PHYSICAL REVIEW B

VOLUME 33, NUMBER 8

15 APRIL 1986

Interpretation of electronic excitations in coordinated CO systems as observed

by electron-energy-loss spectroscopy

H. -J. Freund* and R. P. Messmer
General Electric Corporate Research and Development, Schenectady, New York 12301

W. Spiess, H. Behner, and G. Wedler
Institut fiir Physiklische und Theoretische Chemie, Universitdt Erlangen-Niirnberg,
Egerlandstr.3, 8520 Erlangen, Federal Republic of Germany

C. M. Kao
Department of Physics, University of Pennsylvania, Philadelphia, Pennsylvania 19104
(Received 18 October 1984; revised manuscript received 26 August 1985)

We present a consistent assignment of the electronic excitations in the electron-energy-loss spectra
(EELS) of free and chemisorbed CO. The experimental data (for excitations up to 15 eV) show that
for a variety of molecular environments (i.e., free, physisorbed, weakly or strongly chemisorbed) the
electronic excitation energies change only slightly. New EELS experimental results for the
CO/Fe(110) system are also presented. In order to gain some understanding as to the possible origin
of this relative constancy in the excitation energies we have carried out a series of ab initio calcula-
tions on the ground state and various excited states of CO and NiCO. In the calculations, the gen-
eralized valence-bond configuration-interaction method has been employed. On the basis of these
calculations it is possible to suggest that when CO is chemisorbed on a metal surface the bond ener-
gies of the surface complex for various excited states (arising from 40— 27 and 50— 2 excitations)
are similar to the bond energy of metal—CO in the ground state. As a consequence, the excitation
energies would be expected to be similar for the gas-phase molecule and the chemisorbed molecule,
consistent with the experimental findings. Calculations are presented also for a charge-transfer exci-
tation from the metal to the molecule. The concepts used for the valence excitations apply as well
for the observed shifts of core-to-bound (C 1s—2w, O 1s—2m) excitations of adsorbed CO, with
respect to gas-phase CO. It is suggested that upon chemisorption the relatively large singlet-triplet
splitting of the core-to-bound excited states observed in the electron-energy-loss spectra of CO in the

gas phase decreases due to interaction with the metal.

I. INTRODUCTION

The assignment of electron-energy-loss spectra' ~!° for
the electronic excitations of CO molecularly adsorbed on
transition-metal surfaces has recently been a topic of ac-
tive discussion. A collection of such spectra for a variety
of adsorbate systems!~7 is shown in Fig. 1. Spectra for
both weakly chemisorbed (Cu) (Refs. 3 and 4) and strong-
ly chemisorbed (Ni, Pd, and Fe) (Refs. 3 and 5—7) molec-
ular CO are presented. On the right-hand side of the fig-
ure, the energies of the primary electron beams are indi-
cated. The controversy in the literature concerns the as-
signment of the shaded peaks as opposed to those marked
with arrows. Netzer!® has recently summarized the vari-
ous assignments, and we shall not repeat all these aspects
here. There seems to be a general agreement, however,
that the shaded peaks are due to intramolecular excita-
tions on the adsorbed molecule, while those marked with
arrows originate mainly (i.e., most of the observed intensi-
ty) from charge-transfer excitations between the metal and
the molecule. The charge-transfer excitations, of course,
have no analog in the free molecule.

The data in Fig. 1 include a high-resolution gas-phase
spectrum as well as condensed solid-phase spectra for the
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noncoordinated CO molecule. These experimental data
show that for a variety of molecular environments (i.e.,
physisorbed, weakly or strongly chemisorbed), the elec-
tronic excitation energies change only slightly with respect
to the excitation energies in the gas phase. This suggests
that when a CO molecule is bound to a metal surface
there is a change in the electronic ground-state energy
which is approximately the same as the corresponding
changes in the electronic excited-state energies.

The plan of the present paper is given in the following.
In Sec. II A we present the experimental methods and new
results and in Sec. II B the theoretical methods and new
results. In Sec. III A we discuss the gas-phase CO valence
spectrum on the basis of existing theoretical calcula-
tions.!”~20 We then use this information in Sec. III B to
obtain an assignment for the intramolecular excitations of
CO in the adsorbed cases. For the new case of a strongly
chemisorbed system, namely CO on Fe(110) at 77 K,2! we
are able to identify excitations at ~8—9 eV and at ~13
eV, i.e., at excitation energies again very similar to the CO
excitations in the gas phase. Reference is made to the
optical-absorption spectra of Ni(CO), (Ref. 22) and
Fe(CO)s (Ref. 23) to locate and identify charge-transfer
excitations in the electron-energy spectra and to discuss
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FIG. 1. Collection of EEL spectra of gas phase CO (Ref. 1),
solid CO (Ref. 2), CO/Cu(poly) (Ref. 3), CO/Cu(100) (Ref. 14),
CO/Ni(100) (Refs. 3 and 5), CO/Pd(100) (Ref. 5), and
CO/Fe(110) (Ref. 7). The primary electron energies (Ep) are in-
dicated.

the intensities of the excitations. On the basis of the col-
lected experimental evidence we derive a consistent assign-
ment of CO adsorbate loss spectra, and develop a simple
theoretical model to understand the experimental observa-
tions. The observed similarities of excitation energies in
loss spectra of free and adsorbed CO can be explained by
considering the response of the metal electrons to the al-
tered electron distribution in the excited state of the mole-
cule. In order to test the simple theoretical model sug-
gested, results of ab initio generalized valence-bond
configuration-interaction (GVB-CI) calculations for the
ground state and two excited states of free CO are report-
ed and compared with those of the corresponding states of
a simple cluster model, namely NiCO.

