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Angle-resolved photoelectron energy distributions have been recorded for the Ni(111) surface, both clean and
following CO adsorption, using He: and Heu photons. The results for the clean surface exhibit many features
characteristic of an initial-state dependence, but indicate a narrower bandwidth than that inferred from
calculated electronic energy band schemes. Qualitatively, the form of the energy-band dispersion predicted
from the angular measurements on a simple free-electron-like assumption for the final state, is consistent with
the form of the calculated bands and appropriate behavior in the measured dispersion for wave vectors in the
vicinity of the Brillouin-zone boundary is observed. However, uncertainties in the component of electron
momentum perpendicular to the surface preclude too close a comparison. For the CO-covered surface,
comparison of the angular symmetries of the extra structure introduced following adsorption provides a basis
for a new assignment in terms of 1, 5o, and 40~ molecular orbitals of CO.

I. INTRODUCTION

Nickel has formed the subject of numerous photo-
emission investigations,’” ' the essential aim com-
mon to all such studies being an increased under-
standing of the structure of d electrons within the
clean metal together with some knowledge of how
these d electrons interact with molecular and
atomic species during adsorption. The different
approaches adopted in these investigations en-
compass a wide range of experimental conditions,
particularly with regard to factors of photon en-
ergy and the angular acceptance of the electronen-
ergy analyzer, and since photoemission is a
multiparameter process depending strongly, under
certain circumstances, on such variables as
photon energy, it might therefore be anticipated
that a consistent overall picture of the electronic
structure of nickel would be difficult to deduce
from the data. However, on certain key features,
such as total d bandwidth there is a consensus of
agreement on the empirical interpretation of these
results which suggests a possible conflict with
some theoretical treatments of the photoemission
process.

Classically, one simple approach to the inter-
pretation of photoemitted-electron energy-distri-
bution curves (EDC’s) from solids relies on a di-
rect comparison of the EDC with one-electron
initial densities of states inferred from band-
structure calculations,?°"22 and it is on the basis
of these ideas that such a conflict arises in the
case of nickel. Of course, features in the one-
electron density of states must be weighted by ap-
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propriate optical matrix elements involving the
final state in the photoemission process, and the
many -electron nature of the latter, considered by
numerous authors, 23728 may preclude so literal
and simplistic a means of interpretation as this.
1t is true, for example, that line-shape effects
which distort the EDC from a simple one-electron
density-of-states profile via many-body effects in
the final state have been detected experimentally
in core-level asymmetries in x-ray photoelectron
spectroscopy.?® Nevertheless, such perturbing
factors, although undoubtedly of interest, may be
of secondary importance in the determination of
the overall form of the EDC. The overwhelming
weight of empirical evidence from photoemission
studies of semiconductors, where perhaps more-
straightforward comparisons with the optically
established forms of the densities of states have
successfully been made, does indeed suggest that
one-electron initial-state band effects should be of
considerable relevance in determining at least the
qualitative form of the EDC from a transition
metal such as nickel.

Again, in the study of adsorbate-metal systems,
following the early work of Eastman and Cashion,!!
numerous authors have relied on simple assign-
ments of extra structure, introduced into the clean-
metal EDC following controlled adsorption, in
terms of a direct comparison with the binding en-
ergies of structure within the gas-phase photo-
emission EDC’s from the gas in question. The
possible dangers inherent in such an extrapola-
tion have been pointed out elsewhere,3° however,
and in the case of CO on Ni, in particular, Lloyd®!
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first suggested an alternative assignment of struc-
ture within the adsorbate EDC based on compari-
sons with gas-phase spectra of the nickel car-
bonyls. Theoretical calculations®? and further
synchrotron excited photoemission studies'® have
confirmed Lloyd’s analysis, as is considered
further below. The identification of structure in
EDC’s introduced by adsorbates is therefore a
subject of some controversy and is not as simple
a procedure as originally proposed.

In the majority of measurements to date, inter-
pretations have been hindered by the manner of
recording (and hence the information content of)
the photoemitted EDC. Although photon energies
have been varied over wide ranges and electron
energies routinely measured with resolutions of
0.1 eV or so, it is only recently that the great im-
portance of angular effects in photoemitted EDC’s
from solids has been experimentally demonstra-
ted,33"*% even though the value of such measure-
ments, in which electron momentum, as well as
photon and electron energies, is well specified
has been stressed theoretically for a number of
years.®®"2% It was the purpose of the present in-
vestigation to make a preliminary reexamination
of the photoemitted EDC’s from a Ni(111) single
crystal, clean and following CO adsorption, under
conditions of stringent control of the angular ac-
ceptance of the electron energy analyzer. The re-
sults to be presented provide clear evidence for
one-electron band effects in the EDC’s at 21.2-
and 40.8-eV photon energy, and also give a defi-
nitive reassignment of the origins of structure in
the EDC following adsorption of CO. These re-
sults represent the first well-controlled angle-
resolved photoemission measurement of a metal-
adsorbate system.

