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ABSTRACT 

Measurements of the extended fine structure in the photoemission 

intensity from the S(1s) core level were performed for a c(2x2) 

overlayer of S on Ni(011). Four experimental geometries were employed, 

making this the most complete ARPEFS study to date. Surface structural 

information was extracted from the ARPEFS using a combination of 

Fourier transform techniques and comparisons to multiple-scattering 

calculations. The results of this analysis are in excellent agreement 

with previous studies of this system indicating that S adsorbs in a 

rectangular hollow site 2.20 ±.02 A above a second layer Ni atom. We 

further present evidence for a buckling of the second Ni layer, giving 

an expansion in the separation between the first Ni layer and the 

second layer Ni atoms in atopped positions of 11% from the bulk value, 

while second layer Ni atoms left unatopped in the c(2x2) structure 

assume essentially bulk positions. We also examine in detail the 

effects of multiple scattering on the extraction of this structural 

information from ARPEFS and present'results for surfaces with S 

coverages greater than 1/2 ML. 



.. 

3 

I. Introduction 

Angle-resolved photoemission (ARP) is, well known as a probe 

surface electronic structure. An increasing number of studies have 

also used this technique to deduce surface atomic structure. 1- 4 

Surface structural information is contained in ARP due to final state 

interference caused by scattering of the photoelectron from neighboring 

atoms. 

Two experimental variants have been employed to measure these 

interference effects. Azimuthal photoelectron diffraction 2 is based on 

measuring the oscillatory structure in the photocurrent ~s the electron 

emission angle is scanned, while keeping the photon energy constant. 

An alternate method, used in this work, is variable-energy 

photoelectron diffraction. This technique consists of performing a 

constant initial-state scan for a core level, with the electron 

emission direction held fixed. The measured photoelectron current 

oscillates as the photoelectron kinetic energy is varied. This is 

caused by interference between that part of the emitted photoelectron 

wave which travels directly to the detector and that part which 

propagates first to a neighboring atom, where it is elastically 

scattered toward the detector. The path length difference for these 

two propagation paths leads to a phase difference at the detector. As 

the photoelectron kinetic energy is increased, this phase difference 

increases, resulting in a series of maxima and minima in the 

photoemission intensity. Originally this variable energy method was 
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called normal photoelectron diffraction. 3 ,4 More recently, the name 

1 angle-resolved photoemission extended fine structure (ARPEFS) has been 

employed to better acknowledge the analogy to EXAFS and the advantages 

of non-normal emission directions. 

Early studies of variable energy photoelectron diffr~ction were 

successful in determining a number of surface structures. 3 Extraction 

of structural information in these studies was implicit, in being based 

on comparisons of the data to LEEO-like multiple scattering 

calculations. 5 The attractiveness of ARPEFS was recently enhanced by a 

study which indicated that Fourier transforms could be employed to 

facilitate explicit data analysis, yielding more direct access to 

t t I " f t" 1 s ruc ura 1n orma 10n. That study, along, with the pr~sentation of a 

6 theoretical model based on a more EXAFS-like cluster approach to 

describe the scattering, led to the name ARPEFS. 

In this paper we report ARPEFS experiments based on photoemission 

from the S(1s) level in the system c(2x2) S/Ni(011). This research was 

motivated by several goals. First, the c(2x2) S/Ni(01 1) was chosen in 

part because it has been well studied in previous LEE0 7 ,8 and ion

scattering9 experiments. This system therefore provides a stringent 

test for ARPEFS to generate a unique, accurate, and correct surface 

structure. In this context, for example, the ion-scattering analysis 

indicated an expansion of the first Ni interplanar separation by 6%. 

To be competitive, ARPEFS would have to confirm this result. 

The analysis of the ARPEFS X(k) curve (defined below) can be 

performed at three levels of increasing sophistication. Two of these 

,,", 
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are analogous to standard EXAFS analyses. The first is based simply on 

Fourier transforming X(k) to form a spectrum, F(r), with intensities at 

various "path length diferences". These distances can then be compared 

with expectations based on trial geometries. The second, more 

quantitative, level consists of selecting a peak in F(r) that arises 

mostly from one path length difference, if one is available, and back-

transforming to derive the value for that distance. At the third 

level, the ARPEFS curve is fitted with a theoretical curve for which 

structural parameters are thereby optimized. Our second goal in 

analyzing the c(2x2) S/Ni(Oll) data is to ascertain the. extent and 

validity with which structural information can be obtained from each 

level of analysis. Until now this question has been uncertain and even 

controversial, for lack of adequate data. 

Finally, previous ARPEFS studies 1 ,11 have concentrated on data 

taken for high symmetry crystallographic directions. However, there is 

no reason to expect that the adsorption site will maintain the bulk 

symmetries, especially when considering more complicated systems. This 

study has attempted to select experimental geometries which help 

10 elucidate the surface structure and test the sensitivity of the 

ARPEFS to moderate angle changes. 

The remainder of this paper is organized as follows. Section. II 

describes experimental details and provides a brief description of the 

reduction of the raw data to the X(k) form. It concludes with the 

presentation of X(k) curves for the c(2x2) S/Ni(Oll) system collected 

for several experimental geometries .. In section III we present a 
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discussion of the theoretical aspects of ARPEFS. Section IV discusses 

the analysis of the data, first using Fourier transform methods, 

followed by an r-factor analysis performed using comparsions to 

multiple-scattering calculations. In Section V we present some results 

obtained for the S/Ni(011) system at greater than 1/2 monolayer (ML) 

coverage. A summary and conclusions are given in Section VI. 

II. Experimental details 

In this section we present a description of the ARPEFS measurement 

for c(2x2) S/Ni(Oll). First, we will describe the experimental 

facilities and the sample pr8paration procedures. This is followed by 

a description of the geometries employed to obtain the ARPEFSdata. We 

conclude with a brief discussion of the data collection and reduction. 

A. Equipment 

These experiments were performed using synchrotron radiation from 

Beamline 111-3 located at the Stanford Synchrotron Radiation 

Laboratory, on the SPEAR storage ring. This soft x-ray beamline is 

equipped with a UHV double-crystal monochromator described in detail 

12 elsewhere. For this work, involving photoemission from the S(1s) 

core level (binding energy = 2472 eV), a pair of Ge(lll) crystals were 

used to produce monochromatic x-rays in the spectral range from 2500 to 

3000 eV •. The photon energy resolution provided by the monochromator 
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was approximately 2 eV through this range. The synchrotron radiation 

is ~ 98% linearly polarized. 

The UHV experimental chamber was described in detail in previous 

work. 13 It consists of two levels of instrumentation. The upper level 

is used for sample preparation and characterization. It contains a 

four-grid LEED system employed for both LEED and Auger measurements, 

along with an ion gun for sample cleaning and a gas inlet system for 

preparing" adsorbed overlayers. The lower level contains the 

hemispherical electrostatic analyzer employed for collecting angle

resolved photoelectron spectra. This analyzer is mounted on a carriage 

which allows rotations under UHV conditions of 360° about a vertical 

axis and 100° about a horizontal axis. The analyzer was operated with 

a constant pass energy, giving an analyzer contribution to the 

resolution of - 1 eV. The angular resolution of the input optics was 

±3°. 

