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Adsorbate Orientation Using Angle-Resolved Polarization-Dependent Photoemission*
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Angle-resolved photoemission, using polarized synchrotron radiation, from the system
Ni(001) +CO shows two chemisorption peaks which exhibit strong variations in amplitude
depending on polar angle of emission and optical polarization. The behavior is in agree-
ment with a recent calculation of angular photoemission from oriented CO molecules,
supporting the model of undissociated, "end-on' bonding with the molecular axis perpen-
dicular to the surface, and thus demonstrates that angle-resolved photoemission may
give adsorbate goemetries.

Several theories of photoemission from ad-
sorbed overlayers''' have emphasized the poten-
tial of polarization- and angle-dependent photo-
emission experiments for determining important
properties of the adsorbed species, e.g. , bonding
geometry, electron energy levels, and wave-func-
tion symmetry. The recent calculations of Daven-
port' make specific predictions concerning the
amplitude of the photoemission current from an
oriented CQ molecule; the amplitude is found to
depend on photon energy and on the angles, with
respect to the molecular axis, of light polariza-
tion and electron emission. These predictions
may be applied to the case of chemisorbed CQ if
the only effect of the substrate is to orient the
molecule and, possibly, to shift the molecular or-
bital (MO) energy levels. The purpose of this
Letter is to present the observations from our
polarization-dependent, angle -resolved photo-
emission experiment on the chemisorption of CQ
on Ni(001). We interpret the results in the light
of Davenport's calculations according to a model
which assumes that (1) the chemisorbed CO mole-
cule is undissociated; (2) the molecules assume
a specific orientation with respect to the surface,
i.e., the molecular axis is perpendicular to the
surface with the carbon atom down; and (3) the
4' MQ wave function is only weakly perturbed by
the substrate. The experimental agreement with
the predictions of the model supports the end-on
bonding configuration, with the carbon atom ad-
jacent to the substrate. We believe that these ob-
servations demonstrate, for the first time, the
potential of such photoemission measurements,
combined with model calculations, for determin-
ing adsorbate bonding configurations.

The experiments were performed at the Univer-
sity of Wisconsin Synchrotron Radiation Center.
The sample was a thin single crystal (001) Ni

ribbon, cleaned in situ by Ar' bombardment and
subsequent annealing. Surface cleanliness was

monitored by Auger spectroscopy, and photo-
emission from the clean Ni showed angular ani-
sotropy consistent with a fourfold symmetric sur-
face. The electron analyzer was a cylindrical
mirror analyzer, modified for the measurement
of emission into arbitrary polar and azimuthal
angles, 0~ and y~, with 4' angular resolution. '
Op: 0 is normal to the sample and y~

= 0 is the di-
rection of the component of X, the vector poten-
tial, in the surface plane (see Fig. 1, inset). For
s polarization the linearly polarized synchrotron
radiation was incident normal to the sample. The
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FIG. 1. Angle-resolved energy distribution curves
for Ni(001) and Ni(001) +3 L of CO h~ =28 eV. The in-
set shows the experimental configuration for (a) nearly
P polarization, and (b) s polarization. The curves,
plotted as functions of initial energy, are normalized
to the incident photon flux as determined from the fluo-
rescence of sodium salicylate.
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sample mount could be rotated in situ to achieve
either s or partial p polarization. ' In the P con-
figuration, the angle between A and the surface
normal was 0„=47.7', and for the s configuration
O„= 90'.

The polarization dependence of the CO emission
peaks on Ni(001) is illustrated in Fig. 1 which
shows angle-resolved energy distribution curves
(AREDC) for photon energy h v= 28 eV and for var-
ious polar angles, 6~, of emission, with s and p
polarization. The spectra are plotted as functions
of initial energy, E,-, below the Fermi energy,
EF. Curves (al) and (bl) show the normal emis-
sion (6~= 0) from clean nickel for P and s polari-
zation, respectively. The dominant peak near I.'F
has been observed by other investigators' and is
attributed to d-like bands. The small broad peak
at ——6 eV may be due to the lower s-p band along
the symmetry line b, .' The other four curves
show the effects on the AREDC's due to an expo-
sure of 3 L of CO [1 L (Langmuir) = 10 ' Torr
sec]. In terms of observable photoemission ef-
fects, 3 L of CO appeared to saturate the surface
at room temperature. The adsorbed CQ has some
effect on the peak near E„; that peak in curve
(a2) is reduced by 50%.' However, we wish to
focus on the behavior of the two CO peaks, locat-
ed at E, ——8 and —11 eV and labeled (1) and (2),
respectively. These are the familiar CO peaks
observed in numerous photoemission experi-
ments. '' By comparison of the properties of
these peaks, including their hv dependence, with
gas-phase emission data, ' the following MO as-
signments have been made: 4o-derived orbital
for peak (2), and a combination of lp- and 5a-de-
rived orbitals for peak (1), where the details for
the latter combination are still incomplete.

