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Wurth and co-workers [Phys. Rev. B 35, 7741 (1987); 37, 8725 (1988)] concluded that the
deexcitation-electron-spectroscopy (DES) spectra of the adsorbates become identical to the Auger-
electron-spectroscopy (AES) spectra. They interpreted the double-peak structure at the higher-kinetic-

energy (KE) side of the AES spectrum of the CO/Cu system as due to two different ("partly" and "fully"
screened) initial core-hole states. In the present Comment, the relation between the x-ray-

photoelectron-spectroscopy lowest-energy state and the 1s to 2m. resonantly excited state, and the possi-
ble mechanism by which the DES spectrum becomes very similar to the AES spectrum, are discussed. It
is also proposed that the largest-KE peak of the double-peak structure corresponds to the double hole in

the bonding orbital. For the CO/Cu system, the intensity of this peak is much more enhanced in corn-

parison to the CO/Ni system because of the strong polarization of the bonding orbital toward the ligand
in the presence of the core hole. The variation of the intensity of this double-peak structure reflects the
degree of the polarization of the bonding orbital in the presence of the core hole.

Wurth et al. ' studied angle-resolved deexcitation-
electron-spectroscopy (DES) spectra of adsorbed CO mol-
ecules and made the following remarks: (i) For strongly
coupled systems such as the CO/Ni system, the DES
spectrum becomes identical to the Auger-electron-
spectroscopy (AES) spectrum because the ls to 2n reso-
nantly excited states relaxes to the x-ray-photoelectron-
spectroscopy (XPS) core-hole lowest-energy state before
the autoionization (participant and spectator Auger de-
cay) starts. (ii) Then the final state of the participant
Auger decay is the two-hole state and not identical to the
photoelectron-spectroscopy single-hole state. (iii) For the
CO/Cu system, two different ("partly" and "fully"
screened) initial core-hole states are proposed to explain
the double-peak structure observed in the participant
(backbonding) Auger decay energy region. In this Com-
ment, I would like to discuss points (i) and (iii).

First, the relation between the XPS lowest-energy state
and the 1s to 2m. * resonantly excited state will be dis-
cussed. Recent high-resolution XPS core-hole spectra of
the CO/Ni(100) and N2/Ni(100) systems show a number
of resolved satellite lines including the 2.1-eV carbon (and
outer nitrogen) satellite of a non-negligible intensity
which were neither observed experimentally nor predict-
ed theoretically. Furthermore, the main line and satel-
lite line intensity ratios differ considerably from the previ-
ous experimental and theoretical results. All previous
theoretical calculations of the core-hole spectra of a
linear molecule such as NiCO based on molecular ap-

proaches fail to predict not only the additional satellite
but also the main-line-satellite-line energy separations
and intensity ratios. In those calculations, however, a
large part of the important relaxation and correlations
was entirely neglected or not treated in a proper manner
by employing the inadequate approximations such as
b (SCF) (self-consistent-field } and complete-neglect-of-
differential-overlap approximations (see Ref. 4 for a sum-
mary of the theoretical results by different methods). Re-
cent ab initio many-body calculations of the core-hole
spectra of NicO and NiN2 by using an extended basis set
can give a reasonably good description of the main-
line —satellite-line energy separations, intensity ratios, and
the energy splitting of the carbon and oxygen main-line
peaks (the outer and inner nitrogen peaks} of the core-
hole spectra of the CO/Ni and N2/Ni systems. ' The
lowest-energy state of the core-hole spectra of the CO/Ni
system is still the one-hole state (closer to the Koopmans
state) and not the two-hole, one-particle charge-transfer
(CT) shake-down state. The m.~ (here M denotes the
metal-derived orbital) bonding orbital is more polarized
toward the ligand; however, its character does not change
much in the presence of the core hole. The 2-eV satellite
is indeed predicted correctly and interpreted as the
metal-ligand m shakeup satellite (excitation from the mM

