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ABSTRACT 

Angle-resolved photoemission spectra of the molecular orbitals of 

chemisorbed CO on Pt(lll) and Ni(lll) substrates show a strong angular 

variation of the peak intensity ratio. Comparison with Davenport's Xa 

calculations establishes that CO stands up on these substrates with the 

carbon atom bonded to the substrate. The Pt Sd t
29 

orbitals are found 

to be strongly involved in chemisorption bonding to CO. 
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The interaction of chemisorbed adsorbate molecules with catalytically 

active substrates has formed the focus of much recent research activity 

in surface physics. Because of the importance of the CO/Pt and CO/Ni 

systems in heterogeneous catalysis for synthesis of hydrocarbons, these 

systems have served as prototypes for surface studies. Until now, however, 

no firm evidence has been presented regarding the orientation of absorbate 

CO molecules on crystalline nickel or platinum surfaces. 

Davenport1 presented SW Xa calculations of photoelectron angular dis

tributions from the molecular orbitals of oriented CO molecules and pointed 

out that chemisorbed CO should display similar angular distributions pro

vided that the molecular wavefunctions are not strongly perturbed by the 

substrate. In this letter we report photoelectron angular distributions 

from CO adsorbed on both Pt(lll) and Ni(lll) surfaces. These data provide 

the first definitive evidence that the CO molecules "stand up" in both 

cases, with the carbon atoms bonded to the substrate. Furthermore the spectra 

clearly show that the t 2g orbitals of the Pt Sd band are strongly involved 

in the Pt-C chemisorption bond. The experiments reported here were carried 

out with conventional photoemission equipment (He lamp, cylindrical mirror 

analyzer) and thus point out the potential of such studies to determine bond

ing geometries. It is clear that by making use of variable-energy, highly

polarized synchrotron radiation such studies become even more powerful. 

Experiments were carried out using the hv = 40.8 eV radiation emitted 

by a He II resonance lamp. Single crystals of Pt and Ni were cut along 

the (111) planes and cleaned_!.!!. situ under ultrahigh vacuum conditions. 

In the case of Pt it was necessary to alternate periods of Ar+ bombardment 

of the specimen at 950°C and oxidation in an atmosphere of 10-5 Torr o2 
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at 850°C for two weeks .in order to remove ca 1 ci urn and carbon impurities 

diffusing to the crystal surface from the bulk. Nickel was cleaned by 
+ repeated Ar bombardment and annealing. The photoemission studies were 

conducted at a background pressure of impurities (other than He) of 

< 8xlo- 11 Torr. In the angle-dependent studies both the unpolarized 

photon beam and the propagation direction of the analyzed electrons were 

in a horizontal plane, and the crystal could be rotated about a vertical 

axis in the plane of the (111) surface. Angle-resolved photoemission 

(ARP) was facilitated by masking all but an 11° arc of a cylindrical 

mirror analyzer, yielding an effective angular resolution of (5±1) 0 half 

angle. 2 Figure 1 shows the variation of the clean valence-band spectra 

(solid line) and the corresponding spectra after adsorption of ~4L CO 

(dotted line), plotted against 0, the angle of rotation from the crystal 

normal to the photoelectron k direction, for both crystals. The spectra 

shown in Fig. 1 were recorded with an experimental resolution of ~0.2 eV. 

The CO molecular orbitals labeled A and B in Fig. 1 are manifest as 

two peaks falling at ~8.1 and ~10.8 eV binding energy below the Fermi 

level (EF) in Ni and at ~9.2 and ~11.7 eV in Pi, respectively. The 

higher binding energy (E8) peak (B) has been assigned to the 4o orbital 

of CO, while the lower E8 peak (A) is attributed to a combination of the 

ln and 5o orbitals. 3 In both cases the two peaks are of nearly equal 

intensity fork near the surface normal, with the 8/A ratio decreasing 
-+ . as k 1s rotated toward the crystal surface. In Fig. 2c we have plotted 

the intensity ratio 18/IA of the two molecular orbitals A and B for the 

case of CO on Ni(lll) and CO on Pt(lll) as a function of the angle (0) 

between the surface normal and photoelectron propagation direction. The 
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details of the crystalline orientation with respect to the photon beam and 

the detector are shown in Figs. 2a and 2b. In Fig. 2d we have plotted the 

angular dependence of the ratio 4cr/ln + Sa) calculated from Davenport's 

~ngular distributions, for -three orientations of the CO molecule with respect 

to the surface. The calculations have been scaled for the best fit to the 

experimental .curves. ~~e believe this is justified because Davenport's 

calculation does not predict the correct magnitude for the total cross-sect1on 

of the ln and the 4a orbitals at hv ~ 41 eV {see Fig. 2, ref.- 1). For this 

reason we compare our results only to the angulardependenceof the ratio 

and not the absolute magnitude. 

