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Low-energy-electron-diffraction rotation diagrams are calculated for Al (100), and the
results are compared with experimental measurements. The agreement between theory and

experiment is qualitatively correct for an energy E =50 eV and an angle of incidence 8=32'
but is much less satisfactory for E =20 eV and 8 =50'. The effect of small changes in the
upper-layer spacing on the calculated rotation diagrams is also investigated. It is found that
the primary effect is to change the magnitude of the rotation diagram and not its qualitative
shape. This apparent insensitivity to geometrical effects Inay be an asset in using the ro-
tation diagrams to study resonance effects.

I. INTRODUCTION

Rotation diagrams (intensity vs azimuthal angle
for fixed energy and polar angle) provide a unique
test of the dynamical characteristics of model cal-
culations of low-energy-electron-diffraction (LEED)
intensities. Unlike LEED energy profiles (inten-
sity vs energy for fixed polar and azimuthal angles)
where interference effects between kinematic scat-
tering events can produce major features, in the
absence of surface imperfections all structure in
the rotation diagrams is due to either multiple-
scattering effects or resonance effects. ' Recent-
ly there have been several experimental measure-
ments and theoretical analyses of LEED rotation
diagrams for Al(100) which emphasize the useful-
ness of the rotation diagrams for studying the
effects of the surface potential barrier. ' A possi-
ble complicating feature in analyzing the experi-
mental measurements would be undue sensitivity
to small uncertainties in the surface geometrical
parameters. In the present paper we show that

this is not the case by investigating the effect of
small changes in the upper-layer spacing on the
calculated rotation diagrams. The changes that
are produced are more in the nature of an over-
all normalization change. This is in contrast to
the large qualitative changes produced in the calcu-
lated LEED energy profiles by small changes in
the surface geometrical parameters.

The model used in the present work is the same
as used previously by Laramore and Duke ' to
analyze experimental energy profiles for the (100),
(110), and (111) faces of aluminum. The model
allows for refraction, but not reflection, of the
electron wave field at the surface; and thus, in-
cludes resonances associated with the threshold
conditions for the emergence of new beams but
not those resonances associated with scattering
into surface states. The effect of the surface-
state resonances would be to produce local "maxi-
ma-minima structures" of the Breit-Wigner form
in both the energy profiles and rotation dia-
grams. 6 It is interesting to note that the model
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calculations, although they do not include the ef-
fects of surface-state resonances, produce a broad
local maximum-minimum structure near a place
where an experimental maximum-minimum struc-
ture attributed to a surface-state resonance occurs.
However, the details of the predicted structure
are in rather poor agreement with the experimental
observations.

The experimental rotation diagrams were mea-
sured for relatively large angles of incidence mea-
sured relative to the surface normal-one set of
data is at E = 20 eV and 6) = 50' and the other set of
data is at E = 50 eV and 0 = 32'. In previous anal-
yses ' of Jona's experimental LEED intensity
profiles" from Al(100), we noted that although
there was fairly good correspondence between
theory and experiment for small angles of incidence,
this correspondence deteriorated noticeably at
larger angles of incidence. The effect was quite
noticeable at 8 =20'. This problem could be due
both to the effect of surface morphology, which
presumably would become more important at large
angles of incidence, and also to the extremely
simplified model used to describe the electron-
solid interaction as the electron enters and leaves
the solid. Nevertheless, the theoretical calcula-
tions do an adequate job of reproducing the qualita-
tive features of tQe experimental rotation diagrams.
%e also show that small changes in electron ener-
gy produce large changes in the calculated rotation
diagrams. Such small changes simulate uncertain-
ties in the value of the inner potential used in the
calculation and in the experimental measurement
of the electron's energy.

In Sec. II we briefly discuss the theoretical
model used in the calculations. In Sec. III we
apply the model to calculate rotation diagrams for
the (00), (11), (11), (20), and (22) beams for E=50
eV and 8 = 32' and for the (00), (11), and (20)
beams' for E=20 eV and 8 =50'. %e also show
the effect of small changes in the electron energy
and in the surface geometrical parameters on the
calculated rotation diagrams. Finally, in Sec. IV
we summarize our results.

