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ABSTRACT 

Normal photoelectron diffraction was used to study the structure 

of the c(2x2)0 and c(2x2)S overlayers on Ni(OOl). The oxygen and 

sulfur atoms were found to lie above the fourfold hollow sites in the 

Ni(OOl) surface with d1 spacings of 0.90: 0.04A and 1.30: 0.04A 

respectively, where d
1 

is the perpendicular interplanar spacing 

between the absorbate and surface layers. A Fourier transform analy

sis was carried out on the experimental data. In both cases, the 

modulus of the Fourier transforms gave two large peaks in the real

space/distribution function. The maxima of these peaks closely cor

responded to d
1 

+ b and d
1 

+ 2b, where b is the interlayer spacing in 

Ni(OOl). The range of experimental data ink-space was not large 

enough to yield the ~value of d
1 

directly. 
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I. INTRODUCTION 

Normal ·photoelectron diffraction (NPD) shows promise as a method 

for accurate structure determinations of ordered overlayers of 

atoms 1' 2 and molecules, 3 as well as of disordered atomic over

layers,2 on metal surfaces. In an NPD experiment the photoemission · 

intensity of an adsorbate core level is measured normal to the surface 

as a function of photon~ and consequently photoelectron energy. The 

intensity-kinetic energy curve thus generated is compared to theoreti-

cal calculations to make the structure determination. Both experiment 

and theory bear resemblance to dynamical low energy electron diffrac

tion (LEED), and for all systems in which both methods have been tried 

to date, the same structure has been obtained. However, existing NPD 

theories, 4 based on earlier LEED formalisms, require extensive cal-

culations which thereby limit the method. 

Recently, it has been suggested that NPD can be compared with 
', 

extended x-ray absorption fine structure (EXAFS). 4' 5 The important 

structural parameter in NPD, an angle-resolved experiment in which 

intensity data are taken normal to the crystal face, is d
1

, the per

pendicular spacing between the adsorbate layer and the surface layer, 

whereas EXAFS, an angle-integrated technique, yields the nearest 

neignbor distance Rnn· An inspection of the NPD curves calculated 

!or a series of d
1 

distances shows that the peaks move to lower 

energies as d
1 

is increased, resulting in an increased frequency of 

the NPD oscillations. 6 The same effect is observed in EXAFS as a 

function of nearest neighbor distance, since the oscillations go as 

• 
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sin(2kRnn). This effect was also observed experimentally for the 

system p(2x2)Se-Ni(001), where a low temperature form (probably 

H2Se) causes a systematic shift in the NPD peaks. 5 

In this paper, we present NPD structure determinations of two 

add1tional atomic adsorbate systems, the c(2x2) oxygen and sulfur 

overlayers on Ni(OOl). Again we obtain the same results as the LEED 

intensity analyses. We also present additional ·experimental evidence 

that NPD is similar to EXAFS: We show that experimental NPD data can 

be Fourier transformed to directly yield interlayer distances along 

' the surface normal. 

Section II contains the experimental information. Section III 

presents NPD data and a discussion of the surface structures which are 

derived. In Section IV, the first application of the Fourier trans-

form to experimental NPD data is reported. Section V gives some con

£lusions about this work. 

-. 

, 
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II. EXPERIMENTAL 

All data reported here were obtained with an angle resolved photo

emission (ARP) spectrometer, described elsewhere.? The spectrometer' 

has low energy electron diffraction (LEED) and Auger electron spectro

scopy (AES) capabilities~ as well as an adsorbate introduction system 

which allows for both ambient dosing and effusive beam dosing. The 

nickel crystal was oriented to within 1/2° of the (001) face. It was 

cleaned by hot (1025 K) and room temperature cycles of argon ion sput

tering followed by annealing to 875 K, resulting in a surface essen

tially clean of impurities with a sharp (1x1) LEED pattern. To obtain 

the c(2x2) oxygen overlayer, the crystal was exposed to an ambient 

pressure of~ x 10-8 torr o2• The LEED pattern was continuously 

monitored to ensure that a coverage of approximately 0.5 monolayer was 

obtained. Exposure was stopped at -20 Langmuirs, when the last evi

dence of p(2x2) spots disappeared and the c(2x2) pattern became 

sharp. This ensured a submonolayer coverage of c(2x2) oxygen. The 

c(2x2) sulfur overlayer was prepared by directing an effusive beam of 

H2s at the nickel surface. Effusive beam dosing was used to main

tain vacuum integrity. An exposure of 20-30 Langmuirs produced a 

sharp c(2x2) LEED pattern. All exposures of o2 and H2s were made 

with the sample at 300 K. The base pressure of the.chamber was 2 x 

10-10 torr. 

