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Angle-integrated ultraviolet photoemission studies of carbon monoxide chemisorption on Cr(110)
confirm the sequential population of two electronically inequivalent molecular binding states
(a,-CO and a,-CO) at 90 K. These are distinguished by differences in the CO 40 binding energies
(AEp=0.8 V) and photoemission cross sections. Work-function measurements indicate that the
surface dipole moment associated with «,-CO is significantly less than that for a,-CO. CO/O in-
teraction data exhibit oxygen-induced a,-CO site blocking and a,-CO— a,-CO binding mode con-
version. These results support current models for the CO binding geometries on Cr(110) and related

binding states on Fe (100) and Mo(100).

I. INTRODUCTION

Ultraviolet photoelectron spectroscopy is a well-
established and powerful tool for determining both the
electronic structure and the molecular orientation of car-
bon monoxide chemisorbed on single-crystal transition-
metal surfaces.!”> With the availability of tunable,
linearly polarized ultraviolet synchrotron radiation, de-
tailed studies of the photoionization cross sections and
resonant photoemission processes are also possible. To-
gether, these are important contributions to our under-
standing of correlations among the CO-metal bonding,
the surface electronic properties, and the observed CO
surface chemistry.

The discovery of a new class of chemisorbed carbon
monoxide on Cr(110),* Fe(111),> Fe(100),*~* and Mo(100)
(Ref. 9) single-crystal surfaces, i.e., adsorbed CO species
that are not direct analogs to common transition-metal
carbonyl complexes,'® provides new opportunities to fur-
ther understand the mechanism and dynamics of catalyt-
ic CO dissociation, and the role of the surface electronic
structure and morphology in this process. The Fe(111)
case is most like CO chemisorption on other metal sur-
faces, since the surface morphology allows the 7 system
of a terminally bonded CO(ads) to interact strongly with
surrounding iron atoms, thereby increasing the back-
bonding and decreasing the CO stretching frequency. On
the three other surfaces, a molecular CO binding state
has been found which (1) is populated prior to, or simul-
taneously with, terminally bonded CO chemisorption
states, (2) exhibits a reduced C-O stretching frequency in
the range of 1100-1500 cm !, and (3) is implicated as an
intermediate or precursor to CO dissociation.

These observations have lead to proposals*®~# that the
bonding of these dissociation intermediates to their
respective metal surfaces involves a greater overlap of the
CO frontier orbitals—particularly the CO 7 system —
with the substrate metal orbitals than can be obtained if
only the carbon end of the molecule is in close proximity
with the surface. This chemisorption bonding is inade-
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quately described by the synergistic backbonding in the
Blyholder!! model. Consequently, atypical local CO
bonding geometries reflecting the Cr(110), Fe(100), and
Mo(100) surface morphologies might be expected. On
the bce (100) plane, the C,, symmetric hollow site en-
ables the CO molecule to be embedded partially among
the metal atoms,® ® whereas on the close-packed bcc
(110) plane, this would be sterically prevented. However,
a tilted geometry in the C,, symmetric hollow site
(“hourglass” site) on the (110) plane could facilitate the
enhanced w-orbital overlap.* The electronic structure
differences implied by this hypothesis motivated the
present ultraviolet photoemission study of CO bonding to
Cr(110).

On Cr(110) below ~150 K, the CO dissociation inter-
mediate, designated as the «;-CO molecular binding
state, was found to saturate with the formation of an or-
dered c(4X2) overlayer at a coverage (©¢p) of - mono-
layer; only after ©.g>0.25 do CO molecules adsorb in
the second binding state (@,-CO). [One monolayer (ML),
O =1, is defined as the number density of surface chromi-
um atoms on the ideal Cr(110) plane, 1.705X 10" cm 2]
Total CO saturation coverage is achieved at ©.5~0.35
monolayers.* In order to explain @,-CO vibrational fre-
quencies in the 1150 cm~'—1330 cm ™! range, as mea-
sured by high-resolution electron-energy-loss spectrosco-
py (HREELS), and a lack of CO" or O" ions in
electron-stimulated-desorption ion angular distribution
(ESDIAD) measurements,* this @,-CO state was pro-
posed to consist of CO molecules strongly tilted or “lying
down” on the Cr(110) surface in surface hollow sites of
C,, symmetry such that both the carbon and the oxygen
atoms are coordinated to the metal; such a configuration
has been postulated by others!>!3 as a plausible transition
state for CO dissociation on metal surfaces in general.
This model is shown in Fig. 1. The important aspect of
this a;-CO model is not the exact geometry of the mole-
cule but the idea that all of the CO frontier orbitals (40,
17, and 50) would be perturbed by their interaction with
the chromium surface. A low-symmetry bonding

12 248 ©1988 The American Physical Society



38 SYNCHROTRON PHOTOEMISSION STUDY OF CO ... ON Cr(110)

Cr(110)/CO 120K
(a) c(4x2)a,-CO LEED
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FIG. 1. Models for (a) ordered c¢(4X2)a,-CO overlayer, and
(b) disordered mixed overlayer for ©¢q > 0.25 ML.

