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ABSTRACT 

Normal photoelectron diffraction was used to determine the struc­

ture of c(2x2)S and c(2x2)Se on Ni(Oll) and of four different over­

layers of Se on Ni(lll). For c(2x2)Se on Ni(Oll), Se bonds in the 

hollow site, whereas for c(2x2)S on Ni(Oll), it is difficult to choose 

between the hollow and the top sites. For both a low coverage, dis­

ordered Se overlayer and an annealed p{2x2) Se overlayer on Ni(lll), 

Se was found to be situated in those threefold hollow sites which have 

a vacancy below them in the second layer. In the case of an unannealed 

p{2x2)Se overlayer on Ni(lll), theSe is adsorbed in approximately 

equal amounts in the top and hollow sites • 
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I. Introduction 

Normal photoelectron diffraction (NPD) has been shown to be an 

accurate method of determining the structure of atomic1- 3 and molecular4 

overlayers on single crystal metal surfaces. In an NPD experiment, the 

photoemission intensity of an adsorbate core level is measured normal to 

the surface as a function of photoelectron kinetic energy. Final-state 

diffraction phenomena superimpose modulations on the atomic cross­

section of the core level. These modulations contain structural infor­

mation, which can be obtained implicitly, 1-6 by comparison of experi­

mental and calculated NPD curves, or explicitly,!,? utilizing the 

Fourier transformation in a manner similar to its use in extended x-ray 

absorption fine structure (EXAFS). The structural parameter derived 

from an NPD experiment is d
1

, the perpendicular spacing between the 

adsorbate and top substrate layers. 

In this paper we report applications of the NPD technique to two 

systems which have not been previously studied by any structural 

technique--c(2x2)Se on Ni(011) and selenium adsorbed on Ni{lll). Four 

different overlayers of Se on Ni(111) were studied and theoretical 

analyses are presented below. Two of these overlayers exhibit more com­

plex NPD curves than would be expected from a Se atom in a single adsorp­

tion site. Theoretical analysis of one of these cases indicates that 

the selenium atom is adsorbed in two different sites. For c(2x2)Se on 

Ni(011), our NPD data clearly suggest adsorption of selenium in the hol­

low site with d
1 

= 1.10 A. We also studied the adsorption of c(2x2)S on 

Ni(Ol1). An excellent theory-experiment fit for the hollow site at 
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d
1 

= 0.94 A was obtained, in agreement with the earlier low-energy elec­

tron diffraction (LEED) result. 8 However, our experimental data range 

is too limited to rule out the top site unambiguously • 

Section II contains experimental information. In Section III we 

briefly describe the multiple scattering calculations used to fit the 

experimental data. In Section IV we present the NPD data and a discus-

sian of the surface structures which are derived, and in Section V a few 

conclusions about this work are given. 

II. Experimental 

All data reported here were obtained with an angle-resolved photo­

emission (AR~) spectrometer described elsewhere. 9 The spectrometer has 

LEED and Auger electron spectroscopy capabilities, as well as an adsorb­

ate introduction system which allows for effusive beam dosing. The base 

pressure of the vacuum chamber was 2 x 10-10 torr during all measure­

ments. The pressure rose to as high as 5 x 10-9 torr during effusive 

beam dosing. The Ni(011) and Ni(111) crystals were oriented to within 

1° of the appropriate crystal faces. Both crystals were cleaned by hot 

(1025K) and room temperature cycles of argon-ion sputtering followed by 

annealing to 875K, resulting in surfaces essentially free of impurities 

with sharp (1x1) LEED patterns. The c(2x2)S and Se overlayers on Ni(011) 

were prepared by exposing the clean Ni(Oll) crystal to 10-15 L of H2S 

and H2Se, respectively, with the crystal at 300K. 10 A p(2x2)Se over­

layer (taken to be 0.25 monolayer) on Ni(111) with a sharp LEED pattern 

was obtained by cooling the sample to 120K, exposing to about 2L of 

H2Se and then annealing the sample to 500K. 10 A p(2x2) LEED pattern 

was also obtained by exposing Ni(111) to H2Se with the sample at 120K 

_:·-- .,_ _':.,." --

'i 
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and not allowing it to warm up. 11 The quality of the latter LEED 

pattern was poorer, however. The (/!x/3}R30° Se overlayer (0.5 mono­

layer) was prepared by increasing the exposure to 5 L of H2Se. The 

(1Jxi!)R30o LEED spots were weak and there was a substantial diffuse 

background. Finally, a low coverage (0.1 monolayer) overlayer of Se 

on Ni(111) was produced with a 1 L exposure. This overlayer gave a 

LEED pattern indicative of a disordered overlayer (only LEED spots due 

to the substrate were present). The coverage of the latter two over­

layers was determined by comparing their Se(3d) photoemission intensity 

(normalized by Ni(3p} intensity) to that of the p(2x2) overlayer 

(assumed to be 0.25 monolayer). 

