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interstitial mechanism in the high-pressure range
and a vacancy mechanism only in the low-pressure
range where a "fine-structure" search is lacking
in Ref. 21.
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A model for aluminum used previously for low-energy-electron-diffraction (LEED) calcula-
tions by the layer Korringa-Kohn-Rostoker method on the {001}surfaces, is carefully defined
and used to find LEED spectra for the {ill}and {110}surfaces. Agreement between theory
and experiment is as good for {111}as for {001},but is not as good for {110},which appears
generally to be a "bad actor. " Close comparison of the shapes of lines in the experimental
and theoretical spectra suggests values for the interlayer spacing of the outermost layer of the
crystal which are roughly 5/z greater than bulk for the {111}face but 10% less than bulk for the
{110}face.

I. INTRODUCTION

A model for aluminum and method of calculation
for low-energy-electron diffraction (LEED) has
been described by us previously'~ with detailed
application to Al(001}. This work gave satisfactory
agreement with experimental LEED spectra (i. e. ,
flux density in diffracted beams versus energy at

fixed angles of incidence) on the (001}surfaces for
energies up to 150 eV for several beams and for
a range of incident polar angles (i. e. , angles with
the surface normal) from 0' to 25'. In the present
paper, we apply the same model and calculation
procedure to the (111}and (110}surfaces of Al and
compare the results for all surfaces. We also
take the opportunity to describe the model care-
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FIG. 1. Schematic picture of the model of the poten-
tial used for LEED calculations. Potential is plotted on
a line normal to the surface and through the centers of a
row of atoms. The level difference 4, the discontinuity
at the muffin-tin radius y;, the atomic part of the poten-
tial V~t(r), and the energy scales E and c are shown.

fully, since it is not the same as others have
useds ' for Al, and it is easy to be confused about
some features. Finally, the model is further re-
fined to include some specific surface effects by
exhibiting the systematic changes in the LEED
spectra produced by expansion or compression of
the interlayer distance of the first atomic layer.
These calculations show that groups of lines are
sensitive to the change of spacing, and hence that
some estimates of the outermost interlayer spacing
are possible by comparison with experiment.

The method of calculation is conveniently called
the layer Korringa-Kohn-Rostoker (KKR) method,
since it consists in first treating the multiple scat-
tering within a single layer of atoms by the KKR
method of band theory '~' (extended to complex
potentials) and in then treating the multiple scat-
tering between layers by matrix methods based on
a beam representation of the wave field (i. e. , an
expansion in plane waves all of which have the
same energy and the same reduced component of
wave number parallel to the surface8). The cal-
culations use up to 29 beams and 8 phase shifts to
achieve an accuracy in the calculated spectra of
better than 2% at energies up to 150 eV. A cor-
rection for lattice motion is included which aver-
ages the scattering over the positions of an indivi-
dual atom, assuming those positions form the
spherical Gaussian distribution given by a Debye
phonon spectrum (ea =418 'K). The calculations
also treat the matching conditions at the surface
between interior and exterior wave fields in a way
that allows for the change in potential level be-
tween vacuum and the interior of the specimen
(plane waves are refracted), but so as to avoid the
strong reflection of a sudden step in the potential
(reflections from the surface region are completely
suppressed; see discussion in Sec. II and Ref. 2).

II. MODEL FOR Al

The basis for the model is the Hartree-Fock-
Slater self-consistent muffin-tin potential for Al
calculated by Snow' to produce a band structure in
reasonable agreement with Fermi-surface mea-
surements. ' This potential is supplemented by
an imaginary part iP-to describe inelastic (or in-
coherent) scattering of the electrons (i. e. , such
scattering is treated as equivalent to removal of
the electron by absorption) and by specifying the
vacuum level. In general, p is a function of both
r and the electron energy. Since there is no ade-
quate theory for P in a periodic solid, P has been
taken independent of r. Some idea of the energy
dependence of P is given by the behavior of the
imaginary part of the self-energy of an electron in
a uniform (interacting) electron gas (i. e. , inter-
acting electrons moving in a smeared-out rigid
positive charge), which at the Al density (t, '

= 2. 07ao, where x, is the equivalent sphere radius
and ao is the Bohr radius) is nearly constant be-
tween 30 and 150 eV with a value of about Q. 3
Ry=4. 1 eV. We have adopted this value for P
throughout the solid (including the insides of the
muffin-tin spheres). However, the scattering by
the atoms is calculated with the real potential given
by Snow, including the discontinuity of Q. 053 Ry
(=0.72 eV) at the muffin-tin radius r, (r; = 2. 7057ao
for Al) between the atomic potential V„(r) and the
constant (higher) level between the atomic spheres;
this constant level is referred to as the muffin-tin
zero (see Fig. 1). The phase shifts q, (e) deter-
mining the asymptotic wave function are found from
V„(r) (where e is the energy with respect to the
muffin-tin zero not vacuum), —and the scattering
is treated as if point scatterers with these phase-
shift functions were embedded in a uniform ab-
sorbing medium' of potential —iP.

