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Further studies of Ni (001)c (2 X 2)CO: Evidence for back donation in the chemisorption bond

R. J. Smith
Physics Department, Brookhaven National Laboratory, Upton, New York 11973

J. Anderson and G. J. Lapeyre
‘Physics Department, Montana State University, Bozeman, Montana 58717
(Received 12 December 1979)

We report new results for the chemisorption system Ni (001)c(2 X 2)CO using angle-resolved polarization-
dependent photoemission with synchrotron radiation (10 < hv < 40 eV). Adsorbate-induced structure with -
like symmetry is observed in normal emission at E; ~ — 2.2 eV, and in the (100) mirror plane off normal at
E;~ — 1.3 eV. Using the back-bonding scheme of Blyholder, an interpretation is given in terms of the
mixing of metal d orbitals with the empty 27 orbital of molecular CO.

I. INTRODUCTION

The chemisorption of molecular CO on transi-
tion-metal surfaces is a well-studied problem
both experimentally and theoretically. This
chemisorption system is useful as a model system
for molecular adsorbate levels on a substrate with
itinerant states, and also for its contribution to
the understanding of chemical reactions over
metal substrates.’ The character of the bonding
of CO on Ni has been studied experimentally with
many surface-sensitive techniques, including
Auger electron spectroscopy (AES),? electron-
energy-loss spectroscopy (EELS),® low-energy
electron diffraction (LEED),*"® thermal-desorption
and work-function studies,?'® and photoemission,® ™12
and has been extensively studied theoretically.*®™*8
The results of such work have provided informa-
tion of two general types. One group of experi-
ments has concentrated on the electronic proper-
ties of the bonding of CO on nickel, with the
primary emphasis placed on the occupied molecu-
lar orbits (MQ), i.e., the 40, 17, and 50 MO’s.
Comparisons between the electronic levels of gas-
phase CO and chemisorbed CO have helped to iden-
tify the various orbitals in the chemisorbed sys-
tem.lO.lQ

The second group of experiments has provided
information on the adsorbate geometry relative
to the Ni atoms. Photoemission studies? 22 using
linearly polarized synchrotron radiation, com-
bined with molecular calculations,?® showed that
the chemisorbed molecule is bonded with the
molecular axis perpendicular to the surface and
the carbon atom nearest the Ni (001) surface.
More recently, the vibrational excitations of Ni
(001)c(2 x2)CO were studied using high-resolution
EELS,? and the results indicated linear bonding
with the CO directly above surface Ni atoms. Fur-
ther photoemission studies®® using polarization-
dependent selection rules confirmed the vertical
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orientation in direct contrast with some LEED
conclusions®?7 and supported the level ordering
with 50 and 17 reversed from the gas phase.0+1°
Two recent LEED studies®® confirm the vertical
orientation and disagree only on the bond lengths.
The purpose of this paper is to present new
photoemission results for Ni (001)c(2 x2)CO using
polarization-dependent angle-resolved ultraviolet
photoemission spectroscopy (PARUPS) which show
chemisorption structure not reported previously
and which we believe to be due to the back bonding
of Ni d orbitals to the 27 antibonding MO of CO.
These results are consistent with the usual pic-
ture’® of the CO~metal bond. At the same time
we provide additional input for model calculations
so that a more detailed description of the bond can
be obtained, consistent with the full range of ex-
perimental observations.

II. EXPERIMENTAL

The nickel sample was a thin ribbon whose sur-
face was mechanically polished and chemically
etched to within one degree of the (001) plane.

The crystal was cleaned in sifu by sputter-anneal-
ing cycles. Surface composition was monitored
using Auger electron spectroscopy and the spectra
showed negligible surface impurities. The exis-
tence of a well-ordered (001) surface was verified
using grazing-incidence electron diffraction at

3 keV and the angular anisotropy of the photoemis-
sion spectra. By using the diffraction patterns
with azimuthal rotation of the sample, it was ob-
served that an exposure of 3 L (1 L =10"° torr sec)
CO gave a well-defined ¢(2 x2) pattern with half-
order streaks when the electron beam was incident
along a (100) direction.