Some discussion about the motivation for using such a
simple cluster model as a basis for studying the electroni-
cally excited states of molecules on surfaces is appropriate
here. This motivation originates from the success of clus-
ter models as a basis for the interpretation of a variety of
spectroscopic properties of molecular adsorbates, such as
photoelectron emission and vibrational excitation.?*2’
Also very recently, Netzer?® presented an electron-energy-
loss (EEL) spectrum of condensed Iry(CO);, covering ex-
citation energies up to 20 eV. This spectrum was very
similar to the corresponding spectrum of CO/Ir(111),2
indicating that EELS (EEL spectroscopy) mainly probes
the local metal-molecule electronic structure. Further-
more, it was recently proposed by Plummer et al.?’ that
the excitation energies measured by EELS correlate with
the ionization energies measured by photoelectron spec-

troscopy. Plummer et al.?’ implied that as far as the CO
moiety is concerned, the final screened state in a photo-
emission experiment on adsorbed CO may be very similar
to the state produced by electronic excitation (if the exci-
tation results in the same hole and the same excited orbi-
tals as the ionization-screening process). The difference
between the final state in a loss experiment and the
screened final state in a photoionized experiment is the
presence of a hole on the metal in the case of the pho-
toionized state. It was concluded, therefore, that the
electron-loss energies and the ionization energies should
differ essentially by the work function of the metal. In
other words, the binding energy with respect to the Fermi
energy, measured in a photoemission experiment should
be identical to the loss energy, except for the spin-
decoupling energy of a particular state, by which the ioni-
zation energy should be lower.?” The latter is due to the
fact that the final doublet state of a photoionization ex-
periment (assuming an initial singlet ground state) allows
for both singlet and triplet spin coupling of the hole and
the screening electron, which very likely results in the
population of the more stable triplet-couped doublet state.
In an electron-energy-loss experiment, however, usually
the singlet-coupled excited states have the higher oscilla-
tor strengths so that their energies dominate the spec-
trum.>?%?° In Sec. III B we shall analyze our results from
this point of view. We show that the excited states popu-
lated in an EELS experiment look, on the CO moiety, like
screened ion states, thus providing additional support for
the approach outlined by Plummer et al.”’

In Sec. IV we apply the concepts developed for the
valence excitations to recently observed core-to-bound ex-
citations,’®>! and show that the same concepts can be
used in the latter case. It is observed that the core-to-
bound excitations are ideally suited for an analysis in
terms of screening due to the localization of the core hole
which is more pronounced than the localization of the
valence holes. The limiting case of an equivalent core ap-
proximation leads to an appropriate description of the
core-to-bound excitations. In Sec. V some remarks on the
comparison of photoemission and electron-energy-loss
spectroscopies are made and a final summary is given.

II. METHODS AND RESULTS

A. Experimental

The experiments were performed in a Vacuum Genera-
tor ion-pumped Auger-electron spectroscopy low-energy
electron-diffraction (AES-LEED) system equipped with
standard LEED optics. The base pressure was kept in the
low-10~'-Torr range. The Fe(110) crystal was mounted
on a temperature-controllable manipulator and cleaned by
repeated sputter-anneal cycles as described elsewhere.?!
The cleanliness of the surface before adsorption was mon-
itored with Auger spectroscopy. Commercially available
highly purified CO was used as adsorbant (2 L exposure; 1
L=1 langmuir=10~% Torrsec). The composition of the
residual gas was checked with a quadrupole mass spec-
trometer and the surface potentials were recorded by a vi-
brating capacitor. Parallel to taking the EEL spectra,
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He1 photoelectron spectra using a microwave-driven uv
discharge lamp>? were recorded to check whether dissocia-
tion of the adsorbate had taken place. The EEL spectra
were recorded using the LEED optics as discussed in de-
tail elsewhere by Papp.’? The primary electron energy
was varied from 35 to 130 eV.

The results on the adsorbate-covered surface are shown
in Fig. 2 together with the corresponding difference spec-
tra. For comparison (see Fig. 1) the spectrum with 55 eV
primary electron energy will be used exclusively for the
further discussion. The series of spectra shown in Fig. 2
merely serves to demonstrate that the shoulder at 8 eV
loss energy is not an artifact of one particular primary
electron energy. The small intensity of the shoulder at 8
eV is probably why it is usually not observed in CO adsor-
bates on transition-metal surfaces. From inspection of the
difference spectra it seems as if there is intensity filling in
between the intense peaks at around 6 and 13 eV loss ener-
gies as the primary electron energy decreases. Whether
this is due to states between 10 and 12 eV loss energy
known in the free molecule cannot be decided on the basis
of these experiments. Also note that the position of the
maximum of the peak at ~13 eV loss energy seems to
move to higher loss energies as the primary electron ener-
gy increases. This may be due to a redistribution of oscil-
lator strength as a function of electron energy, indicating
that several states overlap in this energy-loss region.

B. Theoretical

The basis set for the first-row atoms (C, N, and O) used
in the calculations were of valence double-zeta plus polari-
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zation quality.’® For Ni, the Ar core was replaced by a
modified effective potential,>* the 3d, 4s, and 4p basis sets
were of double-zeta quality.’> The s combinations of d-
type basis functions were excluded.

Calculations were carried out in the following set of
molecules (states are given in parentheses): CO (ground
state, !2+), CF (ground state, 2IT), NO (ground state, 2II),
CI (C 15—2m, ’II), CO (O 1s—2m, *IN), CO (40—27,
), CO (50— 2, *I), NiCO (ground state, '3 %), NiCO
(C 1s—2m, "D, NiCO (O 1s—27, M), NiCO
(40—27, 'l NiCO (50—27, '), NiCO
(40+Ni 3dmr—27m + Ni 4s, !'Z*), NiCO (50+Ni
3dm—27m + Ni 4s, '=+), and NiCO (Ni—27 charge
transfer, '=+). The calculations on NO and CF merely
serve for reference purposes when we discuss the nature of
the excited states of CO and NiCO. In all calculations the
GVB perfect-pairing (PP)*® wave functions were first ob-
tained. The orbitals were required to have C,, symmetry.
The three bonds in CO (one o and two 7 bonds) were
pairwise-correlated. For the ground state of the NiCO
cluster, which has been shown to have '3+ symmetry,2*3’
six pairs in total were formed, namely three pairs on the
CO moiety and three pairs on the Ni (the four Ni- elec-
trons with § symmetry remained uncorrelated).