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

Synchrotron Radiation Laboratory (SSRL). The oxygen experiment was 

done during a dedicated SSRL run, with a stored ring current of 
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45-90 rnA. The high photon flux available with dedicated running was 

necessary because of the low photoemission cross section of the 0(1s) 

level. Experiments in the region above the oxygen K-edge {binding 

energy 537 eV with respect to the vacuum level) are hampered by the 

high percentage of scattered light, the loss of intensity to absorp-

tion by carbon contamination on the optical elements, and the poor 

resolution of the grasshopper monochromator. The theoretical resolu

tion of the monochromator with a 1200 line/rnm grating installed is AE 

= 8 x 10-6 E2 (eV), or 3.1 eV at a photon energy of 620 eV. The 

0(1s) natural linewidth for this system at hv = 1487 is known to be 

less than 1.5 ev. 8 . The resolution of our electron analyzer is less 

than 0.5 eV at 80 eV pass energy. Assuming a 1.5 eV natural line

width, a combination of these three factors should give an 0(1s) peak 

width of about 3.5 eV. However, the observed FWHM for 0(1s) in this 

experiment at 620 eV is 7 eV under these conditions. We conclude that 

the monochromator resolution· is about a factor of two worse than 

theoretical above the oxygen edge. Scattered light was estimated to 

be about 20 percent in the region above the oxygen edge. 7 

The NPD on the S(2p) level {binding energy 170 eV with respect to 

the vacuum level) did not require dedicated time because, averaged 

over the energy range studied, the S(2p) cross section for 

c(2x2)S-Ni(001) is about five times as large as that of the 0(1s) 

cross section for c(2x2)0-Ni(001). The stored ring current was 10~15 

rnA during this experiment. Measurement of the relative S(2p) inten

sity was severely hampered by the sharp dropoff in monochromatized 

light at and above the carbon K-edge (284 eV), due to absorption by 

\ 
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the carbon contamination on the optical elements of the monochromator. 

The photon flux was monitored continuously during these experiments by 

measuring the photoyield from a 90 percent transmitting gold mesh 

,placed in the path of the beam. 

The O(ls) and S(2p) differential (angle-resolved) relative inten

sities were mapped out by taking a series of low resolution ARP spec

tra normal to the {001) sample face in the region of the core level 

peak. A smooth background was subtracted before calculation of the 

peak area. The area was then adjusted for photon flux and analyzer 

transmission. Spectra were taken at intervals of 3 eV in photon 

energy to generate the NPD curve. 
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III. RESULTS AND DISCUSSION 

In spite of its poor resolution at the higher ~nergies, the grass

hopper monochromator, with a 1200 line/mm grating, provides adequate 

intensity and resolution to permit NPD studies on adsorbate core 

levels with binding energies in the 100-600 eV range. In this section 

we report separately on the oxygen and sulfur adsorbate systems~ 

A. The c(2x2) Oxygen Overlayer 

·In Fig. 1 we show the experimental NPD curve of th~ O(ls) level 
v 

for the c(2x2)0 overlayer on Ni(001) with the geometry shown in the 

inset. The curve was taken with the sample at room temperature,'and 

was reproducible with an increased peak/valley ratio, after cooling 

the sample to 120 K. Peaks in the 0(1s) intensity lie at the follow-

ing kinetic energies (with respect to the vacuum level): 33, 62, 98, 

118 (shoulder), 155, and 185 eV. Above the experimental curve in Fig. 