Radiation from the storage ring at the University
of Wisconsin Synchrotron Radiation Center was
focused to a small spot on the sample. The angle
of incidence could be varied continuously from
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normal (s polarization) to about 45° (s, p polariza-
tion). With a different sample geometry it was
possible to obtain s-polarized radiation with an
angle of incidence of 42.3° from the surface nor-
mal. The photocurrent was detected with a cylin-
drical mirror analyzer (CMA) modified®*® with an
internal aperture to select any 4° segment of the
cone of electron trajectories passed by the CMA.
The sample-analyzer geometry has been discussed
elsewhere.?® For our purpose it is important only
to note that at a polar angle of emission, 6,=42.3°,
with s-polarized radiation, the azimuthal collec-
tion angle ¢, and the azimuthal orientation of K,
¢4, could be varied independently so that, for
example, we could collect electrons with A parallel
or perpendicular to the emission plane, i.e., the
plane containing the surface normal and the elec-
tron detector direction.

III. RESULTS

In what follows we will concentrate on emission
in the (100) and (110) mirror planes of the four-
fold symmetric Ni (001) surface. We do this be-
cause the linearly polarized synchrotron radiation
allows us to determine the mirror-plane symmetry
(odd or even) of the initial state. It is now well
established® %2 that for emission in a mirror
plane only even-parity initial states can be ex-
cited with & parallel to the mirror plane and only
odd-parity states for A perpendicular to the mirror
plane. For convenience we express the above two
conditions as A and &, , respectively.

To demonstrate these polarization-dependent
selection rules, we show in Fig. 1 angle-resolved
energy distribution curves (AREDC) for Ni (001)

+ 3-L CO, with photon energy v =24 eV. As in-
dicated by the shaded regions, chemisorption-
induced structure is observed near initial ener-
gies of —1.3, -8, and -11 eV. A curve for the
clean substrate is also shown (dashed curves)
from which we determine enhanced emission
levels due to adsorption. We focus initially on the
peaks at —8 and -11 eV since these are the well-
documented structures due to 17 +50 and 40 MO’s,
respectively.?® 22

The peak in Fig. 1 at —=11 eV is due to the 40 MO.
Assuming that the CO molecule stands straight up
on the surface, the unperturbed 40 MO has cylin-
drical symmetry about the surface normal and
hence an infinite number of mirror planes which
contain the surface normal.. The azimuthal iso-
tropy is shown in Fig. 1 for the (100) and (110)
directions. The electron detector selects one of
these mirror planes, so that for K" we observe
this even-parity state, while for A, the structure
is gone.*® The peak at -8 eV is due to overlapping
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FIG. 1. Photoemission spectra of clean Ni (001) and
with chemisorbed CO for A parallel and perpendicular to
the (100) and (110) mirror planes. The shaded areas in-
dicate enhanced emission due to the adsorption of CO.

17 and 50 states.®”'2:22 The 5¢ derived state
has even parity and should be observed only for
K", while the 17 MO has both an even and an odd
component and should be observed for both A | and
A,. This is in fact the case, and has been used

to isolate the 17 orbital from the 50 contribution.25
It is the above sort of polarization dependence that
we will exploit in the discussion which follows.

By an appropriate choice of polarization geometry,
we can eliminate certain emission features,

either due to the substrate or adsorbate, so as to
concentrate on a desired emission structure.

As indicated in Fig. 1, there is enhanced emis-
sion near E;=-1.3 eV in the (100) direction. In
Fig. 2 we show in more detail the behavior near
Ep for emission in the (100) and (110) mirror
planes with A and &,. The clean substrate emis-
sion (solid curves) is dominated by d-band struc-
ture. In the (100) azimuth there is a strong even-
parity state at —0.63 eV for A, while for &, we
see an odd-parity state at —0.4 eV that has a rela-
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FIG. 2, Details of the photoemission spectra of Ni
(001)+ CO near Ep, The arrows indicate CO-enhanced
emission.

tively narrow energy width and weaker intensity.
In the (110) direction with A, we observe even-
parity states at E;=-0.4 and -1.5 eV, and for &,
there is an odd-parity state at —1.6 eV. The rela-
tively narrow peak at -0.4 eV has d,, symmetry
since it is observed with A} (A,) for the (110)
((100)) azimuth and may be due to those transitions
recently observed and reported as magnetic sur-
face states.’*