II. EXPERIMENTAL

Measurements were carried out in an ultra high-
vacuum electron spectrometer (VG Scientific,
model ADES 400) incorporating a windowless
discharge uv source (collimated to approximately
1.5 mm at the sample surface), a single crystal
manipulator, ion etching and heating facilities,
and a hemispherical electrostatic energy analy-
zer capable of rotation about the axis of primary
rotation of the manipulator, and in a plane contain-
ing the incident photon beam. A second rotation of
the sample around the crystal normal, also con-
tained within this horizontal plane, was provided
by the manipulator. The relative zeros of the
manipulator and analyzer rotations were easily
aligned by viewing light specularly reflected off
the crystal surface through a small hole within
the analyzer itself. Thus photon incidence angle

(¥) and photoelectron exit polar angle (6), both
measured with respect to the crystal normal,
could be accurately and independently set. A cir-
cular aperture into the electron energy analyzer
defined electron trajectories within a cone of semi-
angle ~2° at the sample surface. The latter was
electrically screened from the analyzer in such a
way as to permit field-free drift of the photo-
electrons towards the aperture (Mumetal con-
struction of the chamber reduced the residual ter-
restrial magnetic field at the sample surface to
less than 10 mg).

A (111) face of a single crystal of nickel was cut
and polished to within 1° or 2° of the desired
orientation using standard techniques. Following
evacuation and bakeout of the chamber, base
pressures below 5x10~!" Torr were routinely ob-
tained, and the crystal was cleaned by alternate
cycles of argon-ion etching, annealing, and final,
short-duration, high-temperature flashing (the
same crystal had been extensively degassed and
cleaned by oxidation and reduction cycles in
earlier studies). The orientation and surface con-
dition could finally be checked by in situ low-
energy-electron-diffraction (LEED) observations.

During recording of the EDC’s with the window-
less lamp, pressure in the chamber could be
maintained at or below 1 X107° Torr with the lamp
optimized for He II (He Il:Hel ratios of 1:3). The
lamp was therefore left on during adsorption of
CO to saturation coverage [in excess of 10 lang-
muires (1L =10"% Torr sec) exposure at room
temperature]. Count rates on the 3d-band peak
for clean Ni were approximately 2 x10* sec™! for
Hel and 3 x10%sec™! for He II, typical recording
times for a 3-eV scan being 100 sec for Hel, 300
sec for HeIl. For the weaker CO-induced levels
using HeII, 1000-sec scans were employed.

III. RESULTS

Following cleaning and orientation of the crystal,
Fig. 1 shows typical EDC’s recorded over a 10-eV
range from just above E, (Fermi energy) using
HeI photons with (inset) the complete spectrum
showing the relationship of the primary photoelec-
trons to the secondary electron background. The
crystal azimuth was set so that by variation of
polar angle 6, only electrons within one of the
three symmetry-related planes of the fcc Brillouin
zone containing critical points I', L, K, and L
were accepted into the energy analyzer. The in-
cidence angle, ¥ of the photons is arbitrarily set at
45° in all spectra in the present investigation as
only a weak intensity variation of features in the
EDC’s with ¢ could be discerned. Of interest in
Fig. 1 is that no significant photoemission inten-
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FIG. 1. Angle-resolved energy-distribution curves
(EDC’s) for a nickel (111) crystal for wave vectors pro-
jecting onto the I' LKL plane of the Brillouin zone. The
flat background below the main d-electron structure
emphasizes the narrow bandwidth typically observed for
Ni in photoemission measurements. Inset, the complete
spectrum for normal exit, shows the relationship be-
tween primary photoelectron peaks and the secondary
electron background. He I excitation.

sity is observed below about 3-eV binding energy,
in agreement with the bandwidths determined pre-
viously, particularly in x-ray photoelectron
spectroscopy (XPS).® The background below 3 eV
is flat and featureless, and therefore all subse-
quent EDC’s were recorded over an energy span
of 3 eV from immediately above Ej.

It is of some relevance to confirm that variations
in the photoemitted intensity with angle essentially
reflect the crystal symmetry as determined by
LEED, and so Fig. 2 shows a series of EDC’s re-
corded by using He I radiation for a fixed polar
angle of 25° but varying the azimuthal setting of
the crystal. This form of nested plot, as opposed
to a simple polar diagram, favored by many
authors, of intensity at a specific binding energy
plotted against azimuth, appears to be more useful
in that the relationship between bands at different
high-symmetry points is revealed at the same time
as the rotational symmetry is displayed. Thus
Fig. 2, which shows only a selection of data re-
corded over the full 360°, reveals clearly not only
the threefold symmetry of the (111) surface, but
also how the extremal excursions of features
within the EDC’s coincide with low-index planes,
in this case containing high-symmetry points T,

L, K, and I, L, U, X, respectively. Ideally,
since such a presentation of data contains angle-
resolved EDC’s for general planes within the
Brillouin zone, a full series of nested plots over
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FIG. 2. Azimuthal variation of angle-resolved EDC’s
for a fixed polar emission angle 6 of 25° excited with
He1 (21.2 eV) radiation incident, as in all figures, at 45°.
The reproducibility between EDC’s separated by 120°
reflects the threefold symmetry of the crystal face.
High-symmetry planes in the Brillouin zone, determined
from LEED, are indicated.

suitable intervals of polar angle 6 might seem the
best way in which to proceed. However, since
theoretical calculations are generally available
only for high-symmetry directions, the present
investigation is confined to those high-symmetry
planes revealed in the extremal band excursions
of Fig. 2.

