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INTENSITY ANALYSIS OF ILOW ENERGY ELECTRONS.
DIFFRACTED FROM SINGLE CRYSTAL SURFACES
Helen Honora Farrell
" Inorganic Materials Résearch Division, Lawrence Radiation Laboratory;
and Department of Chemistry

University of California, Berkeley, California

ABSTRACT

The ihteneities df sevefal ofbthe low indek‘low ehergy electron
diffraction beams frem'ﬁhe-(lOO) faces of aluminam and palladium have
‘been measured. These have been com@ared with data already'existiag in
the liﬁerature for several other face centered cubic (fec) metals.
Diffraction mechanism based.on nultiple scattering theory have been
assigned to.the Qarioue.intensity maxima eﬁeerved\in the very low energy
region. DModel calculations ofvthevintensities basea,on simple multiple
scattering theory have been performed. The agreement between the cal-
culated'and the observed values was limited by the degree of sophistica- .
fion'of the model atomic potentials employed. The intensities of the
LEED beams from the structured surfaces:oh palladium andbplatinum havell
been measured and comparea‘with trends predicted from maltiple scattering.
theory;'.Simple‘calcalations have been perfofmed for.oxygen chemiéOrbed'l
on the.(lOO).face Of'the body centered'cubic (bcc) metals in the primary
" stage of oxidation. _One model has been'suggested on the baeis of the

calculations and existing experimental data.



TI. INTRODUCTION

Experimental low-energy electron diffraction (LEED) studies of metals
have a long hlstory wvhich dates back to the Davisson- Germer experiment in
1927 In the follow1ng years, ILEED has been used to observe gualitative
changes in the natureroflfhe surfaces such as those that occur upon heat
freatmenﬁ or the.adsorpfion of gases. However,_nnlike in the case of the
x-ray diffraction, quantitative theoretical interpretation‘of the diffrac-
tion features has been 1ncomplete or only partlally satlsfactory, partl—
cularly in the very low energy ( < ~ 100 V) region. The relatlvely large
values of atomic scattering Cross sections for low energy électron diffrac-
tion necessitate the consideraﬁion of multiple scatﬁering phenomena.
Recently, McRae2 has deveioped a formally camplete ana self consistent
theory of dynamical low energy electron diffracfionfv In the'subsequent

months, there have been published a large number of theoretical papers 0

and calculationsll—iu whicn nave all considered thebimbortance of miltiple
scattering in analyzing the 1ntens1t1es of the diffraction spots to obtain
information about the arrangement of atoms in the surface. A number of
theoretical approaches have been developed, but llttle work has‘yet been
done correlating theor& with actual experimental data.

The intensities of several of the low index low energy electro
diffraction beams fran the (100) faces of aluminum and palladium have been
measured.‘ These have been compared with data already:existing in the
literature for several other face centered cubic (fcc) metals. Diffraction
mechanismsbased on multiple scattering theory have been assigned to
the various intensity maxima observed in the very low energy_region.
Model caleulations ot the intcnsities based on simple multiple scatter-

ing theory have been performed. The agreement between the calculated
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and thé observed values was limited by the degree of sophistication of the
model atomic potentials employed. The intensities of the ILEED beams from
structured surfaces on palladium and platinum have been measured and
compared with trends predicted frbm multiple scattering theory. Simple
calculations have been performed for several different modelsto idenﬁify .
the possible atomic positions for oxygen-chemisorbed on the (100) face

of the body centered cubic (bec) metals in the primary stage of oxidation.
One model has been suggested on the basis of the calculations and'existing

experimental data.



IT. THEORY

A. Introduction

Man& of the unique_characteristics of low energy electron diffraction
in tne energy range O-SOdpeV owe tneir existanceeto the large scattering
cross sections that are involved., Particularly at very low electron
energies, O-lOd eV, these crossvsections may be of tne.order of square
angstroms. As a consequence,rthere will Dbe substantial amplitudes scattered
into the non forward directions, and the probability that the electron
will be found in the transmitted beam will be Significantly less than unity.
This results in a high probability that an electron will be incapable
of penetrating.very deeply into‘a solid under these conditions before it
issnattered, either elastically.or inelastically, out of the forward
scatteredibeam. vTherefore, most of the intensity'that is backescattered
out of the crystal comes from either the surface or the neighborhood of
the surface. This, of course, makes lOW'energy electron diffraction an
ideal tool for studying the structure of surfaces.

Unfortunatelyj the very.aspect that makes low energy electron diffrac-
tion valuable for surface structure analysis also camplicates this ana-
Jdysis. That is, because the scattering cross sections are large, not
only will the electron be scattered predominantly from the vicinity of
the surface, but it will also have a significant probability of being

scattered more than once. This phenomenon is known as multiple scattering

and its importance vitiates the applicability of the kinematic the ory of

diffraction which has been used so successfully in the x-ray case where

only single scattering or kinematic events are important.
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One of the interesting consequences of the faét that séattering is
.confined to the \ficinity of the surface is tm£ the full three dimensional
periodicity of the crystal is not experienced by the elect‘ron. We there-
fore are dealing with a potential which has essentially perfecf periodicity
in the two dimensvions parallel to the surface but has imperfect pefiodicity,
‘perpendicu-_lar to the surfacece. This perfect two dimen.sional periodicity
insures that diffraction will occur and that the electroﬁ will be scvattered
only into certain discre_te rods or beé,ms, destructive interferences havving
taken plac‘e along all other directions in space.

More conqisély, as has béen noted by'Boudreaux and Heine,6 the only
exact quantum number in the system is that component of the wave vector,
‘K‘” or ”I.{;y, which is parallel to the surface and this is indeterminant to
the extent of adding any reciprocal,laftice vector that is parallel to
the sur:f‘avcevir‘i the usual sense of the Bloch théorem. Dué to the Vimper—
fect periodicity perpendicular to the surface howe%fer, that tﬁe component
of the wave vector, _IZJ_ or _-KLZ, that is perpendicu]._a‘r to the surface is not
consfrained to take on only certain discrete values as it would be in the
x-ray diffraction case.

However, when only elastic scattering is considered, this perpendi-
cular corrrponefrt is defined by the parallel component and the condition
that the total magnitude of the wave vector must be conserved. If the‘
incident electrons are characterized by a total' wéve vector,' ?(9 then the
components parallel to and perpendicular to the surface may be dencted
as T{'? and?{i respect’ively. In a similar manner, a diffraction beam may
be characterized byT{" with components E\‘” andf‘l. Now, the constraint
on the parallel camponent may be writteﬁ as

EERE A e
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N : _
where G” is some reciprocal lattice vector parallel to the surface. If

. ' - A h Ak
the surface has rectangular or square symmetry, G” = 2m(x . + y ;—)

whére h and k are integers x and y are unit vectors in fhe x and y direc-
-tions and_ax and.ay are the primitive translational vectors of the surface
lattice net in the x and y directions réspectiveiy. The z direction has
been taken as being perpendicular to the surface. (It is frequently custo-
mary to index the diffracted beams with these two'integers h and k. For
example, the specularly reflected béam.ié denoted as the (00) beam as it
is associated with the null reciprocal lattice vector parallel to the
‘ ., = hk

surface. One could then write K' as K ,)

In free space, the energy of the electron ig directly proportional

2 a2 .

to the square of the total wave vector as . E = ﬁ'.lK [ /2m where H is
Plancks constant divided by 27 and m is the mass of the electron. There-

fore, the constraint that the scattering must be elastic may be written

- | Ii;[g =‘|??]2. =  > ' (2a)
X%+ 12 - R (2v)

Rearranging Eq. 2b, KL may be determined as

K™ - e y Il -l 1% 112 )

. A : .
Note that Ki may be either positive or negative, correspording to a diffrac-

tion beam directed either into or out of the crystal. Real vaules of

?L correspbnd to travelling waves or allowed states in the crystal while

complex or imaginary values correspond to dampéd or evanescent waves at the

surface and forbidden states in the bulk of the crystal.

There are actually an infinite number of solutions tC)Eq. 3.11

. . : . A 12 =t .2
First, there are those within the Ewald sphere where IK l > ]Knl .
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The Ewald sphere is that surface in reciprocal space with a rddius of f§°[.
When within this sphere, ﬁ“l is real, at least when not in a band gap
where it may assume complex {falues.15 " In the following, the states
characterized by real vaiues of K'Lwill be referred to as "a1llowed" sta tes,
Secondly, there are those solutions tmt lie éutside of the Ewald sphere
where TEblg < |§?”l% For these cases,‘Eﬁl is purely imaginary and the
associated eigenfunctions aré strongiy damped. Note thatifgl. méy be
either positive‘or negative, corresponding to diffraqtion beéﬁs directed
both into and out'of the cfystai. As most low énergy electron diffraction
studies are made as a function of electron energy, it is of value to
inspect Eqs..l,E and 3 for their énergy‘dependence. Equation 2 states

the necessity that thé diffracted beam have a wave vector of the same
magnitude ‘as the incident beam for elastic scattering whereas Eq. 1 states
that the parallel‘com@onent may contain some reciprocal iattiée vector.

It may therefore bé.seen that at a low enough beam voltage these two
équations may not be fulfilled simultaneously with real Values of.f'L.
except for the null reciprocal lattice véctor. in thié region, only the
transmitted and the specularly reflected beams are allowed. All other
beams will be’forbidden, or evanescent. Upon going to higher energies,
the magnitude of the wave vectqr becaones large enough;to accomodate the
smallest reciprocal lattice vector, and the first order diffraction beamé
will Be allcwedvinvaddition to the transmitted and specularly reflected
beams. At still higher voltages, higher order diffraction beams will
come into existance. From this viewpoint, LEED may be arbitrarily |
categorized into regions characterized by the allowed diffraction beams.

When a diffraction beam first appears, the component of its wave vector

perpendicular to the surface will have zero magnitude, and the emergent beam



Fig. II-1. Wave vectors for the ‘incident beam and two
' diffraction beams showing their components -

parallel and pergggdiqglar to the surface.
Note that K} = K”.+ G
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eV o | eV

Fig. II-2. A) Intensity of the (00) beam as a function of energy
‘ in the pure two dimensional diffraction limit. -

B) Intensity of the (00) beam as a function of energy
in the pure three dimensiomal diffraction limit.
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will lie in the surface.. At a slightl& highéf énergy, |iL| will have a
finite value and diffraction beams directed both into and out of the
surface will éppear. As the energy‘ié increased, the angle that these new
beams wili make wiﬁh the surface increases and these beams will assym-
totically éppfoach the -axis of the incident or specularly.reflecfed beam,
Viewing only the back écattered beams, upon increasing the electrbn energy
~one would fiisf see‘new.diffraction.beams appear péraiiel tovthe surface
of the érystal'and theh'rise up.oﬁtvof this surface and sweep through
space towards the specularly reflected beam. Thesé.considerations arise
solely from the symmetry, that is, the two dimenéionél periodicity
parallel to'the éurface. They are'completely independenf of the néture
of the surface other than_its>symmetry ahd the dimensions of ifs ﬁhit céll
parallel to the surface, |

Information about dimensionalities pérpendiculéf to the surface and
about the type of scattering centefs invblvéd.is; hoﬁever; contained in
the intensities of these difffdction beaﬁls° To appreciate the possible
variafionélin these beaﬁ intensities, lef us consider two limiting cases.
1) Pure Two-Dimensional Diffraction Limit

The first case is that in which there are né periodic modulations
in the potential in the directién perpendicular to the surface that
are experienced by the electron,.: This is essentially the two dimensional
grating prOblem; Here 1f one monitéred.the intensities of the back-
diffracted beams:as a function of electron energy,‘oné would find, at
best, a monotonic variation. Cdnceptually, this situation could occur
if the scattefing Cross sections_were sufficiently large that the electrons

never penetrated the first atomic layer of the surface.
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2) Pure Three Dimeneional Diffracfion Limit

The secohd limiting case arises in the bpposite 1imit where the
cross sections for back scatteriné arebquite small so that the electron
can penetréte deeply into tﬁe crystal before belng scattered. In this
case, the effeet of the surface can be ignored and the electron will be
diffracted predominently in an.environment where it.is subjected to the
full three-dimensional periodicity of the crystal, Now the‘perpendicu;ar
component of the reciprocal_lattice vector is no longer ffee'to assume a
continuumvof values bﬁt is limited to certain discrete values by this
periodicify in the z direction. This constraint on i'l.may be expressed

in a manner similar to Eg. 2 as
B A '
K'L =-K°l + éL : (h)

where a’L is some reciprocal lettice vector perpendicular to the surface.
Note'thaﬁ tﬁe combination of Egs. 2 and H‘is jﬁet_ﬁhe Bfagg equation for
x-ray diffraction expressed in reciprocal space. |

If ene Were to look at the intensities-of_the diffracted beams in-
this 1imit, it weuld be ebserved that they were zero except at‘these
poihts where Egs. 2 were met simultaneously. |
3) The Nafufe of Low Enefgy Electron Diffraction -

_Welnow'have two extreme cases, oﬁevwhere the intehsity varies
smoothly with electron energy, and the othef-whe?e fhe intensity varies
abruptly being zero except at'certaih discrete energies and points in
space. Reality = for LEED is, of course, somewhere in between. There
are modulations in the beam intensities, some, but not all, corresponding
to maxima predicted by Eq. 4. Furthermore, particularly at low beam
voltages, there is usually finite ihtensity in theee diffraction beams

at energies that do not correspond to any diffraction condition. These

(R}
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observations may be expléined by the fact that, évén though the scattéring
cross sections are rather large, they are not.so large that the electron
does not hdve a finite probability of penetraﬁihg the first and even
several of the top most aﬁomic layers paraliel to the surface, Conse-
quently, the electron méy experiénce some degree of the full three
dimensional'periqdicity of the‘crystal.

However, the observation of iﬁtensity maxima at energies other
than those predicted from Eq. 4 indicate that the situation is not so
simple aé outlined above. Aé mentioned before, thé very fact tha£ the
scattering cross sections are reasonably large can lead tc multiple
scattering events. These may be envisibned in the following manﬁer. As
the amplitudes of the non-transmittéd diffraction beams are substantial,
and as tﬁe cross sections are large; fhe diffracted beams themselves
may act as primary beams or electron sources. Consequently, we ﬁust
consider diffraction conditions of the form of Eq. 4, but between
- diffracted beams rather than only between the primary, or incident,
beam and,a'diffraction beam, |

We therefore have the new cohdition

A”___-‘Y & ‘
KI—K|+GL o (5)

A - : : : . '
where both K" and K"‘ are wave vector components corresponding to

diffraction beams. Note that Eq. L may be considered as a special

case of Eq. 5. The analogous condition for the parallel components
4 3 Y o
B | - ®

is alWays met. This is guaranteed by Eq. 2.

TFor sufficiently large cross sections, still more phenomena can be
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observed. Fér example, when the condition éxpressedin Eq..5 is met be-
tween two diffraction beams, a subsidiér&»maiimum may be observed in a
third beam, even though no appropriate diffraction condition is met.

This is because all of the beams are mo?é or léss coupled for sufficiently
large cross sections, and an increase in the inteﬁsity of oné of them

may result in an increase in the intensity of another. |

The actual intensity maxima'thatrare observed may be arbitrafily
categofizéd into three different tjpes bn ﬁhe basis bf the dssociated
diffracfion cbnditions. | |
| 1) Kinematic or Siﬂgle Diffraction: The first grbup is cbﬁprised
of those maxima whose positiéns are predicted by Eq. 4. This is the
kinematié or single scattering case; énd peaks should appeaf at these
positions even in the 1limit of negligible multiple scattering. |

2) Double Diffraction: In this case, we have those peéks whose
positions ére predicted by Eq. 5 rather thanvK. Y, This is é simple
multiple scdttering situation and may be cailed the double diffraction
case as it necessitates only two successive scattering events, |

3) Tertiary and High Order Scattéring: This case contains all
intensity maxima not difectly predicted by Egs. 4 and 5.' Observation
of these phenomena should be limited to those situations where multiple
scattering is Quite strong.. One would exbect when inelastic scattering
was importanﬁ that maxima'Of;this type wquld be experimentally observed
only'with some difficulty.

Although the division of intensity maxima into these three different
categories presents a useful classification scheme, it is rather arti-
ficial as higher order scattering ewnts may contribute to the intensities
of maxima classified as either kinematic or doublevdiffraction even though

only one or two events need be considered to predict their positions.
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" B. Computational Procedures to Evaluate the
Scattered Low Energy Electron Beam Intensities

From the above considerations, we see that the geometry of the scatte-

red beams is uniqﬁely defined by the dimensions and two-dimensional symmetry

bf fhe crystal surface, and by the energy and angle of incidence of the
primary beam. Further, we'n6Q know that inﬁensity maxima may appear 1n
these diffraction beamsvwhen certain diffraction cohditions are met. How-
ever, the relative nagﬁitudevof these intensity ﬁaxima and their precise
rélatiohship’to the chemicél nature and exact positiéns of the scattering
centers can only be determined thréugh a more‘quantifative inveétiéation
of the scattering phenomena.

There aré a number of different approaches currently popular in
the liﬁeratﬁre, but they all involve, either explicitly’§r .implicitly
finding a soiution in some degree of approxinéfior¢ to the'schroedinger
equation. It shculd be emphasized that while many of these approaches
appear formalistically different, they are all concerned'with the same
physical phenomena., The& differ primarily in théir vieWpoint and 'in the
nature of their apprbximatibns. The current‘literatureron theoretical
calculations of the intensity of IEED beams may be roughly subdivided
into two parts on the basis of their starting points.

The first grouﬁ begins with the differential fofm of the.Schroe—
dinger‘équation |

v +¥)y 7D - WDy & NG

where K is‘the»magnitude of the wave vector, and u(?).is.Qm/hgitimes‘the
potential. - In general, both the potential aﬁd the eigénfunctiOnw are
expanded.in Q‘Bloch or Fourier series and the resulting set of linear
inhomogeneous equations afe then solved for thé coéfficients of the eigeﬁ-

functions. Frequently, these solutions are obtained for the eigenfunctidns
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within the crystal and those in free space are determined by matching
¥(#,X) and its first derivative at the surface. Variations on this approach
. . 16 , .
have been employed by Hirabayashi and Takeishi, Boudreaux and Heine,
. 12 11 .10
Hoffmamm and Smith, Jeppson and Marcus, and Ohtsuki™ ~ among others.

17

Historically, this method. has its roots in the works of Bethe™ and Von

Laue.l8
The second basic approach ‘beginswith the integral form of the Schroe-

dinger equatibn

¥ (7,X)

]

VER - L GET) u@) UER) & vt (8)
T
A ' ’ - . -y
where ¥° (T,X) is the incident beam, G(T,;?) is a Greens function and u(r')
is thevpotential defined above. An excellenﬁ description of the trans-
formation of the differential form of the Schroédinger eguation to its

19

integral form is given by Merzbacher, The effect of the integral

: operator,hlt & r' G (F,7") u(?{)kon tﬁe eigenfunction ¥ (?};ﬁ),maj be
regarded‘az a projection or an evolution.of this eigenfunction from a
point'?' to another point ¥. As the solution appears also on the right
hand side of Ed. 8 under thé integral sign, an iterative procedure is often
- followed. Alternatively, the quantities involved invthe integral may be
expanded in some appropriate basis set, such as partial waves, the inte-
gral solved, and the resulting set of coupled linearly dependeﬁt equations
resolved as in the case of thé différential Schroedinger equation approach.
The ihtegral equation, or Greens' function, - approach has been utilized by
McRae,2 Kambe,7’8 and Beeby9 among others. Historically it is'similar_to
the dynamical theory of x-ray diffractioﬁ dévelcped'by Darwin.12

Regardléss of the starting point, there are several basic assumptions

employed by most authors. The first is that the incident or primary beam

of electrons may bé represented as a plane wave. A& the actual wave is
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presumably cohereht for hundreds to thousands ofAngstromsfn7fhis is
probably not a bad approx1matlon.

The second assumption is‘that the crystaI'has perfect periodicity
parallel fo_the surface. The degree of peffecfion requifed peréendieular
to the surface vafies from'papervtp paper. Ihe neglect of the existance
of ledges ahd other surface dmperfections is hot.important in a'qualitative
- discussion though there 1is some evidence thet surface damange can change
the results in actual situations;gl | |

It Is.frequently assumed that'the electrens fhat”are elastically
scattered inte‘the region.exterior to thevcrystal are contained in a number
of discrete beams whose wave vectors are defined hy Eqs;%lvand;B.v While
this is definitely true‘far away from a scattering center, it is not
necessarily true in the immediate Qicinity'thereof. HeWever, calculations
performed b& McRae2 for the.ease of isofropic scatterers indicate that
deviations from a planeIWave’nature may be negligikle.

Further,.the lattice is generally assumed to be static. ”This
assumption is not wvalid except perhaps for those materlals having a large
atomlc welght and a hlgh Debye temperature. (see Appendlx III)

Inelastic scatterlng is usually either ignored, or considered on as
simple a basis as possible. When considered, 1t is.usually represented
as atomic excitations and e@llective phenomena,:such-as'plasma resonances,
are usually negleCtedf The lack of a detailed_consideration of inelastic
scattering,Isvsomewhat dangerous, particulefly as it is ffequently the
dominent scattering mechanism.22

The last assumption is that the scattering is non-relativistic. “This’
is e reasonably good assumption for low energies and light etoms, but

further investigation into its validity under other situations is necessary.



j—l6-

From the first assumption, we may write the incident beam as

X}

= K . 7
¥°(7,XK) = e | (9)
From the secondassumption, that of perfect two dimensional periodicity

parallel to the surface of the crystal, we may express the potemtial

of the crystal_as a Fourier expansion

e'ﬁll - T (10) -

‘u(‘f) = ZGH VG”'(Z)

where ﬁ” is a reciproeal lattice vector parallel to the surface and z is
the coordinate per'peﬁdicular to the surface. There are »sev‘era.l'a.lternvate
expressions for V, (z) which will be used below. The first is in the
limit of perfect three dimensional periodicity,
. -iG - % |
= % Vget . »

VG”(Z) GLGe 1 o (11)
where _d.l_ is some reciprocal lattice vector perpendicular to the surface
and G = 5\” + G:L. This expansion will be used in the x-ray or kinematic

limit, and for the matching calculations.

The second expansion of V, (z) is an integral Fourier expansion
“+co

v, (z) = [ avy v, eV"F | (12)
| =0 | |
- — — . N
where G = G” +77 and ¥ is some continuously varying parameter in the z

direction. This expression is useful near the surface where the periddi-
city in the z direction is weak or non-existant. Further, when the potential

is expressed as a sum of scattering centers

W@ = = oW (3 -F) | (13)

.8 s
s
where the summation is either over layers, or atamic sites, then

L= -
W@ = 3w e ERY) (11)
G,s S5




and. . B _ ' -
- - +#73RrR o
_ W . :
VG Zs sg © s - .(15)>

)

where the sunmation over G can be taken to formally include an integration

over Y. This expansion is important when there.are_two or-more atoms per
) o _
unit cell. Below, the structure factor terms, et G- Rs, will usuvally be

carried implicitly in VG.
Anpther result of the second assumption is that like the potential the

wave function méy be exbressed as a Fourier expansioh
| i (B + ).
R I

Va2 A 6)

. (16)
This is a result of Bloch's theorem for two dimensional periodicity. ;As
for Vg (z), AG (z) may be expressed as a discrete or continuous Fouriér
expansion as the situation warrents. Again, G = G” + GL' or G = “G” + Y
will be used, and %ﬁ will be taken to contain an implicit‘ summation over
qL or. integration over 7Y as is appropriate to the circumstances. With
this in mind, we may write :
: . oo oA o }
' ' i (K +3)-r
V(LK) = Z A, e | - (17)
,It:is“inStructive-toibonsider the. calculational procedures in the 1imit of
negligible : multiplé scattering. More extensive calculations must reduce
to these solutions for very small cross sections and these results serve
as a basic frame of reference within which multiple scattering thenomena
may be discussed. .In addition, general techniques can be outlined, with a
minimum of detail.
In the kinematic limit, when multiple scattering is insignifiéant,
it may be assumed that the @lectron has a much greater probability of being

' | ‘ ’ s
found in the primary, or itransmitted beam than in any other. In addition

it'nay be.assumed that the electron penetfates deeply enhough into the'crystal
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to experience its full three dimensional periodicity, and that surface
effects are negligible. We therefore may use the three dimensional
expansion of the potential\and wave function.

Substituting eguations 10,11 and 17 into the differential form of

the Schroedinger equation, there results

. 5 i (R +8) e
( v + K ) ZG AG e = ZGH VGH e
1(R°+0) -7
X Zoy Ay, e
which becomes
s —p . 1(K°+G) T
ZG{(KE-IK +6l%) A, - 3,V AL} e - 0. (19)

G' G'-G" "G’

1(R°HG) or

As the functions e form a linearly independent basis set, we need

only consider the set of equations

2 e =2 _ .
(k° - [k Ay - 3 Varg Bar =0 (20)

In this 1limit, it is not necessary to solve simultaneously this total set
of equations in order to determine the amplitudes, AG’ as we have made the
assumption that Ay >> AG' Therefore Eq. 20 becomes

2 P D
(k" - [x°+6]" - v)) A, -V, A = O (21)

or i

A | (eé)

This is esséntially the x-ray result, that the amplitudesof the various
diffraction beams aTejpraéortional to arFourier coefficient in the expan-
sion of the potential,

We.obtain a similar result by using the integral equation approach.

There, assuming that Ao >> A is the same as makingvthe first Born approxi-

G
o A
mation. That is, we may substitute ¥°(¥,X) for ¥(%,K) under the integral
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sign on the right hand side of_ Eq. 8. Making this approximation and sub-
stituting Bq. 10 and 11 into Eq. 8 we obtain’

-3 2 JENR Y . .
i K'-(’_r-r’) L, =0 o,
~iGer' K er

. e _ dBr'

R

1//(?:—12) - T

Yr o RE-EP ¢

(23)
where the spectral form of the Greens function is used (see the following

section). Utilizing the following two equations

_j; ' e:@:; dBr = 3(Q); .bt - X ;A—I?' - (2k4) -
and _ ’ YOS | Al -
/ Sy ot KT . (’f(’?f -__A) _ ei(K -G)er
2 % - 7| ’ E- A
| (25)
we obtain o . .
o | g 4
v (?E) - % ??{O_E z i -G>fr - (26)

where, by & comparison with Eq. (17) and (22) it may be seen that the |
relative amplitudes are identical with those from the differential fom

of the Schroedinger equation.

l. Differential Equation Approach

One of the earliest non-kinematic LEED calculations was pérformec by
Hirabayashi and.Takeishi}6 They used the differential‘equation approach
in an extensicn- of Von Lauc'sl8 dynamical theory. An explicity accounting
of the termination of the crystal periodicity at the surface was made by
utilizing thé forms for the potential and wave function given in Egs. 10
and 16, Substituting'theee equations into the differential form 6f the

Schroedinger equation, and proceeding as in the Kinemtic case, they

obtained;
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I8 R TP - ()] Ay ()
Al (z) = O,
o i

This set of coupled first order differential equations in AG” (z) could

E;”i;” e (27)
donceivably be solved for the amplitudes of the various diffraction beams.
However, Hirabayashi and Takeishi'did not attempt a comple tely self consis-
tent solution, but rather made the approximation IAOCz)I >> IAé(z) |,i.e.
that the intensity of the incident beam is much stronger than that of any
of the diffracted beams. Nuﬁerical calculations were performed for tﬂe
speculardy reflected beém in the case of graphite and were coﬁpared with
experimental results; The agreemént is not bad in the fegion above 100eV
but becomes pfdgressively‘worse at lower voltages. This.is‘not unexpected
as the approximation JAO(z)| >> IAG(Z)I becomes less valid at lower energies.
This_paper—is of vital significance as it was the first to atteﬁpt a
dynamlcal treatment of low energy electron diffraction._ Not only did it
illustrate that reasonable agreement with eXperimental data could be
obtained at higher energies by considering only a limited number of beans,
but it further underlined the’fact that the amplitudes of the diffracted
beams are not negligible relative to that of the incident beam in the

very low energy region. The condition that AG(Z) ~ Ao(z) is precisely

that which is associated with multiple scattering, and it is this condition
which necessitates a more self consistent treatment Qf the problem.

A rélated but more complete method has gained considerable popularity
recently, particularly among the solid state physicists. This is the wave
manl;c:h.l.m; appronch where the wuve equ:ut.‘ion s fMirvst solved ‘wji.h'.in I.he per-
fectly infinite crystal and then the eigenfunctions outside of the crystal

are determined by matching these wave functions and their normal derivatives
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at the surface. Iﬁ this abproech,.the primary problem is identical with
that of determining the energy band etructure within the crystai, but only
for that,energy and thet caneonent of the‘wave vector,\iﬂ, parallel to the
surface which_characteri2e~ the incident beam. This method has the ad-
vantage that it‘may dfaw upon‘much of the knowledge accumulated about
energy band.ealculations. It is particularly applicable'to uncontaminated
and unreconstructed surfaces,>and leads:to a'elear insight into the felation-
ship between reflected ihtensities and ﬁhe band sfructure of the solid. The
wave funetion inside the solid may be expressed as a linear cOmbiﬁation
of the Blochvfﬁnctions for the perfect bulk crystal, as ih Eg. 17. HOWever,
there are the restrictions that the energy of these functiohs must be‘that
of the incident beam and that the eomponent of their wave vector barellel
to the surface must be both real and equal to that of the incident beam
to within a parallel reciprocal lattice vector.. | | |

There are actually an infinite number of Blochvwaves satisfying these
conditioné.. First, ﬁhere are those within the Ewald ephere. The component
of their wave vector that isAperpendicular toithe_surface may.be either real
or complexbdepending respectively on whether or‘not they afe in a band
gap. When compiex, the imaginarj component must elﬁays.be choseﬁ sﬁch that
the total wa&e will be an e#anescent~orva:damped,wave'incapablejof;being_
transmitted by the crystal. Seeohdly,'there are those Bloch waves thaﬁ
lie outside of the Ewald sfhere. The perpendieular eqnponenfs.of their
wave Vecton;are pure imaginary and they are strongly damped. . Fortunateiy,
in actual caiculations'the contributions from those tefms outside of the
Ewald sphere are small aﬁd, when the cross sectione are not very large,
only those wiﬁhin or those whose distance from the Eweld sphere 1s less
than a few reciprocal.lattice vectors need be considered.

