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ABSTRACT 

Hodulations of up to a factor of two were observed in the 

Se 3d photoelectron intensity normal to the surface, for selen-

ium overlayers on Ni(lOO), as the photon energy was varied from 

90 eV to 240 eV. Excellent agreement of peak energies with pre-

dictions by Tong and Li was obtained for both the c(2x2) an~ p(2x2) 

structures, using the hollow site geometry. Normal photoelec-

tron diffraction appears to have promise as a surface structural 

met.hod. 

*Also with Dept. of Physics, Univ. of California, Berkeley, CA. 
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Large modulations in the Se 3d photoelectron intensity with 

photon energy have been observed in normal emission from both 

c(2x2) and p(2x2) selenium overlayers on a nickel (100) crystal 

face. The kinetic energies at which the oscillations peak show 

excellentaqreemerit in each case with calculated predictionsl,~ for 

the fourfold "hollow" site geometry of Se adsorbed on Ni, and 

disagree with predictions for the "atop" geometry. These results 

provide the first e*perimental evidence that normal photoelectron 

diffraction from adsorbate core levels is a large effect,2 and 

indicate that it has promise as a quantitative structural tool 

for determining adsorbate geometries. 

The relationship of the photoemission final state to the 

. 3-5 time-reversed LEED state has long been recognlzed. Indeed the 

advantages of using photoelectrons for diffraction studies have 

been discussed in some detail. 6 ,7 Experimentally, both normal 

and off-normal photoelectron diffraction was observed earlier for 

the valence levels of CO on Pt(lll),8 and recently azimuthal var-

9 10 iations of adsorbate core level intensities have been reported, , 

but in neither case was a quantitative interpretation carried out. 

Tong and Li have emphasized the great advantage of measuring 

photoelectron intensities of adsorbate core levels normal to the 

substrate crystal face, while varying the photon energy. The 

energies of the diffraction peaks produced in this manner can 

readily be analyzed to give d1 , the irtterplanar spacing, rather 

directly. Quite often d1 is a crucial parameter in a surface 

structure determination, as we shall discuss below. 
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,The photoemission experiments were performed during dedi-

cated beam time on the 4 0 branch of Beam Line I at the Stanford 

Synchrotron Radiation Laboratory. A wide range of photon ener-

gies is available on this branch, from hv = 32 eV to hv = 280 eVe 

A wide energy range is important for these experiments, which 

extended to 240 eVe The spectrometer, which will be described 

elsewhere, employs a 5.40cm mean radius hemispherical analyzer 

with independent two-circle rotation. The analyzer energy reso-

lution was set at 0.40 eV, while the monochromator resolution 

increased from 0.07 eV at hv = 90 eV to 0.50 eV at hv = 240 eVe 

Angles were adjusted so that p-polarized radiation was incident 

on the sample at,S = 60 0 from the surface normal in a plane 

containing the [100] and [001] axes (inset, Fig. 1). Photoelec-

tron spectra were collected in a cone of 3 0 half angle, normal 

to the Ni(lOO) surface. The nickel crystal had been cut and 

polished to within 1 0 of the (100) face, etched, and cleane~ in 

situ by cycles of ion bombardment and annealing. Auger analysis 

showed no surface impurities, nor did the photoelectron spectra 

up to 240 eV, and sharp LEED patterns indicated an ordered (100) 

surface. Ordered c(2x2) and p(2x2) selenium overlayers were pro

duced by exposing the clean crystal at 200 0 C to H2se, following 

Hagstrom and Becker. ll Complete photoemission spectra were 

collected, rather than peak intensities only, to facilitate data 

reduction, including background subtraction and peak area measure-

mente Normalizations were also made for photon flux and the 

analyzer efficiency. 
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Figure 1 shows a plot of the relative Se 3d intensity versus 

electron kinetic energy for the c(2x2) overlayer. Four distinct 

peaks are observed; of these, three are well characterized. The 

peak near 60 eV suffers from interference due to a nickel Auger 

line and also from mUltiple scattering, as discussed below. 

Nevertheless, it was consistent with our interpretation. The 

2 modulation is very large, up to a factor of two, compared to 

the smaller variations reported in azimuthal studies. 9 ,lO Also 

shown in Fig. 1 are the peak energies in the Se 3d cross-section 

as calculated by Tong and Li for the c(2x2) overlayer geometry in 

bot.h the hollow and atop site registries with. the lattice. I A time-

3 reversed LEED state was used for the photoelectron final state. 

with the present degree of uncertainty in the scattering poten-

tials, the calculation is not expected to yield accurate peak 

. .. 1,12 b t h k . h ld b 1· bl lntensltles, . ute pea energles s ou e a re la e 

measure of d1,the Se-Ni interplanar spacing. In fact, we find 

excellent agreement with theory (using the hard-sphere radii) 

for the hollow site value of d1 = 1.55.$., while the peak positions 

for the atop site value of 2.34A give poor agreement; the separa-

tion between the first and third peaks is 16 eV too large, and 

that between the third and fourth peaks is 17 eV too small, with 

a valley coming where a peak wbuld be expected. A series of 

calculations at several values of d1 indicated that even this 

closeness of the peak positions for the atop and hollow geome-

tries is coincidental; in other systems, the differences are 

1 expected to be greater. 
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In Fig. 2 we show similar results for the p(2x2) overlayer. 

