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An essential problem in calculating the electronic structure of solids is that created by many-body in-

teractions. They cause self-energy corrections which in insulators and semiconductors range up to the
width of the fundamental band gap. Angular-dependent intensity and asymmetry profiles measured in
spin-polarized low-energy electron diffraction (SPLEED) from Xe(111)clearly show the necessity of the
self-energy correction if compared to standard SPLEED calculations. Effects due to the self-energy
correction have to be clearly distinguished from effects due to the inner potential. The real part of the
inner potential affects the energy and, by refraction at the surface potential barrier, the angles of the in-

cident and the diffracted beams, whereas the self-energy correction is equivalent to a change of the ener-

gy of the primary beam only. This qualitative difference is proved in our SPLEED investigations and is
used to determine the self-energy correction and the inner potential from angular-dependent profiles.
For the self-energy correction we found a value of AE =3.0+1.5 eV and for the real (imaginary) part of
the inner potential Vo, =3.0+1.5 eV ( Vo; =2.0+0.5 eV).

INTRODUCTIQN

The diffraction of low-energy electrons (LEED) at sur-
faces exhibits a strong sensitivity to structural parame-
ters. This is the main reason for the success of this
method in the determination of the geometric structure
of clean and adsorbate-covered surfaces. However, elec-
tron diffraction at surfaces is not only sensitive to
geometric parameters, but also to parameters character-
izing the electronic structure.

The electronic structure (band structure) of the target
above the vacuum level is known to be closely connected
with the intensity of the diffracted electron beams in
LEED. ' The band structure contains information
about the bulk density of electronic states depending on
wave vector and energy. Minima in the intensity of the
diffracted beams should occur for energies and wave vec-
tors where electronic states with a high density of states
couple to the wave function of the incident electron: the
incident electron can penetrate deeply into the crystal,
and the probability of reQection at the surface is low. On
the other hand, the intensity of the diffracted electron
beams should have a maximum for energies or wave vec-
tors connected with a vanishing density of states, i.e., in
band gaps; in this situation the incident electrons cannot
couple to any electronic states and thus cannot penetrate
into the crystal. Thus varying the energy and angle of in-
cidence of the primary electron beam, the crystal band
structure above the vacuum level can be studied by
LEED.

Such a study has been carried out successfully in very-
low-energy electron diffraction (VLEED): the (111) sur-
faces of several fcc crystals show band gaps affecting the

intensity of the diffracted electron beams in the way de-
scribed above; in addition, critical points of the band
structure like forbidden band crossings manifest them-
selves as sharp maxima with respect to the energy and
the angle of incidence. A surface state, also contributing
to the electronic density of states of the semi-infinite sys-
tem, can be observed directly, when the energy of the
states lies in a band gap. Here the surface state produces
a sharp minimum in a broad maximum of the intensity of
the diffracted electron beam. The energy bands in a solid
are energetically split as a consequence of the spin-orbit
interaction. Thus with spin-polarized LEED spin-
dependent effects also should be observed.

The objective of this paper is to demonstrate that the
sensitivity with respect to electronic parameters also
qualifies (spin-polarized) LEED for investigating many-
body effects. Accounting for many-body effects in the
theoretical analysis is inevitable, especially for typical
transition metals such as Ni. ' But many-body interac-
tions may also be quite important for semiconductors and
insulators. In the study presented here a Xe crystal was
chosen as a prototype of an insulator. It is well known
that for insulators it is particularly the width of the fun-
damental band gap which is affected by many-body in-
teractions. Usually the width of the band gap is underes-
timated by band-structure calculations that are based on
the density-functional theory (DFT). With respect to the
band gap, the local-density approximation (LDA) is not
suf5cient for a correct description of the effects due to
electron correlations. Band-structure calculations based
on DFT-LDA (Refs. 11—13) predict a band gap of 5.5 —7
eV. Optical reAection and absorption measurements'
result in an approximately 3 eV larger band gap of 9.3
eV. The difference AE obviously is a consequence of
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FIG. 1. Energies and potentials in electron diffraction. See
text for key to symbols.

many-body interactions that have not been accounted for
by the LDA, and thus will be termed as a self-energy
correction in the following. This self-energy correction
AE is independent of wave vector and energy since, apart
from a constant shift, the unoccupied part of the Xe band
structure is well described by the DFT-LDA formalism.