configuration might also serve to break the degeneracy of
the 17 orbitals. It should be noted that a reduced yield
for electron-stimulated desorption (ESD) of positive ions
does not require a tilted or lying down bonding geometry;
this would be a sufficient but not necessary condition to
extinguish the positive ion signal, since the desorbed
CO™" or O' ion would be recaptured by its image
charge.'*

This paper reports CO-coverage-, photon-energy-, and
collection-geometry-dependent angle-integrated photo-
emission data, and work-function measurements for
molecular CO chemisorption at 90 K, expanding upon a
previously published brief report,'> and new data for dis-
sociation and CO/O interaction studies. The experimen-
tal procedures and results are described in Secs. II and
II1, respectively, followed by a discussion in Sec. IV of
plausible models and criteria for future experiments to
test these models.

II. EXPERIMENT

Ultraviolet photoelectron spectroscopic (UPS) mea-
surements using synchrotron radiation were performed
on the surface science beamline'® at the Synchrotron Ul-
traviolet Radiation Facility (SURF-II) synchrotron
storage ring located at the National Institute of Stan-
dards and Technology. The ion and titanium-
sublimation pumped ultrahigh vacuum (UHV) chamber
(base pressure 2X 10~ !! Torr) is equipped with a double-
pass cylindrical mirror electron-energy analyzer (CMA)
with a coaxial electron gun, rear-viewing optics for low-
energy electron diffraction (LEED) and ESDIAD, ion
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sputter gun, quadrupole mass spectrometer, and a move-
able microcapillary array gas doser. CO exposures were
made using either the doser or by backfilling the UHV
chamber, with no measurable spectroscopic differences.

Linearly polarized radiation from SURF-II was
dispersed by a 6-m toroidal grating monochromator!’
(TGM) and was incident upon the Cr(110) crystal in a
plane containing the Cr [110] and [001] aximuths and the
CMA axis. With respect to the crystallographic coordi-
nate system, the component of the photon polarization
vector, A, parallel to the surface lies along the crystallo-
graphic [001] direction.

Figure 2 illustrates the experimental layout and the
definition of the laboratory angular coordinate system
(6),5) used in the following sections. 6,,,=90° corre-
sponds to normal incidence (s polarization) whereas
01, =0° corresponds to grazing incidence. Because the
CMA position is fixed with respect to both the incident
photon direction and its polarization vecter ( A), rotation
of the sample manipulator (which is a rotation of the
crystal about the Cr [110] axis) results in coupled varia-
tions in (1) the photon incidence angle, (2) the effective
polarization vector'®!® (A) at the chromium surface,
and (3) the photoelectron detection geometry and solid
angle. Thus these angle-integrated photoemission data
average over a solid angle in reciprocal space which
varies with the selected 6,,,. Most of the data presented
in this paper were obtained at 68,,,=42°, which included
photoelectron trajectories from normal emission to near
grazing, since this was found to be the optimal
configuration within the experimental constraints for dis-
tinguishing between the two molecular binding states.
Data obtained at other 6,,, values are summarized in Sec.
IID.

The crystal preparation and in situ Cr(110) surface
cleaning procedure have been described previously.*
Auger-electron spectroscopy (AES) and LEED were used
to verify the initial surface cleanliness and the absence
of surface faceting or reconstruction. As in the vibra-
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FIG. 2. (Left) Configuration of the experiment viewed in the
plane of photon incidence, which contains the chromium [110]
(surface normal) and [001] azimuths, the polarization vector, A,
of the linearly polarized synchrotron radiation, the CMA axis,
and the center of the microcapillary array doser when moved
into position. (Right) The angle 6,,,, defined as the angle be-
tween the chromium surface normal and the cylindrical axis of
the CMA, is varied by rotation of the sample manipulator. UPS
spectra including normal emission were taken at 6,,, =42°.
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tional (HREELS) and electron-stimulated-desorption
(ESDIAD) experiments using the same Cr single crystal,
the residual carbon impurity level was found to be less
than 5% of a monolayer (determined by the carbon-to-
chromium AES peak height ratio). The residual surface
oxygen contamination was estimated by a comparison of
the integrated UPS valence-band oxygen intensity on the
sputter-annealed and deliberately oxygen-dosed surfaces,
using the p(4X2)O overlayer as an oxygen coverage cali-
bration point.?® The sputter-annealed Cr(110) surface
typically had less than 0.03 monolayers of residual atom-
ic oxygen, which had only a minimal effect on molecular
binding modes.?!