B. Sample preparation 

The Ni(Oll) crystal was cut (7x7xlmm) from high purity (99.999%) 

single crystal stock, and mechanically polished to within ±1° of a 

(011) orientation as determined by Laue backscattering. It was then 

chemically etched 14 before mounting on a high precision sample 

manipulator for insertion in the experimental chamber. The manipulator 

allowed linear motion along three perpendicular axes and rotations 

about both an axis in the crystal surface and about the crystal normal. 
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Sample heating was accomplished by electron bombardment from a tungsten 

filament located behind the Ta sample plate on which the Ni crystal was 

mounted. Temperatures were measured using an infrared pyrometer. 

After installation in the experimental chamber, which maintained a 
_10 

typical pressure of 2x10 torr, the crystal was cleaned by repeated 

cycles of argon ion etching and annealing to 800°C. This procedure was 

sufficient to remove all impurities except carbon. The carbon was then 
o _8 

removed by heating the crystal to 700 C after exposure to 1x10 torr 

of O2 for several minutes. Auger electron measurements were performed 

using the four-grid LEED optics in the retarding field mode. These 

measurements showed no detectable traces of carbon, oxygen, or sulfur. 

The c(2x2) over~ayers of sulfur were formed by ambient exposure of 1.5-

° 2 L of H2 S, followed by annea~ing to 150 C. Auger measurements for the 

c(2x2) structure showed no trace of impurities other than sulfur. The 

ratio of the S(152 eV) Auger intensity to that of Ni(61 eV) was 

reproducible for the several overlayers prepared for the ARPEFS 

measurements. 

C. Geometries 

ARPEFS measurements were performed for several different 

experimental geometries. The emission and photon polarization angles 

for each geometry were determined by He-Ne laser auto-collimation 

through the experimental chamber viewports. The angles determined in 

° this manner have an estimated accuracy of ±2 . 
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The experimental geometries employed in performing the ARPEFS 

measurements, described below, are illustrated in Fig. 1. This figure 

depicts a section of the [011J Ni surface, indicating the photoelectron 

emission angles for which ARPEFS data were collected. We include the S 

atoms in the rectangular hollow site. This will be shown to be the 

correct adsorption site in the analysis below. The geometries are as 

follows: 

(a) Emission along the surface normal. The photon 
o 

polarization vector was directed 40 from the surface 

normal toward [100J. 

o 
(b) Photoelectron emission 38 from the surface normal toward 

o 
[100J with the polarization 78 from the normal toward 

[100J. 

o 
(c) Emission 50 from the surface normal toward [100J. The 

polarization vector was in the surface along [100J. 

o 
(d) Emission along [001J. The polarization was 75 from the 

surface toward [011J. 

The normal emission data primarily contains information about atoms 

below the adsorbed sulfur atom. Geometries (b), (c), and (d) were 

chosen to increase the sensitivity of the measurement to atoms on 
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either side of the S atom, particularly near neighbor Ni atoms. 

Geometry (d) was also chosen for comparison with previous data on the 

Ni(001) surface. 1 For geometries (b) and (c), the azimuthal angle was 

- 3° from [100J due to limitations of the sample motion. 

D. Data collection and reduction 

For each geometry a series of photoelectron spectra at different 

kinetic energies were collected using an energy window which included 

the S(ls) core level. The reduction of these data then requires 

extracting the intensity in the core peak and normalizing for the 

photon flux. This normalization is important primarily for removing 

sharp changes such as those due to monochromator crystal "glitches" or 

new fills of the SPEAR storage ring. The resulting intensity as a 

function of the photoelectron kinetic energy is, in analogy with EXAFS, 

composed of a slowly varying, atomic-like portion and a rapidly 

oscillating contribution due to the interference effects of electron 

scattering from neighboring ion cores. The total measured intensity 

can be written 

I (E) (1) 

Here I(E) represents the total intensity as a function of the 

photoelectron kinetic energy,E, X(E) is the oscillatory interference 

function, and Ia(E) is a slowly varying function. 

... 

.. 
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Io(E) can contain contributions from several sources. In the 

simplest approximation, Io(E) arises from the energy dependence of the 

photoexcitation matrix element. However, Io(E) can also contain slowly 

varying structure introduced by data collection or reduction 
... 

procedures, as well as components of ARPEFS with small scattering path 

lengths. Because the exact form of this function is unknown, the low 

frequency structure is extracted by fitting the data with a quadratic 

or cubic polynomial Dr a smooth cubic spline. The unavoidable 

shortcoming of this procedure is that real ARPEFS structure with 

scattering path lengths less than - 1.5 A can be unintentionally 

distorted or completely removed. 

With Io(E) determined as oJtlined above, X(E) can then be formed 

as 

X(E) (2 ) 

Further details of this data reduction process can be found 

. 15 
elsewhere. 

For Fourier transform data analysis, it is first necessary to 

convert X(E) to X(k). The photoelectron kinetic energy, E, measured 

outside the solid is related to the wavenumber of the photoelectron 

inside the solid by 

k 
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where m is the electron mass and Vo is the inner potential of the e 

solid. The value of Vo is typically about 10 eV, but the exact value 

is unknown and is slightly energy dependent. The inner potential is 

therefore treated as an adjustabl~ parameter in the Fourier transform 

analysis. The X(k) curves for each of the geometries indicated in Fig. 

1 are presented in Fig. 2. An inner potential of 10 eV was assumed for 

these curves. 

III. Theoretical discussion 

Theoretical treatments of ARPEFS, or photoelectron diffraction, 

h b d b 1 
5,6,16~18 

ave een presente y severa groups. The degree of 

sophistication has varied from simple single scattering cluster models 

to fully dynamical treatments derived from LEED theory. Recent work by 

18 19 Barton et ale ' provided a· bridge between these two extremes. That 

work included important multiple-scattering and spherical wave effects, 

while retaining the physical insight offered by a cluster approach. 

This section will be devoted to presenting a qualitative discussiqn of 

the major theoretical aspects of ARPEFS. 

A. Single scattering 

Because we are concerned primarily with presenting the most 

important qualitative ideas that can be extracted from detailed 

theories of ARPEFS, we will begin by presenting an expression for X(k) 
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which is derived with some simplfying assumptions. These involve 

representing the photoelectron wave at the scattering center using the 

plane wave approximation 20a and including only single ~cattering. 

After considering the implications of this simple model, we will 

discuss the modifications that must be considered when the dominant 

effects of multiple scattering are included. 

Using these simplifications and assuming photoemission from an 

initial state with s symmetry, the expression for X(k) can be written, 

cosB. 
X (k)=2 Lj cos-/ 

1 f(e. ) 1 
J 

r. 
J 

-llR . / A - (J • 2 ( l-cose . ) k 2 
xe J e J J 

cos(k(r.-r.cose.)+~.) 
J J J J 

(4 ) 

The summation is over all atoms near the adsorbed "source" atom from 

which the core level photoemission is being measured. The angle Bj is 

measured between the photon polarization vector and the vector 

connecting the emitting and scattering atoms, r. is the bond length 
J 

between the emitting and j-th scattering atoms, and Y is the angle 

between the polarization and the electron emission direction. The j-th 

scattering atom is characterized by a complex scattering amplitude, 

f(e.) = IfCe.)1 
J J 

i ~. e J. Both the magnitude of f(e.) and the phase, ~., 
J . J 

depend on the scattering angle, e., and the photoelectron wavenumber, 
J 

k. The emission angle dependent path length difference is given by 

llR.=r.-r.cose .. Inelastic damping due to thermal vibrations is 
J J J J 

included using a Debye-Waller term, where (J~ is the mean-square 
J . 