The self-energy correction AE can be obtained in-
dependently by means of a LEED analysis comparing
measured and corresponding calculated LEED profiles:
commonly, LEED calculations are based on a (muffin tin)
potential model, which results from band-structure calcu-
lations within DFT-LDA. Therefore, the calculated
LEED profiles correspond to a calculated DFT-LDA
band structure, and consequently they have to be correct-
ed with respect to many-body interactions; i,e., the self-
energy correction hE also has to be taken into account in
the calculation of LEED profiles.

If the dependence on wave vector and energy is al-
lowed to be neglected, there is an easy way of introducing
the self-energy correction AE in the LEED calculation,
since the energy of the primary electron beam merely has
to be corrected by the amount of AE: if E,„,denotes the
kinetic energy of the primary electron beam in the experi-
ment, then the calculation should be carried out for an
energy Evi that is given by (see Fig. 1)

EvL E xpt

For an accurate determination of hE from the compar-
ison between measured and calculated profiles, an energy
range has to be chosen where the profiles are strongly en-
ergy dependent.

However, another important point has to be con-
sidered. The self-energy correction AE has to be deter-
mined simultaneously with another energy-correcting pa-
rameter, the real part Vo, of the inner potential. Vor is
the energetic height of the surface barrier, i.e., the energy
difference between the vacuum level and the mufBn-tin
zero of the muffin-tin potential. Considering additionally
the correction due to Vo„, the following results (see Fig.
1):

=sin8
1/2

EMT+ AE —Vo,

EMT+~E
(3)

In this equation 8 means the polar angle outside the crys-
tal, and 8-; means the polar angle inside the crystal after
refraction. The refraction at the surface barrier is due ex-
clusively to the real part Vor of the inner potential but
not due to the self-energy correction hE. Therefore, the
effects of Vo„and b,E can be distinguished easily at 8%0.

This is illustrated in Fig. 2, where the refraction at the
surface barrier is illustrated schematically for the in-
cident beam and the specular diffracted beam. The two
parameters hE and Vo, are varied in such a manner that
the difference AE —

VOr and thus EMT remain unchanged
[see Eq. (1)]. Additionally, according to Eq. (3), the value
of the polar angle 8 has been varied in such a way that 8;
remains unchanged as well. The different situations
shown in Fig. 2 must result in identical (spin-dependent)
intensities of the outgoing beam in the calculation, since
the energy EMT and the angle of incidence of the primary
beam after refraction, i.e., inside the crystal, remain con-
stant. Therefore, considering a polar-angle-dependent in-
tensity or asymmetry profile [the asymmetry is obtained
from the spin-dependent intensities; see Eq. (4) below],
variations of AE and Vo, with AE —

Vor =const do not
affect the profile in general but only the angular positions
of its structures. Only for the correct combination of

MT EVL+ Vor Eexpt ~ Vor

Here EMT denotes the energy of the primary beam inside
the crystal with respect to the muon-tin zero. The inten-
sity of the outgoing diffracted beams are exclusively
determined by the value of EMT in the calculation. Thus
there are tWO a priOri unknOWn parameterS AE and VOr,
which both appear as additive constants that correct the
kinetic energy in the experiment E„p, to obtain EMT.

For normal incidence of the primary beam and record-
ing only energy-dependent profiles of the diffracted
beams, which is typical for conventional LEED, there is
no way of distinguishing between the effects of the self-
energy correction AE and the real part Vo, of the inner
potential. Only the difference AE —

Vor can be deter-
mined by the comparison between measured and calculat-
ed profiles. Mostly, a self-energy correction is not con-
sidered at all and all energy-correcting terms are assumed
to be included in the real part Vor of the inner potentia1.

Only if there are significant effects due to the refraction
of the beams at the surface barrier, can information about
Vor and AE be obtained separately. In the case of normal
incidence, only the nonspecular diffracted beams are re-
fracted at the surface barrier. To determine Vor as well
as hE, not only the profiles have to be recorded but also
the angular positions of the diffracted beams must be con-
trolled carefully in the experiment. In the case of off-
normal incidence, however, it is also the primary beam
and the specular diffracted beam that undergo a refrac-
tion at the surface barrier. The refraction is described by