The experiments were performed on Beam Line I-1 at the Stanford 

Synchrotron Radiation Laboratory (SSRL). Low resolution ARP spectra 

were taken of the Se(3d} and S(2p) levels, which have binding energies 

of 62 eV and 170 eV below the vacuum level, respectively. Spectra were 

taken at photon energy intervals of 3 eV. The angle-resolved relative 

intensities of these levels were computed by calculating the area of 

the core level peaks (after background subtraction) and adjusting for 

photon flux and analyzer transmission. The kinetic energy range of the 

resulting NPD curves was generally 20-200 eV for the Se(3d) studies and 

was 20-150 eV for the one S(2p) system discussed below. Experimental 

geometries are indicated in the figures. 

III. Theory 

We used a Green's function multiple scattering method5 to calcu­

late the NPD intensity versus energy (IE) spectra. Wavefunctions for 

Se(3d} and S(2p) were generated from self-consistent Xa scattered wave 
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calculations of Ni 5Se and Ni 5S clusters. Inputs to the multiple 

scattering calculation include Ni phase shifts from the self-consistent 

potential of Wakoh, 12 and Se or S phase shifts from the same Xa 

scattered-wave calculations that generated the initial state wave­

functions. The inner potentials used were V
0 

= 11.2 eV for Se and 

V
0 

= 9. 95 eV for S overl ayers. 

Calculations were done with the overlayer placed at high symmetry 

sites, i.e., the top, hollow and bridge sites. At each site, 8 to 12 

interlayer spacings (d 1 ) between the overlayer and the top substrate 

layer were tried. Calculations were carried out with increments in d1 

of 0.02 ~for Sand Se on Ni(011) and 0.05 ~for Se on Ni(111). In 

Figs. 3 through 7, calculated curves are shown only at selected d1 

values. 

IV. Results and Discussion 

A. Selenium Overlayers on Ni(111) 

In this section we present NPD results for four different over­

layers of selenium adsorbed on Ni(111). The lowest coverage studied 

was a disordered overlayer. We also studied the two ordered overlayers 

for which LEED patterns have been previously observed; i.e., the p(2x2) 

and (1:3x/:3)R30o structures. The selenium on Ni(111) system is of 

special interest both because there has been no structural determina­

tion by LEED intensity analysis or any other technique to date and 

because of the possibility that multiple adsorption sites might be 

present at certain selenium coverages. Structural studies of adsorb­

ates on fcc(111) surfaces are also of interest because of the exis­

tence of two types of threefo19 hollow sites. Half of the threefold 

.I 

y 
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hollow sites on a Ni(111) surface layer have substrate atoms directly 

below them in the second layer, while the other half have vacancies in 

the second layer. In this section, we show that NPD is sensitive to 

these two types of threefold hollow sites for selenium adsorbed on 

Ni(111). 

The experimental geometry for all the NPD measurements of the 

Se-Ni(111) system is shown in Fig. 1. Figure 1(a) shows that the 
+ 

photon vector potential (A) and the direction of emission (e-) lie in 

the plane defined by the [111] and [211] directions. The orientation 

of the atoms on the Ni(111) face is shown in Fig. 1(b). The positions 

of the four possible high symmetry adsorption sites for Se on Ni(111) 

are shown with respect to the first two layers of substrate atoms in 

Fig. 1(c). Using hard-sphere radii to determine the expected values 

of the structural parameter d1 , one obtains d1 = 1.85 ~for both hol­

low sites, d1 . = 2.00 ~for the bridge site, and d1 = 2.30 ~for the 

top site. Because of the close-packed arrangement of atoms on the 

Ni(111) surface, the d1 values for the three sites, as predicted by a 

hard-sphere model, are much closer to one another than for the 

Ni(001) and Ni(011) surfaces. 