14 

relative displacement between the emitting and scattering atoms, 

projected on the photoelectron momentum change direction. Inelastic 

losses due to excitation of plasmons and electron-hole pairs by the 

energetic photoelectron are incorporated in an electron mean-free path, 

Each term in this expression represents the ARPEFS due to 

interference between the direct wave and the wave scattered from a 

neighboring ion core potential, as described previously. The 

cosinusoidal factor has a frequency given by the path length difference 

for that scattering event, with an additional small contribution to the 

phase from the complex scattering amplitude. These oscillatory 

functions are multiplied by angle and energy (or wavenumber) dependent 

amplitudes. The amplitudes for given scattering atoms are determined 

6 10 by a number of factors: ' 

(1) The finite electron mean free path, the lower correlation 

of thermal vibration at larger distance, and the 1/r. 
J 

dependence of the oscillation amplitude all act to 

limit strongly the number of atoms which contribute 

significantly to the ARPEFS. Thus the ARPEFS is 

dominated. by the local atomic structure. 

(2) The scattering amplitude If(8.)1 is peaked in the forward 
J 

and backscattering directions, with only weak scattering 

for angles in between. Thus, atoms which provide near 

.. 
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backscattering will usually produce large intensity 

modulations in X(k). Structure at low ~R. values due to 
J 

near-forward scattering will become important for near-

grazing emission or for sub-surface adsorption. 

(3) The factor cos 8. arises from the ori'entation of the 
J 

photon polarization with respect to the vector from the 

emitting atom to the scattering atom. This factor 

determines the amplitude of the photoelectron p-wave that 

is incident on the scattering center. Orientation of the 

polarization such that the bond vector for a particular 

scattering atom lies in the nodal plane of the p-wave 

final state will lead to negligible intensity for that 

scattering path length. 

Two major conclusions can be drawn from this discussion. First, 

scattering involving near-neighbors and near-backscattering will 

produce strong ARPEFS modulations. Secondly, specific atoms can be 

enhanced relative to others by proper choice of the photon polarization 

direction. This discussion, however, has not considered the effects of 

mutiple scattering. Previous studies have indicated that the single 

scattering treatment is not adequate. Comparisons by Tong et al. 5 of 

fully dynamical calculations to kinematic theory indicated that the 

single scattering model is inadequate for a quantitative description of 

ARPEFS. Other recent studies 18 ,21 also indicated that multiple 
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scattering is important in many cases. Thus, we will now discuss the 

modifications to these conclusions due to multiple scattering. 

B. Multiple scattering 

Because of the strong peaking of the scattering amplitude in the 

forward direction, the dominant multiple-scattering events will be 

those which include forward scattering. 22 The quasidynamical theory of 

Tong et al., which included all single scattering events and all orders 

of forward multiple scattering, gave curves essentially identical to 

their fully dynamical theory for photoelectron energies above 100 ev. 5 

Since additional near-forward scattering events will introduce 

practically no extra path length difference, the inclusion of multiple 

scattering will serve primarily to enhance the amplitude of a single 

scattering event when that event is proceeded or followed by forward 

scattering. The additional forward scattering events act to focus the 

electron amplitude along the forward direction. Since backscattering 

will always be followed by a subsequent forward scattering through the 

emitting atom, the inclusion multiple scattering will serve to enhance 

backscattering events even more strongly than is predicted for a single 

scattering theory. 

In addition to this modification of the single scattering 

amplitude, there will also be contributions to the scattering phase 

shift for each additional forward scattering event. A correct 

determination of the amplitude enhancement and forward scattering phase 
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shift requires the consideration of another approximation included 

above. The study of Ref. (19) on the effects of including the 

curvature of the photoelectron wavefront across the scattering 

potential indicated that correct treatment of spherical wave effects is 

necessary for near-forward scattering. Thus, considering the above 

discussion, the correct inclusion of the dominant multiple scattering 

effects requires a treatment which goes beyond the plane wave 

approximation. Attempts to treat multiple scattering within the plane 

wave approximation give results which are nearly as inaccurate as those 

introduced by completely neglecting the multiple scattering. Again, 

this is because the dominant multiple scattering effects involve 

forward scattering, and it is these events which are most poorly 

described by an approximation based on neglecting the wavefront 

curvature. 

An exact treatment of spherical wave effects with multiple 

scattering rapidly becomes computationally untenable for higher kinetic 

energies. 19 Barton et al. have developed formulae for calculating 

spherical wave effects with successively higher levels of 

approximation. Calculations performed using these approximations have 

provided excellent agreement with data from c(2x2) S/Ni(001). 18,21 

Similar calculations for c(2x2) S/Ni(011) will be presented in Section 

IV.B. 

IV. Data analysis 
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The most general method of analysis that can be employed to 

extract structural information from ARPEFS data involves applying 

procedures similar to those employed in LEED studies. The data are 

compared to calculations using an appropriate reliability factor as a 

quantative measure of the level of agreement. The geometry assumed in 

the calculation is then varied until a minimum is located in the r-

factor, indicating the best agreement between theory and experiment. 

The results of such an analysis using comparisons to multiple-

scattering calculations will be presented in section IV.B. However, 

consideration of the form of Eq. (1) compared to the analogous 

20 expression describing EXAFS presents the possibility of using Fourier 

transform techniques. This approach was suggested in the work of 

17 Lee ,and later an exploratory study of its applicability was 

performed by Hussain et al. 23 , using theoretical simulations of ARPEFS 

data to obtain an adequately long data range. 

The application of Fourier transform techniques to extended data 

range ARPEFS data was first performed "for c(2x2) S/Ni(001).1 This 

work indicated that Fourier transform techniques can yield useful 

information. We shall examine the extent to which this relatively 

simple, direct analysis-can provide information about the adsorption 

geometry of c(2x2) S/Ni(011). We will also investigate the effects of 

multiple scattering on the extraction of this information. 

A. Fourier transform analysis 



This subsection will be further divided into three parts. First 

we present a qualitative discussion of the Fourier transforms of ARPEFS 

data for c(2x2) S/Ni(Oll) based on the ideas presented in Section III. 

This will be followed by a quantitative analysis employing the 

filtering and back transform procedures developed for the treatment of 

24 EXAFS data. Finally, we will illustrate the effects of multiple 

scattering that are evident in these data. 

a). Qualitative discussion 

Considering the form of X(k) given in Eq. 1, and the above analogy 

with EXAFS, one would expect peaks to appear in the Fourier traIls form 

of this function at positions given by the path length difference, 

6R.= r.(1-cos8.), for scattering from neighboring atoms. For a given 
J J J 

scattering atom, this path length difference changes with the electron 

emission angle, leading to different structure in the Fourier transform 

for each different emission angle. Thus, data taken at several 

emission angles should allow one to establish the adsorption site 

through examination of the Fourier transforms, provided that they can 

be interpreted in a reasonably simple manner. 

