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It is shown theoretically that there is competition between core-hole decay and delocalization of a res-
onantly excited electron from the adsorbate to the substrate metal with simultaneous substrate-to-ligand
charge-transfer core-hole screening [relaxation from the resonantly core excited neutral state to the x-
ray-photoemission-spectroscopy (XPS) core ionized state] or between the core-hole decay and the
charge-transfer core-hole screening from the substrate metal to the adsorbate (relaxation from the XPS
core ionized state to the resonantly core excited neutral state). In the former case a spectral feature due
to the Auger decay from the ionic core-hole state appears in the autoionization spectrum, while in the
latter case a spectral feature arising from the spectator and participant decay from the neutral screened
core-hole state appears in the Auger spectrum measured high above the core ionization limit. The relax-
ation time can be determined from the relative Auger and autoionization spectral intensity. Applica-
tions of the Auger-photoelectron coincidence spectroscopy and x-ray-emission spectroscopy to adsor-

bates are also discussed.

I. INTRODUCTION

The resonantly core excited state is neutral and may
decay by autoionization, namely, participant and specta-
tor decays. In the former, the resonantly excited electron
participates in the Auger decay of the resonantly excited
one-hole—one-particle (1h1p) state, leading to a singly
valence level ionized continuum state, identical to the
main line state observed in the valence photoemission
spectroscopy (PES) spectrum. At resonance, the final
state created either by the participant decay channel or
by direct photoionization becomes indistinguishable.
This leads to interference and in general a large enhance-
ment of the main line intensity. In spectator decay the
excited electron remains as a spectator in the Auger de-
cay and leads to the 2hlp state, corresponding to the
shakeup satellite state observed in the PES spectrum.
The spectral intensity of the final state is governed in the
case of direct photoemission by the dipole excitation ma-
trix element (and shakeup excitation matrix element),
while in resonant photoemission, it is given by the Auger
matrix element (Coulomb operator). Thus resonant pho-
toemission can be used to identify weak satellite lines in
the valence PES spectrum.

In contrast to the case of free molecules, for all studied
CO adsorption systems (CO/Ni,CO/Pd, etc.), the deexci-
tation electron spectroscopy (DES) (resonant photoemis-
sion, resonant Auger emission) spectra are nearly identi-
cal to the normal Auger electron spectroscopy (AES)
spectra, and no participant and spectator decay spectral
features have been observed in the DES spectra.!™’
Upon comparison between the DES and the AES spectra,
the spectra are on the same kinetic-energy (KE) scale. So
on a calibrated binding-energy (BE) scale, the two spectra
are shifted relative to each other by the x-ray-
photoemission-spectroscopy (XPS) ionization and x-ray-
absorption-spectroscopy  (XAS) resonance energy
difference. The first explanation for this peculiar spectral
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behavior was that the core excited state in the photoab-
sorption process is a 'II state, which may then decay into
the energetically more favorable *II state (1.46 eV lower
in the case of free CO) by exchange of electrons with the
metal. The core excited state decays into the fully
screened core-hole state before the deexcitation process,
with the excess energy given up to the substrate.’ A
more acceptable recent explanation is as follows. In the
case of physisorption, where the adsorbate and substrate
are electronically isolated, unless the system becomes
chemisorbed in the presence of a core hole, there is no
charge transfer (CT) from the substrate to screen the core
hole. Therefore there is no relationship between the reso-
nant core excitation and the core ionization energies.
However, for chemisorption systems, the energy onset in
the XAS spectrum should correspond to the XPS BE.
The XAS onset corresponds to the creation of a final
state where a core electron is excited to the lowest unoc-
cupied state, i.e., to the Fermi level. In the completely
screened XPS final state, a charge redistribution takes
place where one electron is taken from the Fermi level to
locally screen the core hole. Thus those two final states
should be indistinguishable.!®!! The core-hole lifetime
(~1071 sec) is much longer than the time for the core
excitation and ionization processes (~107!7 sec). The
state created by the initial core ionization or excitation
may not be energetically the most favorable state for the
core hole. For chemisorbed systems, the strong coupling
with the substrate allows for CT already on the time scale
of the core ionization process. This leads to a complete
screening of the core hole, which is seen as the lowest-
energy state in the XPS core-hole spectrum. If the XAS
state is energetically higher than the XPS lowest-energy
state and unstable, the excited electron may delocalize
from the adsorbate to the substrate and decay to the Fer-
mi level. Simultaneously an electron from the Fermi lev-
el from the substrate may be transferred (CT) to locally
screen the core hole.?”>!! Another possibility is that the
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excited electron makes a transition from the excited state
to a state at the Fermi level.!! Both the delocalization of
the excited electron and the CT core-hole screening pro-
cess are very fast and bring the system into the fully re-
laxed state with the screened core hole before the core-
hole decay starts. In other words, the resonantly core
level excited neutral state may relax to a state that could
be considered as locally identical to the XPS lowest-
energy state on the time scale of the core-hole decay. If
this is possible, the initial state for the deexcitation pro-
cess observed at the core resonance is not a core level ex-
cited neutral state but the core level ionized ionic state.
Then the deexcitation process is a normal Auger decay
process. Thus the DES spectrum becomes almost identi-
cal to the normal AES spectrum.?~>!!

For weakly coupled physisorption systems, adsorbate
and substrate are electronically isolated in the ground
state. However, in the presence of a core-hole CT screen-
ing from the substrate may occur because of the attrac-
tive core-hole potential, which may bring an empty ad-
sorbate level closer to the Fermi level. In this case, the
CT is much slower than in the case of chemisorption sys-
tems and comparable to the core-hole lifetime. In other
words, within the time scale of the core-hole decay, the
XPS core level ionized state relaxes further to the “well-
screened” core-hole neutral state, which could be con-
sidered as locally identical to the resonantly core level ex-
cited neutral state. This relaxation occurs on the time
scale of the core-hole decay. Therefore this relaxed state
cannot be observed in the XPS core-hole spectrum.
However, the state can be an initial state for the core-
hole decay. If so, one can observe the decay from the res-
onantly excited state, namely, the spectator and partici-
pant decay spectral features in the Auger spectrum mea-
sured high above the core ionization limit. This was
indeed observed for N, physisorbed on graphite.!>? The
XPS N 1s ionic core-hole state (403.9 eV) lies above the
N Is to IHg resonance (401.0 eV).!? This results in a CT
screening from the substrate to neutralize the ionic state.

