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Angle-resolved photoemission spectroscopy has been utilized to measure the dispersion and sym-
metry of the spectral features in the d-band region of Ni induced by the adsorption of CO. Very
strong alterations of the d-band emission characteristics are observed when CO is adsorbed on
Ni(110) in the (2X 1) p2mg ordered phase. The high density and unique symmetry of this overlayer
allow an unambiguous identification of the spectral features as the two-dimensional 7-d surface
bands induced by the chemical bond of CO to Ni, i.e., by the CO 27—Ni 3d interaction.

INTRODUCTION

The adsorption of carbon monoxide onto a transition-
metal surface has served as the test system in surface sci-
ence for both new experimental techniques and theoreti-
cal approaches. In general, a fairly detailed picture of the
bonding as well as a much better understanding of the
capabilities of the measurement techniques has emerged
from the numerous studies of CO adsorption systems.
Surely this knowledge has been and will continue to be
very useful in the study of other adsorption systems. Yet,
there are still some unresolved questions about the ad-
sorption of CO related to the picture of the bonding that
has been developed from experiment and theory. One of
these questions will be addressed in this paper, i.e., the
nature of the occupied CO 27w-metald bands formed
when CO is adsorbed onto a metal surface. A prelimi-
nary account of this work has already been published.

It is necessary to briefly discuss the current picture of
the bonding of CO to a transition-metal surface, so that
the significance of this paper can be put into a proper
perspective. Figure 1 shows a schematic diagram of the
interaction of CO with a metal surface and the effect of
the CO-CO interaction, which is always important at
higher coverages. On the right-hand side the interaction
of a CO molecule with a metal atom is depicted. The
current understanding of the interaction can be simply
described by considering the highest occupied orbital of
free CO (50), the lowest unoccupied orbitals of free CO
(27, and 2m,), and the metal d bands. The CO interacts
with the metal through these levels. The 5¢-metal in-
teraction forms a bonding (56 ) and an antibonding orbit-
al (50*), respectively, in Fig. 1. The bonding orbital is
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obviously primarily CO 50 in character while the unoc-
cupied 50* orbital is mostly metal in character. The o
bond is usually referred to as the o-donation portion of
the CO-metal bond.? It is accompanied by a 7 bond
formed from the metal d levels and the unoccupied gas-

FIG. 1. One-electron scheme of a CO-metal interaction.
Left-hand panel: band structure of an ordered CO array
without CO-metal interaction. Center panel: band structure of
an ordered CO overlayer with CO-metal interaction. Right-
hand panel: molecular-orbital scheme of a CO-metal interac-
tion.

3475 ©1989 The American Physical Society



3476

phase CO 27 levels, forming the bonding 27%’s and the an-
tibonding unoccupied 27*’s. The difference is that in this
case the 27 orbitals are primarily metal in character, with
a small admixture of the free CO 2 orbital. This is usu-
ally referred to as 7 backbonding.

The 50 level of free CO is basically nonbonding in the
molecule so the o bond to the surface has little direct
effect on the CO molecule. In contrast, the free CO 27
levels are antibonding with respect to the CO molecule so
that the surface 7 bond weakens the CO bond for ad-
sorbed CO. It is the characteristics of the 277-d bonding
that we shall address in this paper. But before the details
of the experiment can be understood, it is important to
appreciate the effect of the CO-CO interaction upon this
picture of the energy levels of adsorbed CO.

The left-hand side of Fig. 1 shows what happens to the
free CO levels when CO molecules are forced into a two-
dimensional ordered array with the CO axis oriented in
one direction. The CO levels now form two-dimensional
bands dispersing as a function of the wave vector k. The
representation of this dispersion shown in Fig. 1 is calcu-
lated for a hexagonal structure using a simple tight-
binding approach.>* As we shall show subsequently, a
tight-binding scheme is sufficient to describe the energy
levels of CO not involved in the bond to the surface, e.g.,
the 40 level, because of the large CO-CO repulsive poten-
tial energy when the CO molecules approach each other
either in the gas phase’ or on the surface.®

The center panel of Fig. 1 schematically shows what
happens when an ordered layer of CO is brought into
contact with a metal surface. In this figure the shaded
portion of the energy versus parallel momentum
represents the projection of the three-dimensional bulk
bands of a metal-like Ni onto the two-dimensional sur-
face. The 45 band of adsorbed CO will be unaffected by
the interaction with the substrate except for a shift to
lower binding energy in a photoelectron spectrum due to
the screening of the 4 hole in the CO by the metal elec-
trons.” In principle the dispersion of the 5& and the 17
bands of the adsorption system could also be described by
the CO-CO interactions because neither orbital is
changed dramatically as a consequence of the bonding. >*
But the o bonding will cause the 55 energy level to shift
downwards relative to the 17, causing the two levels to be
nearly degenerate.” This allows the 5 and 15 bands to
mix or hybridize forming hybridization gaps in the two-
dimensional band structure’® as shown by the dashed
lines in the center panel of Fig. 1. Since the unoccupied
27* levels are primarily CO 27 in character the disper-
sion of these levels seen in an inverse photoemission ex-
periment®® should be similar to the dispersion calculated
for an isolated CO layer.