For all the excited states of NiCO the wave functions
contained five correlated pairs plus two open-shell orbi-
tals. Again, the three CO bonds were pairwise-correlated.
For the state of Il symmetry the four Ni 3d7 electrons
were pairwise-correlated. The excited states of NiCO
with 2 symmetry correspond to doubly excited molecules
with respect to the ground state, because in addition to the
o— 21 excitation on the CO moiety a 3dm—4s excitation

Fe(110)/CO
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FIG. 2. Electron-energy-loss spectra and difference spectra of CO/Fe(110) for six different primary electron energies (Ep). The
positions of the peaks used for discussion in the text are indicated in the difference spectra.
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takes place on the Ni atom. Of the remaining three Ni
3dm electrons, two are correlated to form a pair and the
third one is pairwise-correlated with the 27 electron on
the CO moiety. The Ni 4s electron as well as the CO o
electron are treated as open shells. The only X state treat-
ed differently is the NiCO charge-transfer excited state.
Here, in addition to the three correlated pairs on the CO
moiety only two Ni 3dm electrons were pairwise-
correlated. One 3dm electron was transferred to the CO
241 orbital and the other one remains on the metal atom,
thus forming two open shells, which are singlet-coupled.
By choosing the procedure of only correlating the 3dw
electrons for all the excited states, we feel that we ade-
quately treat 3 and II states on the same footing at the
least expense. In particular, the accuracy of the excitation
energies are comparable to each other and thus should be
meaningful if one is interested in investigating trends.

The wave functions generated using the GVB-PP calcu-
lations for excited states may not represent pure eigen-
functions for the states under consideration.® These wave
functions are, in general, not orthogonal to lower states of
the same symmetry (e.g., for the II states), and in the case
of the I states they may contain contamination from A
states due to the chosen C,, symmetry. Therefore the
states have to be orthogonalized and symmetry-projected,
respectively. This is accomplished by a limited CI calcu-
lation in a nonorthogonal basis, i.e., the resonating GVB
(RGVB) (Ref. 38) procedure. The final wave functions
that one calculates in this manner are approximations to
pure spectroscopic states. The excitation energies calcu-
lated from RGVB are, of course, upper bounds to the true
excitation energies. This means that we cannot expect the
results to be as reliable as those of a full CI calculation,®
but we regard the trend reflected in the results to be com-
parable with experimental results in a semiquantitative
manner.

Figure 3 shows diagrammatically our results for the ex-
citation energies from the ground state of free and coordi-
nated CO to two valence excited states. These latter excit-
ed states involve the excitation of a 5o or 40 electron of
CO into the unoccupied 27 orbital. The result for free
CO is shown in the middle. On the left-hand side the re-
sults for the X states are shown for two different Ni—CO
bond lengths, namely 1.52 A (ooptimized geometry value
for the ground state)** and 1.65 A. On the right-hand side
the results for the IT states are displayed. The energy is
referenced to the sum of total energies of the infinitely
separated CO and Ni (with the Ni in its 3d°4s configura-
tion ’D). States involving the same electronic excitations
are connected by dashed lines. The excitation energies are
given in Fig. 3. The excitation energies from the ground
state of NiCO to the charge-transfer state is 8.2 eV. The
excitation energy from the ground state of CO to the
’=*(50—2m) state is 5.6 eV, with a calculated singlet-
triplet splitting of 3.2 eV for the 50— 27 excitation.

III. DISCUSSION
A. CO gas-phase valence spectrum

There have been several theoretical attempts to assign
the gas-phase spectrum of CO. Among them are the pa-
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FIG. 3. Total energy level diagram for 50— 27 and 40 —27
excitations in CO and NiCO at two metal-CO bond lengths
(1.52 and 1.65 A) using the RGVB procedure. The zero of the
energy scale refers to the sum of total energies of CO and Ni at
infinite separation. The excitation energies are given as total en-
ergy differences between the two states involved in a transition
(connected by an arrow). GS represents the ground state. The
CO bond length was kept at 1.16 A for all calculations.

pers by Asbrink et al.!” using the semiempirical HAM3-

algorithm, ab initio calculations by McKoy and co-
workers,'® Rauk and Barriel,'’® and Cooper and Langh-
off.2° Table I shows the assignments of the experimental-
ly observed transitions in CO up to 14 eV (Fig. 1) excita-
tion energy on the basis of those papers. The first peak
(at ~6 eV loss energy) in the spectrum at the bottom of
Fig. 1 (multiplied by 10% is due to the 50—27 (a’Il) ex-
citation with triplet spin coupling. The second transition
at ~8.5 eV is due to the same excitation with singlet spin
coupling (A 'TI). Relative to the A 'IT state, the a’33S+
state resulting from the 17— 27 excitation is much too
low in intensity to be visible. The two pairs of states of
2* symmetry and A symmetry are hidden in the vibra-
tional tail of the A 'Il excitation. Their oscillator
strengths are expected to be very small. At 10.8 and 11.4
eV two sharp peaks are observed which, on the basis of
ab initio calculations'® =% are due to Rydberg transitions
with 0—0* character. The ’II state resulting from the
40— 2 excitation is predicted to be in this energy region
but is expected to be of low intensity and not visible.
Cooper and Langhoff?® place the 'S* state originating
from the 17— 27 valence excitation in this energy range,
while Asbrink et al.!7 expect this excitation at 13.2 eV ex-
citation energy. Even though the semiempirical calcula-
tion'” predicts transition energies that are too large, one
may argue that the 17— 21 excitation leads to losses in
the (12—13)-eV energy range.!” Above 12 eV loss energy
one expects a variety of transitions corresponding to Ryd-
berg excitations*® and the 40— 27 (') valence excitation.
As mentioned above, the assignment of valence excitations
to this loss-energy region is consistent with the findings of
Hinz? that only slight changes are observed upon conden-
sation of the gas into a molecular solid. The peaks as-
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TABLE I. Observed and calculated transition energies for free CO.