We discuss in detail the behavior of the 40-like
peak only since it is probably only weakly per-
turbed by the substrate, at least for linear bond-
ing, ' and is therefore more amenable to compar-
isons with a molecular calculation. The major
observations for the 40-like peak are these:
(1) At normal emission (6~ = 0) the 4o-like peak
is observed with p polarization (0„=47.7') but is
not observed with s polarization (8„=90 ), for all
hv ~ 40 eV; (2) for both polarizations the peak is
observed for nonnormal emission; and (3) the
emission is azimuthally isotropic when the sam-
ple is rotated about its normal. The experimen-
tal amplitudes plotted in Fig. 2 were obtained as
indicated in Fig. 1 by determining the amplitude
of the shaded peak above an estimated background
of secondaries. The entire data set was then

h9=28eV
Ao —E; = —lleV

e,=so

I

(c) (77)
////////////////

V)

O

C0

E

III. + 5o. (xi/2)

E; = —8eV

—OH ~ /LO
IV

J J
o e, go o e, 9o

FIG. 2. Calculated photoemission polar intensities
for three orientations of a Co molecule for s- and P-
polarized radiation (solid curves). The dashed curves
show the possible effects of refraction at the surface,
and the filled circles indicate the measured emission
peak heights. Panels (g) and (h) are reduced by a fac-
tor of 2, relative to the other panels.

scaled by a single constant to give an approximate
fit to the 40 and ip+ 5o theoretical curves. As
pointed out below, the requirement that the —8-eV
emission amplitude be reasonably predicted by
the theory is an essential point to our conclusion
of linear bonding.

In Fig. 2 the observed polar dependence of the
40-like peak is compared with Davenport's cal-
culated photoionization cross section for three
orientations of the CO molecule: (1) molecule on
end with carbon down [ Figs. 2(a) and 2(b)];
(2) molecule on end with oxygen down [ Figs. 2(e)
and 2(f)]; and (3) molecule on its side and the
emission averaged for four orientations of the
molecule, differing by a 90' rotation in the sur-
face plane [Figs. 2(c) and 2(d)]. The averaging
was done to account for possible domains in the
ordered overlayer. " We also show in each case
the predicted electron distribution when the elec-
tron undergoes free-electron-like refraction at
the surface (dashed lines) using the work function
(6 eV) as a surface potential barrier. Although
such a model is perhaps too naive, it does sug-
gest how the emission at large polar angles may
be modified by refraction. " As noted below, best
agreement with theory, based on the above-men-
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tioned criteria, is found for case (1), providing
photoemission verification of the end-on bonding
mode.

The theoretical curves of Fig. 2 have been for-
matted to the experimental geometry as closely
as possible. For our detector, as 6I~ is increased
by moving the electron window around the cylin-
drical mirror analyzer detection cone, the angle

y~ between A and the surface component of elec-
tron momentum, pii, also increases. Daven-
port's results depend on q~ and this dependence
is included in the curves of Fig. 2. The effect of
interference terms in the dipole matrix element
when A is neither parallel nor perpendicular to
the molecular axis is also incorporated in the
"Theory" curves of Fig. 2. We have not included
effects due to a small component of A at right an-
gles to the direction of A shown in Fig. 1 and due
to the impure polarization of the synchrotron ra-
diation, nor have we considered the refraction of
the incident radiation at the solid surface.

In Figs. 2(a) and 2(b), for the molecule on end
with C down, we note the following: (1) For s po-
larization the 40 calculations predict zero ampli-
tude at normal emission with a peak near 30" in
agreement with experiment; (2) for p polarization
the experimental and theoretical 4a distributions
peak in the normal direction although the predict-
ed amplitude near 0~=0 is too large; and (3) the
—8-eV CQ emission is reasonably well described
by the refracted theoretical 1++ 50 MQ curves ex-
cept for 9~( 30' with p polarization [ Figs. 2(g)
and 2(h)].