1 are two theoretical curves corresponding to placing the oxygen atom 

in a fourfold hollow site above the nickel surface at d1 = 0.90A and 

d
1 

= 1.76A, respectively, where d1 is the spacing between the oxygen 

and the top layer o~ nickel at6ms. These two theoretical curves show 

the closest agreement with our data of all d1 spacings tested (0.50 A 

through 1.70A at intervals of 0.10A, and 1.76A). Of these two, the 

lower curve (d
1 

= 0.90A) clearly gives the best fit--three peaks match 

up almost exactly while two others differ by only 3 eV. In this 

geometry, the Ni-0 bond length is 1.98A and the oxygen is situated 

above the fourfold hollow of the (001) surface with the oxygen and 

nickel hard-sphere radii just touching. The upper curve (d1 = 1.76A) 

matches up fairly well with experiment below 100 eV kinetic energy but 
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has large·peaks at 127 and 164 eV which do not correspond to any fea

tures in the experimental curve. Although it is physically unlikely 

that the oxygen atoms 1 ie 1. 76A above the nickel surface, the NPD 

curve for this geometry is expected to be almost identical to that for 

a c(2x2) oxygen overlayer coplanar with the nickel surface .(d1 = OA) .. 

This is.because the interlayer spacing in bulk nickel is 1.76A, so 

that if the intralaye~ scattering due to the surface nickel atoms 

coplanar with the c(2x2) oxygen structure is assumed to be small, one 

should, get essentially the same scattering process,as that for a 

c(2x2)0 overlayer at d
1 

= oA. This is espeCially true of normal 

emission, where intr.alayer scattering occurs at a 90° angle from the 

emission direction.' Unfortunately, the theoretical approach used in 

this work is not readily applicable to the d1 = oA geometry, and a 

direct calculation of this geometry is therefore not yet available. 

In order to estimate the accuracy of the d1 value determined by 

NPD, one must contend with uncertainties in both experiment and 

theory. The rms peak energy reproducibility. in the experimental data 

is estimated to be ~1.0 eV. The theoretical accuracy in peak energy 

position is more difficult to determine because of the use of the 

inner potential (V
0

) as a parameter in the calculation. ·The inner 

potential is roughly the average potential felt by an excited electron 

leaving the solid, so that a change in V
0 

produces a corresponding 

shift in the kineti·c energy scale of an NPD theoretical curve. For 

this reason, the uncertainty in ·the theoretical data must be estimated 

by observing the shift in the energy difference between two peaks (t.E) 

as a function of d1 , rather than the shift in absolute position of a 
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single peak. The rms shift in 6E is estimated to be 40 eV/A for these 

aata, and the experimenta·l uncertainty in this quantity is ±1.5 eV. 

This yields a value of ±0.04~ for the accuracy of the determination of 

~ by NPD for the system c(2x2)0{1s)-Ni(001). With further improve

ments, an accuracy of ±0.01A should be possible. 

The c(2x2)0-Ni(Ou1) system has been the object of numerous studies 

' with other techniques. Early LEED 1-V studies, based on the data of 

Demuth and Rhodin, 9 gave evidence for three different structures. 

Andersson, et a·l. 10 an~ Oemut.h, 11 et a 1 . , found the oxygen to sit 

above the fourfold hollow site with d
1 

values of 1.5A and 10.9A, res

pectively. Duke, et al.-}2 concluded that the oxygen atoms form a 

reconstructed Ni-0 square lattice which sits on the Ni(001) surface. 

In the past few years the structure predicted by Demuth, Jepsen and 

Marc~s has become generally accepted; i.e., the c(2x2) overlayer of 

oxygen atoms is believed to occupy the fourfold hollow site at d
1 

= 

0.9A. 13 •14 Recently, rapid LEED intensity rneasure111ents by Hanke et 

al ., have confirmed this structure. 15 Azimuthal photoelectron 

diffraction (APD) studies by Petersson et al., 16 found that for a 15 

L exposure of oxygen, ~hich yielded a c{2x2) LEED pattern, the oxygen 

was nearly coplanar (d
1 

= 0.1A) with the nickel surface. Their data 

indicate that the oxygen sits 0.8-0.9A above the surface at low 

coverages (exposures less than 1 L) and then moves down into the 

nickel plane (~ ~ O.lA) as the exposure is increased to 15 L, at 

which point they noted a c(2x2) LEED pattern. This result is not 

consistent with ours, as the NPD data indicates that for a 20 L 

exposure and sharp c(2x2) LEED pattern, the oxygen still sits O.YA 
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above the surface. St'ohr17 has studied a 40 L exposure of o2 on 