III. RESULTS
A. Initial surface characterization

Prior to obtaining the CO chemisorption data, the UPS
spectra of the clean Cr(110) surface were recorded to
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FIG. 3. UPS data taken at 6,,,=42° with increasing photon
energy, for the sputter-annealed Cr(110) surface. Solid arrows
and dashed markers below the spectra indicate the positions of
the second-order Cr 3p photoemission peak and an Auger tran-
sition, respectively.
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identify intrinsic features which appear at the CO valence
orbital binding energies. Figures 3 and 4 show clean
Cr(110) spectra for 6),,=42°. These spectra have been
normalized for the incident radiation flux from SURF-II
and displaced vertically for clarity. Two weak features,
indicated by dashed lines and solid arrows are evident in
the low-photon-energy data (Fig. 3), while the intense
chromium M, ; V'V Auger transition,?> at ~36 eV kinetic
energy, and resonating two-electron satellite peak, at ~6
eV binding energy,”> ?* dominate the spectra for hv
above the Cr 3p threshold?®?" at 42.3 eV (Fig. 4).

The two weak features in Fig. 3 are clearly an Auger
transition (dashed line) and a second-order photoemission
feature (arrow) as indicated by their binding energy varia-
tions with photon energy. A simple calculation shows
that the second-order UPS peak is due to the Cr 3p level
at a binding energy of 42.3 eV. The Auger transition
could be a carbon LVV transition although its intensity is
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FIG. 4. UPS data taken at 8,,,=42° with higher energy pho-
tons for the sputter-annealed Cr(110) surface. Dashed line indi-
cates the position of the ~36-eV Cr M,; V'V Auger transition.
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greater than would be expected based upon the low-
carbon KLL transition intensity on the same surface. To
simplify the interpretation of the CO-coverage—
dependent data, the above considerations show that pho-
ton energies of less than 26 eV, ~40 eV, or greater than
52 eV should be used. In these cases, the entire valence
band is uncongested and the inelastic background can be
fit numerically by a smooth function. Due to the CO 40
shape resonance’®?® near hv=36 eV and the availability
of He-II (40.8 eV) UPS data for CO on numerous transi-
tion metals for comparisons, a photon energy of 40 eV
was used for CO-coverage—dependent experiments.

B. CO-coverage dependence

Significant differences in the electronic structure of a;,-
CO and a,-CO are unmistakable in the coverage-
dependent UPS data alone. Figure 5 shows a series of

20T T T T T T 11

Cr(110)/CO
16 hv = 40eV
8.0 90K

INTENSITY (arb. units)

ol L 1 1

1 11 | |
141210 8 6 4 2 O=E¢

Electron Binding Energy (eV)

FIG. 5. CO-coverage—-dependent data obtained at 6,,,=42°.
CO exposures are (a) 0.0 L, (b) 0.2 L, (c) 04 L, (d) 0.6 L, (e) 0.8
L,and () 1.0L. 1 L=107° Torrsec. Spectra have been normal-
ized to the incident photon flux, smoothed with a three-point
routine and vertically displaced in fixed increments. Positions
of the three Gaussian components used to fit the direct photo-
emission peaks (see text) are shown by the vertical lines.
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spectra for the a;-CO binding state obtained with 40-eV
photons in the standard geometry. In Fig. 5(a), the weak
peak at Ep =7 eV seen for the sputter-annealed surface is
attributed to a combination of the (1) two-electron Cr sa-
tellite intrinsic to the Cr(110) surface?>~* and (2) oxygen
2p intensity from the residual surface oxygen coverage of
©,<0.05 monolayers. The addition of up to 1.0 L CO [1
langmuir (L)=10"° Torrsec] in increments of 0.2 L
leads to a broad peak at 7-8 eV, a weak peak at 11.6+0.1
eV, and an increase in the density of states at the bottom
of the chromium 3d band. [CO-induced changes in the
Cr(110) 3d valence bands were seen at other experimental
geometries where 6,,542° as well.] The broad peak ex-
tending over 7<Eg <8 eV is assigned to the perturbed
CO 50 and 17 molecular orbitals, and the 11.6-eV peak is
assigned to the CO 40 level. These assignments are
based upon the measured photon-energy dependences
(see Sec. IIIE), data obtained at various collection
geometries (Sec. III D), and the UPS peak assignments
for other transition-metal CO systems.2'3'30 However, the
use of these one electron labels for the unperturbed CO
molecular orbitals is, strictly speaking, inaccurate since
all of the valence orbitals of a dissociation intermediate
on Cr(110) would be expected to be significantly per-
turbed and perhaps symmetry mixed with metal orbitals
by direct interactions with the metal surface.

Based upon the earlier HREELS and stimulated
desorption results,*'* CO exposures above ~0.8 L
should result in the population of the a,-CO mode, which
was modeled by terminally bonded CO aligned roughly
with the [110] surface normal direction. The 8,,, =42°
experimental configuration is optimal, within the experi-
mental constraints of this angle-integrated experiment,
for strong a,-CO 40 photoemission intensity>3! if this
model is correct. Figure 6 shows representative spectra
from 1 L CO to saturation at ~3 L CO, demonstrating
the sequential population of a second molecular binding
mode which is inequivalent to the initially populated
a;-CO mode. The most pronounced spectral difference is
the peak at 10.8 eV binding energy which increases in in-
tensity with CO exposure to dominate the spectrum at
saturation. This is consistent with an @,-CO molecule
oriented normal to the surface. Because the present ap-
paratus is not an angle-resolved instrument, data from
which a definitive determination of the molecular orienta-
tion could not be obtained. More importantly, the sub-
stantial binding-energy difference between the a;-CO 40
level at 11.6 eV and that of a,-CO at 10.8 eV demon-
strates that the two adsorbed CO species are electronical-
ly inequivalent and must differ in their bonding to the Cr
surface.