The first phase of the problem within the framework of this approach

is to solve the wave'equation'wiﬁhin the crystal. Inserting equations 10,
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11, and 17 into the diffierential form of the Schroedinger equation, there

results.
’ . = ~3 s T
+ hd - .
(v2 + Kg) ZG AG e1(k G)* T _ ZG" Ve i T
1CRRi')-r

(28)

which, upon performing the indicated differentiation . and then rearranging,

becomes
. o Li(k+a). 7 |
by E(KQ-IK-G[ -V I)A, -3 V. A,}el( G 0 (29)
G 0" G G'-G G

G'+G

i G)* . .
or, as the traveling wave terms, el(k* ) r’ ‘are linearly independent

(k" - 1%-Cl" -v) A, - 2 v, A, =0. (30)
o G'+G

This set of linearly dependent equations in the amplitudes, AG’ has solu-

tions if and only if the secular determinent is equal to zero, i.e.

(KQ_IE-EHIQ-VO) - le2' o
‘VG21 | (< - rﬁ‘aze:l'g - ) =0
. (31)
: | )

The relative values of the amplitudes AG’ may be determined as cofactors
of the secular matrix,23 and their absolute values then determined fram

the normalization condition

2

R | | (52)
Again, the above solution is essentially identieal with that for an energy
band'probiem‘with the exception that those solutions which attenuate, or
are dampéd, ére also considered.
The second phase of the problem is to match the wave function and its
first derivative with:respect*to.the surface normal within the crystal to

that wave function and its derivative that are exterior to the crystal.
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In thisvmanner; the amplitude of the diffracted beams in free space may .

be determined. The matching equations are

?//<?;?) = %”B(-f,‘ﬁ), z < ZS * (338.)
COYED = G0 2>a,  (330)
RGN I N N PR . (34)
S .
and _ _ _ ’ v _
(3,0 /ey = awy, G/ alas - 9)
s . s :

when wB(fiﬁ).is the wave function in the bulk of the crystal, ¢b(?§%)
is thattexterior to the cfystal, and ?sﬁis the éoordinate~ of the crystal
surface.

The Simplest case, the twé beam case-at normal incidence where only
- the transmitted and the speculariy reflected beams aré allowed, has been
discussed in detail by Boudreaux and.Heina6‘ The development is as follows.
Within the crystal, the Blocﬁ function is given by |

'WB(;,_K) = AO ej‘K.Z + AE}‘\ 'eiv(K_G_L) ‘Z o s (56)

)

where‘Kiis giﬁéh by equation.Bl. .When El== EL/Q’ ; wekare at the ghd of
a Brillouin zone and consequently in an energy gap. For the smallesthlf
this corresponds to the first Bragg reflection. Away from the gap,-the
wave function within thevcrystal is predominanﬁly that of a trﬁveling wave

directed into the crystal, and Ay > A, . The coefficient of the back

0

reflected wave, A is given, to a first order, by Eq. 22 for the kinematic

qL’
case.
waever, within the band (mp the waves are strongly coupled and a

simple perturbation approach is no longer valid. Itvmay'be shown that

within the gap, Ay and A, have the same magnitude, and differ at most
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only by a phase_factor; 2d, i.e.

+igh

T I N VO

(37)
where ¢ varies from'd to * W/E from one edge of the gap to the other.
The sign of ¢ depends upon the.sign of VG . Further, at energies inside
of the gap, there are no corresponding real values of‘f. This is a direct
consequence of Eg¢ 31 and has the physical significance that there are no
traveling waves allowed within the crystal at these energies. There  are,
however,ccmplexbvalues of‘f that are allowed that correspond to evanescent
or damped waves that are localized at the surface of the crystal., It
follows then that

[ S § | (38)
where‘ﬁﬁ is the imaginary part of k and’fﬁ is the real part. liﬁl is equal
to l?Ll within the gapvand Tﬁﬁl is zero at the edges of ﬁhe gap. Within

the gap, the Bloch function inside of thevcrysfal is
. —>
i

gLJZ/e

A > Ly i Ky
U(58) = lal (T e (39a)
o + M9 Kz e-qu.z/eg
v RN . A ‘ _a PN
¢B<T’K)' = |a] e cos (qL' z/2 + ¢) (39b)
The wave function outside of the crystal is
_ 2o ‘ Pyt -Wny _ ,
P(BE) = e P aar (%0)

By .matching wB and wE and their first derivatives at the surface, the
value of A', the émplitude of the specularly reflected beam may be deter-
mined. It is found that ,A'l, the magnitude back reflected amplitude,

is equal to unity. This is not unexpected as all of the electrons striking
the crystal must be back reflectéd at energies within the band gap as

there dne no allowed travelling waves within the crystal in this region.

When inedastic scattering is taken into account, ,A'I of course will be
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less than unity. As the band gap is of width V,, it follows that, to'a first

G’
approximation this also will be the width of the Bragg peak. Similar

arguments hold at higher beam voltages and for other diffraction beams.

Consider the case where a higher order diffraction beam characterized

- - .
by X! =__R'” +“'irl met~ a diffraction chdition of the form
SN . _ _ .

The higher order diffraction beam will beﬂaVe in g similar manner to the

specularly réflected-beam discussed above. At this point,_there igs a

band gap, and no traveling waves with T afe allowed in the crystal.

Consequently, the electfonvmust be either reflected out ofvthe crystal

or, alternatively, scattered into some beam for which there is an allowed sgtate.

Actualvcalcﬁlations have been performed using variatiohs on this wavé | |

mtching téchnique. Hoffmannénd Smith12 have appliéd this a@pfoach fo the

problem of calculating the intensities of the (OO); (Ql) and (li) diffrac-

tion beams from the 100 face of aluminum at nofmal incidence. They used

a 27 term Fourier expansion of the potential with a 10 eV inner potential

correction and a constant 2.5 volts.imaginary part of the potential #o

simulate inelastic scattering. In‘additionbto Braég peaks predicted by

kinematie fheory, they found secondary peaks assoclated with multiple

scattering phenomena. While the agreement with experimental data is im-

perfect, it doés illustrate the validity of this approach for real problems.
Model calculatioﬁs usiﬁg the wave matching_appfoach have been performed

by Carpartl5 and By Marcus and Jépsenll for simpie cubic crystals. Marcﬁs

and Jepson effected the sclution of the one—dimensional linear differential

equations given in Eq. 27 through the use of a propoagation ﬁatrix. They

used a poténtial of point ions of charge % iﬁ a sea of uniform negative

charge. The calculations were performed for non-normal incidence, Their
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published: results show both the band struétufe and the reflected imtensities.
The strong correlation between the band structure and’thé inteﬁsities is
quite ob&ious. vThe several types of multiple scattering_phenomena.dis—
cussed above are weil represented. Carpart has used a ﬁure wave matching
approach, | His caléulations are partichlarly important as they were per-
formed for a cubic ensemble of S- wave séatterers. Thié same model potential
was used by McRa;‘e2 in the first self consistent dynamical LEED calculations
using the integral equation approach. The strong agréement between the
results of these two approaches substantiates their fundamental similarities.
It is of inﬁerest to note that while the S-wave scatferer potential is an
easy model‘in the integral equation approach, iﬂ is a particularly diffi-
cult model within the differential equation approach. This igs because
all of the Fourier coefficients have the same magnitﬁde and cOhsequently,
a large number'of'terms must be carried. 'ConseQuently, the claim is made
that the achieved agreement constitutes rather importanf evidence that the
method can be used for real situations. Carpart's work also includes a
band structuréncalculation and again, there is a definite relationship
between the béﬁd structure and the beam intensities.
The detailed results of these model calculations will be considered

in Appendix I along with those fram the integral equation method.

2. Integral Equation Approach

While the differential form of the Schroedinger equation has been
employed in a number of different approaches that are related to the
determination'of the band structure of solids, the integral form is
conceptually more concerned with the scattering mechanisms from a number
of different scattering centers. Further, the ;mevious approach is most

easily handled when the crystal has peffect three dimensional symmetry
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.righf_up to the éurface,'while fhe following method initially assumes
nothing about the periodicity of the system in the direction normal to
the surfacé.
Assuming the potéential to be formally expressible as a sum of
individual scattering centers as in Eq. 13, the integral form of.the Schroe-
dingervequation‘becomes a sum of integral equ@tions
YK = YEE) + 2 [ GBEF) W, TR UEEDOe (k)
: ' s ! g : ’

where, if all of the centers aré identical, dnly one integral mneed be
evaluated; VThe formal solutidn is now independent from the total symmetry
or 1ack therébf; of‘the probiem° However, "as most LEED probléms do have

a two diﬁenéional symmetry'parailel to the surface, it is useful to intro-
duce this as it results in some simplificafion‘of the problém. This
symmetry ié eXpliqitly' assumed when Egs. 14 and 17 for the potential and

the wavefunction are substitutéd into Eq. 427Which then becémes

v ERD) = PER) + 3 [ [G(?,?') v (2) e_i@-gi).r'”.

s,g,e" 'L 5878

SOTRCR asf.]

X A 2 e
o (2)
(43)
Here, g has been used to indicate G“ in order to avoid confusion with the

) ; i h-;_.—‘ t .
Greens' function G(r,r'). The terms of the structure factor, el(g g') RS’

have been absorbed into VS ).' The Greens function has several

Z
,g-g'( 7 ‘
different acceptable forms -among others it may be used as an expansion .
of spherical harmonics' or  in its spectral form '

» K (Fr)
e

o(7,7) = _f K . (Lk)
[} a2 —
R RISl




-28-
Substituting this spectral form of the Greens function imto Eq. h§ and

integrating over f,l, there results

1//(?,3%) -= ?//O(?,—IE) -23 | f [dz'V (z') A (27)
s,g,8" z g-& g
i%'.@_;:) - o A .
kaf' dBK' e % elK'[ r| s (K'“, Ko” +.é):’ . (45)
%% - Tl |

Using the properties of the delta function to first integrate over K'” and

— . .
then over k'Z, one obtains,

B, . [ef(p +% + k)%
14 (?:K> = %1/° G?',K) - b = [ Iﬁ S
s,8,e'l o kg
. t 1 t )+
AU IIP WG )] (46)

Here, 'lkg f EJ[_I‘{"IQ ~ [’?” +"él2 is the éompenent of X' perpendicular to
the surface. | |

‘I_‘his formal solution illustrates se.veral points about the integral
equation approch. The use of symmetry and the expansion of the 'pqtential
into a sum of individual potentials have b.een menﬁ ioned above. Further,
the solution may usually be expressed as a sum of plane wave states charé,c-
terized by the appropriate parallel reciprocal lattice vector. The
amplitudes in these states are, of course, dependenﬁ upoﬁ the nature of the
potential and the géometry of the crystal. Moreover, they are inversely.
proportional to the perpendicular component, Ik].' = [Egl,of the diffracted
wave ve.ctor. This is a direct consequence of the imposition of perfect |
two dimensional symmetry on the Greens function.

7

Kambe' has shown how to derive a specific form of the Greens function

Lhat ig particularly tailored to this problem as
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s éﬁ?”+§V%)-@3W | |
G(r,r') = = . (47)
“g 21 k

In addition, he has given an excellent discussion of the relationship

bet&eeﬁ the Greens function and.thevintegral equation aﬁﬁroaCh.

| Kambe has also developed a sqlﬁtion to the integral form éf the
Schrdedinger équatiéﬂ.S‘ Kéyvto the whole approach is the parficﬁlar
choice of the form of thevpotentiai; As in Eq.415, it is assumed that
the potential canvbe expressed as a sum éf"potentials céntered at particular
atomic positions;_vFufther it is assumed that these potentials are of the
"mffin-tin" type; specifically, that the total potential is contained
in a series of spherically stmetric.non-overlappingxglobes and that
there is a gonstant.pétential between these spheres of zero value; As the
wave function and its first .derivative must both,be.continuous, it fOIlows
fhat at the surface of these spheres, the wave functions that aré inside
any.given sphere musﬁ mateh those that are external to it,. Mbreover;
becahée tﬁére:is no ﬁétentiél_be£Ween thé épheres, énynoutgoing wafé
that leaves a sphere must travel unperturbed, at least.uhtil it enﬁers
another sphefe; Thefeforé, by knowing w'(?;i) at the surface bf‘thé
sphere, its value in free space may be calculated in the following manner.

Using the property that the potential is a sum of spherical potentials

and is zero in between, the intégral.over all sﬁacermay»be reduced to a
sum of integrals ovef the spheres as in Eq. &2.‘ Usihg fhe form of the
Schroedinger éqﬁation'(V£2+'K2) ' (?;i) = Wé (?)’w(?;f), these sphere
potentials in the integral equation may be replaced with the differential
operator V2 + Ke. Ordinarily, theré would be little advantage to this pro-
cedure as the potential term cérries the important information about the

scattering process. However, in this case it is assumed that the information



-30-

is already contained in the wave functions under the integral sign. That
is, it is assumed that the Y (;;ﬁ) on the right hand side of Eq. 42
has already been determined as solutions to the differential form of the
Schroedinger équation where the potential employed is that of the sphefe
under consideration. Green's theorem is used to transfprm the volume inte-
grals to surface intégrals over the sphefes; vThen.the eigenfunction and
the Green's function terms are expanded in spherical harmonigs and the
integral solution is obtained., Kambe has shown that the results of this
method are essentially identical ﬁith those of McRae, at ieast for the
case of isétropic scatterers.,

The first self-consistent dynamical theory of LEED to bebpublished
. was that of E. G. McRae.2a This paper.was particulérly significant not
oﬁly for the mathematical formalism, but also for the model calculaﬁions
that it cohtained. These calculétions qualitétively illustrated many of
the important éspects of multiple écattering such as its dependence onn
cross-section, angle of incidence, etc. |

In many QaYs, McRae's derivation of a solutionvfor the wave equation
is similar to that of XKambe's. They both.employ a Green's function approach,
a "muffin tin" potential and both expand into spherical harmonics to per-
form the integration. However, MgRae's approach differs in that the po-
tential between the spheres is not constrainéd to have a zero value. In
addition, Green's theorem is not evoked and only volume. integrals are used.
Further, G(;,;') is utilized in its real space expression rather than as
an expansion of Bloch-like functions.
| The salient feature of McRae's theory is the concept of the effective
field ws(?,ﬁ). The total field is considered to be composed of the pri-

mary field, ¥°(7,K), and the fields emitted by all of the atoms,
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,Zs ws (;,E). Within this viewpoint, the effeCtive field incident on any
giﬁen atom is.the sum of the‘primary field and all of the fields emitted

by all of the other atams.’ Th‘ie‘ is the basi‘s of this self-consistent |
approach; The‘field emitted by any atom is a function of all of theefields
“emitted by all of the othef,atoms end, for sufficiently large cross-sections,
multiple scaftering of all orders is a logical censequence of this inter-
dependence. o | o

| " McRae's derivation begins with Lax's equations fer the tofal field

— = . .
¥(T,K), and the effective field, ¥°(%,X)
1K|

~— —‘l

WER) = I [ S wEF) YD) O ~ (48a)
r r-r'
I - Sl _—
Vi(r,x) = ¢ -3 G ) (@K v (48b)
st T e I

where the tran31t10n operator, T(r,r ) is deflned by

(3, F S‘) V) = V(BT ¥ (r ) (49)
An effectlve partlal wave expan31on scatterlng factor
(£5 K'eX)) = = (£, (K)}(Pl (K‘-K) o (%0)
L :

for the individual atoms is defined in terms of the transition operafor and
the plane wave amplitudes of the effective fields. Theri the Greenk fuqetion
and thevtravelling'wave exponentials are expanded in terms’ of spherical
harmonics and the integral 1s executed. At~this point; the two-dimensional
periodicity of the crystal is evoked by requiring that the effective field

have a Bloch like form | L

S s Sy R
¥ ('1?”, z) = ¢ (?”, z) e

(51)
where ¢s(?”,—2) has the periodicity of the surface., Again, the interplay
between the two dimensional symmetry (expressed here through the effective

field) and the nature of the Green's function results in a term of the
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form Zg kg-l) exp [i(g +”Eg)'(?l?8)]. As before, the solution may be

expressed in the form.

ey - - -
: i (K + 2 +k) -
WER) - wEh ez a e CITETR T
b - b G ' .
. G
where
A, = 2g1 2 af (£® (%g e:i)> et 67y - (53)

where o is the ratio of the effective field at the“sth atom to the primary

field at the same point, that is

~

o = 9% exp [—'i‘fio'zs 1. (54)
An equation similar to Eq. 52 holds for the effective field. It should be
noted that the effective atomic scattering factor and the effective field
are interdependent so that both quantites must be calculated iterati&ely.
This interdependence results from calcﬁlatiﬁg the effective atomic scatter-
ing‘in terms of the plane wave amplitudes of the effective fieidé;

This fcrmalism‘was used to célculate thé intensity of the back diff—
ractedbelectron beams from the (lbO) face of a hypothetical éimple cubic
cryétal. A numbef of different intensity maxima weré obsérved in thé _
calculated plots. Their relation to the diffraction conditions expressed
in Eg. 5 will be discussed in Appendix I.

McRae has studied the behavior of these intensity maxima, or peaks,
as a function of cross section.2 He has found that as the cross section
ié reduced, those peaks which‘are non-kinematic in nafure diminish in
intensity more rapidly fhan do those that are allowed in the kinematic
limit. This is reasonabie as the non-kinematic peaks have their brigin
in multiple scattering in contrast to tﬁe single scattefing kinetmatic
peaks‘. The sﬁaller that one makes the cross sections, fhe more improbable
multiple scattéring will be relative to single scattering, all things else
beilng equal. In addition to changes in the ratios of peak heights,_McRae

{
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hae found that the peak posifions may move when the cross sections are
reduced. ~In the lnnlt of small cross sectlons, the p031tlons approach those
Imedlcted from the free electron model. This 15 to be expected as reducing
the cross sections is essentially the same as reducing.the interactions of’
the eiectron with the crystal. Therefore, the tand gaps beccme.more narrow
-and ﬁhe coupling between different beams ie diminished.

Both McRae2 and Mercﬁs'and Jebsenll have considered theleffect of
non-normal incidence onrthe intensity VS energy ourves. In general; those
beams that are strongly,coupled to other beams in a giveh ener gy rdnge de-
velopeivery pronounced fine structure when the degeneracy is broken by
devratlng from normal incidence. ThlS is in %harp contrast to the kine-
matic case where maxima would be expected to move, but would not bevexpected
to split and develop fine structure when the angle of incidence 1s varied.
The development and variation of fine structure with changes in the angle
of incidenoe has been observed experimentally.gh

MoRae ha s also studled the effect of 1ntroducrng inelastic scatterlng
by assigning a complex value to the scatterlng phase shlft 2 The effect
was to change the shape and reduce the héight of the peaKS'w1thout changlng
their poeltlon or their base width. VIn addition, there is a tendenoy forr
1nelast1c scatterlng to discriminate against hlgher order multlple scattering
events when that inelastic scattering is cosidered in the form of individual'_
atomic excitations. |

. Ohtsuki has also considered the effect ofvinelastic scattering.lo
He has formally developed a.theoretical approach to the LEED problem in
the limit of strong absorption, that is, when the diffraction potentiel
- is small compared with the inelastic potential. ‘His quelitati#e conolusions
are similar to those of McRee. His formalism is'sufficiently'general to
include bulk phenomena that are not well represented by individual atomic

excitations.
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When a surface structure is present, that is, when the surface layer
is different from all of the underlying bulk layers, it is more convenient
to use a detailed scattering approach such as the integral equation method

rather than the differential equation, or band structure approach, The

formalisms of McRae2 and Kambe8 may be used to effect a soluticn to this .
problem, In'addition, sevenal‘authors have approached this problem through
the use of a scattering ér tfansfer matrix. |

Beeby9 has developed a method where the amplitude of the diffracted
beam is expressed aé an infiniﬁe summation. Thié forﬁ isbparticularly
interestiﬁg becaﬁse of thé physical interpretation of his result. The
first term in the summation ié the single scattering term. It represents
the.electron being scattered only once before leaving the crystal and would
be the'aominant tem in the kinematic . limit; The second term is a double
scéttering term. The electron‘is first scattefed at a point r, and
is then spattered again atva secondvpoinf r, beforevleaving the crystal.
The following terms corréspond to higher ofder multiple scattering events.,
This approach is of course similar fo an iterative Born expansion. The
step wise picture leads to a fairly direct interpretation of the physical
significance of the varidus terms. |

3

| McRae” has considered the problem in a similar manner. He has approached
the problem'as é generalization of Darwin'étheory of'diffraction.go Herez
howevér, unlike Darwin, he has consideréd all beams fo be coupled and has
allowed for the possibility that the surface may differ froﬁ the bulk of

the crystal; McRa.eLL has cbnsidered, in particular, the case where only

single and double diffraction are important. Like Beeby, he has expressed

the amplitude of the diffracted beam as a summation

= + - 5
% b, * b, | (55)
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where'bO is a column vector whose components are the amplitudes>of the

plane wave components of the total wave field emitted by the crystal. The

term bl contains those contributions fram single écattering events and

may be regarded as a modified kinematical expression for.ﬁhe diffraction

amplitude. The term bé corresponds to double diffraction events wheré the

electron has been scattered twice before iéaving the cfyéﬁal.
The physicalrmeaning of the vafious terms is illustrated in Fig. iI-B.
The heavyvline indiéatés the ﬁnique surface layer; The ﬁulk layers that
are chosen afe fo be considered as repfésentative.
Thié approach.has‘been suggested by Bauer,25 amoﬁg others, and should
be useful where multiple scattering is weak, but not so weak as to place
the probiém in the kinematic limit, This.situation couid concei&ably
arise when inelastic scattering is strong, br when the ﬁﬁmber of diffraction
beams is suffiéiently largé that the amplitude in any given beaﬁ is small.
Whén the éﬁrface layer has a periodicit&vtha£ bears an integral multiple
relationship to the periodicity of the bulk, fractional order beams will
be diffractedvback from the crystal. The only.non-vanishing contributions

frombl to the intensity of these fractional order beams will come from

the surface.léyer. This contribution will contribute little to the modula-
tion of the intensity of these fractional order béams. Therefore, the con-
tributions primarily from b2 will detérmine the struéture of the intenéity
curves.. Furthermore, accogging to McRaéu the peak’poSition should

resemble a superppsition ofvintensity curves for the integral order beams..
Physically, one may regard this process in the following manner. The
diffraction beams that are formed within the crystal have large aﬁplitudes

in the back diréction in the neighborhood of band gaps. As these large

amplitude integral order diffraction beams leave the crystal, they impinge
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single scattering from the surface

Z ' single scattering from the bulk

N j/ double scattering involving both the
N7 surface and the bulk

double‘séattering involving both

Y the surface and the bulk
\ /
L £ double scattering from the bulk
o~ / i .
S/
\ et
‘\ A;;/" ‘ double scattering from the bulk
| : '

Y

Fig. II-3. Schematic representation of several sﬂnplé scattering
processes involving the surface layer of atoms and/or.
bulk atamic layers.
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uponAthe.surface_iayer. Part.of fheir infecsity is lcst by scattering at
the surface 1ayer into the fracfionai Order beams. .Thus, thebsurface
'layer serves:to mix the intensities of the various beams. From fhese
considerations;it Clis fo be expected that surface structures with,the‘same
periodicity, but different chemical natures, should give rise to peaks in
the same posifions. The intensifies of these peaks shouldIOf course be
dependent upon the detailed nature of the scatterlng centers.

5

McRae and Wlnkler have considered the case where a gas is adsorbed '
in register on a crystal. They find that'when the surface layer differs
ngnlflcahtly from the bulk that the secondary or fractlonal order Bragg

‘peaks are damped relative to the klnematlcally allowed Bragg peaks. This
result may be 1nterpreted in terms of destructlve interference in the double'
diffraction terms because of the dlsparlty betWeen the surface‘and the
bulka The step wise dlffractlon.plcture formally developed by McRaeh
and Beeby9 has been used earlier in a more Iintuitive form by Gafner.l
He has carrled out a multlple dlffractlon calculatlon for several of the
diffraction beams from the N1(111) face. The amplltudes of the waves
which were formed aﬁ each diffracticn event were adjusted to make their
sum equal the incident amplitude multiplied by an adsorption factor to
account for inelastic scatrering.’ This is.in contragt to the uswal methcd.
of normalizing through intensities rather than amplifudés;'* The re]ative
scattering factor was assumed to be unity for all scattering-angles otherv
than zero where it was given the value of 9;. The step Wise scattering pro-
cess was considered in the following manner. The normally incident beam
was diffracted into the several allowed diffraction beams at thevfirst

layer. The beams scattered into the crystal were allowed to undergo

oscillatory diffraction between the,firsﬁ and second layer until all of
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the beams had amplitudes less than some prescribed value. The beams that
were scattered out of the crystal in this process were gathered up with

those scattered back out of the incident beam. The beams that were scattered
forward in this process were combined vectorially and oscillatory diffractipn
between layers 2 and 3 was allowed to proceed as in the preceding case.
This process was continued until all beam amplitudes in the crystal had
fallen below the prescribed limit. Despite the approximations and assumpe
tions within this model (or, perhaps because of them), the agreement

between the calculated and the experimentally observed intensity curves

is quite encouraging.
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., III. EX§ERIMENTAL'M~
| FA.'AEEaratu;” -

The low énergy electrén diffraction épparafus employed was of the
post—aécelérétioﬁhtype'manufaéturedyﬁy.Vaéién Assdciates.26‘ The éiectfon
source‘waé an>indirectly heated bariated tungsteh filament.gT. Thé eleéfrons
were electrdstaticélly focused and theﬁ.accelefétéd:iﬁto a field freeb
regioh coﬁtaining the sample.. Thdsé éiéctronsvthat were back scattered
to within aﬁduf h0°.of>the incident direétion Werevinferceptéd‘by'a
detector system. The'diffraction.chamber was cbnstfucted of stainléss
steel. Viéﬁalvand’mechanicél.access to the chambef Qas obtained fhroﬁgh
éevefal.ports. bHigh'vacuum seals were.made with sféinléss steel kn;fe
edge flénges and coppér gasketé. ‘The chamber was:pumped b& évl&01litef_
per secoﬁdiiéﬁization pump.'.beepumﬁing ﬁas aééomplished‘with_Cryogenic
pﬁmps cdntaining a méleaﬂar.sie§e thé£ were chilled with liquid nitrogén.
An auxillary vacuum systeﬁ could be used to.admif gohfrolled qﬁantitieé
of pﬁre gases into the diffraction chaﬁber.

| The displéy system consiéted of a set of grids ahd a fluorescenf
scfeen. The outermost grid was maintained ét grbuﬁd potential tq ensure
the field free nature of the sémple region. The next grid closerbto the
screenvwas maiﬁtained at a negative potential, usually cathode poténtial.
This grid was uéed as a veiocity selector to reject those elecfronsv
scattered inelasfically. The commercially aﬁailable equipment contained
only these twé grids but in most of the work reported here; ﬁhese'were
supplemented by a third grid. This extra grid was maintéined ét either
ground or cathode potential and was used to improve resolution. Those.

electrons which successfﬁllyvpenetrated this system of grids were then ,
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accelerated thfoﬁgh five thousénd.volts onto the fluorescent screen
Qhere their kinetic energy was converﬁed to visible light. The intensity
detected on the fluorescent screen was a linear function of the current
density in the region of interest.28 This ihtensity was measured with a
telephotométer29 whosevoutput was generally plotted as a function of
electron energy, in electron voits, on an X-Y recorder. |

The samples were attached to the sample holdef by two strips of
tantalum. These were gripped by stainless steel pressure contacts that
were bolted to a ceramic rectangle mountéd on the central sﬁaft.of the
sampie holder. In this manner, the éample'was electrically isolated
frbmvthe body of the chamber. The sample was heated_by passing an
electrical current throughvit. This current was carried‘by oxygen free
high‘purity copper braids that were attaéhed to high vacuum electrical
feed throughs mounted in the base of the flange. The temperature qf the
sample was monitored with a platinﬁm—platinum 10% rhodium thermocouple
that was spot welded to the sample or to the sample holder in the vicinity
of the sample. The thermocduple voltage was monitored through another
set of_high vacuum electrical feed throughs.-

The pentral shaft was fastened to the stainless steel flgnge
through a étainless steellknife edge bellows. By compressing or expand-
ing thése bellows, the sample could be translated into or out of the
region of thé electron beam., Further, the flexibility of these bellows
allowed thevsamplé to be rotated around the axis of the central shaft.

A limited amount of translation pérpendicular to the centrél axis was

also allowed.
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B. General Technique

bThe following procedure was used to piace the single'crystal samples
into the diffraction chamber, The electron optics were turned off at
leasf one hour before ﬁhe vacuum in thevdiffraction chamber was broken.
This was done by admitfing»dry nitroéen gas slightly in.excess of one
atmosphere. The chamfer was then openedbto a dry nitrogen atmosphere by
removing the sample manipulator. The resulting opening was covered to
prevent dust from entering the chamber. .A slight over pressure of dry
nitrogen was maintained at all times. The old sample was removed from
the manipulator énd.replaced byfthe new one. Then the manipulator, with
a new copper gasket; wés rejoined to the diffractién chamber, the system
isolated and then pumped down with the cryopumpsrto below 5 microns. The
tétal elapsed time from the initial admission df dry nitfogen wés usually
between 30 and 90 minutes. The ionization pumps were tﬁen started and
the diffraction chamber was isolated froﬁ the rest of the system. The
wholé assembly was then baked out for 18 to 36 hours at approximately 250°C.

