excitation-decay sequence,2 with the consequence that en
ergy conservation applies only between the initial~ground!
state and the final~decay! state. The experiments are the
termed resonant inelastic x-ray scattering~RIXS! and reso-
nant Auger-Raman~RAR, also ARR! spectroscopies.1,3 Be-
cause of the strong dominance of Auger over radiative
cays for light elements and the greater ease of high resolu
for secondary electrons over secondary photons, a la
body of results on atoms and molecules exists for the Au
case which we will take as the example here. It should
noted that most arguments carry over to the x-ray emiss
case.

For isolated atoms and molecules with well-defined qu
tum states, consideration of the coupled excitation-de
process necessarily implies a one-step picture. The exp
mental signatures of experiments under such narrow-b
~‘‘Auger-Raman’’! conditions are4 ‘‘linear dispersion’’ of the
decay electron kinetic energy with the excitation photon
ergy and ‘‘line narrowing’’~definition of the linewidth of the
decay electrons by the photon energy resolution and
final-state lifetime,not the intermediate-state lifetime! for at-
0163-1829/2001/64~11!/115416~18!/$20.00 64 1154
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oms. Both characteristics are direct consequences of en
conservation. For molecules additional very interesting ‘‘d
tuning effects’’ exist which derive from the fact that the tim
scale of nuclear motion determines the appearance of
decay spectra. Only exactly at resonance will the full lifetim
of the core-excited state contribute to the final-state sp
trum; detuning away from resonance leads to a shortenin
the available time with potentially strong effects on t
spectra.5–9 For bound intermediate states detuning can
depending on the relative positions and shapes of the po
tial energy curves of the ground, intermediate, and fi
states—lead to the disappearance of vibrational struc
~‘‘vibrational collapse’’! ~Refs. 7, 10, and 11!, or the opposite
effect.7,11 For repulsive intermediate states ‘‘molecular’’ an
‘‘atomic’ lines can arise which possess different dispers
behavior and can interfere in a very interesting and com
cated way upon detuning;12 and a Doppler effect for the
emitted electrons can be observed.13 All these effects can be
described in a stationary formalism based on the Kram
Heisenberg formula or in explicitly time-dependent forma
isms which in some respects have the advantage of a m
intuitive appeal. A large body of experimental and theoreti
work exists, and extensive reviews as well as surveys h
been given.3,14,15The basic one-step picture thus is unavo
able for isolated systems with well-defined quantum sta
As long as no coupling to internal continua happens t
picture is also appropriate for solids~see the RIXS case!.16 A
basic question is if there are any changes for a system
coupling to a continuum~or to more than one continua!. One
might argue that the basic process should always be one-
even if the particular conditions let it appear indistinguis
able from the result derived from a two-step picture. Th
©2001 The American Physical Society16-1
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opinion—that it is always a one-step process—has b
voiced in the literature.17

An interesting case of a coupled discrete-continuum s
tem is that of an adsorbate on a metal or semicondu
surface. Here the excitation-decay sequence of a core-
excitation can in principle proceed in two ways which a
easiest to visualize for a resonant, core-to-bound interm
ate state which brings an electron from a core state of
adsorbate into a bound empty, dipole-coupled state of
system, in the simplest model into an empty orbital on
adsorbate. The electron in that excited adsorbate state
then delocalize into the bulk substrate. If this delocalizat
is slower than the core-hole decay, then the system does
know anything about this possibility, and the characteris
of the Auger-Raman conditions are expected to result.
however, the electron transfer is competitive with or fas
than the core-hole decay, a modification is expected; in
extreme it results in a breakdown of the Auger-Ram
characteristics.18 Experimentally it is indeed found that for
weakly adsorbed species like an Ar atom physisorbed o
transition metal surface,19,20 both types of spectra occur: th
linearly dispersing Raman spectrum and a spectrum ca
‘‘normal Auger’’ because of its constant kinetic energi
upon detuning and its equality to the Auger spectra obtai
by primary excitation into the ionization continuum. Bas
on a simple rate approach, the ratio of the integrated in
sities of the two spectra has been used to derive the rati
the charge transfer time and the core-hole decay time
since the latter is known reasonably well, to derive the ab
lute value of the former which turns out to lie in the range
some ten femtoseconds for different systems.19,20 The ratio
of channel intensities is often given in a normalized mann
i.e., the so-called Raman fraction is the strength of the
man channel relative to the sum of both channels.
strongly coupled adsorbates such as chemisorbed mole
~CO, NO, N2) the normal-Auger part overwhelmingl
dominates21 and the Raman fraction becomes very small. B
using the different dispersion behavior of the two types
spectra, even here estimates of the~very short, below 1 fs!
charge transfer or delocalization times are possible.

Such an analysis is based on a somewhat naive mod
the clear separation into either decay before transfer or tr
fer before decay. It does not take into account the subtle
which the above-mentioned theories have demonstrated
ARR spectra of isolated molecules, in particular those
vealed by detuning. Experimentally quite distinct but diffe
ent variations of the Raman fraction with photon energy o
the core-hole resonance have been observed in all sys
examined in sufficient detail.19–21 The question arises as t
whether this variation is a signature of the one-step cohe
processes and their interferences or whether it is conne
to the way the resonant state is coupled to the internal c
tinuum in the substrate, or whether both effects contribu
The ad hoc treatment mentioned assumes the second in
pretation. We have endeavored to develop a treatment w
would shed light on this question and hopefully also give
better picture of the basic processes in such a coupled
tem, as compared to isolated atoms and molecules. While
develop it for our adsorbate case, it would appear that m
11541
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arguments can be carried over to other continuum-coup
systems, such as, e.g., solids or large molecules in whic
functional group is coupled to a large residual molecule.

In the following we will first demonstrate that the usu
approach for coherent excitation-decay processes, a pertu
tive Schrödinger equation approach—here called the wa
function approach—is inappropriate for our case,19,20since it
does not permit one to incorporate the coupling to the s
strate with efficient internal dissipation and dephasing a
therefore leads to unphysical interference terms. We then
velop a treatment based on the Liouville equation~the den-
sity matrix approach! designed to eliminate this difficulty. In
this approach both excitation-decay channels are accou
for without making any prior assumptions as to their one-
two-step nature or whether they interfere or not. Unfor
nately, however, a solution for the cases of a variable deg
of coupling to a broad band of continuum states cannot
given. We have to be content with the treatment of limiti
cases~either a single adsorbate state or a subset of adsorb
substrate states coupled extremely strongly to a broad
tinuum band of variable density!. Nevertheless, we believ
that our treatment shows the essential correctness of the
lier naive model mentioned above: the competition of a
herent Raman-Auger channel as in the isolated atoms wit
~intrinsically! incoherent normal-Auger channel. No interfe
ences exist between the two channels, and therefore the
served detuning behavior must be connected with the va
tion of the delocalization probability of the intermedia
excitation away from the adsorbate complex, which will
connected with the character and density of substrate s
and their coupling to the adsorbate complex.

The paper is organized as follows. The processes are
scribed in Sec. II; the results of the standard descript
based on the wave function approach are presented and
cussed in Sec. III. The density matrix approach follows
Sec. IV. This section is divided into several subsections
the reader interested mainly in the results may concentrat
Sec. IV D where the results of the density matrix approa
are confronted with those of the wave function approa
The discussion following Eqs.~24! in Sec. IV C should also
be noted in this case. Finally, in Sec. V the density mat
approach is generalized to account for those parts of
adsorbate-substrate interaction which cannot be tre
within the perturbation theory approach.

II. NORMAL-AUGER AND RAMAN-AUGER PROCESSES
FOR AN ADSORBED ATOM

We start with the description of the processes involv
They are visualized in Fig. 1 in which the shaded areas to
left represent the Fermi sea of a metal and the levels on
right represent some selected orbitals of the adsorbed a
An adsorbed atom in its ground stateug& with total energy
Eg is subjected to the time-dependent nearly monochrom
synchrotron radiation field~angular frequencyvL) which
promotes one of its core electrons to the lowest unoccup
orbital, resulting in an atom in a core-hole-excited stateud&
with energyEd .
6-2
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By states of the atom, likeug&, ud&, and others to follow,
we always mean quantum states ofall electrons localized on
the atom, possibly modified by the interaction with the su
strate in comparison with the corresponding states of an
lated atom. To be specific we can consider, as an exampl
Ar atom physisorbed at a surface of Ru, Pt, or Ag. The
diation promotes one of its core 2p electrons to the lowes
unoccupied 4s orbital, so the core-hole-excited stateud& can
be identified withu2p3/2

214s11&. This excited state of the atom
is unstable against losing an electron into vacuum or into
substrate, which initiates the two distinct decay chann
shown in Fig. 1 and described below.

The atom in the stateud& can lose an electron into
a single-particle stateqW in the substrate, resulting in th
adsorbed ion in a state denotedup& with energyEp ~e.g.,
u2p3/2

21& for Ar!, possibly screened by the substrate electro
The energy of the electron in the substrate is denotedEqW

and, for simplicity, a possible band index is incorporat
into qW . Further Auger decay releases another electron
the vacuum statekW ~with kinetic energy EkW) while the
atom ends up in a doubly ionized stateu f & with energyEf
~e.g., u3p22&). The decay channel fromud& through up& to
the final stateu f & is termed the normal-Auger channel
Fig. 1.

FIG. 1. Electronic configurations and excitation decay chann
considered in this model. Inset: the electronic configurations for
Ar adsorbate.
11541
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The above process competes with the decay along
Raman-Auger channel, leading to the same final state of
combined system. In this process the stateud& decays first by

a spectator Auger process in which the electronkW is emitted
into vacuum and the atom becomes an ion in a stateus& ~e.g.,
u3p224s11&) with energyEs . This is then followed by loss

of another electron into the substrate stateqW .
In the experiments at which we aim our approach, spe

of the decay electrons emitted into vacuum are measu
and, in some cases, the decay channels can be identifie
main contributors to different parts of the spectra.
such cases the ‘‘Raman fraction,’’ defined as the ra
of the emission cross section of electrons emitted in
process along the Raman-Auger channel to the total elec
emission cross section, can be determined19,20 as a function
of the exciting radiation frequencyvL . In the Raman
fraction the strong dependence due to the reson
character of the primary excitation is removed, leavi
a relatively weak dependence due to other reasons like
energy dependence of the transition matrix elements
of the densities of states of electrons in vacuum and
in the substrate. One of the aims of our approach is to id
tify possible reasons for such a dependence, as outl
above.

