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Angular Dependence of the Photoelectron Spectra of Hydrogen Adsorbed on W(100)
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. The ultraviolet photoelectron spectra of hydrogen adsorbed on W(100) have been stud-
ied as a function of the angle of emission. An analysis of this angular dependence at
saturation coverage shows some indication of a two-dimensional band structure in the
hydrogen-induced energy levels. We discuss the nature of the bands in terms of a mol-
ecular-orbital calculation of this adsorbed system.

The recent extension of photoelectron spectros-
copy to the study of chemisorption has offered
the hope of a wealth of new information about the
electronic structure of chemisorbed systems. '
Recent developments in theories of photoemis-
sion' and chemisorption' permit an analysis of
the experimental data that may well lead to a
fundamental understanding of chemisorption. In
this pursuit, studies of the ultraviolet photoelec-
tron spectra of hydrogen adsorbed on tungsten
have recently been carried out.' ' However, the
angular dependence of these spectra has not been
studied previously. It is well known that very
valuable information can be obtained from the
angular dependence of the photoelectron spectra
of solids, and this has been the motivation for
the present work. ' '

The spectrometer design fixes the angle be-
tween the photon beam and the detector at 90'
(see inset in Fig. 1). The polar angle, 8, can
be varied from 0' to 90' by tilting the crystal,
while the azimuthal angle is fixed (h~~ is in the
[11]direction). The detector accepts photoelec-
trons emitted within a cone of apex angle 4'. The
resolution of the 127' analyzer is 0.20 at 15 eV.
The experiments were carried out in an ultra-
high vacuum chamber with a base pressure of
2X10 "Torr. A careful estimate of the maxi-
mum exposure to background CO during these
experiments is 1 &&10" molecules/cm' incident.
The saturation coverage of hydrogen has been
determined to be (1.75 +0.25) &&10" atoms/cm .'
The crystal was prepared and cleaned by well-
established procedures. '

The angular dependence of the spectra has been
studied by varying 8 from 4' to 77' with hv= 21.2
eV (He I radiation), and 16.8 eV (Ne I). Some
spectra have been taken with hv=26. 9 eV (Ne II).
Figure 1 shows representative samples of these
data. The spectra have been presented as the
difference between the photoelectron intensity
before and after adsorption. In these difference
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FIG. 1. A graph of the difference in photoelectron
intensity between the crystal surface with hydrogen
adsorbed and the clean crystal surface for low [graphs
(a) and (d) j and saturation [graphs (b) and (c)l cover-
ages. The inset illustrates the experimental geometry.
The change in the work function following adsorption is
linear in coverage to a value of 0.85+0.05 eV at satura-
tion (Ref. 9).

graphs the energy dependence of the transmis-
sion of the analyzer has been corrected for so
that the peak heights correctly reflect the photo-
emission intensity. Because the work function
changes linearly with coverage, &y has been
used as a measure of coverage. ' Saturation cov-
erage is found to give &y =0.85 eV, in good agree-
ment with previous work. ' The difference graphs
are shown only to —9 eV because changes in the
emission intensity of secondary electrons are
the only features observed at lower energies.

In Fig. 1 graphs (a) and (b), taken with & =14'
and hv=21. 2 eV, show two main trends. First,
at low coverage (&y = 0.20 eV) there are two
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peaks Bt -1.4 and —3.2 eV which converge with
increasing coverage to a single peak at —1.7 eV
at saturation coverage (&q =0.80 eV). Second,
the low-coverage structure between —4.5 and
—7.5 eV splits up with increasing coverage into
two peaks at —5.0 and —7.6 eV at saturation.
The first trend has been observed before for this
adsorbed system when collecting photoelectrons
over the hemisphere around 0=0'; however, the
second trend was not seen. ' In these two graphs
the decrease at -0.5 eV is known to be due to
the quenching of the surface state of W(100).' '

In Fig. 1 graphs (c) and (d), taken with 0= 29'
and kv=16.8 eV, show similar trends. However,
this time the two low-coverage peaks at —3.2 and
-0.8 eV, graph (d), do not converge completely
to a single peak at saturation. This behavior has
not been seen previously for hydrogen on W(100),
and it indicates the angular dependence of the
spectra. Again in graphs (c) and (d) the develop-
ment of two peaks is seen in the —5 to —8 eV
range as coverage increases. In this energy
range graph (c) is depressed due to a general
lowering of the emission intensity of secondary
electrons as the coverage increases.

