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Determination of Adsorbate Geometries from Intramolecular Scattering
in Deep-Core-Level X-Ray Photoemission: CO on Ni(001)
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In angle-resolved x-ray photoemission from the C 1s level of CQ adsorbed on Ni(001),
a peak in intensity with magnitude f,„/I b„&= 1.5 and full width at half maximum = 25'
is found to point along the surface normal. Single-scattering calculations for both a sin-
gle CO molecule and a finite cluster verify that this peak is due to intramolecular scat-
tering by O. The average orientation of CO is thus determined to be within 12 of normal,
with an undetermined rms vibrational notion of 6 35'.

Azimuthal anisotropies in deep-core-level x-
ray photoemission (XPS) from atoms adsorbed
on single-crystal surfaces have recently been ob-
served' ' and found to be well described by a sin-
gle- scattering (kinematical) theoretical model,
thereby providing a method for determining sur-
face atomic geometries. ' In particular, the ex-
tremely forward-peaked nature of electron-atom
scattering at XPS energies of -10' eV is expect-
ed to lead to several simplifications in analyses
of such data. '' In this study, a further aspect
of this technique is explored: polar anisotropy
in core-level emission from a moEeculaw adsor-
bate, specifically CO on Ni(001). If C is bonded
to Ni as expected, ' ' the effect of interest is int~a-
molecular forward scattering of C 1s photoelec-
trons by 0, which may produce a peak in intensi-
ty directly along the bond direction according to
the simple diffraction mechanism indicated in
Fig. 1(a). We here report the first observation
of such scattering and compare the experimental
data with the results of single-scattering calcu-
lations at various levels of exactness to deduce
new information concerning the CO bonding geom-
etry. A question of particular interest is whether
the CO is oriented normal to the surface or at
some angle with respect to it.' '' '

The experimental system and procedure has
been discussed elsewhere. "' Monochromatized
Al Ko. radiation was used to excite photoelectrons
from a 2.0-L (1 L =10 ' Torr ~ sec) exposure of
CO on a Ni(001) surface. Core-peak angular-dis-
tribution measurements verified a high degree of

[001]

[010]

[100]

0 ~O
Cc'

Ni-- '-- Ni Njlac oz
i '--i",

~

r'
~Hi Ni Ni

[100] [010]

[110]

FIG. 1. (a) Schematic of the dominant intramolecular
scattering mechanism in C 1s emission from CO, show-
ing the approximate intensity profile expected. Calcu-
lations of atomic scattering factors at XPS energies
(e.g., Ref. 8) verify that the phase shift for forward
scattering is very small (6 w j6) as shown. (h) Experi-
mental geometry, illustrating the two types of polar
scans and the type of azimuthal averaging performed
theoretically. (c) Cluster of five CO molecules and
nine Ni atoms used for some calculations.

surface order in the nickel substrate, initial sur-
face cleanliness (only & 2% monolayer of contami-
nant C), the final presence of a 0.4-0.5 monolay-
er coverage of CO of nearly 1:1 stoichiometry
that is consistent with the c(2&&2) geometry ez-
pected' and observed by in situ low-energy elec-
tron-diffraction (LEED) measurements, and the
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stability of the surface composition over the dura-
tion of the experiments. The C 1s and 0 1s peaks
associated with CO adsorption were furthermore
narrow [full width at half maximum (FWHM) of
1.1 eV for C and 1.8 eV for 0] and symmetric,
suggesting the predominance of a single CO chem-
ical state. The kinetic energies involved are C
1s, 1196 eV, and 01s, 950 eV. Polar-angle
scans of C 1s and 0 1s intensities were made for
two different types of azimuthal directions, [100]
and [110], as shown in Fig. 1(b). The electron
polar angle 6I is defined with respect to the sur-
face and polar-angle rotations are about an axis
perpendicular to the plane of x-ray incidence and
electron emission, with a fixed angle of 72 be-
tween the latter two directions. Thus, the rele-
vant atomiclike core-level photoelectric cross
sections remained constant during all polar scans
reported here. C 1s and 0 1s scans as summed
over the four symmetry-e(luivalent (100) azi-
muths are shown in Fig. 2. No statistically sig-
nificant differences were found bebveen these
data and an analogous sum over (110) azimuths.

