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Departments of Chemistry and Physics, University of California, Berkeley, 
California 94720, U.S.A. 

Abstract 

We describe a method of surface' structure determination based on oscillations in 
core-level photoemission intensity-Angle-Resolved Photoemission Extended Fine 
Structure-with particular emphasis on the use of Fourier transformation. 
Qualitative comparisons of Fourier power spectra reveal adsorption sites and 
shortcomings in theoretical calculations; quantitative backtransformation 
analysis allows accurate bond lengths and bond angles to be determined. Examples 
are drawn from these similar atomic adsorption systems: c(2x2)S/Ni(100), 
p(2x2)S/Cu(100) and c(2x2)S/Ni(110). 

1. Introduction 

Recently [1,2], we introduced a new approach to determining surface structures: 
Angle-Resolved Photoemission Extended Fine Structure (ARPEFS). This technique is 
based on photoelectron diffraction: the interference between the direct and 
ion-core scattered paths for a photoelectron to enter an angular resolving 
detector. The key features of ARPEFS which recommend it for structure work are: 

i) Chemical Specificity: The structural signal is contained in core-level 
part1al cross-sect1on oscillations. By selecting the core level 
observed, we select the element or even oxidation state of an element 
to study. 

ii) Surface Sensitivity: Using photoelectrons in the 100-500 eV energy 
range gives good surface sensitivity. 

iii) Large Oscillation Amplitude: The detected interference is between 
direct and scattered waves, giving typical oscillations of 20-50 
percent. 

iv) High Angular Sensitivity: Each different emission direction yields a 
different view of the structure; each different combination of 
polarization direction and crystal orientation gives different emphasis 
to the scattering atoms. 

v) Simble Theoretical Model: The above four experimental considerations 
com 1ne to greatly simplify curved-wave, multiple-scattering 
calculations. 

vi) Direct Fourier Analysis: The Fourier transform amplitude maps out 
scatter1ng power versus geometrical path-length difference. The 
Fourier transform provides a means of displaying the structure 



-2-

information directly from a measurement. 

In this proceedings, we give a brief overview of ARPEFS measurement and 
interpretation, with an emphasis on structure determination with the Fourier 
transform. 

2. Experiment 

We will discuss. three atomic surface structures here, c(2x2)S/Ni(100), 
p(2x2)S/Cu(100), and c(2x2)S/Ni(l10). The first system has become the 
prototypical chalcogenide surface structure, and it serves to verify our methods 
of analysis. We reported the structure of the S/Cu system in Ref. [1]. The 
c(2x2)S/Ni(110) system provides an interesting correspondence to the S/Ni(100) 
system which we discuss below. 

All three surfaces were prepared by exposing clean single crystal metal 
samples to H2S(g) and warming to 200°C to produce ordered overlayers. 

The ARPEFS is derived by measuring a series of S(1s) core-level angle­
resolved photoemission spectra for photon energies - 2575-3000 eV, typically in 
steps of 3 eV. The "partial cross section" is derived as the photopeak area 
normalized for photon flux versus the photopeak energy position. All measure­
ments were made at the Stanford Synchrotron Radiation Laboratory's soft X-ray 
double crystal monochromator [3] with an electron spectrometer previously 
described [4]. 

The fractional oscillations are derived by fitting smooth curves [1] through 
the partial cross section, I(E), assigning the smooth curve to I0 , and forming 

I(E)-I (E
0

) 

X(E) = I (E) • 
0 

(1) 

To calculate a Fourier spectrum from the X(E) curves, the abscissa is converted 
to momentum (k) where 

k=~ Fa (2) 

with E0 = 11 eV typically. The X(k) curve is weighted by k, extrapolated with 
autoreg~essive prediction, multiplied by a Gaussian weight and Fourier 
transformed as described in Ref. [5]. 

The X(E) curves for c(2x2)S/Ni(100) along the [110] (45° polar angle) and 
[100] (normal emission) crystal directions are shown in F·igure 1. Notice the 
large oscillation size and dramatic difference in character for the two emission 
angles. 

Fourier spectra of these curves are shown in Figures 2 and 3; they are 
discussed below. 

