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'DETERMINATION OF THE SURFACE GEOMETRY FOR THE ALUMINUM (110)
AND (111) SURFACES BY COMPARISON OF LEED
CALCULATIONS WITH EXPERIMENT
M. R. Mﬁrtin and G. A. Somorjai
. Inorganic Materiéls Research Division; Lawrence Berkeley Laboratory
and Department of Chemistry; University of California
: Berkeley, California 94720
ABSTRACT
ALow»énergy‘électrbn‘diffraction (LEEﬁ) calculatibns have begn
extended to the (liO)ﬁand (111)v5urfaces of aluminum in order to determine
;he spécing between the éufface-and bulk layers of the crystal. The
- Al (110) surﬁace is'fqdnd to be contracted by IOZ to 15% from the bulk
interlayer spacing, and the Al (111) surface is found to deviate from
the bulk spacing by_iessithan 5%. Thié amounts to a determination of
the surface. layer positioh to within 0.1A. Results of calculations on
all experimentally measured beams for thege surfaces are compared with
the experimental results for several assumed interlayer spacings. These
comparisons are made with respect to qualitative peak shapes, peak
positions aﬁd relative peak amplitudes of the specular and all measured
non-specular beams from each surface. 'Iﬁ order to achieve this agreement,
if has been necessary to include the four outermost_crystal'layers and

to describe the ion-core potential with five phase shifts in the

40 eV + 150 eV ehergy range.
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I. INTRODUCTION

In a previous paperl (henceforth referred to as MS) we have reported

~-

‘on a series of low energy electron diffraction (LEED) calculations performed

on the (100) face of aluminum. In the present work we extend this compu-
tational method to the (110) ‘and the (111) surfaces of the same material.
The reader is referred to Section I of MS for a description of the compu-
tation and for definitions of the quantities to be discussed below. In
Fig. 1 we show the LEED beam geometry for typical'ﬁiffraction patterns from
the (110) and (111) surfaces. The seam labels and'fhe azimuthal angle of
the incident beam are:defined to be identical to those used by Jona.2 The
orientation of the incident beam is described by the azimuthal angle ¢,
aqdbthe angle 0, which is measured from a normal to the crystal surface.

| ~One of the resulté obtained in MS is that theoretical intensity vs:
incident electron energy (I vs eV) curves of a qUalit} allowing detailed
comparison with experimental measurements is possible by including in

the calculaﬁidn only_three layers of the crystal parallel to the aluminum
(100) surface. This degree of agfeemént can be achieved in the

4Q ey 150 gV energy range by the inclusion of five phase éhifts tob
characertize fhe ion-core potential within the métal.

In this paper we do not intend to repéat for the (110) and (111)
surfaces all the calculations made in MS for the aluminum (100) surface.
nany of the pointsvmade at'that.time are equaliy applicable as exemplified
iﬁ Fig. 2 where we perform a four layer calculation using 3, 4 and 5
phase shifts. As observed in MS for the aluminum (100) surface, the
threg phase shift curve is in reasonable qualitative agreement with the

other two (using 4 and 5 phase shifts), but yields intensity curves of "



about twice the magnitude. The addition of a fourth bhase shift reduces
the overall magnitude of the curve, and a fifth phase shift introduces
significant changés only in the upper portion of the eﬁergy range con-
sidered; As in the work on the (100) surface of aluminum, we will work
mainly &ith.s phase shifts when detailed comparison with experimental
results is sought.

IThe‘use of a limitéd number of layers parallel to the crystal surface
~in the coméutatioﬁ can be justified by the large inelastic damping factor
of electrons in the LEED energy range (S 200 eV). This damping factor
1s responsible fof attenuating the elastically reflected beams within the
Cr&stal. A typical'inelastié damping length in éluminum is A = 8ﬁ,3
and the interplane separation between planes paraliel to the (100) surface.
ié 2.02A, - A.singly séattered_electron,wouldvthus have to travel more
than 124 insidé‘the crystal to be scattered from the fourth layer, and
mﬁltiply scatﬁered‘electrons must traverse an even longer path. Justi-
fication for using.only three layers has been presented in MS for the
aluminum (100) surface. The same arguments are applicable to the (111)
surféce for which the bulk interplane separation of 2.33A is.slightly
larger ;han for the (100) surface.