For a monolayer of Ar adsorbed on graphite, the XPS
Ar 2p;,, ionic core-hole state (242.6 eV) lies below the
XAS Ar 2p;,,—4s resonantly excited state (244.7 eV).
For this system the excited electron has a certain proba-
bility of being delocalized to the substrate on the time
scale of the core-hole lifetime. As a result a small portion
(30%) of the DES spectrum for Ar/graphite recorded at
the 4s resonance shows Auger spectral features due to a
decay from an ionic core-hole state.!> Whether the XPS
core level ionized state or XAS resonantly core level ex-
cited neutral state has a possibility of further relaxation
to the lowest core-hole state depends on their relative po-
sitions. The core electron excited into the resonance state
may delocalize to the substrate (charge delocalization)
and simultaneously metal-ligand CT core-hole screening
occurs if the lowest core-hole state is ionic (XPS core lev-
el ionized state), and upon the core ionization the core-
hole screening proceeds via CT from substrate to ligand if
the lowest core-hole state is neutral (resonantly excited
state or CT-screened core-hole state). If the relaxation to
the lowest core-hole state occurs on the time scale of
core-hole decay, the decay spectral features for the fully

2567

relaxed core-hole state will be manifested in the DES
spectrum in the case when the lowest core-hole state is
ionic and in the AES spectrum in the case when the
lowest core-hole state is neutral.

The competition between the charge delocalization of
the resonantly excited electron and the core-hole decay
has been seen not only in adsorption systems but also in
insulators such as CaF,, and Sc,0;."* The time scale of
the delocalization of the resonantly excited electron to
the empty conduction band and simultaneous CT core-
hole screening are faster than or comparable with the
time scale of core-hole decay, so that in the DES spectra
there is a competition between the spectator (participant)
decay spectral intensity and normal Auger spectral inten-
sity. In the present article we study theoretically the
competition between the relaxation and the core-hole de-
cay and its influences on the decay spectral features. We
discuss also the possibility of application of Auger photo-
electron coincidence spectroscopy (APECS) and interpre-
tation of the recently measured x-ray emission spectros-
copy (XES) spectrum of CO/Ni(100).

II. CORE-HOLE DECAY AND RELAXATION
FROM THE RESONANTLY CORE LEVEL
EXCITED STATE

A. Theory

We consider a quasidiscrete molecular resonant excita-
tion from a core level c to a localized (discrete) molecular
empty level (a) which is coupled to a continuum of ex-
tended states, e.g., of a substrate metal. In chemisorption
systems, the resonantly excited state (c ~'a) is slightly
above the core ionization limit, the CT-screened XPS
core-hole state (c~!). Thus there may be strong
configuration interaction (CI) between the ¢ 'a and
¢ g, configurations (here €, denotes a photoelectron in
the continuum of extended states of a substrate metal),
which are coupled by the relaxation mechanism (charge
delocalization and simultaneous CT screening). We focus
particularly on competition between decay of the reso-
nantly excited electron in the broadened affinity level (re-
laxation) and decay of the core hole, in other words, com-
petition for the spectral intensity between decay from the
resonantly core level excited neutral state (¢ ~'a) and the
normal Auger decay from the core level ionized ionic
state (CT-screened core-hole state) (¢ “'e;). The inter-
mediate resonant state (¢ ~'a) may decay via different de-
cay channels; participant decay, which leads primarily to
single ionization, and decay of the core hole, which cou-
ples to decay to extended states by the electron in the
affinity level (delocalization, ionization), leading to the
double-ionization continuum. The latter decay of the
core level takes place in the absence (normal Auger decay
from the core ionized state) or presence of an electron in
the affinity level (spectator decay from the resonantly
core level excited neutral state). Both processes lead to
the doubly ionized state. We denote by |a) the inter-
mediate resonantly core level excited state |a ) =c]c,|¥,)
(here ¢ and c are creation and annihilation operators, re-
spectively, and ¥, is the ground state), by |c) the core
level ionized (CT-screened core-hole) state |c ) =c]c,|¥,)
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(here k is the delocalized excited electron €;), by |f) the
doubly ionized final state | f ) =clc/c;c,|Wy) (here jand I
are the final-state valence holes and ¢ is the resonant or
normal Auger electron), by |s) the singly valence level
ionized final state from the spectator decay
|s)—clrc;r ¢1|Wo), and by lv) the singly valence level
ionized ﬁnal state |v ) =c c »|Wo). Here ¢ is the resonant
photoelectron and v is the valence level. We denote by
Z,.(w) the dipole matrix element between |¥,) and |a )
(here w is the photon energy), by ¥/, the normal Auger
matrix element (including exchange) between |f) and
lc), by V¥, the relaxation matrix element between |c )
and |a ) or between |f) and |s ), by V,, the spectator de-
|

1(60) < |¥,,G g Z,e(0)38(e—e, —0)+ [ |V},G Ve,
+ [ V16 Vi G oaZocl@)?(e e, —¢)

The first term in Eq. (1) describes the participant decay,
the second term represents the spectator decay in the
presence of an electron in the affinity level a (resonantly
core level excited state), and the third term is the normal
Auger decay in the absence of an electron in the affinity
level a (screened core-hole state). G, is the one-
hole—one-particle (121p) propagator of the state |a)
given by

Gp=[o—w,—iImZ, (0)]"! @)

0=t~ U, . (3)

€., €4 €y €j, and U, are the ionization energy of level
¢, the affinity energy of level q, the ionization energy of
valence level v, the ionization energy of the final two-hole
(jI) state, and the effective core-hole—excited-electron
Coulomb interaction, respectively.