3. Theory 

Angle-resolved photoemission extended fine structure (ARPEFS) refers to oscil­
lations ·in the partial cross section.for photoemission due to final state 
interference. This interference occurs when the photoelectron can find two paths 
to the detector: the direct path from photoemitter to detector and a path from 
photoemitter to a nearby atom which can elastically scatter the electron into the 
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Fir. 1. ARPEFS modulations derived from 
$( s) photoemission partial cross­
sections. Both curves were measured 
from the c(2x2)S/Ni(100) system. a) 
Emission along a [110] direction (45° 
from normal) ; b) Emi. ss ion a l eng the 
crystal normal. 
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Fig. 2. Autoregressive Fourier 
transforms of the three ARPEFS curves 
discussed in the text. Note that a 
path-length difference of 4.4A 
corresponds to a bond length of 2.2A 
when aj = 173°. (a) S(1s) ARPEFS from 
p(2x2)S/Cu(100); detector along [110], 
y = 15°, (b) S(1s) ARPEFS from 
c(2x2)S/Ni(100); detector along [110], 
y =0°, (c) S(1s) ARPEFS from 
c(2x2)S/Ni (100); detector along [100] 
(normal emission), y = 20°. In all 
curves the intensity below 1.5A varies 
with the background function choice and 
has been disregarded. 

Fig. 3. ARPEFS measurements (left 
panels) and Fourier amplitudes (right 
panels) for c(2x2)S overlayers on Ni. 
Top panels were obtained in normal 
emission from a (110) crystal. Bottom 
panels were obtained by measuring 
along the [110] axis for a (100) 
crystal surface. The major peaks can 
be assigned b~ analogy. Both peaks at 
4.4A are -180 backscattering: a 
nearest neighbor Ni for (100) and a 
second layer Ni for (110). The 3A 
features are -115• scattering: two 
nearest neighbors for (100) and four 
nearest neighbors for (110). The 3A 
feature for (110) is split by a 
Generalized Ramsauer-Townsend 

. resonance accentuated by the polariza­
tion vector position (-1oo•.to the 
scattering vector). The 7.5A features 
indicate Ni atoms further along [110]. 
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detector. 

Consider a (1s) photoemitter at the origin of coordinates with the z a~is 
along the electric vector t. If our detector is set at a position labeled R, 
then the direct probability amplitude wave will be 

eikR 
~0 = M(k) cos y ~ 

-+-+ 
where M is independent of Rand cosy= (E·R)/R. 

(3} 

t'· 
I ' 

-+ ~ If a denotes the "bond" vector between the photoemitter and the scatterer, 
then the scattered wave will be [6]: 

-+-+ 
-+ eik IR-a I eika -+ 

~~R) = M(k) lkR Tfl F(a,R,t,k) (4) 

Typically, the complex scattering factor, I Fl, has a large (-.3) amplitude, 
IF I, and small phase, ~' so the fractional oscillation is large and has a 

frequency near the path-length difference, lal(1-cos aj): 

X= I 
j 

= l£l 2 cos [ka(1-cos a) + ~] 
1!1 

( 5) 

Successful structure determination with ARPEFS relies on this formula. Several 
phys·ical circumstances collaborate to make this simple form useful for 
interpreting ARPEFS spectra: 

i) The frequency of the cosine is dominated by the geometrical path-1ength 
difference. The scattering phase ~ is usually quite linear with a 
dMdk - 0.1A. 

ii) The scattering amplitude IFI/Ial (usually) contains little structure. 

i i i ) Among all of the scattering angles which can reflect electrons into the 
detector, backscattering (a= 180°) is strongly favored [7] in the 
100-500 eV range. This selectivity is further enhanced by the 
polarization dependence of the final state. 

iv) Multiple scattering is small for all angles except forward scattering 
[8], where there is little effect on the oscillation frequency. 

•• ,' To the extent that i) and ii) apply, Fourier analysis can contribute to the 
determination of surface structure; the selectivity iii) insures that the Fourier f,J 
spectrum will contain predominately a few backscattering path lengths. 

An important exception to this simple picture occurs for some scattering 
angles and energies. At these points---which we refer to as generalized Ramsauer­
Townsend resonances [2]--the scattering amplitude IFI falls to zero, and the 
scattering phase shift ~ jumps by w. These resonances can complicate the ARPEFS 
spectrum: the amplitude drop in IF! simulates a beat envelope and can split the 
Fourier peak for the corresponding path-length differences. On the other hand 
they may also be a powerful means of determining surface structure. The 
resonances are sensitive indicators of surface bond angles, as we discuss below. 



-5--

4. Structure Determination with the Fourier Transform 

Given the experimental ARPEFS measurements at a number of emission angles, and an 
understanding of the physical origin of the oscillation, we must deduce the 
structure. With these simple atomic surface structures we have been developing 
the mechanics of the structure determination which should then be applicable to 
more complex systems. 

The Fourier transform of the ARPEFS displays an integrated scattering 
amplitude versus scattering path-length difference. We must proceed with caution 
when we interpret the peaks in the transform for a number of reasons: 

i) The extended fine structure is only approximately given by a cosine 
series. The oscillation frequency varies slightly with energy and, 
more important, the cosine envelope contributes to the Fourier peak 
shape. 

ii) The entire data range contributes to each Fourier coefficient. 
Inaccurate data points on the end of a spectrum are not ignored by the 
transform. Care must be taken when comparing two transforms to insure 
that the transformed range and the weighting functions are identical. 

iii) Transforms with different frequency resolution should be compared only 
with hesitation: when two Fourier peaks with different phases are 
merged, they need not appear as the sum of two peaks. 

iv) The Generalized Ramsauer-Townsend effect (see 4.4 below) can split 
Fourier peaks. 

