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High-Resolution C 1s and 0 1s Core-Excitation Spectroscopy
of Chemisorbed, Physisorbed, and Free CO
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(Received 23 April 1984)

High-resolution soft-x-ray excitation spectra are reported for free CO, CO condensed on
Au at —20 K, and CO chemisorbed on Ni(111). Chemisorption increases dramatically the
widths of the C and 0 ls 2m' transitions from ( 0.2 to 2.2 eV for C 1s and from 1.15 to
3.5 eV for 0 1s. Shifts of 0.3 eV (for C ls) and 1.7 eV (for 0 ls) towards lower energy are
resolved for the first time and are explained in terms of the electronic distribution in excited
CO.

PACS numbers: 76.60.6s

Core-level excitation spectroscopy probes unoc-
cupied valence orbitals by making a transition from
a core level to a valence state with soft x rays. In-
teresting new results have emerged since the C 1s
and 0 1s levels became accessible. ' This technique
has the capability to be site specific but the disad-
vantage to be affected by the electron-hole interac-
tion. We have taken the CO molecule as a model
system to get a better understanding of the elec-
tron-hole interaction for free, physisorbed, and
chemisorbed molecules. Of particular interest are
the valence orbitals of CO that are involved in the
bonding to a surface. Current models emphasize
two mechanisms: a charge transfer from the occu-
pied Scr orbital towards the surface and a back
donation of charge from the surface into the unoc-
cupied 2m' orbital. The orbital shifts associated
with chemisorption and physisorption have been
measured by use of photoemission and inverse pho-
toemission for filled and empty orbitals, respective-
ly. The chemical shift, however, is masked by a re-
laxation shift since the substrate screens the hole
produced in photoemission (or the electron that is
added in inverse photoemission). This difficulty
calls for a different probe which leaves the molecule
neutral and minimizes screening effects, such as
core-level absorption or electron energy-loss spec-
troscopy.

Previous core-level absorption measurements of
chemisorbed CO were not able to resolve any shift
or broadening of a core-to-2~' transition that went
beyond the experimental limits. Our high-
resolution measurements show that there exist sig-
nificant shifts when going from free CO to chem-
isorbed CO. The 0 1s 2m' transition is affected
more strongly than the C 1s 2m" transition
despite the fact that CO bonds to the metal with the
C end. We interpret these results on the basis of
different electron distributions in ground state CO,
C-1s-excited CO, and 0-1s-excited CO. This can be
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viewed as a new type of electron-hole interaction.
We also propose a simple way of accounting for the
Coulomb interaction between the electron and the
hole for chemisorbed CO. The large width of the
transitions for chemisorbed CO is dominated by the
width of the 2m-' orbital which hybridizes with Ni
4s,p states.

The experiments were performed with a new
high-resolution 6-m/10-m toroidal grating mono-
chromator which is described elsewhere. 5 We mea-
sured the yield of photoelectrons above = 100 eV
kinetic energy which is proportional to the absorp-
tion coefficient provided that the mean free path of
the photoelectrons (or the sample thickness) is
small compared with the absorption length. For
gas-phase CO the transmission through a column of
3 m length was measured with use of a Na-salicylate
phosphor with a photomultiplier. In order to assure
reproducible photon energy and resolution settings
compatible with the high resolution of the experi-
ment we always used solid CO as a reference by
moving a cryostat with condensed CO in and out of
the beam.

Figure 1 shows the absorption coefficient for the
core-to-2m" transitions of free CO, CO condensed
on gold ( =10 layers at 20 K), and CO chem-
isorbed on Ni(ill) (saturation exposure at room
temperature). In going from free to condensed CO
no changes are detected for the 0 1s 2m' transi-
tion within the experimental accuracy of 0.05 eV.
We assume that there are no significant changes for
the C 1s 2~' transition, either. For CO chem-
isorbed on Ni(111) a substantial shift towards lower
transition energies is observed (0.3 eV for C ls and
1.7 eV for 0 ls). The width increases dramatically
from 0.1 eV for individual vibronic levels of free
CO to 2.2 eV for the C ls-to-2m' transition. The
larger width of the O ls gas-phase transition (1.15
eV s 7) is due to unresolved vibronic structure and
does not represent the intrinsic level width which is
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FIG. 2. Orbital plots for the 2m" orbital of free CO:
(a) the virtual 2m

' orbital of ground-state CO, (b) the
2vr' orbital of CO, (c) the 2m' orbital of excited CO
with an 0 ls hole, and (d) the 2m" orbital of excited CO
with a C 1s hole. In the presence of an 0 1s hole the 2n'
orbital has a larger charge density at the carbon end of
the molecule (left-hand side) than in all other cases.
This causes a large chemisorption shift (see Fig. 1).
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FIG. 1. Core-level excitation spectra for solid CO and
chemisorbed CO on Ni(111). The shifts and the
broadening are mainly due to changes in the 2m' orbital
upon chemisorption. Vibronic fine structure is resolved
for the C 1s excitation in solid CO but unresolved for the
0 1s excitation.

expected to be similar to the C 1s 2m' transition.
%e discuss first the excitation energy shifts and

then the widths of the transitions. Compared with
photoemission and inverse photoemission the re-
laxation energy associated with core excitation is
very small since we are dealing with an essentially
neutral entity. Through the mixing of the 2m' or-
bital with the metallic states there will be a certain
charge transfer (somewhat different than in the
ground state) but the associated relaxation energy is
smaller than the relaxation energy Ez of 2m" in in-
verse photoemission by a factor (I'/ W) 2, where I' is
the 2m' width and 8'is the bandwidth of the metal
band. In general, then the relaxation energy will
be (0.5 eV.