The interplane spacing between planes parallel to the (110) surféce
is equal to half the nearest neighbor distance in thé crystal, or
1.43A. Since this is appfeciably smaller than the spacing between planes
of ;hé (100) and (111) surfaces, it is necessafy to determine the minimum
nﬁmber of layersvwhich must be included in a calculation of the (110)
surface. In Fig. 3 we plot the results for the (00)-beam of the aluminum _

(110) face employing 3, 4 and 5 layers parallel to the surface. The



close agréement between the latter two approximations'in&icates that
the inclusion of four layers should suffice for thié surface in the énergy
range of 40 eV - 150 eV.

The results of thg éalculations to be presented in the following
two sections indicate that the position of the surface layer with respect
to the bulk can be determined to within ~5% of the bulk interlayer
spacing. The Alv(110) surface layer is found to be located between
1.285A and 1.214A from the next underlying layer w;ich represents a
contraction of 10% to 15% bf the bulk interlayer spacing. The Al (111)
surface layer spacing is found to be equal to the bulk interplane spacing
to within ~5%Z.. In each case the surface layer spacing is determined to

within 0.1A.



II. ALUMINUM (110)

- 0f the three low order sprfaces of aluminum, the (110) face has
proved to be the most elusive in achieving theoretical agreement with
the.experimental results. Laramore and Duke3 have recenély investigated
the (100), (110) and (111) surfaces using a maximum of three phase
shifts and treating the sufface region as a simply truncated bulk
crystal. They suggest that the discrepancies in the case of the (110)
surface could be due to a contraction in the spacingvbetween the two
outermosﬁ layers of the order of 10Z. Houston, Laramore, and Park4 haveA
taken a different approach and attempt to account for the disagreement
between theory éﬁd experiment by proposing that the aluminum (110)
surface is not a simple plénar truncation of the bulk structure, but
that stepped regions exist on the'surféce. In the present work we per-
form_calculatipns uﬁilizing four and five phase shifts and investigate
the effects of displacing the surface layer from the position it would
have if the bulk of thé crystal were simply terminated.

In Figs. 4 fhrough 7 we present a comparison between the experimentﬁl
.data of Jona2 for the aluminum (110) surface and calculations we have
performed using yariéus models for the surface layer geometry. In these
figures we preseﬁt the results for the (00)-, (10)-, (01)-, and (11)-beams
respectively. All curves are computed for a normally incident electromn
béam except for the dotted curve in Fig. 4(d) for which the beam enters
the.crystal at an aﬁgle @ = 5° from the surface normal and a azimuthal
angle ¢ = 90°.

in all the Coﬁputed curves presented in this paper we have used

the Lundqvist form for the complex electron self-energy5

P
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%(E) ='ZI(E) - iZz(E), and have shifted the final curves by an additional -

3.65 eV to account for the work funct{on of the metal.6 The I vs eV

curve 4(a) calculated for the (00)~-beam is seen to have its most pfominent

peak 13 eV lower in energy than the corresponding experimentally observed

peak. Similarly the smaller peak near 90 eV is 6veV lowe: than experiment.

Results obtained for the non-specular beams (Figs. 5 to 7) show the same
general characteristic whereby the caiculated majorvand minor peak
positions aré about 5 eV lower in energy than the{%iperimental.values.
It has heen suggested that a contraction of the spaéing between the
surface layer and the bulk of the order of 10% might suffice to shift
the calculated peak positions into agreement with'experiment.3 In the
curves labeled (b), (d) and (e) we perform contractions of 10%, 15%

and 20% reSpectively, yielding surface layer to'bulk'spaéings of 1.2854,
1.214A and 1.142A. The expected energy shift of the peak positionms
occurs, as well as changes in the ratios of the peak intensities.
Comparison of the calculated solid curves of 4(b) and 4(d) with the
experimeﬁtal curve é(c) shows that the relative intensity ratios of

the two promiﬁent (OO)#beam peaks is in gOodvaéreement with experiment

for an outer layer contraction of 10% to 15% of the bulk interlayer

spacing. Laramore and Duke3 have pointed out that the secondary structure

obtained in thei; work near 100 eV in the (00)-beam is too small with
respeét to their.peak near 70 eV. The agreement we have achieved is
improved partly &ue to the contraction we have introduced into the outer
layer spacing, and more significantly, as can be seen by reference to
Fig. 2, by the inclusion of five phase shifts instead of three. Exami-

nation of curve 4(e) indicates that a contraction of 20%, leading to an



outer layer spacing of 1.142A, shifts the peak appearing near 60 ev to an
energy 5 eV'in excess of the experimental result. Furthermore, a lower
energy peak of about the same magnitude appears to be emerging near 40 eV
in contradiction to the obhserved (00)-beam curve 4(c).