Each spectrum in the adsorption series of Figs. 5 and 6
has been analyzed numerically by first removing a poly-
nomial functional fit to the inelastic electron background
at five points and then fitting Gaussian peak shapes to the
data. No attempt was made to deconvolute the instru-
mental broadening from the spectra. Figure 7(a) shows a
sample fit to an a,;-CO UPS spectrum after background
subtraction. For low CO coverages, two Gaussians were
used to fit the broad (17+50) peak and were chosen to
be of equal full width at half maximum (FWHM). The
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best fit for the series was a doublet at 7.2+0.1 and
8.0+0.1 eV, both with a FWHM of 1.35+0.5 eV. The
present data are insufficient to (1) justify the use of addi-
tional Gaussians or (2) extract a separate FWHM for
each component. A single Gaussian at 11.6+0.1 eV was
sufficient to fit the a;-CO 40 peak. In no data was the
a,-CO 40 peak asymmetric, which would have indicated
multiple overlapping components, like the combination
(1m+50) peak, or additional two-electron (shake-up)
final states.’> However, the measured single Gaussian
FWHM of 1.50+0.05 eV was even greater than that of
the S50 or 17 components, which is unexpected for a
largely nonbonding orbital’? spatially localized on the ox-
ygen end of the adsorbed CO. This point will be con-
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FIG. 6. CO-coverage—dependent data obtained at 6),,=42°
for exposures of (a) 1.0L, (b) 1.2 L,(c) 1.4L,(d) 1.6 L, (e) 1.8 L,
(f 2.0L, (g) 2.6 L, and (h) 3.0 L. Spectra have been normalized
to the incident photon flux, smoothed by a three point routine
and vertically displaced in fixed increments. Vertical lines indi-
cate binding-energy positions for the four Gaussian components
used to fit these spectra (see text). Numerical intensity scale is
directly comparable to that of Fig. 4.
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sidered further in the Discussion section.

After the onset of a,-CO (Fig. 5), a fourth Gaussian
component at 10.8+0.1 eV was added, but with a FWHM
of only 1.0 eV [Fig. 7(b)]. Although the population of the
a,-CO binding state is expected to add two additional
components to the (lm+50) combination peak, the
present data are insufficient to extract a total of four in-
dependent Gaussians, of unknown position and intensi-
ties, from one broad spectral feature. Detailed angle-
resolved UPS data, recorded at configurations to measure
a, or a, features selectively,*® might be able to separate
these interfering components (see Sec. IV). Figure 8
shows the extracted component intensities as a function
of CO exposure for the data of Figs. 5 and 6. Because the
initial «;-CO sticking probability is ~0.9 (decreasing
with earco) and that of a,-CO ~0.3, the total CO cover-
age at 1 and 3 L are approximately 0.25 and 0.35 mono-

layers, respectively.* The 4o intensity distributions for
the a, and a, binding modes, at 11.6 and 10.8 eV respec-
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FIG. 7. Sample spectra after subtraction of spline back-
ground function and fitting with Gaussian peak shapes: (a) 0.8
L CO exposure (a,-CO only) and (b) 3.0 L CO exposure (satura-
tion a,-CO and a,-CO). Dotted lines are unsmoothed data and
solid lines are Gaussian fits with the individual components also
shown. Intensity scales (in arbitrary units) are directly compa-
rable. See text for fitting parameters.
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FIG. 8. Intensity distributions for CO-induced UPS peaks as
a function of total CO exposure obtained at 6, =42°.

tively, follow the exposure-dependent vibrational intensi-
ty distributions published previously* with one exception:
whereas the vibrational data showed a ~20% decrease in
the a,-CO signal with the saturation of the terminally
bonded a,-CO, no such reduction is found in the photo-
emission data. This is not contradictory since coverage-
dependent vibrational extinction coefficients are well
known in electron-energy-loss spectroscopy.’ The UPS
data imply that at these CO coverages, the
a,;-CO—a,-CO binding state conversion, suggested by
the EELS data, is a negligible process and that the EELS
result reflects a coverage-dependent vibrational cross sec-
tion instead.

One observation from Figs. 6 and 8 is that the popula-
tion of the a,-CO state results in a dramatic rise in the as-
sociated 40 peak intensity at 10.8 eV but lesser changes
in the 17 and 50 components. This can be understood by
considering the expected intensity contributions from an
adsorbed CO oriented along [110]. The 6,,,=42° experi-
mental geometry, which includes normal emission with
p-polarized light, leads to strong CO 40 emission but is
less favorable for 17 emission. Thus the observed
coverage-dependent intensity behavior is reasonable for
[110]-oriented a,-CO molecules.