In order to understand the trend in our data we
use the simple equivalent-core picture. In this pic-
ture, an atom with a core hole is considered
equivalent to an atom with a unit-higher atomic
number so that CO+(C ls ') is equivalent to NO
while CO+(0 ls ') is equivalent to CF. In the
CO ground state, because of the electronegativity
difference between C and 0, the occupied 1m orbi-
tal has a higher amplitude on the 0 atom and the
orthogonal 2m' orbital has its highest amplitude on
C. This trend is seen in orbital plots obtained by
self-consistent-field calculations on CO [Fig. 2(a)].
Since N has higher electronegativity than C, the2'' amplitude in NO will be more evenly distribut-
ed between the two atoms than in CO and this trend
is seen in the 2m' orbital of C 1s 2m'-excited
CO [Fig. 2(d)]. Finally, since F has higher elec-
tronegativity than 0, the 2m' orbital of 0 1s 2m'
CO will be concentrated heavily on the C atom [Fig.
2(c)]. The metal-CO interaction will be maximized
when the overlap of the 2m' orbital with the metal
is highest. From the above discussion, this should
happen in the 0 1s 2m' excited state which has
high 2n" amplitude on C (CO bonds to the metal
with the carbon end), in agreement with our find-
ings. The 0 1s 2m' transition shifts to lower en-
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ergy for chemisorbed CO in qualitative agreement
with theory. '

It is interesting that in a previous lower-
resolution study of CO/Ni(100) no shifts in the ex-
citation energies between the gaseous and chem-
isorption phases were found within the experimen-
tal limits of 0.5 eV. We speculate that the cause
for the differences between CO/Ni (111) and
CO/Ni(100) is due, at least partially, to the dif-
ferent extent of 2'' involvement in the bonding to
the two Ni surfaces. Under the conditions in which
the two experiments were performed, CO on
Ni (100) is terminally bonded" while CO on
Ni(111) is predominantly bridge bonded. '2 The
stronger involvement of charge back donation to
the 2m' orbital in the higher-coordination sites is

reflected in a larger reduction in the C-0 stretch fre-
quency"' and also suggested by cluster calcula-
tions. ' Such a sensitivity of the 0 1s 2~' transi-
tion to the adsorption site could be very useful for
studying site-specific catalytic reactions and the in-
fluence of promoters such as K.

In Fig. 3 we summarize the orbital energies ob-
served with photoemission (CO+ + e), inverse pho-
toemission and resonant electron scattering (CO
e), and photoabsorption (arrows ht ) and compare
them with the corresponding calculated excited-
state orbital energies for a Cu5CO cluster. ' The
calculated ground-state orbital energies are also
shown because they are often used to discuss the
energetics of chemisorption but cannot be mea-
sured directly. One can see from Fig. 3 that the
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FKJ. 3. Energy diagram showing orbital shifts in various states of free CO and chemisorbed CO. Full lines are from
data for CO/Ni(111) (see Refs. 7, 14, and 15); dashed lines are from a first-principles self-consistent-field calculation
for a Cu5CO cluster (Ref. 10). The length of the arrows hv represents the excitation energy in photoabsorption. Uis
the electron-hole interaction energy.
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chemical shift of the ground state is almost unob-
servable because it is nearly cancelled when making
a core-to-2m' transition and because it is obliterated
by relaxation shifts in photoemission and inverse
photoemission. It has been emphasized that the
transition energy in photoabsorption should be
lowered relative to the difference between the lev-
els measured with inverse photoemission and pho-
toemission (see Fig. 3) by the absent electron-
electron repulsion energy, U(ls, 2m') (or equiv-
alently, lowered by an electron-hole attraction).
We can therefore express the 2m' energy as
e(2m') =e(ls)+E,„,+ U(ls, 2n'), where the or-
bital energies e are experimental values and as such
they contain relaxation energy (Ett) contributions.
Upon chemisorption the relaxation effects raise the
ls level by En(ls) while the 27r' energy is lowered
by Ett (2n'). Since the excitation energy for a tran-
sition between these two levels is not significantly
affected by relaxation the effective electron-hole in-
teraction Uhas to change. Here we follow a simple
heuristic approach and write U= U —2E& so that
the excitation energy is unaffected by relaxation.
The physical basis behind the expression for U lies
on the fact that the electron-hole attraction is re-
duced by the repulsive interaction between the elec-
tron in 2m' with the negative surface charge density
induced by the 1s hole and by the analogous repul-
sion between the hole and the positive charge den-
sity induced by the electron. For free CO the
electron-hole interaction is U(C1 s, 27r ) = 10.6 eV,
for chemisorbed CO we find U(Cls, 2m. ) =1.4 eV,
and for solid CO we find U(Cls, 2m) = 6.1 eV.

The large width of the core excitations of chem-
isorbed CO is dominated' by the width of the 2m'
orbital, as one can see from the comparable width
observed in inverse photoemission. ' The 2m" orbi-
tal is broadened by hybridization with the Ni sub-
strate (mostly 4s,p) states. The extra broadening of
the 0 1s 2'' excitation can be attributed to in-
homogeneous broadening between bridge and on-
top sites.
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