1/2
Eexpt

sin8; =sin8-
expt Or
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is aligned normal to the scattering plane. Po is switched
between the two normal directions (+,—) by switching
the helicity of the circularly polarized light incident on
the GaAs crystal. For each of these two directions of Pp
the intensity of the outgoing beam is measured by a mov-
able Faraday collector system with retarding grids to
suppress inelastically scattered electrons. The spin-
dependent intensities I+ and I yield the scattering
asymmetry A~, which is the component of the asym-
metry vector normal to the scattering plane:

(4)

FIG. 2. Change of the refraction at the surface barrier for
the specular beam keeping k;, i.e., 8; and EMT, constant and
varying the self-energy correction AE and the real part Vo, of
the inner potential such that AE —Vo„=AE' —Vo„.

both AE and Vp, can reasonable agreement of measured
and calculated profiles be expected. As a conclusion, for
off-normal incidence not only the difference AE —

Vp, but
both hE and Vp„can be determined from the analysis of
polar-angle-dependent intensity and asymmetry profiles.

The refraction at the surface barrier has strong effects
in the case of large polar angles and low kinetic energies.
Therefore, the strongest effects due to AE have to be ex-
pected for intensity and asymmetry profiles that show
pronounced angular-dependent structures for large polar
angles and a strong energy dependence of these struc-
tures.

EXPERIMENT AND CALCULATIONS

The experimental setup is described elsewhere. ' '
Here the main points are sketched briefly. A spin-
polarized electron beam from a negative electron aSnity
(NEA) CxaAS photoemission source ' is diffracted at
the target crystal, and the spin-dependent intensities are
recorded in different beams (Fig. 3). The degree of the
spin polarization of the electrons emitted from the GaAs
source is 0.26+0.03/ —0.02. The surface normal n of
the target is chosen to lie in the scattering plane which is
defined by the momentum of- the incoming beam k; and
the momentum of the outgoing diffracted beam k&. The
spin-polarization vector Pp of the incident electron beam

incident electr
beam from
GaAs
so

diffracted electrons,
to collector system

FICs. 3. Schematic view of the scattering geometry used in
the experiment.

The target can be rotated about its surface normal and
about a polar axis lying in the surface and perpendicular
to the scattering plane. The asymmetry is measured as a
function of the polar angle 8, which is the angle between
the incoming beam and the surface normal n of the target
crystal.

The substrate, a Pt(111) surface, is cleaned by ion bom-
bardment and heating in oxygen. The Xe(111) crystal
was grown by exposing the clean Pt(111) surface to 310 L
Xe at about 35 K. After the preparation the diffraction
pattern is a Xe(111) pattern. LEED spots arising from,
the substrate crystal are no longer visible.

The self-energy correction AE and the real part Vp, of
the inner potential are investigated by comparing the
measured angular-dependent asymmetry and intensity
profiles with corresponding calculated profiles. The cal-
culations have been performed using a relativistic LEED
program. An overview of spin-polarized LEED
(SPLEED) theory is given in Ref. 22; details of the pro-
gram used are described in Ref. 18. The Xe core poten-
tial has been taken from standard (scalar relativistic)
ASW (augmented spherical waves) band-structure calcu-
lations based on DFT LDA.

For a correct description of SPLEED from Xe(111),
the coexistence of domains of different stacking orders
ABC and ACB in Xe(111)has to be taken into account.
A change of the stacking order from ABC to ACB is
equivalent to a rotation of the crystal by b,/ =60' around
the surface normal. The primary beam is diffracted at
both types of crystallites with the same probability.
Therefore, the spin-dependent intensities of the diffracted
beams generally have to be calculated for both azimuthal
angles P and /+60'. The spin-dependent intensities for P
and /+60' are added separately for each of the two spin
directions, and the scattering asymmetry is recalculated
from the resulting spin-dependent intensities.

For some special cases the symmetry properties of the
(111) surface of a fcc crystal reduce the computational
effort considerably (see Fig. 4). Since the asymmetry
vector is an axial vector, the component normal to the
scattering plane A~, which is measured in this experi-
ment, is invariant under mirror operation at the mirror
planes of the target. ' The pseudomirror planes
(dashed lines) can be transformed one into the other by a
mirror operation at the mirror planes (solid lines). There-
fore, it is not necessary to take into account the coex-
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ABC ACB

FIG. 4. Azimuthal orientation of the surface depending on
the stacking order: ABC (left) and ACB (right). Large circles:
surface layer; : second layer; O: third layer. Solid lines: mir-
ror planes; dashed lines: pseudo-mirror planes.

