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ABSTRACT
We observe a resonance in the scattering amplitude for S(1s)
photoelectrons from Ni atoms and interpret this resonance as a dip in
the Ni atom partial cross section for electron scattering related to the
Ramsauer-Townsend effect. This generalized Ramsauer-Townsend effect
occurs at a particular energy and angle rather than in the total elastic
cross section. We show that the resonance energy is sensitive to
curved-wave corrections and, after including multiple-scattering
effects, we derive the S-Ni bond length in ¢(2x2)S/Ni(100) from the
ARPEFS oscillations arising from the scattering of S(1s) photoelectrons
off of nearest neighbor Ni atoms in the presence of the generalized

Ramsauer-Townsend resonance. We find this bond length to be 2.20 & +

.03 A corresponding to a S-Ni interplanar distance (dl) of 1.32 + .04 &,

*
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I. INTRODUCTION

The nature of the core-level photoemission intensity oscillations
known as photoelectron diffraction has been substantially clarified by
new theoretica11’2 and experimental work which shows that these
oscillations-—-caused by interference between direct and scattered

photoemission probability amplitude3’u

--are qualitatively predicted by
scattering path-length differences. A complete understanding of the
physics of these oscillations has important consequences for the use of
photoelectron diffraétion as a technique for determining surface
structure: the total scattering path-length difference is the sum of a
geometrical path length and an ion-core potential phase shift function
of the scattering atom, allowing the éeometry to be deduced if the
potential can be adequately_médeled. While most of the energy dependent

5,6 have been made in the kinetic

7,8

photoelectron diffraction measurements
energy range from 20-150 eV, we have recently been concentrating on
photoelectron energies between 100-600 eV. These intermediate energies
and the wider energy range are advantageous if we wish to concentrate on
structure determination because the potential phase shift functions are
less sensitive to chemical effects, the photoabsorption cross section
has less structure, and the phofoelectron scattering partial cross
section is more anisotropic giving a simpler and more structure
sensitive spectrum. For very similar reasons the x-ray absorption fine
structure spectroscopies have been divided into x-ray absorption near
edge structure (XANES or NEXAFS) at low energies and extended x-ray

absorption fine structure (EXAFS) in the intermediate 100-1000 eV range.

We refer to the core-level angle-resolved photoemission measurements in
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the 100-1000 eV, intermediate energyvrange as angle-resolved
photoemission extended fine structure (ARPEFS).

To concentrate on the oscillating, non-atomic signal we remove the
slowly varying part, IO’ of the intensity, I, to form y = (I-IO)/IO.
Every model for ARPEFS predicts that the oscillations, expressed és a

function of electron wave number, k, are cosinusoidal:

x(k) = § Aj(k) cos [krj(1 - cos ej) + ¢j(k)]

where A, (k) is an amplitude function, ¢j is a scattering potential phase

J

function, and (r'J.-r'.j cos ej) is the geometrical path-length difference

for bond length rj and scattering angle 6 The sum on j extends over

50
all atoms near the photoemitter which have significant amplitude. 1In
the simplest case, the amplitude function is large for only a few atoms
and has little structure as a function of k, and the phase similarly
benign. Then the ARPEFS curve may be Fourier analyzed and--provided
Fourier resolution is adequate--the Fourier amplitude spectrum should

7 If, on

have peaks corresponding to scattering path-length differences.
the other hand, the amplitude function is not a smooth envelope, the
Fourier spectrum for the corresponding scattering event will not peak at
the scattering path-length difference. 1In this paper we investigate
structure determination with ARPEFS in the case that the scattering
potential for nearest neighbor scattering atom has a strong amplitude
dependence caused by an interesting resonance related to the Ramsauer-
Townsend effect.