Thus for a fixed azimuthal setting of the crystal,
Fig. 3 shows the polar-angle variation of the EDC’s
over the same energy range as in Fig. 2, for wave
vectors contained within the LKL plane. The
separation of the dominant peak near 0.6 eV in the
normal-exit EDC (6 =0) into two components is im-
mediately apparent; less marked is the behavior
of the low binding-energy shoulder on the first of
these two features in the region § ~30°-50°. This
shoulder moves up towards the Fermi level be-
tween 30° and 35°, crossing the latter somewhere
between 35° and 40° before reappearing again at
45°, An expanded series of EDC’s (recorded over
1-eV span) between 27.5° and 35°, highlighting this
behavior is shown in Fig. 4, from which the dis-
continuity, around 90 meV wide at 32.5° can be
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FIG. 3. Polar variation of angle-resolved EDC’s for
an azimuth projecting onto the I' LKL plane. He I excita~
tion. Count rate on peak in normal-exit EDC is approxi-
mately 2x 104 sec™!.

seen to be the most distinct feature in all the
EDC’s; this was therefore used to calibrate the
position of the Fermi energy for all the measure-
ments. The overall decrease in intensity with 6,
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FIG. 4. Series of EDC’s for the I' LKL plane, recorded
over an expanded energy range between 6 =27.5° and 35°,
highlighting the movement of the shoulder in Fig. 3 to-
wards the Fermi level.
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FIG. 5. Polar variation of angle-resolved EDC’s for
an azimuth projecting onto the I' LUX plane, at 60° to
the series of Fig. 3. He I excitation. Note that the
closest excursion of the dominant peak in the EDC’s
towards the Fermi level occurs near 50°.

observed for most series of EDC’s, is as antici-
pated, and is discussed further below.

Following azimuthal rotation of the crystal by
60° for wave vectors contained with the TLUX
plane, Fig. 5, we observe entirely different be-
havior from Fig. 3. Reassuringly, the normal-
exit spectra for LKL and 'LUX series are
identical (within the limits of error), confirming
the accuracy of orientation of the crystal normal
and suggesting that variation of the azimuthal
angle of photon incidence (which necessarily ac-
companies rotation of the crystal about its normal
between Figs. 3 and 5) is of negligible importance
in the present studies with unpolarized light. In-
crease in the polar exit angle 6 now produces one
single peak from the coalescence of the dominant
0.6-eV peak and thebroader band near 1.6 eV in
the normal-exit spectrum. This single peak ex-
hibits a maximum excursion towards the Fermi
level around 50° before moving again to deeper
binding energy and, as expected, decreasing in
intensity. Similar behavior is observed, Fig. 6,
when the photon energy is raised from 21.2 eV
(HeI) to 40.8 eV (He 1), except that the maximum
excursion now occurs near 30°. The EDC’s are
somewhat noisier than those for Hel as a result
of the lower operating intensity, but there is now
the suggestion of a diffuse feature near 2.0 eV,
particularly in the 35° EDC, which is not ob-
served at He I. Also the normal-exit EDC is
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FIG. 6. Polar variation of angle-resolved EDC’s for

same azimuth as in Fig. 5, but recorded using He lI
(40.8 eV) excitation. The extremal excursion of the do-
minant peak now occurs near 30° (cf. Fig. 5).

slightly different, the low binding-energy shoulder
below the 0.6-eV peak now being more prominent.
Nevertheless, the comparison between He I and
Hell is close, as discussed further below.
Following the adsorption of CO, peaks now as-
sumed characteristic of the presence of CO from
investigations of numerous transition-metal sur-
faces,!”!® near 8 and 11 eV appeared in both the
HeI and He II normal-exit EDC’s superimposed
on the flat featureless background below the Ni d
band (cf. Fig. 1). As shown in recent synchro-
tron measurements'3 the intensity of the 11-eV
component relative to that near 8 eV increases
considerably between about 20- and 40-eV photon
energy, and He II excitation was employed for a
detailed study of this structure (which is also,
therefore, well removed from the secondary
electron “tail” of Fig. 1). Thus Fig. 7 shows the
polar-angle dependence of the EDC’s between 6-
and 12-eV binding energy for an azimuthal crystal
setting projecting onto the 'LUX plane of the Bril-
louin zone. Little azimuthal dependence of the
intensity of the CO structure could be observed,

so that this plane was chosen somewhat arbitrarily.