(Ref. 40) AFL RSM RB CL
Symmetry Energy Type (Ref. 17) (Ref. 18) (Ref. 19) (Ref. 20)
ATl 8.07 50—21 8.1 8.5 8.62 8.21
a1 6.04 5021 5.9 6.0 6.06
Z's+ ~13.2 1r—2m 13.1 11.49
D'A 8.17 17r—27 10.1 10.0 10.04
I's- 8.07 lr—2m 9.5 9.8 9.52 8.07
e33- 7.96 lr—2m 9.5 9.5
d’A 7.58 lr—2m 8.9 8.9
a3t 6.92 lr—27 8.4 7.9
(G)H'I 13.12 40— 21 13.3
n 11.79 4021 11.9
B'z+ 10.78 o—ok 11.4 11.95 10.88
ciz+ 11.39 ook 11.4 12.67 11.68
E'll 11.52 o1} 12.63

signed to Rydberg states on the basis of Table I are
strongly attenuated upon condensation. The losses ob-
served in the gas phase in the region between 10 and 12
eV excitation energy degenerate to a broad shoulder while
the losses due to valence excitations persist in the solid. It
should be mentioned at this point that it is very unlikely,
in contrast to the proposal of Lopez-Sancho and Rubio,'!
that any of the peaks in the gas-phase loss spectra is due
to electron-induced ionization because the first adiabatic
ionization potential of free CO is 14 eV (Ref. 40) and thus
is in a region where the oscillator strengths of the loss
features are decreasing.

B. Chemisorbed CO valence spectra

Having established an assignment for the gas-phase CO
loss spectrum we are now in a position to discuss the loss
spectra of chemisorbed CO. From Fig. 1 we see that,
upon CO adsorption, adsorbate-induced loss peaks are
found with maxima at around 5—6, 8—9, and 13—14 eV,
independent of the heat of adsorption [e.g., from CO/Cu
to CO/Ni, CO/Pd, or CO/Fe the heat of adsorption
changes by about a factor of 2—3 (Ref. 41)]. Very clearly
the peak between 13 and 14 eV remains at basically the
same position as in the gas-phase and condensed-phase
spectra. Note, that the lowest ionization potential of
chemisorbed CO with respect to the vacuum level is close
to 15 eV [Ni(111)/CO].#>~* Therefore the 13-eV peak
cannot be due to CO ionization. In the spectrum of
Spitzer and Liith* a shoulder at 11 eV loss energy is visi-
ble (as for the condensed solid case) although the spec-
trum was taken for a monolayer coverage. The spectrum
of CO/Cu(100) shows considerably higher resolution than
other spectra in this energy range. It is quite possible that
remnants of the Rydberg states observed for the con-
densed solid are also present in this case. For the more
strongly bound cases of CO on Ni, Pd, and Fe, these Ryd-
berg states are either not resolved or are attenuated by the
stronger interaction of the molecule with the surface as
argued by Netzer et al® A particularly interesting spec-

trum is from the adsorption of CO on a Cu film studied
by Avouris et al.’ using a high-resolution spectrometer.
For rather low primary electron energies they find two
peaks, one at around 6 eV and the other between 8 and 9
eV. The peak at 6 eV loss energy is considerably less in-
tense than the one between 8 and 9 eV. It is important to
note that the authors observe the peak maxima at almost
identical loss energies for both monolayer and double-
monolayer coverages. The only difference seems to be
that in the latter case they are able to resolve vibrational
structure similar to that found in the So— 2 (V3II) exci-
tations of the condensed solid and the gas phase. Again,
the energies of the peak maxima of the adsorbate losses
are close to the gas-phase and condensed-phase values.
The main difference in comparison to the gas phase is the
high relative intensity of the 6-eV peak with respect to the
(8—9)-eV peak. This was explained by Avouris et al.® as
due to nonoptical selection rules operative at the low pri-
mary electron energies used in the experiments. The same
authors find two peaks, one at ~6 eV and one at ~8.5
eV, for CO/Ni(100) at room temperature. This is the only
system with strong chemisorption, where in addition to
the singlet-coupled 50— 27 transition the triplet-coupled
transition has been assigned.

In the spectrum of Fe(110)/CO, which represents a
strongly chemisorbed system only the singlet-coupled
peak can be identified. This is possibly due to interference
with the intense charge-transfer peak at 6—7 eV excitation
energy. It could also be due to a quenching of the triplet
emission. The spectrum taken for the Fe(110)/CO sys-
tem, however, exhibits both the singlet-coupled So—2m
excitation and the peak at 13 eV excitation energy as-
signed to the 40— 27 transition.

Summarizing the analysis so far, we find that all transi-
tions observed in the electron-loss spectrum of the free
molecule can be identified in chemisorbed CO. If we
adopt the assignment given above we come to the con-
clusion that for a wide variety of environments of the CO
molecule—whether physisorbed or weakly or strongly
chemisorbed—the absolute and relative excitation energies
as observed in an electron-loss spectrum do not change
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significantly from the excitation energies of the gas-phase
molecule. This means that the “binding energies” of the
CO molecule in the various ground and excited states
(frozen-ground-state geometries) under consideration must
be very similar. To be specific, the spectra of Fig. 1 sug-
gest that independent of the heat of adsorption, the bind-
ing energy of the ground state of CO to a metal must be
the same (to within the error of determining peak posi-
tions) as the binding energies of the excited states to the
metal. Thus, this leaves the relative excitation energy as
well as the absolute excitation energies in chemisorbed CO
very similar to the corresponding quantities in gas-phase
CO.

Up to this point we have considered only intramolecu-
lar excitations on the CO molecule. In addition to the
peaks due to these excitations, we expect, as already sug-
gested by Netzer et al.,*!* charge-transfer excitations to
occur. The latter excitations, of course, have no analog in
the free molecule. We estimate the loss energies to be of
the order of 6—7 eV for those transitions. This is the en-
ergy range marked by arrows in Fig. 1. There is, howev-
er, a problem of definitely assigning these transitions in
the adsorbate spectra, because of the presence of intrinsic
metal excitations in exactly the same energy region. One
might argue that the analysis of difference spectra could
resolve the difficulty but this would rest on the assump-
tion that the intensity of these intrinsic metal excitations
does not change upon adsorption, an assumption which is
probably not valid.> Therefore one can certainly not as-
sign all the intensity in this energy range to charge-
transfer excitations.