Note that the band structure of Al is completely
defined with respect to the muffin-tin zero by the
above specification of the potential, although no
mention has yet been made of the position of the
vacuum level or the value of &, which gives the
position of the muffin-tin zero with respect to the
vacuum level. Thus the Fermi level is 8. 2 eV
above the muffin-tin zero, and the bottom of the
conduction band is 2. 8 eV below; the band struc-
ture computed for the above potential (with P = 0)
agrees closely with that computed by Connolly'
up to e = 50 eV also using the Snow potential.

The specification of the model is now completed
by the value of &. In general, 4 is a function of
E (the energy of the electron with respect to the
vacuum level, E=e —b). At E=O the magnitude
of & (& is negative) would be 12.4 eV on adding
the work function of 4. 2 eV to the energy of the
Fermi level above the muffin-tin zero. At higher
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FIG. 2. Experimental (upper curves in each pair) and
theoretical (lower curves) LEED spectra for Al(111}on a
common energy scale E up to 160 eV. All spectra are at
normal incidence except the 00 experimental spectrum,
which is at g=5', Q =60'. The theoretical spectra are all
computed with 6=—7.5 eV, p =4.1 eV, the Snow potential
and a correction for lattice motion at T =298'K and SD
=418 K. The beams are labeled and angles defined as in
Fig. 3(a). The ordinate scales are arbitrarily adjusted
so that the largest peaks in each spectrum are about the
same height.

differences between surfaces should be small,
amounting only to the contact potential differences.

Finally, we note that the model does not require
specification of the exact behavior of the potential
between interior and vacuum, as is schematically
indicated by the dashed line in the surface region
in Fig. 1. Instead of specifying the potential in
that surface or transition region, we make the ap-
proximation that plane waves, i. e. , beams, that
have enough energy in the normal direction to
propagate in vacuum will cross the transition re-
gion from either the vacuum or the crystal side
without reflection (but with proper change of energy
from E to e or e to E and proper refraction). Thus
we neglect the finite, but generally small, reflec-
tion produced by the actual potential, which has a
smooth variation in the transition region. An as-
sumption must also be made about the beams in
the crystal with insufficient normal energy to propa-
gate in vacuum. Usually we assume such beams
are completely absorbed in the surface region,
corresponding to the effects of surface plasmons
and other excitations in that region, and we neglect
any reflection of such beams. Thus the surface
boundary conditions on both kinds of beams (propa-
gating or nonpropagating in vacuum) may be suc-
cinctly specified as a "no-reflection" boundary con-
dition. However, we have also calculated LEED
spectra with the opposite boundary condition for
nonpropagating beams, namely, total reflection
from the surface region. In all cases studied there
was no significant change in the spectrum. Thus
we feel that the "no-reflection" model gives reliable
LEED spectra with the desirable features of sim-
plicity and universality but at the cost of omitting
special phenomena which depend sharply on the
detailed surface-region behavior (e.g. , surface-
resonance phenomena").

III. COMPARISON OF EXPERIMENTAL AND THEORETICAL
SPECTRA FOR THE t111I SURFACES

E, the magnitude of ~ is expected to decrease,
as indicated by the results for a uniform electron
gas. " These results show a rise of 5 eV in the
real part of the self-energy, most of it for E less
than 30 eV, thus indicating that there is a part of
the (negative) exchange-correlation energy which
increases with energy, and reflecting the physical
fact that correlation effects are smaller at higher
E. In the absence of precise estimates of A(E),
we have chosen a constant & to give a reasonable
average fit between experimental and theoretical
peak positions, and looked for variation in the fit
to indicate the variation of 4 with E, which need
not be the same in the periodic solid as in a uni-
form gas. A best & has been found for each sur-
face, although, if the model is reasonable, the