We have selected c¢(2x2)S/Ni(100) for our study primarily because

the S adsorption site and the S/Ni bond length have been reported



previously and the overlayer can be reproduced easily. Elsewhere we
r-eport9 a study of the S(1s) ARPEFS from c¢(2x2)S/Ni(100), concentrating
on the scattering events which have Fourier peaks near the scattering
path-length difference. Here we will discuss normal emission S(1s)
ARPEFS from the nearest neighbor Ni atoms in the four-fold hollow site.
The amplitude for the scattering of S photoelectrons from Ni potentials
into the normal direction dips sharply as the energy is scanned leading

to a split Fourier peak.

P



II. EXPERIMENTAL

We have given a thorough discussion of our measurement procedure in
ref. 9 so we will be brief here. Our sample was prepared in a standard
fashion: a mirror-finish, oriented Ni(001) single crystal was cleaned.
in vacuum, exposed to st(g), and- heated briefly to 200°C to give a very

sharp ¢(2x2)S/Ni(100) LEED pattern. This sample was illuminated by soft

_x-réys from the Stanford Synchrotron Radiation Laboratory Jumbo

monochromator1o and S(1s) angle-resolved photoemission intensity spectra
were measured every 3 eV for photon energies between 2532 and 2950 eV.
Assuming that the x-rays are completely polarized in the plane of the
synchrotron storage ring, we oriented the Ni crystal to place the
electric vector of the light, ;, 30° from the surface normal toward a
[110] direction‘and rotated the angle-resolved electron energy analyzer
to collect speétra along the surface normal. The individual
photoemission measurements were reduced to partial crdss-section
measurements in the fashion described in ref. 9.

The resulting ARPEFS curve x(k) is given in Fig. 1. The energy
scale has been converted to a wavenumber scale using an inner potential
of +10.5 eV. The curve is seen to be dominated by an oscillation with -~
6 cycles in 2w A-1, corresponding to an interference path length of 6 A.
Since we know the nearest neighbor bond length in this system is ~ 2.2 A
corresponding to a maximum path-length difference of 4.4 A, we can
conclude that the nearest neighbor scattering does not dominate this
curve.

Fourier transforms of this curve are shown in Fig. 2. For the
lower p;nel, Fig. 2a, we have multiplied ky(k) by a Gaussian of full

width half maximum of 4 A-1 centered on the data range, added zeroes to



fill 2048 cells and applied the fast Fourier transform; the Fourier
transform magnitude is plotted versus path4length difference. In the
upper panel the autoregressive Fourier method described in ref 11 has
been applied to kx(k) and the resulting extrapolated sequence has been
multiplied by a Gaussian of 12 A“‘i full width half maximum.

The peaks in the Fourier spectrum above 5 A path-length difference
have been discussed in ref. 9. The path-length difference derived from
the positions.of these Fourier peaks is approximately equal to the

scattering path-length difference for backscattering Ni atomsAin the

second and third Ni layers. The positions of the two peaks below 5 A do

not correspond to any path-length difference, and no feature in the
Fourier spectrum appears near 3.5 A where we would expect a scattering
path-length due £o Ni nearest neighbors (assuming a four-fold hollow
adsorption and reasonable S-Ni bond distances). The physical origin of

these peaks is the subject of this paper.



III. GENERALIZED RAMSAUER TOWNSEND RESONANCE

The lack of correspondence bétween the scattering path-length
difference for nearest neighbor Ni atoms and Fourier spectrum peaks is
caused by a strong dip in the scattering power for Ni as a function of
energy which occurs for scattering angles near those appropriate for
normal emission from c(2x2)S/Ni(001). This dip is related to the well-
known Ramsauer-Townsend electron scattering r'esonance,?2 and hence we
call this amplitude effect a generalized Ramsauer-Townsend (GRT)
besonance.

Ramsauer and Townsend observed that argon becomes transparent to
electrons at 0.7 eV. The origin of this surprising lack of scattering,
suggested by N. thr and verified by Faxen and Holtsmar-k,12 follows from
the partial-wave formula for the (complex) scattéring amplitude for
electrons:

1 2i8

£(o,k) = 5Tk A (21+1)P9‘(cos 8)(e

2—1)

where Gl(k) are the ion-core partial-wave phase shifts. At very low

kinetic energies only 6,, the isotropic s wave, contributes to the

0

scattered wave. If, as is the case for Ar at 0.7 eV, the value of the s
phase shift was exactly 180°, then even this term goes to zero and the

amplitude, f(6,k) becomes very small for all angles.