It is appropriate to ask how well the experimental data
and theoretical calculations agree with the picture
presented above. All experiments and theory agree upon
the qualitative nature of the downward shift of the 5
band towards the 17 bands.” The qualitative nature of
the unoccupied 27*’s seems to be confirmed by experi-
mental measurements and simple theoretical calcula-
tions.® Likewise, the detailed features of the two-
dimensional dispersion of the CO-derived bands have
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been successfully explained theoretically using a tight-
binding scheme with the CO wave functions taken from a
gas-phase calculation.® Figure 2 shows the remarkable
agreement between theory and experiment for the 45
band in quite different adsorption systems. The left-hand
curve displays the 45 dispersion for the incommensurate
(2V/3X2V'3)R30° ordered structure of CO adsorbed on
Co(0001) (Ref. 3), whereas the right-hand curve shows
the 40 dispersion for the (2X 1) p2mg structure of CO
on Ni(110).

The unit cell of the latter structure contains two mole-
cules and consequently two 45 bands were found.* The
good agreement between experiment and theory seen for
the 40 bands is also present for the hybridized 56 and 17
bands.* The parts of the CO-bonding picture that are
missing are the mostly metal levels, i.e., the 27’s and the
50*. There has been no report in literature of an obser-
vation of the unoccupied 50* and the several observa-
tions of bands tentatively assigned to the 27 levels are all
questionable, due to either the experimental data set or
complexities of the technique.!°” !> We have taken ad-
vantage of the high CO density and unique symmetry of
the (2X 1) p2mg structure of CO on Ni(110) (Refs. 4, 13,
and 14) to map out using angle-resolved photoemission
the two-dimensional dispersion of the 27 bands (the 7-d
bands).

Low-energy electron diffraction (LEED) investigations
of CO adsorption on the (110) faces of Ni (Refs. 14 and
15), Pd (Refs. 15 and 16), Pt (Ref. 15), Ir (Refs. 15 and
17), and Rh (Ref. 18) all show the presence of an ordered
surface phase for one monolayer CO coverage. The
LEED pattern is like a (2X1), except that the
fractional-order beams in the [110] azimuth are missing
at all energies.!® The origin of this pattern was recog-
nized by Lambert!® as resulting from a structure with two
different CO molecules per unit cell, and he consequently
labeled the symmetry as plgl. It is difficult to decide
from a LEED observation alone whether the surface sym-
metry is p1g1 or p2mg because the existence of the mir-
ror plane along [110] cannot be concluded from the
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FIG. 2. Comparison of the calculated and the experimentally
derived band dispersion of the 40 bands for two different CO
adsorption systems (Refs. 3 and 4).
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LEED pattern. Both angle-resolved photoemission* and
electron-stimulated-desorption measurements'® show that
the symmetry is p2mg, caused by the CO molecules being
tilted strongly parallel to the [001] direction.

The best estimate at the present time of the structure
of the (2X 1) p2mg phase of CO on Ni(110) is shown in
Fig. 3. As determined from LEED intensity analysis?®?!
and high-resolution electron-energy-loss spectroscopy
(HREELS) investigations®>~?° the CO molecules occupy
bridged positions along the rows of Ni atoms in the [110]
direction. At coverages less than approximately 0.8 of a
monolayer the molecules are bound in both the terminal
and the bridge configuration standing upright on the sur-
face. As the coverage is increased beyond 0.8 of a mono-
layer a transition occurs where the CO molecules are
bound in a bent configuration as shown in Fig. 3. At sat-
uration there is one CO molecule per Ni surface atom.
To avoid the resulting strong lateral repulsion between
adjacent molecules the two molecules in the unit cell tilt
in opposite directions along the [001] azimuth.*!%!>19
The tilt angle can, for instance, be determined by core-
level x-ray photoelectron diffraction (XPD) (Refs. 26 and
27). When a photoelectron is emitted from the ls core
level of the carbon atom it will be diffracted by the oxy-
gen atom of the molecule. This diffraction mechanism
causes constructive interference of the original electron
wave and the scattered wave along the axis of the CO
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FIG. 3. Structure adsorbate system
Ni(110)/CO((2 X 1)-p2mg. Upper left-hand panel: size of the
unit cell in real-space coordinates with the molecular positions
schematically indicated. Upper right-hand panel: size, points,
and lines of high symmetry within the unit cell. Lower panel:
structure plot of the p2mg phase.

3477

Ni (110)/CO
e 0.5L
o
< 04
,‘5
5
S
o
g
o 034 .
H

Polar angle (deg)

FIG. 4. Intensity of the C ls emission normalized to the O s
emission intensity as a function of the electron-emission angle
along the [001] azimuth for a low CO coverage (0.5 L). The
spectra were taken at a photon energy of #iw=1486.7 eV.

molecule, resulting in a maximum of intensity along the
molecular axis. Figures 4 and 5 show the intensity of the
C s emission at different electron-excidence angles in the
[001] azimuth for a low CO coverage and for the
(2X1) p2mg structure.?® The spectra were taken at a
photon energy of #w=1486.7 eV. To eliminate
polarization-dependent effects the C 1s emission has been
normalized to the intensity of the O 1s emission. Figure
4 shows a clear maximum of the C 1s photoelectron in-
tensity at normal excidence, indicating that the CO mole-
cules axes are oriented perpendicular to the surface plane
at low coverages. In contrast, the molecules in the (2X1)
p2mg ordered phase are tilted by approximately 20°, giv-
ing rise to a maximum of intensity at this angle in Fig. 5.
In good agreement with these findings, angle-resolved
photoemission measurements indicate that the bent angle
is 17°+2° (Ref. 4), while electron-stimulated-desorption
data favor a value of 18°.°