bonding orbital to the 2m.* antibonding oribital; strong
polarization toward the CO ligand). 5 Then the ls to 2sr'
resonantly excited state should be similar to this satellite
state. The difference between these two states is the pres-
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ence of a hole in the substrate band in the latter state.
Indeed the satellite energy [228 eV (Ref. 3)] is almost
identical to the resonant excitation energy of 287.5 (Ref.
7) and 287.4 eV. For the CO/Ni system the resonatly
excited (or excited by the shakeup process) 2n electron
induces excessively large polarization in the CO ligand
region because of a substantial amount of the 2m. charge
in the ligand region which already exists in the ground
state. The resonantly excited state and the shakeup state
eventually relax to the XPS lowest-energy state when the
extra 2~ charge Bows toward the substrate. This is possi-
ble in the case of adsorbates because of the overlapping of
the 2n orbital with the substrate band [as reflected in the
near-edge x-ray-absorption fine structure (NEXAFS)
width which is larger than the XPS lowest-energy state
width; the latter is governed mainly by the core-hole life-
time and vibrational broadening ]. For the CO/Ni sys-
tem it would be more reasonable to compare the
NEXAFS energy with the resolved 2.1-eV satellite ener-
gy. This argument is also the case with the oxygen spec-
trum. The recent many-body calculation indeed shows
that the oxygen satellite exists but the intensity is very
small.

For the CO/Cu system there seems to be some
discrepancies among the 1s to 2~ resonant energies mea-
sured by different groups. ' '" The recent NEXAFS
measurement of the CO/Cu(100) [c(2X2)] system shows
that the 1s to 2m. excitation energies for the carbon and
oxygen are 287.45 and 533.75 eV, respectively, ' whereas
the results by Wurth et al. '" are 286.4 and 532.9 eV, re-
spectively. The former result shows that the NEXAFS
energy is larger than the XPS energy, whereas the latter
results show that the XPS energy is very close to or even
slightly larger than the NEXAFS energy.

As an example of a weakly coupled system the
N2/Ni(100) [c(2X2)] system where the substrate is the
same as the CO/Ni(100) [c(2X2)] system will be dis-
cussed. For the N2/Ni(100) system the energy differences
between the NEXAFS energy and the XPS lowest energy
for the inner and outer nitrogen are 0.3 and 1.0 eV, re-
spectively. ' Recent many-body calculations of NiN2
show that the peak splitting of 1.3 eV is indeed due to the
two inequivalent nitrogen atoms and that the inner nitro-
gen hole state is more weakly coupled than the outer ni-
trogen one. This is in accord with the conclusion drawn
by others. The weaker the coupling of the hole state is,
the weaker is the n. bonding' (the o bonding is as impor-
tant as in the case of the CO/Ni system). For the inner
nitrogen hole excitation in comparison to the outer one,
in order to screen the core hole more screening charge
has to be provided either by the CT from the substrate
(according to the recent many-body calculation, the cr

screening will be much more significant because of a
weaker vr bonding ), or by the 2m. resonantly excited elec-
tron. This is represented in the much smaller difference
between the NEXAFS energy and XPS energy for the
inner nitrogen hole excitation than the outer one. The
weaker the coupling of the hole state, the closer to the
NEXAFS energy is the XPS lowest energy (for the same
substrate).

Now we proceed to the discussion on the similarity of

the DES and AES spectra. For the CO/Ni system, if the
2~ electron moves to the substrate band before the parti-
cipant and spectator Auger decay starts, then the DES
spectrum will become identical to the normal AES spec-
trum. However, if the 2m. electron stays (spectator auger
decay) or decays by the participant Auger decay, then the
DES spectrum will become the autoionization spectrum.
When the spectator and participant Auger decay occur,
is there any possibility that the Auger kinetic energy
(KE) of the normal Auger decay and autoionization be-
comes identical so that the DES spectrum and the normal
AES spectrum become very similar? For the CO/Ni sys-
tem, the Auger KE difference between the normal Auger
decay (the final state is two holes i and j) and the specta-
tor Auger decay (the final states is two holes i and j and
the spectator 2m electron} is given by U„,—U;, —UJ,
[here U is the effective Coulomb interaction between the
hole and the 2m. electron (a)]. Using the equivalent core
approximation and relevant inverse photoemission and
valence-hole photoemission data for the NO/Ni system
(see references in Ref. 3), we find that U„, is almost
zero. This implies that U, , may also be negligible and
the presence of the 2m electron will be negligible for the
spectator decay. If so, then normal Auger decay KE and
the spectator Auger decay KE become identical. In this
case the Auger decay rates also become very similar.
For the participant decay the same kind of analysis shows
that it seems to be not possible that the participant Auger
decay KE and the normal (backbonding) Auger decay
KE become identical. If the 2a electron stays before the
decay occurs, there is a possibility that between the DES
and AES spectra one may see the spectral feature
differences only in the participant Auger decay region.

For the weakly coupled system (assuming that the XPS
lowest-energy state is the vr CT shakedown state} the
Auger KE difference between the spectator and normal
Auger decay will be Ud „—Ud, —

Ud . For the partici-
pant decay, it will be Ud &,

—Ud; —Ud, . Here d is the
mM hole. If the presence of the hole in the substrate in
the screened core-hole state is negligible, the Auger KE
will become identical and both spectra become very simi-
lar.