13.

Our generalized Ramsauer-Townsend effect is more complicated. At

higher energies many partial waves contribute to the scattering

amplitude. Then only with the proper linear combination of angular

2i8
factors, (2%+1) Pl(cos 8), and energy factors, (e ~-1), will the



scattering amplitude be zero. Thus while the classical Ramsauer-
Townsend effect gives zero amplitude at all angles and very low energy
based on special behavior by one phase shift, our generalized Ramsauer-
Townsend effect occurs at special angles and energies with many phase
shifts involved.

Some ideas about the consequences of this effect can be derived
from Fig. 3. Scattering amplitudes for four different angles are
plotted in the complex plane. For each angle a line represents f(k,ej)

for k = 4 A7)

(60 eV) to k = 12 271 (550 eV). The distance from the
origin to a point on the line represents the scattering power for that
angle and energy; the angle from the positive real axis to that point
gives the wave phase shift caused by the potential.

For 6, = 180° we see the scattering power peaks broadly around k =
6 A-1o From k = 4 A—1 to k = 12 A_1 the phase angle sweeps gently
through ~ 60°. For ej = 130°, however, the behavior is radically
different. Now the scattering amplitude approaches the origin for k =
8 A-1, The amplitude falls nearly to zero here, and the phase angle
sweeps fapidly thrpugh 180°. The behavior for ej = 125° is similar, but
the phase angle is rotating in the opposite direction.

Clear evidence that the generalized Ramsauer-Townsend effect is
responsible for splitting the Fourier peak expected near 3.5 into the
two peaks actually observed in the Fourier spectrum is obtained by
backtransforming just those Fourier coefficients whose frequencies are
less than 5 A. As shown»in Fig. 4, the resulting filtered AEPEFS curve
shows a beat pattern consistent with a 3.58 oscillation with a
superimposed amplitude envelope which dips at k = 7.5 A-1. If the phase

shift function is extracted from the filtered data,1u it exhibits the
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phase jump of 7 characteristic of the GRT zero crossing as shown in Fig.

5.

In our initial attempts to use the Ni GRT r'esonance,15

we sought to
compare the observed phase jump to calculated Ni atom phase shift
functions. As is evident from a compapison of the experimental phase
function to the theoretical phase function calculated in the plane-wave
approximation (see Fig. 5, long dashed curve), the resonance position in
energy and angle is not correctly placed in this simple modei. We
therefore introduced curved wavefront cor‘r‘ections?6 which, as the
remaining curves in Fig. 5 demonstrate, places the calculated resonance
of the experimentally observed energy. That the resonance is sensitive -
to the wavefunction calculation is not surprising given that several
large partial-wave amplitudes must sum to zero at resonance: any slight
error in the weighting of these waves will shift the resonance position.

It would appear from Fig. 5 that we may assigﬁ the S-Ni bond length
by comparing the observed phase shift function shape tq calculated
functions which include the curved-wave corrections. The strong
dependence of the GRT resonance on scattering angle.would set a firm
limit on the bond distance, and we would have an elegant method to
estimate the surface bond anglé.8 Howevef, this does not allow for the
possibility of multiple scattering, and in view of the sensitivity of
the resonance we must include this effect.