It is possible to make progress toward a solution of this
dilemma by comparing the optical excitation spectra of
transition-metal carbonyls with the loss spectra of chem-
isorbed CO. This is based on the premise that a small
number of metal atoms should lead to a reduced contribu-
tion to the measured oscillator strength by metal excita-
tions, and should therefore allow one to estimate the ener-
gy and intensity of charge-transfer excitations in coordi-
nated CO systems.*’ Unfortunately, there are very few
spectra reported which cover a reasonable energy range
for simple transition-metal carbonyls. Schreiner and
Brown?? reported the spectra of Ni(CO), and Cr(CO)¢ and
Dartigneuave et al.?3 the spectrum of Fe(CO)s up to an
excitation energy of 6.5 eV. Dick et al.*® presented an as-
signment of those spectra indicating that the absorption
feature with a maximum between 6 and 7 eV, present in
all carbonyl spectra,”>? is due to metal to CO charge-
transfer transitions. The molar extinction coefficient (e) is
of the order of 10° for these complexes.”? Less intense
bands at ~5 eV (e~10% were also assigned to charge-
transfer transitions. Intra-atomic transitions on the metal
were proposed as an assignment for the very weak bands
between 5—6 eV excitation energy.*® To our knowledge
local ligand excitations in transition-metal carbonyls have
not yet been observed with optical spectroscopy. Howev-
er, we can try to compare the experimentally observed os-
cillator strengths of charge-transfer transitions in car-
bonyls with the oscillator strength of the intramolecular
50—2m excitation in the free molecule. The latter has
been found to be 0.195 (Ref. 1), thus corresponding to a

molecular extinction coefficient of roughly 10*. This
value is a factor of 10 smaller than that found for the
charge-transfer transition and therefore consistent with
the low intensity of the shoulder at 8.5 eV relative to the
intense peak with maximum between 5 and 6 eV.
Netzer?® recently presented an EEL spectrum of con-
densed Ir,(CO);, covering excitation energies up to 20 eV.
This spectrum was very similar to the corresponding spec-
trum of CO/Ir(111),%? indicating that this probe sees
mainly a local metal-CO interaction.

Summarizing our considerations about charge-transfer
excitations we come to the conclusion that charge-transfer
excitations have to be taken into account and that their
excitation energy should be of the order of 6—7 eV. Com-
bining this information with our assignment of the in-
tramolecular excitations, we arrive at a consistent inter-
pretation of the loss spectra over the full energy range
from 0 to 15 eV excitation energy. Is it possible, however,
to rationalize this assignment on the basis of concepts
used in understanding the bonding of CO to a metal sur-
face?

C. NiCO model of the valence spectra

The bonding of a CO molecule to a Ni atom arises
through a o-donor—m-acceptor bonding mechanism
which results in a 'S+ state.’*37 As previously pointed
out,”* the ground state of NiCO has a wave function
which is a mixture of Ni 3d'° and Ni 3d°4s! character,
with the former being an important contribution. We
consider here for the excited states only the individual
components of the Ni-atom character which are most im-
portant in describing the excited states. This is an ap-
proximation dictated by computational considerations.

To visualize the synergetic bonding mechanism in
NiCO, consider Figs. 4 and 5, which show orbital contour
plots for the ground states of free CO and NiCO (Ni—CO
bond length 1.52 A), respectively. Figure 4 shows, from
the bottom to top panel, the left-right correlated CO o-
bond pair (30), the oxygen lone pair orbital (40), one of
the two degenerate CO m-bond pairs (17), and the carbon
lone pair orbital (50). The nature of these orbitals has
been discussed in detail by Walch and Goddard.*’ Figure
5 shows some of the corresponding orbitals of NiCO. The
30 and 40 orbitals for NiCO are essentially identical to
those of the CO molecule and therefore are not shown.
The 50 orbital becomes slightly polarized towards the
metal. Panel (b) of Fig. 5 shows the Ni 3do+4spo pair.
We note that the Ni 4s orbital character is rather small
because the metal-CO interaction favors the Ni d'° con-
figuration as shown previously.”® In this configuration
the strong CO 50-Ni 4s repulsion is avoided as compared
with a Ni atom in its 3d°4s' configuration, and the CO
molecule can come sufficiently close to the Ni atom to al-
low for back donation. Panel (a) of Fig. 5 shows the
transfer of metal electrons into the unoccupied (in the free
molecule) 27 orbital of CO, i.e., the Ni 3dm to CO 27
back donation. The other occupied Ni orbitals are not
shown, since they do not contribute to the bonding.

With the above background, we are now prepared to
consider the valence excited states of the system. We start
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with a discussion of the 40— 27 excitation; it is an “in-
tramolecular” CO excitation. The excitation energy into
the singlet state of the free molecule is calculated to be
14.4 eV (Fig. 3). Figure 6 shows orbital contour plots for
this state. Besides the existence of two open-shell orbitals
(40 and 27) which are shown in the two top panels, there
are marked differences in several orbitals as compared
with the ground state. The doubly-occupied o orbitals
and correlated orbital pairs all become polarized towards
the oxygen atom due to the creation of the 40 hole. The
two 17 pairs are no longer identical (in C,, symmetry)
and are shown separately. While one component retains
its character from the ground state the other one strongly
polarizes towards the oxygen atom. The 27 electron is
mainly localized on the carbon atom. The 40 orbital delo-
calizes into the carbon region although its main amplitude
is still on the oxygen atom. As expected, overall the
40— 27 excitation leads to electron depletion in the o re-
gion and to electron enrichment in the 7 region as com-
pared with the ground state. Next, we consider how this
excited state CO wave function interacts with a Ni atom.

CO GROUND STATE
0 C

(c) 4¢

@ Wy

(d) 3o

FIG. 4. One-electron orbital contour plots of the GVB-PP
wave function for the ground state of the free CO molecule.
Electrons which are pairwise correlated are shown within one
panel. Only one of the two equivalent sets of 7 orbitals is
shown.
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In contrast to the NiCO ground state, in which the
3d' configuration of Ni is particularly important, the
NiCO excited states may have considerable 3d°4s! char-
acter. Hence this possibility must be considered. Due to
the above-mentioned electron depletion in the o region
upon excitation of the CO molecule, the repulsion between
the Ni 4s electron and the CO carbon lone pair is reduced
with respect to the ground state. Since the oxygen end of
CO carries most of the 7 charge, the carbon end is still
available for dm back donation.