In Fig. 2, all four experimental NPD curves for Se-Ni(111) are 

plotted. The lowest coverage studied, shown at the bottom, was a 

disordered selenium overlayer, estimated to be 0.1 monolayer. The 

second curve from the bottom in Fig. 2 was obtained from a p(2x2) over­

layer (0.25 monolayer). Both of these overlayers had been heated to 

500K after the H2Se exposure and then cooled to 120K during NPD data 

acquisition. Because the p(2x2) overlayer was heated (resulting in an 
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improvement of the p(2x2) LEED pattern), we refer to it as the 

"annealed" p(2x2) overlayer. Just as in a previous study of Se on 

Ni(OOl) carried out in our laboratory, 13 the NPD data for the low 

coverage and annealed p(2x2) overlayers of Se on Ni(lll) are quite 

similar. Slight differences are seen in the peak at 65 eV kinetic. 

energy, which are possibly the result of the experimental difficulties 

involved with lower coverages and the presence of a nickel Auger peak 

in that energy region. 

In Fig. 3, the experimental results from the annealed 

p(2x2)Se-Ni(lll) surface are compared to theoretical calculations for 

the four possible high symmetry adsorption sites. Excellent agreement 

is found for hollow site 1 (with a vacancy below) and d1 = 1.80 ~. 

This value is slightly smaller (0.05 ~) than the d
1 

value obtained by 

using hard-sphere radii derived from the c(2x2)Se-Ni(001) surface. 2 

The only experimental peak which shows a mismatch with theory is the 

first peak (-50 eV kinetic energy), and previous NPD work has indicated 

that there are substantial problems with both theory and experiment in 

this energy region. 1 Fair but definitely inferior agreement is also 

found for hollow site 2 (atom below) and d1 = 1.80 ~. Poor agreement 

is found for the top site and the bridge site (the curve shown is an 

average over non-equivalent bridge site curves). The main difference 

between the theoretical curves for the two hollow sites is found in 

the structure of the peak around 90 eV. Just as in the experimental 

curve, there is a single peak in the curve for hollow site 1 whereas 

that peak is split into two peaks separated by 12 eV in the case of 

hollow site 2. The other regions of the hollow site.! curve also 

,_. 
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agree slightly better with experiment than the hollow site 2 curve 

does. Unfortunately, the differences between the two hollow site 

calculated curves are not as great at d1 = 1.80 ~ as they are at other 

values of d1 • To demonstrate this point, the theoretical hollow site 

NPD curves for d1 = 1.60 ~and 2.00 ~are shown in Fig. 4. The dif­

ferences between sites 1 and 2 are significant at many energies for 

both cases. Certain peaks are shifted by 5-10 eV from one hollow site 

to the other. The accuracy of the d1 value was determined with a pro­

cedure outlined earlier. 1 We find d1 = 1.80: 0.04 ~for this case. 

If one assumes the bulk structure for the surface layer of nickel atoms, 

the Se-Ni bond length is 2.31 : 0.03 ~-

We have presented a case in which NPD has been able to differen-

tiate between a selenium atom in two different sites at the same d
1

• 

By contrast, surface EXAFS 14 would not be particularly valuable for 

·this case if only the first nearest neighbor distance were obtained, 

because that distance is essentially the same for the two hollow sites. 

Polarization dependent surface EXAFS 15 can determine the surface-atom 

coordination number, allowing one to distinguish between top, bridge, 

and hollow sites, but not between the two different types of threefold 

hollow sites. Second and third nearest neighbor distances 16 would 

have to be obtained to determine the site unambiguously with surface 

EXAFS. Azimuthal photoelectron diffraction (APD), on the other hand, 

could be applied successfully to this problem because of its sensitiv­

ity to the orientation of the substrate atoms relative to the adsorbate 

atoms. This was demonstrated in a recent APD study of the iodine on 

Ag(111) system, 17 , 18 in which theoretical APD curves by Kang et a1. 18 
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for the two threefold hollow sites were similar in structure but out 

of phase by 60°. Comparison of these theoretical curves to the experi­

mental data of Farrell et a1. 17 led to the conclusion that the iodine 

atoms occupy both hollow sites at low coverages. Unfortunately, APD 

was not particularly sensitive to the·d1 spacing in that experiment, 

and in general APD has difficulty in determining d
1 

if the adsorbate is 

located substantially above the surface. 19 

The determination of hollow site 1 with d
1 

= 1.80 ~as the geometry 

of the annealed p(2x2)Se overlayer on Ni(111) also, in effect, provides 

a structural determination of the low coverage, disordered overlayer 

shown in Fig. 2, as the two experimental curves are almost identical. 