Fortunately, the calculation we require is very modest: we need
only 20 scattering paths. The first four are the single scattering
paths from the four Ni nearest the photoemitting S, with path lengths
near 3.5 A. The single-scattering wave from the nearest neighbors can

double scatter from either of two atoms in the S layer, giving a total
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of eight more paths near U.4 A. We also include scattering from four S
atoms at 3.52 A and four more at 4.98 A even thbugh the signal from
these atoms is very small. Indeed, without curved-wave cor'r'ections16
these S atoms would cancel in pairs: the phase of the direct wave
incident upon one member of the pair is opposite the phase for the
other. Of the 20 possible paths possible, only ten are unique, and by
employing the method of ref 2, the calculation requires no more effort
than other steps in the data analysis process;

The resulting multiple-scattering phase functions are showp in Fig.
6. The multiple-scattering effect is small, but it is adding to a near
zero signal. We find that the GRT resonance has been pushed up in angle
from 127.5° in single scattering to 131° in multiple scattering. Fig. 6
shows that the phase jump for 131.H°.is on the opposite side of the
origin from the experimental jump, setting an upper bound on the S-Ni
interlayer spacing, dl of 1.50A& corresponding to 130.4°. Although this
bound is not very useful, we can limit the value of dl much more closely
by comparing the experimental phase functions to the multiple-scattebing
phase functions in Fig. 6. In each comparison, the same geometrical
path-length difference has been subtracted from both theory and
experiment. The closest match is clearly for 126.5° corresponding to
dl = 1.30A. Because the angles 125.4° and 127.5° correspond
respectively to dl = 1.25 & and dl = 1.35 A, this comparison alone has
the'precision to set small error limits on dl (perhaps + 0.02 - 0.03 A).

We can also arrive at this conclusion by comparing the ARPEFS
oscillations directly. Fig. 7 compares the filtered experimental data
to theory curves for S/Ni bond lengths of 2.16 & (dl = 1.25 &), 2.19 A&

(d; = 1.30 &) and 2.22 & (d, = 1.35 A). Visual comparison is
1 1
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sufficient to e#clude the two extreme geomeiries. Using the residual,
an unweighted sum of the squared differences betheen experiment'and
theory, as a measure of the errors, we find a curve of error versus bond
length whose minimum lies at 2.20 & (dl - 1.32 &) as shown in Fig. 8.
The theoretical curves were first scaled to the experiment to minimize
their residual before constructing the curve of errors ﬁo reduce the
influence of amplitude factors.

This preference for 2.20 & bond length is not dependent on the
inner potential: the same geometry is found even if both theory and
experiment are placed on the experimental energy scale and the inner
potential of the .theory is alLowed to vary. The curve of errors is less
sensitive to the structure in this case as can be seen in Fig. 8 because

the shift in E. partly compensates for an incorrect geometry. At the

0

minimum residual, we find an inner potential of +11 eV, in good

agreement with our original selection of +10.5 eV.
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IV. DISCUSSION

Qur measurement gives 2.20 A for the S-Ni bond length in
c(2x2)S/Ni(001), in good agreement with previoué studiesa9 In
estimating the precision of our determination we note that the structure
information is carried in medium frequency oscillations superimposed
upon a smoothly varying signal, and that we have sampled this signal at
a much higher frequency than is relevant for the structure analysis.
Furthermore we have measured the osciliations over a wide enough energy
range to insure that errors in our reduction of the photoemission
measurements to oscillations are minimal. The normal emissioh geometry
is technically simpler to align and any small angular errors in the
emission direction are self cahcelling in the sense that among the four
nearest neighbor Ni atoms every scattering path which lengthens with
angle has a mate which shortens. We have varied the shape of the IO
estimate by altering the stiffhess of the numerical spline used to
derived I0 ffom ;he data without altering the backtransformed
oscillations; the autoregressive Fourier transform is not essential for
our analysis and the same results may be derived with conventional
Fourier methods. A more complete discussion of possible errors may be
found in ref.9. We believe our experimental precision is less than +
0.02 A.