After the chamber had cooléd enough to fouch, thévsample waé.degassed
by heating to 300 or 400°C and the electron optics were turned on. 1In
general, no diffraction patterns were observable at this point, presumably
because Qf apparent disorder in the surface introduced by the surface
preparation'and because of contamination of the surface when exposed to
the ambient in the loading procedure. Therefore, further sfeps had to
be taken to clean the sample surface. Occasionally, however, a Well
prepared palladium sample would give a diffraction pattern'of moderate
quality as judged by the size and intensity of the diffraction spots with

no further cleaning. Usually it was necessary to ion bombard the sample.
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This was particularly so in the case of aluminum which invariably acquired
a tenacious oxide coating during the loading procedure. The conditions‘Which

5

.moét freduently used ion bombard were 2 X lb— torr argon accelefated at
300 to 350 volts. This\ré§ulted in ion currents between 1 and 5 micrg—
amperes per square centimeter. Occasionally, ienon was used iﬁstead of
argon, Ion bombardment times varied between fifteen minutes for an
uncontaminafed.palladium'sample to 36vhours for an oxidized aluminum
samble. The sample was frequently ion bombarded several times during
the course of an experiment. It was usually necessary to heat tﬁe samplgs
after ion bombardment to anneal out surface damage and to desorb occiudéd
inert gas atoms introduced in the ion sputtering process. The annealing
temperature varied with thé:material, in general being highef fof'tﬁe
more refractive metals than for the soffer ones., Fdr example, aluminum
was usually annealed at 400 to 600°C while temperatures greéter fhan 80060
were used for iridium. | | |

After an acceptable diffraction pattefn Wasvobtained, intensity
measuréments were performed in the followiné manner: first, the ﬁagnetic
field due to the earth and adjacent equipmént was balanced with a
trimming magnet so as to obtain field free conditions in the diffraction
chamber. vThis was necessary as a net magnetic field would produce
varying electron beam deflections at different beam voltages with the
result that the angle of incidence would not be ¢ons£ant;

The intensity of the diffraétion spots was monitored by focusing the
telephotometer on.one of the spots as it appeérs on the fluorescent

screen. For the specularly reflected diffraction spot the scattering

vector is perpendicular to the surface plane at any electron beam eﬁergy
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(wévélength). Hence, its position on the fluorescent screen remains
unchanged as a function of beam voltage. The telephotometer could thus
be held stationary while scanning the intensity as a function of eV for
this (00) reflection. However, when monitoring the intensities of the
non-specularly reflected diffraction onts, it was necessary to manusally
track these spots with the telephotometer as their scattering angle and
hence their position on the fluorescent screen changed when the beam
voltage was varied. The final curves ﬁere constructed as an average of

a number of trials in order to minimize any error introduced in this

procedure.
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C...Palladium »

A single crystal of nominally 99.99% pure palladium was purChased
'from the Materlals Research Corporatlon, (MRC) in Orangeburg, New Ycrkl
Neutron actlvailon analysis of the actual crystal that was used 1nd1cated
that the purlty'was 99%. The ma.jor contamlnents were found to be; Pt
,(5000‘ ppm), Cu (5ooo"ppm), .Mn (eooov ppm)’; Au (1‘80':p.pm), Fe (150 ppm) and |
Rh‘(lOO ppm); Also present iﬁ concentraticns betﬁeeﬁ 1 ahd lOOvppm werev
Ag, A1, Cd, Cr, Mo, Ni, Ru, Si, Sn,'Tiz W and,ir. Sulphurvwas\present ic
2 ppm. The concentrationshof oxygen ana carbonlwere not repCrted;F |

The palladium single crystal was x-ray oriented and thea spark cut to
within 2° of the"[lOO] face. The resulting samples were'approximatelyb
0.5 cm'wide,'l cm lcﬁg and.O 2 cm thick These samples were then pollshed
either manualry or mechanlcally'w1th succes31vely flner mesh abras1ve down
to a b micron alumlna grit. |

The samples were chemically'eﬁched at-ieasf‘Mice;berbre use. - Once,
follow1ngbthe pollshlng procedure to remove the res1dual mechanlcal damage
to the surface, and once 1mmed1ate1y before plac1ng the sample in the LEED
chamber to remove any oxide film or other surface contamlnents.'_The etch- :
ing procedurecproved to.be'more art than science in that no ccnsiSteﬁt ccmbi-
nation of times, temperatures andvconcentrationsvwasvfound to be dptimal
for a given materialvand crystal face., The general_procedure_ﬁas as
follows., A mikture of'éO parts HéO, 5 parts ﬁNO3 and cne part HC1l Qas:heated
to 80°C. The sample was then'placed in fhis‘solution with a minimum of
agitation. 1In a short period of time, a reddish brcwn film formed on the
sample and then squfed off., A new film would form again and the cYcle
would be repeaﬁed. If the sample was removed from the solution during £he

period of film formation, a rough and non-reflective surface wouid'result.

N
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If, however, thé.sample was removed during a period of film deterioration,
a smooth and shiny surface wés more pfobable. Immediately after removing
the sample from the etchant, it was rinsed in a dilﬁte nitric acid solution.
The sample was then rinsed in copilous quantities of distilled water and
finally with electronic grade methanol.

The sample was mounted by spot weldiﬁg it to two tantalum strips that
had previoﬁsly been etghed in a mixture ofrHNOB, HéSOu and HF. Care was
taken nét to mar the surfacevduring this procedure and the sample was
usually re-rinsed in diiufe nitric acid followed by water and methanol
to remove any copper acquiredin the welding procedure. In general, the
tantalum strips were placed along the long sides of the sample and.the
welding contacts applied to the tantalum rather than the‘palladium in
order to minimize contamination. Once constructed in this manner, the
sample could be'resistively heated by applying a voltage.across the tantalum
strips and causing a current,either D. C. or A.C., to flow through the
sample. The spot welds usually:supplied fhe region of maximum resistance
and consequently the temperature was usually highest in this regioh.v
Visual estimétes of temperafure gradients indicated that variations were
less than 25 - 50°C across the sample. The sample temperature was mqnitoréd
with a platinum-platinum 10% rhodium thermocouple»spot welded either to’the_
tantalum holdéf, or between the hdider and the sample. Tempefatures
were never alloWed to exceed 800°C to prevent contamination -of the

diffraction chamber by vaporized palladium.

1. ‘Experimental Observation of PA(100) Surface Structures
Several different surface structures have been observed on the (100)

face of palladium. In addition to the (1x1) structure, a (2x2) structure

21,30

and a C(2x2) structure have been investigated. These structures are
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(2¢2) with streaks

XBB 699-6090

(2x2)

Fig. III-2a. Diffraction Patterns for several different surface
structures on the (100) face of palladium near 100 eV.
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Disordered C(2x2).
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Fig. III-2a. continued
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formed by heating a freshly ion bombarded PA(100) surface to successively

higher temperatures. The diffraction patterns obtained for the (1x1),

(2x2) and C(2x2) surfacés are shown in Fig. III-2 along wifh diffraction
patterns obtained from intermediate structures. The observation of a (2x2)
diffraction patfern indicatg that there existed some structure oﬁ the surface
of the sample that had twice the periodicity of the substrate, while a
c(2x2) diffraction pattern indicates that the surface structure has twice
the periodigity of the substrate but is also centered. The streaking and
elongation ofvthe diffraction features that are observed .for the structured
surfaces indicate that a considerable amount of disorder exists along certain
crystallographic directions.

The following 1is a description of a typical palladium experiment. A
diffraction pattern was observed above 250-eV immediately after bakeout
with no intermediate ion bombardment. The pattern improved upon heating
to successively'higher temperatures until by 5009C_it was quite clear but
showed a (éxe) structure with definite streaking. Repeated anneals at
temperatures between room ﬁemperature and 650°C showed that, once formed,
this structure was stable in this temperature range. |

Upon heating the sample above 700°C, a transition to a C(2x2) struc~
ture was observed to begin., This transition was not sharp and was charac- -
terized by diffraction features that were elongated along the direction
of the original streaks as shown in Fig., III-2. This géve the new diffrac;
tion features a star or butterfly shaped appearance.

After standing in a 5x10_lo torr ambient for 18 hours, the amount of
surface areavthat was characterized by this disordered C(2x2) diffraction
pattern had increased at the expense of that fraction of the surface area

covered by the (2x2) structure. Flashing the sample did not change the .
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Several diffraction patterns observed on the (100) face of’

palladium, :

Diffraction

Pattern

Approximate Temperatﬁfe‘

Range of Stability

" Comments

(1x1)

‘(gxg)_

c(2x2)"

(2xh)v“

< 25°C -~ 250°C

25°C > .~ 600°C

25 3 ~600°C - > 1000°C

~200°¢

Formed by ion bombardmert

Initial formation between
200°C and koo°c.

Initially formed above
600°C apparently stable
at room temperature, dis-
orders when heated above
300°C.

Observed as a transient
when (2x2) is heated
~400°C and then cooled.
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diffraction pattern. Upon standing an additional 34 hours at room tempera-

10 torr,’thefe was no longer any evidence of the

ture is an ambient of 5X10°
(2x) structuré, band the total surface gave a definite C(2>2) diffraction
pattern with bréad fuzzy extra spots. Reheating the sample.to 450-°c
initiated a transition from the pure C(22) back to the "butterfly" struc-
“ture. The elongation Qf‘the éxtra sppts indicated that the heating had
caused some,disérdering along the majér crysﬁallographic directions. Further
heating to around M75°C,v‘caused still further disorder and the (2x2) with
streaks began to reappear. However, when the sample was allowed to étand

at room temperature for 12 hours, it was found that the surface was totally
.coverea by a well defined c(2x2) structure. The pattern femained unchanged
after standiﬁg.at room temperature for 12 hours, it was fbundythéf the sur-
face was totally coveréd by a well defined C(2x2) structure. The pattern
remained unchanged after standing at room temperature for several days.

Upon flashing the sample, little evidence of gas coverage was noted. When
the sample was heated to 665°C, the '%utteffly" pattern was regenerated
again. However, it was found that heating the sample for short periods

of time (less than one minute) below 300°C did not tend to visibly disorder
the pattern.

Recapituldting, it has been observed that when a’Pd(lOO) sample was
heated between 400 to 600° ¢, a.streaked (2x2) diffraction‘pattern was
formed. Further heating to above 700°C formed a disordered c(2x2) diffrac-
tion pattern. It was found that once the transition to the C(222) structure
was initiated, this transformation would proceed spontaneously at room
temperature over a period of several days. Heating a sample characterized.
by a C(2X2) surface structure caused the process to be partially reversed

as first the disordered C(2>2) and then the streaked (2x2) diffraction
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patterns were regenerated. No evidence for extensive gas coverage was
noted. | |

It was usually possible to regenerate a (1X1) difffactieh pabfefn ffom
the C(EXé) diffraction pattern by a light ion bombardment treatment,'typically
10 minutes at 240 x}oits and 1.49107° p.A/cm2. ' However, when the C( 2'><2)
etructure haa‘been.extensively heated for loﬁg periods of time, heavier
ion bombardments were found to be.necessary as a light treatment would
regenefate the‘struetﬁre characterized byva.streaked (EXé) diffraetion
pattern rather than a (1xl) pattern. |

Once a (1x1) pattern had been formed by ion bombardment, care had to
be taken not to reintroduéevthe (2%2) structure. Heating fhe sample in
excess of 200°C even for short periods of time often produced Qague indica-~
tions of the new structure. Unfortunately, the treatment necessary to
anneal out ion bombardment damage was usually adequate to initiate this
transition. Therefore most of the studies made on the.(lkl) surface were
usually performed.with only a partially annealed Sample. .

On another sample, a carefui study was made of fhev(ExQ) with streaks
structure. It was found that after this structure had been heated to less
than 450 %, transient fine structure was observed in the diffraction pattern.
Approximately 5’minu£es after the heating, vague detail could be seen in
the streaks cennecting the extra spots. These.streaks had‘a ropy textureb
and these appeared to be three extra spots between the usually (1/2 1/2)
positions. Thisvstructure is shown in Fig., ITI-2. 'After 10 to 12 minﬁtes
at room temperature, these traﬁsient features had coalesed into:the usual
streaked (EXQﬂ diffraction pattern. This phenomena was found to be fepro—
ducible and presumably had not been noted before because of its transient

nature.
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3. Discussion of P4 (IOO) Bxperimental Observations

These observations are consistent with those of Mattera, Goodman and

50 with the following exceptions. The (2X1) structure reported by

Somorjai
these authors was not observed.‘ Further, the'fine structure noted on the
'(2X2) streaks has nbt been reported previously, presumably due to its
transient nature. |

The palladium (100) surface has also been studied by Park and Madden.21
They also have cbserved the formation of the (2X2) and the C(2x2) surface
structures and have found +that the C(2X2) was stable at least up to 1000°C.
- However, by‘élternately ion bombarding and then annealing at 1000°C they
Were_unable‘to regenerate thesévsurface structures; After QO_sﬁch cycles,
théy found that they could no longer fofm the ¢(2x2) structure even by
heating at 1000°C for 12 hours. However, they did observe distincti&e
changes - in the intalsity.ploté of the integral order beams %hat.closely
resembled.those which accompanied the formation of the C(2x2) structure.
These observations were taken as evidencé of the presénce of a metallic
impurity that segregates out on the sufféqe when the sample .is annealed.
Presumably, fhe.successive ion bombardments and anneals exhaust the supply
of this impurity at least in the neighborhood of the surface. As platinum
was the major impurity in the sample, they concluded that it wasvpossiblé
that the surface changes reflected the formation of a platinumepalladiﬁm
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complex, Auger studies of these structures have suggested that manga-

nese51 was the crucial impurity that caused these surface structures.

‘ 2
Results from this laboratory by F. J. Zsalkowski5 indicate that elements
other than palladium are to be found on the Pd(100) surface when the

(2x2) and the €(2x2) structures are formed. However, these elements have

not yet been unambiguously identified. There is no clear cut evidence’
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in the literaﬁure thaf unambiguously identifies the nature of>these double
spaced surface sﬁfuctures on the palladium (100) surface. As the work
function shows little change (0.03%*0.02 eV) accompanying their formation,2
it is plausiblé that_these structures represent either reconstructions of
the clean surfacé, or étructures stabilized by metallic impurities that

are similar.in nature to palladium,

Carbon monoxide may in particular be iuled ouf.as it should lead to
work function changes of at‘least an order of magﬁifudes greater size. Park
and Madden2l have made a careful invéstigatién of the édsqrption of CO on
palladium. They found that CO forms a distinctive (2xu)du5 surface struc-
tures on a frgshly‘ion bombarded surface that is dccompanied by a 0.69 eV
increase in work function. However, the C<2X2) surface and the (1X1)
surface formed by éxtensive ion bombardments and annéals both apﬁeared to
be completely passive to both CO and oxygen. This, with the above mentioned
intenéity changes indicate that the (1XL) observed by Park aﬁd Madden par-
takes of thelnafﬁre of fhe C(2X2) to a great extent. The weakness or
lack of the extra order spots may be ascribed equally well to either a
disordered impurity or to é clean reconsfruefed surface that has been so
damaged by the exténsi&e ion bombafdment treatments that long.range surface
order is badiy petrubed.

The tenacity of the C(2X2) strﬁcture at high temperatures defiﬁitely
rules out the possiblity that it is due to‘a weakly bonded or physically
adsorbed species. In fact, the vapor pressure of the pure palladium is
such that one monolayer per second should be leaving the surface at 1000°C.
At this rate, several thousand monolayers should be removed in a typical
anneal by Park.and Madden. If the structure is éauéed by an impurity, it

is interesting to note that this impurity must have vapor pressure characte=
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ristics, when on a palladium surface, that are similar to those of the palla-
dium itself, Otherwise, this impurity should‘either be depleted or should
build up in the wvicinity of_the surface. If, on the other hand, the sur-
face structure is soley the property of a clean palladium surface, then.the
mechanism for its formation must be self perpetuating in that the removal

of maﬁy surfacé layers can still leave a structured surface.

In this regard, it is interesting to consider the tendéncy of the
slightly disordered ("butferfly") structure to convert to the more highly
ordered C(2x2) structure simply upon standing at room temperature. As there
is no report anywhere of a Pd (Ix1) structure spontaneously converting to
a C(2X2) at room temperature, the dbservation that the disordered structure
spontaneously converts to the C(2x2) wouid seem to sﬁppbft an impurity model.
If impurities had segregated out on the surface in a disordered fashion
during the heating process and if the energy of diffusion waé sufficiently
low, less than 20 kcal, rearrangements to an ordered structure could occur
at room temperature. Alternatively, one could postulate that the ¢(exe)
was a stable clean structure with a relatively high activation energy of
foermation and therefore could only be formed after extenéive heating.
The‘possibility that the con&ersion is associated with gas adsorbtion can
be fairly well excluded on the basis of the work by Park and Madden.

The observation that the streaks associated with the (2X2) structure
develop fine structuie when heated and that this fine structure disappears
within minutes may be taken as further evidence of théfmobility of the
surface atOmS'related to théée surface structures. Here, the surface is
considerablyvmore disordered than that for the C(2X2) structure and it is
possible that there are a large number of atoms on the surface in metast-
able equilibrium positions. However, in this case, the possibility of gas
adsorption cannot be excluded with the same degree of surety as with the

\
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VC(EXE). The-times end pressures involued do raise the possibility of gas
adsorption.' The_structure.is less well developed and possibly still par-
takes in'part of the nature of the clean surface.’ Tt should be-noted that
this transition is from.e (2x4) type sfructure to a (2*2) type.structure
upon sfending in the.ambieut; If CO were being adsorbed upon the‘surface,
oue would expect the inuerse transition,vas Park and Maddengl have observed
the.formation of Pd(lOO)-CO—(EXL) surface»structure when the' Pd(100)-(1x1)
surface- was exposed to carbon monoxide. | | |

| In either case, whether the observed surfacebssructure represents
the ordering of a clean reconstructed surface, or the ordering of some
impurity; there seemseto be a defiuife trend towards more perfect short
range order with increasing time and heat treatment. .The most disordered
structure is characterized by the (2x2) with streaks'diffractiou paffern.
The perfect (2x2) would represent argreater monolayer coverage. The.
streaks inaicate that there is a considerable lack of correlationvon the
surface. When heated to arouﬂd ﬁ50°C and then cooled, thisvstructurGVSeems
to pass, in a transient fashion, through a partial'(Qxh) structure and then
back to the (2x2) structure. This may be taken as an indicatiOn'that some
long range orderlng is achieved before the shorter ordering of the (2%1)
structure. Upon further heating to higher temperetures (e.g. 600-1000°C)
a, trausitionvto'the c(exe) struccure is initiated. This structure is char-
acterized by a one-half monolayer coverage. In the earlier stages of the
formation of this structure, some disorder will exists giving the diffrac-
tion spots the characterisﬁic "butterfly'" appearance. Finally, the ordering
becomes more perfect aud the diffractions spots become round in appearance.
No higher transitions have been observed.

4. PA(100) Results -

The intensities of several of the low index diffraction beams as a
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function of accéleration ﬁoltage, Ty {(eV) are shown in'Fig. III-% for the
(100) face of palladium with a (1X1) structure. The intensities from the
non-specularly feflected beams.were measured within a degree of normal
iﬁcidence. ‘As it is impossible to measure the intensity bf thé specularly
reflected beam, (00) béam, at.normal iﬁcidenée with a bosf—acceleration
apparatus, because_the electron gun ocCﬁpies the center of the screen ,these
intensitieé were obtained at an angle of incidence of 3 with respect to

the surface normal. It should be noted that the data -

in the ekperimehts. That is, there have been no cofrections made fof the
current vs voltage chéractéristics of the eiectron gun (the éurrent increase
sharpiy with increasing beam voltage) nor for contact potential and other
errors in the measufgd acceleration poténtial or for changes in.background
intensity. The measurements were performed dt room tempéréture.

Cther plbts taken under preéumabiy'identical conditions ﬁeré quite
similar though minor differenées were noted. This shoulder near 70 eV has
been correlated with the appearance of the (2¢2) wifﬁ streaks and its
presence may be taken as being indicative of the incipient formation of

: / v
this structure. In addition several of the weaker intensity maxima
(eoge thos¢ rnear 80 (V) in I €v) and I5 €V)) were noted to be quite sensi-
tive to small angular variations. |

In Fig. III-5 are plotted the Ioo(éw cuives for the Pa(100) - (1x1)
face as a function of angle of inciaence, 6, measured with respect to the
surface normal. These curves have not been corrected for constant
emission cuirént or for background intensity. Interpretation of these
curves is greatly simplifiedif one looks at their behavior within certain

ranges of electron energies. I(0-30 eV), II(30-60 eV), III (600 - 120 eV),

and V(120 -~ 190 eV). Each region is roughly centered about:an expected
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Eragg position (10, 40, 89 and 158 eV) calculated for 6 = 0J Several facfs
are readily apparent. Somé "peaké" appear to "rotate" with 6 while others
-do nét. Splitting of peaks ﬁithin régions is the primary change which occurs,
with some possible correlations between certain regions. For example,

peaks in regions I and III appear to split at approxiﬂately the same ahgle,
i.e., 25 €V and 91 eV peaks appear and disappear tbgether. " Also, some‘
_similarities exist between regioﬁs IT and IV. In region II, the dominant
peak at 0 = 3° and 43 eV collapses with ihcreasing»e, while peaks first

at 50 eV and then at 57 eV grown in and in tufn, ddmiﬁate the region; In
region IV, the dominant peak at 6 = 5°.and 141 eV gradually shifts slightlyv
to higher electron energies and the shoulder separates into.a separate peak
at 131; the 180 eV’peak maintains its pbsition but fluctuates in infensity;
at 8 = 13°the péaks at 131 and 174 eV are now bigger than the central

peak at 150 eV; however, by 6 = 16° the curve.is very similar to the one

at 6 = 3° but shifted by‘about 15 eV. The curve at 6 = l?i/@o suggesﬁs

a possible recurrence of the splittings. Regipns over 190 volts seem |

to show definite angular effects but in no apparént correlation with the

‘ first four regions. The dominant characteristic of the curves in the high
electron energy region seems to be the occurrence of severe splittings in

a very narrow angular range.

In sﬁmmary, the dominant effect of sémple rotation on the specular
intensity is the splitting and rejoining of the main peaks within regions
of electron energies which center about expected Bragg peaks. The complex-
ity of this effect is most pronounced in the lower electron energy regions.

Both of these observations are qualitatively consistent with multiple

scattering theory. In fact, the angular variations observed here are similar

to those reported by McRae for multiple scattering calculations for a simple
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cubic material.

Figure III-6 shows the IOO(eV)curves for the Pd(100) face in the presence
of.different surface structures at 6 = 3? and T = 300°K. Thesé curves are pre-
sented as obtained experimentally. The uppermost cur&e was taken from a
surface that had been ion bombarded and then partislly annealed. The next
lower curve was taken after a stronger anneal and corresponds to an incipient
(2x2) with streaks diffraction pattern. The corresponding new diffraction
feafures were quite weak. The middle curve was obtained from a surface
with a well developed (2X2) with streaks pattern. Here the extra diffrac-
tion features were quite prominent. The curve second from the bottom was
taken from a surface displaying a disordered C(2X2) or "butterfly" diffrac-
tlon pattern. Finally, the lowest curve was obtained from a well developed
c(2¢2) structure. It should.bé noted that we have investigated and deter-
mined virtually a continuum of progressive changes.in the patterns as a
function of heat treatment. Simultaneously with this change in diffraction

pattern, the I..(eV)curves undergo marked variations. In fact, the IOO(eV)

00
curves so acecurately "finger primt" the changing surface structures that
frequently changes in Ioo(ev)foretold transitions %o différent strugtures
before the&-were actually visible in the diffraction pattern. It should
be'pointed,out that transition structures tend to give IOO(éV)curves that are
to a certain extent, mixtures of those curves from the braketing struc-
tures. the in particular the peak near 66 eV. On the "cleanest™ structures
this is a Small shoulder. On progressing through the surface structures,

the relative intensity of this peak increases until, finally, it is almost
the strongest maxima for the well developed C(2¢2) structure. Changes

in intensity accompanying the formation of surface structures were not

restricted to the specularly reflected beams, Figures III-7a and III-T7b
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show the intensities of several of the low index diffraction beams from the
(100) face of palladium,with.a ¢(2X2) surface structure. The curves were
taken from two different experiments and represent slightly different

stages in the development of the C(2x2) surface structure.
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D. Aluminum
A single crystal of nominally 99.997% pure aluminum was purchased
from MRC. The quoted néminal analysisvindiégted thét the majbr impurities
were, O(lSippm),.H(lQ ppm), C(10 ppm), N(5 ppm), Si(k ppm) and Zn(1.2 ppm).
The aluminum single crystal was x-ray oriented, spark cut and then
mechanically polished in the same manner used for the paliédium crystal.,

The resulting samples were chemically etched in the following manner, A

mixture of TO parts HBPOh’12 parts HAc, 15 pdrts H2

0 and 3 parts HNO3_

by volume was heated to between 60°C and 80°C. A small piece'of high
purity A1203

was found to produce a smooth aluminum surface. The sémple was then

had been previously dissolved in the mixture. This procedure

placed in this miiture and the temperatufe a&jﬁsted in.the fange 60.-‘éO°C
: ?

to maintain a mild evolution of hydrogen. After several minutes, the

sample was removed.from the etchaht, rinsed in a basic soiution and then

rinsed with iarge gquantities of distilled water and finally.with

electrohic grade methanol.

Severai problems were encountered in mounting the sample. Aluminum
has notoriously poor spot welding properties, Several attempts at
utilizing aluminum samples which were spot welded to aluminum holders
indicated thaf the mechanical properties of this contact are poor.
Consequently, most of the aluminum samples were held in pléce by pressure
contacts rather than by being spot welded. Cére should be exercised in
choosing an appropriate holder material. Virtually all metals, with the
exception éf the alkali metals,_ﬁéve a2 high solid solubility in aluminum.
The optimum combination of low vapor pressure, structural strength and

reasonable solubility was found in the refractory b.c.c, metals such as
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‘tantalum or niqbium; All of the work reported here was carried out using
a tantalum hdldér; In ordéf fo minimize the diffusion of tantalum
impurities in fhe.éluminum sample, the holder was lined with a high

'l purity aluminum'boaf.‘ The aluminum sample was fhen placéd in this boét
and both the_holder'énd»the boat were then beﬁt around the sample in

' ofder to obtain good mechanical and thermai:cdntéct.i Temper;turés were
measured 5y a platinum/platinum 10% rhodium thermocouple spot welded to
thé outside.of‘the tantaiﬁm holder. ‘It was foﬁnd that thermocouples in

direct contact with the aluminum sample have reacted with it and have

frequently disintegrated.

1. A1(100) Experimental Obsefvations

| A diffrééfion pattern wasvnevér visible on an alpminum single crystal
- sample immediaﬁeiy after bake ouf without additionai cleanihg procedﬁre.
Several_differeﬂt methods were uséd td prepare an oraerea aluminum surface
in situ. bfhe-éimpiest'cleaning prééedure that was used was.éxtensive
argon ion boﬁbardment e.g. 3502vqlts at 2 x lO_SIMA/cmg for 36 hours. The
unusually‘iong time necessary fo,obtéin a diffraction.patfern with this
technique may be ascribed to a very low efficiency of ioﬁ sputtering in
the early stages of ion bombardment. The surface oxide is an insulator
and the. surface of tﬂe'crystal acquirega positive charge Which repels the
inert gas ibns. It shéuld be possible_tq‘réduce the ion bombardmeﬁt time
by using higher acceleration potentials and/of pulsing fechniqUeSdeveloped
in this laboratory by T. M. French3h for insulating méterials. |

35

A second technique employed was one reported by F. Jona for

cleaning aluminum surfaces. In this method, short ion bombardments

(30 minutes)vwere interspersed with high temperature anneals (L00-450°C).
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An A1(100) - (1 x 1) aiffréction pattern coﬁld be generated after several
of these cycles., Also recbmme%ded b& Jona was a éimuitaneous hydrogen

ién boﬁbardménf énd annealing treatment, Simply.heating the samplé in
hydrogén is thermodypamically iﬁadequaﬁe té»éffect the réduc;ion of the
oxiae coﬁefége:‘ Howé&er; Whén'tﬁe hydrOgéﬂ had previously Béen: |
dissociated in the ioﬁ bombardmehtvﬁnit, sohé improvemént in the removal
of the oxide was found, :There was some question as to»whéther the
treatments that invdlvedvheating to produce an A1(100) diffraction‘pattern

were successful due to migration of the oxygen into the lattice. Therefore

an attempt was made to clean an aluminum sample by heating'alone without

ion bombardment. ‘It was found'that a fair diffraction pattern could be.
. | . .

fdrmed by heaﬁing a freshly pr?pafed sample to 600°C fér several hours
with no ion bombardment. HOWevér, the qﬁality of the pdttern’was SOmé— 
what poorér than those prepared.with ion bbmbardment.' Thus, it appéars'
that the surféce impurities_(mostvlikely_oxyéén) diffuée‘ into the buik
during heat freatmenﬁs and an ordered A1(100) surface is prodﬁcéd;

When ofdéring was effecfed with heaf treatment oﬁly, it waé found
that the diffraction spots were sharp,'even’when there was a fairly high
background intensity. When only ion bombardment was used to cleanvthe
Surface, the resultingvdiffréction features tendea to'be broéd and fuzzy,
reflecting the‘surface disorder introduCed by this 5puttering technique.
Therefore, the samples were annealed after ion bombardment at fémperatures.
between L400° and'600°C to remove surface damage.

No surface structures other than the ordered_(l x 1) substrate
structure, were observed to be formed by heating the (100) face of

aluninum at any temperature between room temperature and the melting
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10 9

point (659°C) in a 10~ - 10 ° torr ambient. In addition, no surface

structures -were observed to be formed when a "clean'" surface exhibiting

0 9

a sharp (1 x 1) diffraction pattern was allowed to stand in a 107t —'10—
torr ambient fdr sevéral days. However, some increase in the background
intensity was noted. Mass spectrometric determinations of the ambient
composition in siﬁilar systems indicaté‘that the majof contaminents aré
o, H

0, CO,H, and perhaps N2, O, and the lighter hydrocarbons.28 Though

2 272 2

a detailed investigation was not made, no evidence was found for the
formation of surface'structures due to the adsorption of hydrogen during
the hydfogen treatments.

