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~ The difference in the propagation velocities between
L and T phonons and geometric effects do not account
for the observed difference in width.
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High-resolution inelastic electron spectra have been measured for a saturated cover-
age of atomic hydrogen adsorbed on W(100). The fundamental modes corresponding to H

occupying a C2„point-group-symmetry bridge site plus an overtone (v = 0- 2) of the in-
tense symmetric stretch are resolved at ~~gles off the specular direction. The intensity
of these modes (normalized to the elastic peak) exhibits resonantlike behavior as a func-
tion of the impact energy.

Traditionally, high-resolution electron-energy-
loss spectroscopy studies of the surface vibra-
tions of chemisorbed atoms or molecules have
been interpreted in terms of long-range dipole
scattering. ' ' The assumption of dipole scatter-
ing from an adsorbate on a metal surface leads
to the following predictions: The inelastic inten-
sity is strongly localized (within + 2') about the
specularly reflected beam direction, , and only
those vibrational modes with a dynamic dipole
moment perpendicular to the surface are excit-
ed. ' ' The latter consequence of dipole scatter-
ing is referred to as the "surface dipole selection
rule. " It predicts that the relative intensities of
the observed vibrational modes in electron scat-
tering should be similar to those observed in an
infrared absorption experiment. '

There is strong evidence supporting this dipole
scattering model, especially for adsorption of
atomic hydrogen on tungsten. The inelastic spec-
tra for hydrogen adsorbed in all of the high-sym-
metry sites —on-top, bridge, or four-centered
sites exhibit only a single energy loss which is
associated with the excitation of the stretching
mode perpendicular to the surface. 4 All of these
measurements were taken in the specular beam
direction, where the dipole scattering cross sec-
tion is the largest. In this Letter, we show that
all of the fundamental modes relating to H occupy-
ing a C,„point-group-symmetry bridge site [see

inset, Fig. 1(b)] can be observed when the meas-
urements are made off the specularly reflected
beam direction. The scattering mechanism is
clearly nondipole as witnessed by the observation
of modes which are forbidden by the "surface
dipole selection rule, "

by the observation of an
overtone mode and by the large momentum trans-
fer associated with collection angles far from the
specular direction.

Figure 1(a) shows a, typical electron-energy-
loss spectrum for hydrogen chemisorbed on
W(100) at sa, turation covera, ge (P, phase, 2&10"
atoms/cm'), ' in the sPecular direction for an im-
pact energy E,=9.65 eV and an angle of incidence
0; =23 .' A single loss at Av, =130 meV is. ob-
served and corresponds to the symmetric stretch
vibration normal to the surface (A, mode). ' Pre
vious measurements" have reported the single
loss peak at 130 meV and much weaker loss peaks
at 70 meV' and 79 meV. ' The low-energy losses
were attributed to CO contamination' or a "bend-
ing mode" of the I3, (low-coverage on-top site)
H phase. In contrast to the spectrum shown in
Fig. 1(a), taken in the specular direction, Fig.
1(b) shows that off the specular direction a. mul-
titude of modes are observed (80, 130, 160, and
260 meV). This spectrum was taken under the
same incident-beam and hydrogen-adsorption
conditions. The 160-meV peak is clearly resolved
at other angles of incidence and collection. " All
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intensity observed for this loss for angles great-
er than ~~, +7' is too large for dipole scattering
and is therefore determined by nondipole or short-
range "impact" scattering at these large angles.
The intensity variation of the 80-me V mode which
is forbidden by the "surface dipole selection rule"
clearly confirms a nondipole scattering mecha-
nism; its intensity is maximum at large angles
away from the specular direction (&&, +15'),
and shows no sign of peaking in the forward di-
rection. Figure 2 also shows that the 260-meV
overtone is excited by short-range "impact" scat-
tering. The error bars in Fig. 2 are the deter-
mination of the upper limit to the signal strength
of this mode near the specular direction. A rele-
vant observation is that the corresponding in-
frared data on transition-metal-hydrogen com-
plexes indicates that the ratio of the overtone to
the primary loss is very small and is never ob-
served because of interference from other absorp-
tion peaks. "