I„'"P' and I„'"'denote the measured and calculated intensi-
ty at the nth data point, and A„" ' and A„""denote the
corresponding asymmetries. SI is a scaling factor, taking
into account that no absolute intensities are measured.
The sums run over all data points n,. Because the elastic
difFuse background affects the absolute value of the mea-
sured scattering asymmetry, in addition to the asym-
metry r factor R „(called the "normalized asymmetry r
factor" in the following), another asymmetry r factor is
used. This r factor (called the "scaled asymmetry r fac-
tor" in the following) is defined by

R s y ~
g expt g g cele~ ~ y ~

g expt~
1

n

istence of crystallites of different stacking orders in the
calculations, provided that the scattering plane is a pseu-
domirror plane. This consideration is only valid in the
case of a primary beam with a spin-polarization vector
normal to the scattering plane, as it is in the present ex-
perimental setup.

In contrast, for the nonspecular beams in the inner-
most ring the scattering plane is not a pseudomirror
plane and therefore in the calculations account must be
taken of the threefold symmetry of Xe(111)and the coex-
istence of domains of different stacking order. Because a
change in the stacking order from ABC to ACB is
equivalent to a rotation around the azimuthal angle by
60', here the asymmetry profiles of two nonequivalent
nonspecular beams of the innermost ring have to be cal-
culated.

In the calculated asymmetry profiles the absolute
values of the scattering asymmetry are generally found to
be higher than in the measured asymmetry profiles. The
reason is a background of elastically diffuse scattered
electrons in the experiment. Due to this background the
deep minima of the intensity present in the calculations
are filled up in the measurements. Thus for the compar-
ison of measured and calculated asymmetry profiles a
background correction has to be applied to the measured
data. The background is taken to be constant and spin
independent, because its dependence on the polar angle,
on the azimuthal angle, on the scattering energy, and on
the spin direction cannot be quantified. The background
intensity is subtracted from the spin-dependent intensities
I+ and I, and the scattering asymmetry is recalculated.
The effect of the background correction is shown in Fig.
5.

To estimate the agreement between calculated and
measured asymmetry and intensity profiles, the metric r
factors RI (intensity) and R z (asymmetry) were
used. 18, 19,28

y ~l xpt g lcalc~ ~ y I xpt1

I n n

—y Iexpt y lcalc

RN — y ~

gexpt gcatc~ ~ y~ gexpt~1

A n

y g expt y g cele

Due to the scaling factor S~, Rz is less sensitive to the
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FIG. S. E6'ect of background correction. Left: original data;
right: background-corrected data. The data are measured in
the specular beam of Xe(111)at a scattering energy of S6.5 eV in
a pseudomirror plane. The dashed area in the intensity profile
denotes the spin-independent background intensity. The magni-
tude of the symbols ~ and 0 denoting the spin-dependent inten-
sities I+ and I in the intensity profiles is approximately 50
times larger than the statistical error of the measurement. In
the measured asymmetry profiles the bar length represents the
statistical errors. In addition, a scaling error of +7.5%-12.5%%uo

due to the uncertainty of the spin polarization of the primary
beam has to be taken into account. Additional experimental un-
certainties are energy +1 eV, polar angle +1.5', and azimuthal
angle +0.5 . The scattering energy is the kinetic energy of the
incident electron beam.
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absolute values of the asymmetry compared with Rz. Its
sensitivity to the structures of the profiles, i.e., the rela-
tive values and positions of maxima and minima of the
scattering asymmetry, however, is enhanced. Using R~
for the comparison of measured and calculated asym-
metry profiles is reasonable in the case when the asym-
metries in the measured profiles are reduced by a back-
ground of diffuse scattered electrons. Consequently, Rz
and Rz are applied to compare calculated results with
original and with background-corrected measured asym-
metry profiles, respectively.

RESULTS AND DISCUSSION

Figure 6 shows measured asymmetry profiles of the
specular beam of Xe(111) in the energy range between
50.5 and 66.5 eV which are not background corrected.
According to the previous discussion, the pronounced
dependence on the polar angle and on the energy of the
measured scattering asymmetry in the energy range from

54.5 and 62.5 eV qualifies these asymmetry profiles espe-
cially for the analysis of effects due to many-body interac-
tions.

To investigate many-body effects, in the calculations
the self-energy correction hE, the real part Vz„and the
imaginary part Vo; of the inner potential were varied.
The nearest-neighbor distance in the Xe crystal was kept
constant at 4.37 A.