35

As was found by Jona, oxygen was absorbed on thev(lOO) facé of
aluminum as amorphous layers at room tembefature. No new diffraction
features wefe observed, only a gene?al ihcrease in the background inténsity
accompanied by a deterioration of the diffraction pattern. The intenéity
of the specularly reflected beam was ﬁonitored as a function of oxygen
coverage. It was found that the peak heights diminished and that their
shapes became less distinguishable.

A‘sharp diffraction pattern could be regenerated by any of thé
procedures used to clean a freshly prepared surface.

When an aluminum (lOO) sample was extensiveiylexposed to 6xygen
while at temperatures near 600°C, it was found that the usual (1 x 1)
diffraction pattern of a good quality was observed when the oXygen was
pumped out of the chamber and the sample cooled to réom temperature.

This was taken as further evidence of the diffusion and marked solubility
of oxygen in aluminum at elevated temperatures. No investigation was.
made of the oxygen surface structure formed at infermediate temperatures .

and reported by Bedair.9

" o
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2. Discussion

The basic expérimental‘behavior obéerﬁed fér fhe (lOO) face of .
alumiﬁum is consisfent wi&h that observed‘by F. Jona.8 The diffraction
pattérﬁ was esséntially 6b1ité;dted aftéf being expoéed_to épproiimately
- YQO Langmuirs-(lo'6 torr-ééconds) éf 6xyéen;k Jona éstimated that the

3

oxygen sticking coeffiéienf,‘a, was betweeﬁ iO- and 10;2. At>room
temperaﬁure okjgen is adsorbed dnto fhé aiuminum sﬁrface in a aisordered
manner énd.results iﬁ an émofphous layer. Further,_tﬁe.éluminum sample
could be cleaned after exposure to oxygéﬁ by aﬁnealing at h50°C. .The
most probable mechanisﬁ.explainingIthis_effect invélves the diffusion éf
the adsorbéd oxygen atoms into the aluminum lattice; |

..Ambng chers; ana has sugéested that the mechanism‘for the adsorption
of oxygen onto aluminum surféées involves oxygen assiﬁilaﬁion'into the

metal lattice or place exchaﬁges at the metal-oxygen interface. The other

investigations of the early stages of the oxidation of aluminum have

37, 38

employed ﬁofk function measurements. Hﬁber and Kirk have found a
decrease of 0.05 eV in thé work function of aluﬁinﬁm when it is exposed
to oxygen at room.tempefature. This had been taken as evidence for an
alternating dipole model whére haif of the oxygen atoms aré above
aluninum atoms and half are below. The initiél‘decrease in the work
funcfioﬁ ié foliowéd by a'gradual increase with continuing oxygén
exposure, presumably cOrreséonding.to more than a monolayer goverage.”

Roberts and»Wells39

have also investigated the oxidation of aluminum
films using work function measurements. One aspect of théir,Work_is

particularly interésting. They investigated the temperature dependence

of the work function of an oxygen covered film. At -195°C, the work

—
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function incréased to 0.8eV at 10—h torr oxygen exposure, Upon evacuating
and warming the saméle, the work function decreased until it was slightly
below the clean metal Qalues and had attained a value similar to that
reported by.Huberiand Kirk. Again, fufther bkygen exposure caused the
work function Qo increase, ' They concluded that the decay in the work
function when the sample was heated reflected a surface rearrangement of
the chemisorbed oxygen that involved'inéprporétionlinto.the éubSurface
region. They furthervcgncluded that chemigorbed_oxygen is somewhat
unstable on aluminum even at ~195°C and that the aétivation:energy-for
~the oxygen incorpofafion is very small,

This is particulérly interesting in that it impiiés thét the oXygeﬁ
may be positioned above the aluminum at temperatures néar or below -195°C.
It might, therefore, be fruitful to investigate the.LEED'péttern of
aluminum at low temperatufes after exposure to oxygen as it is possible
that an ordered structure ﬁéy be formed under these conditions. If this
were soO, an inveétigation of the temperature dependénce of the LEED

pattern might shed further light on the oxidation mechanism.

3. Measurements of Diffraction Peak Intensities on the A1(100) Surface

a. Clean Surface, Normal Incidence. The intensities of séveral
of the low index diffraction beams as a function of acceleration voltage
are shown in Figure III-9 for the (100) face of aiuminum. .The intensities
of the non-specularly reflected beams were measured at normal incidence
(plus or minus one degree). The intensity of thé specularly reflected
beam was obtained at anvangle ofvincidence of 3° with respect to tﬁe
surface normal. The data is given as obﬁainéd_in'the experiment. The

measurements were performed at room temperature. Consequently, above
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lSQeV, much of‘the eiasticaiiy écatﬂered intensity for aluminum is
obscured by the Debye-Waller effect and multi-phonon processes which are
respon;ible for most of the background intensity.

As wiil be discussed below, thepositions of the non-specularly’
reflected intensity maxima are very sensitive to slight variations in the
angle of incidence. It is estimated that the deviations in thé positions
of the peéks shown here are less than SeV.at 100eV primary voltage and
20eV at 200eV primary voltage. Furthér, there are some changes in peak
~shape thaﬁ were nofed in different plots all nominally taken at normal
incidence. For example, the peak iﬁ the Ilo(eV) curve Jjust abové T0eV
_ ffequently éppeared as a massive‘shouldér on.the peak near SSeVbratﬁer
than as a distinct entity. In addition, the shoulder Just Below the
maxima neér 180eV.in the Ilo(eV) curve feadiiy bécame more intense than

that maxima with angular variations of less than one degree.

b. Clean Surface, Non-Normal Incidence. Figures III-10a, III-10b

and III-10c show the angular dependence of I O(eV) for the aluminum (100)

0
face for several different azimuthal angles. The aﬁgle of incidence? g,
is measured with respect to the surface normal, The azimuthal angle, ¢,
is measured with respect to the (100) crystallographié~direction, The
data arepfesented in an uncorfected form.as obtained in the experimeﬁt.
Note the general decrease in intensity with increasing angle.

Commepts similar to those made abou£ the angular variations of the

palladium I O(eV) curves could be restated here with an important

0
difference. While the intensity curves for palladium display severe

fluctuations when the angle of incidence is varied, those for gluminum

appeaf to retain their grbss structures and show only subtle variations
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particularly near normal incidence. This is so to ench an extentbfhat the
cufves for different azimuthal angles apnear quite similar until closely
scrutinized def.example, af an-angie‘ef incidenceAnear 16°, the curves

| in Figures’ III 9a and III~9b both show peaks near 25, hS 70, lOO and

130 eV in approx1matély the same 1nten31ty ratlos. However,:there are
certain minor but definite dlfferences such as the shoulder on the maxima
near'TOeV; _in‘Figure III-%a, there is a shoulder on the low eV side of
this peak, while in Figufe IiI-9b, fhere is a sheulder on the hign eV
side. In additibn, the ahape of the peak near'25 eVIis distinctly
different “in fhese two curves. There eXist many ethef smail differenees

I
in the data for the different azimuthal angles.

Thig apparent 1nsen31t1v1ty’of the aluminum data, relatlve to the'
'palladlum data, to angular.varlatlons could p0551bly be ascribed to one
of several causes. The effectine band.strueture of aluminum near the
surface ceuld.contain 1argen'band gaps that‘were less sensitive to
‘angular changes. Alternatively, the stfdng finebstructure obeerned on
the palladium intensity curves couid be sffongly masked byvthe.felatively'
greater Debye-Waller effect in aluminum (see AppendixIII);

Observation of the angular dependence of the first order diffraction
beans tend te'support the latfer possibility. Figure IiI—ll shows the
intensities_of the four first order diffraction beams measured ai<p% 450
and 6 ¥ 29 t 1°, 'Note that even'near normal incidence, there are
definite variations_in peak shape and positicn in the non-specularly
reflected electron beams when the.angle is varied. This may be contrasted
with the relative insensitivity.of the specularly'reflected beam to small

angular variations in this region.' Experimentally, the specularly
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at 8 =2° and ¢ = 45°,
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reflected spot was moved>toward§ the (11) diffraction spot. Therefore,
the (10) ahd_fhe>(01> diffraction features were identiéal and thé (10)
and the (Oi).diffréction feafﬁfeé'ﬁéré idenfical.‘ Conéeduently, at any

. . , i o Y

~given ev, the coﬁponent of the wave vecfor perpendicular tp the surface
of the éaﬁplé thatxcharacteriZed the (10) and.(Ol) beamsvwa§[3@aller
than tﬁét.charéctefizing the (ib) énd the.(Oi) beamg."Commensufately,
the intensity naxima for the (10) and the (01) beams tended to fall at
higher électrén energieé than did those for the (10) aqd the (01). Thié

is as 6ne‘would expect on the basis of both kinematic and double

scattering diffraction mechanisms;

c. Oxygen Exposed Surface. Figure III-12shows the effect of

(eV) for the (100) face of -aluminum. The angle of

oxygen exposure on IOO

incidence was approximately 3°. The datd are présenfed.as obtaihed ih

the ekperiment; The oxygen exboéure ahd fhevintensity measurements were
performed at room tempefature. After.about SOOVLangmuirs.exposure, the
infensity had dropped by about an ordéf of.maéﬁitude and thevresolﬁtion
had séfibusly'deteriorated. Further exposure resulted in a still greater
loss in infensity accompanied by a further decrease in resOlution:' Note

~ the change in peak poéitidns after several thousand Langmuirs expdsuré.
The general decrease in inténsity, deterioration of resolution and iack
of appearance of new diffraction features was taken as evidence for a
fairly amorphdus combinatioﬁ of oxygen with aluminum under these cpnditions.
However, the almost indiscernible change in thé stfucture of the Ioo(eV)v
curve after éxtensive‘expdéure indicate that'some new brderiné is.
beginning to dominate,_in_hoﬁever feeble a form,‘ih the'neighborhdod of

the surface.
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E. Platinum, Iridium and Bismuth

" The properties of the nonéspeculafly reflected diffraction beams
from platinum, ifidium'andﬂbismuth were also studiea.‘ The crystal pre-
paratidnSof both iridium and platinum.are'quite eimilar to.that of
palladiumiwith<the e§ception tﬁat different chemical etches were used,
The iridiﬁm samble wgs etched in hot eoncentrated nitric acid prior to
loading. The plafinum sample that was used was etchea in a dilute eéﬁa
regia solpfion.28v The pfeparation of the'Bismuth sample has been
deseribed in some detail by R. M, Goodman.ho ’

1. Pletinum (100) ~ (5 x 1)

The formation of the (5 x 1) surface sfructure on the platinum (100)

may be effected by a heat treatment of the freshly bombarded surface or

by a COmbination heat'and oxygen treatment. This precess has been
extehsively described elsewhere.28 .Figure iII—l3 ehows theriﬁtensities

of several of the electroh diffrection beams from this surface strueture
plotted as a function of electron energy. The intensities of'tﬁe non-
specularly_refleeted beame were measured at normai iﬁcidence;v The intensity
of the specularly reflected beam was measured at é = 3°, The data are
presented'as'obtained in the experiment. Only the intensities of the

first two partial order Spéts, I(o i/s),-(o 2/5)],vare shown. The
intensities of all of the fractional order spots tended to decrease with

increasing,beam voltage. This may be taken as an indication that the

. electron beam samples more of the bulk structure rather than the surface

structure at higher energies. The intensity of the (o 3/5)'spotvnot
shown here has a maximum near or below 30eV and then a broad minimum

between about 50 and TOeV. At 85eV, IO’3/5.is greate? than IO,l/S or.
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The energy dependence of the intensities of several of the low index beams
from the (100) face of platinum with a (5x1) diffraction pattern.

Fig. ITI-13.
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10,2/5. The intensity»of the (0 4/5) beam‘shéws‘a broad maxima of
medium to weak intensity in the region between 50 and TOeV. The exact
fine structure was not deterﬁined.
2. Iridiwm

| The intensities of several of the diffraction beams from the (1oo)l
face of iriaiﬁm are shdwn in Figure ITI-1k. ’The non~specularly reflected
diffraction beéms were measured at normal incidence. The intensitybof
the specuiarly réflected diffraction beam was measured at 6 = 3°, The
data is presénted.as‘bbtained in the experiment} The réproducibility of
théée curves waé nof éhecked; | |

One ‘of the outstahding features of these curves is.fhe COntinued

indreése ih peak height with increasiﬂg beaﬁ Vbltage. .This méy be coh—
trasted with‘fhe behavior of the intenéity of thelbeams back diffraéted
from aluminum.ﬁere thefe is a vefy pronounced decrease in intensity.
above approximately 100eV, As the Debye-Waller factdf, éw, is an order
of magnitude léss for iridium than fof aiuﬁinum, this‘difference may be
ascribed to thermal effects.
(eV) near normal

10

incidence in the region between 300 and 400eV. There the azimuthal angle

Figure III-15 shows the angular dependence of I

was approximately L5° so-that.the (10) and the (bl)'beams were equivalent
and the (10) and the (01) beams Were.equivalent. As with aluminum, small
changes in fhe angle of incidenée produ;e significant changes in the |
intensities of the non-specularly refieﬁted beam; It is.interesting to
note there is consideraﬁle fine structure even in this felatively high
energy range. This may be taken as an indication of the.importance of

multiple scattering in the region above 100eV at least for iridium.
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The energy dependence of the intensities of
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Fig. ITI-15. The intensities of the (10) (10) (o1) (oI) diffrac-
tions beams for the (100) face of iridium at non-normal

incidence.
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3. Bismuth"

The intensities for the (10) and the (10) electron beams diffracted
from the hexagonal face of bismuth are shown in Figure III-16. The
paximum expected shift in peak position due to angﬁlar deviation from
‘normal incidence is 4eV. The curves are shown as obtained in the
experiment without any correction for background énd intensity, contact
potential, etc.. The reproducibility of these curves has not been changed.
Botﬁ curves show some fine structure, though, as with aluminum, this is
not very pronounced and the peaks tend to be fairly broad (10-20eV).

There is a strong fall off in peak intensity with increasing electron

energy that is primarily due to the large Debye-Waller effect in bismuth.
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Fig. III-16.

The energy dependence of the intensities of the first order diffraction-

spots from the hexagonal face of bismuth.
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IVv. DISCUSSION

-

One of the ultimate goals of low energy electron diffraction is to
be able to elucidate the precise structure of clean surfaces and surfaces
that have been reconstructed or have been contaminated by the diffusion
of an impurity. In addition, it is of greét importance to determine the
structure of adsorbed gases which héve condensed in aﬁ ordered manner on
single crystal surfaces. As with other branches of science, an understand-
ing of a complex problem is often achieved by the successife solution of
related but relativély'more elementary:problems.

Proceeding in this spirit, we will atteﬁpt to take a step towards
the undefstanding of complicated surface structures by first trying to
determine thé_relationship between fhe structure of simple clean surfaces
and to analyze the intensities scattered by these surfaces in low energy
electron diffraction. |

The simpleét surfaces are presumably the clean surfaces of monatomic
' materials that have nét undergone any surface reconstrﬁcﬁion. Here, it
is known that the surface has the same symmetry aﬁd dimensions parallel
to the surface that characterize the bulk material. Deviations from bulk
values in.the dimensions of the lattice parameters perpendicular to the |
surface afe, hopefully, not large.ul It may therefore be assumed that
one has an abprokimate knowledge of the geometry and the chemical nature
of these surfaces.

The first phase of the problem theﬁ is to develop a computational
procedure which will reproduce the experimentally observed features of
the LEED beams from these known surface structures using trial atomic

potentials. Ultimately, one would like a computational procedure that
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wouid generaté potehfials and positions from experimentally‘oﬁsefved
inténsitieé.- Tﬂe pfoblem is sﬁfficiently‘complex howevef, thét this
préferred mefhod will have to wait for a beﬁter understénding of fhe
physics of low energy electron scéftérihg;
This first phase may be subdivided further into two steps: the

: calculation'of the positioné of the éxperimentally'observed intensity
maxima and thé:caiculationiof‘their reiativé intenéify ratioé. Thére
: aré sévérai’adVénﬁages_té céicuiating‘the peak positions first, .This
_step sérves as abéheck on several basic assumptions such as the importance
vof multiple scattering in low energy electroh diffraction. If there is’
no correlation between calculated and observed peék positions, then
there is little point in attempting to calculate intensity with the

same mechanisﬁs théf failed to reproducé peak positions. Further, by
comparing calculated and obéerved peak positions, it should be possible
to determine whiéh‘scattering mechanisms are dominant. This information
would be of considerablé imporfance iﬁ the choice of avpotential and the
| deferminationvof an appropriate computational model for the calculation

of intensity ratios.
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A. Clean (100) Surfaces of fcc Metals

1. Positions of Intensity Maxima

As discussed earlier, there are a number of papers -in the literature

' ' 2-1k
concerned with the theory of low energy electron diffraction. 1 However,

much of this work has been concerned with either general theoretical considera-

tions or with model calculations for the hypothetical case of the simple

2,11, 15 The work that does relate

cubic crystal with isotropic scatterers.
to scattering from a real crystal surface has been primarily concerned
with the theoretical interpretation of the properties of the specularly
reflected beamgac’l6 . |
A great deal of information could be obtained on the nature of low
energy electron diffraction from the properties of the nonspecuiar electron
beams. In the following section, the experimental data obtdined in this
iaboratory for the nonspecularly reflected beams from the (100) face of
aluminum and palladium will be investigated and correlated with déta
alreddy in existence in the literature for several other face cenfered
cubic materials,
There are several advantages to wérking with more than one material
in a:comparison ~between calculated'and observed peak positions.. First
of all, there is the possibility of checking an implicit assumption in
mltiple scattering thebry that peak positions are determined basically
by geometry while the peak intensities are determined by the detailed
nature of the atomic potential as has been found in x-ray diffraction.
Further, a peak or set of peaks that may be strong for one material may
be missing or weak for another material. Therefore, considering several

materials allows one a greater opportunity for the experimental observation

of any given calculated position; Finally, the consideration of a number
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" TABLE IV. Experimentally observed positions (in electron volts) of '

intensity mexima in nonspecularly diffracted beams for the (

several fcc crystals at normal incidence.

100) faces of

First-order (0 1) diffraction beams

!

(100)

(ev)

59
T2
110
135
170
180
29
Lo

60"
118
150
190
237

130
168

200

Pa (100)
(ev)

81

106
150

202

235
625

17h

215

Ag (100) Au (100)
(ev) (ev)
20 27.0
27 32.0
34.0 55.0
56.0 64.0
62.0 117.0
115.0
168.3
175.5

Second~order (1 1)

6.1
55
5.7
93.5
141.0
229.5
335.5

Third-order (O 2)

- T7.5
112.5
158.5
173.5
250.5

cu (100)

(ev)
26.5
313

©69.7

87.0

- 127.5

146.0
220.0
243.0

diffraction beams

58.0
101.5
136.0
2L7.0

- 210.

N
o

T2.
115.
128.
191.

296.
310.

N AT AT\ T T\ W

diffraction beams

70.0
78.5
120.0
163.0

256.0

215,

99.0
111.
138.
154 .
206.

320.

Fifth-order (2 2) diffraction beams

152.5
206.5
‘280.5

171.0

191.0
'303.0

200.5
260.5

277.0

QO OVIOO

Ni (100)
(ev) .
29
35
L1
55
62
70
92
132
145
187
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of different materials opens the'possibility of studying trends in various
intensity ratios that could be correlated with atdmiq numﬁer or position
in the periodic tablé. Any such trend could lead to a better understanding
of the scattering potentials involved.

The intensity data for aluminum and palladium which were medsured
as a function of electron energy (T vs eV) were obtained in this laboratory.
By'the author. Supplementary data for aluminum and palladium were drawn
respectively from Bedair et a156 and Park and Madden?l ' The data for

‘ ' : ho L
gold, silver and copper were taken from the work of Farnsworth.g’ >

The data fof nickel were.drawn from papers by 13‘&.er,m‘L Farnsworth et ai.u5
and.Onchi and Farnsworthfh6 The position of the diffraction peaks (the
electron energy at which the intensity 1s a maximum) for all of these
materials are tabulated in Table IV-l;

A more detailed comparison is made for the (10) and (11) beams in
Figs, IV-1 and IV-2. The convection‘ used in indexing these beams is
shown in Fié..IV-B. Here, the energy scale has beeﬁ "norﬁalized" to
compensate fqr variations in the lattice parameter among the metals (Ih,k VS
e Vd? éos 9); All of.thé:data were taken at normalvincidence, 0= 0% DNote
that all of the data arefor the (100) face of fcc metals. Therefore, peaks
correspondiﬂg to the same diffraction mechanism should fall at the same
corrected electrén energies .

Az was also found. for the specularly reflected beaméhfrom different
materials, the peak positions do seem to come at the same modified electron
energies when plotted on this "normalized" scale. However, the intensity
of these peaks vary considerably from material to material, presumably

reflecting variations in the characteristics of the atomic potentials.

Certain trends have been noted, and will be discussed in more detail below.
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Fig. IV-1l. Iy vs eVd2 cos26 for aluminum, copper, nickel,

' palladium and silver. Note that abscissa has been ad-
justed to compensate for variations in the various lattice
parameters.. Therefore, maxima associated with the same
diffraction condition should appear at the same "normalized"

electron energy. :

2 2
Fig. Iv-2. Iq7 vs eVd™ cos © for aluminum, copper, nickel, palladium,
’ silver, and gold. Abscissa has been normalized as in Fig. IV-1.
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C convention used in indexing several of the
low energy electron diffraction beams.
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In Tables TV-1 to IV-k T have tabulated the calculated and experi-
mentally observed peak positions. Equation 5 was used to determine the
theoretical valﬁes. The various observed peaks are tentatively ass1gned
to the different 81ngle and double diffraction mechanisms.

It should ‘be empha31zed that all of these ass1gnments are tentative
amd have been made on the bagis of the beSt’fit between the calculated
and.therbserved peak positions. Twe‘imporﬁaﬁt_parametersewere neglected
in arriving at these assignmente. The first was inner potential, ahd

the sedohd was'ihaﬁ.due to'likely eXperimental.inaceuracies.

All of the data which Werelrepefted from‘othervlaboratories were
obtainedvia,Faraday-cup detectors.‘ue’h6 These‘published data were
generally aceompanied b& detailed eerrelatioﬁelbetween.ﬁhe angle.at which

Va diffraction featﬁre was observed and that calculated from tﬁe ?lane
grating formula using the experimental beam:voltage. It ma&'be seen that
in.the.low év region, (below approxinately 50 or'perhaps even ldO eV),
as noted by Fai:'1'1svv‘orth,4‘3 the agreement was quite good. This'agreement
between data and calculations fof the diffraction angle seemed to iﬁdieate
that smalliinner potential corrections of the order of 5 eV or less were
appropriate in this region. Cursory studies in this laboratory gave 51m11ar,

- results for palladium surfaces.

We.have observed that in using the commerCial’display instrumehts
fitted with Phillipe cathbdes,27 serious discrepancies may exiét between
the measured electron enefgy and the acfual energyvof the electrons sﬁrik-
ing the crystal. Thisvdifference increased with increasing beam volfage‘
and was a function of the temperature of the cathode. ‘This discrepancy-
‘resulted in an uncertainty_(as mich as 5-20eV) in determining the electron
energy at which diffraction peaks appeared. Significant shifts in the-Ihk'

(eV) curves may occur along the voltage scale gg a result of minor changes
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TABLE IV-2. Calculated and experimentally observed positions of intensity

maxima from the (100) face of several fcc metals.

FIRST ORDER (10) DIFFRACTION BEAMS

Pd(iOO); A1(100) Ag(100) Au(100) Cu(100) Ni(100)
hk h'k'| cal. obs.] cal. obs. cal. obs.} cal. obs.| cal. obs.] cal. obs.
01 01] 20 18.k 18.1 18.1 | 23.0 - 24.3

00 01} 22.5 21 20 20 | 20 26 26.5] 28 29
01 01} 30 28 29 2T 21 21 2150 35  3T.5| 36 35
o0 o1 33" 31 30 34.0] 30 32.0] 39 b1 by
01 11} La.s  -39 s | 38 38 k9 52 55
01 11§ 53.5 49 L8 48 62 65 62
0L 01§ 60 sT | 55 59 54 56;0 54 55.0f 69 69.7| 73 0
oo o1f73 1 et 12| 66 2.0 66 6u.of 8  87.0] 89 92
01 02§ 82.5 76 75 75 95 100
01 11 | 92.5 98 85 84 8l 107 - 112
01 11 : |

110 101 100 100 127 127.5§134 132
0L 12 ‘
o1 02 }115.5 120 {106 110 | 10k 10k 1133 jiko 15
00 01 J130 119 115 |117 115.04117 117.0f149  1k46.0}158
01 02 fik2.5 141 131 135 {129 129 16k 173
01 12 155 | 1k3 1ko 1ko 179 188 187
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TABIE IV-3. Calculated and experimentally observed positions of
: intensity maxima fram the (100) face of several fcc
metals., . : -
- | SECOND ORDER (11) DIFFRACTICN BEAMS
PI(T00) ATI(100) Kg(100) Eu{I00)_ _Cu(I00) NI{100)

hk h'k!® = cal. obs. cal. obs. cal. 'Qbs_'.' " cal. obs. = cal, obs. cval.‘ obs.
00 11 ‘ .
11 11} Lo 37 36 : ;6 N 46 kg
ol 11 k2.5 39 38 38 49 50
11 11 50 - L6 b5 - 46,1 ks - - 58 60.3 61
01 11 55.5 " L9 48 . 48 ‘ 62 65 65
00 11 62.5 62.5 58 60 57 55 57  58.0 T2 .5 76 78
11 11 o | |
11 oz} 80 8L Tk 2 5T TR 92 92 leO

11 92.5 85 88 8L -8l 107 112
11 02 . , _ ' ' ,
11 12; 102.5 1_06 ok - 93 9.2 9B 118 115.5 125 120
00 11 111.5 103 101 101 101.5 128 128.5 135
11 11 130 120 118 118 118 150 158 153
11 12 133 122 120 120 153 162
11 02 152 150 141 188 190

137 1 137 136 180
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TABLE IV-4. Calculated and experimentally observed positions
' of intensity maxima from the (100) face of
several fcc metals |
THIRD ORDER (02) DIFFRACTION BEAMS
hk hk' A1(100) Ag(100) Au(100) ~cu(100)
cal. obs. cal. obs., cal. obs, cal. obs.
11 02
Th 72 , 72 70.0 92
02 02
01 02 76 75 75 95
00 02 : '
8% 81 77.5 81 78.5 104 99.0
02 02
11 02
: 9l 93 93 118  111.0
02 12 '
02 12 104 102 102 © 130
o1 02 106 104 0k 133
02 02 110 109 112.5 109 138 138.0
00 02 120 119 119 120.0 151  15k4.5
01 oR 131 130 129 129 164
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in the cathode characteristics. It was not verified if this same effect
exisfed~for the instruments used in the previously.published data, but the
good agfeemenf betweeh the’calculatéd and ﬁhé'obsefved angles would seem
to indicate thet at least it could nob haﬁézbéen significant in the Low
‘electrén-energy fegion.. - |

_Anothef possible source of‘;xperimental error was'Sméll uncertainties
in.the anéié of inéidenqe.. It wag found that éiight deviations from normai
incidénée resulted in néticeable'shifts invpeak pbsitions and changés in
- peak shape; These Variaﬁions becane more pronbunced with increasiﬁg beam
voltage. |

'Ail of theée effécts tend to make the assignments at the higher béah |
voltageé less reliable than those ét the lOWer‘beam volﬁages. It should .
~ be ﬁoted héweﬁer;‘that most of the.beans which contain significant informa-
tion‘abqﬁt the surface sfruéture appear in the lower more reliable voltage
range O - 1hb'eV. “In ordefvto discuss the properties of the_different
nan-specular beams separately ahd.td‘cbrfelaté‘thém to single- and double-
diffraction events, if is useful to arbitrarilyvdivide the electron-energy
range iﬁ which they were studied into four ranges;'(l)'o-go ev,'(II)
20-40 eV, (IIT) 40-80 eV, and V) > 80 eV. The voltage limits given
correspond toipalladium;. Those for aluminum, silver and gold are approxi-
mately lO%Vidwér, and‘those for copper and nickel are approximately 20%
higher. In units of ev d2 cos 8, range I covers 0-300; II, 300-600 andv

ITI, 600 to 1200.

a., Beam Voltage Range ~ 0=20:eV

In this region, below the appearance voltage of the first order diffraction '
beams, only the specularly reflected beam [(00) reflection] is directly
observable. There is only one elastic scattering phenomenon expected in

this region. That is the appearance of a Bragg peak (QKOZ': Gz), pre-
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dicted by both the single (kinematic) and the multiple-scattering theories.
In the experimentally observed specularly’reflecfed (00) beam inten-
sities from the {100) face of aluminum and palladium, only one maxima ie
observed in this region at energies around 10 and 1L eV, respectively.
These values are slightly higher than those expected for the appearaﬁce
of the Bragg maxima. It should be noted that the quality of the data is
relatively pOor in this low voltage region because of the‘low current
levels of the electron gun. A more detailed investigafion'in this region
with a constant current electron source and using more sensitive detection
techniques would be useful.

b. Beam Voltage Range ~ 20-40 eV .

The second region starts at the appearance voltage of the first
order diffraction (10) beams and ends just below the appearance voltage
of the second‘order diffraction (11) beams. It is more eomplex than the
firet'region because of the increase in the number of beams that are pre-
sent[(00) and (iO)]. ‘At the emergence Voltage, a diffraction eondition of
10, . 10 '

K = Gz is met, where GZ is the perpendicular component

the form K
z z

of the reciprocal lattice vector with zero magnitude. This condition is
similar to that for the surface wave resonance predicted by McRaeg for the
simple cubic caee. There is no experimental data in this energy region for
the (10), diffraction beam for any of the materials investigated here.