The self-energy 2,(w) consists of three components,
and their corresponding decay widths (imaginary part of
the self-energy) are given by

3, (0)=2cp0)+3,(0)+3, (o), 4)
IN(w)=2Im2,(0), (5)
Fepl@)=2ImEcp(@)=27 3 Vi, [*8(0+e,—¢),
k’>kf
(6)
I(0)=2Im3 () 217'2| J(€)|Bo+e,—€), (7

T,(0)=2Im3,(0)=273 |V,.(e)|®8(0+e,—¢'), (8

The self-energy =1 describes the charge delocalization of
an excited electron in |a ) by hopping onto the unoccu-
pied metal states above the Fermi level and simultaneous
CT core-hole screening, by which |a) relaxes to |c).
Charge delocalization becomes possible when the cri-
terion w+¢e,=¢, — U, > €, is satisfied. Here ¢, is the
effective Fermi level shifted by the image potential. The
self-energy X, describes the spectator decay channel

G 1o Zy(0)|8(e+e, —¢

MASAHIDE OHNO 50

cay matrix element between |s) and a ), and by V,, the
participant decay matrix element between |v) and |a ).
For the sake of simplicity, we neglect the interferences
between different decay channels and we consider only
one spectator, participant, and Auger decay channel. We
neglect direct valence photoemission. In the present case
the kinetic energy € of the resonant or normal Auger
electron is so high that the interaction between € and ¢,
(delocalized excited electron) is negligible. In other
words, € will not be influenced by the excited electron
delocalized to the extended states. At or near the reso-
nance, the resonant Auger and photoelectron emission
amplitudes are given by

(L))dEk

_w)dek . (1)

[

¢ 'a—j ' 'ae of a core hole c in the presence of the
spectator a in |a). =, is due to the participant decay
channel ¢ “'a—v 't of |a). e, is the ionization energy
of the final 2k 1p (j '~ 'a) state by the spectator decay
and is given by

g,=¢;—¢g, T U;;+U, 9
e;=¢;+e—Uy (10
. is the propagator of the state |s ), given by
G,=[e—w—¢e,—iIm3S f(e—w)]7", (11)
Fer(e—0)=2ImE (e —w)

=27 3 Vi, |?(e—0—
k'>kp

Ej1+€k') . (12)

Scr is the self-energy by which |s) relaxes to [f). We
neglect the lifetime broadening of |s). G is the propa-
gator of the state |c ) given by

G,.=lep—w—e,—iIm3 (g, —0)] !, (13)
(g —0)=2ImZ (g, —w)
=273 |V, (e)]%8(e, —0+e —¢;) . (14)

The self-energy =, describes the Auger core-hole decay
¢ '5j e Z,(w)is given by

Vl,

+y— 15
Zae Ee—s+w+18 1s

Zylo)=

Here the second term describes the CI between |a ) and
|v). Equation (1) can be written as

I(g;0)=|Z,(0)]* 4,(o)
FU FS
X F&(S*‘SU ~w)+F—AS(s—eS—w)
r
+%Ac(e*—ej,+ec) . (16)

a
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The meanings of the terms in Eq. (16) are the same as
those of Eq. (1). We note that the participant decay en-
ergy, the spectator decay energy, and the normal Auger
decay energy are given by ¢, +w, € +o, and £;; —¢,, re-
spectively. When we consider several spectator and
Auger decays (channel indices i and m), we replace the
second and third terms by

1

ri . r m
S A (e~ —0)t—3

s r
i Fa ra m FC
Here 3, I"=T, and 3,T:=T,. 4,(®) is the spectral
function of the state |a) given by a Lorentzian profile
with a width I,
1 r,72

A =— . 18
a((D) P (w_wca)2+(ra/2)2 ( )

A (e—ef+e) . (17)

A (e—€,—w) is the spectral function of the state |s)
given by

T (e—e,—0)2+(Tep/2)?

Ae—eg,—0)= (19)
A.(e—¢gj;+e,) is the spectral function of the state |c)
given by

) )

A(e—g;+e,)=— (20)
s T (e;—e—e 2+ (T /2)

One many consider also the resonant x-ray emission
spectrum. The resonant x-ray emission spectrum will be
given by

Ho,;0)<|Z,(0)]*4,(0)

X

FX
X T S(mx—w)+F—As(wx—Ev—w)
a a
Ter T
+ Fcr I‘x A (o, —¢, +e,) 21
a t

The first term is the resonant radiative hole-particle
recombination decay (a —c), the second term describes
the resonant spectator x-ray emission and the third term
shows the normal x-ray emission. , is the x-ray emis-
sion energy and I', is the radiative decay width for the
resonantly excited state (we assume that it is also the
same for the core ionized state ). €, is the final
1h1p(v ~'a) state ionization energy. I', is now given by
asumof ¢y, T, T, and T, and the decay width of 4,
is given by I'; whichisasum of I', and T,.

B. Discussion

One may consider the relaxation of the core excited
state to the core ionized state within the molecular-
cluster approach. Recent theoretical studies of the 1s
core resonant excitation spectra of CO/Ni and N,/Ni
(Ref. 15) by an ab initio molecular-orbital many-body ap-
proach show that the local metal (substrate ) s-d popula-
tion in the resonantly excited state changes little from
that in the neutral ground state, in constant to the case of
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core ionization. One may see the core excitation essen-
tially as an intra-atomic process with modest relaxation
effect because the core excitation leaves the molecule neu-
tral. From the viewpoint of the cooperative core-hole
screening mechanism (s-d promotion mechanism) recent-
ly proposed by the author (see Refs. 15-18 for a detailed
account of the mechanism and its consistent description
and successful predictions of the core-hole spectral
features), the resonant excitation hinders the core-hole
screening mechanism.!®> As a result, the s-d population
remains almost the same as that in the neutral ground
state. One may see the relaxation from the core excited
state into the core ionized state as follows. The excited
electron delocalizes to the empty substrate. This brings
the system to a state very similar to the Koopmans state
(frozen-core-hole state). However, the s-d promotion
mechanism, which is hindered because of the presence of
the resonantly excited electron (which acts as a screening
electron), will be simultaneously switched on by the delo-
calization of the excited electron from the ligand to the
substrate. As a result, metal-ligand CT occurs and the
depletion of the d population by the metal-ligand CT
reduces the d-d effective Coulomb interaction, so that an
additional d electron can be supplied by the s-d promo-
tion mechanism. Without the s-d promotion, which
compensates the loss of d electrons to the ligand, the 7
CT will be suppressed.’*”!® The delocalization and CT
screening processes occur simultaneously. They are very
fast and bring the system to the fully relaxed state with a
screened core hole. Thus I'ct should be interpreted as a
time scale for this event. In the case of N,/Ni, a recent
numerical study which requires a state of the art calcula-
tion technique shows that, starting from the core-hole
self-consistent-field (SCF) state, to reach the core excited
SCF state, the system regains a large s contribution at the
expense of the d participation, giving a situation much
closer to that found in the ground state.!* To achieve the
reverse process, namely, from the core excited SCF state
to the core ionized SCF state is certainly of great interest,
but it is not an easy task. The reverse process is expected
as described above.