The positions of peaks in the Fourier transform will differ 

slightly from the value of 6R., due to the additional scattering phase 
J 

shift ~ .. However, this phase shift is nearly independent of k, with 
J 

only a small linear contribution leading to small shifts. Large shifts 

in 6R
j 

can occur when there is strong structure in the phase shift, as 
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happens when the scattering angle approaches a value for whiCh there is 

a zero in the scattering amplitude-- the Generalized Ramsauer-Townsend 

21 resonance. This complication can be studied independently by 

considering the angle and energy dependence of the appropriate. complex 

scattering amplitude. 

We now turn to an examination of the S/Ni(011) data. Fourier 

° transforms of the normal emission, the 38 , and the 50° data are 

presented in Fig. 3. Most of the structure in these transforms arises 

from ARPEFS. The discussion which follows will concentrate on the 

dominant features in each transform. 

The normal emission transform is dominated by a strong peak at 

4.2 A with smaller structure at approximately 3 A and 7.5 A. The data 

set taken with an emission angle of 50° shows a strong peak at 4.1 A, 

though this peak is significantly weaker than the 4.2 A peak in the 

normal emission (the 50° transform is scaled by a factor of two). This 

geometry also gives structure in the 1-2 A range and at 8 A. Data 

taken with an emission angle of 38° yield two dominant peaks, at -1.2 A 

and 3.7 A. 

Inspection of these Fourier transforms, coupled with the ideas 

presented in Section III and consideration of the plausible adsorption 

sites for S on the Ni(Oll) surface-- atop on the first layer, short 

bridge, long bridge, or rectangular hollow-- leads to the conclusion 

that adsorption occurs in the rectangular hollow. The atoms giving 

dominant contributions to the structure described above can be 

identified with reference to Fig. 4. The very strong 4.2 A peak in the 
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normal emission data is due to backscattering from the 2nd layer Ni 

atom labeled (2) in Fig. 4. The intensity in this backscattering peak 

is considerably enhanced due to forward scattering through the sulfur 

atom. The 4.1 A peak in the 50° data is dominated by two symmetrically 

equivalent atoms in the first Ni layer which have scattering angles of 

- 144°, close enough to baokscattering to maintain a reasonably large 

scattering amplitude. These atoms are labeled (1) in Fig. 4. The peak 

at 3.7 A in the 38° data is also due almost exclusively to these same 

atoms. The reduction in intensity of the 38° peak relative to that in 

the 50° case is consistent with a decrease in the scattering amplitude 

in going from 144° scattering for the 50° geometry to 137° scattering 

for the 38° data. 

Additionally, the structure at 3 A in the normal emission data 

strongly supports adsorption in the rectangular hollow. The other 

sites do not provide an explanation for this peak, which has a shorter 

path length difference than the dominant 4.2 R peak at normal emission. 

For the rectangular hollow this structure is easily explained in terms 

of scattering from the four near-neighbor Ni atoms in the first layer. 

Thus by examination of the Fourier transforms, we find convincing 

evidence that the S adsorption site is the rectangular hollow, in 

agreement with the previous ion scattering and LEED experiments. The 

Fourier transform structure is inconsistent with other possible 

adsorption sites. Although other sites could provide explanations of 

the structure for one experimental geometry, a combination of two data 
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sets (in particular the normal emission and 50° data) decidedly favors 

the rectangular hollow site. 

b). Filter and backtransform analysis 

Having identified the adsorption site, and thus the particular 

atoms contributing to the dominant peaks in the Fourier transform for 

each geometry, more precise quantative information can now be obtained 

by employing the filtering and back transform analysis procedures 

25 developed for EXAFS data. The analysis consists of windowing the 

Fourier peak of interest, backtransforming this peak and extracting the 

.experimental phase function. The total phase function, ~T' is given by 

the argument of the cosine in Eq. (1), 

~T kr.(l-cosG.) + ~ .• 
J J J 

(5 ) 

If the appropriate theoretical scattering phase shift, ~., is 
J 

removed, the remaining function is linear in k with a slope given by 

~Rj =rj(1-cOS8j ), the desired path length difference. A co~plication 

exists due to the unknown value of VO' the inner potential. This 

parameter must be used to convert the experimentally determin~d 

electron kinetic energy outside the solid to the wavenumber inside the 

solid. The inner potential is therefore treated as an adjustable 

parameter which is varied until the most linear function, kr.(1-cos8.), 
J J 

is obtained. 
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The results of this analysis performed on the 4.2 A peak in the 

normal emission data, the 3.7 A peak in the 38° data, and the 4.1 A 

peak in the 50° data are presented in Table I. These structures were 

chosen because they are overwhelmingly due to single or symmetrically 

equivalent atoms, so that a single path length difference can be 

extracted in each case. The other large peak in the 38° data at -1.2 A 

is not treated because this structure cannot be easily identified with 

a single scattering path length •. Also, since this structure is in the 

low path length region, it can be strongly influenced by the data 

reduction procedures as discussed in Section II. 

The path length given by 

t:.R. 
J 

4.36 A r.(1-cos8.),8.=n 
J J J 

(6 ) 

for the normal emission data indicates a bond length of 2.18 A between 

the S and the Ni atom in the 2nd layer directly below. The data taken 

off-normal deserve some comment due to the - 3° azimuthal rotation from 

the plane containing [100J. The major effect of this misalignment will 

be to produce two slightly different scattering paths, instead of two 

sym~etrically identical paths, contributing to the dominant peak at 4.1 

A. However, the small difference between these two paths is well 

beyond the resolution of the measurement. Since the change in the 

scattering phase shift and amplitude for the two different scattering 

angles is small, the analysis will produce a value of the path length 

which is the average of the two values and, within the accuracy of the 
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experiment, is equivalent to the value that would be obtained with no 

azimuthal rotation. With this in mind, the value of 4.18 A for the 

path length difference in the 50° data indicates, after some simple 

geometric considerations, a bond length between the S atom ahd the near 

neighbor atoms in the first Ni layer of 2.31 A. Alternatively, this is 

equivalent to specifying a value of 0.82 A for d1, the height of the 

sulfur atom above the first nickel layer. 

The value extracted for the weaker 3.7 A peak in the 38° data, 

corresponding to scattering from the same set of two atoms as for the 

50° case, is 4.02 A. The larger shift of the peak in the Fourier 

transform from the backtransformed value, compared to the previous two 

cases, is partially due to the previously mentioned Generalized 

Ramsauer-Townsend effect. The - .137° scattering angle for the 

structure in the 38° data is close enough to a zero in the Ni 

scattering amplitude at 129° to produce a larger shift. However, the 

path length value obtained from the backtransform analysis is of 

primary importance, and this value is in good agreement with the value 

of 4.00 A that is predicted based on the 2.31 A bond length determined 

from the 50° 9ata. Thus, considering the smaller amplitude of the 

structure in th~ 38° data, the results of the backtransform analyses 

shqw very good consistancy between the two independent measurements. 

The errors indicated in Table I, and also in Table II below, are based 

on the precision of the procedure and estimations of the effects of 

errors in the theoretical phase shifts and errors experimental angles. 
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With the bond lengths of the S atom to its near neighbors in the 

first and second Ni layers known, the details of the adsorption site 

can now be determined. As stated, the 2.31 A bond length to the first 

layer Ni atoms indicates a value of dl = 0.82 A. This value, in 

conjunction with. the value of 2.18 A for the S-2nd Ni plane separation, 

then provides a value of 1.36 A for the interplanar separation between 

the first and second Nilayers. This represents an expansion of this 

. separation by 9 % from its bulk value of 1.245 A. Table II summarizes 

the results of this analysis and also presents the results of the 

previous ion scattering experiment for comparison. In this table, S-

Nil and S-Ni 2 represent the bond lengths to atoms (1) and (2) in Fig. 