Since it seems likely that the hydrogen-induced
orbitals are localized near the surface, we have
considered the possibility that they may have a
two-dimensional band structure. If this model is
applicable, our data should be amenable to analy-
sis by the method used convincingly by Smith,
Traum, and Di Salvo' to determine the two-di-
mensional band structures of the layer compounds
1T-TaSe2 and 1T-TaS2.' This method assumes
that k~~ (the component of the wave vector paral-
lel to the surface) is conserved during the photo-
emission process. The magnitude of kt~ is deter-
mined from the equation

k~~ = (E2m/8 )'~ sine,

where E is the measured photoelectron kinetic
energy, and 8 is the polar angle. In Fig. 2 the
energy of peaks in the difference graphs for the
saturated surface at various 0 between 4 and 55'
have been plotted against k„ for the I'N or [11]
symmetry axis. The solid lines indicate what ap-
pear in the difference graphs to be continuous
changes in peak position. The shifts in peak en-
ergy across the zone appear to indicate two-di-
mensional band character in the hydrogen-in-
duced levels. The dashed lines in Fig. 2 indicate
lines along which Eq. (1) is satisfied for graphs
(b) and (c) of Fig. 1.

In interpreting Fig. 2 it is helpful to consider
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FIG. 2. A plot of the energy of the peak positions in
the difference graphs at saturation coverage against
the wave vector &i in the (&&] direction of the two-
dimensional Brillouin zone at the surface. The dashed
lines indicate the allowed values of &~t for the results
of Fig. 1. The error bars are used for broad peaks,
and the letter "s" indicates a strong shoulder.

a relevant molecular-orbital calculation. Anders
Hansen, and Bartell' have used extended Huckel
calculations for a hydrogen atom in the two-co-
ordinate bridge site on a cluster of tungsten
atoms to simulate adsorption on W(100).' Their
lowest energy molecular orbital is formed from
the H-1s and W-6s orbitals, and is strongly
localized on the hydrogen. If, as expected, or-
bitals of this type interact at saturation coverage
to form a band at the surface with s-like charac-
ter it would be expected to increase in energy
going away from I'. Just such behavior is seen
in the lowest band of Fig. 2 The next to the low-
est molecular orbital in the calculations is
formed from the H-1s orbital and W-d, 2 2

hybrids on the two adjacent W atoms. The hy-
brids point lobes at the hydrogen atom, but point
nodes at the hydrogen adsorption sites adjacent
in the y direction. When these sites are occupied
at saturation coverage, " they too would be ex-
pected to incorporate such hybrids, and the ef-
fect on this orbital of occupying nearest-neighbor
sites would be minimal. Evidence for this (as
seen in Fig. 1) comes from the observation that
there is always a low-coverage peak around —5
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or —5.5 eV which shifts very little as the cover-
age increases. Furthermore, molecular orbitals
of this type would have no two-dimensional band
structure, and the absence of shift in energy
across the zone, as shown by the —5.1 eV band
in Fig. 2, would be expected.

The imperfect alignment of the points on the
two lowest bands may well mean that they do not
have perfect two-dimensional character. That
is, there may be some nonflat band character in
the direction perpendicular to the surface. How-
ever, the general agreement for three photon en-
ergies' probably means that such three-dimen-
sional band-structure effects, and also any aniso-
tropic scattering by the substrate lattice, "are
not of major importance here.

The behavior of the bands nearer Ez is more
complicated, and unlike the two lowest bands
they do not have a simple interpretation. How-
ever, the extended Huckel calculations" do not
predict simple behavior for the bands in this
range.

There is a band around -1.0 eV at 1" which de-
creases in energy across the zone. Between the
middle of the zone and the zone edge (denoted N)
for kv=21.2 eV this peak disappears into a
shoulder and for km=16. 8 eV overlaps with a
very intense bulk direct transition. " The three
triangles at —3 eV in Fig. 2 may well indicate
peaks which arise from enhancement of this bulk
emission and may not be connected with the sur-
face band with which they merge between the
middle of the zone and the zone edge. There also
appears to be a band at —2.6 eV near I' which in-
creases across the zone. This band has been ob-
served before by others with 8 =0' and kv=10.2

eV.4 The 1 point in Fig. 2 corresponds to 8=0',
and in Ref. 4 a peak was observed at —2.4 eV
which is in close correspondence with the present
results. The band at -1 eV at 1" in Fig. 2 was
not seen in Ref. 4 presumably because it was ob-
scured by the decrease of the surface-state peak
which, at k&=10.2 eV, is larger relative to the
emission from the hydrogen-induced bands than
at higher photon energies. The two lowest ba,nds
of Fig. 2 can not be seen at kv=10.2 eV because
the photon energy is too low.