Ni(OOl) with surface~EXAFS. His analysis yielded on 0-Ni distance of 

2.04~, and he concluded that his surface layer was essentially NiO, 

with a slight relaxation of the Ni-0 bond distance, which is _2.08~ in 

bulk NiO. Since Stohr did not monitor the LEED pattern, the frac-

tional coverage was uncertain. St5hr did not report measurements with 

lower 02 exposures, so a comparison with our c(2x2) results is not 

appropriate. Brongersma, et al., 18 used ion scattering spectroscopy 

(ISS) to determine that oxygen sits in the fourfold hollow site, 0.9~ 

above the surface. An electron energy loss spectroscopy (EELS) exper-

iment by Andersson yielded vibrational losses of 53 and 39 meV for the 

p(2x2)0 and c(2x2)0 structures respectively. 19 Andersson attributed 

the large change (14 meV) in energy loss to the low potential energy 

barrier for oxygen chemisorption. Finally, we discuss some x-ray 

photoelectron spectroscopy (XPS) work on this system. Two O(ls) 

features have been observed; one at aoout 529.5 eV below the Fermi 

level and a smaller near 531 eV, but the interpretation of the spectra 

has differed. 8•20 •21 According to Brundle,21 it is now generally 

agreed that the peak at 529.5 eV can be characteristic of both the 

chemisorbed oxygen overlayer and of oxygen in NiO. This indicates 

that XPS will not be sensitive to a change in the position of the 

oxygen with respect to the surface. The higher binding energy peak 

appears after large (>100 L) exposures- of o2, and its origin is 

uncertain. Similarly, the Ni 2p312 level observed at a binding 

energy of 852.8 eV does not experience a significant adsorbate-induced 

energy shift except for very high coverages of oxygen. 

I' 
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The wide·variety of results obtained for the structure of c(2x2)0 

on Ni(001) is not surprising if one considers the different exposures 

and conditions which have been used to produce the c(2x2) overlayers. 

In our experiment, the c(2x2) LEED pattern became sharp at 20 L 

exposure~ The c(2x2) pattern has been shown to persist over the range 

of exposures up to 100 L, but there is evidence of significant NiO 

island formation at this coverage. 8, 22 Consequently, the inter-

action of the Ni(001) surface with oxygen changes from chemisorption 

to oxidation while the c(2x2) structure is present, at which point the 

oxygen has moved into the plane. The APD data16 indicate that the 

oxygen moves down after a 15 L exposure even before the last evidence 

of a p(2x2) pattern is gone. However, the APD technique is much more 

sensitive to atomically adsorbed oxygen in or below the surface than 

to oxygen lying well above the surface. This is because there is a 

low probability at XPS energies for scattering at angles more than a 

few degrees from the forward direction. 23 Thus, even though a 

c(2x2) overlayer may be predominant, a small amount of oxygen present 
I 

in the surface plane could strongly affect the angular dependence of 

the angle-resolved XPS cross section and resultant surface structure 

determination. Clearly, the possibility of multiple chemisorption 

sites cannot be ruled out for a c(2x2)0 coverage, especially at higher 

exposures (>40 L), where a transition from above plane to coplanar 

oxygen atoms occurs. Our NPD data, however, indicate that upon the 

first evidence of a clear c(2x2) LEED pattern at 20 L 02 exposure, 

most of the oxygen lies above the fourfold hollows.· 
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We conclude this subsection with two observations. First, the NPD 

and APD results may be consistent. A small fraction of oxygen atoms 

at d1 = 0 .lA might go unnoticed in the NPD data but be dominant in 

APD. Also, our NPD data do not directly rule out d1 = O.lA, for whicn 

no NPD calculations exist. Second, it may not be necessary 'to recon

cile the data, which were taken on different samples. Combined NPD, 

APD, and surface-EXAFS studies on one sample would be desirable. 