Experimental and theoretical LEED spectra com-
puted with the above model of Al for (ill} surfaces
are plotted in Fig. 2 on a common energy scale out
to 15Q eV for four beams and for the case of nor-
mal incidence —except for the experimental spec-
cularly reflected (00) beam, which is at 8= 5',
/=60' (the angle 8 is with the normal; Q is de-
fined in Fig. 3, which also givesthe beam labeling).
Note that for 0 = Q, the set of beams numbered 2,
4, and 6 are degenerate, as are beams 3,
but the two sets are distinct, since the crystal has
threefold, but not sixfold symmetry" around (111).
However, beams 8-13 are sixfold degenerate, be-
cause of the presence of mirror planes. With the
standard values 4 = —7. 5 eV and P =0. 3 Ry (4. 1
eV) used previously for the (001j spectra, all cor-
responding experimental and theoretical spectra
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are in comparably good agreement to the {001}re-
sults. We note that there is a peak at 60 eV in
beam 2 which is split experimentally but not theo-
retically, and the theoretical peaks below 40 eV
are relatively too small (which could be due to use
of a constant P below 40 eV where P probably de-
creases}, but, in general, peak positions, widths,
and shapes agree very well. The same degree of
agreement is shown in the spectra at 6= 5', /=60'
in Fig. 4, although now beams 4 (or 2) and 6 are
very different —as are beams 7 (or 5) and 3. Fi-
nally, in Fig. 5, we show that the same satisfactory
agreement for the (111}surface appears at 8= 15',
/=60'. A detailed comparison of the positions of
all peaks up to 150 eV in the {111}.experimental
and theoretical spectra gives an average value of
& and mean-square deviation from that value of
—6. 5+2. 2 eV, to be compared with &= —7. 8+1.6
eV for the (001}surfaces. Is Thus the agreement
is about equally good on these two surfaces, and
they show nearly equal values of the magnitude of
4 which are both substantially smaller than the
values estimated from the work function (and the
Fermi energy}.

The degree of agreement between theory and ex-
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FIG. 4. LEED spectra for Al{111},as in Fig. 2 except
all spectra are at g = 5', P = 60 .
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FIG. 3. Space lattices (left) and reciprocal lattices
(right) for two surfaces of a fcc crystal. The plane of
incidence is horizontal (perpendicular to the page and

from left to right). The reciprocal lattice then shows the
pattern of beam spots on the viewing screen. (a) The
{ill}surface for P =60': the first three atomic layers of
the space lattice are labeled; the beams in the reciprocal
lattice are sequence numbered. (b} The {110}surface for
Q =90'. two atomic layers are labeled; three shells of
beams are sequence numbered and labeled by the usual
reciprocal-lattice-vector indices.
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FIG. 5. LEED spectra for Al{lll}, as in Fig. 2 except
all spectra are at 8 =15', fIt} =60'.
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eriment achieved with this model leads us to at-perimen ac i
t t t draw a more refined conclus' ion from the

r in theexperimental spectra —namely, by varying e
spacing of the outermost layer from the second
1 yer by up to + 10% of the bulk spacing, we lookayer y
for in ica sonst' of expansion or contraction o
lattice at the surface. A set of theoretical spectra

i . 6 where theobtained in this way is shown in Fig.
bulk layer spacing (av 3/3, wherhere a is the side of
the cubic unit cell) is used in calculating the mid-
dle curve. y exaB amining the shapes of various
groups of pea s an pk d peak-shoulder combinations
which are sensitive to the interlayer spacing, ex-
amples o w ic cf h' h an readily be found in the sets
of curves in ig.F' 6 we see some evidence for an
expansion of the (111}face. This comparison of
shapes seems preferable to using peak positions to
indicate change in interlayer spacing, which is
difficult for the rounded peaks which occur here,
especial y w enl h the shapes are different. Thus in
beam 2 the observed pronounced peak at 95 eV is
made more prom'prominent in the theoretical spectra
by an expansion, w erhereas a contraction tends to
bury it; simi ar yt; ' 'l rly the peak observed at 140 eV is
brought out better in the calculated spectra by ex-
pansion, whereas contraction suppresses it. Else-

shouMer at 115 eV) the evidence for expansion is
less clear, an e od th bserved but unexplained double

k round 60 eV prevents our drawing any con-
clusion about spacing. In beam 3 the calcula e
peaks at 35 and 70 eV and their relation to the
background are brought closer to the experiment
b expansion than contraction, as iis true of the
shoulders at 90 and 110 eV. Finally in beam 8 the
shapes of the group of peaks between 90 and 12Q

eV and between 12Q and 140 eV seem definitely
'

n than b contrac-l er to experiment by expansion a y
m 1 can-tion. (Note that the specular beam, beam 1,

not be used in this analysis because the experi-
mental spectrum is not available at normal inci-
dence. ) The over-all indication of somewhere
around 5% expansion is the same as a similar anal-
ysis of the results on the (001}surfaces. " How-
ever we shall show below that I110) is very dif-
ferent.