Further support for the above interpretation of
Fig. 2 comes from our results for 0 approaching
90'. At 8= 90' the photon electric vector is par-
allel to the crystal surface, and it is known that
this does not induce photoemission from delocal-
ized surface bands. " This is because the elec-
tric vector has no potential gradient to interact

with at the surface as it does mhen it is perpen-
dicular to the surface. In the present studies
the intensity of all the peaks due to the adsorption
of hydrogen (except the —5-eV peak) drops to ap-
proximately zero as 8 approaches 90'." This
supports the original assumption that the hydro-
gen-induced orbitals are delocalized as two-di-
mensional bands at the surface. It further sup-
ports the assignment of the —5.1-eV peak as
being due to orbitals localized around each hy-
drogen atom. An orbital at the surface that is
not delocalized in tmo dimensions has a potential
gradient parallel to the surface with which the
electric vector can interact to induce photoemis-
sion. It is important here to know that such drops
in intensity in the difference graphs near 0 = 90'
do not occur for bulk bands (e.g. , bulk tungsten
oxide relative to clean tungsten) or for localized
orbitals Ie.g. , undissociated methanol on W(100)]."

The behavior of the peaks in Fig. 2 near K
around —1 eV is complicated. Changes in 0 of
only 3' cause marked changes in peak positions.
The source of these ambiguities is likely to be
three-dimensional band-structure effects in the
adsorbate-induced bands. It may be relevant
here that in the extended Kuckel calculations, '
half of the orbitals above the lowest two show
some density on the hydrogen while having large
%-W overlap populations, indicating three-di-
mensional bands that have been slightly altered
at the surface because of adsorption.

In conclusion, we feel that this work indicates
that the electronic structure of the W(100) sur-
face saturated with hydrogen can, at least in
part, be understood in terms of a two-dimen-
sional band structure. Furthermore, it seems
that the information obtained from angular de-
pendence studies on adsorbed layers provides
important insight into the electronic structure
at the surface. Clearly a more complete theo-
retica. l study mould be helpful. Our plans are to
repeat these experiments with k~~ in the [10] di-
rection.
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Two very different types of angular distributions, one having a normal be11 shape and
the other being much more constant with angle were observed in the reaction ' 4Nd( C,
' C) for two well-known 2+ states of ' Nd. The fits to these angular distributions using
the distorted-wave Born approximation and/or coupled-channel Born approximation con-
firms the conclusion that the data give definite evidence for the importance of multi-
step processes. A comparison- with the reaction '44Nd(p, t) is also discussed.

In previous work'' on the reaction '~Nd(P,
t)'4'Nd, the excitation of the ground (Os+) state,
the first excited (2,+) state, the 2.98 MeV (0,+)
state, and the 3.49 MeV (22') state in '"Nd (N
=82) was investigated. The purpose of the pres-
ent work is to study these and additional states
via the reaction '4'Nd("C, "C)'4'Nd. Our inter-
ests are to learn to what extent the light-ion-
and heavy-ion-induced, two-neutron pickup re-
actions are similar and to determine the effects
of multi-step processes in heavy-ion transfer
reactions.

The most remarkable feature found in the pre-
vious (p, t) work' ' was that the transitions to the
0~+, 0,+, and 2,+ final states were strong and
were of a one-step nature, while the transition
to the 2,+ state was much weaker and also had an
anomalous angular distribution markedly differ-
ent from what was expected for a one-step L = 2
transition. The difference in the behavior of the

2,+ and 2,+ transitions was attributed to the fol-
lowing distinct properties of those states. ' The
2,' state is a collective state of two-particle,
two-hole nature in the N = 82 closed shell, i.e.,
a superposition of monopole and quadrupole pair-
ing vibrations. ' Therefore, it can be excited
strongly by a direct-(L = 2)-type two-neutron pick-
up reaction. On the other hand, the 2, state con-
sists dominantly of a proton particle-hole quadru-
pole vibrational configuration; thus a direct two-
neutron transfer process is substantially inhibit-
ed and higher-order processes may contribute
significantly. Indeed, the anomalous behavior of
the 2,+ cross section, which defied explanation
in terms of distorted-wave-Born-approximation
(DWBA) calculations, was well accounted for by
coupled-channel-Born-approximation (CCBA) cal-
culations, which took into account the effect of
inelastic scattering. '

The '"Nd('sC, "C) experiment was performed