Figure 7 shows some key orbital contour plots for the
40— 2m excited state of the NiCO cluster with the wave
function restricted to only Ni 3d%4s! character. When
the resulting two open shells, i.e., Ni 4s and CO 40, which
are shown in the two panels at the top [(a) and (b)], are
singlet coupled, the final state has !=* symmetry (with
the proper symmetrization as described in Sec. II). Thus,
the state is doubly excited with respect to the ground state
of NiCO. The CO 27 orbital forms a correlated bond pair
with the Ni 3d7 orbital, panel (c). The CO 17-bond pairs
and the CO o-bond pair are polarized towards the oxygen
atom as in the free CO 'l (40— 27) molecule and there-
fore not shown in the figure. Panel (b) of Fig. 7 shows
that there is still repulsion between the CO o electrons

NiCO GROUND STATE

FIG. 5. One-electron orbital contour plots of the GVB-PP
wave function for the ground state of NiCO at 1.52 A metal-CO
bond length. The state has £ symmetry. Electrons which are
pairwise correlated are shown within one panel. Only one of the
two equivalent sets of 7 orbitals is shown. See the text.
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(e) 30

FIG. 6. One-electron orbital contour plots of the GVB-PP
wave function for the 40— 27 excited state of the free CO mole-
cule. Electrons which are pairwise correlated are shown within
one panel. The orbitals in panels (a) and (b) are open-shell orbi-
tals which are spin coupled into a singlet.

NiCO 40 —27

FIG. 7. One-electron orbital contour plots for some relevant
orbitals of the 40— 27 excited state of NiCO. The orbitals in
panels (a) and (b) are open-shell orbitals which are spin coupled
into a singlet. Panel (c) shows one of the two 7 bonds between
the Ni atom and the CO molecule.
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and the Ni 4s electron. The center of gravity of the Ni 4s
electron distribution is strongly polarized away from CO
s0 as to minimize o repulsion. As can be seen from Fig. 3
(first column on the left-hand side), the interaction of the
excited CO molecule with the Ni 3d%s' configuration
leads to a bound state with a binding energy of 1.8 eV.
This binding energy is the same as that between a ground
state CO molecule and a Ni atom.?* In terms of excita-
tion energies, this means that we do not expect a drastic
change when comparing the gas phase with the adsorbed
CO, because the changes in binding energies in the ground
and excited states for this particular excitation basically
cancel out.

As already noted by Kao and Messmer,** the calculated
metal-CO bond length of 1.52 A is significantly shorter
than the value experimentally suggested for CO adsorbed
on Ni.*® Thus, in order to estimate the effect of an in-
crease in bond length on the excitation energies, we also
have calculated a set of ground and excited states for
NiCO using a larger metal-CO bond length of 1.65 A.
For the ground state of NiCO this leads to a weaker bind-
ing energy by 0.3 eV relative to the calculated optimized
geometry. This is mainly due to a weaker back donation.
For the 'IT (40— 2m) CO, the corresponding binding ener-
gyis ~2.9eV.

A 4027 excitation can also lead to a 'IT excited state
of NiCO. The orbitals for the 40— 27 (') excited state
of NiCO are not shown explicitly because the situation is
very similar to the !2* state discussed above. Except for
the missing CO 50-Ni 4s repulsion and an additional CO
27 electron, the electron distributions are very similar.
Due to the absence of the 50-4s repulsion the binding en-
ergy gained is even larger compared with the earlier case.
The binding energy is ~4.4 eV and does not change for
the two metal-CO bond lengths considered (cf. Fig. 3).
The excitation energy into this excited state of NiCO is
between ~2.9 eV and ~2.6 eV lower than the corre-
sponding excitation energy in the free molecule.

We turn next to a consideration of the 50— 2# excited
states. In the free CO molecule the physics is quite analo-
gous to the one discussed for the 40— 27 excitation. The
charge polarization is now towards the carbon end of the
molecule as expected for the excitation of an electron
from the carbon lone pair. The polarization is not quite
as strong as it was for the 40 transition, due to the more
diffuse atomic orbitals on carbon as compared to oxygen.
The calculated excitation energies are 8.9 eV for the sing-
let transition and 5.6 eV for the triplet transition. As the
polarization in the 7 orbitals is more towards the carbon
atom, we expect the 7 back donation (important in NiCO
for the case of the 40— 27 excitation) to be hampered for
the So0— 27 excitation. One immediately sees the conse-
quence of this from Fig. 3 by looking at the two columns
on the right-hand side. The localized d electrons on the
metal atom and the carbon 27 electron repel each other
leading to a strong destabilization of the 50— 2 excited
T states of the NiCO cluster. The IT state is unbound by
~5—6 eV (depending on the metal-CO distance), leading
to an average excitation energy of 15.5 eV. If, however,
we consider the !2* state arising from the 50— 2 excita-
tion, the molecule is bound. By having one d electron
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less on the Ni atom the repulsion is reduced. The Ni 4s
electron is highly polarizable and shifts its center of
charge so as to avoid the o electrons of CO. This leads to
a bond energy of 0.15 eV at a metal-CQ distance of 1.52
A and a bond energy of 1.05 eV at 1.65 A. The excitation
energy that we calculate for the S0—2% excitation into
the I3+ state is ~9.9 eV (average of the results at the two
distances) which is about 1 eV higher than calculated for
the gas phase.

There is also a charge-transfer (CT) state of '=* sym-
metry which should be considered. Here, a Ni d7 elec-
tron has been transferred into the empty 27 orbital of CO.
The Ni is then left with an open-shell d# orbital which is
singlet coupled to the unpaired 27 electron. The resulting
wave function is very similar to the interaction of an NO
molecule with a Ni* ion. The excitation energy into this
state is 8.2 eV (it has been calculated only for the 1.52-A
case) which is about 1.7 eV lower than to the 50— 27 ex-
cited = state discussed above.