C. Work-function changes

Measurements of the secondary electron energy cutoff
were made as a function of CO exposure to obtain the
CO-induced work-function change (A®). Figure 9 is a
plot of A® versus exposure through saturation at 90 K
for two independent experiments. The shaded triangle
represents the sequential population of the a,-CO molec-
ular binding state. For exposures up to 0.8 L, corre-
sponding to the population of the a;-CO mode exclusive-
ly, there is a linear increase in the work function in the
amount of ~0.2 eV. With the onset of the terminally
bonded a,-CO, however, the slope increases sharply and
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FIG. 9. Work-function change, measured by the secondary
electron-energy cutoff, as a function of CO exposure at 90 K.
Different symbols refer to different experimental runs. Solid
line indicates nearly linear increase of ® during the «,-CO ad-
sorption stage and the shaded region indicates the appropriate
exposures for the filling of the a,-CO binding state.

a further increase in ® is found up to saturation at 3 L.
This behavior is consistent with the formation of a dipole
layer at the surface due to a net electron backdonation
into the adsorbed carbon monoxide; similar behavior is
found on other transition metals.>® These data are plot-
ted in Fig. 10 as a function of total CO coverage (using
previously published AES data*) showing that the large
increase in ® is associated with a relatively small increase
in ©¢; i.e., the onset of the terminally bonded a,-CO.
The induction period, during the population of the a,-CO
mode, with only a small change in work function is quite
unusual for CO on a transition-metal surface.°

The static dipole per adsorbed CO in each of the two
molecular binding states may be estimated from the ap-
proximately linear regions in Fig. 10 using®’
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FIG. 10. Plot of work-function change vs estimated total CO
coverage, using the data of Fig. 8.
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AP =2€Ocoltd >

where @ is expressed in eV, Oy in cm 2, u, in Debye
(1 D=3.335X10"% Cm), €,=3.76 X105 eVem?D !,
and the factor of 2 arises from the image dipole in the
metal. For an «a;-CO coverage of 0.20 ML (eal-CO

=3.4%X10" cm™?), A®=~0.16 eV, and a value of
s =0.06 D is calculated. In contrast, using the region
0.29 ML <©¢o<0.36 ML, namely, A8, o=0.07 ML,

and A®=0.5 eV, a value of u;=0.55 D is obtained.
Within the limitations of this simplistic model, the static
dipole moments per adsorbed CO molecule differ by al-
most an order of magnitude with binding state.

It is important to remember that these effective dipole
moments are not a direct measure of the bonding dipole
moment, i.e., that arising from the charge transfer alone,
since (1) the above equation holds only for a continuous
and infinite electric double layer, (2) the net dipole layer
is being measured which includes the bonding dipole and
non-negligible polarization effects, and (3) the calculated
pg is linearly dependent upon the Oy estimates. The
@,-CO molecules form islands of c(4X2) symmetry,*
which with its large unit cell is certainly not well modeled
by a continuous electric double layer. Additionally, it is
possible that the saturation a,-CO coverage at 90 K is
somewhat larger than 0.10 ML, leading to an overestima-
tion of the calculated u;. Without overinterpreting these
data then, it is clear that the work-function changes asso-
ciated with the two binding modes are also indicative of
significant Cr—CO bonding differences with (apparently)
less net charge transfer to the @;-CO than to the termi-
nally bonded a,-CO or a smaller spatial separation of the
charge in the surface dipole layer. Either explanation im-
plies that the two molecular binding states have very
different Cr—CO bonding.

D. Angular dependence

As noted previously, the present experimental arrange-
ment is not suitable for obtaining the angular intensity
distributions of CO-associated valence-band features.
However, by rotating the sample manipulator, which ro-
tates the crystal about its [110] axis and moves the [110]
azimuth in the photon plane of incidence, various cou-
pled detection and incident photon geometries can be
sampled. The purpose of this experiment is not to at-
tempt to deconvolute these coupled effects in the mea-
sured angular distributions, but to (1) search all experi-
mentally accessible geometries for changes in the CO
photoemission peak intensities indicative of large matrix
element effects and (2) verify the CO 40 peak assignment.

For all accessible experimental geometries,
0° < 6),, < 100°, the combined a;-CO (17+50) intensity
always exceeded that of the a;-CO 40 peak, but the a,-
CO 40 intensity varied significantly relative to the com-
bined (17+50) band. Absolute photoemission peak in-
tensities can vary due to matrix element effects®* or,
more simply, changes in the CMA collection solid angle
for a given 6,,. Note that for 6,,, > 45°, part of the CMA
acceptance cone is obscured by the crystal itself. Hence,
even in the absence of any matrix element effects (a physi-
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cally unrealistic situation), the absolute peak intensities
would scale with the solid angle accepted. In order to
correct this, each spectrum was normalized to the
SURF-II ring current, the monochromator flux at 40 eV,
and then divided by the integrated inelastic electron
background intensity under all of the CO UPS peaks.
This correction procedure assumes an isotropic distribu-
tion of inelastic electrons in the 20-30 eV kinetic energy
(5<Egp <15 eV) region. After this correction and subse-
quent background subtraction, differences in the CO peak
intensities with 6,,, reflect only matrix element effects in-
tegrated over the solid angle accepted. (An invariant
differential cross section would then result in no intensity
change with 6,,,.)