The second phenomena in this region, which should occur at a slightly
higher beam voltage, is characterized by a diffraction comdition of the
form KZOO + Kzlo = GZ. Here, lel = —gg; where a, is the interplanar
gpacing perpendicular to the surface. This maximum is predicted by the kine-

matic theory and, if single scattering predominates, this diffraction process

would produce an intensity maximum only in the first order (10) diffraction



-105-

'bbeam; Multiple-scattéring'conéidératiohs indicate that there ﬁay be a
méximum in the specularly reflécted beam as well. -

vThe‘a#ailable experimental data for the first érder diffréction beams
from éiurﬁinum and pa.lladium do nof extenc.l. into this low—véitage range. How-
ever;:for silver, copper and nickel infensity maxima aré reported in fhe
(1 0) beams within about l‘eV of thé reSpective-calculated values for the
single §qattefingbprocess (KZOO +.Kzlo ;.GZ)..VNO equivaiéﬁt ﬁeakvhas‘béen
repérted for gold, but it may have been oﬁﬁside of the range.of experimental
obserfatibn. | | |

 Thé next predictéa maxiﬁum ihvolves a diffraction condition of the
form glep = GZ; This ié strictly a multiple scaftefing effect as it |
formally necessitates at ieastvdoubie diffraction, This fegion is‘étill
ouﬁside of the expg?iméntally'observed range.fgr pélladium,_but maxima
have been observed for aiﬁminum, nickel, copper,.gold and:éilver within
3 eV‘Qf the fesbective éaicﬁlated theoretical values.- Thé maXimum‘for
nickel ié diétinét bﬁf weék in the.cufveé fepoftea 5y Park.and-apﬁéars‘only
aé‘é shouldér in the curveshreportea by Fafnswo?th, This iévén exé@ple of
the sensitivity of peak shape and ppsition to slight variations in the
experimental arrangement.

This peak is éfvparticular interest for séveral reasons. .First, it
is forbidden in thé kinematic limit of diffraction and therefore ma&»be
taken.as e#idenéevof'multiple scattéring. Sécondl&,vit-is.fhe first of‘a
geneial class. of domindnt peaks (ignoring surface wave resonance) that are
characterized by the‘equation 2KZ = sz._ Hére the diffiaétion intéraction
involveé beams différing'primarily in the»sign but not the magnitude of

that component of their wave vector (or momentum) that is perpendicular to

the surface.
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At a slightly higher beam voltage,vthere'is a diffraction condition

' i
of the form K 00 4 K 10 = G _where IG l = 3 2 . In the kinematic
zZ zZ zZ z 22

Z

limit, a peak should appear only in the (10) beam. In the case where

there is considérable multiple scattering, a secondary Bragg maxima may

also appear 1n the specularly reflected beam. In the first order diffrac-
tion beams from the (100) face of Au and Ag and possibly fram Ni and Cu there
appear intenéity maxima in this voltage region; It should be noted that

all of these maxima aépear at uniformly Higher voltageé than those

predicted.

The relative intensity of this maxima generally increases with increas-
ing atomic number. That is, it is not observed on aluminum is weak or
questionabie on nickel and copper,but is quite'prominént for‘goid and
silver., This region for palladium was outside of fhe range of experi-
mental observation. Regardless of the‘assignment of this diffraction peak,
this trend in intensities is a manifestation of the effect of Varying the
potential at the scattering centers by varying the atomic number.

There are no further maxima in the first order diffraction beams be-
low the emergence voltage of tﬁe (1.1) diffraction beams. All of the pre-
ceding phenomena may contribute to the intensity of the specularly re-
flected beam in this regi%n. Comparisons with experiment are complicated
by the fact that the inten%ities of the specularly reflected beam cannot be
obtained at normal incidence. Aluminum shows a rather featureless hump
iﬁ this region at 9_~ 3°.‘ Palladium shows a gradual increase in intensity
throughout the region. More structure is observable on copper where there
are two distinct maxima in this reglon. It 1s probable tlat all of the
phenomena confribute to the intensity of the (00) beam in this fange.
Careful angular studies should allow one to distinguish among the various

components.
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c. Beam Voltage Range ~b40-80 eV = l.os ~ -

This is.tﬁerfegion béﬁWeen the appearance of the second—order diffrac;
tioﬁ Beams ( 1. 1) and the thi'rd _oraer diffraction beams ('21 0). For the |
(100) facé of fec metals at normal iﬁcidence, the appéarance of the.(i 1)
beams'coincides‘ﬁith £he second Bragg maxima in the specularly reflected beam.
McRae has boncluded-thaf thefevshould be a zéro in the reflectivity curve
for'the (hlc)beam when the following two éonaitions are met similtaneously;
Kh k= n2m/d apd Kh'k' = 0. 1In this case the first condition éorresponds
to the Bragg maxima in the (0 9) beam and the second to the surface wave
resonance in the (J'l).beams. Consequently, at normal incidence, there.
should beva minimum_in‘the specularly reflected beam»in this region in the
fully elaétic_multiple“scattering model. Sucp_a minimum is observed for
aluminum, and possiBly fof copper. Data for éold, silver,and nickel were
not inveétigated. No such minimum is observed in the specular (O Q)/béém,
for'palladigm. As all of the data for the specularly ?eflected'g;am were
taken at nonfnéfﬁal incidence; it is difficult to COnclude.anything about
the magnitude of this effect for these materiais..It is possible that the
intensity of this diffraction feéﬁure becomes more pfonounced with de-‘
creasing atanic number.

Thevfir$t diffraction condition that is met éfter the appearance of
the (1 1) beams is between the (1 1) beams and the (1 O) beams and is
characterized by a diffractior condition of the form K *° + K ™' = ¢,.
This may produce observable maxima inveither set of beams. No inteﬁsity
maxima have been reported in this région for the (1 l).beam, pbséibly
because of the experimental difficulties'inhereﬁt in investigating a beam
this close to its emergence voltage. The (1 0) beam represents a different

case, however. Here the experimental data are reliable, and an intensity
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maxiﬁum is definitely observed in this region for both aluminum and nickel
within 2 eV of the calculated values. In addition, there is a definite
shoulder for silver, Just below 4o eV (calculated Valﬁe 38.6 eV).. No
maxima have been reported in this region for the (1 0) beams from gold

and copper, but it is possible thét‘they may be.preéent as shoulders or
veryweak peaks ﬁasked by adjacent phenomena. The data for palladium do

not extend into this region. At higher energies, there are two diffraction
conditions that are met almost simultanecusly. The first is of the form

gKle = Gz and several eV higher, there is another of the form Kzlo + Kz

11
= GZ. Except perhaps for nickel, there is a unifom absence of signifi-
cant intensity méxima in the (10) beam in this range [~ 45 - 55 eV for Pd
(100)1]. HoweVer, for the (11) beams definite maxima are observed fof silver ,
copper and nickel within several eV of the positiéns calculated from‘2 KZll =
GZ. Similarly, there appears to be a shoulder in thiS'fegion for gold.
The curves for aluminum do not extend into this range. |

Proceéding to still higher energies, we encounter strong maxima in
the (1 0) beams'diffraéted from all of the materials'ﬁnder investigétion.
A1l of the positionsbafe witﬁin 5 eV of those calculéted from the diffrac-
tion condition 2KZ1'O = Gz and there‘afe no‘other diffraction conditions
involving this beam within approximately a 7 V range. These maxima are
generally quite strong and represent one of the more notable and COnéistent
correlations between materials made in this study. As these peaks are
relatively strong, they tend to dominate a fairly large energy range.
As a result, weaker peaks may be obscured making iﬁterpretation in adjacent
regions somewhat difficult.

On the high energy side of these intensity maxima in the (1 0) beam,

there is some indication of a shoulder for several materials, and definite

maxima for both gold and silver. The higher peaks on silver and gold are
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within 5 and 3 ev,_respectively of the positions calculated from the kine-
matic condition KZOO + Kzlo = GZ. Further, the shoulder om aluminum was
occassionally resolved as a separate peak also within several eV of the
calculated position. In the specularly reflected beam; both aiuminum and
palladium have strong @axima.in this region that are most probably related
to this diffraction condition.

At slighitly lower energies (.5 eV for palladium), there are definite
intensity maxima in the (1 1) beams for all of the materials investigated
in this region. Furthermore, all of these maxima are within 1 eV of the
positions calculated from the diffraction condition KZOO + Kzl1 i»GZ with
the exception of that for silver which is within 3 eV of the calculated

position. These maxima presumably are a manifestation of a diffraction

condition that is allowed in the limit.of Kinematic scattering.

d. Beam Voltage Range >80 eV -

Thé next diffraction process of intefeét is the appearance of the (2 O)
diffraétion beéms and, &t appfoximételj 20 eV higher, fhe (2 1) beams. Tt
becomes\exceésivély'tedinus'to enumerate in detail ali of the.possible
diffraction conditions as the number of possible types of interactions
increases rapidly with the number of beams present even at normal incidence.
Away - from normal incidence, the'sitqation should be considerably more compli-
cated. Furthermére-as fhe Band sfructure becames more compléx; bands over--
l#p and the interpretation becomes more difficult. Fewer of the diffraction
conditions are met "purely" i.e., without any mixing, and not all of the
allowed conditions will Be observed as multiple scattering may become less
pronounced. Comparisons with experimental data also become less reliable
at higher beam voltages unless extreme care was exercised in obtaining

those data. In general, however, the analysis can be carried out in the
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same manner as above. The results of such an analysis are tabulated.
There are several points of interest. At normal incidencé, the appearance
of the (2,0) beams coincides exactly with a diffraction condition of the

form EKle = G, for the (1 1) beam. Therefore, a diffraction condition of .

the form Kzll + KZQO = GZ is agtomatically met. Acpordingly, there should
be a resomance minima in the back reflected (1 1) beam intensity? In fact
no strong maxima are observed or reportéd for the (1’1) beamsg in this region
for any of the materials under consideration. This may be taken as an
indication of the significance of the.resonance effect in this region for
these materials. It should be noted that there are very weak maxima i
observed in this general region for the (1 l).beams of several of these
mterials. However, on palladium it has been noted thét this beam is
very sensltive to position, and that its appearance is probably due to -
small deviations from perfectly normal incidence. |

As with the n = 2 Bragg peak tﬁere'is é similar coincidence‘for the
n = 4 Bragg peak. In fact, it may be shown that all of the even-infegral—
order Bragg peaks from the (100) face of fce méterials at 3 = 0° éoincide :

with the appearance of some set of (h,h) beams. Consequently, there should

be a resonance mihimum’rather than a Bragg maximum at these voltages in
fully elastic multiple scattering treatment developed by McRa.e.2 On Al, !
Pd, Pt, and Cu a minimum is observed in the specular reflected beam at the
appropriate_voltage. However,'on all of these materials, a strong
maximum is observed approximately 20 eV lower. It is tempting to assign
this tova Bragg peak with areasonable inner potential and say that the
resonance minimum is not observed. The fommer may be correct, but the
latter is nof necessarily so as all the observations were carried 6ut at

o

2 ‘ :
© = O°. McRae has shown that for slight deviations from normal inci- . =

dence, the Bragg peak may appear and that its shape structure may still be
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strongly influenced by‘the coupiing>with the surface wave resonance that
accompany the emergence of the new diffruction beams. There”is anothér
interesting feature in this region fhatbmay be associated with simultaneous
diffraction uonditions._ On aluminum, véry strong intensity maxima in the
(1 0) beam occur at approximately 100 eV.‘ There are at ieasﬁ four

10 10 21

- ¢,k +x“t-qg,

diffraction conditions which may be met; 2K 20 K, . ;

EKZQl = GZ; and Kzlo —.Kzgl = GZ;H On the high energy side of this maxima
for aluminum, avdefinite shoulder is observable. Going to the corresponding
region on nickel one finds that the.reLative intensity of the shoulder is
comparable to that of the main beam. Continuing to tne noble metals, it may
be seen that the peak that was so intense for aluminum.hés eséentially Vanﬁ
ished, and that the région is dominatedby Whét was the shoulder. It would
be interesting to investigate the behavior of the (2f1> beamé in this range
in order to ébserve whether or not they manifest the inverse'tfend in

intensities. If so, this would provide an interesting currelation between

scattering amplitudes and potentials for the different metals

e. Inner Potential Considerations:-

The preceding assignments have been made with the assumption of
Zero inner potentiai correction. As thére are a large number of calculated
peak'positions, it is possible to make alternate assignments by assuming
various inner potentials. As noted before, the’assignmentS-given above
are based upon the best fit between the experimental and the calculated
values with a zero inner potential correction. If small non-zero values
of the inner potemntial are assumed, the agreément in the region below
100 eV primary beam voltage becomes pnogressively’worse out to a value
of about -5 or -6 eV (inner potential correction). Then, however, the
fit becomes gradually better as the magnitude of the inner potential is

increased. At corrections of about -10 or -11 eV, the fit between the
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experimental énd the caiculated peak‘positions has improved to the point
where it is éomparable to the fit with no inher potential correction.

The assigmnments, however, are entirely.different. In this manner, it is
possible to generate several sets of altermtive assigments and the question
naturally arises as fo which is correct. vIt is therefore necessary to
investigate further the validity of the neglect of inner potential
corrections,

To do this, it is of wvalue to first inQuire into the nature of the
inner potential., Tt is well known that metals have work'functions on'ﬁhe
order of several electron volts, that is, energy must be supplied to eléctrons
in order to leave'a metal surface and to be able to escape into free space.
Similarly, energy is gained by an electron when 1t enters a metal crystal
as it is then,in a state of lower potential energy than in free space.
Consequently, the wavelength associated with an electron becomes somewhat
shortened when the electron peretrates into a crysﬁal and the diffraction
conditions given in Eg. 5 ére met at lower acceleration energies than those
calculated with the assumption of a zero. inner potential. Therefore,
the calculated values should be modified by the subtraction of an inner
potential correction.

The basic question then revelves around how large an inner potential
should be used. Hevineu7 has shown that this inner potential is essentially

\ the matrix element along the diagonal of the secular determinent given

00’
in Eq. 31. When the matrix is properly diagonalized, this term will be
modified by the addition and/or ‘subtraction of other matrix elements, VG
but as these terms are usuwally about an order of magnitude smaller than

VOO they may be neglected to a first approximatioh. This matrix element

v

00’ is simply the zeroth order coefficient in the Fourier expansion of

the potential. Alternatively it is éssentially the amplitude of the trans-
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mitted_beam in the kinematic or Born approximation.

Using péeudopotentials,h8 Pendryu9 has calculated thé inner potential
for sevéral materials. He findslthat.this guantity is voltage dependent
in the region below 100 eV.‘ Thé inner poﬁential has same minimum gbsolute
value in the primafy voltage range sbmewhat above the Fermi energy. Upon
going to higher primary energies, the absolute value of the inner potential
increases, finally becoming fairly constant somewhere in the vicinity of 50
eV to 100 eV. Fer nickel,-Pehdry calculatéd that the inner potential was
about L eV at 25 eV, 6 eV at 50 eV and 10 eV at 100 ev; No céiculations were
performed forrthe other metals considered in this stﬁdy.

These values are reasonably consistent with the experimentally observed
behavior ofvthe diffraction angle discussed earlier. Considering both the
experimental diffraction angle data and the pseudopotential calcuations,
the following conclusions‘may be drawn,' In the region above 100 eV, considér-
able inner potential correction may be necéséary° Consequently, the previously
tabulated assignmenté in tﬁis region which were made using Zero inner potential
are questionable. On the other hand, in the region between approximately
20 and 50 eV, corrections of the ¢rder of several electron volts, definitely
less than 10, are reasonable. It may then be necessafy té reassign some
features in this region, but the majority of fhe assignments are most
probably cofrect.

Tt is necessary to inquire into the assignments f%tween 50 and 100 eV.
5
One assignment in particular begs justification.. In the (10) diffraction
beams for all of the materials studied, there is a very strong maximum

10 .
that has been assigned to a diffraction condition of the form EKZ = GZ.
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Noﬁ‘far above %his condition is another of the form KaO + Ké? = GZ'
Except for silver, only relatively weak maxima have been assigned to this
second condition. As the first condition is purely a multiple scattering
mechanism, while the second is allowed even in the kinematic 1imit, it
is at first thought. inconsistent to assign a strong peak to a multiple
scattering mechanism and a weak peak to d kinematic mechanism when a not
unreasonable alternative assignment could be made. For nickel, this intense
maximum is cobserved at approximately 70 eV, In the absence of inner potential
corrections, the EKi? = szultiple scattering peak 1is prediéted at 75 ev
and the Kgo + Kio = G, kinematic peak at 87 eV. Thus, an inner potential
correction of 3 eV is needed to assign this maxima to the multiple scatter-
ing mechanism while an inner potential correction of 17 eV is necessary
for the kinematic assignment. As the calculated value is 7 eV and as that
estimated from the data on the angle of diffraction is definitely less than
10 eV, the multiple scattering assigmment appears to definitely be the
more reasonable one on the basis of existing evidence.

Tt is of some interest to inquire as to why a multiple scattering
intensity should be so much stronger than an adjacent kinematic maximum,
The higher correlation observed among éll of the materials studied seems

to argue against this being due to a fluctuation in the form factor. An

alternate suggestion may be made from a consideration of the band structure

in this neighborhood. Immediately above the 2K£? = GZcondition, there is
0 11 ‘o . . R
a Ki + Kz = GZcondltlon. However, there are no diffraction conditions

. . ' 00 10 - .
in the neighborhood of the KZ + KZ = GZcondltlon. Thus, if the band

gaps are only several eV wide, there is a "complete'" band gap in the first
case, but only an incomplete gap in the second. Therefore, in the first
case, there are no allowed states within which the electron can travel

into the crystal. Consequently, in the absence of inelastic scattering,
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it ﬁuét be scattered out of the crystal and the intensity in one or more
af thé.back-scaﬁtered beam may be expected to be high. However, in the
éecohd éase, the (11) beam is allowed in tﬁe crystal, and perfect back
diffraction is not required in the.elastic limit. A similar case is

discussed in more detail in Appendix I,

f.  Angular Dependence

The advantages of studying the intensities of the électron'beams
at nofmalleléctron beam incidénce ére oBvious. Under theée conaitions,
all of the diffraction beams with thé same indices ahd thé same sign of
K'Z are degenerate.- Consequent iy, considerabiy fewer diffraction conditions
of the form given in Eq. 5 need be considered. For example, in the region.
befween approximately 20 an& Lo eV,.invaddition fo‘the transmitted and the
speculéfly reflected beams, there exist only the first order diffraction
beams, four directed into énd four scattered but of the crystal. At
normal inéidenée, the four beams in these two sets are degenerate. There-
fore, tﬁere are only.four uniqﬁe'béams_in this energy range, and we need
aly consider three eguations of the fofm of Eq. 5. However; awéy from
normal incidence, there may be 1b unique beamé in this same energy range,
ard it may bé necessary fo consider w to 45 diffraction éonditions.
The Situation becomes increasingly complex as one goes to higher voltage
ranges; |

When multipie scattering_is_dominan@ then it is to be expected
fhat oné will experimentally observe the gradual resolution of an intensity
maximum into several distinct compdnents as the degeneraéy is lifted by
slowly varying the angle of incidence away fram the normal. This may be
contrasted with the case where only single scattering is dominant. In this

kinematic 1limit, only a graduadl shift in peak position with no development




of fine structure is to be expected when the angle of incidence is varied.
The basic diffraction condition, Eq. 5,

Rtk = T
z z z’

may be combined with Egs. 4 and 6 to give,

=y - — » -
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or | — _ o
ST = S R T R L - S

Xy Xy Z Xy Xy Xy
- [5,1. | (56b)
Noting that rﬁZ;l =.f§9| cos@ and fﬁcxy' = rR°[ sin 6, and that
[i°| = om eV/150.k4 R:lit may be seen that the energy at which Eq. 5

is met is dependent upon 8, the angle of incidence. Furthermore, as this
equation contains a dot product betwéén-ﬁox& and—axy, the anglé between
the parallel component of ﬁhe incident wave vector and the parallel
recipfocal lattice vectors is also‘important. Tﬁis,.of course, is‘the
azimuthal éngle, b . |

As noted before, wvariations in thevazimuthal ahgle froduce subtle
but definite différences-in'the shabes of the intensity maxima inrthe
specularly reflected electron beam from the (100) face of aluminum. As
is to be eipected, these:difference become more pronounced at larger angles
of ingidence.

The dependence of the intensity of the first>brder diffraction beams
is even more strongly affected by variations in the azimuthél when at
non-normal incidence. The data for the (10) beams from both aluminum and
iridium taken at non-normal incidence and shown in Figsy III-11 and III-15
were: obtained at an azimuthal angle of approxiﬁately 45°, As it is diffi-

cult to measure the azimuthal angle to better than 4° with the present
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experimeﬁtal_equipment, there is some uncertainty in these measurements.
Note, however; the slight differences between curves that should be identical
at ¢ = 45°. Othef déta takeﬁ at several'différent azimuthal angles showed
marked dependence upon ¢.5O | | | -

The expectéd resolﬁtion of intensity maxima_iﬁto séVeral differént
components when the angle of incidence is.iﬁcreased ig definitely observed
fof the specularly reflected beam from the (lOO) face of pélladium. The
maxima near 40 éV shows two componenté even at 8 = 59 and three at 8°.

When 6 = l7-l/2°, this peak has beenvcompletel& split into two stfong
components., The corresponding peak on aluminum doés not display this drastic
splitting tovthe same extent; It does, however,.show some sign of fine
strﬁcfﬁre and actually appears to move to léwer voltages when the angle of
bincidence is increased. For both aluminum and palladium, the strong peak
near 70 eV aléo shows considerable dependenée upén the angle of incidence,
not only in'posifioh but also in lihe sﬁape. Again, the resdlufion into
sub;components is far more ﬁarked-for palladium. This peak has béen
assigned to é:diffractiOH condition of the form KZO + Kio = Gy The alter-
nafe assignment would be to a kinematic Bragg peak with a l5-20veV’inner
potential shift. The development of several components when 6 is increased .
definitely supports a muitiple scattering assignment in preference to

a kinemafic assignment. Similar comments could be made about practically
all of the observed maxima., |

Even for aluminum, the intensity maxima in the first ofder diffraction
beams shéw a much stronger dependence upon the angle of incidence than do
those in the specularly reflected beam. The data from both aluminum
.and iriddum show the.same trend. Those beams for which K'Xy is parallel

Y
to Koxy’ or K"xy .‘ﬁbxy > 0, have their mxima shifted to higher energies
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when 6 is increased. Conversely, those beams for which K'xy is anti-
. N .
parallel to K° or K! -?? < 0, have their maxima shifted to lower
- Xy Xy Xy
energies, This is reasonable, as K'Z is greater in the anti-parallel
-case than in the parallel case. Consequently, Eq. 5 will be met at lower
energies for K! * K < O than for X! + K > 0.
Xy Xy ' Xy Xy

In Fig. III-11 for the (10) beams diffracted fram the (100) face
of aluminum, note that the peaks mear 55 eV appear to shift more when the
angle of incidence is varied than do the peaks near 70 eVv. This would
be expected if the former were assigned to a multiple scattering condition,

and the latter to a kinematic condition. These observations also support

the earlier assignment of the 55 eV peak to a EKié = Giconditionb

g. Conclusions

" The position of the intensity maxima of the nonspecular low-energy-
eiectron beam seem to verify the importance of multiple scattering in LEED,
Thié is consistent with earlier observations on the specularly reflected
beam.éh"rhe number of observed diffraction maxima is too large tb allo&
for their aésignment solely on the basis of kinematic considerations. The
coincidence of observed intensity maxima positions with those calculated
on thevbasis of a doubie diffraction mechanism would seém to substantiate
the validity of the double diffraction approach in predicting possible
peak positions.

The double diffraction condition, 2K'Z = GZ appears to be particularly
dominant in the electron energy Jjust above the appearance energyvof the beam
under consideration. There also appears to be a general tendency for -
diffraction conditions with relatively small magnitudes of G to dominate.

As most atomic potentials would favor forward scattering this is physically
reasonable. This generalization, of course, is not meant to preclude oscilla-

tory behavior in the form factors with increasing values of G, the scatter-v
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ing vector.

Assuming that the preceding assignments are at least partially correct,

“inner potential corrections appear to be considerably less than 10 eV

and probably less than 5 eV in the very low-energy range. Finally; it
may be seen that the atomic potential plays a significant role in deter-

mining peak shape and intensity.
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2. Intensity Maxima Ratios

A cdmputational method was developed to calculate the intensities
of the low energy electron beams.back diffracfed fran single crystal sur-
faces. The method i1s described in detail in.Appeﬁdix 1T.

Initially, a simple screened coulombic potential of the form

zZ'e

v(r) = exp [-Ar]

was used for the atomic potentials. Here, z is the atanic number and A

is the screening parameter. This potential resulted in Fourier coefficients

D
V, = —————
G 2R

‘ -
where G is the scattering vector, and the D is the normalization coeffi-
cients. Later, it was found to be advantageous ' to use a potential whose

Fourier coefficients had the form

D

V. =
}\2 -!-G2 + v Gr”2

G

where G” ié that componeht of the scattering vector that is. paraliel to
the surface and Vv is a second parameter.

Inelastic scattering was introduced in the form of atomic excitations.
The fraction of the intensity that was scattered elastically in a single
scattering event by each atomic scattering center was given by O? where
O is a computational parameter usually assigned the value of 0.9. The
thermal motionvof the lattice was simulated through the use of the Debye-
Waller factor where the mass ‘was taken abk 27 amu,. the absolufe temperature
as 300°K and the Debye temperature as 400°K in the bulk and 200°K at the
surface (see Appendix ITI).

a. Four Beam Case In this case, in addition to the transmitted and the

specularly reflected beam, there are two diffracted beams, one directed

into, and one directed out of the crystal. There is no ldentical situation
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in the real case of a (lOO) fac¢ f.c,c,.maferial at normal incidence.
However, there is an approximately equivalent case between about 20 and
.40 eV. Here, the first drdef diffréétion beams are allowed and are the
highest order present. .The one beam directed out of the crystal then
fepresents a set of four beams directedvéwayﬂfrom the surface.. Similarly
assumptions were made forvthe_inward directea beams. ThelcompﬁtatiOnal
.case is_apﬁrokimate in that it neglects the inferactions aﬁong beams in
a given set andvbe£Weeh beams in different sets that‘do not have the

same parallel feciprocal lattice Veétof. As thése néglected interaétions
_ are al1 charagterized by relatively large scattering vectors,ral, this
approximation is not unreasonably in the case of'the screened Couiombic

' 24 G2.

- potential where VG

Figure IV-h shows the calculated intensity of the specularly reflected

is inversely proportionalvto N

* beam and the firsf order diffraction beam for the (100) face of aluminum
.at normal incidence between 19 and 36 eV. The beam intensity Wwas attenuated
by the inclusion of inelastic and thermal écattering. Several values

of the'screening parameter, A, were used to similate different diffraction
4 :

conditions. When A = 0.1 A_l, the calculation is essentially in the
kinematic l'imit, as VO is inversely pfoportional to 7\2; For the specularly
reflected or (00) beam, only one peak is visible.. This is the Bragg peak

at 37 eV. For the first order or (10) diffraction beam, there are two

. » . . 0 10
maxima; one at 31veV corresponding to the kinematic condition Kg + KZ =

Gz and one just beiBWﬁq9 eV corresponding to a diffraction condition of

the - form QKZlO = -G;, This type of multiple scattering condition would ,

ordinarily be forbiddefisfor such a small value of the screening parameter

except that the crossf§ECtions are extremely large at the appearance voltage
due to their inverse dependence upon K'Z. This may be an artifact of the

model, as the l/K'Z term arises as a direct consequence of the imposition of
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Fig, IV-ba. I,y vs eV for A1(100) between 19 and 36 eV at 6 = 0° for several valuesof the
screening parameter A and with ¥ = 0, @ =0.9, T = 300°K, 6y = 400°K and 65 = 400K,
Fifteen scattering events were used and ‘the four beam approximation was made.
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Fifteen scattering events were used and the four beam approximation was mde.
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of strict two dimensional syrnrﬁetzy upon thé Greens function (see .section
II-B-2)., A similar condition at 28 eV does not result ih a maxima fér
o ’ . BN
A= 0.1 A-:l' The kinematic diffraction condition near 21 eV does not give
maxima, in this calculation. The reason for this is not known, but‘it
is possibly- that the intervals at which the inteﬁSity is calculated are .
o0 Far apart’to show. these maxima. It is likely .that the (10) beam does

not penetrate very deeply.at this volfage and consequently is rather insen-

sitive to this condition.
o]

. ] . "l
When the screening parameter is increased to 0.5 and then 1.0 A "y

there is a definite shift in the peak position in the (00) beam. For the !
‘larger cross section,multiple scattering becomes dominant, and the condition

K 00 + KZlo = GZ at 31 eV is met more strongly than the Bragg condition

z
ek * = a_at 37 ev. “ |

Figure IV-5 shows a comparispn among calculations done for this
region with an isotropic potential, Gaffners potential and the isotropic
scattering potential with A = 1 Z-l .Note the similarities vaetween the
calculations which were carried out with the two forward scattering
‘potentials. On the other hanci, the calculations performed with the isotropic
potential result in high background and broad peaks thaﬁ are shifted to
slightly lower voltages.