Considerable dependence of both intensity and
binding energy on polar angle 6 is observed for
both components, the intensity data, after due
allowance for background, being summarized in
Fig. 8. Thus both pieces of structure first in-
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FIG. 7. Polar variation of angle-resolved EDC’s for
the same azimuth as Fig. 5, but now following adsorp-
tion of greater than 10 L of CO, scanning over the en-
ergy range 6—12 eV below Ez. Note that the component
near 11 eV in the CO-induced structure vanishes for a
polar angle of 70°. A prominent low-binding-energy
shoulder on the 8-eV component developes after 40°-50°
polar angle. Note also the band like variation in the
peak position of the 8-eV component between 0° and 40°.
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FIG. 8. Summary of the data in Fig. 7, plotting inten-
sity of structure in EDC (after allowance for back-
ground) against polar angle. The similarity in behavior
of the 8- and 11-eV components is evident.
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crease in intensity with 6 before rapidly decreas-
ing after 20°, the 11-eV component being unde-
tectable for polar angles greater than 65° or so
(in fact for grazing emergence at 6~80° or greater,
little intensity could be detected from either com-
ponent). A low binding-energy shoulder appears on
the 8-eV component at around 40° to 50°, and con-
tinues to grow in intensity up to 70°. The shape of
70° spectrum is then similar to that recorded pre-
viously in less-well-characterized measure-
ments.'* Note also that the 8-eV component, par-
ticularly, shifts initially to lower binding energy
as 6 increases; although the 11-eV peak does so
to a lesser extent, the peak separation in fact in-
creases from 2.5 eV to 0°to 2.9 eV at 30°. CO
adsorption resulted in a decrease in the intensity
of structure within the nickel d band, 0-3 eV
below E, together with some suggestion of a
positive contribution between 2 and 3 eV in dif -
ference spectra, as observed previously (see

Ref. 14, in particular). The angular behavior of
the structure was qualitatively similar to that for
the clean surface, no new structure appearing;
nor was any dramatic quenching of structure in
the d band observed, suggesting that the majority
of the features between 0 and 3 eV for the clean
Ni derive from bulk bands and not surface-state
resonances,

IV. DISCUSSION

The interpretation of the very detailed effects
outlined in Sec. III presents a complex problem in
what must be regarded as a field of investigation
as yet in its infancy. In the present account, we
will attempt only to provide a preliminary answer
to the twin questions posed in Sec. I, namely,
whether initial-state one-electron band effects
may be discerned within the data for the clean
surface, and whether angular photoemission can
provide a definitive assignment of molecular-or-
bital structure for the adsorbate-covered surface.
From this point of view, it is convenient to treat
the clean-surface results and the CO-adsorbate
data separately for the purposes of discussion.
First, we make some general observations re-
garding the measurement of angle-resolved EDC’s.

The kinetic energy E of the photoemitted free
electron together with an accurate specification of
the trajectory of this electron into the energy
analyzer (in terms of the polar angle 6 and azi-
muthal angle ¢) completely specify its wave vec-
tor p, where

|pl=@2mE/m2)2 . (1)

The total component of electron momentum paral-
lel to the crystal surface, p,, and the component

normal to the surface, p,, are thus given by

pu=Q2mE/H?)2sing, p,=(2mE /7 ?)'" coss.
(2)

Here, we shall be concerned with initial states
|k;» and optical transitions to final states IE,)
within the solid, so that we need to relate p, and
pz to crystal momentum. In practice, if specular
refraction of the excited electron on transport
across the flat crystal surface is assumed, then
by is conserved (at least to within a reciprocal-
lattice vector) and the parallel component of mo-
mentum for the final state lﬁf) is thus well speci-
fied. Direct optical transitions between I}?i) and
|k,) then determine the initial-state wave vector,
again to within a reciprocal-lattice vector. In
principle, therefore, since the binding energy
Ej of all major structure in the EDC’s is known,
a map of Ey against k;, related to the initial-state
one-electron band structure, may be constructed,
providing k, is also known for the initial state.
However, the determination of 2, within the cry-
stal presents a greater problem than for k,, as
considered by Smith et al.%® in the case of GaAs,
and later, the layered solids related to TasS,.*°
The latter case may readily be analyzed by ne-
glecting &, and treating the E -k, plot as a two-
dimensional projection of the band structure; such
an interpretation is valid here since for these
materials, the energy bands along k, are essen-
tially flat. Such is not the case for GaAs or, in
the present investigation, an fcc metal such as
nickel. In these cases, a strong band-structure
dependence on k, is expected, but momentum
broadening of k, for the final state may obliterate
useful information in this type of measurement.?’
For the purpose of the present investigation, we
will therefore confine discussion to the behavior
of Eg related to #, and examine whether such a
two-dimensional projection of the energy bands
may usefully be compared with calculated schemes.
The geometrical dispersion of such projected
energy bands may by these means easily be speci-
fied, but thus far, nothing has been discussed with
regard to the atomic character of the wave func-
tions comprising these bands, or the optical trans-
itions between initial and final states. At this
point, available theoretical accounts of the photo-
emission process tend to diverge. Liebsch*®
stresses the importance of scattering in the final
state |k;) as a determining factor in the behavior
of angle-resolved EDC’s. The approach of Gadzuk*
and Grimley,*” however, emphasizes the role of
the initial state in determining at least the sym-
metries of angle-resolved photoemitted intensity
distributions. Briefly, following the latter, if we
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assume a tight-binding sum for the initial state
|k,;) then

