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Interpretation of substrate photoelectron difFraction
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Azimuthal diffraction patterns of ls and 2s photoelectrons, of plasmon-loss peaks and inelastic-
background intensities, as well as of medium-energy electrons, are presented for polar angles of 45'
and 55' off the surface normal of a clean Al{001) crystal. A comparison of such data is important
for the assessment of two currently used models for describing electron diffraction: the short-range
scattering-cluster approach and the Kikuchi or Bragg-scattering method. It is concluded that both
methods are essentially equivalent. Differences in experimental diffraction patterns of elastically and
inelastically scattered electrons can be related to different probing depths and, associated with it,
different relative importance of multiple scattering. It is also found that photoelectron-diffraction
patterns and medium-energy electron-diffraction patterns in the 1-keV regime are very similar, as
long as the kinetic energies are not too different. From this it follows that substrate photoelectron-
diffraction patterns can be more easily obtained by elastic electron scattering.

INTRODUCTION

In a photoelectron-diffraction experiment, the elec-
trons are photoemitted from a single-crystal surface and
then detected under varying geometrical conditions. '
Thereby the diffraction of the photoelectrons by the sur-
face region of the sample can be measured and used to
obtain structural information. These experiments can be
performed either by scanning the energy of the exciting
radiation, i.e., the wavelength of the emitted electrons, at
a fixed electron detection geometry, or by scanning the
azimuthal and polar angles under which the electrons are
detected, keeping the exciting radiation at a fixed energy.
This latter mode is generally applied if x rays are em-
ployed [x-ray photoelectron diffraction (XPD)], and
strong modulations in the photocurrent are observed,
with anisotropies of up to 70%. Similar angular
diffraction patterns can also be measured with Auger
electrons ' and with quasielastically backscattered
medium-energy electrons. Moreover, it has been no-
ticed already some time ago that Kikuchi electrons as
produced, e.g. , in a low-energy electron-diffraction
(LEED) experiment, show essentially the same diffraction
patterns as Auger electrons. Kikuchi electrons are elec-
trons which are inelastically scattered from a primary
beam of monoenergetic electrons. It is commonly agreed
that the Kikuchi patterns arise because the inelastically
scattered electrons are Bragg reflected off low-index crys-
tal planes before they leave the crystal. Considering the
similarities in all of the e diffraction patterns, it seems
that the underlying mechanism must be the same for pho-
toelectrons, Auger electrons, backscattered medium-
energy electrons, and Kikuchi electrons.

The analysis of diffraction patterns associated with
photoelectrons and Auger electrons is very often and
quite successfully done by means of single-scattering cal-
culations. ' In this method it is assumed that a photo-
electron wave is generated at a lattice site and then scat-
tered by all the ions within a restricted cluster. The in-

terference between the primary wave and all the scattered
waves produces the difFraction patterns. A key element
in these calculations is the fact that the elastic-scattering
cross sections for the energies under consideration
(200—1500 eV) are strongly peaked in the forward direc-
tion. This leads to large peaks in the diffraction patterns
whenever emission along densely packed rows of atoms is
detected, as is illustrated, e.g. , by dominant peaks along
(011) directions in Auger electron diff'raction from (001)
surfaces of fcc crystals.

A number of questions bearing upon the interpretation
of electron-diffraction data are still under discussion. (i)

Are the long-range Bragg scattering approach to Kikuchi
patterns and the short-range scattering-cluster approach
to photoelectron diff'raction equivalent? (ii) Do
photoelectron-diffraction data mainly show effects of
rows of atoms in the crystal (via the strong forward
scattering) or do they further contain truly diffractional
patterns? If so, how can those be distinguished from the
purely geometrical forward-scattering peaks? (iii) How
important are multiple-scattering effects in the formation
of XPD patterns?