The two corrected CO 40 peak component (Ez=11.6
and 10.8 eV) intensities are plotted for 1.0 and 2.0 L ex-
posures in Figs. 11(a) and 11(b), respectively. The a;-CO
40 intensity distribution for a saturated a,-CO layer, Fig.
11(a), exhibits no strong 6,,, dependence and uniformly
weak intensity; note that the peak intensity at 11.6 eV
from the 0.25 monolayer of a;-CO is only twice that of
~0.02 monolayer of the terminally bonded a,-CO
present after the 1.0 L exposure. A slight increase in the
11.6-eV intensity is seen as 6,,—90° i.e., approaching
more grazing exit angles and s polarization. In contrast,
Fig. 11(b) demonstrates that the a,-CO 4¢ distribution
(10.8-eV binding energy) is broadly peaked near 6,,, =45°,
with strong intensity at all collection geometries. This is
consistent with [110]-oriented molecules but cannot be
used to definitively assign a bonding geometry. Because
the 11.6 and 10.8 eV peaks overlap, the intensities for
each of these spectral features are dependent upon the
Gaussian decomposition procedure. Thus, the variation
in the 11.6-eV data between Figs. 11(a) and 11(b) cannot
be considered significant.

E. Photon-energy dependence

Resonant photoemission processes in the adsorbed car-
bon monoxide can be probed by exploiting the tunable ra-
diation from SURF-II. For these experiments, a fixed
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FIG. 11. Intensities of Gaussian peak components for

geometry-dependent UPS data for (a) 1.0 L and (b) 2.0 L CO ex-
posures. Spectra were normalized to SURF-II ring current,
monochromator flux at Av=40 eV, and inelastic electron back-
ground intensity under CO UPS peaks to account for variations
in CMA acceptance solid angle with 8,,, (see text).
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geometry was selected (8),, =42°) and a series of UPS data
was obtained as a function of photon energy for a given
CO coverage. The CO 40 shape resonance’®?’ is of in-
terest since the resonance might be sensitive to perturba-
tion of the CO 40 orbital by bonding to the Cr(110) sur-
face in the «a;-CO dissociation intermediate state. Evi-
dence for the resonance in both binding states can be seen
in both Figs. 12(a) and 12(b), with no significant change
in the resonance shape being apparent. (One data point,
that of hv=36 eV, is more sensitive to background sub-
traction due to the interference of an Auger transition
with the 40 peak.) Thus variations in the shape reso-
nance due to Cr—CO 40 interactions apparently are sub-
tle, if present at all. This will be explored in greater de-
tail in forthcoming angle-resolved UPS studies that will
enable better separation of the 40 spectral features and a
more accurate measurement of the resonance.

F. CO dissociation and CO/O interactions

Annealing studies of a;-CO and mixed adlayers using
UPS showed a smooth decline of the CO valence-band
features with a simultaneous growth of an O 2p peak at
Ez=6 eV, following the trends of the earlier HREELS
experiments.* Because of the overlapping CO and O
valence orbitals, the UPS data are less instructive than
the vibrational data and provide no new information.
Work-function data are shown in Figs. 13 and 14 for the
a,-CO and mixed adlayers, respectively. The HREELS
annealing studies indicate that the a,-CO dissociation be-
gins at ~ 150 K and is essentially complete by 250 K.
Figure 13 confirms this behavior. In contrast, the disso-
ciation of a mixed adlayer begins above ~170 K and is
not complete until ~350 K (Fig. 14). The HREELS data
substantiate this and indicate that a surface “Cr,0,” re-
action species is formed during the annealing experi-
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FIG. 12. CO 40 peak intensities for (a) 0.5 L and (b) 2.0 L
CO exposures as a function of photon energy.
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FIG. 13. Work-function change for annealing a;-CO over-
layer.

ments. UPS data cannot provide additional, clear evi-
dence for this species due to the coexisting CO(ads) and
Of(ads) surface species.

Oxygen preadsorption UPS experiments demonstrated
that the total uptake of CO was reduced and the onset of
the a,-CO 40 peak at E5=10.8 eV occurred before an
0.8 L exposure; this confirms the conclusion of earlier
work?! indicating that oxygen preferentially blocks the
adsorption sites for a;-CO. Work-function data, shown
in Fig. 15, show that the surface dipole layer is reduced
by preadsorption of 0.5 L O,. A comparison of the AP
versus temperature behavior in Figs. 14 and 15 indicates
that CO dissociation in the mixed adlayer is more com-
plex, possibly due to the formation of the Cr, O, species.