4, respectively. The parameter d l2 is the interplanar separation 

between the first and second Ni layers and 6% is the percent change in 

this spacing from the bulk value. 

The excellent agreement of the back transform analysis with the ion 

scattering experiment supports the previous assignments of the dominant 

structure in the Fourier transforms. This also supports the idea that 

the structure in the Fourier transformed data for an unknown system can 

be interpreted in a reasonably simple manner, thus aiding in 

determining the adsorption site and, in favorable cases, allowing the 

extraction of bond lengths. The ability to use this attractive feature 

of the ARPEFS technique does, however, require careful consideration of 

the possible adsorption geometries so that the experiment can be 

devised to make best use of the strong modulation which will normally 

occur for near-backscattering geometries to distinguish between 
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possible sites. For instance, although the Fourier transform of the 

38° data provides information that is helpful in determining the 

adsorption site, the stronger structure in the 50° data is clearly 

preferable. 

c). Multiple scattering effects 

Before turning to an r-factor analysis of the data, we will 

illustrate the evidence for multiple scattering displayed in this 

data. As noted previously, the backtransform analysis requires the 

removal of the scattering phase shift, ~ .. As in the case of the 
J 

scattering amplitude, the phase shift also requires the consideration 

of multiple-scattering. In addition to enhancing the intensity of a 

single scattering, forward scattering events will also add 

contributions to ~.. This affects primarily the normal emission data-
J 

the backscattered wave from the 2nd layer Ni atom must necessarily be 

forward scattered through the S atom as it propagates to the detector. 

The backtransform analysis of the normal emission data has accounted 

for this effect by employing a double-scattering phase shift. An 

attempt to analyze these data using only the single backscattering 

phase shift, ~(TI), leads to a path length value of 4.40 A instead of 

4.36 A, but more importantly, it also requires a non-physical value of 

Vo~ 30 eV fit the data. Thus a single-scattering model attempts to 

compensate for the approximately constant additional phase shift due to 
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double scattering by variation of the Vo parameter outside an 

acceptable range. 

We further illustrate of this effect in Fig. 5. The large dot 

curves in Figs. 5(a) and (b) represent the filtered and backtransformed 

data for the dominant peaks in the 50° and normal transforms, 

respectively. The solid curve in Fig. 5(a) shows a theoretical 

simulation of the backtransformed 4.1 A peak in the 50 0 data. As 

stated, this peak should be well described with single scattering. The 

solid curve was calculated using a single scattering model, 

The value of A, the electron mean free path, was obtained from the 

26 values of Seah and Dench and 0:, the appropriate mean-squared 
J 

realitive displacement due to thermal vibrations, was then determined 

by the best fit to the back transformed data. The value of 0: thus 
J 

obtained was 0.009 A2. The values for the number of contributing 

atoms, N=2, and the path length difference, 6R. = 4.18 A, are known. 
J 

The important pOint is that reasonable values of the parameters A and 

0. yield a good simulation of the back transformed data, as shown in 
J 

Fig. 5(a). 

Considering now the normal emission data in Fig. 5(b), we expect 

that with A and 0. taking values close to those which provided a good 
J 

simulation of the 50° data, we should obtain a qualitatively similar 

simulation for this data. The fact that the scattering events 
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° contributing to the 4.1 A peak in the 50 data are in the surface layer 

while the scattering atom which dominates the normal emission peak at 

4.2 A is in the second layer would be expected to lead to somewhat 

different values for the thermal vibrations. However, both cases 

involve atoms which are near neighbors so that the difference should 

not be large. The result, assuming only single scattering, is presented 

as the solid line in Fig. 5(b). It can be seen that the data show a 

much larger amplitude and there is also a large, approximately 

constant, phase shift. The same Vo value was used to convert the 

photoelectron kinetic energy to wavenumber, k, in both the normal 

emission and the 50° case, VO=9 eVe Correction of the remaining large 

phase shift error requires a value of Vo~ 30 eV if the single 

scattering model is forced to fit the data. 

The dot-dash line in Fig.5(b) presents .the result of the same 

simulation, but including the effect of the additional multiple-

scattering through the intervening S atom. This simulation also 

included an exact treatment of the spherical wave scattering. The 

agreement is much better in this case and nearly as good as that 

provided by the 50° example. It is clear from the magnitude of these 

effects that multiple-scattering effects must be included if quantative 

interpretations of ARPEFS are sought. 

B. Multiple scattering calculations 
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The Fourier transform analysis presented in the previous section 

concentrated primarily on only the dominant structure in the 

transforms. There is also weaker structure in the transforms which 

indicates that the ARPEFS contains additional structural information. 

In fact, partial explanations can be offered for this weaker structure 

° as follows. The structure at 7.5 A in the normal emission data has a 

large contribution from four symmetrically placed atoms in the 3rd Ni 

layer-- (3) in Fig. 4-- while the peaks in the 7-8 A range for the 38° 

and 50° data are largely due to near backscattering from atom (4) in 

the 2nd layer. The low path length structure in the off-normal data is 

caused by the atoms in the first Ni layer in front of the adsorbed S 

atom with additional contributions from near-neighbor S atoms, although 

mixed with low frequency experimental noise. The scattering atoms 

identified with these peaks are not the sole contributions to the 

intensity in the specified path length range, but the structure does 

have large contributions from these atoms. Attempts to extract 

structural information using filtering and back transform techniques are 

not wholly satisfactory due to weakness of the structure and inadequate 

resolution to separate several similar scattering path lengths. An 

alternative approach to the analysis consists of direct comparison of 

the X(E) curves to theoretical curves calculated assuming a specific 

adsorption geometry, in a manner analogous to the treatment of LEED 

data. This method provides a straightforward method of testing the 

data for additional, less dominant structural parameters. Even here, 

however, the ability to interpret the Fourier transforms in a 
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relatively simple manner provides a useful guide in assessing to which 

structural variables an experimental geometry will be most sensitive. 

In this section we present the results of such an analysis based 

on comparisons to multiple-scattering, cluster calculations. These 

18 calculations are described in detail elsewhere. A brief outline of 

the major features will be presented here. 

As discussed above, a quantitative theory of ARPEFS requires the 

inclusion 'of important multiple-scattering and spherical wave effects. 

The cluster calculations performed in this work have included multiple 

scattering to fourth order as well as the dominant corrections to the 

plane wave approximation due to the spherical nature of the 

photoelectron wave using the approxi~ations presented by Barton et 

al. 19 The finite mean free path was treated as an exponential damping 

-riA factor, e ,with A=ck. The value of c was determined by fitting to 

the values given by Seah and Dench 25 for Ni, giving c = 0.78. Thermal 

effects were treated using a correlated Debye model which accounted for 

increased thermal vibrations near the surface and anisotropies in 

different crystallographic directions. 18 The inputs to this model were 

determined using theoretical calculations of the mean square 

26 displacements for the Ni(Oll) surface as a g~ide~ The bulk Oebye 

b temperature, 80 , was taken as 390 K, and the Ni surface Oebye 

temperatures were set at 270 K, 270 K, and 310 K, for the [110J, [100J, 

and [l~OJ directions respectively. The Oeby~ temperatures for th~ 

sulfur overlayer were assumed to be given by the Ni surfa~e values 

appropriately adjusted for the difference in masses, giving 365 K, 365 
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K,and 420 K for the [110J, [100J, and [110J directions respectively. 