We think that the answer to the first question has in
principle already been given by Schaich, to the effect
that a short-range scattering-cluster calculation and a
long-range Bragg-type diffraction calculation are in prin-
ciple equivalent. However, from a comparison with sim-

ple two-beam Kikuchi profiles, it seems that scattering-
cluster calculations are easier to get to converge than
Bragg-scattering calculations, and are therefore prefer-
able from a practical point of view. Nevertheless, we
think it could be worthwhile to apply the more-developed
theory of Kikuchi diffraction patterns' to photoelectron
diffraction. From the experimental point of view it
should be emphasized that two investigations have ex-
plicitly noted the equivalence of Auger and Kikuchi
diffraction patterns. "

In order to address the second question, a simple way
for separating the true diffraction features from zero-
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order forward-scattering-related peaks in a photoelec-
tron-diffraction diagram is proposed: Diffraction pat-
terns from a crystal surface are measured twice under the
same experimental conditions except for changing the
wavelength (kinetic energy) of the electrons. The true
diffraction features will change shape and positions while
the strictly geometrical patterns will remain more or less
unchanged. A case in point here is a con",parison of az-
imuthal photoelectron-diffraction data from the (001) sur-
face of Al as measured with the 2s line (Es = 118 eV) and
the Is line (Es =1560 eV) at a polar angle of 45'. These
experiments show that only the strong intensities along
the (011) directions are created by geometrical scatter-
ing, while all the other features, although weaker, are
probably due to true diffraction. '

The answer to the third question can implicitly yield
another method to distinguish geometrical features from
true diffraction features. Xu et al. ' have recently found
that multiple scattering along rows of atoms spaced a few
angstroms apart lead to a defocusing of the electron
beams, thus effectively weakening the forward-scattering
signals from emitters further below the surface. In par-
ticular, they presented calculations for the case of [011)
nearest-neighbor rows in Cu at a kinetic energy of 1000
eV, showing that a row of four atoms following a source
atom are enough to destroy the forward-scattering max-
imum along this direction completely. This then means
that, if one makes an electron-diffraction experiment with
electrons that are produced suSciently deep in the crys-
tal, one should observe only true diffraction features be-
cause the forward-scattering peaks are suppressed by
multiple scattering.

While one has then an approximate understanding of
the three questions raised above, detailed answers are still
missing. It is the intention of this paper to deepen some-
what our understanding of XPD using new experiments
from an Al(001) single crystal as a test case. The choice
of this material has been made by realizing that it is
about the only nearly-free-electron metal for which one
can obtain high-quality single crystals that are relatively
easy to clean. Nearly-free-electron metals have some ad-
vantages over the more commonly used transition metals,
such as a simpler electronic structure' ' and well-
developed plasmon losses, ' which allow us to vary in a
semiquantitative way the depth from which the measured
photoelectrons were emitted.

The experimental details have been described in previ-
ous works and will therefore not be reported here. ' '

RESULTS AND DISCUSSION

XPD in the inelastic-loss spectrum

We now address questions (ii) and (iii) from above deal-
ing with the relative importance of forward scattering
and true diffraction features and with the significance of
multiple-scattering effects in the formation of XPD pat-
terns. As we shall see, these two problems are intimately
related and therefore a joint discussion is justified.

If multiple-scattering effects are important in XPD, a
measured XPD pattern should depend drastically on the

depth from which the diffracted electrons originate. We
have recently measured azimuthal diffraction curves of
the Al 2s line and the first, second, and third associated
plasmon-loss peaks. ' The curves exhibit strong
differences, with the forward-scattering maxima along
(011) directions being gradually attenuated with increas-
ing plasmon number. Assuming a total inelastic mean

0

free path of 20 A, and provided that plasmon creation
does not destroy the coherence of the photoelectron
wave, this led us to estimate the defocusing length, i.e.,
the distance at which the forward-scattering signal along
rows of atoms gets completely suppressed, to be of the or-
der of 45 A, which is longer than believed up to now.