In our calculation we take the unpolarized incident radiation tc be com

posed of two orthogonal linearly polarized components one of which is in 

the plane containing the incoming photon beam and the detector and the 

other is perpendicular to this plane ot =~I + Al). Since for unpolarized 

light the two components ~I and A1 are incoherent the photoexcitation 

matrix element can be written 
2n 

I -+ -+ 2 -+ -+ 2 -+ -+ 2 I< f I A • p I ; >I dot "' I< f I ~I • p I ; >I + I< f I A! • p I ; >I ( 1) 

0 

The contributions from the two components to the differential photoemission 

cross section were calculated according to the following analytical expres
. 4 

SlOn 

-+ -+ 
where eA is the polar angle of ~I or A1 respectively and e and ~ are the 

usual polar and azimuthal angles of photoemission with respect to the CO 

axis of the oriented molecule. 1 

Comparison of the experimental intensity ratio r811A for the adsorbate

substrate systems (Fig. 2c) with the scaled theoretical intensitiy ratio 

4o/(ln + 5o) for an oriented CO molecule (Fig. 2d) strongly favors the con

figuration where CO stands up, with the C bonded to the substrate. Note in 

particular that the configuration with 0 bonded to the substrate can be excluded 
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because the 4a/(ltr + Sa) ratio vanishes fot angles a> 20°. The overall 

good agreement between the experimental curves in Fig. 2c and the solid 

curve in Fig. 2d is not expected to be perfect in detail, mainly because 

the 5a orbital is expected to be somewhat perturbed through its inter

action with the substrate. 5 We feel that the present results,besides de

termining the orientation of CO on Ni(lll) and Pt(lll),also prove in 

general that angle resolved ultraviolet photoemission can be used to de

termine bonding geometries. One other point which needs to be discussed 

is the different behavior of the ratio IB/IA with a for CO on Ni(lll) and 

CO on Pt(lll ). This may be due to a difference in the detailed nature 

of the adsorbate-substrate bonding for the two sytems resulting in initial 6 

and/or fina1 7 state effects which determine the photoemission angula~ 
distributions. This point is currently under more thorough investigation. 

The d-bands of Pt rise sharply to a peak very near EF' then show a 

broad structure extending for about 7 eV. We have calculated the band 

structure of Pt using Smith's8 parameterization of the Hodges, Ehrenreich 

and Lang9 tight-binding interpolation scheme. Fig. 3 shows the calculated 

total valence band (VB) density of states and its decomposition into the 

t 2g and eg components. The first VB peak near EF is seen to arise in 

large measure from t 2g orbitals, which, because of high surface sensitivity 

of the photoemission spectra at hv = 40.8 ev,10 should mainly be located on 

surface Pt atoms} 1 The dramatic decrease in the intensity of this peak on 

chemisorption of CO, which is evident in most of the Pt spectra in Fig. 1, 

indicates the involvement of surface t 2g orbitals in the chemisorption 

bond(s). A similar effect has also been observed at higher photon energies. 12 

•. 
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Neither the location of CO on the substrate nor the exact nature 

of the CO-substrate bond is yet established. We tend to favor a model 

in which the C atom lies iiTIIlediately above a Pt atom,. with coordinate 

covalent (o) bonding by the carbon lone-pair electrons, stabilized 

through back bonding of t
2
g orbitals with the CO n* orbitals.13 This 

is consistent with the spectra, particularly with depletion of the sur

face t
29 

bands, and it is also appealing on chemical grounds (bond-length 

considerations, for example). Further experimental evidence will be 

needed, however, before the absolute conformation of the chemisorbed 

CO-substrate complex is established with certainty. 

.. 
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FIGURE CAPTIONS 

Fig. 1. Photoemission spectra of clean Ni(lll) and Pt(lll) (solid lines) 

and Ni(lll) + 4L CO and Pt(lll) + 4L CO (dotted lines) at hv = 

40.8 eV as a function of the angle 8 between the surface normal 

and the photoelectron propagation direction. 8 is defined in 

Fig. 2a. 

Fig. 2. (a) Experimenta 1 arrangement of the photon beam and detector 

with respect to the crystal normal. 8 is defined positive for 

clockwise rotation, negative for anticlockwise rotation of the 

crystal normal with respect to the fixed photoelectron propaga-

tion direction into the analyzer. 

(b) Experimental orientation of the crystals in the (111) 

plane. 

(c) Intensity ratio IB/IA of the two molecular orbital peaks 

A and B in Fig. 1 as a function of 8, where 8 is defined in 

Fig. 2a. 

(d) Calculated intensity ratio 4cr/(1TI + 5cr), scaled to best fit 

experiment, for three orientations of the CO molecule with respect to the 

surface as a function of 8, where 8 is defined in Fig. 2a. 

Fig. 3. Total valence band (VB) density of states and the t 2g and eg 

projections for Pt 5d calculated in a tight binding interpola

tion scheme as discussed in the text. The density of states 

histograms were convoluted with a Gaussian of FWHM = 0.5 eV. 
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