Again, the best fit is obtained for d1 = 1.55~, corresponding 

closely to the hollow site. Both of these results agree with 

. 13 14 recent dynamical LEED calculatlons.' We conclude that this 

technique shows promise for surface structure determination, 

and emphasize that these results have been obtained using photo-

emission from a core state. This simplifies the calculation 

significantly, and has the added advantage that spectral sub-

tractions are straightforward, as the photoemission peaks are 

quite sharp. This last point has been especially important 

near 62 eV kinetic energy in this study, where a broad nickel 

15 Auger peak is added to the background. 

Further insight into this diffraction phenomenon is obtain-

ed by comparison with LEED I-V curves. If we separate the pho-

toemission process into an atomic-like excitation followed by 

scattering off the substrate, the relationship between LEED and 

photoemission becomes quite clear. For normal emission, any 

part of the outgoing spherical wave centered on the Se atom that 

impinges on the substrate with kll = gil may be scattered into the 

detector. Hence, the photoemisson final state is easily seen to 

be a coherent superposition of many time-reversed LEED beams. 

Because the amplitude of the outgoinq wave travelinq through the 

-1 -ar . 
substrate is damped as r e ,one might expect only the lowest 

order beams to be significant. 

A comparison of our experimental peak positions, Tong and Li's 

calculated peak positions for the atop and hollow sites, and the 
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16 experimental peak positions from the 00 and 01 LEED I-V curves 

for both c(2x2) and p(2x2) Se overlayers on Ni(lOO) is given in 

Table I. The correspondence is striking; all peaks in the 00 

beam have counterparts in our data, shifted by at most 2-3 eV. 

The peak at 72 eV in the c (2x2) ·01 beam data may account for 

the shoulder on our second peak in Fig. 1, although this conclu-

sion is tenuous because of the Auger interference mentioned pre-

viously. It is interesting to note further that our peak inten

sities tend to match those given by Demuth and Rhodin16 for the 

00 beam much more closely than they do the calculated intensities. 

These correspondences provide further evidence that photoelectron 

diffraction has promise as a quantitative structural tool. 

One futher conclusion may be drawn from our data. The first, 

third, and fourth peaks in the 00 LEED beam data in Table I cor

respond to Bragg peaks. The second is purely a multiple scatter-

ing peak. The fact that we observed a peak at nearly the same 

energy is strong evidence for multiple scattering in ARP. It is 

unlikely that this peak arises from a Bragg peak in another beam, 

in light of our previous considerations and the good fit to the 

00 beam alone. Clearly, any ARP theory which neglects multiple 

scattering effects is incomplete. 

This approach, relatinq photoemission to LEED, provides 

insiqht into why the intensity variations are much larger than 

. 9 10 17 
those observed in either azimuthal studles,' or SEXAFS. 

In normal photoelectron diffraction the LEED beams are degenerate 

in groups of four, whereas in azimuthal studies the degeneracy 
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is significantly reduced. The observed effects should be sub

stantially averaged by this fact alone. 18 In SEXAFS, phase 

information between the various beams, the major cause of our 

modulations, is averaged out. Although the nearest-neighbor 

distance is readily available from SEXAFS, the registry is more 

difficult to determine. Thus SEXAFS and photoelectron diffrac

tion are complementary. 

Photoelectron diffraction has some potential advantages 
. ; 

over LEED. First, photoemission is nondestructive, f~cilitating 

applications to molecular adsorbate systems. Second, photoelec

tron diffraction does not require long range order in adsorbate 

overlayers, and may be used to study low coverage systems. 

Finally, photoelectron diffraction is phase-sensitive: all the 

photoelectrons originate from a particular adsorbate level at 

the same distance from the surface in almost all cases. This 

facilitates the measurement of dl for adsorbate atoms. Hence 

photoelectron diffraction, unlike LEED, should be quite sensi

tive to the bond axis orientation in molecular adsorbates. 

In conclusion, we have observed substantial photoelectron 

diffraction effects in normal photoemission from the 3d core 

levels of Se adsorbed on.a Ni(IOO) substrate. Comparison with 

Tong's calculations has established the sensitivity of normal 

photoelectron diffraction in determining adsorbate registries. 

Finally, comparison with ,LEED I-V curves has indicated the exis

tence of multiple scattering phenomena in ARP. 
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TABLE I. Kinetic energies of observed and calculated peaks (e"). 

Calc. Calc. Expt. LEED Expt. LEED 
Peak (Atop) (Hollow) Expt. 00 Beam 01 Beam 

( a) c(2x2)Se 1 37 44 43 42 
+ Ni(100) 

5815 2 63 62 58 72 

3 98 88 88 91 95 

4 131 139 138 137 

(b)p(2x2)Se 1 40 39 38 37 
+ Ni(100) 

58 15 2 64 (51,62) 58 65 

3 99 91 92 93 92 

4 130 139 138 138 136 

I 
co 
I 
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FIGURE CAPTIONS 

Figure 1. plot of the relative Se 3d intensity versus electron 

kinetic energy for the c(2x2)Se + Ni(lOO) system, 

and calculated peak energies for the atop and hollow 

site registries (arrows). The experimental geometry 

is shown in the inset. 

Figure 2. plot of the relative Se 3d intensity versus electron 

kinetic energy for the p(2x2)Se + Ni(lOO) system, 

and calculated peak energies for the atop and hollow 

site registries (arrows). 
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