II. DISCUSSION OF MODEL

The basic model used in the calculation has been
extensively described elsewhere, "and so here we
simply mention some features relevant to the dis-
cussion of the theoretical results. Perhaps the
most gross oversimplification of the calculation is
the model used to describe the electronic self-ener-
gy which we take as ' '"

Z(E) = —Vo —il'(E),

where

(2)

In Eqs. (1) and (2), E is the energy of the electron
outside the crystal, X„ is twice the inelastic colli-
sion mean free path, and Vo is the inner potential
which we take ' as 16.7 eV. In keeping with pre-
vious work, we take X„=8 A. For E = 20 eV this
gives I'(E) =3.0 eV and for E=50 eV this gives
I'(E) =4. 0 eV. These values for the imaginary
part of the electronic self-energy are substantially
larger than the values for I'(E) used in the pseudo-
potential calculations of Refs. 7 and 8, where for
E = 20 eV a value of I'(E) =1.5 eV was used' and
for E = 50 eV a value of I'(E) = 1.0 eV was used. '
If anything, the experimental measurements by
Quinto et al. of the energy-dependent effective
Debye temperatures for the primary Bragg peaks
in the LEED energy profiles from Al(100) indicate
even larger values" for I"(E) than we use here.

To describe the electron-ion-core scattering
we use the l =0, 1, and 2 phase shifts obtained
from Snow's augumented-plane-wave (APW) band-
structure potential. ' Plots of these phase shifts
are shown in Refs. 9 and 10. We use the rigid-
lattice form for the electron-ion-core elastic
scattering amplitude, i.e. ,

t(k~, k,)
=™h Q (2l+1)(e ' )' ' —1)P,(cos8,3),,

l
(3)

where k = Ik& I
= Ik~ I, 8,~ is the angle between k

and kz, and the P, (cos8,z) are the standard Legendre
polynomials. The renormalization effects of the
lattice vibrations'7' are not included since it is
not possible to accurately model the vibronically
renormalized electron-ion-core elastic scattering
amplitude for the surface ion cores of aluminum
(because of their relatively large vibrational
amplitude) using only three partial wave compo-
nents" (the computer code available to us at the
present time can handle only three partial wave
components). Assuming that the experimental ro-
tation diagrams were measured at room tempera-
ture (7'= 300 'K), then it would be possible to do a
reasonably accurate job of modeling the vibronical-
ly renormalized scattering amplitude for the bulk
ion cores (8~ = 380 'K & T), but in this limit the re-
sults differ very little from the rigid-ion approxi-
mation.

We use ref lectivity boundary conditions in the
calculation, and so compute an absolute reflectivi-
ty. Unfortunately, the units of the experimental
measurements are arbitrary.

III. RESULTS

In this section we present a comparison between
experimental LEED rotation diagrams and the
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FIG, 1. Comparison between
theoretical and experimental (Ref.
7) LEED rotation diagrams for Al

(100) for an incident angle of 32 .
The theoretical curves are shown

for E =48 (dotted curve), 50 (solid
durve), and 52 eV (dashed curve);
and the experimental curves are
shown for E =50 eV. The units
of the theoretical curves are in
percent ref lectivity while the units
of the experimental curves are ar-
bitrary. The parameters used in
the calculation are shown in the
figure. The beams are indexed ac-
cording to the nonprimitive cubic
two-dimensional unit cell.
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theoretical curves calculated using the model out-
lined in Sec. II and a1.so investigate the effect of
small changes in the upper-layer spacing of the
solid on the calculated rotation diagrams. Curves
are shown for both specular and nonspecular beams.
We follow the nomenclature of Refs. 6-8 and label
the beams according to the nonprimitive cubic two-
dimensional unit cell. A diagram explicitly showing
the labeling of the beams according to this conven-
tion is given by Jona. " The azimuthal angle p is
measured clockwise with respect to the positive
x axis. Because of the symmetry of the (100) face
of a cubic material, the rotation diagram is com-
pletely specified for 0' & g & 45'.