The theoretical curves were only weakly dependant on the choice of 

these parameters. The ±3° angular resolution of the experiment was 

included as described in Ref. (18). The effect of the inner potential 

was included as an energy independent shift of the kinetic energy 

scale. 

The phase shifts used in these calculations were computed using a 

modified version of the program developed by Pendry for LEEo.27 The Ni 

potential was obtained from the self-consistent LOA calculations of 

Moruzzi et al. 28 The S phase shifts were calculated using a potential 

obtained from atomic Hartree-Fock wavefunctions. The wavefunctions 

were truncated and renormalized at a muffin-tin value R = 1.05 A. max 

Various values of R were tested and produced no strong differences 
max 

in the results of the analysis. The exchange potential was calculated 

29 using an Xa approach with a taken from the work of Schwarz. A total 

of 16 phase shifts were calculated for each potential for energies up 

to 500 eV. 

The first step in the analysis consists of smoothing the data by 

° filtering at 10 A. Calculations were then performed including a 

cluster size large enough to include all path lengths with values ~10 

° A. For the off-normal geometries, the low path length structure less 

than 2 A was filtered due to uncertainties in measuring this structure. 

The calculations were then performed using these same low path length 

cutoffs. 
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For the present analysis, a simple r-factor was chosen. It· 

consists of forming 

r 

Here I (E) is the intensity of the experimental curve as a function of e 

the energy and It(E) is the intensity of the theory. The analysis 

proceeded by assuming an adsorption geometry and performing the 

multiple-scattering calculation. The level of agreement between the 

theory and experiment was evaluated by calculating r. The geometry was 

varied until a minimum in r was located. For each geometry comparisons 

were made to calculated curves with Vo values of 8, 10, and 12 eV. The· 

r factors determined in this manner were then averaged to give a final 

r value. This r-factor is simple by present day LEED standards,30 but 

nonetheless provided consistent results for the values of parameters 

obtained from different experimental curves. Due to the ± 2-3 0 

accuracy with which experimental geometries are determined, the 

emission angle was varied to obtain the best simulation of the 

experimental curves. The angles obtained were within 30 of the 

nominal value in all cases. The final structural parameters determined 

by the r-factor analysis were only slightly (- 0.02 A) dependent on the 

angle used, except for the determination of d1 from the [OOlJ data. 

For this geometry, there are several Ni near-neighbors which have 

scattering angles of - 129 0
-- two atoms in the first Ni layer and the 

Ni atom directly below the S atom. This angle is very DIose to the 



33 

scattering for which the Generalized Ramsauer-Townsend resonance is 

b d ' N' 21 o serve 1n 1. The scattering amplitudes and phases of these atoms 

thus depend strongly on the scattering angle, or equivalently, the 

emission angle. The minimum in the r-factor was found to shift by 0.07 

A for angle changes of 3°. However, the value of d1= 0.81 A presented 

below for an emission angle of 45° had an r-factor minimum that was 

slightly lower than those found for other angles. 

In Fig. 6 we present a comparison of the filtered normal emission 

data to calculations performed for several different values of S-Ni 2 • 

The strong dependence on this parameter is evident, clearly indicating 

by visual inspection that the curve for a value of 2.20 A is much 

closer to experiment than those for 2.10 A or 2.30 A. 

Figs. 7 and 8.show the optimized calculations compared to the 

filtered data for all experimental geometries. The agreement ranges 

from good to excellent, with the exception of some portions of the 

[OOlJ curve. As discussed above, much of the structure in this data 

set is strongly influenced by scattering at angles near a resonance in 

the Ni scattering amplitude. The results for this geometry are thus 

sensitive to the input scattering phase shifts and errors in the 

experimental geometry . 

. Plots of the r-factor obtained by varying S-Ni 2 and d1 for each 

geometry are given in Figs. 9 and 10 respectively. The results are 

summarized in Table III. There is very good consistency between the 

values obtained for each data curve, as well as good agreement with 

results of the Fourier transform analysis presented previously. The 
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final column in Table III gives the averaged values obtained from the 

results for each individual geometry. This analysis thus also 

indicates an expansion (11 %) in the first Ni interplanar spacing. The 

exception to this consistent agreement is the value of the S-to-2nd 

layer Ni distance obtained from the 50° data, which indicatei a value 

0.1 A lower than the other values.· This is outside the expected 

deviation based on the values obtained from the other curves. The 

value of S-Ni 2 for the 50° data was not included in the averaged value. 

A possible explanation for this discrepancy will be discussed below. 

Having obtained very good agreement in the major structural 

pararmeters with the Fourier transform results, we can now extend this 

r-factor analysis and try to obtain additional information. As 

indicated earlier, there is less intense structure in the Fourier 

transforms of the data, for which partial explanations have been 

offered. This structure provides a guide for testing the ARPEFS for 

further information. However, before proceeding to such an analysis, 

we will first comment briefly on the use of single-scattering versus 

multiple-scattering theories for this purpose. 

Fig. 11 contains a comparison of data taken at normal emission and 

at 50° with the optimized results obtained for multipleO-scattering (MS) 

and Single-scattering (SS) theories. It is clear that the SS 

calculation provides good reproduction of the features in the 

experimental data for both geometries, though the quantitative 

agreement is better for the MS case. This is particularly true for the 

normal emission data. An r-factoranalysis performed using SS 
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calculations produces results that are similar to those obtained from 

the theory which includes the dominant multiple-scattering effects, but 

with shifts of 0.05 to 0.1 A. The most pronounced example of this is 

illustrated in Fig. 12. This figure contains plots of the r-factor 

obtained for variation of 5-Ni z for the normal emission data, using 

single-scattering and multiple-scattering calculations. There is a 

shift of the 55 minimum to a value indicating a 5-to-2nd layer Ni bond 

length of 2.27 A, 0.07 A larger than the value obtained from the 

multiple-scattering analysis. This is, of course, another 

illustration of the effect of neglecting the double scattering phase 

shift discussed in section IV.A (c). In general, therefore, the 

parameters obtained from a 55 analysis will vary by 0.05 to 0.1 A with 

the experimental geometry, depending on whether or not there are 

important multiple scattering contributions-- particularly additional 

forward scattering events. The apparent values of non-structural 

parameters which determine intensities, such as the electron mean-free 

path and 0. 2 , will also appear to be dependent on the geometry, due to 
J 

the forward scattering enhancement discussed previously. Because the 

values given in Tabie III indicate that the precision (and most likely 

accuracy also) in the measurements is below the 0.1 A level, and 

because we are interested in investigating the possibility of obtaining 

structural information on this scale, the inclusion of at least the 

dominant multiple-scattering effects is necessary. However, the 

simplicity of the 55 calculations makes them very attractive for 
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performing a preliminary analysis or for use in cases where possible 

errors on the order of 0.1 A are not deemed important. 

We now discuss the results of efforts to obtain additional 

structural information. In particular, we wish to consider a possible 

explanation of the discrepancy noted previously in the value of S-Ni~ 

distance obtained from the 50° data. The Fourier transform for this 

geometry exhibits a relatively strong feature at 8 A which is due 

primarily to scattering from the 2nd layer Ni labeled (4) in Fig. 4. 