The combination of density of the layer and symmetry
of this (2X1) p2mg phase of CO on Ni(110) is unique
among CO adsorption systems. Table I lists the density
and symmetry of several ordered phases of adsorbed CO.
The least dense one is the physisorbed CO phase on
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FIG. 5. Same as Fig. 4, but one monolayer of CO.
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TABLE 1. Density, symmetry, nearest-neighbor spacing, and 40 bandwidth for several ordered
phases of CO. Values marked by an asterisk are average nearest-neighbor spacings. The numbers in
parentheses give the lower limit of the nearest-neighbor spacing, ignoring possible displacement and ti-

Iting effect.

NN
spa?ing Dfnsity 40 dispersion
Surface Structure Coverage (A) (A72) V) Ref.
Ag(111) herringbone 1 5.00 0.040 <0.3 28
Os(0001) (V3XV3)R30° 1 4.75 0.051 29
Ru(0001) (V3IXV3)R3O < 4.69 0.052 0.09 30
Ir(111) (V3XV'3)R30° 1 4.69 0.052 0.2 31
Co(0001)  (V3XV3)R30° . 4.34 0.061 0.15 3
Pd(111) c(4X2) 0.5 3.88 0.076 0.26 32
Ru(0001) (2V3X2V'3)R30° = 3.55* 0.092 0.5 30
Ir(111) (2V3X2V3)R30° =& 3.55* 0.092 0.4 31
Ni(100) c(2X2) 0.5 3.52 0.081 0.15 33
Fe(110) p(1X2) 0.5 3.41* (2.87) 0.086 0.3-0.4 34
Os(0001) compression 0.68 3.32% 0.105 0.65 29
Co(0001) (2V'3X2V'3)R30° =5 3.29* 0.107 0.48 3
Ni(110) (2X1) p2mg 1.0 3.01* (2.49) 0.114 0.8 4

Ag(111) where the CO is lying down in a herringbone
structure. The CO molecules are effectively much bigger
when they are lying down so the density of molecules per
A?is only 0.04. The common c¢(2X2) structure of CO
on Ni(100) (Ref. 33) has a nearest-neighbor spacing of
3.52 A and a density of 0.081 molecules per A2 This
nearest-neighbor separation should be compared to a
repulsive barrier at a spacing of approximately 3 A for
gas-phase CO.> In_ fact, the incommensurate
Co(0001)/CO(2V'3 X2V 3)R30° structure has a nearly-
dense-packed configuration.® In contrast to these ordi-
nary CO-ordered layers, the Ni(110)/CO(2X1)-p2mg
structure has a higher density and a much shorter
nearest-neighbor spacing. In the [110] direction the den-
sity is much too high for the CO molecules to exist on the
surface in an upright configuration. They bent over to
avoid the lateral stress.

The high density of this phase coupled with the unique
symmetry made it possible to map out the two-
dimensional dispersion of the adsorbate-induced 27-d
bands (27%), using angle-resolved photoemission. The
properties of these bands can be explained quite easily us-
ing a picture of overlayer and substrate wave functions
which have been properly symmetry adapted. Using
these wave functions it will be shown in the next section
that the 7-d bands can easily be described in terms of the
Blyholder model for CO-substrate interaction. ?

EXPERIMENT

The experiments were performed in two magnetically
shielded ultrahigh-vacuum systems (VG, ADES400) con-
taining facilities for LEED, Auger-electron spectroscopy,
and residual-gas analysis with a quadrupole mass spec-
trometer. The analyzer is rotatable in two orthogonal
planes and electrons are collected within an acceptance
angle of +1.5°. The resolution in energy was typically
100 meV. Excitation of photoelectrons with polarized uv

light was achieved in one system by a capillary gas-
discharge lamp, whereas the other system was attached
to a toroidal-grating monochromator at the storage ring
BESSY of the Berliner Elektronenspeicherring
Gesellschaft fiir Synchrotronstrahlung mbH. The base
pressure was in both systems below 10~ 8 Pa.

The Ni(110) crystal was spot-welded between two
tungsten wires which were spot-welded to tungsten rods
mounted on a sample manipulator. With liquid nitrogen
the sample could be cooled down to 80 K. Heating was
possible either directly or by electron impact onto the re-
verse side of the crystal. The crystal was cleaned by
argon-ion bombardment, followed by annealing. Adsorp-
tion of CO during cool-down resulted in a well-ordered
(2X 1) p2mg structure at liquid-nitrogen temperature.