Figure 3 illustrates another feature of the in-
elastic electron scattering, i.e., resonantlike be-
havior. Here we have plotted the ratio of the loss
signals to the quasielastic signal as a function of
impact energy for the present collection geome-
try of &0, =+ 1.7'. ' This figure shows that all of
the modes exhibit resonantlike behavior at an im-
pact energy of 10 eV. This resonance behavior
is very reminiscent of negative-ion resonances
observed in gas-phase inelastic electron scatter-
ing. "'" It is tempting, therefore, to associate
the present results with an analogous adsorbate-
molecular-ion resonance, as recent calculations
on oriented diatomic molecules would suggest. "
However, our data on the incident angle depen-
dence of resonant energy show complex disper-
sion behavior (10&E„,&4) over a range 23'&8;
&60'. ' This behavior is indicative of surface-
band-structure effects, i.e., resonant enhance-
ment due to bee.m threshold or surface states/
resonances. "'"

The authors are indebted to M. R. Barnes for
skilled technical assistance. One of us (W.H. ) is
very grateful to the American Vacuum Society for
a fellowship. Two of us (B.F.W. and W.H. ) wish
to express gratitude to Dr. B. Fitton and Dr.
D. E. Page for support and encouragement.

( On leave of absence from the Department of Phys-
ics, University of Pennsylvania, Philadelphia, Penn.
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TThe irreducible representations of the three normal
vibrations of a nonlinear triatomic molecule, I'„= 2A &,
+ B2, correspond to two symmetric and one asymmetric
modes [G. Herzberg, Infra ed and Raman Spectra
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A low-energy electron-diffraction intensity analysis of the Fe{001)c(2x 2)-CO structure
confirms the results of photoemission studies by other workers suggesting dissociation
of the CO molecule. The data are fitted well by a model with random occupation of four-
fold symmetrical sites by carbon and oxygen atoms in a c(2 && 2) configuration, similar to
that proposed earlier by Felter and Estrup and by Riwan, GuQlot, and Paigne for
Mo(001) c(2 && 2)-CO.

The adsorption of carbon monoxide on iron has
been recently studied by photoemission with both
polycrystalline" and single -crystalline' sub-
strates. In both cases, the experimental results
have. indicated that the CO molecule dissociates
upon adsorption. In addition, the work of Hhodin
and Brucker' has shown that on Fe(001) the ad-
sorbed layer is ordered and forms a c(2&& 2) struc-
ture. %e have also observed such a superstruc-
ture in our own adsorption experiments of CO on
Fe(001). We wish to report here the results of a
LEED (low-energy electron-diffraction) intensity
analysis of this structure, which reveals an atom-
ic arrangement not heretofore confirmed on any
other surface,

The experimental and theoretical details will
be reported elsewhere. Here we will mention
only that we have collected, for the purposes of
structure analysis, a total of 23 LEED spectra:
five at normal incidence, ten at polar angle ~

=10, and eight at 0=20', all for an azimuth angle
y =0 . The intensity calculations were done with
a computer program that includes in a single sur-
face layer the three subplanes of carbon, oxygen,

and uppermost iron atoms, and calculates all
multiple scatterings within this composite layer
in the angular-momentum representation. The
multiple scattering between this composite layer
and the bulk layers is then computed in the plane-
wave representation. Exploratory calculations
were made with five phase shifts and 58 beams,
while the final calculations for the best model
were made with eight phase shifts and 58 beams
for energies up to about 100 eV, 74 beams up to
150 eV, and 90 beams up to 200 eV.

Following the photoemission results, only struc-
tural models involving dissociated CO were test-
ed. However, it was confirmed in the initial
stages of the analyses that the model of CO mole-
cules perpendicular to the surface with the C end
does not produce agreement with experiment.
Since a recent LEED analysis has established
that oxygen chemisorbed on Fe(001) in a 1&& 1.
structure resides in the fourfold symmetrical
hollows, 4 it was assumed that the latter would al-
so be the adsorption sites for 0 in the Fej001jc(2
&&2)-Co structure. Thus, the models to be tested
involved 0.5 monolayer of 0 always in the four-
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