Wurth et al. interpreted the double-peak structure in
the carbon AES spectrum of the CO/Cu system and the
DES spectrum of Cr(CO)6 and the absence of one of the
peaks in the AES spectrum of Cr(CO)6 as due to two
differently screened initial core-hole states for the CO/Cu
system. First of all we consider the AES spectrum of
Cr(CO)6. The prominent peak around 268 eV (peak 2 in

Fig. 12 in Ref. 13; in this paragraph, the spectra in Ref.
13 are referred to unless otherwise stated) is most likely
the So m.

M state, in accord with the interpretation by
Jenisson et al. ' This peak corresponds to peak 1 in the
oxygen AES spectrum in Fig. 11. The intensity is much
reduced in the oxygen spectrum, as it should be. The
4o mM' state is seen on the shoulder of peak 2 in the ox-

ygen AES spectrum (Fig. 11). Peak 1 of a small intensity
in the carbon AES spectrum (Fig. 12) is most likely the

state. As the polarization of the m~ bonding orbital
toward the ligand in the presence of the core hole is
small, the intensity of peak 1 is very small. The peak is
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missing in the oxygen spectrum because of the greater lo-
calization of the ~~ bonding orbital on the carbon site.
The largest KE peak in the DES spectrum is the 5o. par-
ticipant Auger decay (autoionization) peak and is not re-
lated to the largest KE peak (nl state) in the AES spec-
trum. The absence or the small intensity of the largest
Auger KE peak in Cr(CO)& data does not imply the ex-
istence of the two differently screened initial core-hole
states for the CO/Cu system.

The AES spectrum of the CO/Ni system may be inter-
preted in the same way. The largest KE peak (peak 7 in
Ref. 2) is most likely the m~ states. The intensity of this
peak is also very small because of a rather small polariza-
tion of the m.M bonding orbital toward the ligand in the
presence of the initial core hole. This is in accord with
the recent many-body calculation of the core-hole spectra
of NiCO. Peak 6 (in Ref. 2) is the 5cr 'n.~' state, in ac-
cord with others. ' As suggested by Wurth et al. , the
40. 'm.~' state is hidden on the shoulder of the prom-
inent peak at 515 eV in the oxygen AES spectrum. The
SCF-Xa-MS (multiple-scattering) calculations of the
final-state two-hole spectra of NiCO by Laramore' show
that the energy difference between ~~ and 5u
state (and 4cr '~~' state) is 4.0 (and 8.6 eV), which
agrees well with the experimental value of 3.6 eV (and 8
eV) for the CO/Ni system. For the CO/Cu system, the
assignment of the double-peak structure is the same as
for the CO/Ni system; however, the intensity of peaks 6
and 7 increases substantially in the CO/Cu system. Koel,
White, and Loubriel' also noticed a higher intensity of
peaks 6 and 7 in comparison to those of the other sys-
tems. For the CO/Cu system, as the XPS lowest-energy
state is most likely the CT shakedown state, the Auger

decay for peaks 6 and 7 can be seen as the participant
Auger decay in the presence of the hole in the substrate.
The 2~ electron fills the core hole and the m~ electron is
emitted from the bonding orbital (peak 7). For peak 6
the 5o. electron is emitted instead of the mM electron.
The participant decay rate is much larger than the nor-
mal Auger decay rate. One expects, then, a substantial
intensity increase in both peaks for the CO/Cu system in
comparison to the CO/Ni system. One may also see peak
7 as the final state two holes created in the 2~ character
bonding orbital. The variation of the double-peak inten-
sity according to the different systems reflects the degree
of the polarization of the bonding orbital in the presence
of the initial core hole. Baker, Canning, and Chesters'
suggested that narrower and relatively more intense lines
reflect that the screening electron density of states is
sharper and more localized to the ligand for the CO/Cu
system. The intensity of peak 7 is higher than that of 6
because the Auger decay for peak 7 dominantly "con-
sists" of the intra-atomic Auger decay which involves the
two p (l = l ) hole and the d (I =2) continuum atomic or-
bitals. This atomic Auger decay is very large in compar-
ison to other decays. ' If the double-peak structure is
due to two different initial core-hole states, then we
should be able to see the double-peak structure for the
4o. mM state in the oxygen AE spectrum. No corre-
sponding extra peak has been seen in the spectrum.
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