We would like to stress here that the specific designatio
in terms of occupied and empty orbitals appropriate for Ar
the gas phase, do not have to be correct for adsorbed
because the transitions listed may involve many electron
once; i.e., the holes created on the atom may be almos
stantaneously screened by the substrate electrons.R(t), W,
andV in Fig. 1 refer to those parts of the Hamiltonian of th
system which are responsible for the primary excitation,
Auger transitions, and the electron tunneling between
atom and the substrate, respectively. If the stateus& can no
longer decay by releasing an electron into the substrate~ei-
ther because the process leading to it was a participant A
process or because the substrate screening pulls the ex
orbital of the atom below the Fermi level of the substrat!,
then some of the issues discussed in this paper~e.g., the
interference of both channels in the wave function approa!
become mute. But the general approach, as we shall see
accounts for such a possibility.

Our goal is to provide a consistent theoretical framewo
for a unified treatment of the above processes. The u
approach to be tried by anybody faced with this proble
would be to use third-order perturbation theory~to account
for three events: excitation, electron transfer, and decay—
latter two in either order! based on the time-depende
Schrödinger equation. In this approach, termed the wa
function approach in this paper, the quantum states of in
est can be collectively denoted byum,sW,vW &, where m

5g, d, s, p, or f denotes the state of the atom or ion;sW can
either be 0~if no extra electron is present in the substrate! or
qW if the extra electron in the substrate is in a single-parti
stateqW and, similarly,vW can either be 0 orkW depending on
whether there is no electron in vacuum or there is o

ls
e
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with momentum\kW . Specifically, the states areug,0,0&,
ud,0,0&, us,0,kW &, up,qW ,0&, andu f ,qW ,kW &. The wave function ap-
proach treats both continua involved, electron states
vacuum and in the substrate, in exactly the same way. Ph
cally, this is not correct; while an electron in vacuum is tru
free ~possibly having its wave function differing from th
plane wave form on the account of its interaction with t
substrate!, the electron in the substrate interacts strongly w
all elementary excitations in it: other electrons, phonons,

The electron released into the substrate single-particle staqW

does not stay in it but dissipates its energy into the en

substrate. Consequently, the statesup,qW ,0& and u f ,qW ,kW & are
not stationary states, contrary to the assumption inheren
the wave function approach. In particular, in the wave fu
tion approach the time evolution of the relative phases
tween any two states taken into account explicitly in t
expansion of the time-dependent wave function of the s
tem is followed while, in fact, the phase coherence betw
any of the above two states and the remaining ones is los
a time scale much shorter than the times over which
evolution of the system occurs which is relevant for the ch
acteristics of the decay electron spectra. One of the co
quences is the possibility—inherent in the wave function
proach — that the same stateu f ,qW ,kW & might be reached along
both decay channels, as explicitly shown in Fig. 1, so
electron spectrum exhibits signatures of a quantum inter
ence between the channels. A truly correct wave funct
approach should, at least in principle, incorporate all ot
substrate electrons~and its other elementary excitations! into
the considerations, i.e., take into account all relevant stat
ary states of the substrate in which the substrate with
extra electron in a single-particle stateqW may eventually end
up. Such a version of the wave function approach is impr
tical and there does not seem to exist any systematic the
ical reduction scheme for its approximate treatment with
losing the dynamical interactions within the substrate
tirely. A physically equivalent description for which such
systematic reduction scheme exists is that in terms of
time-dependent Liouville equation for the density matrix
the combined system consisting of all electrons on the a
~or ion!, the electron in vacuum~if present!, and the elec-
tronic system of the substrate~including the electron trans
ferred from the adsorbed atom!. This method is specifically
designed to deal with the dynamics of a small ‘‘dynam
system’’~here the adsorbed atom, also referred to as the ‘‘
mary system’’! interacting by exchanging energy and pa
ticles with a reservoir with very efficient internal intera
tions. In such an approach the internal degrees of freedom
the reservoir are effectively ‘‘projected out,’’ leaving only a
explicit reference to stationary states of the primary sys
~hereum,vW & with vW 50 or kW ). We outline such a descriptio
and want to confront its results with those of the wave fu
tion approach.

We start with a short presentation of the wave funct
approach in Sec. III. We not only summarize its results th
but also point out potential inconsistencies and difficult
inherent in it. Some of them we have identified only af
11541
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developing the density matrix approach, so several crit
comments concluding Sec. III might seem unjustified wh
read for the first time. One of the conceptual difficulties w
the wave function approach is the fact that, once certain o
most obviously incorrect features are ignored or corrected
an ad hoc manner, the remaining consequences look of
‘‘physically reasonable,’’ resulting in unjustified confidenc
in the correctness of such an approach. It should eventu
become clear, however, that some of these ‘‘physically r
sonable’’ consequences are not, in fact, correct. The den
matrix approach is presented in Sec. IV. The full theoreti
development is quite a tedious task, so details will be omit
~and references to earlier works using similar schemes
be given!, but all necessary simplifying assumptions and a
proximations will be spelled out explicitly. We then also co
front the results of the density matrix approach with those
Sec. III. A systematic reduction of the full density matrix
possible only in the case of a sufficiently weak interacti
between the core-hole-excited adsorbed atom and the
strate, which results in a loss of features of potential imp
tance in actual systems. Therefore, we propose in Sec.
phenomenological generalization of the density matrix
proach for strongly coupled adsorbates.

III. WAVE FUNCTION APPROACH

We begin with the simplest possible treatment which i
direct generalization of the second-order perturbation the
approach to the Raman-Auger decay process for an isol
atom.

We start by assuming that the matrix elements of the A
ger and the tunneling transitions depend on the state of
released electron~into a vacuum statekW or into a substrate
stateqW , respectively! only via its energy, i.e.,

WskW ,d5Ws,d~EkW !, ~1a!

VpqW ,d5Vp,d~EqW !, ~1b!

and that the state of an electron already present in the
strate or in vacuum is neither affected by nor does it infl
ence the subsequent emission of an electron into vacuum
into the substrate, respectively~this implies that post-
emission interactions are eliminated from the model!, i.e.,

Wf qW kW ,pqW 85dqW ,qW 8Wf kW ,p5dqW ,qW 8Wf ,p~EkW !, ~2a!

Vf qW kW ,skW85dkW ,kW8Vf kW ,skW~EqW !5dkW ,kW8Vf ,s~EqW !. ~2b!

In the wave function approach one usually starts from
third-order perturbation theory amplitudes for the norm
Auger and Raman-Auger channels, respectively,
6-4
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Wf ,p~EkW !Vp,d~EqW !~2EW0•DW d,g/2!

@Eg1\vL2Ed2 i ~Gd
v1Gd

w!/2#~Eg1\vL2Ep2EqW2 iGp
w/2!

, ~3a!

Vf ,s~EqW !Ws,d~EkW !~2EW0•DW d,g/2!

@Eg1\vL2Ed2 i ~Gd
v1Gd

w!/2#~Eg1\vL2Es2EkW2 iGs
v/2!

, ~3b!
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whereEW0 andDW d,g are the radiation amplitude and the dipo
transition matrix element betweenug& andud& states.Gm

w and
Gm

v are the contributions to the lifetime width of a stateum&
(m5d,p,s) due to the autoionizing Auger electron emissi
@the corresponding interaction Hamiltonian isW with matrix
elements given in Eqs.~1a! and~2a!# and due to the electron
transfer to the substrate@interactionV, matrix elements in
Eqs. ~1b! and ~2b!#, respectively. Explicitly, the linewidth
contributions are

Gp
w[\gp

w52prV~Ep2Ef !uWf ,p~Ep2Ef !u2, ~4a!

Gs
v[\gs

v52pu~Es2Ef2eF!rS~Es2Ef !uVf ,s~Es2Ef !u2,
~4b!

Gd
w[\gd

w52prV~Ed2Es!uWs,d~Ed2Es!u2, ~4c!

Gd
v[\gd

v52pu~Ed2Ep2eF!rS~Ed2Ep!uVp,d~Ed2Ep!u2,
~4d!

whererS(E) andrV(E) are the electron densities of states
the substrate and in vacuum, respectively, and theu function
assures that the electron transfer to the substrate is pos
only into substrate states above the Fermi leveleF .

Equations ~3! are obtained when the time-depende
Schrödinger equation is solved in the lowest order in t
interaction with radiationR(t) and in perturbationsV andW.
The result of such an approach is that the amplitudes ha
typical form for processes in which all three events
excitation-electron tunneling, Auger decay in Eq.~3a!, or
excitation-Auger decay, electron tunneling in Eq.~3b!—are
coherent sequences of three events with no energy cons
tion required in any of them separately. Such a coherent
quence of events as a whole is referred to as a one-
process.

Both amplitudes must be added, the sum squared,
then multiplied by 2p/\, by the energy conservation Dirac
delta d(Eg1\vL2Ef2EkW2EqW) ~the only condition im-
posed by the energy conservation! and by rS(EqW)u(EqW

2eF), and integrated over all possible energiesEqW of the
electron transferred to the substrate~this includes summation
over all overlapping bands, if necessary!. The result is the
rate of emission of electrons into vacuum with energyE

Ṙ~E!5
2p

\

uEW0•DW d,g/2u2

~Eg1\vL2Ed!21@~Gd
v1Gd

w!/2#2

3@sN~E!1sR~E!1sNR~E!#, ~5!
11541
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with the contributions due to the normal-Auger and Ram
Auger processes being, respectively,

sN~E!5u~Eg1\vL2Ef2E2eF!rS~Eg1\vL2Ef2E!

3
uWf ,p~E!Vp,d~Eg1\vL2Ef2E!u2

~E1Ef2Ep!21~Gp
w/2!2

, ~6a!

sR~E!5u~Eg1\vL2Ef2E2eF!rS~Eg1\vL2Ef2E!

3
uVf ,s~Eg1\vL2Ef2E!Ws,d~E!u2

~E1Es2Eg2\vL!21~Gs
v/2!2

, ~6b!

and sNR(E), which we do not quote, accounting for the in
terference of both channels.

It is worthwhile to note the following.
~i! The emitted electron spectra are proportional

rV(E)Ṙ(E). It also is, obviously, proportional to the Loren
zian factor@in Eq. ~5!# which accounts for the resonant cha
acter of the initial excitation process.