For Ni (001) +3-L CO (dashed curves in Fig. 2),
the substrate emission features in the (110) azimuth
appear attenuated and no new features are apparent
near E.. For the (100) direction, however, there
is an obvious adsorbate-induced structure at —1.3
eV for A, -(shaded in Fig. 1), while for A there
appears to be a shoulder at E; ~ -1.4 eV on the
strong even-parity substrate emission feature.
Therefore, the adsorbate-induced emission has
both even- and odd-parity components at E; =-1.3
eV for the (100) direction and no new emission
features near E in the (110) direction. We note
that it is the ability to “turn off” the even-parity
transitions which helps us extract this informa-
tion.

Enhanced emission near E; due to adsorbed CO
is also observed in normal emission over a limited
range of photon energies. In Fig. 3 we show nor-
mal emission spectra taken for 6,=47.7° from the
surface normal. We refer to this geometry as s, p
polarization, since there is a component of A nor-
mal to the surface. In fact, with this geometry
we have roughly equal amounts of s and p polariza-
tion.®® We observe enhanced emission at E,
=-2.2 eV due to CO adsorption for 13<hy<18 eV.
In Fig. 4 we show the polarization dependence of
the -2.2-eV structure at normal emission for s
polarization (normal incidence 6, =90°) and s, p
polarization (9, =47.7°). Since there is no signifi-
cant increase in amplitude for the s, p-polarized
case, we assume that this structure is due pri-
marily to a transition excited with & in the surface
plane. Again, we can resort to the polarization
selection rules for normal emission®! to determine
that this structure has A, symmetry, similar to
the 17 MO.

To examine the kv dependence of these adsor-
bate-induced features, we use the constant initial-
energy spectra (CIS) technique as discussed else-
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FIG. 3. Photoemission spectra of clean Ni (001) and
with chemisorbed CO taken at normal emission with
mixed s, p polarization for several photon energies.
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FIG. 4. Photoemission spectra of clean Ni (001) and
with 3-L CO taken at normal emission with different
incidence angles of the radiation.

where.?® This mode of photoemission consists of
a synchronous scan of v and analyzer energy E;,
such that zv — E; =-E; is held constant. It is a
vertical scan, at constant E,, in the EDC’s of
Fig. 3, and thus reformats the experiment so as

to study the v dependence of a selected transition.

In Fig. 5 we show the percent enhancement due to
CO for the peak at —2.2 eV in normal emission (C)
and for the —1.3-eV peak in the (100) azimuth at
6,=42.3° and A (@). These curves represent the
difference between a CIS taken on the CO exposed
substrate and one taken on the clean nickel, nor-
malized to the latter, i.e., we have plotted

[N(E)(Ni +CO) — N(E)(clean)]/N(E)(clean)

to obtain the enhancement due to CO adsorption.
For the peak at —2.2 eV we observe the enhance-
ment structure from 12<Zy <20 eV, while the
structure at —1.3 eV (off-normal emission) shows
enhancement for ~v>20 eV up to the highest Zv
attainable in our experiment. The rise in each
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FIG. 5. Percent enhancement in the photoemission at
E;= ~2.2 eV O) and at —1.3 eV (@) due to 3-L CO ad-
sorption on clean Ni (001). Each curve is normalized
to the clean Ni emission at the respective energy.

curve at low kv is due to the increased secondary
emission with adsorption of CO.