This is an important result, as it again demonstrates that NPD can deal 

with disordered systems. 2 It is not surprising that the small number 

of selenium atoms on the surface in the low coverage regime (0.1 mono­

layer) find the same site to be energetically favorable as in the one-

quarter monolayer coverage. In both cases, there is some distance 

between the selenium atoms and consequently adatom-adatom interactions 

should be fairly small. For this disordered Se overlayer on Ni(111), 

the selenium is situated in hollow site 1 (vacancy below) with 

d1 = 1.80 = 0.05 ~. The Se-Ni bond length is 2.31 = 0.04 ~-

Evidence for the presence of multiple adsorption sites was obtained 

from a temperature dependence study of the p(2x2)Se-Ni(111) system. 

The annealed p(2x2)Se overlayer for which an NPD curve is shown in 

Fig. 2 was prepared by heating the surface to SOOK after the H2Se 

exposures. A second p(2x2) overlayer, which will be referred to as 

the frozen surface, was prepared at 120K and held at that temperature 

v 
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before and during the NPD study. Both samples gave good p(2x2) LEED 

patterns, although that of the annealed surface exhibited sharper 

spots. The NPD result for the frozen surface is also shown in Fig. 2. 

- Both the annealed and the frozen surface results were reproducible on 

three separate surface preparations. The frozen surface gave peaks 

within a few eV as those observed from the annealed p(2x2) surface, but 

there is an additional peak in the frozen surface NPD curve at 102 eV 

kinetic energy which is located in a valley of the annealed surface 

curve. Visual inspection of the curves leads to the hypothesis that 

the Se can be frozen into multiple binding sites by performing expo­

sures at low temperatures, and that by heating the surface, the pre­

ferred site becomes populated exclusively. 

The above interpretation is borne out by the theoretical calcula­

tions. If the calculated NPD curves for p(2x2)Se-Ni(111) from Fig. 3 

are compared to the frozen p(2x2) data, no single theoretical curve is 

able to account for all the features in the experimental curve. Conse­

quently, a combination of two or more theoretical curves is required to 

produce a good theory-experiment fit. Inspection of these curves indi­

cated that several of the peaks in the hollow 1, hollow 2, and top site 

curves correspond fairly closely with peaks in the experimental curve. 

This led to a more quantitative attempt to determine the structure by 

adding together the three curves with different weightings. Due to the 

relative closeness of the two hollow site curves in comparison to the 

top site curve, an average of the two hollow site curves was taken. 

This average (called 11 Hollow 11
) is shown in Fig. 5, along with the top 

site curve (reproduced from Fig. 3). If the hollow and top site curves 
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are normalized (by photoemission intensity per selenium atom) and added 

together with equal weighting, the resulting NPD curve ( 11 Average of Top 

and Hollow11
) shows very good agreement with experiment, as indicated in 

Fig. 5. This curve actually contains the following contributions 

(after normalization): 50% top site (d
1 

= 2.30 ~), 25% hollow site 1 

(d
1 

= 1.80 ~), and 25% hollow site 2 (d
1 

= 1.80 ~). Note that the 

extra peak in the frozen p(2x2) curve at 102 eV is reproduced, as well 

as the energy difference between the two large peaks at 81 and 132 eV 

(51 eV). The difference between those same peaks in the averaged hol­

low site data is only 43 eV, so the top site contribution is important 

in establishing a good fit for those two peaks as well. It is reason-
-

able to expect that both hollow site 2 and the top site will be occu-

pied under these conditions, because at 120K, atoms can be frozen into 

sites which are not as energetically favored as hollow site 1. We 

conclude that· there are roughly an equal number of top and hollow 

bonded selenium atoms on the surface. This is the first evidence from 

NPD for multiple site behavior. 

Finally, the higher coverage ( 13x/3)R30° Se on Ni( 111) system was 

also studied. The LEED patterns were observed were not as sharp as 

those seen by other workers, 11 probably because the coverage of 0.5 

monolayer is considerably greater than the 0.33 monolayer coverage for 

a perfect (/3x/3)R30° overlayer. Unfortunately, no coverage between 

0.25 and 0.5 monolayers was studied. As shown in Fig. 2, the 

(l.rx/3)R30° overlayer showed a smaller NPD effect than the other 

overlayers studied. The size of the modulations is so small in this 

1,/ 
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case that it is very difficult to make an accurate structural deter­

mination. It appears that either three or more high symmetry sites 

are significantly occupied, or that the coverage is so high that the 

selenium atoms are occupying low symmetry sites as well. Calculations 

for the (/3xi:3)R30o overlayer were carried out, but no successful fit 

with the experimental data was obtained by assuming either a single 

high symmetry adsorption site or a combination of two such sites. 

