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bandstructure and applying simple symmetry selection rules
as follows:

First, the detailed geometry of the experiment prohibits
the observation of odd-parity initial states. This is due to the
mechanical constraints of the spectrometer, the highly po-
larized nature of the synchrotron radiation on beamiine /-
2,* and our selection of a mirror-plane emission geometry.*

Secondly, the bulk bandstructure suggests the possibility
that for off-normal emission, only odd-parity states may re-
main populated for the structure of interest. The — 0.4 eV
peak has been associated with a doubly degenerate A; band
which just becomes populated at 4. Away from 4 toward L,
the degeneracy is lifted and one band rapidly depopulates
while the other continues to disperse downward in energy. If
the downward-dispersing band is the odd-parity pariner,
this would explain the observed behavior since as the emis-
sion direction is moved off the normal, the — (.4 eV peak
could only be followed until the upward-dispersing partner
depopulates.

In summary, then, we have presented results of an angle-
resoived photoemission study of WC (0001). Interpretation
of the results was greatly facilitated by preliminary data

from a first-principles bulk bandstructure calculation for
WC, using the LMTO method. The spectra from 10
eV <hv<30 eV seem to most closely resemble a 1-D DOS of
the 4 line. Intensity modulation of the initial-state structures
is well correlated with the requirements of energy conserva-
tion within the framework of the calculated bandstructure.,
The strong emission-angie dependence of one initial-state
feature is ascribed to the consequences of symmetry selec-
tion rules arising from a mirror-plane emission geometry
and the highly polarized synchrotron light source.
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In the study reported here the techniques of LEED and an-
gle- and energy-resolved photoemission have been used to
investigate some of the properties of CO/Co {0001). The ori-
entation of the CO molecules was determined using well-
established symmetry selection rules. The CO-CO interac-
tion was measured by mapping out the E vs k; dispersion of
the 40 and combined 5o/ 17 levels of CO in several direc-
tions in the Surface Brillouin Zone (SBZ) at two coverages of
CO, corresponding to the satvrated room and low (170 K)
temperature phases. The dispersion can be related to the size
and shape of the SBZ and correspondingly to the geometry
of the CO overlayer in real space.

After preliminary LEED work, a photoemission study
was performed at the Synchrotron Radiation Lab of the Uni-
versity of Wisconsin. Two distinct peaks were seen in the
UPS spectra of CO/Co (0001} with p-polarization of the inci-
dent light, as is generally observed on other transition met-
als. The consensus '~ is that the level with the higher binding
energy {at ~ 11 eV]corresponds to the 4o level of the isolated
CO molecule, while the level at ~ 8 eV is a superposition of
the molecular So and 1w levels, with the 5o level having
undergone a bonding shift of ~3 eV with respect to the free
molecule.

We determined the orientation of the CO molecules in the
room temperature phase of CO/Co {0001} by making use of
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the polarized nature of the radiation from the synchrotron.
The almost complete disappearance of the 4o level (and pre-
sumably the 50 as well) in the sc-called “forbidden” geome-
try indicates that the molecular axis is preferentially aligned
parallel to the surface normal.” This is in agreement with the
general picture of CO bonding to metals.® Further support
for this picture comes from observation of resonances in the
cross sections of the 4o and So/ i« levels vs photon energy
for p-polarized light.* The cross sections peak along the sur-
face normal and decrease significantly on going off normal.

The dispersion of the 4o and the 50/17 levels was mea-
sured in two directions in the SBZ for both phases of
CO/Co (0001). The 50 and 17 levels are not expected to dis-
perse together; however, in the resuits presented here, we
were unable {0 resolve two distinet peaks in the room tem-
perature phase, although the peak width was observed to
change.

The extended SBZ for the (v/'3XV/3} R 30°, correspond-
ing to the room temperature phase as seen in LEED, is given
in Fig. 1. The coverage for this structure is § = 1/3 and the
CO nearest neighbor spacing is 4.35 A. The dispersion was
measured along the -M-7" and the /K- directions. The
results are presented in Fig. 2. There are several observations
to be made about these results: (1) The shapes of the 40 and
S0/ 17 dispersions are quite similar, indicating that the 50

© 1982 American Vacuum Society 623

91:¥0:80 ¥20Z UoJeiN ||



624

SOLID LINE
Direcilon in overloyer
SBZ probed in {43 X 43}
R 30" phase.

DASHED LINE

Direction probed fos
1243 X2/F IR 30°
structure.,

FI1G. 1. Extended Surface Brillouin Zone for 2D hexagonal geometries.

peak dominates the So/ 17 dispersion at the photon energies

used. The qualitative behavior of these levels is as expected

since o levels are bonding with respect to the CO-CO inter-
action and should have a minimum at the I point, dispersing
upwards from there, as seen. On the other hand, 7 levels are
antibonding and will disperse downward from I (2} The
magnitude of the 5o dispersion is greater than that of the 4o
level. This can be explained by the greater spatial extent of
the 5o (and also the 177} level vs the 40 in real space.*” More
overlap of the 5o orbitals should result in a larger band-
width. (3) In the /-M-I" direction in the SBZ, the 4o disper-
sion is approximately symmetric about the M point and
drops back to its original value as I" is approached in the 2nd
SBZ. This periodicity is in agreement with the (v/3Xv/3} R
30 ° observed with LEED. (4) The So/1# level does not ap-
pear to have the same symmetry about the M point. An ex-
planation for this is increased emission of the 17 level for
large collection angles,' corresponding to large values of k.
At low temperatures the room temperature phase can be
compressed; the dispersion results for this low temperature
phase are given in Fig. 3. Shown are zone boundary crossings
for the {2v/3X2v/3) R 30° structure proposed by Papp
{corresponding to 6 = 0.58 and a CO spacing of 3.32 A at
100 K)). kmportant features are the following: {1} The magni-
tude of the dispersion for both levels is larger than the corre-
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F1G. 2. Dispersion along I'-M-I" and I'-K-M directions.
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F1G. 3. Dispersion results for low temperature phase.

sponding bandwidths in the room temperature phase. This is
consistent with the picture of increased interaction with
higher coverage resulting from more orbital overlap as the
nearest neighbor distance decreases. (2} The periodicity in k|
space is larger in the low 7 phase. This is expected as with
higher coverage the real space lattice is more compressed,
yielding larger zones in reciprocal space. {3} The shape of the
dispersion is the same for both levels in both directions—
symemetric about & = 1.2 A~". This k) is close to the zone
boundary crossings in two orthogonal directions for the pro-
posed (213X 2v/3} R 30 °lattice, as indicated in Figs. 1 and
3. The fact that the dispersion of the levels does not drop
back down to the original values at I" is due to the fact that
the directions probed in the SBZ of the 24/3 structure are
low symmetry directions and I” will not be reached in an-
other zone except for very large values of k. The measured
dispersion is afso qualitatively consistent with other high
coverage overlayer geometries {such as a ¢{4 X2} or
(V7/2X+/7/2) R 19.10°] but rot with lower coverage
phases (i.e., §50.5).

The above dispersion results can be understood qualita-
tively by considering the symmetry properties of an isclated
CO layer. A measure of the strength of the CO~-CO interac-
tion is obtained by noting that a 24% reduction in CO spac-
ing in going to the low temperature phase corresponds to a
factor of 2 2/3 to 3 increase in the dispersion.
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