SYMMETRY CONSIDERATIONS AND DISCUSSION

Figure 6 shows photoelectron spectra taken in normal
emission with unpolarized radiation to show the features
that will be discussed in this paper. Curve a is a spec-
trum of a clean Ni(110) surface showing the d bands
within 1 eV of the Fermi energy. Curve b is from a satu-
ration coverage of CO at room temperature where the
coverage is below one monolayer and the adsorbate layer
is not well ordered. This more conventional CO adsorp-
tion spectrum shows the CO 55 and 17 levels in the
range around 7 eV binding energy and the 45 level at 11
eV. Notice that there is a broad feature around 2 eV
binding energy which has been shaded. Curve c of Fig. 6
is for the (2X 1) p2ing structure. Several features are ap-
preciably different compared to the spectrum shown in
curve a. First, the region of the CO 56 and 17 energy
levels is obviously more complicated, as is evident from
the existence of a multitude of peaks. Also the region
from 1 to 3 eV shows several well-pronounced features.
It is this latter region that we will discuss in this paper.
The dispersion of the CO-derived 5&, 1%, and 40 bands
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FIG. 6. Normal-emission photoelectron spectra of clean and
adsorbate-covered Ni(110) taken with unpolarized light of a He
resonance lamp.

has already been described.* In this section we will show
that the features in the photoemission spectra induced by
the CO(2X 1) p2mg structure in the Ni d-band region are
due to two-dimensional states that are primarily Nid in
character, i.e., the CO 27-Nid bands.

A set of normal-emission photoelectron spectra show-
ing the development of the structures below the d bands
as a function of CO coverage is displayed in Fig. 7. Two
quite striking observations can be made in this figure.
Firstly, notice how rapidly the d bands are attenuated
with increasing CO coverage. The d bands are nearly
completely removed at an exposure of 0.8 L CO and
there is no dramatic further change when the (2X1)
p2mg structure is formed. Secondly, one notices a
dramatic increase of the intensity of the CO-induced
peaks below the d-band region when the CO overlayer
goes into the (2X 1) p2mg phase [above 0.8 of a mono-
layer (Ref. 22)]. The increased intensity is not solely a
consequence of the increased density, but more likely re-
lated to the unique symmetry and bonding configuration
of this structure.

To discuss and analyze the experimental data, the sym-
mentry of the two-dimensional adsorbate as well as the
substrate surface wave functions have to be considered.
We shall adopt the following procedure: since we are
concerned with CO 27—Ni 3d interactions, we separately
form symmetry-adapted CO 2 overlayer wave functions
and two-dimensional substrate wave functions. We clas-
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sify them according to their symmetries and then consid-
er possible interactions between the two subsets.

Figure 8 shows the two-dimensional overlayer 27 wave
functions at three symmetry points of the surface Bril-
louin zone (SBZ). The 27 molecular orbitals are divided
into two halves that are separated by a nodal point in the
wave function. To visualize the phase factor of the wave
functions which changes as a function of k”, either of
these halves is half-shaded in Fig. 8. The angle of the
shaded region with respect to the center of a specific part
of a specific MO is equivalent to its phase. Due to the
twofold symmetry of the system, the two components of
the 27 molecular orbital which are degenerate in the free
molecule are split. We represent these two components
throughout this study as 7, [Fig. 8(a)] and 7, [Fig. 8(b)]
wave functions. In this paper the X direction is defined
as the in-plane direction along the [110] azimuth and Y
denotes the in-plane direction along the [001] azimuth.
The situation depicted in Fig. 8 for the 27 wave functions
is identical to the one already discussed for the 17 wave
functions in Ref. 4. The main point is that the p2mg
structure cannot be described by a primitive unit cell con-
taining only one molecule per unit cell. As indicated in

Ni(110)/CO

normal emission
hw=19eV
(X+2z)-pol, a=22.5°

8.0LCO
40LCO
20LCO
15 LCO

12 LCO

08 LCO

04 LCO

INTENSITY

02 LCO

clean

v T v T v T

0 1 2 3 ' 4
BINDING ENERGY (eV)

FIG. 7. Photoelectron spectra of Ni(110) in normal emission
for different (CO) coverages, taken with primarily X-polarized
synchrotrom radiation of #iw=19 eV. The notation (X +z)
means X-polarized light with a little admixture of Z-polarized
light.
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FIG. 8(a). Schematic real-space representation of the CO
2m,-derived bands at three high-symmetry points of the (2X1)
p2mg SBZ. (b) Same as Fig. 8(a), but 277, -derived bands.

Fig. 3 and already discussed in Ref. 4, there are two mol-
ecules per unit cell. For a discussion of the symmetry of
the bands, linear combinations of the molecular CO wave
functions located at the positions of the two molecules
have to be formed. Consequently, and in line with our
previous analysis of the CO40-, COSo-, and
CO lm—derived band structure, the bonding and anti-
bonding combinations of the 7, and 7, orbitals give rise
to four bands at T labeled 2m,, 27T;, 27, ,and 27} . The
+ and — signs refer to the phase factor within the unit
cell. An in-phase combination of two 27 functions is an-
tibonding and thus energetically destabilized on a
binding-energy scale compared to a laterally noninteract-
ing adsorbate. The out-of-phase combination of two 27
functions is bonding and thus energetically stabilized.
Due to the different lateral interactions along [001] and
[170], the energy differences between the bonding and
antibonding combinations differ for the 27, and the 2,
bands. In Tables II and IIT we labeled the bands at
different points and along different directions of the SBZ
according to the irreducible representations of the p2mg
symmetry group using the nomenclature of Litvin.>> We
have shown the results for bridged and on-top molecular
coordination.