~ii ! The Raman-Auger contribution in Eq.~6b! has
roughly a Lorentzian shape with the full width at half max
mum ~FWHM! controlled by the lifetime width of the ‘‘fi-
nal’’ state us&. An extra width would be provided by the
linewidth of the exciting radiation which in this treatmen
assuming monochromatic radiation, is ignored. Its inclus
is a trivial matter but, in view of the fact that present expe
ments aim at minimizing the radiation linewidth, we ignore
because we are not specifically aiming at effects related
finite but small linewidth of the radiation. The position of th
kinetic energy peak of the Raman-Auger contributi
changes linearly with the radiation frequency~the effect
called linear dispersion! and its width is not affected by the
lifetime width of the intermediate stateud&. These two prop-
erties are the expected consequences of the fact tha
Raman-Auger process is a one-step process in which
sequence of excitation and electron emission events
single quantum process. The third event, the electron tran
from the two-valence-hole-excited stateus& to the substrate,
contributes the ‘‘final-state lifetime’’ widthGs

v to the spec-
trum in Eq. ~6b!. This is also expected. However, the fa
that both the frequency of the exciting radiation,vL , and the
energy of the emitted electron,E, appear explicitly in the
energy argument of the substrate density of statesrS and of
the tunneling matrix elementuVf ,su2 in Eq. ~6b! is contrary to
physical intuition. It is surprising because once the elect
is emitted into the vacuum its distribution should not be s
sitive to that into which states of the substrate the other e
tron is subsequentlyreleased from the excited orbital of th
6-5
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atom. Note that it is not thepresenceof rSuVf ,su2 as a mul-
tiplying factor in Eq.~6b! which is questioned, but the fac
that their energy argument contains the energy of the
sorbed photon and the energy of the decay electron.
presence of the factorrSuVf ,su2 is actually necessary to con
vert the Lorentzian factor in Eq.~6b! into the Dirac’sd func-
tion in the limit of a stable stateus&, i.e., whenVf ,s→0
@implying Gs

v→0; cf. Eq. ~4b!#.
~iii ! In contrast, the normal-Auger contribution in E

~6a!, also having nearly Lorentzian shape, does not m
with the radiation frequency~i.e., no dispersion at all!. Its
FWHM is controlled by the lifetime width of the core-hole
ionic state up& ~whose Auger decay leads directly to th
emission of the detected electron!, does not depend on th
lifetime width of the intermediate core-hole-excited stateud&,
and would not be affected by the linewidth of the incide
radiation @except for the trivial dependence described in~i!
above#. These properties are usually attributed to the fact t
the normal-Auger process is a sequence of indepen
quantum events. This, however, is not how it is treated in
wave function approach. As seen in Eqs.~3!, the normal-
Auger and the Raman-Auger channels are treated in exa
the same way: as a one-step process being a coheren
quence of three events. The behavior of the normal-Au
contribution seen in Eq.~6a!, different from that of the
Raman-Auger one in Eq.~6b!, is solely due to the averagin
over the continuum of the final states of electrons in
substrate which must be done because only states of
trons emitted into the vacuum are resolved in the exp
ments while the electrons lost to the substrate are not
served at all. In other words, the contribution~6a! to the
decay electron spectrum due to the normal-Auger proc
only mimics the behavior expected from the sequence
three independent events with energy being conser
~within the lifetime widths! separately in each event. Stil
based on physical intuition, it may be argued that, while
fact that the energy argument ofrSuVp,du2 contains the en-
ergy of the photon initiating the process is understanda
the reasons why it also contains the energy of the de
electron are not entirely clear. One would rather expect
the energy of the electron released into the substrate sh
be equal to the difference between the total energy of
system after the photon is absorbed,Eg1\vL , and the en-
ergy Ep left on the atom after the tunneling event. Cons
quently, the energy argument ofrSuVp,du2 in Eq. ~6a! would
be Eg1\vL2Ep rather than Eg1\vL2Ef2E. In any
event, the argument should not contain the energyE of the
decay electron released into vacuumafter the tunneling
event if these two events are truly independent.

~iv! The consequence of treating both channels as o
step processes which seems most objectionable — on i
tive grounds—is the presence of the interference termsNR(E)
in Eq. ~5!. Physical intuition would dictate that such interfe
ence between both channels should be absent in the pres
of the substrate~see the detailed discussion of this point
the second last paragraph of Sec. II!. However, the interfer-
ence term cannot be avoided in the perturbative wave fu
tion approach based on the Schro¨dinger equation. Admit-
tedly, its influence on the shape of the spectra is very sma
11541
b-
he

e

t

at
nt
e

tly
se-

er

e
c-

i-
b-

ss
f
d

e

e,
y

at
ld
e

-

e-
ui-

nce

c-

in

systems in which the normal-Auger and Raman-Auger pe
are well resolved under conditions of optimal resonant ex
tation ~for \vL'Ed2Eg). Large detuning away from the
resonance is then needed to merge the peaks close en
for the interference effects to be visible, but then the en
signal hardly rises above the noise level.

Still, as we have argued in Sec. II, the interference effe
should not be present, even in principle, because once
electron is transferred into the solid all phase relations
tween pre- and post-transfer states of the system are qu
lost. One might either account for this by ignoring the inte
ference term, arguing perhaps that for the Raman-Au

channel the final state is, in fact,uskW & rather thanu f kW &; i.e., it
is not identical with the final state along the normal-Aug
channel, so one should just add the probabilities along b
channels, not their amplitudes. By such a procedure
loses, however, the possibility of accounting for the fin
lifetime of the Raman-Auger channel ‘‘final’’ stateuskW &. It
can be re-introducedad hocin the final expression by, effec
tively, replacing the energy conservation Dirac’sd function
for this process by the appropriate Lorentzian, but this p
cedure is as unsatisfactory as just ignoring the interfere
term in Eq.~5!. Using the wave function approach withad
hoc corrections is unsatisfactory not only because of its
consistency but also because the correctness of the reta
expressions for the normal-Auger and Raman-Auger con
butions is doubtful. We have seen already in paragraphs~ii !
and ~iii ! above that, indeed, the way in which the dec
electron energy and the photon energy appear in the en
argument of the substrate density of states and of the tun
ing matrix element is problematic.

As indicated above, the competition between the Ram
Auger and normal-Auger channels can be conveniently
rametrized by the Raman fraction which is defined as a r
of the integrated Raman-Auger contribution to the elect
spectra to the total integrated spectrum~another possibility
would be just the ratio of integrated Raman-Auger to t
integrated normal-Auger contributions!. The Raman fraction
can be determined experimentally for systems for which b
contributions can be clearly separated due to their differ
dispersion behavior with respect to the varying frequency
the incoming radiation. A benefit from measuring the Ram
fraction is that the strong resonant dependence of the spe
on the radiation frequency, represented by the Lorentz
factor in Eq. ~5!, cancels out, allowing us to access mu
weaker dependences due to the energy dependence o
matrix elements and/or densities of states. Note, howe
that the Raman fraction contains less information than
full spectra, and its experimental determination may be
fected by assumptions concerning line shapes of contr
tions due to both channels, in particular those concerning
presence or lack of the interference terms.

An analytic evaluation of the Raman fraction can be do
only approximately. We multiplyṘ(E) by the density of
states in vacuum,rV(E), and integrate overE. Doing this, the
Lorentzian resonant excitation factor in Eq.~5! can be ig-
nored~this is not an approximation: it will cancel out whe
the fraction is taken!. When the integrals ofsN(E)rV(E) and
6-6



n
io
ly
ca

th
an

lle
n

nt
be-

CORE-HOLE EXCITATION AND DECAY FOR . . . PHYSICAL REVIEW B 64 115416
of sR(E)rV(E) are evaluated we assume that all no
Lorentzian factors in the integrands vary slowly as a funct
of E in comparison with the fast variation by the strong
peaked Lorentzian factor. These non-Lorentzian factors
therefore, be pulled outside the integrals withE replaced with
the peak value of the corresponding Lorentzian, and only
Lorentzians are integrated. The integrals of the Lorentzi
in Eqs. ~6a! and ~6b! then result in 2p/Gp

w and 2p/Gs
v , re-

spectively. On the other hand, the factors which were pu
outside the integrals are the same factors as those prese
Eqs.~4a! and~4b!, which result in the lifetime widthsGp

w and
Gs

v , respectively, to appear in the numerators. Conseque
the lifetime widths cancel and we get
e
o

on
e

f

e
in
ns
ic
th

a
e

im

e
f
de
an
ns
-

e

am
o
ic

11541
-
n

n,

e
s

d
t in

ly,

SN[E rV~E!sN~E!dE

'u~Eg1\vL2Ep2eF!

3rS~Eg1\vL2Ep!uVp,d~Eg1\vL2Ep!u2, ~7a!

SR[E rV~E!sR~E!dE

'rV~Eg1\vL2Es!uWs,d~Eg1\vL2Es!u2. ~7b!

The interference term merely redistributes the intensities
tween the Lorentzian peaks so the integral ofsNR(E)rV(E)
vanishes. The Raman fraction then is
f [
SR

SR1SN

5
rV~Eg1\vL2Es!uWs,d~Eg1\vL2Es!u2

u ~Eg1\vL2Ep2eF!rS~Eg1\vL2Ep!uVp,d~Eg1\vL2Ep!u21rV~Eg1\vL2Es!uWs,d~Eg1\vL2Es!u2 ~8!
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which is a quite complicated function ofvL .
The forms of Eqs.~7! and~8! indicate again that both th

normal-Auger and Raman-Auger channels are treated
equal footing in the wave function formalism: the radiati
frequency and the energy of the ground state enter the en
argument of the Auger emission matrix elementWs,d and of
the tunneling matrix elementVp,d and both densities o
states, in exactly the same manner in Eqs.~7!. This is not
surprising because evaluating the Raman fraction we hav
integrate over all possible states of electrons emitted
vacuum exactly like was already done for electrons tra
ferred to the substrate: the difference in the way in wh
both types of electrons are treated disappears. On the o
hand, the objections listed in paragraphs~ii ! and ~iii ! below
Eqs. ~6!, concerning the presence ofE and/or \vL in the
energy arguments of the substrate density of states and
tunneling matrix element, have become now irrelevant,
least as long as the approximations used to evaluate th
tegrals in Eqs.~7! are justified. Indeed, the productrSuVf ,su2

has disappeared altogether along with the final-state lifet
width Gs

v , and the energy argument ofrSuVp,du2 is Eg

1\vL2Ep , i.e., that argued for in paragraph~iii !.
The next step one would make is to assume that the

ergy dependence ofrVuWs,du2 is much weaker than that o
rSuVp,du2 because the assumption of an energy-indepen
rVuWs,du2 usually leads to good agreement of measured
calculated electron decay spectra for isolated atoms. Co
quently, thefrequency dependenceof the Raman fraction be
comes almost exclusively due to theenergy dependenceof
the atom–substrate-electron transfer process, i.e., to the
ergy dependence of the productrS(E)uVp,d(E)u2. This con-
clusion, although physically reasonable, should be reex
ined in view of the fact that it was obtained using a meth
in which the intermediate results are in doubt and in wh
n
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the loss of quantum coherence in the process involving
electron transfer to the substrate cannot be not accounted

IV. DENSITY MATRIX APPROACH

The derivation leading to general expressions for the
cay electron spectra for adsorbed species must be d
within the framework appropriate for studying properties
a primary system interacting with a dissipative system~the
reservoir!. The formalism to be used should allow one
account for the loss of coherence in the primary system w
an act of energy-particle exchange with the dissipative s
tem occurs. The separation of the system into primary
dissipative subsystems is not unique and is not always e
to do. We assume initially that the primary system is just
adsorbed atom alone while the electronic system of the s
strate together with its interactions with phonons, etc., is
reservoir. Generalization to another possible separa
scheme will be examined in Sec. V with special attenti
being paid to the issue of how such a separation affects
predicted spectra.

