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ABSTRACT 

Photoelectron spectra for CO on a Pd substrate have been measured 

in the photon energy range 40-180 eV. A dramatic resonance in the 

intensity ratio of the CO-derived peaks compared to the Pd valence 

band (VB) was found for photon energies near 130 eV, where the ratio 

is ca. nine times larger than at hv = 40 eV. This increased spectral 

sensitivity to the CO molecular orbitals results from a Cooper minimum 

·in the photoemission cross-section of the Pd 4d valence level. Be-

cause such spectral minima are present in all 4d and 5d VB materials, 

adsorbate studies on these substrates at photon energies near 130 eV 

(for which laboratory .. sources are potentially available) should benefit 

greatly from the decreased background and the increased surface sensi-

tivity. This point is further illustrated by comparing the present 

results to previously reported photoemission.data from CO on Ni and 

Pt substrates. 

'~This work was performed at the Stanford Synchrotron Radiation Laboratory, 
which is supported by the NSF Grant No. DMR 73-07692 A02, in cooperation 
with the Stanford Linear Accelerator Center and was done with support 
from the Division of Chemical Sciences, Office of Basic Energy Sciences, 
U. S. Department of Energy. 
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Photoelectron spectroscopy is a very sensitive technique for 

studying submonolayer coverages of adsorbate atoms or molecules on 

catalytic substrates. Using photons in the UV range, adsorbate 

molecular orbitals with binding energies (EB's) up to about 20 eV give 

rise to peaks alongside the substrate valence-band features, with 

favorable signal/noise ratios [1]. Surface sensitivity is, however, 

usually not optimal with UV sources, and core levels of adsorbates, 

as well as tightly-bound valence levels, are either energetically 

inaccessible or unobservable because of their low cross-sections. 

Conventional laboratory photon sources in the x-ray range (e.g.,· 

HgKa x-rays at 1254 eV) yield photoemission spectra in which the 

molecular-orbital to valence-band intensity ratio is much smaller [2], 

although core levels can be readily observed. If follows therefore that 

the use of anyone particular laboratory photon source places severe con-

straints on the study of adsorbates by photoelectron spectroscopy. 

In anticipation that a photon source in the 100-150 eV range might 

prove especially useful for adsorbate molecular orbital studies, an 

yttrium anode (hv= 132 eV) was built several years ago in this lab-

oratory and used to study molecular orbitals of cornmon adsorbate 

molecules in the gas phase [3]. We return to this at the end of this 

Letter. 

With the availability of an intense source of variable-energy 

synchrotron ra~iation in the vacuum ultraviolet-to-soft-x-ray range 

at the Stanford Synchrotron Radiation Laboratory, it has now become 

feasible to adjust photon energies to optimize overall sensitivity to 
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surface effects in photoemission spectra. For several reasons it is 

particularly desirable to extend the photoemission spectroscopy of 

adsorbate systems to photon energies somewhat above those commonly 

available with laboratory sources; Le., into the hv = 100-150 eV 

region. A major advantage from the standpoint of surface studies is 

the maximal surface sensitivity of electron spectroscopy using photo-

electron kinetic energies 

(1) 

given by photons in this energy range and EB values of valence-band 

electrons from the substrate. Figure 1 shows the electron attenuation 

lengths in relevant metals [4], plotted against energy. Because the 

minimum attenuation length in the Ek'" 100 eV region is roughly 3A, the 

substrate valence band peaks should be sensitive ,to the first substrate 

layer and show the effects of adding adsorbate molecules. 

Early studies of the molecular-orbital to valence-band area 

intensity ratios, hereafter termed MO/VB, for the CO/Ni and CO/Pd 

adsorbate/substrate systems were carried out by Gustafsson, et al. [5] 

up to energies of 90-100 eV using synchrotron radiation. These early 

results were discouraging: the ratio MO/VB dropped' by over a factor 

of 10 forCO/Ni as the photon energy was changed from 40 eV to 90 eV. 

For CO/Pd, MO/VB dropped from 0.16 at hv 40 eV to 0.08 at hv = 80 eV, 

then increased very slightly to 0.10 at hv 100 eV. 

Subsequent work by Apai, et al. [6] on CO/Pt up to hv = 150 eV 

showed that MO/VB passed through a minimum at hv '" 100 eV, and increased 

at higher photon energies, to a value 

~, 
\ 
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(MO/VB)150 eV 2.9 (MO/VB)40 eV 

Later, Miller, et al. [7] found the same result for a stepped Pt crys-

tal. The reason for this relative increase in molecular-orbital sensi-

tivity is the existence of a "Cooper minimum" in the Pt 5d valence-band 

photoemission cross section [8]. Cooper minima in 4d and 5d-shell photo-

electric cross-sections are general phenomena familiar from absorption 

studies [9], as discussed below. 

Electric dipole selection rules (!J.9., = ±l) allow only p- or f-

symmetry partial-wave final states to be reached from d-shell initial 

states. For the high photon energies of interest here the d ~ f channel 

dominates over the d ~ p channel, and it will suffice for our purpose 

to discuss the d ~ f channel. Above threshold the d-band intensities. 