The systematic and independent variation of all three
parameters AE, V0„and Vz; yields best agreement be-
tween measurements and calculations for EE=3.0 eV,
V&, =3.0 eV, and Vz;=2.0 eV. This results from visual
inspection as well as from r-factor analysis.

For example, Fig. 7 shows the comparison of a mea-
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FIG. 6. Polar-angle-dependent asymmetry profiles of the
specular beam of Xe(111) for different scattering energies rnea-
sured in a pseudomirror plane. For experimental errors, see
Fig. 5.
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in comparison with calculated asymmetry profiles of the specu-
lar beam of Xe(111)in a pseudomirror plane for different values
of hE and Vp„. The kinetic energy in the measurement is 56.5
eV. In the calculation EMT is kept constant at 56.5 eV, AE and
Vp are varied such that hE = Vp . Vp =2.0 eV. For experi-
mental errors, see Fig. 5.
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sured asymmetry profile of the specular beam of Xe(111)
with the corresponding asymmetry profiles calculated for
different AE with EMT kept constant, i.e.,
LE —Vo, =const. The measured asymmetry profile is
background corrected as outlined previously, the scatter-
ing energy is E,„~,=56.5 eV. As EMT is constant, the
overall structure of the calculated asymmetry profile does
not change. The angular positions of the structures, how-
ever, are shifted due to the changing refraction at the sur-
face barrier depending on the variation of Vo, . This shift
is most pronounced for large polar angles.

For DE=3.0 eV and V&„=3.0 eV the agreement be-
tween calculation and experiment is quite good. All
structures in the whole range of the polar angle are repro-
duced by the calculation. Very good agreement is found
for polar angles between 8=55' and 70'. The angular po-
sitions of the structures appearing here are strongly ener-

gy dependent and are thus well suited for investigating
many-body effects. The structure of the maximum at
8=50' is not that well reproduced. This maximum cor-
responds to a minimum of the intensity which is not
found in the measurement (see Fig. 8). However, due to
its angular position the calculated asymmetry profile is
enveloping the maximum at 8=50 and its shoulder at
6 =45'.

Figure 9 shows the different r factors corresponding to
Fig. 7, and their dependence on AE. The visual agree-
ment between measurement and calculation is confirmed
by the r-factor analysis. All r factors have a minimum at
DE=3.0 eV and Vo„=3.0 eV in common. Due to the
experimental errors in the determination of the polar an-
gle of +1.5' and of the energy of +1.0 eV, an error of
+1.5 eV in the determination of hE and Vo„has to be
taken into account.

The intensity profile corresponding to the asymmetry
profile at hE =3.0 eV and Vo, =3.0 eV is shown in Fig.
8. With respect to the intensity, measurement and calcu-
lation agree quite well too. Although the angular posi-
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FIG. 9. r factors Rq (~), R „(0), and RI (Q) of the compar-
ison of measured and calculated asymmetry and intensity
profiles for the specular beam of Xe(111) as a function of AE
with AE= Vo, (also see Fig. 7). Scattering energy: 56.5 eV,
Vo; =2.0 eV.

tions of the maximum at 8=55 differ by 1.5' between
the calculated and measured asymmetry profiles, the an-
gular position of the steep increase in the intensity at
8=70' and the steep decrease at 8 =40' and the structure
of the measured intensity profile as a whole are well
reproduced by the calculation.

Figure 10 shows calculated and measured asymmetry
and intensity profiles at a different energy E„,=66.5 eV.
In this example only those calculated profiles yielding the
best agreement are shown, which is also achieved for
DE=3.0 eV and VO„=3.0 eV. The asymmetry profiles
show a good agreement with respect to the value of the
asymmetry and the position of the maxima, and also with
respect to the structure of the profile as a whole. The
same holds for the intensity. Although the maximum in
the measured intensity profile at 8=60' differs slightly
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FICx. 8. Measured and calculated intensity profiles of the
specular beam of Xe(111) in a pseudomirror plane for
hE= V0„=3.0 eV. Scattering energy: 56.5 eV, Vo;=2.0 eV.
For experimental errors, see Fig. 5.