If we follow the bands in k space along the symmetry
line T to X (i.e., the = direction), the + and — combina-
tions pairwise degenerate at X. The left-hand sides of
Fig. 8 allow us to analyze the situation. At X the abso-
lute phase difference of the molecular orbitals of adjacent
CO molecules is zero along [001] and 90° along [110] for
both the symmetric and antisymmetric linear combina-
tion. So the lateral interaction which is determined by
the interaction integral and thus by the phase difference
of the wave functions is also the same, resulting in a de-
generacy of the bands at X. In fact, Hund showed in
1936 that for a p2mg structure all bands have to be de-
generate on the entire X —S line, i.e., the line perpendicu-
lar to the glide plane.®® Clearly, the wave-function plots
indicate that the energy positions of the bands at X have
to be intermediate between the energies at T since there is
an increasing antibonding character for the bonding com-
bination, whereas there is a loss in antibonding character
for the antibonding combination.

At Y, however, there is no symmetry argument for
band degeneracies. The right-hand sides of Figs. 8(a) and
8(b) indicate the reason. The phase change in this case
occurs, unlike in the former case perpendicular to the
glide plane. The wave functions and thus the bands are
not energetically degenerate since the spatial separation
between sites of equal phase is larger for the — than for
the + bands.

The next step on our way to understand the mixing be-
tween the unoccupied CO 27 levels and the occupied
metal substrate levels is to form a basis of two-
dimensional Ni bands from the occupied d and s elec-
trons. Figures 9(a)-9(e) show schematic pictures of the
wave functions at the same points, i.e., I, X, and Y, that
have been discussed above for the free-adsorbate layer.
Due to the CO-Ni interaction the symmetry of the sur-
face metal layer is not p2mm as it would be in the clean
Ni case, but p2mg. So the unit cell contains two Ni
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TABLE II. Symmetry-selection rules for bridge-bonded CO.

Representation CO 27 Ni valence states Polarization

I, 2w, s*,d;,dx}’d:z,yz VA

I, 2, d;.dt Y

T, 27y s 7,d2,dy,d s

r4 277: d:z—ydy; X

3, 2w, 2} stdbdg,df dihd, zZX

3, 2w, 2wy s hd2.dy,d s ody,dy Y

A, 2w, 2w, s*,dﬁ,dx;ydﬁvyz»dx;d; zZ,Y

A, 27,2t s 5d2,dg,d s 2da,dy X
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atoms and again we have to consider in-phase and out-
of-phase combinations of the Ni valence orbital wave
functions. By chosing this basis we can classify the pure
Ni bands according to the global symmetry of the in-
teracting overlayer, so that by pure symmetry arguments
we can tell in the last step (see below) which of the sub-
strate bands can couple to the CO overlayer bands.
Figure 9(a) shows schematic real-space representations
of two-dimensional Ni bands formed from Ni d ,-s hybrid

orbitals. As in the case of the CO 2 levels upon reach-
ing the X point, the bonding and antibonding combina-
tions yield wave functions of identical energy. This
means that there has to be a band degeneracy in the Ni d
bands as well, dictated by symmetry. Again, towards ¥
the degeneracy does not occur for the same reasons dis-
cussed for the CO 2 levels. Very similar analysis holds
for the wave functions shown in Figs. 9(b)-9(e). In all
cases the bands are forced to degenerate at X, whereas
they are split at T and Y. Of course, the magnitude of
the interaction depends on the orbital-specific Ni-Ni in-
teractions. The classification of the bands according to
the representations of the symmetry group p2mg is given
in Table II for the position of the mirror plane between
two Ni atoms and in Table III for the position of the mir-
ror plane through the Ni atoms. Since only bands be-
longing to the same representation can interact, it is im-
mediately clear from these tables which substrate level
can couple to which CO 27 overlayer band. But it is also
obvious that the result depends on the positions of the

mirror plane. Since for bridge-bonded CO the mirror
plane goes through the CO molecules, Table II will be
used throughout this paper, whereas Table III accounts
for a possible on-top bonding site. Note, if a definitive as-
signment of the band character was possible from experi-
ment, photoemission could be used to definitely assign
the adsorption site in the present case.

We are now prepared to discuss the interaction be-
tween overlayer and substrate bands in more detail. Con-
sider, for instance, the interaction of the CO 27 state

y
with the Ni valence bands. From Table II it can be seen

that at T the 217;r band transforms according to T',.
Thus it can interact with the Ni bands d,, and d;;. The
result will be three ', bands composed of the pure states
2w, d;, and d;f. The band which is mostly 27, in
character will be unoccupied and antibonding with
respect to the Ni-CO interaction. From bremsstrahlung-
isochromat-spectroscopy (BIS) experiments it is known
that this band is located several eV above Ep.® The
remaining two bands are occupied and mostly metal in
character. Energetically they are located in the range of
the pure metal d bands. It should be noted that not only
CO 27 and Ni valence bands interact, but also different
Ni bands belonging to the same representation. Consid-
ering this the nomenclature that we shall use in the fol-
lowing for reasons of simplicity is not really correct. The
assignment of a special band to be, for instance, “the
27, -d,}” band just means that this band is mostly d,; in
character with a usually small admixture of CO 277;r .

TABLE III. Symmetry-selection rules for terminal-bonded CO.