With these caveats in mind Fourier analysis can be a powerful tool for 
studying surface structure. In the remainder of this report we discuss four ways 
the Fourier transform can be used to determine surface structure information from 
ARPEFS. 

4.1 Adsorption Sites from Fourier Spectrum Comparisons 

When confronted with an experimental Fourier spectrum our first task is assigning 
the major features to path-length differences. From the simple theoretical model 
we expect major peaks for backscattering; these path lengths must be about twice 
the distance from the emitter to the scatterer. Nearest neighbors scattering 
through angle further from 180° may also be seen since the photoemitted wave 
decays very little as it travels towards them. These path lengths must be less 
than twice a bond length. 

Figure 2{b) illustrates such an assignment. The largest peak in the 
spectrum corresponds to backscattering (a = 173°), from a nearest neighbor 
(path-length difference 4.46A). At a slightly lower path length (3.2A), two 
other nearest neighbors with smaller scattering angles (a= 135°) contribute. 
Two higher peaks signal backscattering Ni atoms further away along [110]. 

When the adsorption site is unknown, the process of identifying the 
path-1 ength difference wi 11 be more i nvo 1 ved (a 1 so take note of the Ramsauer­
Townsend effect discussed below). A collection of ARPEFS spectra for atomic 
adsorption will, however, greatly simplify the adsorption site and path-length 
difference assignment. For example, compare the Fourier spectra in Figures 2(a) 
and 2(b), both taken alan~ the [110] crystal axis. The striking similarity of the 
c(2x2)S/Ni(100) and p(2x2)S/Cu(100) spectra eliminates any doubt about the 
adsorption site of S/Cu. The comparison of the two S/Ni systems in Figure 3 is 
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novel: the ARPEFS was measured along the same crystallographic direction for two 
different surfaces. If the local orientation of Ni atoms about S is the same, 
then the Fourier spectra from the two measurements will be ther same and the site 
is determined. We deduce that a Ni atom must rest directly below the S on the 
(110) surface, at a distance close to the S-Ni bond distance for S/Ni(100). 
Since scattering peaks occur at shorter path lengths, we conclude that this Ni 
atom must be in the second layer--one atop site would not have shorter 
path-length distances. Hence we are drawn to the (known) four-fold geometry. 

To-be sure, these adsorption sites are quite simple, but the principle 
should apply to more complex systems. Note again two key features of ARPEFS 
analysis: it is elementally specific and highly angle dependent. We have the 
potential for measuring a great deal of information about the position of a 
single constituent of an adsorbate system. 

4.2 Comparison of Theory with Experiment in Fourier Space 

A second important role for Fourier analysis of ARPEFS is qualitative comparison 
of theoretical calculations and experimental data. The Fourier transform 
comparison rapidly reveals over- or under-emphasized path-length differences as 
an aid to correcting theoretical models. Perhaps more important, by limiting the 
comparison to short path-length differences, very economical calculations are 
possible, even for more sophisticated models for electron scattering. Since the 
angular momentum of the photoemission final state is restricted by dipole 
selection rules and since multiple scattering is only important in the forward 
direction, curved wave multiple-scattering calculations can be routinely 
performed for comparison to experiment. 

4.3 Empirical Backtransformation Analysis 

The very close analogy between angle-resolved fine structure~ (ARPEFS), and the 
angle-integrated fine structure, EXAFS, leads to the third use of Fourier 
analysis: backtransformation analysis. The idea and its justification are drawn 
directly from the experiences in EXAFS [9]; we applied this method to 
c(2x2)S/Ni(100) and p(2x2)S/Cu(100) in Ref. 1. The Fourier transform separates 
the ARPEFS into individual oscillations. By isolating a single backscattering 
Fourier peak and applying a complex backtrarisformation, the amplitude and 
argument of the backscattering cosine can be extracted. Then the scattering 
phase shift ~ can be subtracted from the total experimental argument to give a 
line whose slope is the path-length difference. We have applied this analysis to 
the main 4.4A scattering peak in S/Ni(110)-[110], using the scattering phase 
shift derived experimentally from the main peak in the well-known S/Ni(100) 
system. Thus we determine that the distance between the S atom and the second 
layer Ni atom on the (110) surface is the same (2.23A) as the bond distance on 
the (100) surface. 