In this paper we take a more radical approach, which
is illustrated in Fig. 1. The energy window for measuring
XPS patterns is set at a kinetic energy 90 eV below the
main 2s line (indicated as window II). There is no more
structure in the energy spectrum this far below the main
line and therefore it was decided to record the total in-
elastic intensity as indicated in Fig. 1. In order to mea-
sure the 2s line in a consistent manner, the window was
set as indicated in Fig. 1 by window I. Note that this is
an unusual way of recording XPD curves for a core line,
because generally the background is subtracted by some
suitable procedure. It is thus to be remembered that the
integrated total intensities contain electrons with very
different origins. In window I a large part will be true 2s
photoelectrons together with some inelastically scattered
2p photoelectrons. It is not surprising that the azimuthal
intensity scan recorded in window I at a polar angle of
45 (Fig. 2, upper curve) is essentially identical to the
curve reported earlier' using a background subtraction.
The overall anisotropy is naturally reduced from 65 to
48% due to a more isotropic background contribution.
We observe the expected fourfold symmetry of a fcc (001)
surface, with maxima corresponding to electron detection
along (011) directions. Along these directions one has
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FIG. 1. A12s energy spectrum from Al(001), showing the
main line and five plasmon-loss lines, measured along the low-
symmetry direction 6/=45' off [011] using Mg Ea radiation.
Shaded areas indicate the energy windows used for obtaining
the data in Fig. 2, i.e., with no background subtracted.
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ment in our experimental setup is the x-ray tube, which is
mounted outside the plane defined by the azimuthal rota-
tion axis and the electron-emission direction. We must
therefore associate this asymmetry with photon-
polarization effects. Even though these experiments have
been done using unpolarized x rays, a polarization plane
is defined perpendicular to the radiation incidence direc-
tion. The photoionization matrix element concentrates
Aux of primary emission near this plane, which in our
geometry is fixed at 41 away from the detection azimuth.
Rotating the crystal such that the (011) axes pass
through the detection direction, these high-density rows
of atoms will move closer to the polarization plane when

going from left to right in Fig. 3, i.e., they will experience
more primary flux on the right-hand side of each (011)
direction in the azimuthal scan. Asymmetric patterns are
therefore not unexpected for this experimental geometry.
It is, however, quite remarkable that such polarization
effects appear to be more important in inelastic than in
elastic diffraction.

At first it may be surprising that background intensi-
ties show anisotropies of nearly 10%%uo. However, it is well
known that Kikuchi electrons, which also have suffered

energy losses, produce such patterns. In a sense, the
electrons constituting the inelastic tails of XPS core lines
can be considered as Kikuchi electrons. At this point, we
think that predominantly Bragg-like diffraction features
show up in the background diffraction patterns because
the geometrical forward-scattering peaks are destroyed
by defocusing. The much slower variation with energy
loss of the features in the off-symmetry directions indi-
cates that the true short-range diffraction effects in the
near-surface emission (n =0) already contain some ele-
ments of Bragg diffraction off low-index atomic planes
that make up the Kikuchi patterns. This had already
been seen by Trehan et al. and by Osterwalder et al.
by locating all possible Bragg diffraction directions off
low-index planes and associating these with features in
XPD patterns from Cu and Ni.

From this we make the general conclusion that XPD
patterns contain forward geometrical features, true
short-range diffraction, and Bragg diffraction features,
where the latter ones can be isolated by an XPD experi-
ment in the background accompanying a core line. Con-
versely, the XPD patterns of the core line (n =0) will
often be dominated by geometrical forward features as is
evident from Fig. 3. We emphasize that the observed
similarity of Auger and Kikuchi electron patterns" can
hold only if the Kikuchi electrons have experienced small
energy losses. In the case of larger energy losses, this
equivalence is no longer evident, as shown in the present
example. Thus the real distinction in the diffraction pat-
terns from Auger electrons, Kikuchi electrons, and pho-
toelectrons is not by their nature (they all exhibit essen-
tially identical diffraction patterns) but from how deep in-

side the crystal they originate, meaning how much energy
loss they have experienced.

In order to investigate the energy dependence of the
phenomena seen in Figs. 2 and 3, we show in Fig. 4 data
analogous to those in Fig. 3, which had been obtained
with the 2s line (Ek,„=1136eV), now measured with the
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Now the electron mean free path is = 5 A as compared to
20 A for the 2s photoelectrons. The data in Fig. 4 show
the same general trend as those displayed in Fig. 3, with
the attenuation of the forward-scattering peaks occurring
more or less at the same rate. In view of the very
different mean free paths, this observation is somewhat
surprising. For each plasmon number n the length of the
atomic chain seen along [011] is about four times shorter
for the ls case (Fig. 4). This indicates a strong depen-
dence on the electron energy of such defocusing effects.
Also, it has to be pointed out that for n = 5 the inelasti-
cally scattered 1s photoelectrons have a kinetic energy of
only 100 eV. At such a low energy it is well known that
forward-scattering effects are very much reduced, even in
the absence of defocusing. Note also that in these low-
energy data the asymmetry effects relative to the princi-
pal crystal axes are much stronger than in the 2s case.
Again photon-polarization effects are most likely to be
the origin of these asymmetries.