Representation CO 27 Ni valence states Polarization
| 2w, sﬁd;,d:z_yz,dy; V4
l_‘2 277'y+ Siyd;z,dx_z_yz,dyj Y
r, 2y, d,;,d;;

F4 277.: dxtydx; X
z1 277;:277': S+,dz+2,dx;,dx+2_y2,d;;,dy; Z>X
3, 2w, 2w, sd,dd s ada.dy Y
+oo— gt g= gt
sty T,d3,d5,dG

Al 2‘IT_,2’IT+ _ z 277 x Ty Z,Y

’ Y dx27y2)dyr9dyz
AZ 277';7277-: dx-'z'7dx;ydx; )dx;
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,-derived bands. (e) Same as Fig. 9(a), but d,,-derived bands.
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(d) Same as Fig. 9(a), but d

oo1]
Schematic real-space representation of the Nid ,-s-derived bands at the surface of the adsorbate system

Ni(110)/CO(2 X 1)-p2mg at three high-symmetry points of the SBZ. (b) Same as Fig. 9(a), but d,,-derived bands. (c) Same as Fig.

FIG. 9(a).
9(a), but d,,-derived bands.
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The also existing but comparably small amount of d, ad-
mixture is neglected by this nomenclature.

It can also be seen from Table II that the composition
of the bands is not constant but a function of the wave
vector_k”. Along =, for instance, the bands that belong to
I'; at I' now transform according to =,, which allows for
an interaction of all orbitals tabulated in the =, row of
Table II. This means that the composition of a band at,
for instance, X may differ significantly from its composi-
tion at T. The latter point gets important when we dis-
cuss the properties of the observed band structure of the
-d bands.

The Ni substrate bands that interact most strongly
with the CO 27 bands are formed from the Ni dzz-s hy-

brids [Fig. 9(a)], the Ni d,, [Fig. 9(b)], and the Ni d,, or-
bitals [Fig. 9(c)] because they are directed towards the
CO 27 molecular orbitals. The Ni dxziyz and d,, orbit-

als [Figs. 9(d) and 9(e)] are located within the surface
plane and are expected to be not so important for the CO
27—Ni interaction. Due to the spatial form of these or-
bitals, they will only show weak emission in normal ex-
cidence of the electrons. Thus the deyz' and d,,-
derived hybrid bands will be neglected when discussing
normal-emission spectra.

Figure 10 shows a set of photoelectron spectra for vari-
ous collection angles in both the I [panel (a)] and the A
direction [panel (b)] of the p2mg SBZ using X-polarized
light of #iw=19 eV. The vertical tic marks indicate the
peak positions as a function of the wave vector k, shown
on the right of each panel. Due to the strong CO-Ni in-
teraction the d-band emission of the clean Ni(110) surface
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FIG. 10. (a) Series of photoelectron spectra of the valence-
band region of Ni for clean (dashed) and CO-covered (solid)
Ni(110) taken with primarily X-polarized light (io=19 eV) as a
function of the electron-excidence angle along the [110] direc-
tion. (b) Same as (a), but for the [001] direction.



3484

is almost completely removed upon CO adsorption and
replaced by the emission of the 7-d bands. Panel (a)
shows the 7-d bands at 2.0 and 2.7 eV binding-energy
dispersing_in a parallel fashion until at a wave vector
k,=0.59 A ! which is near the X point of the SBZ the
two emissions coincide. Going to higher k; values the
peaks start to separate again. This behavior is a conse-
quence of the p2mg symmetry of the overlayer, which al-
lows only for the existence of twofold degenerate bands at
X.

After these remarks, we now discuss the properties of
the observed band structure of the occupied 7-d bands
(Fig. 11). The solid lines show the band dispersion as ob-
served by experiment ignoring possible hybridization
gaps. The four experimental points at T in Fig. 11 are
the m-d features shown in Fig. 12. The polarization
dependence of these states as obtained from Fig. 12 can
be used to identify the character of the bands at T'. The
2.7-eV state is excited by Z-polarized light only and thus
it transforms according to I';. Neglecting the d ,_ -

and dxy -derived bands, this feature can be identified from
Table II to be the 27, -d }-s * hybrid band. In this case

the amount of s character in the wave function cannot be
ignored since the d_,-s mixing is known to be strong. 37

In a similar fashion 2.0-eV feature can be assigned.
This state belongs to the irreducible representation I',
and thus has to be one of the hybrid bands '277';L —dyf and
277; -d,,. To further identify this band its dispersion as
shown by the solid lines in Fig. 11 can be considered. If
this band was mainly d,, in character at T, there should
not be much dispersion along A because the interaction
of the d,,-derived bands is only weak along [001]. Figure
10 shows that the dispersion bandwidth along A is 0.75
eV, which is the greatest bandwidth of all observed 7-d
bands. From this we assign the main character of this
band to be d; since the d,, orbitals interact significantly
along [001], giving rise to a much greater dispersion

Ni (110)/ CO (2x1)_p2mg

r A Y &2 © ¥ X I
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FIG. 11. Experimentally determined dispersions of the 7-d
bands along two high-symmetry directions of the SBZ.
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bandwidth compared to the d,,-derived bands. The
remaining two m-d features at 1.0 and 1.5 eV in Fig. 12
are excited only by X-polarized light, indicating I"y sym-
metry. According to Table II the metal part of their
wave functions has to have d, or d,, character, respec-
tively. An analysis like that done for the 2.0-eV feature
shows that the main character of the 1.0-eV feature has
to be d,,;, whereas the 1.5-eV feature has to be d. in
character.