The charge delocalization and simultaneous CT core-
hole screening due to the presence of the substrate render
the core excited state the most favorable core-hole state
on the time scale of core-hole decay. The relaxation time
(Tct) depends on a choice of substrate. When the
metal-ligand (ML) coupling is strong, I cr is much larger
than I'; and I, so that the core-hole decay spectrum is
dominated by normal Auger decay. This is the case with
chemisorbed systems such as CO/Ni and CO/Pd, etc.2™*
In this case there is no decay channel which leads to a
final state the same as the main line direct valence photo-
emission state. As a result, there is no interference effect
which may lead to Fano-type resonance or antiresonance
behavior for the final state. The XAS spectrum will be
given by (Z,.)? 4,(w), representing the absorption from a
discrete level broadened into a Lorentzian whose width is
given predominantly by the charge delocalization of the
excited electron. T'cp can be rewritten as 2mp|Vj, |2
Here p is the unoccupied density of states of the substrate
band. V,, which is assumed to be k independent, de-
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scribes the hybridization between an empty affinity level
a (e.g., the 27* level) and the empty continuum states of
the metal substrate |k ). As a result of the hybridization
with the substrate band, the empty affinity level is
broadened. The stronger the hybridization between the
empty level and the substrate band, the faster the delocal-
ization of the excited electron from the adsorbate atomic
site to the substrate. The rapid delocalization is mani-
fested in a reduction of the core excited-state lifetime (a
broader core resonance width with an increase of I'p).
Thus the increase of the XAS width indicates the
stronger ML coupling in the core excited state and fur-
ther broadening of the empty affinity level. The interpre-
tation of the width of the XAS spectrum seems to be con-
troversial. Whether the width should be interpreted as a
lifetime width for the decay of the excited electron to the
core-hole ground state,'® 2! or as the density of states for
the core excited state,'® appears to be more or less a prob-
lem of semantics rather than of physics.

When I'¢t and I'((I",) are comparable, the resonant
spectrum splits into the spectral feature due to spectator
(participant) decay from a neutral core excited state and
that due to normal Auger decay from an ionic state. The
total spectral intensity ratio of the spectator (or partici-
pant) decay spectrum to the normal Auger decay spec-
trum is given by I';(,,/T'ct. Such examples recently ob-
served are the DES spectrum of Ar adsorbed on a num-
ber of substrates [graphite, Pt(111), Cu(100), Au(110), and
Ag(110)], observed at the Ar 2p-4s resonance.”!* The
presence of the substrate causes the core excited neutral
state to relax to an ionic core-hole state, on the time scale
of the core-hole lifetime, by the decay of the excited elec-
tron to the Fermi level of the substrate. In the DES spec-
trum, this is manifested in the increase of the portion of
the Auger decay feature (see Table 1).!* Thus I'cr can be
determined from the portion of the Auger decay in the
spectrum, namely,

FCT/(FCT+FS+FU)QFC’F/(PC+FC’I‘) .

I'.=0.12 eV, which is the core-hole width of the Ar 2p
hole [e.g., 5.5X 10715 sec (Ref. 22)] is used to determine

TABLE 1. The contributions from ionic decay (Auger decay)
in the DES spectra of Ar adsorbed on different substrates mea-
sured at the 2P;,, —4s resonance. I'cr is the width due to the
delocalization of the resonantly excited electron, I'xag is the
2P;,,—4s resonance width, and Is/I, is the XPS satellite/to
main line intensity ratio obtained from 8E (XAS-XPS energy
difference) and ['cr. T, is the calculated XAS width. 8¢ is the
spectator-Auger energy difference. The experimental data are
from Ref. 13. (Quantities in units of eV, except for the Auger
intensity ratios which are given in %.)

Auger
Substrate  ratio Fer T, Txas Is/Iy B8E  O¢
Graphite 305 0.05 0.31 0.28 0.0018 2.1 3.1
Pt(111) 54+£5 0.14 033 030 0.0015 39 24
Au(110) 67+t5 0.24 0.0033 34 20
Cu(100) 85+10 0.66 0.8 035 0.013 28 19
Ag(110) 8510 0.66 0.8 048 0.017 25 1.2
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['cr.'? Here it is assumed that T, is very small and T, is
very close to I', because the decay energy is so large that
the presence of the spectator electron, which may screen
the two final-state holes, will not be effective enough to
influence the Auger electron wave function. However,
this is not necessarily the case with the Coster-Kronig
(CK) type of decay. Because of a small CK decay energy,
the CK electron wave function is often sensitive to the
final-state two-hole potential, which may be screened by
the presence of an extra electron.”> T'cp and T, deter-
mined by the authors of Ref. 13 are also listed in Table I.
The instrumental resolution is added in a quadratic to a
linear sum for I'cy and I', to evaluate I',. As noted by
the authors of Ref. 13, I', deviates substantially from the
XAS width for Ar on Cu and Ag, while for a more weak-
ly coupled system (graphite, Pt), the agreement with the
XAS width is much better. As noted by the authors of
Ref. 13, the assumption of a Lorentzian profile for the
XAS resonance peak is not valid for more strongly cou-
pled systems (Ar/Cu, Ar/Ag). As already pointed out,
strictly speaking, I'cr depends on the excitation energy
through the density of states and the coupling matrix ele-
ment (V,,). This may explain the deviation from a
Lorentzian profile and the inadequacy of determination
of 't by the above-mentioned method. Moreover, in
the present formulation, the interference effect between
spectator and Auger decay channels which eventually
end in the same doubly ionized final state is neglected.
When the interference is strong, the spectral cannot be
separated into Lorentzian profiles for different decay
channels, and then the determination of the relaxation
time by the present method may become inaccurate.