The accuracy of our bond length is unfortunately not entirely
determined by experiment. Even though the Fourier filtering approach we
have used here sufficiently restricts the theory problem so that we need
not be concerned about convergence in multiple scattering order or
curved wave corrections, our result still relies on accurate theoretical

curves. By concentrating primarily on the frequency of the
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oscillations, our‘bond length is not sensitive to amplitude factors like
inelastic mean free path; thermal averaging, or aperture integration.
Furthermore, since the contribution of the path-length difference to the
frequency is 20 times larger than the Ni potential phase shift and
multiple scattering corrections, even moderate errors in the theoretical
contributions to the frequency will not disturb the bond leng@h
analysis. More serious sources of error in our procedure are the
constant part of the multiple scattering phase shift function -and the

inner potential, E Either of these parameters will lead to geometry

0’
errors as the phase offset of theory and experiment is partial‘
compensated by an erroneous shift in the theory path41ength difference.
Both the comparison of the curves in Fig. 7 and our residual analysis

with variable E, in Fig. 8 argue that we have made no large error due to

0
constant phase shift or inner potential here. Altogether we estimate
our accuracy as * 0.02 & in bond lengfh or + 0.03 & in the S5-Ni
interplanar sbacing.

The theory e%rors are likely to De systematic, but we nevertheless
quote our structure as S-Ni bond length of 2.20 A + .03 A&
(dl = 1.32 + .04 R). With additidnal study of the scattering potential
for Ni and S, including the photoion core potential, and additional
measurements to insure experimental reproducibility, the accuracy of
this type of structure measurement should improve by about a factor of
two. We strongly emphasize that accurate structure work with extended
fine structure requires a wide energy range. A short energy range is

subject to error from construction of the y(k) curve to Fourier analysis

to theory comparison: the additional data points in an extended range
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set the trends of the low frequencies and hence they provide more than a
simple statistical improvement in our experiment.

Sagurton, Bgllock, and Fadley have recently17 studied the GRT
resonance using single-scattering theory, and they have concluded that
the split Fourier peaks characteristic of the GRT resonance cannot be
used for quantitative structural analyses. We believe that our work
here demonstrates that this is not true, and rather than a serious
liability, the GRT resonance has some interesting properties of its own
A more difficult problem is the contribution of double scattering td the
frequency range occupied by the resonance, scattering which was omitted
in the study of Sagurton et al. We have shown here that this problem
can be overcome by applying the method of ref 2.

Our goal in this Study has been to study the surface geometry and
the generalized Ramsauer wansend resonance ultimately plays only a
small role in our work. Understanding the GRT resonance is of course
esséntial, but the presence of the resonance is a hindrance in the sense
that the phase jump on resonancé is sensitive to non-structural
parameters. A minor behefit of the resonance is the relatively flat (k
independent) nature of the Ni phase function above and below the
resonance with a consequent negligible contribution to the oscillation
frequency. We might imagine that the resonance itself could contribute
to either the structure study in other surface systems or the study of
surfaces in other ways. For example, first row adsorbates would scatter
S0 little that direct comparison of the experimental phase function with
the theory phase functions for various scattering éngle might be
sufficient to extract the structure. More intriguing, it may be

possible to probe the electronic structure of the first layer of metal
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atoms in an adsorbate system by using the strong spin polar‘ization18
which accompanies the GRT. This polarization has its origin in the
sensitivity of the resonance: if the scattering potential has any
dependence on spin, then the fesonance energy will be spin dependent.
At a photoelecéron energy and scattering angle which corresponds to the

GRT resonance, the photoemission intensity will be sensitive to the spin

state of the scattering atom.
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V. CONCLUSION

We have observed a resonance in the scattering amplitude for S(1s)
photoelectrons from Ni atoms and interpreted this resonance as a dip in
the Ni atom partial cross section for electron scattering related to the
Ramsauer-Townsend effect. This generalized Ramsauer-Townsend éffect
occurs at a particular energy and angle rather than in the total elastic
cross section. We have shown thét the resonance energy is sensitive to
curved wave corrections and, after including some multiple scattering
effects, we have derived the $-Ni bond length of ¢(2x2)S/Ni(100) from
the ARPEFS oscillations from nearest neighbor Ni atoms in the presence
of the generalized Ramsauer-Townsend resonance. We find this bond
length to be 2.20 A * .03 A corresponding to a S-Ni interplanar distance

(d;) of 1.32 + .04 A,
1
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FIGURE CAPTIONS

Figure 1.