The 0 1s intensity in Fig. 2 shows a smooth
variation with I9, whereas C 1s exhibits a signifi-
cant peak for normal emission. This behavior
suggests that C is bonded to Ni.in adsorption as
expected, and that intramolecular scattering is a
significant effect, as we verify more quantitative-
ly below. As backscattering of 0 1s electrons
from either C or Ni should then be a very small
effect at this high energy, "' the principal cause
of the monotonic variation of 0 1s intensity with
9 is a purely instrumental response function of a
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FIG. 2. Polar-angle dependence of the absolute 0 lg
and C ls intensities from Ni(001) +2 L CO, expressed
in arbitrary units with maximum= 1.0. 0 ls intensi-
ties have been multipled by 2.8.

1.0—

1.0
CLUSTER, PLANE

1.0—
C

1.0—
CO, S

020' 30' 40' 50' 60' 70' 80' 90' 100'
POLAR ANGLE, 8

FIG. B. (a) Comparison of theoretical polar scans
calculated for a single CO molecule (dotted lines) and
for the cluster of Fig. 1(c) (solid lines) at various tilt
angles 61&. Plane-wave scattering is assumed, and all
curves have the same strength for the incident, unscat-
tered wave. No noticeable differences are found be-
tween the curves for different 0&'s of the single CO mol-
ecule for 61 645'. (b) Comparison of the experimental
ratio (C 1s)/(0 1s) with cluster calculations using inci-
dent plane waves at different tilt angles 0&. The anisot-
ropies I~ /Ib d, are most correctly measured rela-
tive to the low-0 background of unscattered intensity
for both experiment and theory, but to facilitate compar-
ing peak positions and shapes, intensities are plotted
relative to the absolute minimum and normalized.
(c) The same as (b), but for calculations with an iso-
lated CO molecule and spherical incident waves.
(d) The same as (c), but with vibrational averaging
about an average orientation along the normal (0& = 0)
and various values of the rms vibrational amplitude
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type discussed previously. ' This function should
furthermore be essentially identical for both C
1s and 0 1s,' and so the intensity ratio (C 1s)/
(0 ls) will provide a normalized indicator of the
effects of final-state scattering on the C 1s inten-
sity, and this is presented in Fig. 3(b). The am-
plitude of the principal peak in anisotropy at 90'
as measured relative to the background intensity
is I ~/Ib~k=1. 49-1.54 and its FWHM =24-27'.
A less intense peak at 8 =40' is also suggested,
but its true intensity is uncertain.

As a first approximation for interpreting these
effects theoretically, we will use a single-scatter-
ing model that has been successfully applied pre-
viously to XPS emission from the core levels of
a Cu substrate with an 0 adsorbate. ' As simpli-
fied slightly to apply to the present problem of
C 1s emission, the model assumes photoemission
matrix elements with a polarization dependence
corresponding to a plane-wave final state, ' pure-
ly atomic scattering factors' as quadratically in-
terpolated to the correct atomic number and ki-
netic energy, and plane waves incident on any
scattering center, but neglects any effects due to
inelastic scattering, vibrational motion, and the
surface potential barrier. At most, only a finite
cluster of scattering atoms around the C emitter
is considered. The CO axis is tilted at various
angles 0, with respect to the surface normal, but
the azimuthal orientation of any tilt is averaged
over all possible directions to allow for a likely
degree of freedom in bonding orientation, as
shown in Fig. 1(b). A nine-point directional aver-
age is also taken over the electron-analyzer ac-
ceptance cone. ' In order to determine the poten-
tial importance of ext~amolecular effects such
as Ni backscattering or scattering from other ad-
sorbed molecules, calculations have been per-
formed both for a single CO molecule with a C-0
distance of 1.15 A as found in Ni(CO), (Ref. 7)
and for a symmetric cluster consisting of one CO
emitter, four nearest-neighbor CO scatterers,
and nine Ni scatterers, with CO bonded in the
expected head-on geometry, ' ' [ see Fig. 1(c)].
The Ni-C distance used was 1.8 A, in agreement
with both a LEED analysis for this system and
the known structure of Ni(CO), .' As shown in
Fig. 3(a), the cluster and single-CO results for
polar scans at various tilt angles between 0' and
20' agree to within + 10' of the overall anisotropy
predicted, with only low-level fine structure or
small shifts in subsidiary maxima or minima that
would be very difficult to resolve experimentally
being added by the extramolecular effects. Thus,

the dominant effect producing the peak at 90' is
verified to be intramolecular forward scattering
by 0. [By contrast, the peaks in the cluster re-
sults at - 22' are found to be due to forward scat-
tering by 0 in nearest-neighbor CO's along (100)
directions [cf. Fig. 1(c)].)