In Fig. 1 we show a comparison oetween the ex-
perimental and theoretical rotation diagrams
for E= 50 eV and 0 = 32 . To see the effect of small
changes in the assumed value of the inner potential
or small errors in measuring the electron energy,
theoretical rotation diagrams are also shown for
E=48 eV and for E= 52 eV. For example, if the
actual value of the inner potential were 14. 7 eV
instead of 16.7 eV, thenthe dottedtheoreticalcurves
would correspond to the experimental curves. We
also note that the experimental spread in electron
energy' is typically of order 1 eV, and so the ex-
perimental curves represent an average over some
range of energies. This should be kept in mind

especially since the theoretical curves exhibit a
pronounced dependence on electron energy. The
claimed experimental angular resolutione is
0. 1', and so the angular uncertainty should be neg-
ligible. The theoretical curves are measured in
percent ref leetivity, while the units of the experi-
mental curves are arbitrary. The agreement be-
tween theory and experiment is quite good for the
(00) and the (11) beams and is certainly at least
qualitatively correct for the other beams as well.
This seems especially remarkable when one con-
siders that all departures of the curves from some
constant value are due to dynamical effects. Also,
no attempt was made to adjust the parameters of
the calculation to bring theory and experiment into
better correspondence; andthe work of de Bersuder
et al. ' shows some dependence of the calculated
rotation diagrams on I'(E). Although the units of
the experimental curves are arbitrary, de Ber-
suder et al. give a figure which shows the rela-
tive intensities of the various beams. The calcu-
lated intensities of the beams are in good accord
with the measured intensities in that the relative
over-all strengths of the various beams are or-
dered correctly. The agreement between theory
and experiment (shown in Fig. 1) is substantially
better than that obtained in Ref. 7. We next turn
to an even more stringent test of the model by con-
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FIG. 2. Comparison between theoretical and experimental (Refs. 6 and S) LEED rotation diagrams for Al (100) for an
incident angle of 50'. The theoretical curves are shown for E=18 eV (dotted curve), 20eV (solid curve), and 22 eV
{dashed curve); and the experimental curves are shown for E =20 eV. The units of the theoretical curves are in percent
ref lectivity, while the units of the experimental curves are arbitrary. The parameters used in the calculation are shown
in the figure. The beams are indexed according to the nonprimitive cubic two-dimensional unit cell.

sidering rotation diagrams of a much lower energy
and a much larger angle of incidence. It is here
that resonance effects are likely to be important.

In Fig. 2 we show a comparison between the ex-
perimentale' and the theoretical rotation diagrams
for E= 20 eV and 0 = 50 . To see the effect of small
changes in the assumed value of the inner potential
or small errors in measuring the electron energy,
theoretical rotation diagrams are also shown for
E= 18 and 22 eV. The theoretical curves are mea-
sured in percent ref lectivity, while the units of the
experimental curves are arbitrary. The agree-
ment between theory and experiment is substantially
poorer than that shown in Fig. 1. This might have
been expected since deviations from the model used
for the electronic self-energy would show up first
for low electron energies at large angles of inci-
dence. There are several things that should be
noted about Fig. 2. First note the local maximum-
minimum structure in the experimental curve for
the specular beam near P = 30'. This has been
attributed to a surface resonance since it does not
coincide with the emergence of any new beams. 6'

Such surface-state resonances are not in our theo-
retical model. However, the theoretical model
does produce a very broad maximum-minimum
structure with the position of the minimum coin-

ciding with the experimental minimum; note that
this structure is emphasized somewhat by a small
expansion of the upper-layer spacing (see Fig. 3).
The relatively sharp structure observed experi-
mentally is not produced by the model calculations.
The basic trend of the intensity remaining relatively
constant until P = 13' and then increasing with in-
creasing p is evident in the theoretical curves.
Recently, Taub' has used a modified version of the
isotropic scatterer inelastic collision model to in-
vestigate the effects of the surface potential bar-
rier on the energy profiles and rotation diagrams.
He finds that the inclusion of a potential barrier
can produce a resonance structure in the (00) beam
for E= 20 eV and 6 =40 and 50; but the position
and width of the predicted structure disagree with
the details of the experimental observations. The
pseudopotential calculation of Baudoing et al. also
gives a resonancelike structure; but it too does
not quantitatively agree with the experimental work.
For the (20) beam, we note that the qualitative
feature of the intensity being large at small p and
then decreasing as p increases is reproduced in
the theoretical curves. However, the theoretical
curves exhibit structure between 5' and 13 that
is not seen experimentally. This structure looks
much like the surface-state-resonance structure
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FIG. 3. Effect of small changes in the upper-layer spacing on the calculated rotation diagrams for E =20 ev and 8 =50'.
Rotation diagrams are shown for the case where the upper-layer spacing equals the bulk-layer spacing (solid curve), for
the case where the upper-layer spacing is contracted by 5% relative to the bulk-layer spacing (dotted curve), and for the
case where the upper-layer spacing is expanded by 5% relative to the bulk-layer spacing (dashed curve). The units of
the curves are in percent ref lectivity; and the beams are indexed according to the nonprimitive cubic two-dimensional
unit cell. The parameters used in the calculation are shown in the figure.