4.4 Generalized Ramsauer-Townsend Resonance Analysis 

Finally, we have been developing an entirely new method for determining surface 
structure information which is unique to the analysis of ARPEFS. Here we take 
advantage of an interesting physical feature of electron scattering: the 
scattering phase shift as a function of wavenumber can pass through the origin in 
the complex plane for some scattering angles. At these angles, the scattering 
amplitude falls to zero for some energy and rises again at higher energy. 
Simultaneously, the scattering phase angle jumps by pi radians. We call these 
points Generalized Ramsauer-Townsend resonances [2] and they are useful for 
determining structure because the shape of the scattering phase argument is 
strongly dependent on angle. 
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For Ni, a resonance occurs near k=7A-1 and a scattering angle of 127° scat­
tering angle. For normal emission from the ~100) surface, the four Ni atoms . 
closest to S have a scattering angle of -127 • As the scattering amplitude dips 
toward zero at k=7A-1, the Fourier spectrum for this 3.2A path-length difference 
is split into two peaks as shown in Figure 2(c). Isolating both peaks and perform­
ing the complex backtransformation give the phase Jumps shown in Figure 4. It 
appears that the scattering angle cannot exceed 127 , nor be lower than 125°. 

Some important questions must be addressed before we can apply this method 
to unknown systems with confidence. As we show in Figure 4, plane wave calcula­
tions make substantial errors in the position of this resonance: theoretical cal­
culations must have high accuracy if we rely on them for predicting the reso­
nance. Preliminary work with changing the inner potential (Eo) shows little 
effect on the angle analysis, but this must be verified. Finally, we must 
confirm that the Fourier processing does not distort the resonance shape. 

S.Conclusion. 

Angle-Resolved Photoemission Extended Fine Structure promises to be an exciting 
new method for examining surface structures. We see its most important early 
role in furthering our understanding of electron scattering and in clarifying 
adsorbate geometries which baffle other techniques. For both problems, the high 
selectivity and direct Fourier analysis features of ARPEFS should recommend its 
application. 
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Fig. 4. Phase shifts for scattering 
from Ni. The dashed line shows the 
phase shift calculated with plane wave 
theory aj = 127•. The dotted line· 
is the pnase shift from the experi­
mental curve Figure 2c, where the 
first two Fourier peaks are back­
transformed together. The zero 
crossing jump in phase occurs too high 
in wavenumber for the plane wave 
calculation. Solid lines are curved­
wave calculations of the phase shift 
for the indicated scattering angles. 



-8-

References 

1. J.J.Barton, C.C. Bahr, Z. Hussain, S.W. Robey, J.G. Tobin, L.E. Klebanoff, 
and D.A. Shirley, Phys. Rev. Lett. 51, 272 (1983). 

2. J.J. Barton, C.C. Bahr, Z. Hussain, S.W. Robey, L.E. Klebanoff, and D.A. 
Shirley, Proc. of the Conf. on Science with Soft X-Rays, Soc. Photo-Optical 
Instrum. Eng. (1984) v.447, p.82; J.J. Barton, C.C. Bahr, Z. Hussain, S.W. 
Robey, L.E. Klebanoff, and D.A. Shirley, J. Vac. Sci. Technol. A 2, 847 
(1984). -

3. -z. Hussain, E. Umbach, D.A. Shirley, J. St~hr, and J. Feldhaus, Nucl. 
Instrum. Methods 195, 115 (1982). 

4. S. Kevan, Ph.D. Thesis, University of California, Berkeley, 1980, LBL-11017. 

5. J.J. Barton and D.A. Shirley, submitted to Phys. Rev. B. 

6. P.A. Lee, Phys Rev. B 11, 5261 (1976). 

7. P.J. Orders and C.S. Fadley, Phys. Rev. B 27, 781, (1983). 

8. S.Y. Tong and C.H. Li, in Chemistry and Physics of Solid Surfaces, v.III, 
p.287, CRC Press, Boca Raton, Flor1da, (1982) . 

. 9. P.A. Lee, P.H. Citrin, P.Eisenberger, and B.M. Kincaid, Rev. Mod. Phys. 53, 
769 (1981). 

.. 
I • 
I 

' I 
it 



' \ \,.J 

~: 

• ~I .-

This report was done with support from the 
Department of Energy. Any conclusions or opinions 
expressed in this report represent solely those of the 
author(s) and not necessarily those of The Regents of 
the University of California, the Lawrence Berkeley 
Laboratory or the Department of Energy. 

Reference to a company or product name does 
not imply approval or recommendation of the 
product by the University of California or the U.S. 
Department of Energy to the exclusion of others that 
may be suitable. 



~~"aj._. 

TECHNICAL INFORMATION DEPARTMENT 

LAWRENCE BERKELEY LABORATORY 

UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFORNIA 94720 

~p~"'-:w.~ 