1V. DISCUSSION

To discuss the chemisorption peaks we observe
near Ej for Ni (001)c(2 x2)CO, we review briefly
the model of Blyholder*® for CO on nickel. In this
model, the bonding is accomplished through the
50 molecular orbital which hybridizes with a
metal d orbital of symmetry a, (d,2) and also
through the unoccupied 27 orbital which hybridizes
with metal d7 orbitals. Charge transfer is assumed
to be the same in the ¢ and 7 systems resulting in
neutral CO. For the c¢,, symmetry of the c(2 x2)
systems,’® the only metal orbital having symmetry
compatible with the 27 orbital is the A; (d,, ,,)
orbital, so that we can visualize the formation of
hybrid orbitals d,,+ 27 ) and (d,, +27,). We assume
an on-top bonding position®# in what follows, but
the same considerations apply for bonding in a
fourfold hollow if the bonding is made to the four
surrounding nickel atoms. In this picture then,
the (d,, +2m,) orbital has even parity with respect
to the xz mirror plane (100), while in the same
mirror plane, the (d,, +27,) orbital has odd parity.
It is just these two hybrid orbitals which could
give rise to the chemisorption structure observed
in Fig. 2. Furthermore, the normal-emission ob-
servation supports this assignment, since only
states with A; symmetry emit normal to the (100)
surface with s polarization.3!

We expect that the (metal plus 27) bonding orbital
has predominantly metallic character based on the
results of Doyen and Ertl** and that its symmetry
is A; based on our polarization studies. A likely
candidate for the metallic component at normal
emission is the A; band from T to X.%° All bands
in the (100) mirror plane must be considered for
the off-normal emission results. The measured
value for the A, band at T, is —1.2 eV in clean
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nickel.®® A shift due to chemisorption bonding
could lower this level to —2 eV, and thus explain
our normal emission observation.

To carry this interpretation further requires
a consideration of the two-dimensional band
structure for the c(2 x2) surface layer of Ni+CO.
Since the surface Brillouin zone for the Ni+CO is
smaller than for the clean nickel, we must con-
sider how the nickel d bands in the outer regions
of the nickel surface zone map back into the
¢(2 x2) surface zone. These modified nickel
bands could then be mapped out as a function of
wave vector parallel to the surface (E vs &) in
the usual way,*® although such an experiment
‘might be rendered impossible by interfering nickel
bands away from the regions considered here.

For the two-dimensional overlayer system, the

" energy position of the adsorbate levels observed

at normal emission should not depend on photon
energy, i.e., no dependence on wave vector nor-
mal to the surface El. We see that this is true of
the —2.2-eV peak in the spectra of Fig. 3, which
supports the assignment as CO-induced surface
states. We can also understand the photon energy
dependence of Fig. 5 as arising from available
nickel final states near X for kv = 10 eV and again
for hv =20 eV.3®

Enhanced emission near E; has been observed
previously for photoemission from Ni+CO. Page
and Williams® have reported ultraviolet photo-
electron spectroscopy (UPS) data which show
adsorbate-related structure at —-1.2 eV for CO
on Ni (001) and on Ni (110) and similar structure
at ~1.5 and -0.6 eV for CO on Ni (111). They
attribute these structures to 27-related initial
states. Norton et al.'! report difference curves
obtained from CO on Ni (001) and Ni (111) which
show structure near -3 eV. This also is assigned
to 2n-related initial states. In both cases, how-
ever, it is difficult to relate these observations to
our data since the incident radiation in these ex-
periments was unpolarized and the collection
geometry ill defined. The results of Page and
Williams® were reported as emphasizing the near-
normal emission and are perhaps most closely

related to our data in Figs. 3 and 4. However, the
photon energy and polarization are different from
ours and the exposures were much larger (100 L),
giving a saturated surface coverage. Williams

et al.”® and Eastman et al.® have also reported
adsorbate-induced structure for CO on Ni (111) at
2 to 3 eV below Ep.

V. SUMMARY

We have observed CO-induced transitions for
the system Ni (001)c(2 x2)CO at -2.2 eV in normal
emission, and at —1.3 eV off normal in the (100)
mirror plane. Polarization-dependent selection
rules were used to determine the mirror-plane
parity of the initial states in the transition, and
the photon energy dependence of the two transitions
was studied. The lack of dispersion in normal
emission as a function of photon energy suggests
that the —2.2-eV transition originates in the two-
dimensional adlayer of Ni (001)¢(2 x2)CO. The
symmetry of the adlayer state is observed to be
compatible with the twofold degenerate A, repre-
sentation (r-like). A metal band of A, symmetry
is very likely involved in the back bond and re-
sponsible for the dispersive behavior observed
off normal. We expect that these results will pro-
vide useful additional input for model calculations
of the CO-metal bond.
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