|Ei>=2¢(;-§j)€‘i"§j, (3)

the sum being taken over lattice sites R;; o(T)
represent atomic orbitals (or appropriate sums of
atomic orbitals in the case of a CO adsorbate).
Representing the photoelectron as a plane wave
&P ' it is now assumed that this same function
describes the final state IE,) within the crystal.
The optical transition rate [and hence the contri-
bution I( P) to the intensity of photoelectrons of wave
vector p] between |k;) and |k;), proportional to
|(k;|A-V|k;) P, may then be simply valuated; this,
of course, neglects terms in B-_A in the matrix
element which, it has recently been suggested,®®
may account for a certain contribution to the
photoemitted intensity from tungsten at photon
energies below the plasma frequency. For radia-
tion of a single fixed polarization and vector po-
tential _A, we then find

I(p)~A%p? cos?8| o (D) [?
X8(E; - E; —hw) 9_0(k - G-), (4)
G

where the 6 functions conserve energy and mo-
mentum, respectively, and

()= [ 7 T o@)ar (5)
is simply the momentum representation of the
atomic orbital. The angle between A and B is B,
but note that in the present investigation, the
average value ( cos?) is required, since unpolar-
ized radiation is employed: this term leads to the
monotonic falloff in intensity in the majority of
series of EDC’s as 6 (and hence (8)) increases.
The second term in Eq. (5), in |¢(p)|?, deter-
mines the symmetry dependence of the photo-
emitted intensity and emphasizes the role of the
initial state ¢(r) (rather than the final state [E,))
in this respect. Note also that the & function in
energy is a factor by no means to be neglected,;
the constraint of energy conservation forms the
requirement that for all photon energies and in-
itial-state binding energies and momenta, an al-
lowed final state (here represented by eiT"?) may
be found. Although momentum broadening in the
final state?” may be thought of as relaxing this
condition somewhat, at the photon energies in the
present investigation (HeI and He II ) recent
studies of graphite*® indicate that at the lower
photon energy particularly, the unavailability of
an allowed transition can lead to the photoemitted
intensity vanishing for certain wave vectors. Nor
is it clear to what extent momentum broadening

may inhibit a precise definition of the initial-state
wave vector, unless all effects occur in £, and
not in k.

A. Clean nickel (111) surface

Figures 9 and 10 show the data of Figs. 3—-6 re-
duced to wave-vector-binding-energy diagrams
for the ' LKL and I'LUX planes, respectively.
The dashed boundaries in both figures represent
the values of parallel wave-vector component re-
quired to reach the Brillouin-zone boundary at
K, X, and L, assuming k, is of the required value
in each case. The latter point is stressed further
in Fig. 11, which shows a projection of the exten-
ded fcc Brillouin zone, the directions of 2, and
k, for the (111) face being indicated. Note that
the two planes of interest, containing high-sym-
metry points T, L,K, L and T, L, U, X, respectively,
conveniently coincide in these diagrams, even
though the symmetry-related I'LUX plane at 120°
was in fact selected in the measurement. It is
seen that whereas the &k, value required to reach
K is unique, the values required to reach X and
L are identical. Inset in Figs. 9 and 10, for com-
parison, are relevant sections of the energy bands
for ferromagnetic nickel calculated by Callaway®®
(reproducing only the majority-spin band for sim-
plicity).
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FIG. 9. Variation of binding energies of structure in
Figs. 5 and 6 with parallel component of wave vector
(I LUX plane). Dashed line indicates value of 2 re-
quired to reach high-symmetry point X (or L). Inset
shows portion of majority-spin bands for ferromagnetic
nickel (Ref. 22). Crosses (x)—He 1 data; circles (0)—HellL



3222 P. M. WILLIAMS, P. BUTCHER, J. WOOD, AND K. JACOBI 14

T>*T
4 x x"‘ x
1 x ! !
x ”z(x X% X e x o
1 x i A
0.5+ Vo -
IEL I P
> X i '
Q@ h | ] I
> 1 . Lo !
c { ' ' L
Q
C 1‘0—' x ! ! L
5107 P _
g’ ) *, 1 ! 5eV1 |
S x X X . I
£ x! '
[e3) E X %X H
x X X x r K X
1.5 VU x L
]
4 I: , o
] ]
1 1
1 . F
_ 1 1 L
1 '
20 oo -
r K X)L

Parallel component
of wave vector
FIG. 10. Binding-energy—wave-vector plot similar to
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lines again indicate value of 2 required to reach K and

L (or X).