One can estimate whether the substrate-to-adsorbate
CT shakeup satellite state can be observed in the XPS
spectrum. We take a local cluster approach by which the
electronic structure is described by CI. In essence it is an
Anderson-impurity Hamiltonian description of the sub-
strate valence band hybridized to the ligand empty levels,
but neglecting the substrate bandwidth. The Hamiltoni-
an describing the metal-ligand CT in XPS is

H=¢.c'cteydid+(e,+A—Uclepp
+vdp+pld) . (22)

Here p*, d*, and ¢ are the creation operators for valence
ligand p, metal d, and core electrons, respectively. The
orbital energies are €;+A, €4, and g, respectively.
After photoemission the core hole pulls down the p level
by an amount U, shifting it to about the same energy as
in the Z+1 molecule (atom). The transfer
integral responsible for the bonding between p and d is
V= (p|H|d ). Defining tan26=2V /A and tan26'=2V /
(A—U), the initial state is |i)=cos@|d )—sinf|p),
with  energy e;,+A/2—(A2+4v2)1"2/2,  whereas
the final states are |f, )=cosf'|d)—sind’'|p) and
|f,)=sin@'|d ) +cos@®|p). The final-state energies are
Eys=e,HA—UTF 8E)/2  with  SE=[(A—U)
+4V?2]'2. Thus in the photoelectron spectrum a satellite
line is seen at a distance 8E from the (main) line. In the
sudden approximation, the CT satellite (I;) to main line
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(I)) intensity ratio is given by

I, /I, =tan*(6'—0) . (23)
In the present case,

T =27V |} << |A—U|=|8E]|

and 60=0 [the hybridization in the initial state is very
weak, and Wlinitial state) differs from V(final state)].
Thus we obtain

V|2
(8E)* ~

The calculated I, /I, are listed in Table I. The satellite
intensity is too small to be observable by XPS, although
the intensity increases for a more strongly coupled sys-
tem. We may consider the case of CO/Ni(100). The C 1s
XPS width is 0.7 eV, while the C 1s-to-7* XAS width is
1.7 eV.!1%2* Assuming that the width difference 1.0 eV is
approximately equal to I'cy, one obtains the satellite in-
tensity of 0.04 at 2.1 eV where the 7 shakeup satellite is
observed in the C 1ls XPS spectrum. This is in accord
with experiment and a recent many-body calculation.!®2*

The authors of Ref. 13 noted that the spectator-
Auger-decay energy difference (8¢ in Table I) decreases in
the order of Pt, Au, Cu, and Ag. At resonance, the
kinetic-energy separation between the spectator decay
(e, +w,,) and the normal Auger decay (e, =¢g; —¢,) is
given by U, +U;, —U,,. Thus the energy difference 6¢ is
given by 2U; 4, — Uj,s, = Uyyy;. The XPS-XAS energy
deference (3E in Table I) is given by &4, — U,,4,Which de-
creases also in the same order. This can be interpreted as
the further screening of U and the lowering of the 4s
empty level in both core excited state (g4, —Uy,4,) and
ground state (g4,). As noted also by the authors of Ref.
13, the closer the empty level is to the Fermi level, the
larger is the probability of the delocalization of the excit-
ed electron.

An indication of chemisorption in the core excited
state could be the effect of the core hole which could per-
turb the properties of the adsorption system. The attrac-
tive potential of the core hole may bring the empty adsor-
bate level closer to the Fermi level, so that chemical bind-
ing between the adsorbate and substrate will occur. In
that case, if the integrated intensity of the XAS resonance
peak does not change in comparison to the gas-phase
data, this is an indication of chemisorption in the core ex-
cited state, despite the physisorption in the ground
state.!?

At the resonance the spectral intensity ratio of the nor-
mal x-ray emission to the resonant x-ray emission is given
by I'cr/T,. For a more strongly coupled system such as
CO/Ni, I'ct>>T,. Thus the normal x-ray emission peak
dominates. When I'cr=T', (=T .), the spectral intensi-
ties of normal x-ray emission and resonant x-ray emission
become comparable. The emission energy difference be-
tween these two lines will be U,, —U,,.

It is not only the DES spectra of molecules (atoms) ad-
sorbed on metals surfaces which show spectral features
due to the competition between the delocalization of a
resonantly excited electron with the simultaneous CT

I /Iy~ 24)

core-hole screening and core-hole decay. Recently, Elan-
go et al.'* measured the DES spectra of NaCl, KCl,
Ca(l,, CaF,, and Sc,0; in the vicinity of the L,; absorp-
tion edges. The DES spectra show both spectator (parti-
cipant) decay and normal Auger decay spectral features,
whose spectral intensity depends on the degree of locali-
zation of the resonantly excited d electron or delocaliza-
tion of the d electron to an empty conduction band,
reflecting the covalency of the system. Equation (16) is
also applicable for those spectra to determine the relaxa-
tion time. In these systems, the L,-M 45 resonantly excit-
ed state can decay also to the L; ionized state by the
L,L,M,s Coster-Kronig decay, whose decay width is the
difference between the L, and L; XAS (or XPS) widths.
The L, ionized state eventually decays by L; MM Auger
decay. At the L, resonance, both L,MM and L;MM
Auger spectral features appear as well as the spectator
(participant) decay spectral features. The CK decay
width can be determined also from the L;MM Auger
spectral intensity. Such an analysis would be useful for
the study of deexcitation spectra, together with the XAS
(XPS) width analysis.