Figure 2.

Figure 3.
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S(1s) ARPEFS oscillations from c(2x2)S/Ni(001) along
normal emission ([001]). The experimental kinetic energy
scale has been converted to a wavenumber scale using an
inner potential of 10.5 eV, and the resulting curve has
been interpolated with a numerical spline to an even mesh

of 128 points.

Fourier transform magnitudes versus scattering path-
length difference for k times the data in Fig. 1. 1In the
lower panel (a), the conventional Fourier transform was
applied; the upper panel (b) was obtained with the
autoregressive linear prediction method described in ref.

1.

Ni scattering amplitudes calculated in the plane wave
limit. Each solid line represents the scattering
amplitude for the scattering angle indicated. For each
scattering angle the amplitude was calgulated for
wavenumbers from 5-12A-1; the labeled tick marks give
some indication of the wavenumber scale. The amplitudes
are plotted in the complex plane to illustrate the
connection between scattering intensity and phase shift.
Note that the scattering intensity is nearly zero for

o -
ej=13o and k=84 1.



Figure L.

Figure 5,

Figure 6.
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Fourier filtered ARPEFS data. The Fourier spectrum from
Fig. 2 was zeroed above 5.1A and backtransformed, the
amplitude envelop is also plotted as obtained from the
complex backtransformation.

Phase shifts for scattering from Ni. The dashed line
shows the phase shift calculated with plane wave theory
ej = 127°. The dotted line is the phase shift from the
experimental curve shown in Fig. 2, where the first two
Fourier peaks are backtransformed together. A factor of
m for the sign difference between direct and scattered
waves caused by the p wave angular distribution has been
added to the experimental phase and a nominal 3.56A path-
length difference has been removed. The zero crossing
jump in phase oceurs too high in wavenumber for the plane
wave calculation. Solid 1inés are curved-wave
calculations of the phase shift for the indicated

scatterihg angles.

Multiple-scattering GRT phase jumps. Each panel is
labeled by the scattering angle for the Ni nearest
neighbors. The dashed lines are phase jumps from the
scattering calculation described in the text. The solid
lines with circles are experimental phase jumps with
geometrical path lengths removed. A phase equal to 3.57k
radians was subtracted from both theory and experiment
phase functions for comparing the 127.5° (dl = 1.35R)

phases, 3.49k radians from 126.5° (dl = 1.304), and 3.41k



Figure 7.

Figure 8.
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radians from 125.4° (dl = 1.25A). As in Fig. 5, a factor
of 7 for (-1) was added to all phase functions; an
additional factor of w was added to the 131.4° phase for

the purpose of display.

Numerical simulation of the normal emission, S(1s) ARPEFS
from c(2x2)S/Ni(001) cémpared to Fourier filtered |
experimental daté. The theory curves were calculated for
all scattering paths less than 5.1 A; the experimental AR
Fourier transform in Fig. 2 was zeroed for frequencies '
above 5.1 A and backtransformed to give the solid
circles. Over the entire energy range, the frequency of
the oscillations clearly matches the theory curve for a
S-Ni bond length of 2.19 A better than the curves for

shorter or longer bond lengthé.

Geometry Search for S-Ni interlayer spacing. Plotted
symbols are residuals from the least-squares fit of the
numefical simulation curves to the Fourier filtered data.
The residual is the unweighted sum of the squared
differences between theory and experiment between 100 and
414 ev. The solid triangles give the residual for a
fixed theory inner potential of 10.5 eV; the crosses

correspond to fits in which the theory inner potential

was varied. The solid curve is a parabolic fit to the

four triangle points between 1.275 and 1.35 A; the dashed
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curve is a parabolic fit to the four crosses in the same

region.
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