For the molecule on its side [ Figs. 2(c) and
2(d)], the predicted 4o emission is less than for
the C atom down, but the refracted distribution
could be fitted fairly well by scaling down the ex-
perimental points. This would require, however,
that the calculation overestimates the —8-eV peak
emission by nearly an order of magnitude which
is not expected since the calculations successful-
ly predict the relative peak amplitudes for the
gas-phase data. ' In addition, for the molecule on
its side, the calculations predict that the normal
emission for 9„=90' is 20% of that for 6„=47.7
and a peak of this size should have been observa-
ble in the experiment. Allowing for a random ori-
entation of the molecule on its side does not
change this discrepancy at normal emission.

Finally, for the molecule on end with Q down

I Figs. 2(e) and 2(f)] we note the following: (I') For
0„=47.7' the near-zero amplitude predicted for
0~-40' was not observed experimentally; and
(2) fitting the data with the 4o theory curve would

again require that the 1m+ 5v curve greatly over-
estimate the —8-e V emission amplitude.

The above comparisons have assumed that the
observed polar distributions represent direct ad-
sorbate emission, undistorted by substrate back-
scattering. ' As noted earlier, both CQ chemi-
sorption features exhibited nearly constant am-
plitude as the sample was rotated about its nor-
mal, keeping 0~ fixed. This suggests that there
is very little substrate backscattering which de-
pends on substrate symmetry directions. The
lack of substrate -dependent azimuthal effects
does not rule out distortions in the polar distri-
butions due to backscattering from an effectively
homogeneous substrate plane. Such distortions
cannot be separated out experimentally from the
direct adsorbate emission and should be consid-
ered in any model calculations.

Based on the above comparisons, our observa-
tions demonstrate that the utilization of angular
resolution and polarized radiation makes possible
the investigation of physical properties of chemi-
sorption systems, beyond the determination of
electronic energy levels. In particular, if the
model employed here is reasonably correct in

predicting the angular distribution of emission
with respect to the CQ molecular axis, then our
results verify, with a good degree of confidence,
that the molecule is bound with its axis perpendic-
ular to the substrate surface and the C atom
down.
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We have observed resonant exciton contributions to the nonlinear optical susceptibili-
ties of CdS when the fundamental frequency was tuned through exciton resonances. We

show that our data are in good agreement with quantum-mechanical calculations while the
anharmonic oscillator model gives incorrect resonance denominators, We also show that
selection rules for exciton contributions are different depending on whether the fundamen-
tal frequency or generated second-harmonic frequency is in resonance with exciton
states.

Exciton contributions to nonlinear optical sus-
ceptibilities have been demonstrated in a series
of elegant experiments. ' In particular, reso-
nant exciton contributions to second-order non-
linear susceptibilities d, ,~ have been measured
by Haueisen and Mahr, ' Parsons, Chen, and

Chang, ' and more recently by Levine, Miller,
and Nordland. 4 However, in all these experi-
ments exciton contributions were measured in a
frequency range where the generated second-har-
monic frequency is in resonance with exciton
states (2h~ resonance). In principle, resonant
exciton contributions should also exist when the
fundamental frequency is near the exciton energy
(k~ resonance). In this Letter, we would like to
report the first observation of exciton contribu-
tions to d, ,„of CdS when the fundamental frequen-
cy was swept through A and 8 exciton resonances.
We show that our data can be described well by
quantum-mechanical results. The anharmonic os-
cillator model which worked well for the case of
2hw resonance gives incorrect resonance denomi-
nators for our case. We also show both experi-
mentally and theoretically that depending on
whether km or 2k' is in resonance, the selection
rules for exciton contributions are different.

Since in our experiment both the fundamental

and second-harmonic radiations were strongly
absorbed by CdS, the second-harmonic power
was measured in a reflection geometry. Our ex-
perimental arrangement was similar to those de-
scribed by other authors. ' The fundamental ra-
diation was a nitrogen-laser —pumped dye laser.
With Coumarin 102 as dye medium, our laser
was tunable between 4750 and 4900 A with a wave-
length resolution of about 0.2 A (50-kW peak pow-
er and 5-nsec pulse widths. The dye laser beam
was focused onto the polished surface of a high
purity CdS crystal which was mounted inside a
Janis He dewar and at a. temperature of about
6 K. To discriminate second-harmonic against
fundamental radiation, we used a 2-cm cell of
CoS04 saturated in water and a half-meter spec-
trometer. The sample was oriented so that the
& axis is in the surface of the crystal. The polar-
ization and propagation direction of the laser
beam are shown in the inset of Fig. 1. d.„was
measured when the pola, rization was parallel to
the c axis and d3I was measured when the polari-
zation was perpendicular to the c axis. A polari-
zation rotator was used to achieve the desired po-
larizations without disturbing the alignment of
our system so that the ratio id»~(~d» i

could be
measured accurately. To normalize against fluc-
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