There are two additional bands at a binding energy of
approximately 2.2 eV around Y, belonging to the irreduc-
ible representations A, and A,, respectively. Since the A,
band dispersing from 2 eV at T to 1.25 eV at Y in the first
Brillouin zone will, of course, also exist in the second
Brillouin zone, the two experimental data points making
up the A, band in the second SBZ around 2.2 eV may be-
long to this band. The A, band near Y at 2.2 eV must
transform according to either I'; or 'y at T. Table II
shows that there are only two bands belonging to I', at T.
These are the two bands in the binding-energy range from
0.75 to 1.5 eV along A, and thus the A, band at 2.2 eV
must belong to the representation I'; at I. The
symmetry-selection rules in Table II show that such a
state cannot be excited by either polarization of the light

Ni {110)/CO
) normal emission
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\ ----clean
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FIG. 12. Photoemission spectra of the valence-band region of
Ni for clean (dashed) and CO-covered (solid) Ni(110) in normal
emission. The three lower spectra were taken with different po-
larizations of the incident light.
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and so this band could not be observed in the normal-
emission spectra.

The experimental points within 0.5 eV below E could
not be assigned along either direction. Because the main
part of the substrate emission occurs in this energetic
range, these features may be due to surface umklapp pro-
cesses. However, emission from hybrid bands in this en-
ergy range cannot be conclusively excluded yet.

The range from 1.0 to 1.5 eV binding energy contains
many data points along = that could not be assigned to
definite bands. In normal emission (T°) in this range only
the two I', features are observed. Since the symmetry al-
lows only for twofold-degenerate bands at X which have
to belong to different representations along = and at T,
the two I'y bands cannot degenerate at X. Thus there
must be two additional bands in this energetic range
transforming according to either T', or I'; at T. The
spectra show no additional emission in this range at T so
that these bands will most probably belong to I'; and thus
will not be excitable in normal emission.

In contrast to the situation near the Fermi energy, the
dispersion of the bands in the energetic range from 2 to
2.7 eV is rather clear. These bands degenerate at X and
their periodicity is just as demanded by the symmetry of
the system. At X certain symmetry operations transform
each of the degenerate wave functions into the other one.
The band starting at 2.0 eV from T was assigned to have
2W;-dy‘; character at T, whereas the band starting from
2.7 eV was assigned to have 27, -d 5-s " character. The

transformation of 27, into 27ry+ is a symmetry operation
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at X, whereas the transformation of the metal part dz+2 st

into dyj and vice versa, of course, cannot be done by a
symmetry operation. Thus the degeneracy of these bands
apparently seems to not be possible by symmetry. But, as
stated before, the composition of the bands is a function
of the wave vector k| and thus the compositions of the
bands at X will differ from their composition at I'. To
discuss this in more detail, assume, for instance, that the
band starting at 2.0 eV from T’ (27Ty+-dy“:) begins to pick
up d;-s~ character when dispersing along X. This is

possible since 27,7, d,f, and d_-s "~ all belong to the same
irreducible representation along =. If the second band
starts to pick up d,, character, we get two bands at X,

the first one being composed of 27", d,}, and d ;-s ~, and

the second consisting of 27, d,;, and d;E-s * wave func-
tions. These bands are allowed to degenerate at X if they
contain corresponding metal or CO wave functions of
equal amounts. This means that if, for instance, the first
band contains 10% dy“;, the second one has to contain
10% d,; . Figure 13 shows a plot of these bands at Y, T,
and X, assuming that the composition of the bands at ¥
does not differ from their composition at T. It should be
noted that the qualitative composition of the bands as
shown in Fig. 13 at X and Y is just an arbitrary choice.
There is no specific physical reason to state that this must
be the right composition although it may be the correct
one.

As stated above, the bands in the range from 1.0 to 1.5
eV below Ep will most probably degenerate at X with
bands belonging to I'y at T'. For these bands the same
problems must be discussed; there must also be a change
in the amount of the metal character of the wave func-
tions along .

Figure 14 displays a set of normal-emission photoelec-
tron spectra of the (2X1) p2mg phase of CO as a func-
tion of photon energy. Since the light was mostly X po-
larized, only the 7-d states with I'y, symmetry are visible.
As expected for true surface states these do not show any
measurable dispersion at variation of k, , but there is ob-
viously a resonant enhancement of intensity at fio=16
eV for the 1.0-eV state and at siw=19.5 eV for the other
one. This corresponds to kinetic energies of 15 and 18
eV, respectively.