first exhibit maxima in o(hv), which occur in the order Au 5d «40 eV), 

Ag 4d (~O eV), and Cu 3d (~130 eV), and similarly for other members 

of the 5d, 4d, and 3d series. These maxima have been observed in 

absorption 'studies [9] and in photoemission[IO,ll]. The shift in 

energy of the maximum arises because, close to threshold, the f radial 

final state wave function is held away from the nucleus by a centrifugal 

2 
barrier proportional to 9.,(9., + l)/r , permitting little overlap with 

the initial-state d function. With increasing energy the continuum 

f wave penetrates further, giving more overlap with the d function 

and a larger cross-section. Because the d wave functions vary in 

radial extent in the order 5d > 4d > 3d, the energy of maximum over-

lap will vary in the reverse order, as observed. Beyond the maximum 

the photoelectric cross section simply decreases monotonically with 



-4-

energy for 3d initial states, which have no radial node: this has been 

observed, for example, in copper [10]. For n > 3, however, there are 

ri - 3 radial nodes in the nd wave function which cause a(hv) to fall 

more steeply at higher energies. Because the total photoelectric 

cross section is proportional to the sum of the squares of the d -+ p 

and d -+ f channel matrix elements, a local minimum occurs at the energy 

for which one matrix element vanishes. This minimum is referred to as 

a "Cooper minimum", and may be sharp, as in the 4d case with a single 

radial node, or it may be smeared out as in the 5d case, which has 

two radial nodes. 

In earlier work we reported the energy variation of d-band photo-

emission intensity I(hv) for Cu [lO],Ag [10], Au [10], and Pt [6]. 

Lindau, et al. have made similar measurements for In and Sb [11]. 

Figure 2 sunnnarizes our previous measurements and also shows our new 

results for Pd. The variations of a(hv) for 3d, 4d, and 5d shells 

are fully illustrated in this figure. The scales in Fig. 2 are not 

absolute, however, nor is I(hv) strictly proportional to a(hv), because 

of variations in escape depth. 

By the use of the I(hv) curves for Cu and Ag (used in place of 

Ni and Pd, respectively) shown in Fig. 2, plus approximate theoretical 

molecular orbital photoemission cross-sections for CO, based on a 

plane-wave final state [12], Apai [13] estimated the variatic)U of 

MO/VB with photon energy for the two systems CO/Ni and CO/Pd studied 

by Gustaf sson ,et al. [15] and found very good agreement. This result, 

together with the success of a similar approach in explaining the MO/VB 

, , 

'.' 
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enhancement at hv = 150 eV for CO/Pt, led Apai to predict [13] a rather 

sharp resonance in MO/VB for CO/Pd, with significant enhancement in 

this ratio near hv = 140 eV. The experimental observation of this 

resonance is the main result of this Letter. 

A single crystal of Pd, cut along the (110) plane, was polished, 

eiched in hot aqua regia, and mounted· in a photoemission chamber with 

-10 + a base pressure of ~ 2 x 10 Torr. It was cleaned by Ar ion bombard-

ment,but it was not annealed to reduce possible angular effects. The 

photon source was the 4° port of Beam Line I at the Stanford Synchro-

tron Radiation Laboratory [14]. Angle-integrated photoemission spectra 

were collected using a double-pass cylindrical mirror analyzer (Physi-

cal Electronics,Model PHI 15-255G) at a pass energy of 50 volts. The 

analyzer resolution was 0.80 eV FWHM, while the resolution of the syn-

chrotron radiation selected by the "grasshopper" grazing incidence 

monochromator was approximately 0.3 eV. 

Spectra were collected for clean Pd and for Pd exposed at room 

-6 temperature to 4 L of CO (IL = I Langmuir = 10 Torr·sec); under 

these conditions of exposure, the sample should have a monolayer cover-

age of chemisorbed co. Photoemission spectra at selected energies 

are shown in Fig. 3. It is obvious from visual inspection of these 

spectra that MO/VB increases dramatically just beyond the photon energy 

range covered in the work of Gustafsson, et al. [5], peaking well above 
('I 

100 eV. Figure ~ is a plot of the area ratio MO/VB against photon 

energy, with MO taken in this case to include just the least-bound 

(In + Sa) peak and VB taken as the main 4d band peak. The expected 

resonance is observed, ih excellent agreement with prediction [10,13]. 
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Two main conclusions can be drawn from this work. First, for 4d 

as well as 5d transition series metals the suppression of valence-band 

intensities near Cooper minima facilitates the study of molecular orbi-

tals of chemisorbed molecules for photon energies somewhat above 100 eV, 

where proximity to the minimum in the electron attenuation length also 

emphasizes contributions to the photoemission spectrum of the valence 

band of the substrate surface layer. 

Second~ certain laboratory photon sources fall at very useful 

energies for studying photoemission spectra from chemisorbates on 4d 

and 5d metals. For example, the ZrMl;; line af15l eV is well"";suited for 

experiments with Pt, while the YMl;;line [3] at 132 eV is exactly at 

the maximum in MO/VB for the CO/Pd system. It should be mentioned, 

however, that in order for these sources to be useful in solid state 

photoemission studies, methods for suppressing Bremstrahlung radiation, 

which produces a large background of secondary electrons under the 

spectrum from the characteristic line, must be devised. 
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FIGURE CAPTIONS 

Experimental values of the inelastic mean-free-path (A ) of 
e· 

electrons in Ni, Cu, Ag, and Au as a function of the elec-

tron's kinetic energy [4]. 

Relative d-band intensity of Cu [10], Ag [10], Au [10], Pt [6], 

and Pd as a function of the incident photon energy. The 

curves have been corrected for the collecting efficiency of 

the electron energy analyzer, the transmission of the mono-

chromator, and inelastic background. 

Fig. 3. Photoemission spectra of Pd + 4 L of CO in the photon energy 

range 40 to 180 eV. Experimental resolution was 0.8 eV. 

Note the increase in intensity of the CO-derived peaks (at 

~8 eV and ~ll eV E
B

) as hv is increased to 130 eV. 

Fig. 4 .. Photoemission intensity ratio of the (50 + lTI) CO derived 

peak at ~8 eV EB to the Pd valence band as a function-of 

photon energy. 
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