The calculated reéults for the non-specular beams (Figs. S'to 7 are

-1likewise seen to impréve upon contraction of the outermost layerVSPacing.

The peaks in the 100 eV + 130 eV region for both the (01)- and (lO)—beams
are seen to shift to higher energies and to diminish iﬁ magnitude with
réspect to the peak§ near 50 eV. The results for the (11)-béam are
inclﬁded for'éompleteness, but the ahsence of multiplé prominent peaks
makes peak.intensity.comparisons impossible since only the relative
intensities were measured experimentally; The overall qualitative
agreement between calculated and experimental non-specular cﬁrves '
appears to occur.at an outer layer'spacing near 10% and less than 15%
contraction from the bulk interlayer diéﬁance.

The most serious discrepancies remaining unresolved in the presént
calculations occur in the 40 eV -+ 60 eV energy region for the non-
specular beaﬁs. In Fig. 6 a peak near 50 eV is visible for all thé
contra;tions fof which we have performed calculations, but the peak never
approaches the sharpness of the experimental peak, and this makes it
difficult to obtain a meaningful intensity ratio between this peak aﬁd
the near 105 eV. In Fig. 5 for the (10)-beam, the relative intensities
of the two peaks neér 45 eV and 65 eV are iﬂ good agreement for a layer
éontraction between 10% and 15%, but the small expe?imentally observable
peak at 56 eV cannot be resolved in these calculations. In Fig. 9 of

MS we showed that for the aluminum (100) surface the effect of using an



opticai médel_potentiél rather than the Lundqvist-free,eiectron gas model
for the complex self energy gives rise to an energy éﬁift of ~5 eV in

;he positions,of the low enérgy peaks near 50 eV. The deviations of the
calculated_peak positions near this energy for iayer contractions of 107
to 15% age:éll wvithin these limits of uncertainty.

In conciusion, wgrbéiieve that the comparison'of ailvfour difffactéd'
beams of Eigs. 4 through 7_18 sufficient to establiéh that the spacing
between the aiuminum (110) surface layer and thev;le'isvcontracted
from the bulk interlayer spacing by an amount equal to 10% to 15% of - v
»that value, i.e., an interlayer spacing of 1.2855,tgil.214&. This
.cohclusioﬁ is.based on the qﬁalitative shapes of all four curves, peak
positions and relative peak intensitiés. We reemphasize the point made
in_MS that.for LEED'calculations of presently attainable‘accuracy it is
~dahgerou§’£6 rely exclusively on relative peak amplitudes or on peak
positions which may be altered by several eV ﬁy sﬁall changes in the
ioﬁvco;eipotential'or by the model used to descriﬁe.the complex electron

self energy»Z(E).




CIII. ALUMINUM (111)

Calculated I vs eV curves are plotted'in Figs. 8 through 10 for
the (00)-; (10)~ and (0l1)-beams of the aluminum (111) surface. Included
in each plot for reference is the experimental curve from the work of
Jonaz (curVes (¢)). Four calculations are made for each beam. ‘Two of
thém treat the (111) surface as a simple truncation bf the bulk
sfrucpure and ;he other two are calculated by assuming a 5% contraction
in the spacing between the outermost two layers. The dashed curves in
each case repfesent'caiculations in which.four phase sﬁifts and three
layers parallel to the QUrface are included. The solid curves include
five phase shifts_apd four layers.

For éll'three beams considered, the calculation using five phase
éhifts and an undistorted'grystal surface yields results in closest
agreement wiﬁh‘the experimental curves. The caiculated peak positions
for the (OO)-beam are in close agreement with the experimental peaks
without making a shift of.4.05 eV to account for the work function
of the metai.6 However, the relative magnitudes‘of the two peaks are
quite diffé?ent in each case. This is not unexpected since the cal-
cﬁlationé are perfofmed ét.normal incidence and the experimental
measurements for the (00) -beam aré taken at ¢ = 5° and ¢ = 30°. The
qualitative agreement between the calculation and experiment is.improved
by performing the computation for aﬁ incident beam impinging at these
angles (Fig. 8(d)). The two noﬁ—equivalent non-specular beams show
similar agreement between the positions of the experimental and theo-
retical maxima (Figs. 9 and 10). In these cases, moreover, the relative
intensities of the various peaks are also in good agreemgnt as are their

qualitative shapes.
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A father small outer layer distortion (contraction by 57 of the
interlayer spacing, from 2.33A to 2.216A) suffices to shift the cal-
culated curvés to higher energies, ané to qualitatively alter the shapes
and intensity ratios ofvthe various peaks. We believe that the cumulative
evidence from the three beams considered is sufficignt to establish that
the spacing between the outermost two layers of the aluminum (111) surface
is identiéal to the bulk sp#cing_to within less than 57%.