B. The c(2x2) Sulfur Overlayer 

The second system which we will consider in this paper is the 

c(2x2) sulfur overlayer on Ni(OOl). An NPD curve for this system, 

extending u~ to lOU eV above the S(2p) edge, has already been pub

lisnea.~ Here we present a more extensive NPD curve (up to 200 ~V 

kinetic energy) as well as calculations for the three symmetric 

adsorption sites. Sirite the sulfur atom has a larger atomic radius 

than oxygen, it is believed to reside co~pletely above the Ni(OOl) 

surface in the submonolayer regime. The experimental NPD curve is 

shown in Fig. 2, for the geometry shown in the inset. Tt1e measure

ments were 111ade after cooling the c(2x2}S-Ni(001) sample (prepared at 

300 K) to 120 K. Just as in the case of the oxygen overlayer, the NPD 

curve taken after cooling to 120 K had an increased peak/valley ratio, 
" 

but essentially the same peak energies and re.lative intensities. The 

theoretical calculations shown are for tne fourfold hollow site (d1 = 

1.30A), the twofold bridge site (d1 = 1.80A) and atop site (d1 

2.19A). As was the case in oxygen, the best agreement between theory 

and experiment is found to be the fourfold hollow site (d1 = 1.30A) on 

the {001) surface. Using the method described in the previous sub-

\ 
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section, the accuracy of the d1 value determined for the sulfur is 

±0.04.!\, the same as in the oxygen case. The agreement is quite poor 

for the other two sttes. Four of the peaks calculated for the four-

fold hollow site match experimental peaks to within 1 eV. The only 

disagreement is in the low kinetic energy region, where the experi-

mental peak at 35 eV aoes not match the calculated peak at 40 eV. In 

_this region, the calculated peak positions are very sensitive to the 

choice of the sulfur scattering potential, whereas all other calcu

lated peak positions (57, 82, 129, and 172 eV) are fairly insensitive 

to tnat potential. The theory also does not address the predominance 

of multiple scattering and otner effects close to the edge. We note 

tt1at above 50 eV kinetic energy, all of these complications become 

more manageable, and the experiment-theory agreement improves dramat-

ica"lly. The re·Iative intensities of the experimental peaks, as ~'llell 

as their positions, are closely reproduced by the theory. 

The c(2x2)S-Ni(UU1) system has been the subject of several earlier 

structural studies. An ARP study by Plummer et al. 24 on the S(3p) 

derived level for this system found a resonance peak at hv=l8 eV. This 

peak was reproduced by Li and Tong's calculations only if the sulfut· 

atoms were placeu in fourfo 1 d hollow sites at d1 = 1.30A. 25 The 

first LEED intensity ana lyses· concluded that the sulfur is situated 

above tne surface in the fourfold hollm-J site, although tliere was 

disagreement as to whether d1 was 1.3A, 11 ' 20 (the nard-sphere radius 

result) or 1.7A. 12 .As in the case of the corresponding oxygen 



• 

15 

system discussed above, the hard-sph~re radius result13 ,l4 was 

eventually agreed upon, and a recent experimental and theoretical 

study using iso-intensity maps of specular oeam aata confirmed that 

structure. 27 
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IV. FOURIER TRANSFORM ANALYSIS 

Our experimental data were compared to calculations in Section 

III. The calculations utilize a multiple-scattering approach to 

ultraviolet and soft x-ray photoemission spectroscopy. 4 The initial 

state is calculated by choosing a cluster of atoms representing the 

postulated geometry of nickel atoms about the sulfur or oxygen 

adsorbate and solving for the cluster wave function using the Xa scat

tereu-wave method. The fi na 1-state scatterfng is mode led by using a 

multiple-scattering T matrix to propagate the photoelectron wave 

through the first few surface layers. Recently, Li and Tong have 

developed a simplified scheme, called the quasi-dynamical (QD) method, 

which proauced very accurate intensity versus electron kinetic energy 

curves for energies greater than 60 eV when compared to the full 

dynamical calculation. 28 The QD calculation takes advantage of the 

fact that in tne high-energy limit, forward scattering is the predomi

nant process. The only scattering events considered besides all 

forward scatterings are (a) one backscattering from each layer, and 

(b) one scattering from each atom within a layer. All NPD calcula

tions shown here utilize tne full dynamical method, but the results of 

the quasi-dynamical mettwd give consistent results. Unfortunately, 

even the QD approach is quite involved, and comparison with experiment 

is implicit. 