FICx. 10. Measured and calculated asymmetry and intensity
profiles of the specular beam of Xe(111)in a pseudomirror plane
for AE= V0„=3.0 eV. The measured asymmetry profile is
background corrected. Scattering energy: 66.5 eV, Vo; =2.0
eV. For experimental errors, see Fig. 5.
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parison of measured and calculated asymmetry and intensity
profiles of the specular beam of Xe(111)as a function of the real
part Vo, and the imaginary part Vo; of the inner potential. The
measured asymmetry profiles are background corrected.
Scattering energy: 56.6 eV, hE =3.0 eV.

from the calculation, and although in the calculation
there is a small maximum at 8=45' which is not seen in
the experiment, the angular position of the steep increase
in the intensity at 8=65' and the steep decrease at
8=40 and the structure of the measured profile as a
whole are well reproduced by the calculation.

Achieving a good agreement between calculation and
experiment by changing the refraction at the surface bar-
rier alone, which is determined by Vo„, is not possible.
Especially the inclusion of the spin dependence of the
diffraction process appears to be advantageous in the sep-
aration of both the effects due to the self-energy correc-
tion AE and the effects due to the real part Vo, of the
inner potential. Intensity measurements alone do not
lead to clear results; they might even be misleading.

Varying Vo„alone (vanishing self-energy correction,
b,E=0 eV) results in the r factors shown in Fig. 11. The
asymmetry r factors increase with increasing Vo„. The
contrary behavior of the intensity r factor is remarkable:
in contrast to the asymmetry r factors, the intensity r fac-
tor decreases with increasing Vo, and has a minimum at
Vo„=S.O eV, even deeper than at DE=3.0 eV and
Vo„=3.0 eV (see Fig. 9). The corresponding asymmetry
and intensity profiles are shown in Fig. 12. The measured
and calculated intensity profiles exhibit a good agreement
comparable to those shown in Fig. 8, but no agreement at
all can be found for the asymmetry profiles. Thus vary-
ing Vo„alone does not lead to an agreement between cal-
culation and experiment.

Besides the real part Vo„, the imaginary part Vo; of the
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FIG. 12. Comparison of measured and calculated asymmetry
and intensity profiles of the specular beam of Xe(111)in a pseu-
dornirror plane Vo, =5.0 eV and b,E=0.0 eV. Scattering ener-

gy: 56.5 eV, Vo;=2.0 eV. The measured asymmetry profile is
background corrected. For experimental errors, see Fig. 5.

FIG. 14. r factors R~ (~), R„(o), and Rz (Q) of the com-
parison of measured and calculated asymmetry and intensity
profiles of the (10) beam of Xe(111) as a function of hE with
hE= Vo. The measured asymmetry profiles are background
corrected. The kinetic energy in the measurement is 64.5 eV,
and in the calculation EMT is kept constant at 64.5 eV.
Vp; =2.0 eV.
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For experimental errors, see Fig. 5.

inner potential also affects the SPLEED calculation as
another nongeometrical parameter. Figure 13 shows the
dependence of the r factors on Vo„and Vo; for DE=3.0
eV. For the real part the r factors have a minimum at
Vo, =—3.0 eV in common, for the imaginary part the
minimum of the r factors is located at Vo,. =—2.0 eV. Thus
the inner potential is determined to be V0„=3.0+1.5 eV
and Vo,. =2.0+0.5 eV.

In order to test these results, a corresponding investi-
gation for a nonspecular beam of Xe(111),the (10) beam,
has been carried out. Figure 14 shows the r factors of the
comparison of calculated and measured asymmetry and
intensity profiles for this nonspecular beam. The mea-
sured data are background corrected. The scattering en-
ergy in the measurement is E,„,=64.5 eV. In the calcu-
lation EMT is kept constant at a value of 64.5 eV, and hE
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FIR. 16. r factors R„(~ ), R~s(o), and RI ((&) of the com-
parison of measured and calculated asymmetry and intensity
profiles of the (10) beam of Xe(111)as a function of the real part
Vo, and imaginary part Vo; of the inner potential. The mea-
sured asymmetry profiles are background corrected. Scattering
energy: 64.5 eV, EE=3.0eV.

and Vo„are varied accordingly. Both asymmetry r fac-
tors show a common minimum between AE =3.0 eV and
AE =4.0 eV, confirming the results obtained for the spec-
ular beam. The slight difference of the values of bE and
Vo, compared with the values found for the specular
beam are within the experimental uncertainties. The
structureless intensity r factor is of no use for the deter-
mination of the self-energy correction in this case. How-
ever, the low values of this r factor show the reliability of
the calculation.