As a consequence of the infinite degrees of freedom in
the substrate-band electronic levels, a hole left in the sub-
strate metal band by CT does not play any role in the
electron (x-ray) emission, as if it were frozen. This is
reflected in the emission energy. The Auger (radiative)
decay energy from the m CT shakeup state will be the
same as that from the resonantly core level excited state,
if the shakeup electron does not delocalize before the
Auger decay starts. Otherwise, the Auger decay energy
from the shakeup state becomes the same as that from
the core ionized one-hole state. The participant decay
energy of the 7 shakeup state will be the same as that of
the resonantly excited state, if both processes are possi-
ble.

In this section it is pointed out that the resonantly ex-
cited electron can delocalize on the time scale of the
core-hole decay. The question which should be raised
now is about the competition between the core-hole de-
cay and the relaxation of the 7 shakeup satellite state,
whose energy is very close to the resonantly excited state
(for the C 1s shakeup satellite state of CO/Ni, only 0.5 eV
larger than the resonant energy [24]). Within the frame-
work of an Anderson-impurity-model calculation, the
possibility of the appearance of Auger spectral features
originating from the initial shakeup satellite state was
proposed by Gunnarsson and Schénhammer.?> However,
such a possibility was experimentally denied by Wurth
et al.? The CT shakeup states relax before the core-hole
decay. This is not unexpected, because the shakeup exci-
tation energy (2.1 and 8.0 eV for the C 1s shakeup satel-
lite state of CO/Ni system!®?* is much larger than the
core-level width [0.7 eV for the C 1s main line state of
CO/Ni (Ref. 24)].%° The recently measured O KLL AES
spectrum of CO/Ni(100) was found to be broader relative
to the DES spectrum recorded around the O 1s XPS ion-
ization energy.® This is even more pronounced for weak-
chemisorption systems such as CO/Cu(100) and
CO/Ag(110).2 This spectral broadening was interpreted
as due to decay from the shakeup states.® To study the
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possibility of incomplete relaxation, Auger photoelectron
coincidence spectroscopy would be useful. The APECS
spectrum is given by

I(e 4,64,0) % 3 |V G Zy (0)*8(e 4 e, —€ly— ) .
ci

(25)

Here indices ¢ and i denote initial core-hole states and
Auger decay channels, respectively. Z (o) is the dipole
excitation matrix element for the core ionization. G, is
given by Eq. (13). Equation (25) can be written as

T
I(e 4,8 @) EIch(w)lzr— A e —o)
c

¢ i

X8(e 4 +e, —€—w) . (26)

J

Here T, is the total decay width of the core hole ¢ and is
given by a sum of the partial decay width I'.. The
APECS can be used to assign the initial core-hole state
for a particular Auger final state.?” By fixing the Auger
energy €, for a particular final state, the APECS spec-
trum (a function of the primary photoelectron energy ¢,
at fixed photon excitation energy w) is a partial XPS
core-hole spectrum, which is a core-hole spectral func-
tion weighted by the partial decay ratio. If the APECS
spectral intensity is not negligible also for the core-hole
shakeup satellite state, the shakeup satellite state can re-
lax to the lowest XPS core-hole state before the Auger
decay starts. Note that if the Auger decay occurs direct-
ly from the shakeup state, the Auger KE differs. On the
other hand, when the primary photoelectron energy ¢, is
fixed at a particular XPS core-hole state, the APECS
spectrum is an Auger spectrum without the initial core-
hole lifetime broadening, as long as the uncertainty in the
core-hole energy (given by the resolution of the photo-
electron spectrometer and the bandpass of the exciting
radiation) is small compared with I',. A preliminary
APECS spectrum of CO/Cu(100) was measured at fixed
Auger energy.”® The spectrum implies that the shakeup
states relax to the lowest core-hole state by a “shake-

J

Ie)= [|V,GoZy |?8(e+E—e)dE+ [|V,,Go, Y,

+ [ V4G ooV et GooZes |8+ E—¢,—¢,,)dE de,, .

Here E is the core-hole energy parameter. The
first term describes the normal Auger decay
(¢ "'—j 17 1¢) from the “unscreened” core-hole state,
the second term represents the spectator decay
(¢ lam™'5j U laem™") from the CT-screened
neutral state, and the third term is the participant decay
(¢ lam ™! !m ~lg) from the CT-screened state. G,
and G, are given by

—v

G.=(E—e¢ —il',/2)7!, (28)
[, =Ter+T,, (29)
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down” process before the Auger decay starts. Further
experimental studies with better statistics are needed.

III. CT CORE-HOLE SCREENING
AND CORE-HOLE DECAY

A. Theory

So far we have considered the case when the lowest
core-hole state is the ionic state, not a neutral core excit-
ed state. We now consider the case when the lowest
core-hole state is a neutral core excited state, not an ionic
state. In this case there will be competition between the
normal Auger decay from an ionic state and the CT
core-hole screening process from substrate to adsorbate.
The latter leads to a neutral core excited state and even-
tually to the appearance of the spectator and participant
decay features in the Auger spectrum measured above the
ionization limit.'> Moreover, the spectral and participant
decay energies are the same as those at resonance (in-
dependent of the excitation energy).