The nature of the states considered can be simply visu-
alized with the aid of Fig. 8, which is a schematic repre-
sentation of the wave functions described above. In the
left three panels the three states of CO considered in our
calculations are shown. The lowest one shows the ground
state. The two diagrams for the 50— 27 and the 40—27
excited states exhibit significant differences in electron
distributions as discussed above. In particular, there is
electron depletion in the 7 space of the carbon atom for
the latter excitation. It is this electron depletion that al-
lows the excited state to be bound to a Ni atom in either
d'® (1) or d°s (2) configuration. In both cases the bind-
ing is strong, and comparable to, if not larger than, in the
ground state where a reasonable bond can only be estab-
lished via the 3d'® configuration. By contrast, the
50— 2m excited molecule has relatively high electron den-
sity on the carbon atom leading to strong repulsion when
interacting with the Ni 3d'° configuration. However, it is
stabilized, although not quite so much as the 40—27 ex-
cited molecule, when interacting with the Ni atom in the

40 — 27 40 —= 271 40— 27
+ + A R
EX IO IO HO (oo
e *‘A\ 0 oS
S¢ — 27 5¢ —= 2% 50 —= 2%
0 L N |l —8
AT ED N Y0 CT> 0D OB D
0 b, 0 O oy 3
o T STATES T STATES
T — T
XD T OCTB0D
ol ~
C 0 Ni C 0
co NicOo*

FIG. 8. Schematic representation of excited states of CO and
NiCO in terms of atomic orbitals. For clarity only one 3d and
one 4s orbital is shown on the Ni atom. For the two atoms of
CO we show a pair of sp hybrids along the CO axis and two p
orbitals perpendicular (one in the plane of the page and one per-
pendicular to the plane) to the CO axis. The dots represent the
occupancy by electrons. Arcs connect electrons that are pair-
wise correlated but occupy different atomic orbitals. In the case
of a polarized electron pair the polarization direction is indicat-
ed by an arrow.

3d’%s! configuration.

Table II compares our calculations with the assignment
given above and with the experimentally observed excita-
tion energies. The first column contains the transition en-
ergies for the most intense features in the spectrum of free
CO and adsorbed CO,* the second column gives the as-
signment deduced from the collected experimental and
theoretical evidence. The third column contains the nu-
merical information presented in this work. If we com-
pare the experimental and theoretical excitation energies
for the gas phase we find that the present calculations

TABLE II. Assignment of the electron-energy-loss spectra of free and adsorbed CO and the loss en-

ergies in eV.
Experiment
(Ref. 49) Assignment Calculations
CO gas phase ~6 M(50—2m7) 5.6
~8.5 (50 —2m) 8.9
~10.8
115 Rydberg
~13.0 eV (40 —2m) 14.4 eV
CO adsorbate ~4—~7 cT* 8.2 (1.52 AP
~6 350 —2m)
~8.0-9.0 (50 —2m) 9.9 (avg) 'S+
(~11) Rydberg
~12.5—-13.5 (40 —27) 11.7 (avg) '
13.7 (avg) '3+
15.5 (avg) '

“Charge-transfer transition.

®Calculation has been done for this bond length only.

Average over calculated excitation energies at 1.52 and 1.65 A.
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overestimate the excitation energies for the singlets and
underestimate those for the triplets.

The calculations support the assignment of the intense
feature at ~ 13 eV as mainly due to the 40— 27 excitation
of the CO molecule, but it would appear there are two fi-
nal states contributing to the spectrum. The region of
lower loss energy seems to be due to the 'II state, the re-
gion of higher loss energy to the '=+ state.® In order to
assess the importance of these two states in the spectrum,
it would be necessary to have theoretical estimates for the
oscillator strengths; unfortunately, we cannot calculate
these at present. There is an experimental hint, however,
that there may be more than one excitation contributing
to the 13-eV spectral feature, namely, the shift of the peak
maximum upon changing the primary electron beam ener-
gy. A study of the angular dependence'® of the distribu-
tion of oscillator strength could help to unravel the prob-
lem since the IT and X final states should have different
angular scattering cross sections. According to our calcu-
lations it is also possible that the 50— 27 excitation con-
tributes to the high energy part of the loss peak, however,
this state may be autoionizing in nature. From this dis-
cussion it should be clear that the determination of inten-
sities is an important issue which needs to be addressed in
future studies in order to provide unambiguous assign-
ments. In the gas phase the angular dependence of dif-
ferential cross sections is significant,! but for oriented
molecules on a surface these dependencies are likely to be
more pronounced.’? Thus, the experimental and theoreti-
cal study of these dependencies should be an important
future concern in the interpretation of electronic EELS.

The very weak peak between ~ 8.5—9.5-eV loss energy
has to be assigned to the !2+ state with 50— 2 charac-
ter. The most intense feature in the whole spectrum (cen-
tered around 7-eV loss energy) is due then to charge-
transfer excitations. We discussed above one specific type
of charge-transfer state which may be contributing to the
spectral features. Intensity borrowing into these charge-
transfer states may be a reason for the small intensity of
the 50 — 27 excitation itself.

It is clear that the calculated results presented in Table
II do not provide a definitive assignment of the spectrum.
However, it is not the objective of this study to present
quantitative numerical agreement between theory and ex-
periment, but rather to discuss possible explanations for
the experimental observations based on a simple theoreti-
cal model. With these limitations in mind, we consider
the results for the adsorbed molecule to be reasonable and
instructive.

IV. CORE-TO-BOUND SPECTRA

Recently, core-to-bound excited states of coordinated
molecules have been observed using synchrotron radia-
tion33! tuned to the C 1s—27 and O 1s— 27 excitation
energies of free CO and adsorbed CO on Ni and Cu sur-
faces. The results show almost no change in excitation
energy compared to the gas phase for the C 15— 27 exci-
tation and a decrease of ~2 eV for the O 15— 27 excita-
tion. If one takes the first moments?’ of the relatively
broad peaks for the adsorbed molecule on Ni(111) the de-
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crease in the O 1s— 2 excitation energy persists (~1 eV)
but there is even a slight increase in excitation energy
(~0.5 eV) for the C 15— 27 excitation.

In the following we analyze these results transferring
concepts derived for the valence excitations to the core-
to-bound excitations. The obvious difference between
valence and core-to-bound excited states is the localized
nature of the core hole of the latter. In order to under-
stand the spectroscopic properties of core-to-bound excit-
ed states of free molecules the equivalent-core approxima-
tion®> has been successfully applied in the past. The
equivalent core analogues for C 1s—27 and O 1ls—27
excited molecules are NO and CF, respectively. Inspec-
tion of the orbital contour plots for the O 15— 2m excited
state of CO in Fig. 9 and the ground state of CF (not
presented here) show that the two sets of valence orbitals
are virtually identical, indicating that we can look at the
core-to-bound excited CO molecule as having the electron
distribution of CF. Compared with the ground state of
CO (Fig. 4) this leads to an accumulation of electronic
charge on the oxygen atom. Qualitatively, this is similar
to the situation found for the 40— 27 excitation discussed
above. Even though a 27 orbital which had a large ampli-
tude on the carbon atom becomes occupied in the excita-