Before considering in detail these empirical
“energy bands” several general points merit at-
tention. As mentioned in Sec. III, the bandwidth
of around 2.5 eV (for both He I and He II EDC’s,
in good general agreement with other measure-
ments, '~'° is again narrower than anticipated on
the basis of calculated band schemes. Although no
contribution at these photon energies is expected
from the deeper, purer s-like bands below 4 eV

Extended f.c.c. Brillouin zone

[110]
FIG. 11. Schematic of the extended Brillouin zone for
fce structure [(110) projection]l emphasizing that although

k, values may be accurately specified (same dashed
lines as in Fig. 9 and 10) uncertainty in 2, can lead to
contributions from more than one high-symmetry point
(e.g., X andL) for same % value in angle-resolved
EDC’s.

or so, as a consequence of low photoionization
cross sections, there is still a fair discrepancy

in the d bandwidth. Since this bandwidth was in-
sensitive to photon incidence angle, we can dis-
count any simple explanation of this fact in terms
of weaker excitation of d states of certain sym-
metries as a result of dependence on polarization
via K-f) terms in the optical matrix elements.
Clearly, any future experiments with well-polar-
ized radiation and angular resolution will be of
considerable interest, but for the present, we
must take this and other investigations!~!° as
establishing the empirical fact of a bandwidth near
2.5 eV. Nickel is, of course, ferromagnetic at

the temperatures in this, and the majority of
other, measurements and this fact should be borne
in mind since the exchange-interaction splitting of
many bands may be as large as 0.4-0.5 eV. How-
ever, this may be expected to broaden features in
the EDC’s and can in no way account for the band-
width discrepancy. Mechanisms for the latter in
terms of many-body effects in the final state |k,
the fast photoelectron, and the d-band hole coupling
strongly to low-energy electron-hole pairs aroundthe
Fermi level, would again seem more likely to lead in-
creased bandwidths. Narrowing of energy bands
due to surface relaxation is predicted on certain
theoretical models*? but again the magnitude of the
discrepancy (up to 3 eV) cannot at present satis-
factorily be accounted for on such a basis. Sur-
face-state behavior would appear to be inconsistent
with the adsorption data, and for bulk d bands, if
present below 3 eV, at some wave vectors, par-
ticularly in the vicinity of a zone boundary for
either Hel or He II excitation, some detectable
contribution to the EDC would be anticipated, not-
withstanding the constraints placed upon the optical
transitions by the 6 function in Eq. (4).

With the above observations in mind, we note the
following with reference to the bands of Figs. 9 and
10. For the I'LUX plane, it is of interest to note
the exact coincidence in wave vector at the ex-
tremal excursion of the uppermost band with that
required to reach the zone boundary at X (or L),
the latter parameter having been independently in-
serted from tabulated crystallographic spacings.
This coincidence occurs for both HeI and He II ex-
citation and indeed the general level of agreement
between data for the two photon energies is ex-
cellent, strongly suggesting that we are dealing
primarily with initial-state band positions. Of
course, diffraction of the outgoing final-state
electron IE,) is expected to give rise to some crit-
ical behavior at the same wave-vector values.*
However, final-state-scattering-based theories
invariably predict infensity enhancement at these
wave vectors, contrary to the observation in the
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present case where the peak intensity decreases
smoothly and monotonically through the critical
wave vector (Fig. 5, although there is some fluc-
tuation at lower &, values in the He II spectra,
Fig. 6). As a working hypothesis, therefore, we
propose that the band diagram does indeed repre-
sent initial states.

At this point, unfortunately, lack of knowledge of
k, becomes a problem. With references to Fig.
11, k, values at the critical k; wave vector of Fig.
9 near either X or L for Hel and He II are pos=-
sible. A reduced-zone scheme could thus place
wave-vector values at the two photon energies in
the vicinity of different critical points in the first
zone with the same k, value, perhaps fortuitously,
although umklapp processes might lead to contri-
butions from other high-symmetry points along Z.
However, the near identical reproducibility be-
tween HeI and Hell bands suggests more than
mere chance coincidence with high-symmetry
points, and clearly prompts further measurements
over a wider range of photon energies.