The starting point is the time-dependent Liouville equ
tion

d

dt
r̂~ t !1

i

\
@H~ t !,r̂~ t !#50 ~9!

for the density matrix of the combined system, rather th
the time-dependent Schro¨dinger equation for its quantum
state. The time-dependent HamiltonianH(t) will be specified
in Sec. IV A. Then, the procedure to be followed consists
three steps.

First, one derives anapproximate Liouvilleequation, i.e.,
the equation for the reduced density matrix which accou
for the dynamics of the primary system~i.e., the atom! only.
6-7
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The outline is provided in Sec. IV B. The reduced dens
matrix is the trace of the density matrix for the entire syst
over the states of the reservoir. Under certain conditions,
properties of the reservoir and the reservoir-primary sys
interactions enter the approximate Liouville equation only
an averaged way, while the internal dynamics of the prim
system and its interaction with the radiation field are s
treated exactly. The approximate Liouville equation is
longer equivalent to the time-dependent Schro¨dinger equa-
tion in the usual sense in which the former can be deri
from the latter by defining the elements of the density ma
as cmcn

! and getting the equations for their time evolutio
from the Schro¨dinger equations for the time evolution of th
wave functionscm .

Second, in the approximate Liouville equations, one
to simplify those~so far still exact! terms which account for
the internal dynamics of the primary system and its inter
tion with the radiation field. The method is outlined and t
results are presented in Sec. IV C. The result is theeffective
Liouville equation for the reduced density matrix@cf. Eqs.
~24! below, followed by a discussion of its main features—
set of equations for its matrix elements rather than a sin
equation#. One of the attractive features of this result is th
this equation can be expressed in terms of an effective n
Hermitian Hamiltonian@cf. Eq. ~22!# which accounts for the
internal interactions within the primary system and its int
action with radiation. This effective Hamiltonian generat
all terms in the effective Liouville equations except tho
which account for the electron transfer to the substrate.
effective Hamiltonian could be taken as a starting point
the treatment of adsorbed systems which are more com
cated than atoms, so that the internal molecular dynam
and/or the dynamics of their motion with respect to the s
strate have to be accounted for.

Finally, the spectra of the decay electrons must be deri
from the effective Liouville equation. Surprisingly, this ste
does not require any further approximations; the results
presented in Sec. IV D. The result is again Eq.~5! but
sNR(E)[0 andsN(E) andsR(E) are given now in Eq.~26!. A
detailed discussion of the result and its confrontation w
the results of Sec. III follows Eq.~26!.

A. System and its Hamiltonian

The system consists of an atom with all its electrons~in-
cluding an electron in vacuum, if present! and the electronic
system of the metal substrate. In reference to Fig. 1,
relevant states of the atom areug&, ud&, and up&, being the
ground, core excited, and core ionic states, with energiesEg ,
Ed , andEp , respectively. Rather than considering the tw
valence-hole–one-electron-excited stateus& and the two-
valence-hole stateu f &, we consideruskW & and u f kW & by includ-
ing an electron in vacuum with momentum\kW always
associated with these states. The corresponding energie
EskW5Es1EkW and Ef kW5Ef1EkW with EkW5\2k2/2m ~with en-
ergy zero at the vacuum level!. With the free electron in-
cluded,uskW & andu f kW & belong to a continuum. In what follow
we will reserve the indicesl , m, and n and their primed
counterparts to run throughg, d, p, skW , and f kW ; i.e., ( l in-
11541
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cludes also summation over the wave vector of the free e
tron. All the states listed are assumed to form a complete
of states of the primary system.

We reserve Greek lettersa,b, . . . to label the genera
electronic states of the substrate~reservoir!. The energy of
the substrate stateua& is Ea. Note that, in general, byua& we
mean a many-electron state, not a state of a single electro
the substrate. Again, we assume that theua& ’s form a com-
plete set of states of the reservoir.

The full Hamiltonian of the system is

H5H01W1R~ t !1HS1V, ~10!

whereHS andH0 are, respectively, the Hamiltonian for th
substrate electronic system and the Hamiltonian of an a
without the Coulomb interactions responsible for Auger p
cesses; the latter are accounted for inW. HereR(t) describes
the atom-radiation interaction in the dipole approximation.
other words,H01W1R(t) is the Hamiltonian necessary t
treat the Raman-Auger process for a free atom. FinallyV
accounts for the atom-substrate interactions responsible
the electron transfer between the subsystems. The exp
forms of each term are

H05(
m

um&Em^mu, ~11a!

W5 (
m,m8

um&Wm,m8^m8u, ~11b!

R~ t !5 (
m,m8

um&Rm,m8~ t !^m8u, ~11c!

HS5(
a

ua&Ea^au5(
qW

EqWcqW
†
cqW , ~11d!

V5 (
m,m8

(
a,a8

uma&Vma,m8a8^m8a8u

5(
qW

(
m,m8

@Vm,m8~EqW !cqW
†
am

† am81H.c.#. ~11e!

We have assumed that the unperturbed electronic syste
the substrate can be adequately represented by a Fermi s
noninteracting ~quasi!electrons occupying single-particl
statesqW ~which, if necessary, may include a band inde!,
which results in the last form ofHS , and ofV to be in the
second-quantization form. In the latter,am

† am8 replaces an
atom in the electronic statem8 with an atom in the electronic
statem. Extra restrictions are imposed on the matrix e
ments consistent with the model considered~cf. Fig. 1!.
Thus, it will be assumed that the radiation coupling mat
elementsRm,m8(t) couple only ug& with ud&. In the dipole
approximation we have

Rd,g~ t !52EW0•DW d,g cos~vLt !52
\

2
Vd,g~eivLt1e2 ivLt!,

~12!
6-8
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whereEW0 is the amplitude of the electromagnetic wave a
vL is the radiation angular frequency. We have introduc
the Bloch frequencyVd,g which we admit to be complex, s
Vd,g* 5Vg,d . Similarly, the only nonvanishing matrix ele
mentsWm,m8 are those in Eqs.~1a! and ~2a! which connect
state ud& with uskW & and up& with u f kW &, respectively. More
generally, the important point is thatW and R(t) do not
possess elements diagonal in the indices of the primary
tem ~but they are both diagonal in and independent of
indices of the reservoir!. On the other hand,Vma,m8a8 is ~i!
off diagonal in the indices of the reservoir~i.e., it vanishes
for a5a8) and~ii ! it connects, as seen in Eqs.~1b! and~2b!,
either stateud& to up& or uskW & to u f kW & with the same kW . The
latter restriction implies that the electron tunneling proc
from the atom to the substrate does not affect the state
free electron already emitted. This is probably the most s
ous restriction in the model eliminating post-emission int
actions from it: one might argue that if the tunneling is ve
effective, then the charge state change of the atom whic
induces may catch up with the departing electron ea
enough to affect its state upon detection.

B. Approximate Liouville equation for the atom

The reduced density matrix is defined as the trace or̂
over the substrate degrees of freedom of the density ma
of the entire system:

sm,n5~Trsr̂ !m,n5(
a

rma,na . ~13!

The derivation of the approximate Liouville equation f
ŝ(t), using Zwanzig’s projection operator method,22 follows
the path used in other contexts in Refs. 23. Here, we s
marize the main assumptions needed in this derivation
present the result. The references quoted here should be
sulted for technical details.

The main assumption is that the substrate relaxes to
own quasistationary state described by the reservoir den
matrix r̂ (S) @i.e., here, its Fermi sea ground state;r̂ (S) should
not be confused with the substrate density of statesrS(E)#
over the relaxation timet res which is much shorter than th
characteristic time over which the slowly varying parts of t
reduced density matrix for the primary system evolve. T
relaxation time of the reservoir is determined by its inter
interactions, its interaction with the phonon bath, etc. Th
interactions are not explicitly accounted for in the mod
Instead, it is assumed that they are so strong that, effectiv
they can be dropped from the Hamiltonian, and their effec
accounted for by averaging over the reservoir~i.e., overr̂ (S))
the memory kernel in the resulting equation, linking the r
of change ofŝ(t) at an instantt to its earlier evolution.
Summarizing, the main assumption requires that the intra
ervoir interactions be much stronger than any other inte
tions accounted for explicitly in the model.

The next approximation deals with the memory kern
Due to the averaging mentioned above, it is a Fourier in
gral over the energy spectrum of the reservoir with the ch
11541
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acteristic effective widthDS , and decays over a characteri
tic time tS5\/DS . If tS is much shorter than the
characteristic time over which the slowly varying parts of t
reduced density matrixŝ significantly evolve or relax, then
the Markovian approximation may be invoked and any r
erence to the past evolution is removed from the equat
The memory kernel is then replaced by a supermatrix24 Ŝ of
transition rates. The characteristic evolution time of t
slowly varying parts ofŝ(t) is itself determined by the
strength of the interactionsV, W, andR(t). So the condition
for the Markovian approximation requires that these inter
tions be small compared toDS .

This suggests the next approximation which allows us
treat these interactions in the Born approximation for
evaluation of the transition rate supermatrixŜ. The latter then
becomes a bilinear function of the matrix elements ofV
which couple the primary system to the reservoir; it
longer depends on the interactionsW andR(t) which affect
only the primary system.

It is obvious from the above that a particular separation
the entire system into the primary one and the reservoir m
be such that the reservoir-primary system interactionV is
weak not only in comparison with the intrareservoir intera
tions; it must also be much smaller than the effective wid
of the reservoir energy spectrum. The effective width is d
termined by the width of the energy interval ofEqW over
which the matrix elements ofV do not vanish@cf. Eqs.~1b!,
~2b!, and ~11e!#. It may be considerably smaller than th
actual width of the energy spectrum of the substrate. Thi
an important point: if some part of the atom-substrate int
action is strong and energy selective, then it has to be
counted for in the zeroth-order part of the Hamiltonian, i.
in H0, and be used to determine the energy spectrum
electron configurations rather than be incorporated intoV
whose role is to account for the dynamics of transitions
tween these configurations. We will return to this point
Sec. V.