We treat the problem within the sudden approxima-
tion. We denote by |c) the initial core-hole state
lc)=c,|¥,) and by |a) the CT-screened (neutral) core-
hole state |a)=c,c,,c.|¥,). Here an electron in the
metal is transferred into an empty affinity level a to
screen a core hole ¢ (m is a hole left in the metal substrate
which will be delocalized within the time scale of the
core-hole decay). We denote by |s) the singly ionized
final state formed by the spectator decay from
la), |s)=clcjcjc,cm |[¥,), and by |v) the singly ionized
final state formed by participant decay from
la),lvy=cle,c, |¥,). We denote by Z,, the dipole ma-
trix element between |¥,) and |c) and by V,, the CT
screening matrix element between |c ) and |a ). The rest
of the notation is the same as before. For the sake of sim-
plicity, we consider only one decay channel for each
Auger, spectator, and participant decay. It is also as-
sumed that the coupling matrix elements such as
Ve, Via» and V. are energy independent. Upon core
ionization, the emission amplitudes will be given by

G, Z,|*8(e+E—¢,—¢,)dE de,,

27)
—

Cop=2mlV,I|*, (30)
L =27|V.|*, (31
Gpu=E+w,—¢,—il,/2)"". (32)
r,=r,+r,, (33)
L, =27|V,[?, (34)
r,=27lV,|*. 35)

Equation (27) can be rewritten as
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r
I(e)x ]ZCk|2 —I_‘E‘AC(EJ-I—E)
t

Fer T
+ T, FZ A (e, —etoy,)
Fer T
+—‘1_T F: Ay(e,—etwy) | . (36)

The meanings of the terms are the same as those of Eq.
(27). The spectral function A.(e;—¢) of the “un-
screened” state |c ) is given by the imaginary part of G...
It is represented by a Lorentzian profile with a width I,
giving rise to a finite lifetime of the state |c ) by both CT
relaxation (I'cr) and Auger decay (T, ):

1 r,/2

A (e —e)=— . (37
ey—¢) T — T )

The spectral function A, of the “screened” state |a ) is
given by the imaginary part of G,, and a profile with a
width T',, giving rise to a finite lifetime of the state |a )
by both spectator decay (I'y) and participant decay (T, ):

1 r,72

A (e, y—etw,,)=— ’
s\Es(v) ca T (¢ —s-l-(om)2+(r,,/2)2

(38)

s(v)

B. Discussion

If the “‘unscreened” core-hole state can relax to the
“screened” core-hole state on the time scale of core-hole
decay, the XPS width of the ‘““‘unscreened” core-hole state
of the adsorbate, I',, is given by a sum of I'cr and T, in-
stead of I',. It is larger than that of the free atom or mol-
ecule by 'cr. The widths of the spectator and partici-
pant decay spectra are given by I';, the sum of the spec-
tator and participant decay widths. The decay energy is
given by e=¢y(,,+ ., which is constant and independent
of the excitation energy (when the excitation energy is far
above the ionization limit). These energies are the same
as those at resonance. At resonance (below the ionization
limit), the resonant photoemission spectrum is given by

FU
I(g;0) < |Z,(0)]*4,](w) T,—Av(e—ﬁ,,—w)

FS
+——A(e—e,—w), (39

ra
1 r,72
A,(0)=— ) 7 (40)
T (0—wy ) +(,/2)
1 Lo /2

A (E—Egy—@)=— .
s(v) s(v) T (E_Es(v)_m)2+(rfs(v)/2)2

(41)

Equation (39) is the same as the first and second terms of
Eq. (16) except for the definitions of A, which are
different. At the resonance the width of the spectator
(participant) decay spectrum is given by the lifetime
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[ 4 (y of the final state reached by the spectator (partici-
pant) decay from the resonantly excited state. Thus the
width of the spectator (participant) decay spectrum is
identical to that of the valence photoemission satellite
(main) line. As a result, there should be a difference in
width between the decay spectrum observed at resonance
and that upon the core ionization.

The relative spectral intensity of the neutral (spectator
and participant) to ionic (Auger) decay processes in the
“Auger” spectrum is given by I'cr/I".. Thus the neutral-
ization rate Ccr can be determined from the relative
spectral intensity. The spectral intensity ratio of the
Auger and spectator (participant) decay spectra is re-
versed when the relative positions of the XPS and XAS
maxima are reversed.

Recently the DES spectrum of N, physisorbed on
graphite was measured. The spectrum shows both Auger
and autoionization spectral features. Using I' . =0.12 eV,
Lcr=0.07 eV is determined from the autoionization
spectral intensity of 0.381+0.05.'> One can estimate also
whether the CT-screened neutral core-hole state can be
observed in the XPS spectrum by using Egs. (23) and (24).
We obtain I,I,,~0.001, so the probability that one ob-
serves the CT shakedown state in the XPS spectrum is
beyond the resolution of XPS. Indeed, the N 1s XPS
spectrum of N,/graphite does not show such a state.'

IV. XAS SPECTRUM AND DES SPECTRUM

As Eq. (16) shows, near or at the resonance, the total
intensity of the DES spectrum measured at a certain exci-
tation energy is the XAS spectrum intensity at that ener-
gy. Thus the total intensity of DES spectra recorded at
several photon excitation energies can be used to monitor
the XAS spectrum. By collecting the emitted electrons at
a constant binding energy &, =w—¢, where o is the
photon energy and € the kinetic energy, one obtains the
constant ionic (final) -state spectroscopy (CISS) spectrum.
By assuming that the lifetime broadening of the final state
s(v) is negligible [i.e., replacing A, (e—¢g;, —») by
8(e—gy(,)—w), the CISS spectrum will be given by

l-\s(u)
r

I0)=|Z,(0)]*4,(0) . (42)

a

The CISS spectrum integrated over the whole BE range
gives the XAS spectrum in total electron yield. Thus
CISS can be interpreted as the partial electron yield at
constant binding energy. By the CISS spectrum one can
determine also the partial decay rate of the resonantly ex-
cited state. When the XAS spectrum consists of more
than two resonant excitations (e.g., N,/Ni due to the ine-
quivalent N atoms*) the XAS spectrum can be separated
into each excitation component in terms of the CISS
spectrum for the final state which can be reached only
from a particular resonantly excited state.