For the present, we tentatively suggest that the
energy-band plots of Figs. 9 and 10 do map in-
itial-state energy bands along high-symmetry di-
rections between critical points (and not along a
general, complex direction). Qualitative com-
parison with the calculated energy bands does in-
deed suggest a strong similarity between the mea-
sured dispersion and that of I'), and I',; bands
along I'X. Bearing in mind that in the normal-
exit EDC, we might expect (without further know-
ledge of the behavior of k) contributions from
both I' and L, such a comparison would place the
average positions at I" (in the sense of the mean
position for the majority- and minority-spin bands)
of the I';, and I, bands at 0.6 and 1.5 eV below
E, respectively, the uppermost band in the nor-
mal-exit EDC corresponding to L,,, L, being
nearly degenerate in energy with I'y;. At the zone
boundary in Fig. 9, the uppermost group then cor-
responds to the triply degenerate X, , group of d
bands. At X, however, the d bands should be split
into manifolds containing six X,  and four X, ,
electrons, respectively, but no conclusive evidence
is found for the deeper-lying X, , feature (with the
exception of the ill-defined band around 1.5 eV ob-
served with the He 11). Of course, the introduction
of strong s character into the bands near X, pro-
ducing the hybridization gap between X, and X
may result in a low photoionization cross section.
This latter point emphasizes the fact that the
atomic character of the initial-state wave func-
tions must inevitably be taken into account in such
analyses; geometrical comparison of the energy
bands, as in the present investigation, can only
provide a preliminary interpretation of features

in angle-resolved EDC’s. The conclusion to be
drawn from the present detailed arguments, how-
ever, and from the general observations noted
above, is that the energy bands calculated for
nickel are too broad, perhaps by as much as 2
ev.

Applying a similar analysis to the data in Fig.
10, a degree of self-consistency is introduced if
the two strong bands which develop towards the
zone boundary are associated with the L, , and
L, bands, respectively; the L critical point would
be expected to be reached by these wave vectors.
The dispersion of the uppermost band (the shoulder
in the data of Figs. 3 and 4) is then consistent with
the calculated behavior near L, wherethe L, (major-
ity spin) and L, (majority spin) bands cross the Fermi
level. AtK, nodistinct featuresare expected fromthe
dispersion of the calculated energy bands, inagree-
ment with observation. Again, the present treat-
ment implies much smaller band separations than
those calculated, but it should be emphasized onre
more that these conclusions remain tentative anc
await confirmation when further data and theoreti-
cal treatments are available.

B. Ni(111)-CO-adsorbate surface

Somewhat paradoxically, the CO-covered Ni(111)
surface presents, in many respects, a simpler
problem with regard to interpretation than the
clean-nickel d-band behavior. Here we are con-
cerned primarily with the atomic character of the
states in question, and less so with the bandlike
dispersion of features in the EDC’s (although these
latter effects do most certainly occur in the ad-
sorbate resonances, as noted previously). In this
context, it is the intensity variation of features in
the angle-resolved EDC’s as 6 varies which is of
importance, and with reference to Figs. 7 and 8,
we note the following: (i) Three pieces of structure
deriving from the presence of CO are clearly dis-
cerned in the energy range 6-12 eV, as pointed
out by other authors,?~'5 (ii) The intensity be-
havior with 6 of the two main features present in
the normal-exit spectrum near 8 and 11 eV is
qualitatively identical. The third piece of struc-
ture, of lowest binding energy, has a significant
intensity only at high polar angle.

At this point, it is convenient to review briefly
the previous interpretations of the origins of such
structure in light of these present observations.
As outlined in the Introduction, the original as-
signment of the two dominant features in the EDC’s
to the 50 and 17 molecular orbitals of the CO, ig-
noring the 40 state, has been reversed on the basis
of synchrotron cross-section measurements'® and
on preliminary angular experiments for the Ru-CO
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system,*® following suggestions by Lloyd.?' The
deeper binding-energy component is now clearly
associated with the 40 molecular orbital of CO,
and the upper feature near 8 eV with a doublet
structure contains contributions from the 50 and
17 orbitals, the component of deeper binding en-
ergy being due to the 17. Alternative suggestions,
on the basis of one recent self-consistent-field—Xo
calculation,® that the 8-eV peak derives from the
17 state and the 11-eV from the 50 would appear
to be discountable as the 40 state is again omitted.
Assuming therefore, as atest model, the syn-
chrotron assignment of structure to 50, 17, and
40, respectively, in order of increasing binding
energy, observation (i) above is clearly explained.
The second observation regarding the intensity
behavior of the two dominant peaks in the normal-
exit spectrum is, however, clearly inconsistent
with this. With reference to Eq. (5), it is the mo-
mentum density distribution ¢(p) which determines
the symmetry dependence in the photoemitted in-
tensity, and observation (ii) implies identical sym-
metries in ¢(p) for these two features. Whereas
the 40 and 50 orbitals exhibit momentum densities
which are similarly axially symmetric with re-
spect to the C-O linear bond, the 17 state derives
from a weak m-like overlap of 2p atomic orbitals
of the C and O normally oriented with respect to
the C-O axis. On such a basis, it may therefore
be concluded that if the deep-lying component near
11 eV is associated with the 4o state, the lower
binding-energy component near 8 eV in the normal-
exit EDC must derive from the 50 orbital. The 17
level is then observed only at high polar angles
and is associated with the lowest binding-energy
feature, as summarized in Fig. 12, The relative
positions of the three orbital components in this
assignment is then consistent with behavior pre-
dicted for CO on Ni(100) in a recent molecular-
cluster study®*® which shows the 50 orbital energy
below that of the 17 but above the 40 for certain

S50 n Lo
CO gas 916eV 12.06 1487]

CO ads. 7.1' 87 17

FIG. 12. Energy levels of molecular CO in the gas
phase (from Ref. 52) referred to Fermi level (assuming
work function to be 4.85 eV) compared with binding en-
ergies of features in angle-resolved EDC’s from Ni—CO-
adsorbate system. The new assignment of features is
based on their polar angular dependences (of Figs. 7 and
8); the binding energy of the 1m component is inferred
from the 70° EDC of Fig. 7.