To avoid the complexities of the calculations, we have searched 

for simpler methods of analyzing NPD data. The kinematical method, 

wnicn assumes that single-scattering is the predominant factor, has 

•· ........ '1($ ....... ..._.. ·-&~ '" ....... f 
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been tried without much success on the system p{2x2)Se-Ni(001). Li 

and Tong have done a kinematical calculation on that system in the 

kinetic energy range .150-400 eV and found substantial disagreement 

with their dynamical calculations over that energy range. 28 It is 

clear that in this energy_regime, multiple scattering cannot be 

ignorea. 

Another rnethoa which we nave considered is the use of the Fourier 

transform to isolate the single scattering effects. The Fourier 

transform has been used with great success in interpreting extended 

x-ray absorption fine structure (EXAFS) data. 29 In EXAFS, the 

final-state electron scattering intensity is isolated from the 

atomic-like initial state background by determining the function X(k) 

= (1~1 0 )/1 0 , where I is the total absorption and 1
0 

is a ~mooth 

atomic background. If the phase shift of the scattering atoms is 

independent of energy, then tne Fourier transform has :been shown to 

yield interatomic distances rigorously for s initial states, and 

approxim~tely for other states under certain conditions. 30 Since 

EXAFS is an angle-integrated technique, it yields the nearest-neighoor 

distances from the central excited atom. By analogy, one might expect 

intuitively that a Fourier transform of NPD data would be sensitive to 

the one-dimensional structure normal to the crystal face, as NPD is an 

angle-resolved technique. Recently, our group has applied the Fourier 

transform technique to NPD curves calculated by Li and Tong for the 

(13xl3) R30° Se-Ni(lll) system, with much success. Details of the 

results, as well as discussion of the theoretical justification for 
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applying the Fourier transform method to NPD, will be published else

where.31 

One of the criteria for a successful transform of EXAFS data is 

the need for an extended k-space data set. Typical EXAFS spectra 

extend from about 50 eV to a few hundred eV above the absorption 

edge. If tne range of k-space data is too small, the Fourier trans-

form rnay not be able to pick up a sufficient number of oscillations to 

yield accurate structural information. In particular, if the experi-

mental data do not extend far enough above the edge, the low Rnn 

peaks in the Fourier transformed data may be lost. 

witn this limitation in mind, we nevertneless carried out fast 

Fourier transforms of the function X(k) = (I-1
0

/ 1
0

) for these NPD 

curves. The range of data used for both the O(ls) in c(2x2)0-Ni(001) 

and the S(2p) in c(2x2)S-Ni(001) cases was 50 eV < Ekin < 200 eV, or 

roughly 4A-1 < k < 7.5A-1. Since the phase shifts in the NPD 

process have been predicted to be much smaller than those in 

EXAFs, 31 tney were omitted for these initial calculations. The 

inclusion of best estimates of phase shifts would change the location 

of the peaks in the real space distribution funttion by less than 

0.05A. 31 Care was taken to terminate the data at points where 

X(k) = 0. Tne transform was found to be fairly insensitive to changes 

in the estimated atomic background 1
0

• 

In Fig. 3, \-1e show the function x(k) for c(2x2)S(2p)-Ni (001). 

Note that the large moaulations in x(k) (-0.4 to 0.4) for NPD are an 

order of magnitude greater than those typical in EXAFS. These large 

- ..... -·--.. ~,.· -........... ., .. _ ... 
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modulations make the analysis muc~ less sen~itive to the background 

subtraction. DtJe to experimental limitations such as the 1/Ek. . 1n 

dependence of the analyzer transmission function and the performance 

of the grasshopper monochromator.at high photon energies {discussed 

above), the measurements were only ta.ken up to 200 eV above threshold. 