seen experimentally for the (00) beam. The (11)
beam exhibits the worst agreement of all between
theory and experiment. We also note that small
energy changes make quite pronounced changes in
the calculated profiles and so part of the discrep-
ancy between theory and experiment could be at-
tributed to uncertainty in the value of the inner po-
tential used in the calculation and also due to the
experimental spread in electron energies. How-

ever, the agreement between theory and experi-
ment is substantially better +&&~n for calculations
using the s-wave version of the inelastic collision
model that are shown in Ref. 8. This shows the
importance of the higher partial wave components.

In Fig. 3 we show the effect of small changes in
the upper-layer spacing on the calculated rotation
diagrams. The spacing between the top two layers
in written

d' = (1+ y)d , (4)

where y is the fractional change in the layer spacing,
and d is the bulk-layer spacing. Rotation diagrams
are shown for y=0, +5%. Notethatalthoughchanges
of this order give rise to substantial qualitative
changes in the LEED energy profiles, this is not
the case for the rotation diagrams. Although there

are some changes in the details of the fine struc-
ture of the rotation diagrams, the main change
seems to be simply in the magnitude of the beam
intensities. Since the model calculations do not
give the details of the fine structure correctly, and
since it is an exceedingly difficult matter to ex-
perimentally measure absolute ref lectivities, the
rotation diagrams per se do not seem to be par-
ticularly useful for obtaining geometrical informa-
tion about the surface region. They may, however,
be useful in some data-averaging scheme for ob-
taining structural information. o 22

IV. SUMMARY

In this paper we used a version of the inelastic
collision model incorporating three partial wave
components to calculate LEED rotation diagrams
for Al(100). These calculated rotation diagrams
were compared with existing experimental data
with mixed results. For an energy of 50 eV and
an incident angle of 32 the agreement between
theory and experiment was satisfactory, but this
was not the case for an energy of 20 eV and an in-
cident angle of 50 . This is not too surprising in
view of the highly simplified model for the elec-
tron-solid force law that was used in the theoret-
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ical calculations. This model neglected the details
of the interaction of the electron with the induced
surface charge and also neglected, specifically,
surface effects such as the surface-plasmon con-
tribution to the electronic self-energy. " ' These
effects will become increasingly important for
large angles of incidence —especially for low elec-
tron energies. The theoretical model also did not
include the effects of the surface-state resonances.
However, the model calculations did produce a
broad resonancelike structure in the (00) beam at
E = 20 eV and 8 = 50' at a place where structure at-
tributed to a surface-state resonance occurs in the
experimental data. Our calculation did not provide
a satisfactory description of this resonance struc-
ture, but thus far, neither have model calcula-
tions, ' which include the effects of a surface po-
tential. The effect of small changes in the upper-

layer spacing on the calculated rotation diagrams
was also investigated. The primary change that
occurred was in the over-all beam intensities and
not in the qualitative shape of the rotation diagrams.
Thus, it is felt that rotation diagrams Per sec are
not especially useful for obtaining geometrical in-
formation about the surface region. They may,
however, be useful in various data-averaging
schemes for analyzing experimental data. ~0 ~3 In
closing, we note that the apparent insensitivity of
the rotation diagrams to small changes in the sur-
face geometrical parameters may be an asset in
using the rotation diagrams to look at various res-
onance effects.
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