With all these simplifying assumptions the approxima
Liouville equation for the reduced density matrixŝ is ob-
tained. Its convenient general form is

d

dt
ŝ~ t !1

i

\
@H01W1R~ t !,ŝ~ t !#52 Ŝŝ~ t !, ~14!

where the time-independent rate superoperatorŜ accounts for
the dissipation into the substrate. WithV̂50 we haveŜ50,
and the implications of the resulting Liouville equatio
would be the same as the implications of the time-depend
Schrödinger equation for a free atom in the radiation fie
provided that initially the atom is in a pure state. The fa
that the only nonvanishing matrix elements ofV̂ are those
betweenud& and up& and betweenuskW & and u f kW & and that it
has no diagonal elements in the reservoir~Greek indices!
implies that many of the matrix elements ofŜ vanish. Some
of the nonvanishing ones are real and can be expresse
terms of23
6-9
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Pm,l5
2p

\ (
a,b

aÞb

rb,b
(S) uVma,lbu2d~El1Eb2Em2Ea!,

~15!

easily recognizable as the net transition rate from the ato
stateu l & to um&, averaged over the quasistationary state of
substrate.25 With all that, the equations for occupation pro
abilities sm,m and correlationssm,n ~still referred to collec-
tively as the approximate Liouville equation! are

d

dt
sm,m1

i

\
@W1R~ t !,ŝ~ t !#m,m

5 (
l

lÞm

Pm,ls l ,l2 (
l

lÞm

Pl ,msm,m , ~16a!

d

dt
sm,n1 ivm,nsm,n1

i

\
@W1R~ t !,ŝ~ t !#m,n

52
1

2 (
l

lÞ(m,n)

~Pl ,m1Pl ,n!sm,n , ~16b!

respectively. Here,@ . . . , . . .#m,n denotes the (n,m)th ma-
trix element of a commutator and

vm,n5~Em2En!/\. ~17!

The right-hand side of Eq.~16a! has the typical form encoun
tered in linear master equations for occupation probabilit
but correlations still appear in the second term on the l
hand side. Consequently, Eq.~16b! for the correlations is
needed. Its right-hand side accounts for dephasing due to
interactions with the substrate. The rates involved are
half of the rates with which the probabilities decay. Usua
another contribution to dephasing, called pure dephasing
ists. It would involve matrix elements ofV diagonal in the
reservoir indices, so it is absent from the present model.

Only a few equations in the entire set~16! will have terms
generated by the ratesPm,n . Assuming that the electron sys
tem of the reservoir remains always in the ground stateuaF&
of the Fermi sea atT50 we haver̂ (S)5uaF&^aFu. Using the
last form in Eq.~11e! and accounting explicitly for all non
vanishing matrix elements ofV, one can show that the onl
nonvanishing rates in Eq.~15! are

Pf kW ,skW[gs
v5

2p

\ (
qW

u~EqW2eF!uVf ,s~EqW !u2d~Es2Ef2EqW !

5Gs
v/\, ~18a!

Pp,d[gd
v5

2p

\ (
qW

u~EqW2eF!uVp,d~EqW !u2d~Ed2Ep2EqW !

5Gd
v/\, ~18b!

i.e., the rates already encountered in Eqs.~4b! and ~4d!, re-
spectively@this is seen by replacing(qW in Eqs.~18! with the
integration overEqW with the substrate density of state
rS(EqW)].
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The decay electron spectra are expressed in term
d(sskW ,skW1s f kW , f kW)/dt. So only equations for those occupatio
probabilities and correlations have to be considered wh
couple directly or indirectly to the equations for the tw
occupation probabilities given above. Examining the str
ture of the commutators and the nonvanishing tunneling ra
in Eqs.~16! one can show that the equations for all occup
tion probabilities (sg,g , sd,d , sp,p , sskW ,skW , ands f kW , f kW), and
only for certain correlations (sg,d , sg,skW , sd,skW , sskW ,skW8 ,
sp, f kW , and s f kW , f kW8 and correlations complex conjugated
those! form a closed set of equations: the equations for th
occupation probabilities and correlations do not contain c
relations not listed.26

All equations are listed explicitly in the Appendix to
gether with some comments concerning their structure. T
should be solved subject to the initial conditions

sg,g~ t50!51, ~19a!

sm,n~ t50!50 for m,nÞg. ~19b!

The electron emission rateṘ(E) is equal to the long-time
limit of d(sskW ,skW1s f kW , f kW)/dt with E substituted forEkW .

C. Effective Liouville equation for the atom

The approximate Liouville equation~16! @or, explicitly,
Eqs. ~A1!# is a set which still has to be simplified to b
tractable. The approximations to be made affect only ter
on the left-hand side of Eqs.~14! or ~16!, and are similar to
those usually made in a set of coupled time-depend
Schrödinger equations for an isolated atom to arrive at
amplitude of the Raman-Auger process@Eq. ~3b!# in third-
order perturbation theory. Technically, they are considera
more difficult to do for the Liouville than for the Schro¨dinger
equations. These approximations involve three steps.

~a! First, we modify the equations in such a way that th
solutions automatically account only for contributions due
the lowest nonvanishing order in the radiation coupling~we
temporarily usesm,n

( j ) to denote the contribution of orderj to
sm,n). With the initial conditions~19! it is easy to see, by
inspecting Eqs.~A1!, that the leading nonvanishing orde
contribution to the ground-state occupation probability
sg,g

(0) ~the radiation can affect it only in the second order!. As
to correlations involving the ground stateug&, they are of first
order, and among them onlysg,d

(1) andsg,skW
(1) are relevant. For

all other occupation probabilities and correlations the lowe
order nonvanishing contributions are of second order. In
cases the order of the next nonvanishing contribution is
ways higher by 2 than the lowest nonvanishing one. If
keep only contributions of the lowest nonvanishing order
sm,n , we can ignore the superfluous superscript~j! denoting
the contribution’s order. This approximation substitut
sg,g(t)51 in any equation wheresg,g(t) is needed; i.e., the
depletion of the ground state due to the excitation proces
ignored. It also removes the last term on the right-hand s
of Eq. ~A1c! for sg,skW(t)—it would contributesg,skW

(3) to the
solution.
6-10
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~b! Second, we employ the rotating-wave approximat
~RWA! in which rapidly oscillating terms on the right-han
side of the equations~for occupation probabilities and slowl
varying parts of correlations! are ignored. This step assum
uvL2vd,gu!vd,g , i.e., that the detuning of the radiation fre
quency away from the excitation resonance is moderate.
very well met in all cases of interest in which the excitati
energy is usually of the order of a few hundred eV while t
detuning is not larger than a few eV. Technically, the RW
requires merely dropping the exp(1ivLt) term in Eq.~12! for
the radiation coupling matrix elementRd,g(t).

~c! Third, some equations@like Eqs.~A1b!, ~A1d!, ~A1f!,
~A1h!, and ~A1j!# couple the rate of change of a particul
sm,n(t) to all correlations involving configurationsuskW & or
u f kW &. A typical term responsible for such a coupling is, f
example,(kWWskW ,dsg,skW . A systematic procedure is deve
oped which allows us to replace such terms with express
linking the rate of change of this particularsm,n(t) to its own
time evolution at all times earlier thant. The memory kernels
present in such expressions are Fourier-type integrals
the effective widthDV of the electron spectrum in vacuum
@determined by the width of theEkW dependence ofWskW ,d or
Wf kW ,p—cf. Eqs.~1a! and~2a!#, so they vanish over a charac
teristic timetV5\/DV . If the characteristic time over which
all occupation probabilities and slowly varying parts of co
relations relax or significantly evolve@the time determined
by the strength ofW andR(t), the lifetime due to the inter-
action with the substrate, and by the radiation detuning aw
from the excitation resonance#, i.e., when

tV[\/DV!1/gd
v , \/uWu, 1/uvL2vd,gu, ~20!

then the Markovian approximation may be invoked and a
reference to the past evolution is removed by replacing e
memory kernel with either one of the two following deca
rates:

gd
w5

2p

\ (
kW

uWskW ,du2d~Ed2Es2EkW ![Gd
w/\, ~21a!

gp
w5

2p

\ (
kW

uWf kW ,pu2d~Ep2Ef2EkW ![Gp
w/\. ~21b!

These are the rates already encountered in Eqs.~4c! and~4a!,
respectively, as can be seen when Eqs.~1a! and~1b! are used
and(kW in Eqs.~21! is replaced with integration overEkW with
the free-electron density of statesrV(EkW). More precisely, the
limits gd

v→0 and/orgs
v→0 must be taken at some point

get the above rates and corrections toEd ,Ep , . . . due toW
are ignored. The conditions~20! are easy to satisfy in view o
the assumed weakness of bothV and W and the moderate
amount of detuning.

These three approximation steps convert theapproximate
Liouville equations~16! @or, explicitly, Eqs.~A1!# into the
effectiveLiouville equations. Formally, these equations s
can be written in the same form as Eqs.~16! but with the
interaction HamiltoniansW and R(t) replaced with non-
Hermitian effective interaction HamiltoniansW and R(t)
given by
11541
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W5ud&S 2
i

2
Gd

wD ^du1up&S 2
i

2
Gp

wD ^pu

1(
kW

~ uskW &WskW ,d^du1u f kW &Wf kW ,p^pu!, ~22a!