Finally, the oxygen-induced a,-CO—a,-CO binding
state conversion, observed by HREELS at 120 K (Ref.
21), was demonstrated at 90 K by UPS. Figure 16 shows
data for the saturated «,-CO adlayer, followed by addi-
tion of only oxygen at 90 K. Two changes are evident in
these spectra: (1) the CO 40 intensity increases and shifts
to Eg=10.8 eV, and (2) the O 2p peak appears at Eg =6
eV. Since no additional CO is adsorbed, these observa-
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FIG. 14. Work-function change for annealing mixed a,-CO
and a,-CO overlayers.
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FIG. 15. Work-function change for annealing adlayer of
predosed oxygen plus 2.5 L CO.

tions can only be explained by a population transfer be-
tween molecular binding states. That this process is ob-
served at 90 K indicates that the energic barrier for this
oxygen-induced site displacement and/or reorientation is
small.

Cr(110)/C0O/0,
4.0 T T T

90K
hvy = 40eV

INTENSITY (arb. units)

0.0

Electron Binding Energy (eV)

FIG. 16. UPS spectra at 6,,,=42°, for the oxygen-induced
CO binding-state conversion at 90 K. Exposures for the spectra
shown are (a) 0.7 L CO followed by oxygen exposures of (b) 0.1
L,(c)0.2L,(d)0.3L,(e)0.4L,and(f0.5L. Finally, (g) 3.0 L of
CO is added to the mixed CO/O overlayer to saturate the sur-
face with a,-CO.
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In view of the fact that adsorbed atomic oxygen does
poison the Cr(110) surface for a;-CO chemisorption, the
influence of trace oxygen contamination (©=~2-3 %) on
the initial, ““clean” surface must be considered. The most
detrimental effect would be the perturbation of a very
well-ordered c(4X2) a,-CO overlayer at saturation and a
slight reduction in this adlayer coverage. While any such
contamination is certainly undesirable, it is not prob-
lematic at this low level. Continuing work on Cr(110) at
Sandia National Laboratories has overcome this difficulty
by growing pure Cr(110) crystals in situ for subsequent
chemisorption experiments.

IV. DISCUSSION

The results presented in Secs. III B-III E for the two
molecular CO adsorption states on Cr(110) reveal some
similarities but more important differences. Both states
are clearly chemisorbed and not physisorbed*® or dissoci-
ated. The previously reported vibrational and stimulated
desorption data suggest that the a,-CO state consists of
terminally bonded molecules oriented along [110]. All of
the present UPS data are in accord with this model,
which is analogous to CO on virtually every metal sur-
face studied to date.>>** In comparison, the a,-CO ad-
sorption state exhibits several unusual characteristics: (1)
a low-density, ordered c(4X2) overlayer at 6, co=0.25

ML saturation coverage, (2) atypically weak 40 peak in-
tensity for terminally bonded CO, although not unprecen-
dented,* and (3) a greater 40 peak width and increased
40 binding energy (AEz =0.8 eV) compared to the a,-CO
state on the same surface.

The low 40 peak intensity may be due to differential
cross-section effects, reflecting a different local binding
geometry which is unfavorable for 40 signal in this ex-
perimental configuration, or simply a lower cross section
overall in comparison to a,-CO. An estimate of the or-
der of magnitude for the latter possibility can be obtained
by comparing the integrated a,-CO and a,-CO 40 peak
intensities at saturation (Fig. 8). The 11.6/10.8-eV ratio
is 0.2 for an a;:a, ratio of 2.5 (0.25+0.10 ML). This
means that if the two binding states consist of molecules
in the same local bonding geometry (i.e., the same angu-
lar cross-section dependence), then the overall UPS cross
section must be a factor of 10 greater for a,-CO than for
a;-CO. This would certainly be a surprising result for
two isostructural species on the same metal surface.

The 40 peak width variation can be due to several fac-
tors. Since these are momentum-integrated UPS data,
dispersion in the a;-CO 40 level could account for the
slightly increased peak width for the a-CO. It should be
noted that the a,-CO state forms islands of c(4X2) sym-
metry up to saturation whereas the subsequent a,-CO
state is always disordered.* Based upon data for other
CO-metal systems,”'43 a 40 bandwidth of ~0.2 eV is
expected for a;-CO in the c(4X2) overlayer where the
nearest-neighbor distance is ~4 A in the [170] direction.
This would be consistent with the present results.