CO-Ni separations. More recent CO(Ni), cluster
calculations®® also yield a similar ordering, in
excellent agreement with the present data.

The angular behavior shown here for the 17 and
for the 50 and 4o derived levels is identical with
that predicted recently by Grimley* for angular
variations in photoemission from adsorbed atoms,
particularly in such features as the initial in-
crease in intensity with 6 for the 40 and 50, if we
assume the CO molecule to be molecularly ad-
sorbed in an orientation with the C-O axis normal
to the nickel surface, as shown in Fig, 13. Such
a conclusion leads to strong interaction between
the 50 orbital (which extends predominantly away
from the carbon atom) and the nickel d electrons,
as pointed out by Doyen and Ertl.’' Under such
circumstances, the energy shifts between the gas
phase and adsorbate states in Fig. 12 may readily
be accounted for: both the 17 and 40 orbitals,
relatively uninvolved in the bonding, undergo
similar relaxation shifts (4.9 and 3.2 eV respec-
tively) on adsorption. The 50 level is, however,
lowered in energy relative to these two as a result
of strong participation in the chemisorption bond;
this latter observation may also account for the
marked bandlike dispersion in peak position of the
50 structure in Fig. 7. We note finally that al-
though the relative intensities of the 50 and 17
components might seem inconsistent with the sim-
ple numerical electron occupancy of these orbitals,
conclusions based on this latter numerical param-
eter are often invalid in angle-resolved measure-
ments. For example, in angular studies of gra-
phite*® the photoemitted intensity from the 2p, de-
rived bands, with atomic orbitals normal to the
(0001) crystal surface, is considerably greater
than the contribution from the main 2p, , band,
with three times the number of electrons, derived

Nickel surface

FIG. 13. Schematic of molecular orbitals for CO ad-
sorbed on a nickel surface in a normal orientation. The
main 30 bonding orbital (between the C and O) is not
shown.
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from in-plane o overlap between 2p orbitals paral-
lel to the crystal surface.

V. SUMMARY

The present investigation has revealed a pro-
nounced angular dependence in the photoemitted
energy-distribution curves for the Ni(111) sur-
face, both for clean and CO-saturated states,
using both HeI and He 1II photons. For the clean
surface, certain trends in the observed photo-
emission data suggest that an interpretation of
features within the EDC’s in terms of initial-state
one-electron band effects may be appropriate, in
particular the relatively weak photon energy de-
pendence and the consistency between wave-vec-
tor-dependent criticalities and crystallographically
determined zone-boundary positions. Accordingly,
a comparison has been made between a calculated
band structure for nickel and an empirical scheme
based on the dependence of binding energies of
features within the EDC’s on their momentum
components parallel to the crystal surface. Such
a plot is essentially a two-dimensional projection
of the energy bands and without further knowledge
of the nature of the processes which determine
the component of momentum perpendicular to the
crystal surface, only a preliminary identification
of features in the EDC’s with critical symmetry
points in the calculated bands may be made.
Nevertheless, a positive consequence of this in-

itial-state analysis is that calculated bandwidths
for nickel appear to have been overestimated.
Further angle-resolved experiments to test this
hypothesis using (110) and (100) oriented Ni
crystals are planned.

For the CO-saturated surface, the now familiar
adsorbate-induced features near 8 and 11 eV are
observed in the EDC’s for both He 1 and He II pho-
tons. Considerable intensity variation with the
polar angle of emission is observed for both using
He II excitation, the behavior of the deeper com-
ponent near 11 eV being consistent with its identi-
fication as deriving from the 40 molecular orbital
of CO in recent synchrotron excited photoemis-
sion investigations. For a normally oriented CO
molecule this assumes, as for the clean surface,
that it is the momentum density in the initial state
which determines the observed symmetries.
Comparison of the relative intensity dependence
with angle for both components then suggest a
clear assignment of the dominant feature near 8
eV to the 50 orbital, not the 17 orbital as sug-
gested previously. The latter appears as a low
binding-energy shoulder on the 50 structure only
at high polar angle. This new assignment of the
orbital structure for adsorbed CO on nickel is
consistent with a recent cluster calculation and
with the relaxation and bonding shifts expected if
the 50 orbital provides the dominant contribution
to the Ni-CO chemisorption bond.

*Present address: Dept. of Inorganic Chemistry,
Chalmers University of Technology, Gothenburg,
Sweden.
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