R~ t !5ud&S 2
\

2
Vd,ge2 ivLtD ^gu, ~22b!

where Gd
w[\gd

w and Gp
w[\gp

w are the Auger decay line
widths (\ 3 rates! defined in Eqs.~21! @or Eqs.~4c! and
~4a!, respectively#. For non-Hermitian effective Hamilto-
nians the commutator in Eqs.~16! ~i.e., the action of the
Liouville operator! must be replaced as follows:

@W1R~ t !,ŝ~ t !#→H~ t !ŝ~ t !2ŝ~ t !H~ t !†, ~23!

whereH(t) stands forW1R(t).
In comparison withW given in Eq. ~11b! the effective

interactionW does not contain the matrix elementsWd,skW

and Wp, f kW but, instead, has diagonal imaginary matrix e
ments2 iGd

w/2 and 2 iGp
w/2 which act as the Auger deca

widths for the levelsud& andp&, respectively. Similarly,R(t)
does not contain the matrix elementRg,d(t) which eliminates
the radiation-induced transitions fromud& back to ug& @this
takes care of the simplification~a! listed in the initial para-
graph of this section#, and the surviving matrix elemen
Rd,g(t) has lost its part proportional to exp(1ivLt) on the
account of the rotating-wave approximation. Although w
here arrived at the effective HamiltoniansW and R(t) by
considering the approximate Liouville equations~A1!, it is
quite comforting to realize that for the case of an isola
atom, for which the Liouville equation approach is unnec
sary, one gets almost exactly the same effective Hamilton
@i.e., without the terms involvingup&] by starting from the
time-dependent Schro¨dinger equation. One may specula
that for molecular adsorbates for which the intramolecu
motion affects the dynamics of the electron transfer to
substrate or the electron emission events, and in case
which they are affected by the motion with respect to t
substrate, one can start considerations from a phenom
logical non-Hermitian effective Hamiltonian in which th
width parameters2 iGd

w/2 and2 iGp
w/2 are replaced with op-

tical potentials depending on these coordinates. In s
cases, however, also the electron transfer widthsGs

v andGd
v

appearing on the right-hand side of Eqs.~16! should be re-
placed with some coordinate-dependent functions. In
case, starting a model from the effective non-Hermiti
Hamiltonian from which the effective Liouville equation ca
be constructed is an attractive proposition.

The asymmetric role played by the Auger decay and
electron tunneling to the substrate rates in the present for
lation is now obvious: while the former can be incorporat
into the effective non-Hermitian Hamiltonian, the latt
@present as on the right-hand side of Eqs.~16!# cannot be
incorporated into any effective non-Hermitian Hamiltonia
In other words,it is impossible, even approximately, to d
scribe the evolution of the primary system (the atom)
6-11
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ZBIGNIEW W. GORTEL AND DIETRICH MENZEL PHYSICAL REVIEW B64 115416
terms of a time-dependent Schro¨dinger equation with a non-
Hermitian Hamiltonian. The effective Liouville equation
must be used instead.

We can now list all relevant effective Liouville equation
First, as indicated before@paragraph~a! at the beginning of
this section# we havesg,g(t)51. Then, solutions forsskW ,skW8
and fors f kW , f kW8 for kWÞkW8 are no longer needed. So the min
mum set of equations needed is

d

dt
sg,d1@ ivg,d1~gd

v1gd
w!/2#sg,d52

i

2
Vg,deivLt,

~24a!

d

dt
sg,skW1@ ivg,skW1gs

v/2#sg,skW5
i

\
Wd,skWsg,d , ~24b!

d

dt
sd,d1~gd

v1gd
w!sd,d

5
i

2
~Vd,ge2 ivLtsg,d2Vg,deivLtsd,g!, ~24c!

d

dt
sd,skW1@ ivd,skW1~gs

v1gd
v1gd

w!/2#sd,skW

5
i

\
Wd,skWsd,d1

i

2
Vd,ge2 ivLtsg,skW , ~24d!

d

dt
sskW ,skW1gs

vsskW ,skW52
i

\
~WskW ,dsd,skW2Wd,skWsskW ,d!,

~24e!

d

dt
sp,p1gp

wspp2gd
vsd,d50, ~24f!

d

dt
sp, f kW1@ ivp, f kW1gp

w/2#sp, f kW5
i

\
Wp, f kWsp,p , ~24g!

d

dt
s f kW , f kW2gs

vsskW ,skW52
i

\
~Wf kW ,psp, f kW2Wp, f kWs f kW ,p!,

~24h!

The initial conditions are given in Eq.~19b!.
We must solve Eqs.~24! and extract the long-time limit o

d(sskW ,skW1s f kW , f kW)/dt. Before presenting the solution we di
cuss the structure of Eqs.~24! to make the obtained resu
intuitively plausible on physical grounds:

~i! The structure of Eqs.~24! is transparent enough t
permit guessing some generalizations without going thro
all the mathematical machinery used to derive them. For
ample, the possible decay of the final stateu f kW & can be ac-
counted for by addingg f /2 inside the square brackets on t
left-hand side of Eq.~24g! and a termg fs f kW , f kW to the left-
hand side of Eq.~24h!.

~ii ! Inspecting Eqs.~24e! and ~24h! we note that in the
sumd(sskW ,skW1s f kW , f kW)/dt the termgs

vsskW ,skW , responsible for

direct flow of the occupation probability from stateuskW & into
u f kW & cancels out. This does not imply, however, that the li
11541
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time of the stateuskW & drops out entirely becausegs
v/2 still

contributes to the dephasing of correlations in Eqs.~24b! and
~24d!.

~iii ! It is easy to guess that the contribution to the elect
spectra due to the normal-Auger process is entirely due to
right-hand side of Eq.~24h! for ds f kW , f kW /dt, and the contri-
bution due to the Raman-Auger channel is due to the rig
hand side of Eq.~24e! for dsskW ,skW /dt. The latter is physically
appealing because it indicates that, in fact, it is the stateuskW &
rather thanu f kW & which should be considered as the final sta
along the Raman-Auger channel. The subsequent elec
transfer decay fromuskW & to u f kW & affects this spectrum
@throughgs

v/2 in Eq. ~24b!# by broadening the spectral line
as seen later in Eq.~26a!. In the limit Gs

v→0 the Lorentzian
in the first line of Eq.~26a! becomes Dirac’s delta function
d(E1Es2Eg2\vL) of the energy conservation in a cohe
ent one-step Raman-Auger process consisting of two vir
transitions~events!: the primary excitation followed by the
Auger decay.

~iv! The modification mentioned in comment~i! would
introduce an extra lifetime broadening of the normal-Aug
spectral line but would not affect the Raman-Auger line b
cause the rate of decay ofu f kW & does not affect any equatio
needed for the solution of Eq.~24e!. This is a quite obvious
conclusion: whetheru f kW & decays or not does not influenc
the decay rate ofuskW & or any correlation between this sta
and any other state involved along the Raman-Auger ch
nel.

~v! Note also the particularly simple structure of Eq.~24f!
for the rate of change of the occupation probability of st
up&: it is due to direct competition between its increase d
to electron transfer into the substrate at a rategd

vsd,d from
the stateud& and its Auger decay at a rategp

wsp,p . This
equation involves only occupation probabilities but not c
relations and, consequently, the electron transfer into the
strate is phase decoupled from the primary photoexcita
along the normal-Auger channel. The electron transfer to
substrate~increasing the occupation probability ofup&) and
the Auger decay~decreasing it! are truly independent event
from the perspective of the occupation probability of sta
up&). The energy is conserved foreachof them because eac
of the rates in Eq.~24f!, gd

v andgp
w , is a rate for an energy

conserving event, as seen in Eqs.~18b! and ~21b!, respec-
tively. Note, however, that the occupation probabilitysp,p
does not affect the rate of change of the final state along
channel (u f kW &) directly, but rather through the correlation
usp, f kW& between these two states. In other words, althoug
is possible to use Eq.~24g! to eliminatesp, f kW from Eq.~24h!
in favor of the occupation probabilitysp,p , the relation ob-
tained in this way links the rate of change ofs f kW , f kW at an
instantt to the entire past evolution ofsp,p rather than to its
value att—i.e., the right-hand side of Eq.~24h! cannotbe
written in a trivial rate formgsp,p , indicating again that the
Auger decay event does not scramble phase relations
tween states it involves even along the normal-Auger ch
nel.

~vi! Note also that the primary initial excitation affects th
6-12
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occupation probability of the stateud& only indirectly by con-
tinuously building up correlations between the ground a
the core-hole-excited state@cf. Eqs. ~24a! and ~24b!#. The
radiation field also has a combined direct and indirect in
ence on all correlations between the stateud& and any other
state, but none of them, except for the correlation betw
ud& anduskW & along the Raman-Auger channel, influences
electron decay spectra. Correlations ofud& with any state
along the normal-Auger channel are irrelevant. This supp
the earlier conclusion@in comment~v!# that the primary ex-
citation and the electron transfer into the substrate along
normal-Auger channels are two independent processes.
important implication of this fact is that the electron dens
of states in the substraterS(E) and the electron transfer ma
trix elementVm,n(E) will enter the decay electron spect
only through the ratesgs

v andgd
v . So, as seen from Eqs.~4b!

and~4d!, the energy of the primary excitation photon (\vL)
will not appear anywhere in the energy arguments ofrS and
Vm,n . We will return to this point at the end of the ne
section and in Sec. V.

D. Decay electron spectra

We must solve Eqs.~24! extracting the long-time limit of
d(sskW ,skW1s f kW , f kW)/dt. This can be donewithout any further
approximations, most efficiently by taking the Laplace tra
form of all equations in Eqs.~24! and proceeding with a
systematic solution of the obtained set of algebraic eq
tions. The long-time limit of interest is

lim
t→`

H d

dt
@sskW ,skW~ t !1s f kW , f kW~ t !#J

5 lim
z→0

$z~z@ŝskW ,skW~z!1ŝ f kW , f kW~z!# !%, ~25!

where ŝm,n(z) denotes the Laplace transform ofŝm,n(t)
@note the difference in notation:ŝ(t), e.g., in Eq.~14!, de-
notes the reduced density matrixoperator while ŝm,n(z)
here denotes the Laplace transform of one of its matrix
ments#. This is a quite tedious but rather straightforward c
culation and we stress again that no approximations are
volved in it.

For the rate of emission of electrons with energyE we get
again Eq.~5! but nowwithout the interference term; i.e., w
get sNR(E)[0. For the normal-Auger and the Raman-Aug
contributionssN(E) andsR(E) we get@compare with Eqs.~6!
obtained in the wave function approach#

sN~E!5
Gd

v

Gp
w

uWf ,p~E!u2
Gp

w/2p

~E1Ef2Ep!21~Gp
w/2!2

5u~Ed2Ep2eF!rS~Ed2Ep!

3
uWf ,p~E!Vp,d~Ed2Ep!u2

~E1Ef2Ep!21~Gp
w/2!2

, ~26a!
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sR~E!5uWs,d~E!u2
Gs

v/2p

~E1Es2Eg2\vL!21~Gs
v/2!2

5u~Es2Ef2eF!rS~Es2Ef !

3
uVf ,s~Es2Ef !Ws,d~E!u2

~E1Es2Eg2\vL!21~Gs
v/2!2

, ~26b!

where one uses Eqs.~4b! and ~4d! for Gs
v and Gd

v , respec-
tively, to go from the first to the second line in both expre
sions.