In addition~ the scattering cross~s~ctidn~ are uecrea~ing functions of 

energy above 200 eV, resulting in a substantial reduction in the size 

of the modulahons. The modulus of the Fourier transform is shown in· 

Fig. 4. There are two majnr peaks~ showing maxima at 3.02 and 4.83A. 

NPD and· LEED analyses yie.ld d1 = 1.30A;, and the interlayer spacing for 

Ni{OOl) is b 1.76A. These two peaks are therefore attributed to the 

distances d1 + b = 3.06A and d1 + 2b = 4.82A. There is no peak in the 

real-space distribution function for d1 = 1.3A, prqbably because our 

NPD data does not extend to high enough k values. The agreement for 

the two main peaks is very good considering the limited data range. 

The Fourier transform .technique was also app1ied to the NPD curve 

for c(2x2)0(ls)-Ni(001). The fuhtion X{k) is shown in Fig. 5, and the 

corresponding transform in F~g. 6. For this system, NPD and LEEO give 

d - o.9oA, from which d1 + b = 2.66A, and d + 2b = 4.42A. Again, we 1 - 1 
find tnat the two main peaks in the transformed data, at 2.70 and 

4. 33A, match up fairly close with these previously determined values 

of d1 + b and d 1 + 2b. Although there is .a peak at 0.82A, it is too 

small to be considered as the d peak. 
1 
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These two examples support the idea that Fourier transformation of 

NPD data yie.lds structural information directly, but they do not prove 

it. There are two ingredients lacking in establishing Fourier trans-

form NPD as a viable data-analysis technique.· First, a convincing 

theoretical analysis would be needed of why peaks in tne ·Fourier 
\ 

transform fall at .the perpendicular interp·lanar distances d1 + nb, n = 

0,1,2. • . Second, the experimental range of the data s~t should be 

expandetl to highet.' k values, to yield a peak at the d1 distance 

itself, in addition to d1 + b, d1 + 2b, etc. We do not regard this 

latter requirement as absolutely essential in genera"!, but it should 

at least be demonstrated for one or more prototype systems. 



" 

21 

V. CONCLUSIONS 

The _normal emission photoelectron diffraction techn·ique was used 

to determine that the c(2x2)0 and c(2x2)S overlayers on Ni(OOl) sit 

above the fourfold hollow site in the surface with d1 spacings of 

0.90 :r 0.041\ and 1.3() :r 0.04A, respectively. These distances agree 

with LEED results. More work on the oxyyen-nickel system as a func

tion of coverage is .needed to more fully understand the transition 

from chemi sorbed oxygE!n to :bulk ni eke 1 ox ide. A coverage-dependent 

surface-EXAFS study of this system would also be of interest. The 

similarity between NPD and EXAFS has been further confirmed by apply

ing the Fourier transform technique to experimental NPD data. There 

is a clear need for a theoretical framework to explain why these 

transforms are successful. Experimentally, there is a need to carry 

out the NPD measurements to at least 400 eV above the absorption 

edge. Experiments are being planned for the new crystal monochromator 

beam line at SSRL, which will circumvent the problems of the grass

hopper monochromator. 
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FIGURE CAPTIONS 

Fig. 1~ NPD curve for 0(1s) electrons from c(2x2)0-Ni(001), compared 

with theoretical curves for d1 = 0.90 and 1.76A for the 

experimental geometry shown. The binding energy for O(ls) is. 

537 eV with respect to the vacuum level. The inner potential 

in the calculation is 11.2 eV. 

Fig. 2. NPD curve for S(2p) electrons from c{2x2)S-Ni(001), compared 

with theoretical curves for d1 = 1.30, 1.80, and 2.19A for 

the experimental geometry shown. The binding energy for 

S(2p) is 170 eV with respect to the vacuum level. The inner 

potential in the calculation iS 14 eV. 

Fig. 3. Plot of X(k) = (I-1
0

)/1
0 

for S{2p) NPD data for 

c(2x2)S-Ni(001). 

Fig. 4. Magnitude of the Fourier transform of the data in Fig. 3. 

Fig. 5. Plot of X(k) = {I-1
0

)/1
0 

for 0(1s) NPD data for 

c(2x2)0-Ni(001). 

Fig. 6. Magnitude of the Fourier transform of the data in Fig. 5. 
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