B. The c(2x2) Selenium and Sulfur Overlayers on Ni(011) 

In this subsection we report the results of the first NPD studies 

of adsorption on a (011) surface. The adsorbates Se and S were chosen 

in part because of the ease in which the c(2x2) overlayers can be pre­

pared on Ni(011) and the relatively large photoemission cross-sections 

of the Se(3d) and S{2p) levels. 

A LEED pattern for the c(2x2)Se overlayer on Ni(011) has been 

observed 10 but no intensity analysis has been published. The experi­

mental NPD curve for this system is presented in Fig. 6, along with 

calculated curves for selenium in the hollow site (d
1 

= 1.10 ~), the 

long bridge site (d
1 

= 1.54 ~), the short bridge site (d1 = 2.00 ~), 

and the top site (d
1 

= 2.30 ~). The experimental geometry is indicated 

in the figure. Excellent agreement is found for the hollow site, with 

poor agreement for all other sites. Thus, NPD produces a clear pref­

erence for selenium in the hollow site with d
1 

= 1.10 ~' with an un­

certainty of ±0.04 ~. The Se-Ni bond length is 2.42 = 0.02 ~. It 

should be emphasized that this is the first structural determination 

of a selenium overlayer on Ni{011). 
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The structure of the c(2x2)S overlayer on Ni(Oll) has been studied 

previously by LEED intensity analysis. The sulfur was found to bond in 

the hollow site above the (011) surface with d1 = 0.93 ~. 8 The experi­

mental NPD curve for the system is shown in Fig. 7. Above the experi­

mental data, theoretical curves for the hollow site (d1 = 0.94 ~),the 

long bridge site (d1 = 1.30 ~),the short bridge site (d1 = 1.80 ~),and 

the top site (d1 = 2.l0 ~) are plotted. Excellent agreement is found for 

both the hollow site and the top site, because the theoretical curves 

for those two sites are very similar in the energy range studied; i.e., 

20-150 eV. Extending the curve to higher kinetic energies would have 

allowed us to choose between hollow and top sites; as the theoretical 

curves do show differences above 150 eV. This case provides an example 

of an accidental coincidence between two theory curves over a short 

energy range, 20 and shows the need to take as wide a data range as 

possible. This work therefore only partially confirms the LEED result 

in the sense of excluding both bridge sites, but a unique structure 

would require a longer data range, with more NPD peaks, to distinguish 

between the hollow and the top site. The accidental coincidence could 

also be obviated by taking photoelectron diffraction curves at off­

normal emission angles. 21 

V. Conclusions 

In this paper, we have reported the results of a series of experi­

ments designed to further assess the value of NPD as a surface struc­

ture sensitive technique. Some conclusions are given below: 

1. NPD has been used successfully to study systems that have not 

yet been studied by any other accurate structural technique. 
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2. NPD seems to be particularly well suited for studying 

disordered adsorbate systems and systems which have two­

dimensional order but contain domains of two adsorption sites. 

3. NPD has the potential to select between sites which have the 

same geometry with respect to the first substrate layer but 

have a different geometry with respect to the second layer. 

4. The importance of taking an extended range of data has been 

demonstrated by the inability of NPD to select between two 

different sites which have similar theoretical curves over a 

short energy range. 
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Figure Captions 

Figure 1. (a) Experimental arrangement for all Se-Ni(111) studies, 

showing the orientation of the incident photon beam (hv), 

the photon vector potential (~), and the outgoing 

photbelectron direction (e-). b) View of the Ni(111) 

crystal face showing the orientation of the first layer of 

atoms. c) Positions of the four possible high symmetry 

adsorption sites with respect to the first and second layer 

of substrate atoms. 

Figure 2. Experimental NPD results for the four overlayers of Se on 

Ni(111) studied. 

Figure 3. Experimental NPD curve for the annealed p(2x2)Se-Ni(111) 

system compared with calculated curves. 

Figure 4. Comparisbn of calculated curves for a p(2x2)Se-Ni(111) 

overlayer situated in hollow site 1 and in hollow site 2.at 

two different d1 spacings. 

Figure 5. Experimental NPD curve for the frozen p(2x2)Se-Ni(lll) 

surface compared with calculated curves. 

Figure 6. Experimental NPD results for c(2x2)Se-Ni(011) compared with 

calculated curves for the experimental arrangement shown. 

Figure 7. Experimental NPD curve for c(2x2)S-Ni(Oll) compared with 

calculated curves. The experimental arrangement· is the same 

as in Fig. 6. 
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Se- Ni (111): Experimental results 
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