Figure 15 shows the intensities of all four 7-d features
as a function of the kinetic energy of the emitted elec-
trons. Two resonances are observable at 15 and 18 eV,
respectively. We interpret these resonances to be due to
unoccupied two-dimensional surface bands that are most-
ly metal in character. In particular, the strong resonance
of the 1.5-eV feature can be interpreted analogously to a
resonance observed for the d,,-derived band of the Ni
bulk band structure. Wiirtenberg et al.*® observed this
resonance at a kinetic energy of 14 eV and interpreted it
to be due to an excitation into an unoccupied band at the
lower edge of the symmetry gap at the volume X point
(Fig. 16). The character of this unoccupied band is not
definitely known, but there exists a large cross section for
an excitation of a d,,-derived state into this unoccupied
band. We may expect to find an unoccupied two-
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dimensional band with the same character as the volume
band at the surface too. Since the 7-d state at 1.5 eV
binding energy has been assigned to be mostly metal d,,
in character, we interpret its strong resonance at 18-eV
kinetic energy to be due to an excitation into this unoccu-
pied surface band. The latter one will, of course, be
modified by the CO-Ni interaction with respect to the
clean surface, giving rise to a shift of the kinetic energy
from 14 eV in the case of the bulk band to 18 eV at the
surface. For the second resonance of the 7-d states at 15
eV, no corresponding resonance of the bulk bands is
known. But due to the p2mg symmetry at the surface,
out-of-phase combinations of unoccupied metallic orbit-
als have to be additionally taken into account. Such
bands can exist at the surface only and one of them may
give rise to the resonance of intensity at 15-eV kinetic en-
ergy.

One may argue that the features that we assigned to be
7-d states could result from a diffraction of the outgoing
electrons by the CO superstructure, i.e., they could be
due to surface umklapp processes. This can be ruled out
by measuring the position of the peaks as a function of
photon energy for a fixed value of k. If the states are
truly two dimensional in character, there will be no
dispersion with photon energy .’ Figure 14 shows a set
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of normal-emission energy distributions for X-polarized
light as a function of photon energy. Figure 12 showed
that the 1.0- and 1.5-eV peaks were excited by X-
polarized light. Both of these peaks can be seen in the
spectra over a wide photon-energy range without any
measurable dispersion. This proves that the assigned
features of the (2X1) p2mg phase originate from two-
dimensional energy bands at the surface.

Finally, we would like to comment on a controversially
discussed issue. Mainly, two theoretical models for the
bonding of CO to transition metals are available from the
literature, namely the Blyholder model> and the
Anderson-Newns model.®° It is the Blyholder model that
we applied throughout this paper. It is described in the
Introduction and visualized in Fig. 1. If we try to inter-
pret our data in terms of the Anderson-Newns model we
run into severe problems. This picture predicts the elec-
tronic CO-substrate interaction to result in a broad 2w
resonance, centered some eV above the Fermi energy.
The full width at half maximum (FWHM) of this feature
should be several eV, leading to a tail extending below the
Fermi level and thus to a certain degree of occupancy. It
is this tail that should be detectable by photoemission.
But the features that we get as the result of CO adsorp-
tion in the d-band regime cannot be interpreted as the
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FIG. 14(a). Series of normal-emission photoelectron spectra of the Ni(110)/CO(2 X 1)-p2mg adsorbate system taken with primarily
X-polarized light as a function of the photon energy. (b) Continuation of Fig. 14(a).
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FIG. 15. Intensity of the 7-d band emissions as a function of
the kinetic energy of the emitted photoelectrons at normal ex-
cidence.

emission of the occupied tail of a broad, mostly unoccu-
pied electronic state since they do not show the form of
such a tail, i.e., they do not seem to extend above the Fer-
mi level. Besides this, we find four states with different
symmetries instead of one state. BIS measurements on
" the (2X 1) p2mg phase of CO on Ni(110) (Ref. 8) are also
in contradiction with the predictions of the Anderson-
Newns model since the 27* features found in the spectra
do not extend below the Fermi level and the spectra also
show more than one electronic state. In contrast to this,
the application of the Blyholder model to either BIS and
ultraviolet-photoemission-spectroscopy (UPS) results is
possible without problems, leading to the conclusion that
this model is much easier to use for the description of the
CO-substrate interaction. This holds true at least in the
case of the (2X1) p2mg phase of CO adsorbed on
Ni(110).

SUMMARY

In the present study we have presented results of
polarization-dependent  angle-resolved  x-ray-photo-
emission-spectroscopy (ARUPS) measurements on the
m-d backbonding bands of the adsorbate system
Ni(110)/CO(2X 1)-p2mg. These bands are located in the
Ni valence-band regime at the surface of the substrate
and result from the interaction of the CO 27 bands with
the Ni 3d bands. Due to this interaction, the symmetry
of the Ni surface layer is lowered from p2mm to p2mg
and, as in the case of the molecular orbitals of the ad-
sorbed CO molecules,* instead of the pure Ni wave func-
tions, symmetric and antisymmetric linear combinations
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FIG. 16. Calculated Ni bulk band structure (Ref. 39). The
initial and the final state of the intense transition at the X point
of the bulk Brillouin zone are marked by arrows.

of these have to be considered. The 7-d bands can then
be described as linear combinations of the symmetry-
adapted CO 27 and Ni 3d wave functions. Using the
dipole-selection rules of the p2mg space group and the
experimentally determined band dispersions, a qualitative
assignment of the character of the bands to definite linear
combinations of Ni 3d and CO 27 bands can be derived.
Since the 7-d bands consist mostly of metal wave func-
tions, they behave to a certain extent like the pure Ni
bands and so for the d,,-derived -d surface band an in-
tensity resonance was observed similar to a resonance
found for the d,,-derived band of bulk Ni.*® Finally, we
note that all properties of the 7-d bands can easily be de-
scribed in terms of the Blyholder model for the interac-
tion of CO with transition-metal surfaces. 2
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