In none of these curves, however, .is there much indication of thé
intensity maxima at 28 eV corresponding to the éKle = G, diffraction | .
condition. As this peak is observed for several mtérials, it is of some |
importance to be able to generate it in model calculations. This was done
by the introduction of the parameter v described above. The use of thi‘As
?arameter enhances diffraction conditioné that involve no change in the

component of the wave vector parallel to the surface. Figures IvV-6 shows

the result of using various values of V. When V = 5, there is a shoulder
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Fig. IV-5a.Igg vs eV for Al (100) between 19 and 36 eV at 8 = O°'fgr Gafners potential and the isotropic
scattering potential with & = 0.9, T = 300°K, 6g = 400°K and 65 = 200 K. Fifteen scattering
events were employed, and the four beam approximation was made. :
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Fig., IV-5b. I, vs eV for Al (100) between 19 and 36 eV at 6 = O for Gafners potentlal and the
isotropic scattering potential with & = 0.9, T = 300°K, 6 = L00°K and 8y = 200°K.
Fifteen scattering events were employed and the four beam approximation was made.



A2~

on the léwvév side of thé 31 eV maximum for thev(lO) beam. At VvV = éd,

this éhoulder has become a maximum in ifs owﬁvright, and thé BlieV ma.x imum
has been re&ﬁced to é shoulder.‘.These changes are éiso refleqted in the
(00) beam. vNote, however, that the higher energy peak remainsvmore‘
dominent for the (Od) beam than for the (01) beam. This is reasonéble as
the 2Kzlo = Gz condiﬁion doesinot involve the (00) be@m. Thereforey any
intensity.in this beam is a reéulﬁ of a third*order'multiple scaftering
situation where intensity is scattered out of the (10) beam in't’o the (oo)
beam in the absence 6f an& strict diffractioh_condifion. | |

The inﬁensity‘ratios for.ﬁhe 31 andv28 eV ma#ima in the 10 beaﬁ
correlafe Very well with_the real_diffraction featufes of many face centered
cubic solids. 'Both of these peaks are experimentélly observed for several
mterials. As hofed.beforé; the relativé intensities éf these peaks show.
a definite’trend with increasing atomic ﬁumber.b'Fbr'tﬁe lighter materials,
(e.g., Al, Cu and Ni), the peak cofrespohding.to-ékzlo =G, 1s strong while
.thAt for Kzlo +'KZOO =,GZ is eiﬁhervabsenf or~weakf Upon proceeding to
the heavier nateriéls, (e.g. Ag and Au) thebéituation is reversed and the
higher enefgy nakimé beéomes domihant. Thus, aluminumvmiéht cprrespond
to.values of v on ﬁhe 6rdef‘of 56 to 50;- Nickel and coppér migﬁt better
be fit with Qalues like v = 20 or 30. Silverrandfgoid are most closely
reproduced with values offV;= 5, or 10.
The broad peak observéd in thenépécularly reflected beam from the

(100) face.of aluminum could easily corfespond tO:either of the calculated
maxima, ér, more probably, to an unresolved combination of both. It
should also be notea'that there’is a minimum in the Al (iOO) IOO (eV) curve
at about 36 eV. Note that these calculations‘also indicate the existéance

of relatively little intensity at this energy except in the kinematic limit.

"As there is a Bragg peak predicted at this position, this may be taken as
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Fig, IV-6a. Iy vs eV for AL (100) between 19 and 36 eV at 6 = 0° calculated with A = 1.0A™T
=09, T-= 300° K, GB = L4o0° K, 9 = 200°K for several values of the parameter v, Fif-
teen scattering events were employed and the four beam approximation was made.



e B

\

.\“i ' ™

v=>5 ‘ .v'=20 'V‘=5O

Fig. IV-6b. Ijo vs €V for Al (100) between 19 and 36 eV at € = 0° calculated with A = 1,087
oa=09, T-= 300°_K, 9B = )+OO°K, Oy = 200°K for several values of the parameter v. Fif-
teen scattering events were employed and the four beam approximation was made.
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a proof of the dominance of multiple scattering in low energy electron

diffraction.

b. Six Beam Case As with the four beam case, there is no exact analogue

to this case for the (100) face of fcc materials. There is, however,
kan approximate correspondence in the energy range between L0 and 80 eV -
where there exists sik separate sets of beams. As before, arguements may
be made about the validity and applicability of this model.

The calculations for the (100) face of aluminum in this region were
started at 40 eV rather than 37 eV. This is because the maximum in the
(li) beam at 37 eV was so intense that it dwarfed all of the other peaks.
Consequently, the behavior of the intensity near 39 eV where the KzlO + KZll
= GZ condition ié met has ndt been studied. As the (11) beam is not obser-
vable in this range, this is not tdo greét a loss.

When the scattering approaches the kinematic limit, as for A = o.1Z'}
only three maxima are observable. The one below 40 eV for the (00)
diffraction beam is presumably the Bragg maxima located at 37 eV. The
maximum in the (01) beam at 67 eV and that in the (1l) beam at 57 eV are
both kinematic,” When the cross sections are increased by raising M to

[~ .
0.5A } there are definite indications that multiple scattering phenomena

are becoming important. A peak appears in the (00) beam at 67 eV that

corresponds to the diffraction condition KZoo + Kzlo = Gz' In the (11)
beam, there is evidence of the appearance of two peaks at 46 and L49 eV. .=
These are due to conditions of the form 2Kzll ='GZ and KZlo + KZll = GZ

respectively. When the cfoss gections are increased still further by

©
raising N to l.OA,lthe miltiple scattering features becamne dominent. Note
also that same shifts in peak position have appeared. This was cammonly

observed for large cross sections. It seems to be related to the tendency

for the peaké to coales as all conditions become more coupled at larger
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were used and the six beam approximation was made.



~13h-

. f
_;-""’J-
= ﬁ\ .
M
\
L AN
T [T 1.
v
\
poo et \ .
L . 1
L I8
1
1
Fig. IV-7b. continued.

A= lo O.Z.-l



~GCT=

\\h_.b_ﬁ

o
’\L,H

1 . ‘ \‘\
J \\\N—km . \-—/ / i i i
A= o.5A."j

N\/h—r//
°.l
AN = O'.. lA

Fig, IV-Tc. 'Il vs eV Tor Al(lOO) between 40 and 72 eV ag'e = 0° calculated for several vaelues of A
an& with @ = 0.9, ¥= 0, T = 300°K, 6, = 400K and 6y = 200°K, - Fifteen scattering events
were used and the six beam approximatlion was made. . : : AR



<136

I~

Fig. IV-Tc. continued

\ = 1.0&8T



-137=.
cross sections.

Increasihgvthe amount of ineléétic scattering tended to broaden the
peaks someWhat and to discriminate against the multiple. scattering fea-
tufes; For example, when & was deéfeased stepwise to 0.5, the kinematic

~peak below L0 eV in the (Od) beam gradually became more intense than the
double diffraction peak at 67 eV. |

As in the four beam case, an intensity maximum is not observed that
was predicted by a diffraction condition of the form 2K210 = GZ. To investi-
gate this peak; the parameter v was agaiﬁ introduce, as befofe, the introduc-
tion of this parameter generates this typé of intensity maximum.  When

v is 5; a peak appears in the (10) beam at 5b fo 55 eV. In additioﬁ,
there is an imprcvementvin the resolﬁtion of the (11) beam. As v is
inéreased to 20 and then to 50, the intensity ratios.iﬁ'the (lO) beam of

the EKZlO = G_ peak at 55 eV and the Kzoo + Kzlo'

= G, peak at 67 eV are
reversed; At the-same time the 2K£l= G, peak.at L6 eV in the (11) beam
becomes & dominent feature. |

This 2Kzlo'= Gz peak at 55 eV is of particular interest as»it has
been éxpefimentally observed and ihdeed is the strongest inténsity maxi-
mum‘preSent in this eneréy range fof all of the materials studied. TFor
aluminum;‘it is more intense than the nééghboring kinematic peak at 67 eV
by at least é factor of 2. This intensity ratio may diminish sonewha£
with increasing.atomic number as it is fairly close to 1 for silver.

It is of some interest to note that the use of the parameter, V,
has generatedlintensities for the (11) beam that are also éimilar to those
observed eXperimentally.;?The use of relatively 1arge valﬁes of v, 20 to

50, has caused the EKle = Gz peak at L6 eV to become considerably more

intense than the kinematic KZOO + Kéll: Gz peak at 57 eV. This region

is one of the considerable experimental difficulty, but for the three
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Lo, .
Iop vs eV for AL(100) between 40 and 22 eV at 6 = 0° calculated with & = 1.0A 1, a= 0.9, T = 300°K,

8g = 4oo°K, and 6g = 200°K for several values of the parameter v. Fifteen scattering events have been
employed and the 6 beam approximation was made. '
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scattering events have been employed and the 6 beam approximation was made.
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materials, Cu, Ag and Ni, where both of these peaks have been observed,
the multiple scattering peak was more intense than the kinematic peak in

good agreement with the model calculations.
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c. The Ten Beam Case

There exists an exact analogy: fer this case for tﬁe_(lOO) face of
face centefed materials. In the region between approximately 20_and.h0'
eV, in.addiﬁioh to the transmitted and the speculafly reflected beams,
there are four first ofder difffaction beams scattered back frcﬁ the
crystal and four scattered® into it. The treatment of the four beam
case wes an aéproximete solutien to this siﬁﬁation. There, it was
necessdry-fo introduce a variable parameter, Vv, to force the calcﬁlations
to reprodﬁce fhe observed intensity makima. then this energ&.regionvwas
cais idered in e more exact manner‘with a full canplirﬂent of beams, it

was found that the experlmentally observed 1nten51ty mexima could be

‘generated by a simple forward scattering potential w1thout ~the use of

the parameter v. It would therefore appear that the use of this para-
meter simulates the interactions of the degenerate beams neglected in
the approkimate ease.

Calculations were performed for aluminum in the energy regioﬁ'

between 19 and 36 eV. Fifteen scattering events were used and it was

assumed that 19% of the intensity of each scattering event was lost to
. - _ : 2 .

inelastic processes. A pure screened Coulombic potential E%— e, AT

was employed with a variable screening parameter A. TFigure:IV-9 shouws:

the intensities of the (10) and the (00) beam calculated at nommal

: . . o _
incidence for values of A, the screening parameter, between O.l1A 1 and

°—
1.5 AL,

As in the four beam case, when N\ = 0. lA l, we are fairly close to
e

B
{

the kinematic limit. The only-peak that is observed in the (lO) beam is
+ 310 '

. . =00. -
~the kinematic X, + K, = G,peak at 31 eV. In the (00) beam, the

Bragg peak at 37 eV is quite strong, and there is some evidence of the
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of the screening parameter A with =0, o = 0.9, T = 300°K, 6p = 400°K and 65 = 200° K.
Fifteen scattering events and ten beams Were employed,
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10

double diffraction K(;O + KZ

= (%peak at 31 eV,
When A is increased to 0;5 K-l, this double diffraction peak at
31 eV in the (00) beam is the dominant feature in this region and the
37 eV Bragg peak is reduced in relative intensity. The 31 eV pesgk .in
the (01) beam is still quite strong, but the pure multiple scattering
2Kzlo = GZ peak at 28 eV has become apparent. |
As N is increased further to 0.75 _Lok-l, this 28 eV multiple scattering
peak in the (10) beam has become the dominent feature and the kinematic
31 eV peak is reduced in relative intensity. In the (00) beam, the Bragg
maximum is quite reduced. The double diffraction 31 eV peak is still quite
strong, but a new feature at 28-29 eV has become apparent. This is a
tertiary multiple scattering feature and represents an increase in the
10 _
Z

intensity of the (00) beam reflecting the 2K G, intensity maxima

in the (10) beam.

When A is increased still further to 1.0 and 1.5 .Z-l the 28 eV peak -
becomes the strongest feature for both beams. The 31 eV pesgk is stiil
- apparent as a shoulder. Note that the peaks have a greater width for
A =__1.5E than for A = 1.0 A™". In this limit, all of the beams are
strongly coupled and one major maximum is f ound.

o _ o
The peak near 21 eV in the (OO) beam for A = 0.5 A L and 0.75 A 1

my be related to the double diffraction célditim-l,{oo + .I%\lo =—(;. There
could be several reaons why there is no corresponding peak in the (10)
beams. As mentioned before, it may be because the:?(l_O) beam d oces not
penetrate very deeply in this region. Alternatively, it could be
because it is masked by the 2K1ZO = Gymaximum atv 18-19 eV that occurs

at these values. Note that there is some "rippling" occuring in the

intensities. This is due to the use of a finite size model crystal.



As in the four beam cage, a correlation may be made between the value
of A and the fit between the calculated and the observed intensity ratios.

It would appear that for lighter materials, such as aiuminum, there is

1

. : ] [}
better agreement for larger values of A, say between 0.75 A ™ and 1.0 A l,‘

while the heavier materials, such as silver, need a stronger farward

. Q
scattering potential such as one approximated by A = 0.5 A l.

d. The Eighteen Beam Case °

As with the ten beam case, the eighteen beam case has a direct analogy:
in the diffracted beams from the (lOO)'face of_facé centered cubic
rcrystals. .In the region between approximately 40 and 80 eV, there are
eight (11) beams,  eight (10) beams and two (00) beams. One helf of each
set is direcfed into, and one half of each set -is directed.out of the
crystal. This energy range was treated ih an approximate manner in the
six'beam case. Again, there it wasvnecéséary to introduce the parameter
v -to reproduce the experimenfally obsérved maxima . Here, however, when
this situation.is treated with .a fﬁll campliment of diffraction beams,
‘the observed intensity maxima may be reproduced again With‘a pure
screened Céulombic potehtial using suitable screening parameters.

Calculations were performed for the (160) face of aluminum for.fif-
teen scatterihg events. It was.assumed that 19% of the inters ity ofeach
individual scattering event was lost fo inelastic processes. The best
fit between the observed and the calculated intensity vs energy plots was
obtained with a vaiue of the screening parameter of 0.75 R‘l. Smaller
values of AN emphasized the kinematicrprocgéSes'whilé larger values,
such as A = 1.52-1, over emphasized the multiple scattering processes
to such an extent that all of the beams became very strongly coupled and

only one maxima was observed in all of the beams near 50 eV.
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Figure IV-10 shows the intehsities of the (11), (10) and (00) beams
between 40 and T0 eV for A = 0.75 K,.l. For the (11) beam, three strang
maxima are produced in this reg_ion. The first,‘ at 46 eV, corresponds
to a multiple scattering condition of the form EKil = GZ and the second,

at 49 eV, corresponds to another multiple scattering condition between

10 + Kzll = GZ. The third peak

the (10) and the (11) beamsof ‘the form K,
at 58 eV exists in the kinematic diffraction limit and is described by

00 11 ' . . . .
K~ + K = = @¢. The exact intensity ratios are not in good agreement with

2 z
those observed experimentally. In general, the KJ;]' + K]Z'O = Gzpeak is

missing while the EKJQI = Gypeak Has a significantly greater in’oenvsity

11

than the kinematic KOZO + K= szaximum.

The strongest feature in the. (lO)\beam is the intensity maximum at
55 eV which is related to the 2K]éo = GZ diffraction . comdition. It is

10

. . [0]
followed by a weaker intensity maxima at 67 eV of the kinematic KOZ + KZ =

GZform. The c.alculated‘;rélative intensities of these two peaks are pleas-
ing as the 55 eV peai{ 1s generally found to be the strongest intensity
maximum in this region for the experimentally observed data from all
materials considered. The calculated. intensity maximum at 49 eV is a
Kio + K]j' = szultiple scattering feature. With the possible exception
of nickel, this maximum ié generally not observed experimentally. Note
£he peaks at 47 and 57 eV. These are tertiary multiple scattering

phenomena and reflect intensity maxima in the (11) beam.

The two peaks at 57 and:67 calculated for the (00) beam are related

to double diffraction conditions of the form KOZO + Klj' = G and K(;O + K];O =

GZ respectively. The calculated intensity ratio: for these two peaks is
in poor agreement with experimental data. For aluminum and palladium,

00 10 . R ,
the KZ + K.Z = Gzpea.k is observed to be the dominent festure in this
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Fig. IV-10a. Ipp vs eV for AL(100) at 6 = 0° between 40 and 60 eV calculated with A = 0,754
' v.=0, =09, T =300°%, 6 =L400°K and 6g = 200°K.

and eighteen beams were employed.

Fifteen scattering events
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Fig. IV-10b. IlO vs eV for A1(100) at 0 = 0° between 40 and 60 eV calculated with A = 0.75A-l,
, =0, @ =0.9, T = 300°K, 6p = 400°K and 65 = 200°K. Fifteen scattering events

and elghteen beams were employed.
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 Fig. IV-10c. 1Ij7 vs eV for A1(100) at 6 = 0° between 40 and 60 eV calculated with A = o._752’\'1'
' v =0,0a =09, T=300°, 6, = 4OO°K and 6g = 200°K. Fifteen scattering events

and eighteen beams were employed. :
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i“l = G,peak is either not observed or appears as

a small shoulder on the KSO + K:ZLO = G, pesk for palladium. The region

region while the k%0 + K

beldw 50 eV is also ﬁOOrly reproduced for the (00) _beem in these calculations.

For both aluminum and palladium, a strong maximim is observed in this

region that may be related to the 49 eV peak calculated with A= 1.5 A?.-l.
_.Wﬁen the agreement 'vbetween the calculated and the ekperiment_e_,lly

' ‘oli)serve.d intensities for all of the beams in. this region is considered,

it‘ma.y 'be .seven thet ther_e 1s a fairly good correlation. Howevez_', even

though most of the »observe_d intensity maxima may be generated with this

computational procedure, the calculated intensity ratios are less than

optimal,

€. Summary v

A.computationai proceduie has been deﬁre]._oped‘that ﬁill rebroduce
mst of the features observed in'the ‘intensities of the low energy
electron- diffraction beams from the (160) face of fae'e cente’retli'eub:’[c
oryetalsv,‘in:fhe energ,‘y.ra.nge 1-80 eV. Two forms Aof this‘method have
bee'n employed.. In the shorter form at“normal incidence, only one beam
in a degenefqte set of beams is considered in‘ ‘an actual calcula tion.
Tt has been found that the neglect of the other beams may be partially
compensated for ﬁrith the use of a parameter, Vv, that enhances sca.tter:‘mg
events th‘at-do‘ not involve a change in that component of the scattering
vector that is paraldel to the surface. This method has the advantage
that it uses a significantly smaller amounf of computer time than does the
full treatment where all diffraction beams are considered. There is a
six fold saving in time when the four beam case is used instead of the
ten beam case, and an-eight fold-saving in time when the six beam_case

is used rather than the full eighteen beam case.
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The ionger form of this computat ionai proéedure, though rﬁbré, exben-
sive, has. t.he advantage that it does‘ not employ the artifical parameter
V. Thus,‘ if shouid be fnozve applicable to calculations performed on actual
surface structures. |

.Both mét-hqu suffer from the u.na,va'ilability éf good scattering
potentials. Though the obéervéd diffractién féatures can .usually‘ be
reproduced with either method, the calcﬁlated int ensity ratios 'oniy rarely
réproduce tﬁose whiéh were»measured- éxper.imentally. It is to bé Hoped '
that adequate scattering potentiéls will sdon be avéilable. Work is:

4o, b7

proceedirgbn this problem, notébly by Pendry and Heine aL‘mo.ng others.

‘ Although the (100) face of fec materials was studied.here, this approach
could easily be applied to the (110) fa.ce.orv the ’bcc materials. The |
choice of Vthé (lOO) face of fcc materials was made on the Easis of the
| av*a._ila.b‘i'lit‘y of existing e}Cperimentai daté, ‘avnd the simplicity that this
éase affords. 'I'hougg this particular mefhod resembles that of sever_ai
differént authors in 'scme‘aspect, it ié ﬁnique in its total cmstruction,
The basic equationsb u‘sed were cierived from an irvlteg..ra,.l equafich approach
sifniiar to that of McRae and Kambe. However, a‘p]._ane wa,.veb of Fourier
expansion of_“ the éigenfunctibns and potentiélvwere employeci rather than
3 spherical harm'onic_ expansion. In this aspect, the method resembles that .
'used by Carpart and others in the diffefential_eqpation a,pproach‘. The
_scattering is considered as a stepwiée pro'cess though, rather than all
t ogether as in most solid states like abpreaches. In this stepwise

procedure, this method is perhaps closest to that of Gaffner. However,

here again there .are significa{_ht differences. The intensities or prob-

3
¥

abilities are normalized rather than the amplitudes as in Gaffners'
‘appraach., Further, the stepwise process is a,llowed to proceed into the

crystal as well as between layers. In Gaffner's method, the scattering
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is restrained to occur between layers uhtil exhausted whereupon events
between the next layers are then considered. |

Of greater importance is the use of a more realistic potential than
the isotropie scattering potential. Though not neariy so sophisticated
as a good pseudo-poﬁential, the screened_Coulombic potential bears some
relationship to realityyasxinqthe Thomas—Fermi~Dirae model,  Further, the
Debye-Waller effect has been taken into account in the approach developed
" here. As e_gw‘may be considerably less than unity for many scattering

events, a consideration of this effect is important, when attempting to

reproducebexperimentally observed phenomena.

Finally, these computations were performed for actual, not hypotheti-
cal, eituations and the calculated intensities were compared with experi-
mentally observed intensities for several different materilals over a

wide range of electron energies.
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B. Structured Surfaces

1. fcc{lOO!

a. Pt(100) (5 x 1)

' The study of the (5 X 1) surface structure on‘the (100) face of
platinum presents an intefesting confirmation of McRaeeh hypofhesis that
the intensities of fractiomallorder beams will "refleet" the intensities
of the integral order beam., It may be seen from Fig. IIIFlB that the inten-
sity of the (O- 1/5) fractional order beam mimicsvery ciosely the behavior
of the specularly reflected or (OO) beam. The iﬁtensity.of the (0 2/5)
beam also shows 31m11ar behav1or, thought to a less marked extent. The
(0 3/5) and the (0 h/5) beams appear to be less strongly coupled to the
| speculariy reflected beam but the (0 h/5)'beam does_fellow the intensity
of the (O'l) beam to a certain extent as they bothhave a maxima just above
50 eV'and just above 75 eV. It would seem then that these fractioml order
beems show a tendency to vary with beam voltage: in the same way 'as the
intensity of that integral order beam to which they are ﬁﬁe closest; This
is reasonable as one Would expect that in general the scatterlng amplitudes
should be the largest when there is the least change in the 2lectron
momentum (L.e. when scattering vector is Smallest). Note the marked de-
creaee in ihtensity with increasing energy. This is to be expected_ae the
higher energy eiectrons_would tend to penetrate more deeply and would
"sample" les_'s of ‘the sﬁrface. |

~b. PA(100) - c(2 x 2) .

The intensity for the specuiarly reflected beam from the Pd(100)
face has been discussed in some detail earlier. As noted then, there is
a marked progression of changes in the shape of the IOO (eV) curve upon

going from the (1 X 1) to the c(2 X 2) surface structure. The intensities

I
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of the other beams will now- be discussed. It is convenient to cons1der

the region above 100 eV and the region below 100 eV separately.

In the region above 100 ev, there is a great similarity in the intensitdes

of all of the 1ntegral order beams for both the (1 % 1) and the c(2 X 2)
surface structures. There are some changes in the 1ntens1ty ratios, but
not much more thaanight be expected from smali variations in the ang&e

of incidence. The most notable change is the slight increase in the enezgy
at which the 1ntens1ty maxima occur in the specularly reflected beam.

As with the Pt(lOO)'- (5 x l), there is tendency for the fractional
order beams to have the same behav1or as a function of electron beam energy
as the 1ntegral order beams. For example, the maxima, at 130 and 153 eV
in the (11) beam my have their counterparts in the (1/2 1/2) beam.

Though' 1nten51ty ratlos vary, there is a much stronger correlation in‘

the peak positions between the (1/2 1/2) and the (1/2 3/2) beams, Unlike
.thé (5 x i)istructure, the ¢(2 X 2) structure gives fractionaliorder spots
whose intensities tend.to increase with increasing energy. This maj indi—
cate that the.surface'structnre is not confined solely to the first layer,‘
but_either extends several layers into the crystal, or perturbs these
underlying layers in a siénificant fashion. Alternatively, it could
indicate that the (5 X 1) structure was more loosely bound: than the.C(Q X 2)
strncture. This would result in a larger Debyeewaller-factor‘for-the at oms
on the (5 x 1) surface than on the C(2 X 2) surface with the consequent
more rapid extinction of intensity with increasing energy.

In the region below 100 eV, the intensities of the integral order
beams are quite different for the C(2 X 2) surface structure tlan for the
(1X 1) surface. In the (00) béam, the peak near 13 eV is much more intense

in the C(2 X 2) case. This, presumsbly, is the first Bragg pesk which
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,bccurs cdincidently with the appearance of the (1/2 1/2) bveams for fhe

c(2 x 2) éurface'structure. There is also same indication of a maximﬁm

in the (1/2 1/2)beams in this regioﬁ, though the inténsity at thé appearance
voltége is outside of experimental detection for the eiperiméntal arrange-~ |
mentrused.

Fof the (1 x 1) surface, there.is a gradﬁal increasé in infensity
in the (00) beam near 40 eV. For the C(é X 2) surface, however,kthere is
a definite minimum in this region. Just above L0 eV, there is a maximum
in the Gjé.l/E)beams. This may be a "reflection" of the predictéd-maximum
in the (11) beams at their appearance energy. -

In the (10) beams, the maximum near 6Q éV for the (1 X 1) surface -
has shifted down to around 52 eV for the C(2 X 2)_surface. There is still
a shoulder hear 60 eV. This new peak is possibly due to a diffraction
condition of the form K20 # KT = G, - This assigmment is supported by
‘the obseri}ation' of the shift of the ‘k»inen'atic 62.5 eV peak in.the (11)
beam to éppfoximately 54 v observed by Park.zl Thié energy shift was
observed when é (1x 1) surfaée was énnealed éfter many ion bcmbardment
and annealing cycles.‘ As no fractional order beams wére observed, Park
has suggested that this shift is due to an increase in the effective
inner..potential as ledges and other low inner potemtial protrusions on

" the surface are annealed out. It is, however, equally likely that this
shift is due to the incipient formmation of a surface structure that was
too perturbed to give strong fracfional order diffraction beams.

Near 60 eV, in additioﬁ to fhe shoulder in the (10) beams, there is
a maximum in the (1/2 1/2) beams and a new maximum in the (00) beam for the
¢(2 x 2) surface structure., These maxima occur very near to where the

0 00 , 11

2K,” = G and the K, +X, = G,diffraction cmditions are met, It is
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probable that intensity is scattered imto the (00) beam from both the (10)

and the (11) heams via the (1/2 1/2) veams.

" In the (00) beain, the peak near 70 eV remains unshifted while that
near 90 eV has vanished when the C(2 X 2) surface structure is formed. The "
(1/2 1/2), (10) and (11) dlffractlon beams all exhibit maxima near 80, eV.
This is the energy at'whlch the(EO)beams should appear. The (11) beams
should be strongly coupled to the (20) beams at this energy. It appears
that the fractioml order beams redistribute the‘back reflected intensity
in this region into several of the integral.order beams .

In summary, the formation of a C(2 X 2) surface structure on the (100)
face of palladium would Seem to have relatlvely little effect upon the
intensiti es of the 1ntegral order beams at higher energles. However, for:
energies below 100 eV, there is a marked effect upon the intensities.

It Would appear that the primary result was to redistribute the back

reflected intensity into the integral order and the fractional’order_beams,

c. Wi (100) - ¢(2 x 2) . As the intensity ‘j__‘n’.‘thei.i(]_'/g: 1/2)- _Béa;n:sc.v

: from the Pd (lOO) - ¢(2 X 2) to a certain extent varies. in:the seme: way with
electrm energy as the 1nten51t1es of the integral order bedms, 1t is of
interest to inquire as to whether or not all C(2 X 2) structures will
result in similay ihteﬁsity'vs voltage plotsg If this were the case,
it would be difficult to distinguish-between essentially different surface
structures that happened to have thevsame two dimensional symmetry parallel - . .,
to the surface.

¢Several C(2 X 2) structures are known for the (100) face of nickel.
Carbon monoxide is absorbed on Ni(100) to forn.a 0(2 X 2) structure.
Oxygen also forms a C(2X 2) structure as in 1ntermed1ate phase in the

formation of a NiO rock salt structure. Both the oxygen and the carbon
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moho_xide c(2 ><2) stmctureé have beenrstud..ied. by Park and Farnsworth
among others. These two stmcfu:éeé are presumably quiﬁé'different though
they both posseéé the sa.me.two dimensiorﬁl symmetry.v infrared evidence |
indicates that the Co is a;bove the surface and is aftached to the nickel
through the carbon"while LEED étuaies would seem to support the hypéthesis-
that the oxygen is involved in a recanstructed three &imensional oxygen
nickel structure where at least same .of the oxygen is below the surf‘ace.2

The Ni (100) - ¢c{(2 x 2) -cCo 's_tructum ‘has a fairly strong peak near
21 eV inithe. (1/2 1/2) beams that may be assoclated with the appea.fance |
of the (10) beams. At about 33 eV there is & strong maximum. This is.

sanewhat low to correlaté with thé 2K 10

it is defindtely too hngh for the K OO KZ-lO = GZ cdndition. Above these,

= GZ diffraction condition, but

there is a *f.‘alrly weak peak at )+6 eV that is most probably a reflection v
of the appearance ofithe (11) beams. Near 60 eV, there is a doublet with

. : o o
canponents at 57 and 65 eV. These have been assigned to the KZl + Kzll =

Gé and the 2Kv ll G diffraction condltlons refspectlvely.

When the Ni(100) - C(2X2) CO. structure is heated in oxygen, it can
be repLaced by the Nl(lOO) - 0(2 X 2) -0 sbructure.gl During this trans-
formatlon, the intensity maximum at 21 eV in the (1/2 1/2) beams dlsappea.rs
-~ and a new peak at approximately 26 eV appears. This peak at 26 eV is most.
| prébably associated with the K + k 0 =g dirfraction condition.
Further, the peak at 33 eV and the‘ doublet near 60 eV also vanish.