CO 0is—27
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FIG. 9. Orbital contour plots of the GVB-PP wave function
for the O 15— 27 excited state of CO. The orbital in panel (b) is
an open-shell orbital. The O 1s open-shell orbital is not shown.
Then two open-shell orbitals are spin coupled into a singlet.
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tion process the 17 electrons are polarized towards the ox-
ygen atom so that as a net effect the m-space electron pop-
ulation near the carbon atom is somewhat depleted with
respect to the ground state. Due to the localization of the
O 1s hole there is, of course, no depletion in the valence o
system. Using Fig. 9 it is not difficult to imagine what
happens when this core-to-bound excited molecule in-
teracts with a metal atom. The core excited molecule will
be bound similarly to the 40— 2 excited molecule. This
leads to a stabilization of the excited state with respect to
the ground state and results in a shift of the excitation en-
ergies to lower values as observed experimentally.

For the C 1s— 27 excited state, on the other hand, we
expect either no shift or a shift of opposite sign upon
binding to a metal atom. The core-to-bound excited mole-
cule looks like the equivalent core analog (NO), leading to
an accumulation of electronic charge on the carbon atom.
The ability to establish a bond towards a metal atom
through back donation is therefore reduced and this
reduces the bond energy of the excited state with respect
to the ground state. As a consequence the excitation ener-
gy should increase.

At this point a comment is necessary concerning the
coupling of the excited molecule with a metal atom in dif-
ferent electronic configurations. In the case of the valence
excitations the o valence-electron region is depleted in
charge. This depletion favors the interaction of the excit-
ed molecule with the 4s5'3d° configuration of the metal
atom. Therefore, although the metal atom is predom-
inantly in a 3d'° configuration in the ground state of the
NiCO system, valence excitation of the molecule can lead
to a relaxation of the electronic configuration on the Ni
atom. In the present case of core-to-bound excitations the
situation is different. As stated above, the valence-
electron o depletion does not occur and therefore the elec-
tronic configuration on the Ni atom is likely to remain
largely d'° in character. Therefore, for the core-to-bound
excitations of CO adsorbed on a metal surface we consider
only one set of final states ('IT). To what degree the ob-
served large linewidth, particularly for the O 1s—27 ex-
citation in the coordinated case, is related to the electronic
relaxation processes involving various configurations of
the metal atom cannot be answered on the basis of the
present calculations, but such effects cannot be dismissed.

Our comments on singlet-triplet splittings, made in
connection with the valence excitations should hold for
the core-to-bound excitations. Here, the situation is even
simpler in that we only consider II states. We have calcu-
lated singlet-triplet splittings for the gas phase as well as
for the coordinated cases. For the gas phase the value for
the splitting of the C 15— 2 states (1.37 eV) is more than
4 times as large as that for the O 1s—27 (0.27 €V) indi-
cating, in agreement with calculations by Bagus and
Seel,** and experimental results (1.4 eV versus 0.3 eV)?®
that the 27 orbital is more localized on the carbon atom.
For the chemisorbed case we calculate 0.78 eV for the car-
bon excitation and 0.22 eV for the oxygen excitation, thus
providing computational evidence for the qualitative con-
clusions derived above. A more extended discussion of
these results and applications of this analysis will be pub-
lished elsewhere.*’

FREUND, MESSMER, SPIESS, BEHNER, WEDLER, AND KAO 33

V. SUMMARY

As alluded to in the Introduction, photoemission and
electron-energy-loss spectroscopy exhibit certain common
aspects.?” It is the nature of the final-state wave function
that allows one to connect the two spectroscopies. Due to
the screening processes which occur in a photoionization
event, the CO moiety looks like an excited state of the
neutral molecule, with the hole transferred to the metal.
The screening process is so efficient that even ionizations
of CO valence electrons lead to final states with 27 occu-
pation. While electronic excitations, at least in the optical
regime, have to conserve spin, the charge-transfer screen-
ing mechanism in photoemission is not restricted by these
selection rules. Thus, the screening electron assumes the
lowest energy state when it couples to the molecular elec-
trons. Although the net electronic processes in photo-
emission may be similar to those in EELS, the energy
differences in the spectral features of the two can arise
from different spin couplings in the final state of an elec-
tronic excitation compared with an electron transfer due
to screening.

We have argued in the present study that the main
features of electron-energy-loss spectra of valence and
core excited states of adsorbed CO can be understood on
the basis of a local cluster model. The results of GVB/CI
calculations suggest how the observed (valence and core)
excitation energies of adsorbed CO are similar to those ob-
served for free CO. The bond energy gained by bonding
the molecule in various excited states to a metal atom is
very similar to the bond energy of the adsorbed molecule
in its ground state. For certain molecular valence excita-
tions the importance of including electronic relaxation
processes on the metal atom has been demonstrated. For
example, the 50— 27 excited CO molecule favors the in-
teraction with a Ni atom in the 3d°4s! configuration
while the molecule in its ground state is bound via interac-
tion with a Ni atom which is largely 3d!° in character.

Qualitative arguments for the interpretation of shifts
observed for core-to-bound excitations of CO upon ad-
sorption have been presented. While an O1 s — 27 excited
molecule allows for nonrepulsive interactions via d# met-
al back donation to the CO molecule, which leads to a sta-
bilization of the excited state, the C 15— 27 excited mole-
cule does not allow for this interaction and thus leads to a
destabilization of the final state. Accordingly, one expects
the excitation energies to shift to lower values upon O 1s
excitation, and to higher values upon C ls excitation
which is consistent with the experimental observations of
Yugnet et al.3° For the core-to-bound excited states we
have calculated the singlet-triplet splittings explicitly and
found that the rather large value for the carbon excitation
decreases when the molecule is coordinated to a metal
atom.

Finally, we have compared the nature of the final states
of electronic excitations with those observed in a photo-
emission experiment. Due to the similar form of the wave
function on the CO moiety in both cases, one can justify
the comparison between electronic excitation energies and
ionization energies relative to the Fermi energy as recently
proposed by Plummer et al.’ It was noted, that for the
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comparison of photoemission and electron-energy-loss
spectroscopy the separation of singlet and triplet states of
a particular excitation is important.
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