The gdod qualitative agreement attained in fh£S'case allows us to
ﬁointiout_certain limitations in calculations of this degree of accuracy.
The ion-core potential calculated by the method of Pendry7 is sufficient
to give the agreement obtained here, but does not allow the resolution
of the 50 eV > 60 eV peak of the (0l1)-beam into thevdouble peak étructure
seen in the experimental curve. A similar instance was noted in the
previous section for the (10)-beam of the aluminum (110) surface in the
same energy region. Discrepancies in the low energy (S 50 eV) peak

positions for the (111) surface are of the same magnitude as those

observed with the (110) surface and indicate that such effects are attri-

‘butable to the form of the ion-core potential, or to the model employed

for thé'complex electron self energy rather than to the geometrical

arrangement of the_crystal layers in the surface region.
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FIGURE CAPTIONS
Low energy electron diffraction spot positiéns for (a) the (110)
surface and (b) the (111) surface of aluminum. The spot labels
and the azimuthal angles ¢ are defined to be identical to those
of Jona? .
Comparison of I vs eV curves computed using 3, 4 and 5 phase
shifts for the aluminum (110) surface.
Comparison of I vs eV curves computed using 4 phase shifts and
3, 4 and 5 crystal layers farallel to the aluminum (110) surface.
The experimental I vs eV curve (¢) is compared to calculated
curQes for the (00)-bean of the aluminum (110) surface. The
solid curves (a, b, d) and the dotted curve (d) utilize 5 phase
shifts and 4 layers in the computation. The dashed curves
utilize 4 phase shifts and 4 layers. Curve (a) is dbtained'
from an undistorted surface (i.e., interlayer spacing equal
to the bulk value 1.438). In curve (b) the outer layer spacing
is contracted by 10% to 12285 A, In curve (d) the outer layer
is contracted by 152 to 1.214 A, and in curve (e) it is contracted
by 20% from the bulk value to 1.142 A, The theoretical curves
are all shifted by 3.65 eV to account for the metallic work
function.
The experimental I vs eV curve (c) is compared to calculated
curves for the (10)-beam of the aluminum (110) surface. The

descriptions of curves a > e are given in the caption to Fig. 4.
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Fié. 6. The experimental I vs eV curve (c) is éompared to calculated
curves for the (01)~heam of Qpe aluminum (110) surface. The
descriptions of curves a + e are given in thevcaption to Fig. 4.

Fig. 7. The experimenfal I vs eV curve (c) isvcémpared to calculated
curves for the (11)‘beah of the aluminum (110)'surface. Thg
descriptions qf curves a +.e arevgiven in the caption to Fig. 4.

Fig. 8. The experimental I vs eV curve (c) is compared to calculated
curvesvfor the (00)-beam of'fhe aluminum‘%lll) surfaée. The
solid curyes (a, b and d) utilize 5 phase shifts and 4 layers
in thé computation. The dashed curves (a) and (b) utilize 4
phase shifts and 3 layers. Curve (a) is obtained from a surface
whose outer layer spaéing is contracted byi52 of the bulk value
ito 2.216 A.' Curve (b) is obtained from an undistorted surface
in which the 6uter layer éﬁacing is equal to that in the bulk,

| 2.33 A, Curve (d) is computed for an electron beam incident at
8 = 5° and ¢ = 30° ‘with a surface la&er spacing equal to that
in ﬁha bulk.v The theoretic#l curves are all shifted by 4.05 eV
to account for the metallic work function. |

Fig.'9. The expérimeﬁtal I vs eV curve (c) is compared to calculated
curves for the (10)~beam (;= 11 = 01) of the aluminum (111)
surface. The desc:iptioh of curves (a) and (b) aré given in the
caption to.Fig. 8. |

Fig. 10. The experimental I vs eV curve (c) is compﬁred to calculated curves
for the (01)-beam (= 10 = 11) ofAthe aluminum (lil) surface. The

description of curves (a) and (b) are given in the caption to Fig. 8.
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