The photon polarization was directed within 12° of this atom and the 

scattering was very close to backscattering. In contrast the 2nd layer 

Ni atom directly below the S atom lies in the nodal plane of the 

outgoing photoelectron p-wave. Thus, this geometry is sensitive to the 

distance to the second Ni layer as measured to the uncovered Ni atoms, 

whereas the normal emission case is very sensitive to the Ni atom 

directly below the S atom. The results presented in Table III thus 

suggest the possibility that Ni atoms in these two sites are 

inequivalent, with the uncovered Ni2 atoms - 0.1 A higher than the 

atopped Ni2 atoms. 

We have tested this explanation by performing additional 

calculations considering a buckled second layer. For the 50° data, 

a minimum in the r-factor was found for a buckling which placed the 

uncovered Ni atoms 0.13 A higher than the atopped Ni atoms, thus giving 

a value of the distance to the first Ni plane for the uncovered site 

which is essentially the same as a bulk interplanar separation. 
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The 38° data also exhibited a lowered value of the minimum in the r

factor for a buckling of 0.13 A. The normal emission data showed very 

little sensitivity to the buckling, as would be expected since the 

photon polarization was dire~ted nearly perpendicular to the surface, 

and the [OOlJ data indicated a minimum for no buckling. Considering 

the much better fits obtained for the 38° and 50° data relative to the 

[OOlJ data, for the reasons mentioned previously, we feel that these 

results support a buckled second layer model. 

The existence of a buckling of this nature is easy to accept. 

There is no a priori reason to expect the uncovered and atopped 2nd 

layer Ni atoms to assume equivalent positions. One might expect that 

the uncovered site would be closer in structure to the clean Ni 

surface, for which it is known that the 1st interplanar separation is 

contracted by 5_10%9,3 1 relative to the bulk, as compared to the 

expansion seen in the sulfur atopped site. This would lead to the 

uncovered 2nd layer Ni atoms assuming a position closer to the first Ni 

layer than the atopped atoms, as suggested by the data. 

As a final case displaying the possibility of additional 

information, we consider the normal emission data. As indicated 

earlier, the peak at - 7.5 A in the Fourier transform of the normal 

emission data has a large contribution due to scattering from 4 atoms 

in the 3rd Ni layer. This suggests that the data for this geometry 

might provide some indication of the interplanar separation between the 

2nd and 3rd Ni layers. Calculations were performed to test this 

hypothesis, and the results are presented in Fig. 13. These 
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calculations were performed with a buckled 2nd Ni layer as described 

above. The parameter, d 23 , on the horizontal axis of Fig. 13, then 

represents the separation between the 3rd layer Ni atoms and the 2nd 

layer Ni atoms in the atopped position. The r-factor values are given 

for two normal emission measurements and also for the 38° data. Both 

normal emission results indicate a broad minimum which is contracted 

from the bulk value. However, the deviation in the results obtained 

from the two measurements is approximately of the same magnitude as the 

apparent contraction. The 38° data indicate a value which is 

essentially the same as the bulk value. Note that the vertical scale 

for Fig. 13 is decreased by a factor of 2 relative to those in Figs. 9 

and 10. Thus, the minima displayed for the variation of this parameter 

are very broad on the scale of most of the curves displayed in Figs 9 

and 10, and are more similar to the r-factor curve exhibited for 

variation of d1 for the normal emission data in Fig. 10. The other two 

experimental geometries exhibited even less sensitivity to the 

variation of d 2 ), and thus are not given. The broad minima exhibited 

in this figure indicate that the changes produced by variation of this 

parameter are slight, and are thus susceptable to errors in the data 

and use of a rather simple r-factor. On balance', however, a simple 

average of these results indicates a value of this separation which is 

contracted from the bulk value by 3 ±4 % (0.04 A). This is based on a 

simple average of the results in Fig. 13 with equal weight for each 

measurement. This further means that the separation between the 3rd 

layer Ni atoms and the 2nd layer, unatopped Ni atoms is expanded by - 7 
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% due to the buckling. Continuing the analogy to the clean surface, 

this is to be compared with an expansion of 3~4 % in the 2nd to 3rd 

layer separation determined for clean Ni on the basis of LEED and ion 

sc~ttering data. 31 

v. Higher coverage results 

We also studied the adsorption of S on Ni(Oll) for coverages above 

1/2 ML. As S is adsorbed beyond the c(2x2) or 1/2 ML pOint, distinct 

changes are observed in the LEED pattern. The (1/2,1/2) spots become 

elongated in the [011J direction, finally splitting to form a doublet. 

The separation between the two spots forming the doublet increases with 

increasing S coverage. 

This behavior has been observed in several earlier studies and two 

explanations for the doubled (1/2,1/2) spots were proposed. Perdereau 

et al. 32 suggested that continued S adsorption was accompanied by a 

homogeneous decrease of the S-S distance in the [011J direction. This 

results in a surface on which many of the S atoms are shifted from the 

rectangular hollow site determined for the c(2x2) structure toward a 

long-bridge site. One of the spots in the doublet observed in the LEED 

pattern is then explained by single-scattering while the other is 

produced by multiple-scattering. 

The other, more plausible, model was presented by Mroz. 33 In his 

work, the doubling of the (1/2,1/2) spot was explained by considering 

the diffraction from a surface consisting of domains of N sulfur atoms 
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separated by anti-phase boundaries. By calculating the interference 

function for such a case, Mroz showed that the (1/2,1/2) spots would be 

split by an amount 

d=1/(2N-l), (8) 

where d is measured realitive to the distance between the integral 

order spots in the [011J direction. The coverage associated with a 

given splitting, or equivalently, a given domain size, is then 

determined by 

o =NI (2N-l) • 
N 

(9 ) 

ARPEFS data obtained for a S/Ni(Oll) sample which exhibited a 

doubling of the (1/2,1/2) LEED spot is presented in Fig. 13. This 

sample was prepared in the same manner as the c(2x2) samples except 

that the H2 S exposure was continued until a doubling of the (1/2,1/2) 

spot was observed. This required ~ 5 L. 

The lower curve in Fig. 13, curve (a), is the photoemission 

intensity as a function of the kinetic energy for the 38° c(2x2) data 

presented previously. The upper curve shows data obtained from the 

higher coverage sample. The curves are identical except for the 

increased total signal from the higher coverage surface, suggesting 

that the S remains in the rectangular hollow. Using the relative 

intensity change ,between the two curves and assuming a coverage of 0.5 
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ML for the c(2x2) case, we can estimate a coverage of 0.65 ML for the 

higher coverage sample. With this increase in coverage of 30%, a model 

such as that proposed by Perdereau et al. would lead to much different 

ARPEFS due to the large number of S atoms which are shifted out of the 

rectangular hollow. Thus, these data rule out a homogeneous decrease 

of the S-S distance in the [011J direction as suggested by those 

authors. 

We can estimate the domain size, N, by two methods. Using Eq. (8) 

and the value of d determined from the LEED pattern (d 0.2 ±0.01), we 

find N - 3. Alternatively, assuming a coverage of 0.5 for the c(2x2) 

surface and using the increase evident in Fig. 13, we can estimate a 

coverage of 0.65 ±0.1 ML for the higher coverage surface. Employing 

Eq. (9),_ we then obtain N - 2. The higher coverage surface is thus 

determined to consist of anti-phase domains - 2-3 sulfur atoms across 

in the [011J direction with the S adsorbed in the rectangular hollow 

site. 