New vpeal-is near 38, Ll and 50 eV gppear as a weak and poorly resolved trip.
let. A new peak near 68 eV also appears. The peak at 38 eV is fairly
well assigned to the 2Kélo = GZ diffraction condition. The peaks at

Ly and 68 eV are difficult to assign.. The peak near 50 eV may be

related to the appearance of the (11) Beams. If so, it is the only peak

that is observed for both the Ni(100) - C(2 X 2) - CO surface structure and
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the Ni(100)-c(2x2)-0 surféce structure. Fﬁrther, it is the only peak

that has the éame assignmeht as any of those given the peaks in the

(1/2 1/2) beam from the Pd-C(2x2) surface structure.

As these three surface structures, the Ni(100)-C(2x2)-c0, the Ni(100)-

.C(2X2);O and the Pd(100)-C(2x2), may be safely assumed tO‘have three essen-
tially distiﬁct atomic arrangements despite the superficial similarity of
their two dimensional periodicity, iﬁ is comforting to find that they give
three qistinctly different I1/2 1/2 VS eV curves. This implies that it
should be possible to apply computational methods to. distinguish among
alterndti#e models for given suffacé structures.

2. bccSlOOé

a. bcc(loo)-(ix1)-o

Nickel is not the only metal where the oxidation process has been
studied in detaii. Perhaps the most exténsi%e sef of data has been pub-
lished for the body centered cubic metals. |

The (111) face of the metal oxides have béen observed to form.on
the (110) face of both tantalum and iron with extensive OXygen exposure
and some heat treatment.52’55 Prior to the formation of the full oxide,
éeveral intermediate phases were observed for iroﬁ. When exposed to oxygen,
the Fe(lOO) face first formed a C(2X2)-C structure with a quarter monolayer
coverage and then a C(3X1)-0 structure with two thirds monolayer covefage.
Further exposure led to a full monolayer coverage which was unstable when
heated and passed through several presumably reconstructed structures before
the full oxide structure was developed.

The (110) face of molybdenum exhibited somewhat similar behavior.Sh’55
Initial exposure to oxygen gave a C(2x2)-0 structure with one quarter
monolayer coverage. Further exposure resulted in a full monolayer coverage
(1x1)-0, thaf was accompanied by an increase in work function. However,
when this surface was heated the inverse sequence was noted and a MbO(lll)
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.sfructure'was not observed. Similar results have been observed for
the (110) face of tungstén.56

| The (lod) faeés of several bee metalé have also been studied as a
function of oxygen exposure, and a (l X 1)-0 structure has also been
obser&ed on several of these. A% room temperature Cr (1Q0) appears to

o1

absorb oxygen in an amorphous fashion with no decamposition. It was
reparted that the oxygen was remqved by heating the sample to 300°C.
Uhfortunately,.fhe.published dafa were insufficient to determine whether
or not a (1 X i)-O struéturé exisfed in addition to thevamorphously adsorbed
OXygen . | |

' The (100) face of'iron fifst forms a C(2 X 2)-0 structure upoﬁ
expesure to oxygen.58 Further exposure results in thé»diséppearance of
thé (1/2 l/2)»beams énd definite changes in the intensity of the (10)
beam. These, présumably, indicate the formatioﬁ of a (1L X 1) -0 structure.
When this structure is heated and eprsed to more oxygen, a FeO~Stru§tUre
results, '

The (100) face of vanadium has been observed to form a (1 X 1)-0
strucfure at room temperature.59 Upon heating this structure to.llOO°C,
it is converted to a (2 X 2)-0 structure. Further heating to 1400°C
resulting in the regeneration of a (1 X 1) structure, presumably be-
caﬁserthe oxygen diffused into the bulk. . The specularly reflected inter-
sites: for the clean V(100) face and the V(100) - (1 X 1) -O face were
similar, but with two important differenées. Two peaks, one near 20 eV

and one near 70 eV, in the I . vs eV curve for the clean surface were not

00
present in the I ) vs eV curve for the (1x 1)-0 surface. These peaks may
be assigned to the kinematical Bragg condition 2KZOO = GZ. Note, however

that this condition is strongly cowled with the appearance conditions for

the (10) and (20) beams near 17 and 67 eV respectively. Unfortunately
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the resﬁlts of this study were not campletely unambiguous as there was
same question of contamination fram the tantalum holders.
Possibly.one of the most detailled studies of the interaction of oxygen

with a (100) bee surface is that for molybdenum by Hayek, Farnsworth and

9 7

Park.”” When the Mo(100) face was exposed to oxygen between 10~ té 10~
torr at room temperature, a (1 X 1)-0 structure was formed. No new beams
were observed, but definite changes in the I Vs eV curvés were noted.

In addition,‘an increase of about l.h eV in the work function wés measured.

" Both the I vs eV curves and the work function.indicated thatrfurther exposure
to oxygen resulted only in a secoﬁdary amorphéus coverage. When this‘(l X 1)-0
sﬁrfacé was heated to 350°C, a disordered sufface resulted and_the work
function:drdﬁped below the clean metal value. Further: heating to 500°C
ééuéed the formation of a C(2 X 2) structure. This was interpreted with
an atomic displacement.model where atkleast one half of the oxygen atoms
had exbﬁénged plaééé With molybdenum atoms resulting din a surféce layer
composed of equal numbers of molybdenum and oxygen atoms. When this struc-
ture was heated to lOOO°C, (1/3, 1/5) spots appeared. It was suggested that
_this structure had a cone-third monolayer oxygen coverage on the surface
with displéced molybdenum atoms positioned above axygen atoms. Further
heating to 1100°C resulted in a clean regeneration of a cleanasurface,'
again presumably due to the diffusion of the oxygen into the bulk of the
crystél. | | |

Tt was concluded that the existing evidence for the Mo (100) surface
favored the exchange pfocess in the two structures requiring heat treat-

ment . Furthér, because of the activation energies involﬁed, it was deemed

probable that the one-half and one-third monolayer structure were formed

with atomic oxygen, while the initial monolayer formed at room temperature
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consiéted of molecular okygen above the molybdenﬁm substrate.‘

| This conclusion is consistent with all of the available informa tion.
The changes in work ﬂdnétion and disordering of the surface upon heating
the (1 X 1)-0 stfucture particularly seem to support a model where oxygen
-above the metal surfaﬂé becomes engaged in a place exchahge process.
Further, this model is -s’upport'ed by the fact that neariy.all of the (1 X 1)-0
surfaces were stable at room temperature, but converted to structures
with fraétional monolayer_coverages upon heating. The exception was the
Ta(110) face which sponfaneously Qxidized at room temperature. Thpugh
the data.are incomplete, 1t »appears that thé lighter bcg-transition
metals are more resistant to place exéhange than the heavier metals;
Shﬂilarly, the (lOO)_faces appear tolbe more. stable towards place exthange
. than the (110) faces.

The (1 X 1)-0 surface structure presents an interesting case for
structural analysis.. The experimental data indicate. that the oxygen
is above thé Surface,.possibly in the molecular form. Therefore, these
are a limited number of wajs in which the oxygen cah be arrénged in a
manner which is consistent with chemicél intuition. It would be extreﬁel&
unusual if the oxygen Wére in a highly unsymmetrical position. It is
therefore most probably in one of the three symmetrical positions; l) the
bridged position where the oxygen is bqnded.to two adjacent metal atoms,
2) the face centered position where the axygen is equidistanti from fhe ‘
four metal atomsvforming the corners of a face of an x-ray unit cell,.
3) the linear position whére an oxygen is placed directly above a metal
atom in the surface 1ayer.
As the sides of thé two dimensional unit cell are approximately 53

for most of the bcg metals, and as the oxygeﬁ-oxygen bond varies between

1.2 for O2 to 1.5 for Hé02, the most probable configuration for moleculan
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Fig. IV-13. Experimentally observed5 > L0 vs eV for clean and oxygen covered Mo
(100). Band structure is shown for comparison.
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oxygen adsorbed in a (i X 1) strmcture would be with the molecular axis
normal to the surface. It is difficult to formvan isotropic (1 X 1)
coverage Wiih ﬁhe moleculaf akxis parallel to the surface without extensive
distortion to the point where the oxygen may better bé regarded aé étomic
- or perhaps ionic. |

It should be possible to distinguish among these alternative models
by analyzing.the intensities of the back diffractéd electron beams, As
noted before, fhe formatidn of ﬁhe (1 X 1)-0 structure on vanadium
exfinguishes two peaks in the specularly reflected beam. Further, 6n
moTybdenum fhe presence of the (1 x 1)-O structure removes the strongest
intensity‘maximum in the IlO vs 8V curve for the first order_aiffraction
beam. Thisvmaximum océurs at approximately Hl eV and may be assignéd to
a diffraction condition of the form Kfo +v§io.=‘G. This peak is also
observed on chromium. Data for the (10) beam of the other metals were not
available.

Model calculations reproduce this méximum for the clean surface
reasonably weli with.a screening parémeter of A % lﬁ. Several different
models for the (1 X l)-Ovstrubture were studied. It was first assumed
that the oxygen had been adéorbed in an atomic fashion at a normal face
centered position on fhe lattice. The gemetry was the same as for the
clean surface. The screening barameters, A, Were varied to simulate the
effect of placing a chemically different atom at this position. When A
was incieased»above 12_} this peak became more promounced . When A
was 1esé than 12‘1 the intensity decreased. As A should be larger for
oxygen than for moiybdenum, this model was discarded.

The effect of varying the geometry with a constant screening para-

meter was next studied. The top layerwas:gradually relaxed imwards towards

the bulk of the crystal. It was found that the intensity of the 41 .eV
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Fig. IV-lla, Calculated I,, vs eV for Mo(100) between 31 and 62 &V. Curve at left is for "clean
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Calculated Iy ws eV for Mo(100) between 31 and 62 eV with X = 1.087%, v

and T = 300°K. TFrom the left, the surface layer has been relaxed in 1680, 3370 and 5090
respectively. The second layer has been relaxed in one half of the respective values for
the first layer.
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Calculated Iy, vs eV for Mo(100) between 31 and 62 eV with A = l.OA-;, v ='O,

a=0,9, and T = 300 K, This calculation corresponds. to the situation where

»either an oxygen atom is placed above a Mo atom with the normal interplanar

spacing, or, an oxygen molecule is adsorbed into a normal ‘face centered position.
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peak underwent a. minimum near.relaxatlons of approx1mately 53% The
»oxygen-metal dlstance would be only 1. 6A however for thls structure.

As the effect of varying the potential was not studied for thls structure,
it is possible that a relaxed monolayer of‘oxygen atoms in face centered
positions does presentia viable model for the real surfaoe structure.

The'bridged structure was also studied. This model hes the dis-
advantage that it is aniéotropic. It was found that the intensity was
of the 41 eV peak was enhanced in the (10) beams parallel to the brideging
and that it was extinguished in the (ld) beams perpendicular to the bridg-
ing. As there is no report in the literature ofvanlsotropy in thev(lO)
beams, thus‘structure could only occur as smell domains randomly rotated
-at 90° to one another. This however.would result in the observed intensities
of the (10) beans being averaged over both directions,_ Consequently, the
] eV maximum would not be so strongly extlngulshed as 1ls observed
experlmentally. Thls model may then be regarded as rather unllkely.

The linear structure, where an oxygen atom is placed directly ebove
a metal atom. in the surface layer, has: also beenveonSidered. Calculations
on this model gave the best agreement with enperimental results. The 41
eV intensity maximum was completely extinguishedo. further, there was a
peak: generated near 30 eV in good agreement with experimental results.
Most satisfactory was the fact that the Bragg peak near 60 eV in the (00)
beam was dininished most for this of all of the model calculations in
good agreement with the data from the vanadium surface.

However, this model is geometrically almost identical with one
that is more acceptable and in good agreement with the available experi-
mental data. This is the model where an oxygen gglesule ig adsorbed into
n face centered position with its axis perpendicular to the surface. If

it is assumed that the oxygen is only weakly bonded to the four nearest
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Comparison between the calculated (solid line) and observed

I,p Vs eV from the clean (1left) and the oxygen covered Mo(100)
face.
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molybdenuin #toms, then a metal-oxygen d.isi:ance of about 2&2 is not un-
reasonable. Allowing the Qxygeh—oxygen bond fo relax out to about 1.3
to 1.52 is consistent with knmh oiygen-oxygén'bond ie_ngﬁhs, In this
arrangemenf , the upper oxygens form a plane that will scatter exactly out
of phase ﬂrith the rest of thé atans for this KZOO + Kzlo = GZ b1 ev inten-
sity maximum. | | | | 7

This model is the most prefered of all of those studied on several
points. However, the .assignment ‘of the Mo (100) - (1 ‘>< 1)-0 surface struc-
ture to this model is not at all unambiguous. Thé.alterna;te assignment to
a reléxed surfaée.iayer of oxygen atbms has édme merits. Furthermore, by
varying pofent_ials and positions, exbhé.nge moc.le.lsv could be forced to result
in the Weakening of this 41 eV peak. CalCulations performed on only a |
limited voltage region and primarily for only one diffract:ion beam’ méy
be regé.rded at best as iﬁdicative rather than conclusive.. Unfortunately,
a com.pvliete set of experimentai déta. has nbt Been reported in the litera-
ture. | v » | . | - o

Experimental dafc_a can, however, bé obtaine.d.' ".I‘hé.’greatevgt obstacle
at this point to the structural analy'si‘s of surfaces through the investi-
gation.of the intensities of LEED beams is the iack of good potentials or,
more cqncisely, good form factors. Particularly When multiple scattering
is important, the precise.vnature of the form factors can greatly alter the
shape of the I vs eV curves. Approximate form fattors for, say, molybdenﬁm'
can be obtained by parametrically fitting experimental data from clean
surfaces. Information about sulgstances such as oxygen is more difficult
to obtain, particularly when it is not known whether 61' not it is in an
atomic, molecular or‘ionic state. Hgpefully, continued egperimehtal

investigations coupled with accurate potential calculations will lead to

a resolution of this problem.



V. CONCLUSION

The primary purpose of this work was to investigate the relationship
betwéen the‘theéry describing the intensities of low energy electron beams
back difffécted from single crystal_éurfacés and the:éctual ékéeriﬁéntally
meésuréd inteﬁsities. Tovthat end; fhe intensities of several of the low
index diffrédtioﬁ béams frc@ the (100) face of aluminum and palladium
have been meésuféd and correlated withldata for several other face centered
cubic metals. When the variations in the lattice paranéters among ﬁhese _
differént metals were taken into account a high degree of correlation for
thé positions4of the infensitY3maxima were found. Further, it was possibie
to assign those maxima in the low energy regioh to various diffraction
'méchanismé pfedicted from ﬁultiple scaéteringlcbnditions. It Was found
- that maxima occurred not bnly at those positions predicted byvkinematic
or single scattering mechahiéns, but also ét tﬁose positions predictéd
by double scattering mechanisms. Theselcorrelations substantiate a basic
assumption inkmultiple scaftering theory that the position of intensity
maxima are determined primarilj by fhe geometry and dimensions bf thev
scattéring centers while the intensity ratios are determined by the de-
tailed nature of the atomic potentials. |

Significant variations in intensity ratios were ébserved for the
different materials, presumably reflecting variations in the types of
atoms composing the crystal. For several different maxima, definite
trends in intensity ratios with atomic number were noted. There appeaxed
to be a tendency far diffraction cormditions with écattering vectors of
relatively small magnitude to dominate.

It was found that inner potential corrections tend to be small in

the very low energy region. In the range between approximately'EOvand 50 eV
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“the COrreCtion.is most certainly less than 10 eV and possibly less than
5 eV for the'materﬁals studied here. Thiénis éoﬁéisteﬁt with recent pseudo-
potential calculations and earlier studies of the diffraction angle.»

The inteénsities of sevéral of the low index integral and fracfidnal
order diffr_action beamé frofn the ‘Pd (100) - c(éxe) and Pt(100-(5%1)
surface structureé were measured. It was found that the intensities of
the functional order beams from these suffaCes tended tb mimic the be-
havior of neighboring integral order‘bééms in good agreement with a
prediction of multiple scattering theory. The intensitynaxima‘in the
fractional order beams occurfednear positioné‘where diffraction conditions
for the integral order beams were met.- Fofvpalladium,-the inteﬂsity of
specularlj réflected beam was monitored-as a function of the development
of the suffaée structure. It was foundrthat changes could frequently be
observed in the intensity Vs volfage'pIOts before new diffraction spots were
observed. .Atvleast for this surfaée structﬁre, the intensity vs voltage
plots provide a very sensitive and reproducible indicafion of‘fhe state
of the sﬁrface. ‘The intensities for the intégral_ofder beéms were coﬁ—
pared for a (IX1) and a C(éx?) surface. The development of this surfaée

_structure had a. pronounced effect of the shape of the intensity vs voltage
curves in the région below 100-eV. This indicates-that the very low
-erergy region should be the most valuable in determining the structure of.
surfaces through an analysis of electron beam intensifies. A comparison
was made of the intensities of.fhe(l/Q 1/2) diffraction beam for several
c(2x2) sufface structures of bresumably,‘different constructions. It

was found that the intensities were significantly different for the
different structures indicating that it ié possible to discriminate among

surface structures that have the superficial similarity of the same two
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dimensioﬁal symmetry i.e. have the samé diffracfion pattern.

Model calculatibns were performed td computé the infensities of
electron beams back diffracted from the (100) face of the clean face
centered cubilc metéls. It was foundiﬂnt many of the experimentélly
observed intensity-features could be repreoduced using a simple multiple
scattering approach. However, good intensity ratios were not obtained
with the use of simple ﬁodel potentials. A better fit with the experi-
mental data was obtained by parameterizing the model potemntial. Hdwever,
the use of the more spphisticated and.meaningful poterntials, such as the
pseudo-potential, should eventually lead to reasonable calculations.

There was some indication'thatvthe metals with higher atomic numbers
were better fit by more forward scattering potentials. This is reasonéble
an the basis of very simple modéls as the nuclei of atams with a high atomic
nﬁmbef aréxnof as well sﬁiélded; charge for charge, as are those with a |
low atomic number. This of course, is a generalization as it neglects the
details of electrmic arrangement.

Model cdlculations were also pérformed for several arrangements of
oxygen on the (100) face of body centered cubic metals. The effect of
potential was iénored and variations in geometry were considered primariiy.
The model where an oxygen molecule was adsorbed into the normal face
centered position with the molecular axis perpendiuclar to the surface
gave the best agreement with the experimental data for molybdenum in the
initial stage of oxidation. However, the neélect of the effect of potential
and the limited amount of available data severely restrict the validity
of this model. These calculations were performed as an indication of
general approach to the problem of defermining the structure of adsorbed
gases on surfaces from LEED intensities rather thanlas a definitive solu-

tion for a particular structure.
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.In conciusion, it was found that a multiple scattering approach is
valld in fhe-iﬁterpretation‘of fhe'intensities of low enefgy electron
beams back diffracted from single cfystal surfaces. The position.of
intensity maxima may be prediéted with fair accuracy by this method,
particularly in the very low energy region and.when inner potential
corrections are pfoperly taken intd account. It may be predicted with a
reasonable degree of certainty that accuraté intensity ratios will also
be predictable for both simple and structured surfaces when good model
potenfials become available and when inelastic procesées are propérlyA'b

taken into account;
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APFENDIX I

[

Several authors have performed extensive model calculations for the
(100) face of a simple cubic lattice containing identical, spherically

2,11,13 % -
’ll’lj While this case does not correspond to any

symmetric scatteérers.
known physical situation, because of its simplicity and because of the
numbef of detailed calculations that have been performed, it is informative
to congider 1t in same-détaill.The qualitative results may be generalized
to more complicated situations in a fairly straight forward manner.

In the simple cubic lattice, all of the primative translations have

the same magnitude and, consequently, all of“the primative reciprocal

lattice vectors have the same magnitude. Therefore, we may write

Gl - ernfa, [G] = arxs (G = er P+ )Y
and f?l] = em Mz/a where a- is the lattice constant. From the simple con-

siderations outlined earlier, we would expect intensity maxima to occur
in the diffraction beams when

KJ_- KL= 5 (57)

When the scattering amplitudes are sufficientiy large (as is the case wiﬁh
isotropic scétterers), we must consider this diffraction condition not
only between the incident beam and a diffracted beam as in the kinematic
case but also between the various diffracted beams. At normal incidence,
this condition may be written as |

2 2 1/o - . s
[—K—E_E - @M%+ x)7] / Iﬁ-—e - [+ (xM2T /
(em) (2m)

I+

= M (58)

Z

where we have divided through by (a/aﬂ)e.
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TABLE A-1. Calculated positions of intensity maxima in the free
electron limit for a simple cubic crystal at normal incidence.

k h' k' K>/ a& | COMMENT

0O 0 0 0.00 ' Kinematic Position

0 0 O 0.25 Kinematic Position

0O 0 O ’ Kinematic Position

0 0 1) 1.00 ' Kinematic Position

1L 01 Double Diffraction Position
1 0 1 1.25 Double Diffraction Position
0O 0 1 1.56 Kenematic Position

1 0 1 Double Diffraction Position
1 1 1} 2.00 Double Diffraction Position
1 1 1 - 'Double Diffraction Position
0O 0 © . Kinematic Position

0 1 1 2.25 ~Kinematic Position

1 1 1% ' - Double Diffraction Position
1 1 1 2.56 - Double Diffraction Position
0O 0 1 2.79 Kinematic Position

1 1 1 3.00 - Double diffraction Position

HFOOHHOOHOOOOOOOOOY
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. The valﬁes of the energies in units of Keag/(?ﬁ)2 where this equation
is satisfied are given in Table A-l. The assumptions made in calculating
the intensity maxima positions given in Table A-1 are essentially the same
as those in the free electron model, e.g. that there are no band gaps. Note
the large number of cases where different diffraction conditions correspond
to the Same energy. These coincidences are due to the high symmetry of
the (100) faCe of the simple cubic crystal at normal incidence. It is
to be. expected that the different diffracted beams under consideration would
be strongly coupled at these points of coincidence and that as a consequence
the positions of their intensity maxima may be perturbed from those values
given in Table A-1. When the cross sections: are largey the coupling be-
tWeen‘beaﬁs should be étrong and larger perturbations may be noted than
ih those situvations where the croésﬁséctionis relatively small.

15

The fesults of the calculations of‘McRae,ECarpart, and Marcus and
Jepsenll are given'in Fig., A-1. All of these calculations were performed
in the absence of inelastic scattering. Those of McRae and of Chrpart:
were performed at normal ircidence, while'that of Marcus andJépéen was
performed slightly off of normal incidence.. McRae and Carpart used
isotropic scafterers while Marcus and Jepsen used point lons with unit
charge surrourided by a uniform negative charge. The first thing to note'
is the remarkable similarity of these results. The deviation from normsal
incidence introduces fine structure into the calculations of Marcus and
Jepson because the first order diffraction beams are no: longer degenerate,
but the qualitative results are similar. The similarity among the three
curves is even more striking when one considers that three quite dissimilar
computational technigques and two non-identical potentials were used. |
Therefore, it is to be hoped that theée results are physically reasonable

within the limit of the model.
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Fig. A-2. Band structures calculated by Carpart for the free electron model far left,
- and for the isotropic scatterer model (middle left) are shown with the cal-
culated total back scattered intensity. Band structure calculated by Marcay and
Jepson (far right) is shown for comparison. :
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As expected, in addition;to fhe maxima predicted in the kinematic
1imit,'a number’of other peaks appear in theee innensiny curves. However,
not all of the peaks that are predicted in Table Al occur. Furthermore,
the p081t10ns of those peaks that do ocecur are shlf‘ted downward to con-
s1derably lower energies (e g., the thlrd Bragg peak in the specularly
reflected beam is dlsplaced by'greaterthan O.4 units). The shifts may
be taken as an indication of the existance of strong coupllng between
the various beams,

It>ie informative<£o conSider the relationship between these results
and the correéponding‘energy band structure in fhe solid. In Fig. A-2
are shown the bands etructures calculated iw'Carpartgvfor the free electran
model and.for the isofopic ecatterer model and by Marcus andJépgenifor
the model of point ione in a sea of electrons. Desplte the multlpllclty
of lines that are due to the lack of degeneracy in Marcus and.Jepsen”s
model, it may be seen that this case is somewhat closer to the free electron
eitoai;ion_than is that carresponding to the isobropic “scatter model. ~For
the latter model, the band strucnure is considerably distorted fromvthat
of the ffee eiectron case. This.of coursé is due to:the stfongxinteraction
between the electrons and the lattice that results in the large scatterlng

factors. Further, thls strong interaction has the consequence that the

peak pos1t10ns are s1gn1flcantly perturbed fran those predicted by the

free electron model. For example, cons1der the 51tuatlon where Kga /#ﬁ = L.
At this energy there should be the n, = 2 Bragg peak invthe specularly
reflected beam and the simultaneous appearance of the fifst order diffrac-
tion beams. Inspection of the tand structure shows that cosiderable
interattion between these two states has occurred with the result that

the position of the corresponding band gap has been significantly decreased

in energy. Proceeding to higher energies, according to Table A-1l, the next
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diffraction condition to be mét is of the fam EKJCI‘O= l(ET_T/a) at 1{2,/e12
lnT2 = 1.25. However, only a very small intensity maxima may be seen in
the first order diffraction beam (Ol beam) at this energy. Inspection of
the band structure, shows that there is no complete bénd gaj) at fhis energy.
Consequently, there are at least two travelling waves allowed in the crystal
(specifically, the transmitted beam and the specularly reflected beam) that
the electron can be scattered into. This traveling wave permits the electron
to penetrate‘ into the crystal with the result that total back reflection
is not required as in the case when there is a camplete band gap. Consequent-
ly, the back scattered amplitude may be considerably less than unity.

The next diffraction condition encountered upon increasing the
energy is of the form ;io + gio = 2(emfa). 1In the kirematic limit,
there should be a maxima only in (01) beam. However when multiple scattering
is strong, maxima may appear in both beams. Maxima of thivs type have been

experimentally observed in the specularly reflected beam. They are fre-

quently called secondary Bragg peaks or fractional ordér Bragg peaks

because they follow eguations of the form20
00 2 :
QK.L = (n+m /n) 27r/az (59)

As there is a ccmp'lete band gap corresponding to the condition Kio + K-]I;O_
= 2(2n/a), we knowrthat the total of all of the back reflected Intensities
 from all of the beams .must be unity. The manner in which this intensity
is distributed among the various beams depends upon the detailed nature of
the potential. For both of the potentials cosidered here, it may be
seen that initially most of the intensity is scattered -
into-the (00) beam-ahd that at-a stightly higher ehergy; the:(00) . "
beam "dims" and the intensity is scattered almost entirely imto the (01)

beams. This gives the effect that the peak position in the specularly
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reflected beam is at a lower erergy thaﬁ those in the_'(Ol) bbea.,'m's.

' In the energy iegion around the appea.'rariée of the (11) beams the
band structure has become very distorted. Loocking at Table A-1, we see
that even in the ffee electron model, the (01) and the (11) beams are coupled
at Koal/l = 2.0 and that the (00) and the '(1‘1) beams are coupled at
Kea,g/lrrr2 = 2.25. Upon going to the isqtrbpic séatterer modei, thesé two
‘adjacént regions of couplingvbe,cone further éoupled with each other. There
is then one complete ehefgy vgap éorrésponding to fhese interactions‘. As
a result, the n=3 Braég peak in the specularly reflected beam falls
signifiéantly lower than exp.ected;‘ The.;re is a cdmplimentary peak in the
(lO) beam that would correspond to a diffraction condition of the form
EKJ]:O = 2, (21r/a) in thé free electron limit. This diffraction event ig
coupled with the emergence of the second orde._rv diffraction beams in &
manner e'ntirelyr analogous to the interaction of the spécularly reflected
beam and the first order d..iffractvion Beams at the. emergenée energy'
of the latter; The _strongv intensity .of; the (lO) beams at this energy is
4o be contrasted with that at S a 1.25 where an identical diffrac-
ticn condition .is met, but Wher‘e there is no conpvl.ete band gap. '

The weak and broad maxima that occurs in the (11) beam between
Kgag/lmgz 2.0 =+ 2.5 presuﬁlably ; corrgqunds to the diffraction corditions
EK;Li: on fa and K_][O + KJl_l = 2[2m/a)but in the absence of a c@lete band
gap. A weak maxima occurs in the (lO). that presumab_ly also correspords
to the KJ]:O + KJ]:l = 2. (27T/a) condition. The highest energy gap ‘considered
here appears to be a mixture of the conditions 2 K_]l'_l = 2 (em/a)eanad
Kfo + Kio =3 (en/a). Maxime occur in this energy range in all of the
allowed diffraction beams. The maximum in the specularly reflected beain

is another example of a fract_ionaI order Bragg peak.
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APPENDIX II

A computer program was written to calculate the intensities of low
energy electron diffraction beams. The integral form of the Schroedinger
equatioﬁ was.gsed with the spectral representation of the Green: function.
It was assumed ' that the pofential could be expressed‘aé é sum of individual
potentials centered at the various lattice positions. The two diﬁeﬁsional
periodicity was employed to expand both the potential and fhe eigenfunctions

in Pourier series. The basic eignefunction could then be written as

-3 St
iK' «(r<rt) s 2
v (7K = ¢°,K) + = ] e @ g S Vg o0+ (r' R)
t 1
G,6! K' ¥ 212 - &°|®

-\0 -3 -
s + 'Y eyt

X AG' el(K G ) * d3r'

The assumptions enumerated in Section II have been used here. The meaning
of the symbols are the same asidescribed above. The summations over G
and G' implicitly ine¢lude the integrations over 7y and y', the continuously

varying components of G and G' that are perpendicular to the surface. Here,
- T

-i G’Rs

the structure factor terms, e » have been shown explicitly and are

not included in VG' The indicated integrations are then perfommed as

described in Section II-B. Equation 46 then becomes
. -~ —_—

s o = 18R gt 1K FE R )
Y(TK) = ¥(r,K) +2 e s Hia— &
, G,G" el Xg

° +y+ Yt 2
X8 (K *y+7 kg)
where the total eigenfunction is described as a sum of the incident or
primary beam, ¥°(r,K), plus all of the diffractedAbeams, These diffracted:

iy +2+2 ' £ k=)

be?gs have wave functions that contain a travelling wave camponent,
X
e " , Where the positive sign is used when kg is directed

out of the crystal, and the negative sign is used when it is ddrected into~
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the crystal. The .eigenf-unct,ipris of the diffracted beams also contain

3 | |
s which may be interpreted as

structure factor terms of the form ei
describing a scattering event at the center or atom located at hﬁs where

the wave vector was changed by a faétor—(_}‘ = —é +"3)(. fhe amplitudes of

these diffmcfed beains éontain,' in additidn to the structufe factor temns,

a component of the form VG Ag,/l'f? kg wherev the factpr i has been dropped

as it adds 6nly an arbitrary phase factor to all terms. VG is, of course,

the GJCh coefficient in a Fourier transform of the potential. The t.erm

AG' is the coefficient of the diffraction beam whose wave vector differs from
that of vthe' incident beam by a scé,ttering véctxbr ?}". It is this set of
quantities, {AG}, that must be determined as the intensities of the

different difffaétion beams are proportional to thé square of the absolute
values of-the a@litudes. As discus.sed above, there are several ways to solve
for these amplitudes. The method chosen for computation was a stepwise

procedure. It was assumed that the total scattering situation could be

regarded is a sum of indiﬁdual.scattering events. The first step involved

-allowing a primary beam with unit amplitude to be diffracted off of the

first” layer of the crystal. In this inanner, an elementary set of diffracted
— 3
beams was generated. Their amplitudes were taken to be (VG/ 2 kg) e_1 GeR1

-~ :
where Rl is the coordinate of the surface layer to within a translational

vector. Note that this term does not include an A This is because

are
it was assuméd that the initial beam had unit amplitude and that this ampli—
tude was divided up among all of the new diffracted beams (including the
forward diffracted beam) in a manner that was dependent upon fhe VG'S.