As a last example in this series of experiments, we
show in Fig. 5 A12s azimuthal data at a polar angle of
0=55 off normal. For this polar angle, the azimuthal
patterns scan through (111) directions, one of which is
indicated in the figure. We see immediately that the
forward-scattering features along the (111) directions
are not as pronounced as those of the (011) directions.
This must be due to the larger interatomic distances in
the (111) chains as compared to the (011) chains. We
note that the changes with energy separation from the
main line (n =0) are less drastic in the 55' scan (Fig. 5)
than in the 45' scan (Fig. 3). We have suggested above
that it is essentially the forward-scattering features that
get attenuated when moving the energy window more
and more away from the main line into the inelastic back-
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FIG. 4. Same as Fig. 3, however for Si Ea excited Al 1s emis-
sion and associated plasmon-loss peaks.
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cent years with respect to the analysis of substrate XPD
experiments. Finally, we mention that Gervais et al. also
found anisotropies in the distribution of inelastically scat-
tered electrons up to 50 eV away from the primary beam.
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however, that the measuring time for the electron-beam-
produced curves is an order of magnitude smaller than
that for the XPD pattern.

It is interesting to realize that already at a very early
stage of LEED experiments an impressive effort was
made to record LEED patterns in a way analogous to our
electron-scattering experiments presented here. Gervais
et al. investigated the scattering of electrons with a ki-
netic energy between 100 and 1000 eV from a W(110)
crystal via rotation of the crystal about its normal (az-
imuthal scan), while the electron kinetic energy and the
polar detection angle were kept constant. Naturally they
obtained azimuthal intensity modulations (Renninger
plots ) of a similar appearance as they are commonplace
nowadays in XPD investigations. Even though they ex-
tracted no quantitative results from their data, they ar-
rived at some important conclusions. Gervais et al.
realized that the scattered electron intensity is large in
directions of densely packed rows of atoms, and they
found that only a dynamical theory could explain their
data. These same observations have also been made in re-

100 200 300
AZIMUTHAL ANGLE (deg)

FIG. 9. Same as Fig. 8, however for the second plasmon-loss
peak at a polar angle of 55'.

CONCLUSION

It has been shown that the inelastic tails accompanying
the core lines in a single-crystal photoemission experi-
ment contain considerable angular structure produced by
diffraction. This is not unexpected because it only means
that the well-known phenomenon of Kikuchi-electron
diffraction patterns also show up in XPD experiments.
The Kikuchi patterns at losses of a few plasmon energies
are different from those of the main line, however, be-
cause they do not contain the geometrical forward-
scattering features which dominate the core-line XPD
patterns under certain geometrical conditions. These
differences appear to be related mainly to different depth
distributions at which the photoelectrons have been excit-
ed, and associated with it the varying degree of multiple
scattering. One thus has a convenient tool to separate
geometrical forward-scattering features from Bragg-like
diffraction features. In particular, at a few hundred eV
below a core line, "electron-blocking" effects are ob-
served along densely packed rows of atoms that show
enhanced intensities in the core-line XPD.

Finally, a comparison of core-line XPD and electron-
diffraction patterns measured at similar kinetic energies is
given. Except for the quantitative anisotropies, these pat-
terns are virtually identical, suggesting that substrate
XPD patterns should preferably be measured directly in
an electron scattering experiment. This is much less time
consuming than measuring XPD, possibly more accurate,
and allows us to vary the kinetic energy of the electrons
freely. This finding is fully consistent with an earlier
study by Chambers et al. ,

' in which they demonstrate
further the applicability of MEED to structure deter-
mination in thin overlayer systems.
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