IV. COMPARISON OF THEORY AND EXPERIMENT
FOR THE (110) SURFACES

0
I I I I

20 40 60 80 l00 l20 l40 l60

E(eV)

FIG. 6. LEED spectra for Al(ill) as in Fig. 2 (with

the same beams an ang esd 1 ) plus additional theoretical
cin of outermost atomic

b 10 5, —5, and-
spectra for lattices with spacing
layer from substrate changed y
with respect to the bulk spacing.

App ying e sl ' th same model and computational pro-
cedure to ethe, 110)surfaces for a sequence of sur-
face layer spacings, leads to the results p o e in

f 8=5' and /=90' [angles and beams e-
llfined in ig.in Fi . 3]. The theoretical curves are a

plotted at the 4 of —7. 5 eV which gives good cor-
respon enced ce for the other two faces but which ap-

arin theears to be too large for this face. Comparing e
bulk spacing curve (labeled 0%) with the experi-
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figure. As evidence for this tentat ve conclusion,
we note the partial suppression of the shoulder in
the 10 beam at 100 eV, the change in shape of the
peak at about 110 eV in the 01 beam, and the de-
velopment of the shoulder at 80 eV in the 11 beam.

An additional effect of the contraction is to move
all the computed peaks systematically to higher
energies. Thus, the shift & of the theoretical
spectrum of a contracted surface giving the best
fit with experiment is nearer to the value used on
the other faces (-7.5 eV) than is the 4 of the un-
contracted surface. Figure 8 shows the experi-
mental curves plotted with theoretical curves cal-
culated for 10%%uc contraction and shifted by a b, of
—5.0 eV (the best value of 6 from Fig. 8 is -5.3
+2. 5 eV). This effect of contraction has been
pointed out by Laramore and Duke, ' who also con-

I BEAM

Q QQ 4Q 6Q 8Q lQQ l20 l40 l60
E(ev)

FIG. 7. Experimental and theoretical LEED spectra
for Al{110)on a common energy scale E up to 160 eV at
8=5', p =90' Iangle definitions and beam labeling as in
Fig. 3(b)]. Theoretical spectra are computed as for Fig.
2, and the same sequence of outermost atomic layer
spacings is shown as in Fig. 6.

II BEAM

mental curve, we find that a value for 4 of —4. 1
+ 2. 1 eV gives best agreement. The agreement is
still not as good as that found for the other two
faces, and in particular, there are two peaks, at
70 and 160 eV, for which the correspondence is
worse than for others.

We observe in Fig. 7 that the shapes of a number
of the peaks and shoulders correspond slightly
better with experiment in the curves for 10%%uc con-
traction (labeled -10%%uc) than in other curves in the

0 20 40
O'Fo

60 80 IOO l20 I%0 l60
E(eV)

FIG. 8. LEED spectra for Al{110)as in Fig. 7 except
with 4= —5.0 eV and only the theoretical spectra for a 10'
contraction of the outermost layer spacing compared to
bulk are shown.
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elude that 10% contraction of the outer-layer spacing
gives better agreement for the {110}faces.

The generally poorer agreement with experiment
that this model of Al gives for the {110}faces, the
somewhat different 4, and the remarkable contrac-
tion suggested both by change of shape and move-
ment of positions of peaks all combine to charac-
terize the {110}face of Al as a "bad actor" among
the faces. " Some additional evidence for this con-
clusion comes from certain features of the experi-
ment. Thus the {110}surfaces were more difficult
to prepare with acceptably smooth and mirrorlike
surfacefinish than either {001}or{111}.The LEED

patterns from {110}are in general not as good as
from {111}and {001}:The background is slightly
higher, the diffraction spots slightly broader, the
contrast is worse. With varying electron energy,
the diffraction spots pass through alternating sharp
and slightly diffuse (as though defocussed) stages. '
Whatever interpretation is given of these phenom-
ena, it is likely to involve morphological irregu-
larities of the Al{110}surface as prepared, e. g. ,
a distribution of mono- and multiatomic steps.
Previous studiesas have in fact revealed that Al{110}
shows a pronounced tendencey toward the develop-
ment of {111}facets.

*Research supported in part by the Air Force Office
of Scientific Research (AFSC) under Grant No. AFOSR-
72-2151.
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