Note that in Eqs.~26! ~the second line of each one!, in
contrast to the expressions in Eq.~6!, the u function, the
substrate density of statesrS , and the matrix elements fo
the electron transfer to the substrateVm,n ~i.e., all quantities
related directly to the substrate! contain neither the energy o
the emitted electron (E) nor the energy of the absorbed ph
ton (\vL). This is the result of the loss of coherence b
tween the photon absorption and the electron emission
cess if the electron transfer to the substrate is sliced
between them. In other words, coherence between the ph
absorption and the electron emission is preserved in
Raman-Auger channel because the electron transfer to
substrate is here the last event which merely contribute
the lifetime width of the post-emission stateus&, but the co-
herence is destroyed in the normal-Auger channel beca
the electron transfer to the substrate intervenes betw
them. The symmetry between both channels, present in
wave function approach, does not occur here.

Going into more details, the factorrS(Es2Ef)uVf ,s(Es
2Ef)u2 in the Raman-Auger contribution to the spectra n
only does not contain\vL and E in the energy argumen
@their presence was found troublesome in paragraph~ii ! be-
low Eqs.~6!# but it introduces also the lifetime width directl
into the numerator, as seen in the first line of Eq.~26b!. In
the limit of a free atom, obtained by settingrS→0, we have
Gs

v→0 which leads to sR(E)→uWs,d(E)u2d(E1Es2Eg

2\vL) @best seen from the first line of Eq.~26b!#. This is
exactly the expected result for the Raman-Auger process
an isolated atom. At the same time, we havesN(E)→0 for
rS→0 because the Lorentzian in Eq.~26a! is not affected by
taking the limit. As required, the normal-Auger process c
only occur in the presence of a substrate.

We have argued in paragraph~iii ! below Eqs.~6! that for
the normal-Auger process the energy argument ofrSuVp,du2
should not contain the energyE of the electron emitted into
vacuum but it should contain the energy\vL of the photon
initiating the process. This is not what we see in Eq.~26a! in
which the energy argument is justEd2Ep . In comparison
with Eq. ~6a! the argument has lost bothE and\vL depen-
dence rather than only the former. We will return to this po
in Sec. V.

Turning our attention to the Raman fraction we aga
evaluate the integrals defined in Eqs.~7! doing the same
approximation as there: replaceE in all slowly varying fac-
tors @here only inrV(E) and in uWm,n(E)u2] with the peak
value of the corresponding Lorentzian factor and then in
grate the Lorentzian only. Using Eqs.~4! one gets
6-13
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SN'u~Ed2Ep2eF!rS~Ed2Ep!uVp,d~Ed2Ep!u25Gd
v/2p,
~27a!

SR'rV~Eg1\vL2Es!uWs,d~Eg1\vL2Es!u2.
~27b!

We see that whileSN is just the contribution to the lifetime
width of the core-excited stateud& by electron transfer to the
substrate and is not equal toSN obtained in the wave func
tion approach@Eq. ~7a!#, SR is the same as in the wave fun
tion approach@i.e., the same as in Eq.~7b!# and it is not
equal toGd

w/2p @given in Eq.~4c!#, the contribution to the
lifetime width of the core excited state by the Auger deca

The lack of symmetry betweenSN andSR is now obvious.
The Raman fraction defined in the first line of Eq.~8! be-
comes

f 5
2prV~Eg1\vL2Es!uWs,d~Eg1\vL2Es!u2

Gd
v12prV~Eg1\vL2Es!uWs,d~Eg1\vL2Es!u2

.

~28!

In contrast to the expression obtained in Eq.~8! the Raman
fraction depends on the frequency of the exciting radiat
only through the energy argument of the product of
vacuum density of states and the Auger decay matrix
ment: rV(E)uWs,d(E)u2 with E5Eg1\vL2Es . As argued,
however, in the two last sequences of paragraph~iii ! below
Eqs. ~6!, SN and, consequently, the Raman fraction are
pected ~and found experimentally! to contain
rS(E)uVp,d(E)u2 with E5Eg1\vL2Ep , rather than E
5Ed2Ep as obtained in Eqs.~27a! and ~28!. Paradoxically,
the Raman fraction obtained within the physica
unacceptable—because of its neglect of coupling-indu
phase loss—wave function approach seems to make m
physical sense than that obtained using the density ma
method. A way to remedy this is proposed next.

V. GENERALIZATIONS

One of the essential assumptions made in deriving
results~26!–~28! in the preceding section is that the excit
atom-substrate interaction is weak enough to be trea
within the Born approximation. In this approach the ent
effect of this interaction on the core-excited stateud& of the
atom is to merely provide it with a lifetime width. Conse
quently, the substrate density of statesrS(E) and the tunnel-
ing matrix elementVp,d(E) appear in the expression~26a!
for the normal-Auger contribution to the electron spec
with their energy argumentE equal to the energy differenc
Ed2Ep between statesud& and up&, irrespective of whether
the primary excitation is tuned precisely to or away from t
ud& resonance. This is adequate for broad excitation li
widths for which the degree of exact tuning of the radiati
within the excitation resonance has a small effect on
electron decay spectra. For nearly monochromatic excita
with a linewidth substantially smaller than the broadening
the core-excited state one should allow for the fact that
interaction of the latter with the substrate is not necessa
weak. In such a case it is not valid to consider this interact
within the perturbation approach.
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To account for the strongly interacting case we can try
divide the entire atom-substrate system into three rather
two subsystems:~i! the atom,~ii ! the cluster of substrate
atoms adjacent to the adsorbed-atom~referred to as the
adsorption-site cluster! with which the atom interacts
strongly, and~iii ! the rest of the substrate~the reservoir! with
which the atom interacts only indirectly through th
adsorption-site cluster. In principle, one could generalize
density matrix approach to such a case, but the necessi
treating the atom-adsorption-site cluster interactions non
turbatively renders such an approach intractable. One
however, attempt a much simpler treatment, basically ide
cal to the density matrix approach leading to the results fr
the previous section, in which the atom plus the adsorpti
site cluster is treated as the dynamic primary system in
acting, now weakly, with the rest of the substrate. This a
proach is expected to be valid when the interactions betw
the atom and the adsorption-site cluster are so strong tha
electron transfer between the atom and the cluster hap
on time scales much shorter than any other electronic pro
which we want to account for explicitly. This is the case
least for chemisorbed atoms or molecules. The price paid
such an approach is the necessity of dealing with a subs
tially increased number of electronic configurations~states!
of the primary dynamic system~i.e., the states to be ac
counted for in the zeroth-order Hamiltonian!, in comparison
with the situation in which the primary dynamic system w
merely an atom. As long as, however, these configurati
are treated phenomenologically with parameters describ
them taken from experiment or treated as free-fitting para
eters, the problem is still tractable.

The zeroth-order description requires then to consider
quasistationary electronic states of an atom interacting w
the adsorption-site cluster. One can visualize that each e
tronic configuration of the atom considered so far~i.e., ug&,
ud&, up&, us&, andu f &) hybridizes with the electronic states o
the cluster. For the purpose of this model we account o
for the hybridization of the core-excited stateud&: hybridiza-
tion of the ground state is not of importance~because if
present it still leads to a sharp ground state!, and that of the
final stateu f & influences the results trivially~this is why we
have ignored in our model the possibility that this state
teracts with the substrate at all, despite the certain prese
of screening!. Hybridization of theup& and us& states can be
easily accounted for without leading to any interesting
fects. The core-excited state of the atom hybridized with
states of the adsorption-site cluster leads to a series of s
distributed in energy over a certain interval and spatially
calized on the atomand the cluster. Formally, we can incor
porate this into our formalism by considering the indexd as
an index running through all these states. It is importan
note that the wave function of each of these states conta
as an admixture, the wave function of the original co
excited state. So each of them is coupled to the ground s
ug& by the radiation field, and direct radiative excitation fro
the latter to any of theud& states is possible.

Before continuing we should note that the given picture
which the strong atom-substrate interaction is attributed
the atom-adsorption-site cluster interaction does not hav
6-14



B

th

h

d

e
y

e
in
-
a

ru
u
en

er
t a

ay

d

th

lin
t o
p

er
th

he
o

lle
-

o
n-

er-

l

ed

ger
ctor
o-

n
l to

me

CORE-HOLE EXCITATION AND DECAY FOR . . . PHYSICAL REVIEW B 64 115416
be the only possibility. We have already seen in Sec. IV
@cf. discussion in several paragraphs leading to Eq.~14!# that
one of the necessary conditions allowing us to replace
interactionV in the exact Liouville equation~9! with the rate

superoperatorŜ in the approximate Liouville equation~14! is
that matrix elements ofV effectively allow tunneling into the
substrate states distributed over an energy continuum
broad that memory effects could be ignored. One mig
however, visualize a situation in which some parts ofV
couple the core-hole-excited state only to substrate states
tributed over an energy intervalDS , which is small enough
to be comparable to the typical magnitude of the matrix
ementsV themselves. Symmetry selection rules may pla
role here. It is obvious that these parts ofV cannot be incor-

porated intoŜ and cannot be treated as a perturbation. Th
must be included in the zeroth-order Hamiltonian, lead
again to a relatively narrow band ofud& states localized par
tially on the adsorbed atom but having substantially deloc
ized components. The interaction of these states with t
delocalized states of the substrate distributed over a m
broader energy interval is represented by the matrix elem

Vp,d(E) entering Ŝ and then treated within the formalism
developed in Sec. IV.

If the individual ud& states are not coupled to each oth
then any correlations between theses states are irrelevan
the theoretical approach described in Secs. IV C and IV
still applies. Effectively, the result for the electron dec
spectrum, which is obtained, is again Eq.~5! with sN(E) and
sR(E) given in Eqs.~26a! and ~26b!, respectively@and, ob-
viously, sNR(E)[0#, but now summed over all possibled’s.
There are several quantities which in these expressions
pend on the indexd. First, as seen in Eq.~5!, we have the

radiative excitation dipole matrix elementuE0•DW d,gu2. It will

be replaced with an averageuE0•DW d,gu2 over all d’s and
pulled outside the summation. Next, we have the linewid
Gd

v and Gd
w as well as the related matrix elementsVp,d(Ed

2Ep) andWs,d(E) @cf. Eqs.~26a! and ~26b!#. The subscript
d refers to individual states, soGd

v1Gd
w is the lifetime width

of adth state due to the Auger decay and due to the tunne
interaction of the atom-adsorption-site cluster with the res
the substrate. This linewidth can be smaller than or com
rable with the exciting radiation linewidth and itdoes not
determine the x-ray absorption linewidth directly. The latt
GA , is determined by the strong interaction between
atom and the adsorption-site cluster.