The cluster results for various tilt angles are
compared in Fig. 3(b) with the observed ratio
(C 1s)/(0 1s), and there is generally very good
agreement between experiment and theory as to
the primary peak position and width for all tilt
angles ~ 10', although for 8, =0', the theoretical
peak width is only about —,

' of that observed. For
9, ~ 12', it is found that the primary peak maxi-
mum moves away from normal and follows almost
exactly the orientation of the molecular axis,
mimicking the results expected for a single mole-
cule tilted in the plane of the polar scan with no
azimuthal averaging. For 0, ~ 10, the presence
of a weak first-order diffraction peak at 6I =40-
50' is also qualitatively consistent with the ex-
perimental results [ cf. Fig. 1(a)], although some
of the intensity in this region is found to be due
also to extramolecular scattering in the cluster.
It is also found that cluster calculations for the
two different polar scans of Fig. 1(b) are essen-
tially identical for 8 =30'-100', in agreement with
experiment. Thus, within the context of this mod-
el, it can be concluded that the orientation of the
CO molecule (perhaps as vibrationally averaged)
is no more than -12' from normal.

From the I /Ib„k values given in Fig. 3(b) it
is clear, however, that this model overestimates
the degree of anisotropy by a factor of 2-4, as
has been noted previously. ' Such overestimates
could be due to several effects acting either to
depress the primary peak relative to the low-8
background or to increase the background: (1) so-
called "small atom" corrections due to the spheri-
cal nature of the waves incident on 0,"(2) vibra-
tional motion of the CO, (3) the occurrence of en-
hanced caela&tie scattering for emission direc-
tions near 0,' ' (4) the presence of some CO in
different adsorption sites or in dissociated form,
and (5) residual errors in our methods of meas-
uring absolute peak intensities or normalizing
out the instrument function. The first two of these
effects we have investigated quantitatively by car-
rying out calculations on a free CO molecule with
and without allowing for spherical wave charac-
ter, and with and without a vibrational motion in
8, of the "frustated-rotation" type about an aver-
age position along the surface normal (8, =0').
This motion was approximated by averaging over
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a ground-state harmonic oscillator in O„with
the probability of a given tilt then being exp(-29, /
8,~'), where 8,~ is the rms tilt angle. For each
value of 8„ full averaging over azimuths was in-
cluded, as before. Also, somewhat more accu-
rate 0 scattering potentials allowing for the re-
distribution of charge with bonding in CO were
used in these calculations, ' "but within the
spherical-wave approximation the results were
not found to be particularly sensitive to the choice
of potential. These calculations are summarized
in Figs. 3(c) and 3(d).

Figure 3(c) indicates that the inclusion of spher-
ical wave fronts reduces the pr edicted anisotro-
pies for 0 & 0, ~ 10' to only approximately 1.8-2.3
times the observed values, and thus demonstrates
that this is one major cause of the overestimates
based upon plane-wave fronts. However, the over-
all shapes and positions of the various peaks and
minima are not much different from the cluster
plane-wave results in Fig. 3(b), including the
presence of weak first-order peaks at 0 =45' for
8, ~ 10 . The primary peak shape and width are
also in very good agreement with experiment for
0'& 8, & 10', although a small minimum is pre-
dicted at 8 = 90' that is not observed experimental-
ly. Figure 3(d) illustrates the effect of increas-
ing the rms vibrational amplitude 0,~ from zero,
and this also is found to decrease I /Ib~I„but
without a significant change in the width or shape
of the principal peak. A value of 0, =35' is, in

fact, found to yield very nearly. the same anisot-
ropy as observed experimentally, although it is
very large in comparison to prior estimates for
this motion based on carbonyl vibrations, ' "which
which yield values closer to 10 . These results
thus suggest that vibrational motion of this type
may be a principal reason that a prior LEED
analysis of this system has led to the proposal
of a tilted CO geometry, ' as the rms vertical
spacing of C and 0 would also be reduced by such
motion. However, the other possible sources of
uncertainty in I /Ib„„prevent comparing ex-
periment and theory so as to conclude anything

beyond 8, , & 35 from the present study. It is
clear, however, that the vibrationally averaged
orientation of CO is within - 1.2' of normal, a re-
sult consistent with prior analyses of angle-re-
solved photoemission from valence levels. ' "'

Thus, intramolecular scattering processes in
XPS core-level emission from adsorbates should
be very directly relatable to bonding geometries,
and a simple single-scattering model also appears
to provide a good description of these phenomena,
particularly when it is corrected for spherical-
wave effects and possible vibrational motion.
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