The asymmetry and intensity profiles connected with
the r-factor minimum at EE=3.0 eV and Vo„=3.0 eV
are shown in Fig. 15. Calculation and experiment agree
well with respect to the asymmetry as well as to the in-
tensity. Although the ratio of the maxima at 8=10 and
25 is not correctly reproduced by the calculated intensity
profile, the angular positions of the maxima and minima
and the structure of the measured intensity profile as a
whole are well described by the calculation.

The r factor's dependence on Vo„and Vo,- at DE=3.0
eV is shown in Fig. 16. In good agreement, the asym-
metry r factors show a common minimum for the real
part Vo, of the inner potential at about Vo, —=3.0 eV, and
the intensity r factor has a Rat minimum between
V0„=4.0 eV and Vo„=5.0 eV. For the imaginary part
Vo of the inner potential the asymmetry r factors show a
minimum at Vo;=1.5 —2.0 eV, the intensity r factor at
Vo, =2.0—2. 5 eV. Thus the values for the inner potential
of Vo, =3.0+1.5 eV and Vo; =2.0+0.5 eV found in the
analysis of the specular beam are confirmed.

CONCLUSION

The comparison between measured and calculated
asymmetry and intensity profiles of the specular beam
and of the nonspecular (10) beam from Xe(111) shows
significantly the necessity to include many-body interac-
tions in (SP)LEED theory. Only by including a constant
self-energy correction DE =3.0+1.5 eV can good agree-
ment between measured and calculated data be achieved.
Satisfactory agreement between measurement and calcu-
lation, however, cannot be achieved, if only the real part
Vo„of the inner potential is taken into account. The
value of the self-energy correction AE found in this study
agrees well with the difference of approximately 3 eV be-
tween the width of the fundamental band gap predicted
by band-structure calculations based on DFT-LDA (Refs.
11-13) and the width determined experimentally by opti-
cal reAection and absorption measurements, ' ' and
with the self-energy correction DE=3.15 eV found in a
photoemission study. " The inner potentials were deter-
mined to be Vo, =3.0+1.5 eV and Vo, =2.0+0.5 eV.
The errors of AE, Vo„, and Vo; are mainly due to the un-
certainty in the determination of the polar angle and the
energy in the experiment.

The values for the inner potential are contrary to a pre-
vious LEED analysis which resulted in VO„=10 eV and

Vo; =4 eV. However, that work was based on a kinemat-
ic model, which has been shown to be completely
insufficient for the description of LEED from Xe(111).
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Especially the inclusion of the spin dependence of the
diffraction process appears to be advantageous for the
separation of both the effects due to the self-energy
correction and the effects due to the inner potential, since
with respect to the intensity and the asymmetry agree-
ment between measurements and calculations has to be
achieved simultaneously. Analyzing only the intensity of
the diffracted beams does not lead to clear results and
may even be misleading.

Effects due to the self-energy correction hE are most
pronounced in a diffraction geometry using grazing an-
gles, since in this case a self-energy correction AE cannot
be compensated for by the real part of the inner potential
in the calculation without severely affecting the angular
positions of the structures in the profiles. In conventional
LEED studies a diffraction geometry with almost normal
incidence is used, and energy-dependent measurements
are performed. For almost normal incidence the refrac-
tion at the surface barrier almost vanishes. Under these
conditions the observation of a self-energy correction AE
is impossible. This explains why in conventional LEED
studies all energy-correcting terms are included in the
real part of the inner potential, and why a self-energy
correction is not taken into account, and, moreover, why

it is not necessary to take into account a self-energy
correction in this special diffraction geometry.

Finally we would like to point out that the objective of
our SPLEED study has not been a geometrical structure
determination but an investigation of important parame-
ters characterizing the electronic structure of a solid sur-
face. Usually it is the electronic structure in the vicinity
of the Fermi energy that is the subject of interest. Less
interest has been focused on the electronic states well
above the vacuum level up to now. These high-energetic
states, however, are inevitably involved in spectroscopies
studying the electronic structure around the Fermi ener-
gy, i.e., photoemission and inverse photoemission spec-
troscopy. LEED provides an independent method of
studying the high-energetic scattering states, thereby con-
tributing to a better understanding of the electronic
structure and, as shown here, especially of many-body
effects at solid surfaces.
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