VI. Conclusions 

We have presented a study of the surface structure of c(2x2) 

S!Ni(011) using an analysis of the angle-resolved photoemission 

extended fine structure. The results obtained employing a Fourier 

transform analysis and by comparisons to theoretical calculations are 

in good agreement, and also agree well the results of previous 

studies. 7- 9 Both methods of analysis enabled us to determine details 
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of the surface structure such as the expansion of the first interplanar 

spacing reported by the ion scattering experiment,9 although the 

results of this experiment indicate a somewhat larger expansion than 

previously reported. Thus, the ARPEFS measurement indicates sulfur 

adsorption in a rectangular hollow site 2.20 ±0.02 A above a second 

layer Ni atom and an expansion of (11 %) in the first-to-second Ni 

layer distance. We have also suggested the possibility of a buckling 

of the 2nd Ni layer on the basis of the r-factor analysis. Studies of 

this surface at higher sulfur coverages indicate that ad~itional S is 

incorporated by the formation of anti-phase domains in the [011J 

direction. 

The good results obtained using the Fourier transform ana~ysis 

indicate the usefulness of this method. Consideration of· possible 

adsorption sites should allow one to select experimental geometries 

which will serve to test these sites by highlighting backscattering 

from near-neighbors. If proper experimental geometries are chosen, 

then examination of the Fourier transformed data for two. directions 

will almost certainly rule out several sites. ,The geometries selected 

for this experiment attempted to illustrate this pOint. It should also 

be noted that examination of the Fourier transformed normal emission 

data alone provides strong evidence for the elimination of all sites 

except the rectangular hollow. 

However, the ability to plan an experiment which will allow one to 

most efficiently take advantage of the attractive features inherent in 

the Fourier transform analyses does require careful consideration of 
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the possible sites, and also the energy and angle dependence of the 

scattering amplitude of the materials involved. This initial planning 

is probably somewhat more critical to the efficient use of this 

technique than for other techniques normally employed for surface 

structure studies. 

The possibility exists that for complicated systems, the structure 

will correspond to none of the sites that have been considered. Even 

so, examination of the Fourier transform will provide useful 

information. The excellent agreement obtained with relatively simple 

theories will then allow additional structures to be tested. Also, the 

very different information which can be obtained for different 

experimental geometries will prove to be a great advantage. This will 

provide the ability to conclusively test additional structures if 

adequate access to synchrontron radiation is available. 

We have also illustrated the effects of multiple scattering on the 

analysis of ARPEFS data. We have indicated that these effects cannot 

be ignored in quantitative interpretations. However, the dominant 

effects are easily understood qualitatively and do not alter 

dramatically the conceptual sim~licity of the single-scattering model. 
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Table I. Path length values (in A) obtained from the dominant 

peaks in the normal emission (0°), 38° and 50° Fourier transforms, 

using the analyses discussed in the text. Note that the analysis 

consistently produced values of Vo within 1 eV of each other. 

Expt. geometry fiR 

4.36(4) 

4.02(5) 

4.18(4) 

10 . 

9 

9 



50 

Table II. Structural parameters (in A) determined from the path length 

values presented in Table I. A description of the parameters presented 

is provided in the text. The results ·of the ion scattering experiment ,. 

performed by Van der Veen et al in ref. 9 are included for comparison. 

Parameter ARPEFS Ion Scattering 

S-Ni 1 2.31(3) 2.32 

S-Ni 2 2.18(2) 2.18 

dl 0.82(7) 0.87(3) 

d 12 1.36(7) 1.31(4) 

b.% +9(6)% +6(3)% 
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Table III. Structural parameters (in A) obtained by comparison to 

multiple-scattering calculations for the four experimental geometries 

dicussed in the text. S-Ni 2 , dl and 6% are the same parameters 

displayed in Table II, except as discussed in the text. The indicated 

errors represent the precision of the measurement and were determined 

from the values of X2 from the fit to theory and the curvature of the 

minimum for that particular parameter. The final column indicates the 

average of all geometries for dl and of the [OllJ, 38°, and [OOlJ 

results for S-Ni 2 an~ 6%. 

Parameter 

S-Ni 2 

[011 J 

2.20(1) 

0.85(3) 

8% 

2.19( 1) 

0.8H 1) 

11 % 

2.10(1) 

0.78(2) 

[OOlJ 

2.21( 1) 

0.81 (2) 

12% 

Avg. 

2.20(2) 

0.81(3) 

11(3)% 
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Fig. 1 

Fig. 2 

Fig. 3 

Fig. 4 

Fig. 5 
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View of the Ni(Oll) surface with a c(2x2) S overlayer, 

indicating principal crystallographic directions and the 

photoelectron emission directions for which ARPEFS data were 

collected. 

ARPEFS data in X(k) form for the experimental geometries 

indicated in Fig. and described in the text. Figs. 2(a-d) 

correspond to the respectively labeled directions in Fig. 1. 

Fourier transforms of th~ X(k) data given in Fig. 2 for 

geometries a,b, and c. A gaussian broadened (1 A) window 

function was used to reduce truncation effects. Note the 

change in scale for the lower two panels. 

This figure displays the cluster of atoms around the adsorbed 

S atom which provide the dominant structure in the ARPEFS 

data. For an explanation, see the text. 

Theoretical simulations of filtered data for the 50° emission 

data and the [OllJ, or normal emission, data. The dotted 

curves are the data filtered to include only the strongest 

peak in the Fourier transform for each respective geometry. 

The solid lines are simulations employing a single-scattering 



Fig. 6 

Fig. 7 

Fig. 8 

Fig. 9 

Fig. 10 

Fig. 11 
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theory, and the dash-dot line is the result of a calculation 

including double scattering. 

Comparison of the normal emission data to multiple-scattering 

calculations for several values of the S-to-2nd layer Ni 

distance, indicating the sensitivity of the normal emission 

geometry to this parameter. 

Comparison of the filtered normal emission and 38° ARPEFS 

data (dotted lines) to multiple-scattering calculations 

(solid lines) for the best-fit geometry determined as 

described in the text. 

Same as Fig. 7 for the [OOlJ and 50° emission data. 

Values of the r-factor versus the S-to-2nd layer Ni (S-Ni z ) 

distance. 

Values of the r-factor versus the distance of the S atom 

above the first Ni plane, dl. 

Comparison of the results of multiple-scattering theory to 

single-scattering theory for the two experimental geometries 

indicated. 



Fig. 12 

Fi g. 13 

Fi g. 14 
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Comparison of r-factors obtained using a multiple-scattering 

theory to those obtained for a theory including only single

scattering for the normal emission geometry versus S-Ni 2 • 

The Single-scattering theory indicates a minimum which is 

shifted by O.07A. 

Values of the r-factor obtained for variation of the 

separation between the 2nd and 3rd Ni layers for two normal 

emission measurements and the 38° emission measurement. 

Comparison of ARPEFS data taken with an emission direction of 

38° for the c(2x2) 1/2 ML sJrface (lower curve) to that 

obtained from a surface with an increased S coverage (upper 

curve) . 
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