Performing the summation we will assume that t
d-states form a quasidiscrete continuum with the density
statesrA(Ed), spread over the interval of widthGA around
some central energŷEd&. Summation overd will thus be
replaced with the integration*dEdrA(Ed) . . . . BecauseGd

v

1Gd
w , determined by weak interactions, is much sma

thanGA ~determined by the strong one! and because the en
ergy dependence ofuVp,d(E)u2 andrS(E) is expected to be
rather weak over an energy interval width of the order
Gd

v1Gd
w , we will approximate the resonant absorptio

excitation factor in Eq.~5! with Dirac’s d function:
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~Eg1\vL2Ed!21@~Gd
v1Gd

w!/2#2

'
2p

Gd
v1Gd

w
d~Eg1\vL2Ed!, ~29!

which allows us to evaluate the integral analytically. P
forming the integration we will take into account only theEd
dependence of various quantities in Eqs.~5! and ~26! but
ignore a possible dependence ond implied by the subscriptd
in uVp,du2 and uWs,du2; i.e., we pull them outside the integra
as certain matrix elements squareduVp,du2 and uWs,du2, re-
spectively, averaged over alld’s. Similarly, Gd

v andGd
w will

be pulled outside the integral asḠd
v and Ḡd

w defined in Eqs.
~4d! and~4c!, respectively, but now in terms of the averag
matrix elements.

With all this and using Eqs.~5!, ~26!, and~29!, we get the
following expression for the decay electron spectrum:

RG ~E![E dEdrA~Ed!Ṙ~E!

5
~2p!2

\

uEW0•DW d,g/2u2

Ḡd
v1Ḡd

w
rA~Eg1\vL!@ s̄N~E!1 s̄R~E!#,

~30!

where

s̄N~E!5u~Eg1\vL2Ep2eF!rS~Eg1\vL2Ep!

3
uWf ,p~E!u2uVp,d~Eg1\vL2Ep!u2

~E1Ef2Ep!21~Gp
w/2!2

, ~31a!

s̄R~E!5u~Es2Ef2eF!rS~Es2Ef !

3
uVf ,s~Es2Ef !uuWs,d~E!u2

~E1Es2Eg2\vL!21~Gs
v/2!2

5uWs,d~E!u2
Gs

v/2p

~E1Es2Eg2\vL!21~Gs
v/2!2

~31b!

are the contributions to the spectra due to the normal-Au
and Raman-Auger processes, respectively. The fa
rA(Eg1\vL) accounts for the overall x-ray absorption pr
file with width GA . Note that theE andvL dependences in
Eq. ~31b!, accounting for the contribution to the electro
spectra by the Raman-Auger channel, are almost identica
those in Eq.~26b! becauseEd is not explicitly present in the
latter. In contrast, for the normal-Auger channel this sa
dependence is different in Eq.~31a! than it is in both Eq.~6a!
and ~26a!. In fact, the energy argument ofrSuVf ,su2 in Eq.
~31b! contains neitherE nor \vL , and that ofrSuVp,du2 in
Eq. ~31a! is equal toEg1\vL2Ep , exactly as argued for in
paragraphs~ii ! and ~iii ! below Eqs.~6!, respectively.
6-15
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For the Raman fraction the same procedure as bef
described above Eqs.~4!, is followed. One gets

S̄N[E rV~E!s̄N~E!dE

'u~Eg1\vL2Ep2eF!

3rS~Eg1\vL2Ep!uVp,d~Eg1\vL2Ep!u2,

~32a!

S̄R[E rV~E!s̄R~E!dE

'rV~Eg1\vL2Es!

3uWs,d~Eg1\vL2Es!u2, ~32b!

which, apart from the fact that they are expressed in term
matrix elements averaged over alld’s, are formally the same
expressions as obtained in Eqs.~7a! and ~7b! in the wave
function approach. Therefore, an expression analogous to
~8! @but not to Eq.~28!# is obtained.

The fact that eventually we obtain an expression for
Raman fraction which has formally the same structure a
the wave function approach does not, of course, mean
the latter approach is correct. For example, the interfere
term, represented bysNR(E) in Eq. ~5!, cannot be systemati
cally eliminated within the wave function approach. The R
man fraction reflects only a global property of the electr
decay spectrum, not its details: the spectra in Eqs.~30! and
~31! are different from those in Eqs.~5! and ~6!.

VI. CONCLUSIONS

The competing decay channels of core-excited adsor
atoms induced by nearly monochromatic x-ray synchrot
radiation have been theoretically investigated within the
duced density matrix approach which was confronted w
the commonly employed wave function approach. The ch
nels are the Raman-Auger channel in which the adatom
ger decay precedes the electron transfer to the substrate
the normal-Auger channel in which these events occur in
reverse order. Particular attention was paid to the presenc
lack of quantum interference between the channels and
decay electron spectra and their photon energy depend
as the radiation is tuned across the excitation resonance

In particular, the perturbative wave function approach,
which the Auger electron emission and the electron tran
into the substrate are not fundamentally different, leads
quantum interferences between both decay channels bec
each excitation decay channel is necessarily treated as a
step quantum process which consists of a sequence of
coherent events not conserving energy individually.

We argue that the density matrix approach is necessary
an accurate description of the excitation decay seque
when they involve charge and energy transfer into the s
strate with very efficient internal dissipation of the excitati
energy. In such an approach the Auger decay and the elec
transfer into the substrate are two fundamentally differ
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elementary events. Consequently, the Raman-Auger de
channel is, similarly as for an isolated atom, a one-step qu
tum process involving core-hole excitation and Auger au
ionization events, not conserving energy individually, fo
lowed by an uncorrelated electron transfer to the subst
which merely smears the overall energy conservation
quired in the preceding~two-event! step over the final-state
lifetime width. Along the normal-Auger channel, howeve
the excitation, the charge transfer, and the Auger decay f
a sequence of independent events with energy being
served at each step@see, however, the detailed discussi
following Eqs.~24!#, because the coupling to the continuu
in the solid destroys the coherence. Naturally, quantum in
ference between the channels does not occur in this
proach.

Of more practical importance, the predicted details of
decay electron energies and the radiation frequency de
dence of measured decay electron spectra and the re
Raman fraction differ in the two approaches when at le
one of the following—the single-electron density of states
the substrate, the electron density of states in vacuum,
matrix elements of interactions responsible for the cha
transfer to the substrate, and/or those of the interactions
sponsible for the Auger autoionization of the adsorbed at
— depend on energy. The treatment justifies the earlier
terpretation of the Raman fraction and its energy depende
given in the experimental work.
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APPENDIX

All relevant equations forming the set of Equations~16!
are

d

dt
sg,g52

i

\
~Rg,dsd,g2Rd,gsg,d!, ~A1a!

d

dt
sg,d1@ ivg,d1gd

v/2#sg,d

5
i

\ (
kW

WskW ,dsg,skW2
i

\
Rg,d~sd,d2sg,g!, ~A1b!

d

dt
sg,skW1@ ivg,skW1gs

v/2#sg,skW5
i

\
Wd,skWsg,d2

i

\
Rg,dsd,skW ,

~A1c!
6-16
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d

dt
sd,d1gd

vsd,d5
i

\ (
kW

~WskW ,dsd,skW2Wd,skWsskW ,d!

2
i

\
~Rd,gsg,d2Rg,dsd,g!, ~A1d!

d

dt
sd,skW1@ ivd,skW1~gs

v1gd
v!/2#sd,skW

5
i

\
Wd,skWsd,d2

i

\ (
kW8

Wd,skW8sskW8,skW2
i

\
Rd,gsg,skW ,

~A1e!

d

dt
sskW ,skW1gs

vsskW ,skW52
i

\
~WskW ,dsd,skW2Wd,skWsskW ,d!,

~A1f!

d

dt
sskW ,skW81@ ivskW ,skW81gs

v#sskW ,skW8

52
i

\
~WskW ,dsd,skW82Wd,skW8sskW ,d!, ~A1g!

d

dt
sp,p2gd

vsd,d5
i

\ (
kW

~Wf kW ,psp, f kW2Wp, f kWs f kW ,p!,

~A1h!

d

dt
sp, f kW1 ivp, f kWsp, f kW5

i

\
Wp, f kWsp,p2

i

\ (
kW8

Wp, f kW8s f kW8, f kW ,

~A1i!
11541
d

dt
s f kW , f kW2gs

vsskW ,skW52
i

\
~Wf kW ,psp, f kW2Wp, f kWs f kW ,p!,

~A1j!

d

dt
s f kW , f kW81 iv f kW , f kW8s f kW , f kW8

52
i

\
~Wf kW ,psp, f kW82Wp, f kW8s f kW ,p!. ~A1k!

The equations for only half of the correlationssm,n are
listed; those for the remaining ones—sn,m—can be obtained
by taking the complex conjugates.

The set of equations~A1! is quite intimidating, so severa
organizing comments are helpful. First, the radiation co
pling enters only the equations for those occupation pro
abilities and correlations which involve either the ground
the core-excited states,ug& or ud&, respectively. Second, the
electron transfer from the atom to the substrate enters o
through the ratesgs

v andgd
v which appear as dephasing rate

with which the correlations involving either statesuskW & or
ud&, respectively, decay~dephasing occurs at a half of thes
rates!. They also enter as rates with which the occupati
probabilities tend to decrease or increase. With these co
ments it should be a simple matter to modify the above se
account for the fact that the final state, with two valen
holes, is also short lived due to possible electron transf
from the substrate which would fill or screen both holes. T
decay of the occupation probability ofu f kW & and of related
correlations involves the charge transfer from the substra
so it would add some extra rates to the supermatrixŜ in Eq.
~14!. This would introduce terms in Eqs.~A1j! and ~A1k!
which are exactly the same terms as those described in p
graph ~i! below Eq. ~24!. Their influence on the spectra i
described in paragraph~iv! below Eq.~24!.
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cidental degeneracies, and the above condition is easy to m

In our case where the free electronkW is included in the primary
system the spectrum contains a continuum part. One can s

however, that becauseV does not coupleuskW & to uskW8& except

when kW5kW8, the nonsecular terms for whichuvm,n2vm8,n8u
might approach zero do not appear in any of the equations.
however, Ref. 26.

26One of the consequences of having to consider only some
lected correlations is that the only equations~for the correlations
sd,p ands f kW ,skW and their complex conjugates! which might con-
tain nonsecular terms in the case ofvd,p'vs, f are not needed
for determining the spectra. Such degeneracy is very unlik
anyway because the screening experienced by the electron i
excited orbital of the atom in the stateud& is different from that
for the ion in the stateus&.
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