V. XES SPECTRA OF ADSORBATES

The O 1s XES spectrum of CO/Ni(100) shows an in-
teresting spectral feature in comparison to that of free
CO.” The spectrum shows a strong satellite feature at
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1.8 eV above the main line. The satellite intensity
is comparable to the main line intensity. The
transition from the O 1s core main line state to the
final 17 hole state is assigned to the main line. The
satellite is interpreted as due to the initial core-hole
shakeup state.'>? The main line corresponds to
the transition 1s '—I7"! and the satellite line to
1s ~'z,'m* — 17" 'z, '7* (here 7, is the bonding orbital
of mainly metal character). The energy of the latter tran-
sition is larger than that of the former by U,,,,— U,
[we obtain U, , =2 eV from inverse photoemission data
(e5,=3-4 eV) (Ref. 30) and the XPS-XAS energy
difference (1.5 eV) (Ref. 31)]. As U, <U,,,,, it is un-
likely that the satellite energy is larger than that of the
main line by 1.8 eV. If the final state for the satellite is
the same as that of the main line, the initial shakeup state
must be 1.8 eV higher than the initial main line state.
The C 1s XPS spectrum shows the 7 CT shakeup satellite
of a small intensity at 2.1 eV above the main line,?*
whereas the O 1s spectrum does not show such a satellite.
However, the CI calculation predicts it at 1.6 eV.!
Moreover, a Green’s function calculation shows the
breakdown of the one-electron picture of the 17 ioniza-
tion due to strong CI between 17~ ' and 17 !zl 7*
configurations.’? Then the main line corresponds to 1s !
to 17 !z, '7*, while the satellite corresponds to
Is 'z 'e* to 17 1, '7r*.15 This explains at least the en-
ergy separation of 1.8 eV. However, it appears to be
difficult to explain the enhanced satellite intensity be-
cause the initial 7 CT shakeup state has a very small in-
tensity. For a qualitative interpretation of the spectrum,
we take a local cluster approach. The ground state |1,)
is a linear combination of properly symmetrized d” and
d" 'L configurations,

|Wo) =cosyld") —sinfy|d" L) .

Here L denotes a ligand electron of appropriate symme-
try relative to empty metal d states. The core-hole state
is determined by a linear combination of the same
valence-electron combinations as those describing the
ground state. The main line core-hole state |M ) and the
satellite core-hole state |S ) are given by

M )=cos6,|cd") —sinb, |cd" 'L )
and
|S)=sind,|cd") +cosb.|cd" " 'L) ,

respectively. Here ¢ denotes a core hole. The same is the
case for the valence ionized final state |v(M)) and
[v(S)), ¢ and 0. being replaced by v and 0,, respectively.
The x-ray emission spectrum is given by

Ho)= [ Z;{ floc’|iYG(E)ile|¥o)|?
i

XS(E+o—¢,)dE . 43)

Here c,cT, and v are the core-electron annihilation and
creation and the valence annihilation operators, respec-
tively. |i) and |f) are the initial core-hole and final
valence-hole states, respectively. G; is the core-hole

propagator,  is the photon energy, and €, and E are the
final- and initial-state energy parameters, respectively.
When the interference between different decay channels
is neglected, the intensities of four different decay chan-
nels are given as follows:

(A) [M)—[v(M)); «cos¥(6,—6,)I, ,
(B) [S)—|v(M)); «sin¥(6,—6,); ,
(C) IM)—|v(S)); «sin*(6,—6,)I, ,
(D) |S)—[v(S)); «xcos(6.—6,)I .

Here I,, and I, are the XPS spectral intensity of |M )
and |S ), respectively. The relative spectral intensity for
the emission processes B and C, A and D are given by
I, /I, which is smaller than 0.05 for CO/Ni. For a case
similar to CO/Ni(100), where the ground state is dom-
inated by |d") and I, /I,,=0.05, the enhanced satellite
intensity is due to the final-state effect rather than the
initial-state effect. The initial state is the XPS lowest-
energy state. The main line (C) and the satellite line (A)
in the XES spectrum correspond to the transition to the
final main line state dominated by vd” and that to the
final CT shakedown shakedown dominated by vd" 'L,
respectively. The former spectral intensity is 0.55 and
the latter is 0.45, if the spectral intensity of the shake-
down state vd" " 'L is 0.25. The satellite intensity (0.45)
is larger than that of the final shakedown state (0.25).
This is because the spectral intensities are not simply
given by the sum of products of the weights of the basis
states in the initial and final states, but also contain the
cross term ~2 sinf.cosf,sinf,cosf, and this is added to
the satellite line (A) and subtracted from the main line
(C). The shakedown satellite for the 17 ionization has
not been observed so far but the present result indicates
the strong CI between Iz ! and 177 'z, '7*
configurations. The time scale of the radiative decay pro-
cess is much longer than that for the Auger decay pro-
cess, so that the 7 CT shakeup state relaxes to the main
line state before the x-ray emission starts. XES studies of
adsorbates above the core ionization limit and below the
a CT shakeup excitation energy would be interesting.

VI. CONCLUSION

It is shown that if the time scale of the relaxation from
the resonantly core level excited state to the lowest core-
hole state is comparable to the core-hole decay time,
there is a competition between the relaxation and the
core-hole decay. As a result one observes Auger spectral
features (decay from the ionic state) in the DES spectrum
of an adsorbed molecule (atom). If the relaxation occurs
much faster than the core-hole decay, the DES spectrum
of the adsorbate at the resonance (which is above the
XPS ionization limit) becomes very similar to the AES
spectrum. This is the case with strongly chemisorbed
systems. On the other hand, if the XPS ionized limit is
above the resonance, the presence of a core hole pulls an
empty affinity level below the Fermi level so that CT
from the substrate to the adsorbate may occur on the
time scale of the core-hole decay. As a result there is a
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competition between the core-hole decay and the CT
screening (neutralization). An autoionization spectral
feature appears in the AES spectrum. A more interesting
case which should be investigated is the case of a Coster-
Kronig-type decay spectrum, where the decay energy is
much smaller than the Auger decay energy. In the case
of KVV Auger (spectator) decay of CO adsorbants, the
decay energy is larger and the relaxation is fast so that
the interaction between the decay electron and the excit-
ed electron which moves out from the excited atomic site
is negligible. However, if the decay energy is small and
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the relaxation is slow, there may be a post collision in-
teraction kind of effect on the decay spectrum. One may
also study the competition between the core-hole decay
and the relaxation by selecting different initial core-level
excitations so that the core-hole decay time can be
varied.
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