The 40 binding-energy difference between a,-CO and
a,-CO is the result most suggestive of different a,-
CO-Cr bonding in these UPS data. Note that the
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binding-energy difference is not a coverage-dependent
effect but is constant, to within £0.1 eV, over the entire
coverage range 0 <© <0.35 ML. In the usual description
of the synergistic CO-metal bonding, the CO 50 and 17
orbitals are perturbed from their gas-phase symmetries
by the mixing with the metal valence band to form
bonding-anti-bonding combinations. The occupied CO
40 molecular orbital, being essentially a lone electron
pair spatially extending from the oxygen atom,** is only
weakly perturbed from its gas-phase character. Within
this picture, it is difficult to explain an 0.8-eV difference
in the binding energy of this spectator orbital. If, howev-
er, the a,-CO dissociation intermediates are molecules in
a local chemisorption geometry which permits direct
metal 40 interaction, then such a result can be under-
stood. Calculations of CO bonding to a Cr;; cluster,*
undertaken to explain the reported CO/Cr(110) vibra-
tional data, found a 40 binding energy increase of ~1 eV
in going from a terminally bonded to a lying-down CO
orientation. This one calculation cannot be regarded as
conclusive but is consistent with the experimental obser-
vation and the models proposed earlier.

Preliminary angle-resolved UPS data*® confirm that the
a,-CO peak intensity is significantly lower than that of
a,-CO and have measured a 40 binding-energy difference
of 0.6 eV. Surface oxygen contamination in these experi-
ments reduced the «,;-CO coverage, as expected, and
prevented a reliable measurement of the differential cross
sections from being made. The angular anisotropy of CO
40 photoemission intensity is a convenient signature of
the adsorbed molecular orientation,? which can be decon-
voluted with the appropriate differential cross-section cal-
culations®! or by using symmetry selection rules,’ if there
is only one molecular orientation for all of the
electronically-indistinguishable adsorbed carbon monox-
ide. [It should be noted, however, that selection rule
methods can be ambiguous if multiple CO orientations of
different symmetry groups exist on a given surface simul-
taneously. This is frequently the case on high-index met-
al surfaces, such as Cu(311),> Pd(210),* and Pt(321).*"]
In view of the possibility that the a,-CO 40 orbital is
more perturbed than in terminally bonded CO cases, the
same care must be exercised in extracting a molecular
orientation from the 40 intensity distribution as would be
used with the 50 or 17 orbitals.

The presence of two chemically inequivalent CO bind-
ing states on Cr(110) would suggest that changes in the
CO (17 +50) binding energies might be evident as well.
These angle-integrated data clearly cannot be used to
identify such differences, since a spectrum such as in Fig.
7(b) would have to be fit uniquely with at least four com-
ponents in the (17 +50) manifold. A believable decom-
position might be obtained from reliable angle-resolved
data which do not have the momentum broadening of
these angle-integrated spectra.

Recently, Cameron and Dwyer*® have reported UPS
data for the a;-CO state on Fe(100). They observe a
broad, weak “40” level centered at Ez=11.8 eV and an
increase in the density of states for 1 <Ep <3 eV, as is
found for a;-CO on Cr(110). Furthermore, very recent
x-ray photoelectron diffraction data*® confirm that the
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a3-CO molecules on Fe(100) are tilted 55° away from the
surface normal, as expected if these molecules are located
in the C,, hollow sites with both carbon and oxygen
bonded to iron atoms. The similarities between the
Cr(110) and Fe(100) cases, in spite of the morphological
differences, strongly suggest that the UPS signature of
direct metal-oxygen interaction is the CO 40 orbital
binding energy and peak intensity.

Finally, it is important to comment upon the descrip-
tion of these dissociation intermediates as 7 bonded to
the surface. This may be misleading in that it suggests
that the bonding contribution to the Cr—CO bond origi-
nates via the CO 7 system in a manner analogous to -
bonded ligands in metal complexes or the 7 systems of
organic aromatic molecules. Even if there is extensive
charge redistribution involving the CO 7 system by vir-
tue of the intramolecular axis not being perpendicular to
the surface, this may be more properly described as a
multicentered bond involving rehybridized frontier orbit-
als. These detailed bonding questions will be answered as
more insight is gained from realistic electronic structure
calculations.

V. CONCLUSIONS

This paper presents UPS data as a function of CO cov-
erage, detection geometry and photon energy, work-
function measurements, annealing, and CO/O studies
which support the following conclusions.

(1) Two sequentially populated, molecular binding
modes are clearly distinguished at 90 K by the valence
orbital UPS peak intensities, 40 binding energies, 4o
peak widths (FWHM), and associated work-function
changes.

(2) The a,-CO data are consistent with those for termi-
nally bonded CO, aligned with the [110] surface normal,
bonding to Cr(110) via the accepted Blyholder model.

(3) Relative to the a,-CO molecular binding state, the
a,-CO bonding to Cr(110) results in an atypically small
surface dipole layer, a weak and broad 40 UPS peak, and
an increase of 0.8 eV in the 40 binding energy. These ob-
servations are incompatible with a terminally bonded CO
picture and supports, instead, a bonding model in which
all CO frontier orbitals interact directly with Cr(110).

(4) Both molecular binding states exhibit a CO 40 reso-
nance at 34-36 eV photon energy. An interfering Auger
transition precludes using the present data to identify
small changes in this resonance structure.

(5) Annealing and CO/O studies confirm the dissocia-
tion energetics, oxygen site blocking, and oxygen-induced
CO binding-state conversion (a;-CO—a,-CO) observed
in previous vibrational studies.
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