Half of the diffracted beams that were generated in this first step were

directed back out of the crystal. Their amplitude was sbored to be later add-

ed ‘to the amplitudes scattered from other layers. The other half was
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difécted .into the crystal. The éecoﬁd step in the scattering process 7
Was to allow those beams directed into the crystal to be scattered fram
the second layer. This resulted in new sets of diffracted beams, half of
which were directed back up toward the first layer, and half down towards

the third layer. The amplitudes of these beams were given by

-l ‘ -
Yor GR; Yo'g -1 (&) R,
e s e .
2 k 2k ., .
8 g L
The first part of the amplitude, (VG/Q kg)e"l G'Rl, came from sca.ttéring

the incident electron with wave \}ector K° into a diffracted beam with wave
vecfor K+ Glat the first layer. Tﬁe second p.a'rt of the amplitude céme
from scattering this diffracted beam into anoﬁher with wave vector ?{d + G
at the second lvay'er.{ The third step in this scattering procedure involved
two parts. The first was the scattering at the firsf layer of those beams
that had been backv diffract_ed from the second layer . In this step, some
beams wére re-diffracted back towards tﬁe second layer and some were |
scattered .out of the crystal. The amplitude of these beams that had left
the crystal were then added to those tlat had been scattered éWay fran the
crystal In the initial scattering step. The second part of the third
scattering step involved the diffraction off of the third layer of those
beams which had been scattered into the crystal fram the second’ ;Layer.

This procedure was fepeated 15 or 20 times. TIn a 20 step process
the electron would have penetrated into ’che'QOJCh layer and amplitude
scattered fram as deep as the tenth layer would have escaped from'the
crystal. |

Normalization was performed to ensure that the total_ probability was
still unity after any given number of scattefing steps. The intensities,-

or &lectron densities were normalized rather than the amplitudes. In this

i . b i

[y
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fashion, it is onlykthe'relative ValueSLof the amplitudes thatvdetermine
'the electron heam intensities; Therefore; for convenience, only relative-
values of VG were employed. The terms, v /2 kg, were determined for a-
31ngle scattering event, and then these are normalized prior to their
usage in the,stepw1se scattering catculations. Inelastic scattering is
'considered in the form of atonic excitations.- The amplitude of each
diffracted beam is multipled by a factor o (which is.less than or equal
to one§ at each scattering event. When Q ebl, there is onlyvelastic
scattering, when @ < 1, then.(l —‘ae) is the.fraction of the intensity
which is scattered inelastically at each event. The'inelastically scattered
1nten51ty is stored separately and is used in the final normallzation.

Dynamical thermal motion of the crystal is cons1dered by multiplying
‘the amplitude of each dlffracted beam by a factor e + at each event. oW
is the'DebyeJWaller factor. It is 1nversely proportional to the square
of the Debye temperature and the atomic weight and is -directly proportional
to the absolute temperature and the square of the scattering vector??.

As with the inelastic intensity, the thermally scattered intensity is stored
and is used_in the final normalization. The relationship between the
Debye{Waller factor and multiple scattering is cons idered in greater

detail in Appendix III.

Several different model potentialsbhavevbeen used. They are the isotropic’
potential,'the screened Coulombic potential and Gaffners potential. All of
the VG's are equal for.the»isotropic scattering potential. Thisvis conmonly
called the S-wave scattering potential.,

The screened éoulombic potential is a forward'scattering potential.

The form factors, VG’ are inversely proportional to the square of the -

scattering vector,'az plus the square of the screening parameter, A.,

A modification of this potential that favoredvscattering events that did
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Fig. A-3, Form factors, VG’ for several different model
potentials. o ’
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not:involve archange_in the component of G parallel to the surface was
also used. In this modification, VGr was inversely proportional’ té
X? + G2 + VG”2 where v was a variable pgrameter.

"Gaffners potential” is also a forward scattering potential. It
was used by G. Gaffner to calculate LEED intenéities for the (111) face
of nickel. For this potential, the forward scattering form factor,’VO,
is 9 times_as large as all of the other_VG's. This is a very simple

model potential which simulates the gross. features of many real potentials.
Two Beam Case

Iﬁ'this éase there are only.the tranémitted and the baék refleéted
beams. For the (100) face of face centered cubic crystaléékfhis is true
“in fhe Vplﬁage range below approxﬁnatély 20 volts. There shoﬁld be only
one Bragg peak in this region located at approximately 9 eV fof aluminum;
Figure Aeh shows model calculations in the region 1-18 e¥ Fof the (100)
face of aluminum a screened Coulombic potentiélvwith.K = 32-1 was used.
.No.inelastié scattering or thermal scatterihg was employed. These cal-
culations Wéré performed for 4, 8, 12, and 16 scattering evéﬁfs. Con-
tribﬁtions from tﬁe 2nd, hth, 6% ana 8% iayers respectivély would have
- reached the surface of the drystalfand cohtributed to the back scattered
‘intensity. itvmay:be seenvfhat increa sing the number of layers utilized
in the calculation results in an increase in the intensity‘in the region
between 9 and lQ eV when the first Bragg peak should occur. Thevpresence
of the subsidiary maxima, or "ripples" is a direct result of the use of a
finite lattice. Increasing fhe number of layers also has the effect of
narrowing the peak Width and reducing béth the intenéity3of thevripples

and the interval between their maxima. The situation is similar to ohe

where a delta funttion is approximated by sin M%/NX for finite values of N.



Fig. A=k, Ign vs eV for A1(100) at 6 = 0° between 1 and 18 eV calculated
A = 3,0A~1 for 4, 8, 12 and 16 scattering events.
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In a typicai situetioﬁ, fhe intensity maxima reaches better than 90%

of its height after contribﬁtions from 5 layers have reaeﬁed-the surface,
i.e. often 10 scattering evens. Twelve and foutrteen scattering events
results in intensities that are 96 and 98% respectively of their final
height. Lower value are observed iﬁ the cage where the potential is very
strongly forward scettering in nature.

In Figs.A-iénd‘A-7, thevrange of' the two beam case has artificilally
been extended by decreasing the lattice parameters farallel to theksurface
to one tenth of their natural value. The interplanaf'distance perpendiQ
cular fo the suiface has been maintained'at 2.022. Consequently, tﬁere are
three maxima in the reggion between 1 and 100 eV. These are pﬁre Bragg
maxima and sheuld come at 9; 37,ahd 83 eV, These graphs were preduced
with avCel-Cemp plotting reutine.6o They have been normalized to the tallest
peak. The intensities have been modulated by an (eV)2 factor to mimic .
the current vs voltege characteristics of the electron gun.

| These curves were galculated for three potentials; the isotropic
potential, Gaffners! potential and a screened Coulombic petential with

-]
A = 1At

» . The effects of ineldstic: and thermal scattering have been
considered. As predicted, three peaks appear ih all curves, though
with widely differing intensities.

A number of interesting conclusionsmay be drawn frcm.an inspection
of these curves. One of the most obvious effects is the decrease in
intensity with incregsing beam voltage when thermal scattering is considered.
This is to be expected as the Debye-Waller factor is preportional to the
electreﬁ energy for the specularly reflected beem, It may also be seen

that the intensity of the voltage dependenﬁ-»screened Coulombic potential

decreases with increasing beam voltage relative to the intensities of the
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- Isotropic scattering potential, @ = 1.0, T = 0°K. ' :
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voltage independent Gaffner and isotropic potentials. This reflects the

fact that the screened'Coulombic potential becomes more forward scattering

at higher energies.

Both the screened Coulombic and Gaffners potential favor fdrward scattering., -

Note that the intensity maxima for these potentials tend to be more narrow
than for the isotropic poténﬁial. In addition, the "ripples" due to
the use of a finite lattice are less pronounced for these forward scattering
potentials. This is because the isotropic scatterers tend to allow even
less penetration. Further, the base liﬁe betweenlinﬁensity maxiﬁa is
higher for the isotropic potential than for the other two for the‘same
reason. - |

The introduction of gttenuation either through the use of inelastic
or thermal scattering, or both tends to decrease the peak height, It also
tends to broéden the beams and diminish the "rippling." In the form used
in this model, inelastic scattering causes a constant attrition through-
out the voltage range while thermal scattering attenuates more at higher
energies than at lower energies, The use of a voltage dependent.parameter
to describe the inelastic processes would undoubtably be more reéiistic,
but, as a precise analytical form was not available, a voltage indepen-

dent parameter was used.
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APPENDIX IIT

‘If an electron is scattered from a state characterized'by a wave
. - -ty
vector K° to.a state characterized by a wave vector K , and if this

scatteringftakes-place.at some_position'?;, then the eigenfunction of the
) . : . ; i -G“'I? = - -
scattered wave will contain a phase factor e 5 where G =K' - K. At

temperatures other than 0°K, the position veétor'?s will not be a constant
but will contain a small oscillatory contribution due to the thermal

motion of the atoms in the solid. One may then express ?% as

- . o -0 '
=T+ 5 [U e BTy +T ¢ 78 Ts ]

s 2 g B3
where'?Z is the equilibriﬁm position, g is the wave vector of the mode

_ = p - N S
of vibration under consideration and Ug is the asscetated vector amplitdde.

The phésé’factor may now be expressed as

. ‘a«—\ LT A0 + 5 [d ig'?so +"‘ * —A'?Sc])
oI Grrg elG'(rS 2 Ug e ‘ Ug/ e
- o~ - =3 0
. - o Bl e ig*r = 5 i g*'r
_ . (Uy s s
_ LGy, 16 (Ug e + Ug e _ )
. g
For small displacements, we may make the expansion
. ¥ ol 1 A.A ° . — . _'_‘-—‘ °
iG”(U el g:rg + Ug* o 1g I'S ) o 'i“".A o N .—i
e g = 1 -i6(U e 8%+ e

- 1/2 féiﬁ;le +...

The leadiﬁg.térm;ﬁl; will contribute to the static crystal diffraction
pattern. The second term that is linear in G will contribute to the ther-
mal diffuse scattering. The effect of this term is to increase the
background intensity, particularly in the neghborhood of the diffraction
spots. This phenomenon has been considered in detail edsewhere.
a0 ' '
The third term, -1/2 ]G‘Ug[ will contribute tozthe Debye Waller

effect. As we are actually deaiing with a product of these terms, it is
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conventional to make the definition
W N
e = {1 -1/21GT_|"}
: /2 |6
where 2W is commonly calledd the Debye Waller factor. This term modifies

the amplitudes of the diffracted beams. As the lattice vibrational

amplitudes 1inecrease with increasing temperature, it may easily be seen

that there will be a corresponding decrease in the amplitude of the diffracted

electron beams.
P .
As shown by Ziman 1 for example in the simple harmonic oscillator
Limit, W may be evaluated in the following manner for one atom per unit

cell. The energy associated with the lattice vibrations may be written

as

E = % Nm o° ﬁ?|2
g g g
and
E = 2 n +1/2) i ®
L (n t1/2) Hy

where N is Avagadro's number, ¥ is Plancks coﬁstant divided by 2m, m

is the mass of thg aﬁom and ng and wg are the vibrational frequency and
the quantum number of the gth lattice model respectively. Assuming a
Debye frequency distribution and evaluating in thé high temperature limit,

it may be shown that6l

2 3
_ 3 Bz 2.12/6.2
W= 5 o & 0I5/
7 i=1
where, for cubic systems

: 2 2 2

3 G G G
A

i=1 : GX Gy Gz

Here, G = GX + G:Y + GZ is the scattering vector between the initial and

the final states, T is the absolute temperature, k is Boltzman's constant
and GX, Qy and QZ are the effective Debye temperatures in the x,y and z

directions respectiwvely.

G e o < e
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Each time an electron is-scattered,'it will acquired a term like e-w.
In the kinematic limit, the intenéity'cf a diffraction beam will be propor-

W

tional to e . It is.therefore'customary'tc_evaluaﬁelw fran the tempera-

ture dependence of the.intensitj as
W= T/2. [d/dT‘ln T (T,K)]

Some intefeéting complicatione arise when.this appfoach is applied
to the intensities of low energy eiectron diffracfion'beams. These
i;iolve the uniqce nature of the.éurface and fhe existencevof multiple
scattering. As tﬁe sufface la&ef is in an asymmetric-environment, heving
no atoms above, it, fhere is no reasonbto aseﬁme tiat the root mean.square
vibratiohal amplitudes fcr.ﬁhe surface atomsvwill be the same as those
in theubulk of the crysﬁal, pertmcularlyvfor those modes with vibrations
perpendicﬁiar to the surfece. The tempereture depecdencebof the specularly -
reflected intensity haé been meeéured as‘a functioﬁ of electron energy
Aforxeeverel materialsj62;6u If‘hes been foﬁnd in all cases that‘W
increases when the electron_energy is.decfeased in the vei&‘low electron
energy.region. Within the kinematic'quel, thie'ﬁculd cofrespond to an -
increase in the effective rms vibrationai amplitudes:or to a decrease
in the effective Debye temperature that is measured af lower beam energies.
The afgument is usually made that the electron beam is scattered more
from the neighborhood of the surface at lower beam voltages than at high_
beam voltages. Consequently, the voltage dependence of W has been inter-
preted as reflecting the fact that the atoms in the eurface layer experi-
ence larger r m s vibratioml amplitudes than do those in the bulk of
the cryétal. This type éf measuiement provides one of the few techngqiues
for investigating the lattice dyndmics of the surface. Consequently, it

is of some interest to investigate the assumptions that are contained in

this MOdel.
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One of the basic assumptions of this Sinlplé model is tilat the scatter-
ing is kinematic in nature. As there is ample evidence that multiple
scattering is non-negligi’ble,parti‘c'ul‘arly‘ in the low energy region where
one presumably is measuri'ing surface éffects, it is of importance to con-
sider the effect of multiple scaftering‘upon tle temperature dependence
‘of the intensities of the low energy electron diffraction beams.

Using an approach similar to that of i'Bezé-b;r9 and McRaLe,lL one may -
express the total eigenfunction for a diffraction beam in a Born type

expansion as

pEE) = oy @B ¢ 9y GF) HE0 ¢
where
y (K = -1k f ¢ BTV E) y @) .

Here, ¥, (?;f%) is the eigenfunction of the incident beam. ' The term
U4 l(?’—ﬁ) corresponds to that portion of the total eigenfunction that
has been kinematically or singly scattered. Double scattering evemnts
would be contained ¢2 (r, K) and higher order events would be represented
by the other terms in the expansion. As in Eq. 46, it may be shown v
that .
~ — 3
vy (TK') = (1/2K'Zv)ei(K°+G) T z giG'rs Ve
“, A -
or wi""(?’—ﬁ) _ (l/QK'z) L) :, ei.G.?sc o s V. g

If one makes the assumption that all of the layers are identical, then

= i(K°-|GA) T
t —
wl (r,K') = AG e
where : . —
: A - e-‘W 'VG 5 eiG-"i"‘so
G K'Z s

In a similar manner, it may be shown that the double diffraction term is

given as




P PR N
- —h _ ! ! ' i( °+G)'?
wl(r,K) = ZG; Al o A e " i
In general,
' T e 20
-y : 3 . i B
y, () = [ (3 A, et S F T
Gs i S

1

The intensities of the various beams characterized by G are given by
T = [ 9 (BER) 3,70 & v
7 .

(5,9, BX)) (5, X)) & r

= 2 f wn* (?37$') ¢h (?zi;) d; r

n,m a
where the eigenfunctions have been expanded in the Born type series., On
the basis of this expansion, the intensity itself may be expressed as a

series as

' Here, the first term
.
1 = lagl
is the kinematic term and would contribute to the intensity even in the
absence of multiple scattering. This term, of course, carries the kine-

matic temperature dependence as

: o =W
Il = Iie

where W is a linear function of temperature in the Débye approximtion,

Ii arises as the product of the amplitudes for single scattering events.

The second term, I, is generatéd as the product of the amplitﬁde

2
for single scattering events with the amplitude for double scafteringv

events and may be written as
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This term will be referred to as the double diffraction contribution to
the total intensity. It has the temperature dependent form
- 1.° Wy M2 W2
12 12 e e e .

o : : 212 >, =2 " >
where Wl is proportional to IGI s W12 to |G- Gl and W, to IG’

the approximation that the crystal is isotropic and that all of the layers

|2 in
‘are idemtical.

There will be two contributions to the third term in the expansim
of the intensity. The first will arise ag a product of the single
scattering amplitﬁde and the triple scattering amplitude. The secomd

term comes from a product of the double scattering amplitudes. Conse-

quently, this intensity term will have the form

3 o , .
GlGE 1 72 1 G

G* G-G. -G, QG l T ; IA
7

Tts temperature dependence may be determined in a manner similar to that
for Ie. Higher order scattering contributions to the intensity will have
-increaéingly conpiex forms and will bfing correspondingly ﬁére complicated
temperature dependent terms into the total intengity.h As AG must be
less than or equal to unity, these higher order terms should be generally
less important. However, there do exist cases where a term may be mbxé
important than the preceding lower dtder terms. For example, there are
observed "sécondary" Bragg peaks in the specularly reflected intensity

that do not correspond to kinematic diffraction conditions. When

mult iple scattering is reasonably strong, diffraction conditions of the

form
O e
z 4 zZ
can lead to .ntensity maxima ‘n the (00) beam. Note that, even though

wo A
this condition is kinematic for the (R.k) beam, it must involve at least
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double diffraction to produce an intensity maximum in the (00) beam.
Consequently, the _dduble diffraction comtribution to. the:total intensity,
IE’

Higher order comtributions may also be significant. Therefore, it may

may be.expected to be hrger than the kinematic cont.ribution, Il.

be expected that the experimentally'determinéd quantity, - T d/dT 1n I,
will more closely resemble wl+w12*w2 rather than the Kinematic 2W, assumed

in the sinip_le model. As one might expect terms lvike —Wl-’w12+w2 to be
larger than QW, it wou_ldl seem at first glance that multiple scattering
alone could lead to the apparent determination of iowei' "effective"

Debye temperatures or higher "effective" r m s displacements for the
surfaée. This is .however not nécessarily trug in all cases. For simpli-

city, let us retain the assumption that the crystal is #sotropic and

tlnt all of the layers are identical. We may then write

2 - 0o 2
, - G G G
iT x v zZ
W o= 3/2 [ + e+ ]
mk g2 g2 g2
X y z
as.
w o= B [6]2
Within this approximation A |
2
20, = 2B lal
and .
P - L
+ ) = g -
Wy ¥ W, HW, S B(lGll + lGl G2] IGEI)

It may easily be seen that three cases arise. When

L2 > - D
lGll -’c?leeg < lGll ,

Y
then Wl + W12 + W2 will be less than 2 Wl' In this case the experimentally
determined effective Debye temperature derived fram the simple nodel would
be less than the actual effective Debye temperature. Alternatively, the

apparent r m s displacements would be greater than those actually contri-
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buting to the temperature dependence of the intensity.

T 1% -C.C. > C|2 anaw FW bW is
n the second case, 5 - G %Gy 1 and 1 10 5

greater than 2W Here, the experimentally determined value for the r m s

1*
displacements wdlld be less than the real value.

In th th:‘rd ' rélg 8.3, = [T 1% anaw, +W_, +W_ is equal
n e case 2 v 172 l-~a 1 D"

12

to 2Wl. In this case, the use of the simple kinematic model to detemmine
fhe effectivé Debye femperature and the atomic displacements would lead
to the same resulﬁs as the use of a more complicated kinerré.tic modelv.v

At normal incidevnce, double diffraction contributions to the
specularly reflected beam fall ih the lés.t case, Thus, if one neglec.ts
any 'pbssible asymnétry of the suiface, one would expect that the contri-
butions fram this type of mechanism would give results that were experi-
mentally ihdistinguishable vfrom'those arising fram kinematic scatterivng-
Away from normal incide'nce, dauble diffraction contributicmsvwill no
longer fall into the third case, buf wivll give rise to c‘orrtribut_ions- of
both the first and the second type. Whether the experimentally deter-
mined r m st displacements will be grea‘tér than or smaller than the actual
displaceménts will depend ﬁpon the detailed nature of the scattering bo-A
tential. For simple forward scattering potentials, such:as the screened
Coulombic potential, one would expect those terms giving smaller apparent
rm s' displacements to dominate. |

Higher order scattering evemts can also lead to appa'rentvdisplace-
ments that are either greater than or less than the real displacements.
Tn the limit of an isotropic crystalwwith identical layers, the relation-
ship between 'Zi Wi and W may be determined in a manner similar to that
for the doﬁble diffraction situvation. Again, onelwould expect that those

terms leading to smaller apparent r m s displacements would dminate when
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the scatteririg potential was of a smooth, forward scattering type'. " Similar
arguments' may be made concerning the effect of multiple scattering on the

temperature. dependence of the intensity of the higher order diffraction

- beans.

The assumptioﬁ that all of the layers of the crystal arg identical
is unrealistic; particularly in the presence of a'surface structure.

Tet us then consider th’e ca se where the first layer is differe’nt from
all of the other layers. For sinrpliéity, the factors VG/QK'Z will be
.taken to be unity. The kinematic confribut ion to the eigenfunction for

"a given diffraction beam may then be written as

- L0 T o @ . =g -W
7/’1(—?:_1{7) e el'('_K"+?) r o e1 G ry e S
: S=1
or r. - : 200 0 ~ i
> 1 ik gy iGY° W i GeRy S-1
?//l(?,K') = [el . e 0 el. Y1+ e b [el ] _ ]
S=2 o
where WO is the Debye Waller factor for the first layer, W is the Debye '
Waller factor for all of the other layers, "?-1 is the coordinate of the
surface and R is the translational vector between layers. Making the
o . R v Rt I - _
definitions that @ = e WO, B=ce W, ¢y = e Tl ang ¢ = ¢ R, it may

be shown that

. - A .
- - iKTe
o (mK) = e T (o - p9/1e9]
The corresponding single scattering contribution to the intensity may
be written as
g2
1-¢
when all of the interplanar spacings are equivalemt, this reduces to

I = o + 5 '
1 - 08 2(1 + cos (G-R)) °

This, of éourse, ig essentially Darwin's result with the inclusion of the

I - |ospy -

Debye-WalleI‘"factor previously considered by Dyon and Somorjai.
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Proceeding to higher order sbcattering events, the double scattering

contribution to the total eigenfunction may be writt'en as

pEh - ERT o AT ey 5 ST
or ' (o Ay = B. ¢, B, @
180 = DT @ ) (@ - 52

where it has been assumed that all ofthe interplanar si)acirigs .are_equiva-l
lent and Oli and Bi have been defined in a mamner similar to that for the
kinematic case. The double ,diffraction.co'ntribution to the total
intensity partakes of the form
x :
I, = |[(a-8 L) (o8, %) (o,-8, —?—?3— )|
1-¢ - 1 -T2
where O and B correspond  to the singly scattered amplitude and the
Oéi and. Bi correspond to thé. doubly scattered amplitude. This term has
a particularly interesting form when applied to fractional order béams'
arising fram the presence of a surface structure. 'Theée- beams are for-
biddén in the bulk of the crystal. One may therefore make the simplifying -
assumption that scattering into these beams can only occur at the surface.

When this is the case, Ié reduces to

b l

L = lea, 8 5=

o B

2
The terms d and 052 correspond to scattering events at the surface layer
Whereﬁhe electron 18 diffractéd into back scattered fractioml order

beams. The term (Bl ¢l/l-¢i) corresponds to scattering events that can
occur in the bulk of the crystal between the incident and some intermediate
integral order beam. It my vbe seen that if the surface specvies, is loosely
bondéd relative to the tulk species, then the intensities of the .fractional

arder beams should exhibit a stronger temperature dependence when double

diffraction occurs than would be observed for th e integral order beams.
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- This of course, is also true for the kinematic contribution where

It may be shown that higher order comtributions to the total inten-

© sity will be of the form

, 5.
+1 i
I = ‘ﬂiél (ai - By I-6, )

The inclusion of the Fourler coefflclents of the expan51on of the

potential would lead to terms of the form

e - a (v VQ)¢
Q. -RV -——————
—1-G "0 i G

. —Vo 8,

where V and VO° Were essentiaily‘the forward scattered amnlitudes or
transmlss1on coeff1c1ents for the bulk and surface layers respectlvely
and VG and VG were essentlally the scattering amplltudes between the
initial and the final beams again for the bulk and the surface 1ayers
respectively. | - |

‘The actual calculatlon of the temperature de;endence of LEED 1nten-v
sities us1ng these equations was not performed. However, 1t'was calcu-
lated‘w1th a step wise scatterlng procedure described in Appendix II.
Several different s1tuat10ns were considered. In the first case, the
intensities were calculatedfor the classical Bragg maxima in the (00)
beam using fifteen seattering events. The higher order diffraction beams
were suppressed, and multiple scattering waS~allowed to occur only‘between
the transmitted and the specularly reflected beams as is deseribed in the
two beam case in Appendix II. Calculations were performed for two
different scattering notentials; a screened Couiombic_potential with
A= 1.53_ and a screened Coulombic potential with A = O. lA It was

first assumed that the effective Debye temperature forﬂthe surface was
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identical with-that for the bulk, The plote of the natural logarithm-
of the intensity vs the temperature were found to give straight lines
over the temperature.rahgehloo to 600°C. Both potentials gave very
similar results, .For alumiﬁum, the h&pothetical Bragg maximum at 81 and
eV.gave an effective Debye temperature, deterﬁined from these plofs with
simple kinematic ﬁodel, very elose to‘the buik‘value. The valuee for
Go‘for the Bragg maxima at 9 and 37 eV were semewhat lower, belng de-
pressed less than 6% ef the 81 eV value.‘ As depressions more on the order
of BO%Iare usvally observed experimentally, it may be concluded that
simply multiple scattering of this type is inadequate to generate the
decrease.in>the effective-bebje temperature of the magnitude generally
obeerved.i |

It wes then assﬁmed that the effecfive Debye temperafure fof the
'fipst layer was one half that of the bulk and similar calculat ions were
peffofmed.x As before, the two different potentials gave very similar
answers. Again, the In I vs T curves were straight 1iﬁes’in the 100 to
600°C region. The effective Debye tempereture "experimeﬁﬁally"
determined for this medel were considerably lower than those found when
all layers were aseumed to be identieal. The 81 eV value was depressed.
by about 25% from that for the identical layer situation. The 9 eV
va lue was only about two thirds of the identical layer 81 eV value.
It may therefore be concluded that decreasing the effective Debye
temperature of the fifst layer does give results which are similar to
those observed experimentelly.

The effect of multiple scattering on the tempemture dependence of

non-kinematic multiple scattering maxima was investigated. Calculations

10

g = Gzpeak that occurs

were performed for the double diffraction KZ? + K

in the specularly reflected beam at 31 eV for aluminum with a screened
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| Coulombic potential with X = 0.187%,  When it uas‘assumed that all of
| the layers were identical; the lnvIob vs T curve was straight, and the
effective bebye temperature from this plot was determined to be somewhat
larger than the 37 eV value obtained when all of the higher order beams
were suppressed in the identicalilayer_model. Hbuever, when it was |
assumed that the first layer had an effective Debye temperature that‘was
one half of the bulk ualue,'considerable curvature;was noted in the
Ln.IOO vs.T curve, - Here, the average effective Dehyevtemperature wa.s
| again somewhat higher than the corresponding 37 eV value obtainedﬂfrom
the'non-identical layer model with suppression of the higher order beams.
This double diffraction condition has been discussed above. ‘There,
vlt was concluded that when all of the layers were 1dent1cal the deter-
| mined effectlve Debye Waller temperature should be 1dent1cal with that
from.single scattering. The fact that the multiple scattering value
calculated at 31 eV is larger than that at 37 eV 1ndicates that scattering
events higher than the second order was contributing to the calculated
value. As mentioned bhfore,'in a real 31tuation the determined value |
may be either greater than or less than the actual value dependlng upon
the detailed nature of the scattering potential
From these considerations and calculations, it may be concluded that
strong multiple scattering will have a non-negligible effect on the
validity of the Debye temperature calculated from experimental data with
the assumption of only kinematic scattering. However, these calculations
would seem t¢ indicate thatvmultiple scattering alone is insufficient
to produce the apparent depression of-the'effective Debye temperature.
of the magnitude that is observed at low energies and that the‘rms atomic

displacements:of the surface atoms are indeed larger than those of the bulk.
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