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INTENSITY ANALYSIS OF LOW ENERGY ELECTRONS. 
DIFFRACTED FROM .SINGLE CRYSTAL SURFACES 

Helen Honora Farrell 

Inorganic Materials Research Division, Lawrence Radiation Laboratory; 
and Department of Chemistry 

University of California, Berkeley, California 

ABSTRACT 

The intensities of several of the low index low energy electron 

diffraction beams from 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 mechanism based on multiple scattering theory have been 
t 

assigned to the various intensity maxima observed in the very low energy 

region. Model calculations of the intensities based.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-

tion of the model atomic potentials employed. The intensities of the 

LEED beams from the structured surfaces on palladium and platinum have . 

been measured and compared with trends predicted from multiple scattering 

theory. Simple calculations have been performed for oxygen chemisorbed 

on the (100) face of the body centered cubic (bee) metals in the primary 

stage of oxidation. One model has been suggested on the basis of the 

calculations and existing experimental data • 



I. INrRODUCTION 

Experimental low-energy electron diffracticn (LEED) studies of metals 

have a long history which dates back to the Davisson-Germer experiment in 

1927.
1 

In the following years, LEED has been used to observe qualitative 

changes in the nature of the surfaces such as those that occur upon hmt. 

treatment or the adsorption of gases. 3:owever, unlike in the case of the 

x-ray diffraction, quantitative theoretical interpretation of the diffrac-

tian features has been incomplete or only partially satisfactory, parti-

cularly in the very low energy ( < ~ 100 V) region. The relatively large 

values of atomic scattering cross sections for low energy electron diffrac-

tion necessitate the consideration of multiple scattering phenomena. 

2 
Recently, McRae has developed a formally complete and self consistent 

theory of dynamical low energy electron diffraction. In the subsequent 

2-10 
rrnnths, there have been published a large number of theoretical papers 

and calculationsll-l
4 

which have all considered the importance of multiple 

scattering in analyzing the intensities of the diffraction spots to obtain 

information about the arrangement of atoms in the surface. A number of 

theoretical apprcaches have been developed, but little work has yet been 

done correlating theory with actual experimental data. 

The intensities of several of the low index low energy electrcn 

diffraction beams fran the (100) faces of aluminum and palladium have been 

measured. These have been carrpared 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. 

Mo\.kJ eulctdC~t::iow~ or t11e intl~nsities based on simple multiple scatter-

ing theory have been performed. The agreement between the calculated 
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and the observed values was limited by the degree of sophistication of the 

rmdel atomic potentials employed. The intensities of the LEED beams from 

structured surfaces on palladium ~nd platinum have been measured and 

compared with trends predicted from multiple scattering theory. Sirrple 

calculations have been performed for several different modelsto identify 

the possible atomic positions for oxygen chemisorbed on the (100) face 

of the body centered cubic (bee) metals in the prinary stage of oxidation. 

One model has been suggested on the basis of the calculations and existing 

experimental data. 
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II. TBEORY 

A. Introduction 

Many of the unique characteristics of low energy electron diffraction 

in the energy range 0-500 eV owe their ex.istance. to the large scattering 

cross sections that are involved. Particularly at very low electron 

energies, 0-100 eV, these cross sections may be of the order of square 

angstroms. As a consequence, there will be 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 

is s:::attered, either elastically or inelastically, out of the forward 

scattered beam. Therefore, most of the intensity that is back-scattered 

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. 

Unfortunately, the very aspect that makes low energy electron diffrac

tion valuable for surface structure analysis also canplicates this ana

Jysis. 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 scat te ri r:g 

and its importance vitiates the applicability of the kinematic theory 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 fact that scattering is 

confined to the vicinity of the surface is tmt the full three dimensional 

periodicity of the crystal is not experienced' by the electron. We there-

fore are dealing with a pot rot ial which has essentially perfect periodicity 

in the two dimensions parallel to the surface but has imperfect periodicity, 

perpendicular to the surface. This perfect two dimensional periodicity 

insures that diffraction will occur and that the electron will be scattered 

only into certain discrete rods or beams, destructive interferences having 

taken place along all other directions in space. 

More concisely, as has been noted by Boudreaux and Heine,
6 

the only 

exact quantum number in the system is that component of the wave vector, 
... : .... ~ 

or K , which is parallel to the surface and this is .indeterrninant to 
xy 

the extent of adding any reciprocal lattice vector that is parallel to 

the surface in the usual sense of the Bloch theorem. Due to the imper-

feet periodicity perpendicular to the surface however, that the component 
_.. ~ 

of the wave vector, Kl or K , that is perpendicular to the surface is not 
z 

constrained 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 component is defined by the parallel component and the condition 

tmt the total magnitude of the wave vector_ must be conserved. If the 

... 0 
incident electrons are characterized by a total wave vector, K, then the 

components parallel to and perpendicular to the surface may be denoted 

as K:ij and ~l respectively. 
~ 

be characterized by K' with 

In a similar manner, a diffraction beam may 

·--"' ._.. 
canponents K'!! and K'1· Now, the constraint 

on the parallel ccmponent may be written as 

-K' ~ (1) 

• 
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...;,. 
where Gil is some reciprocal lattice vector parallel to the surface. If 

~ 

the surface has rectangular or square symmetry, Gil = 2TI(~ _£. + y ~) 
a a 

X y 
where h and k are integers x and y are unit vectors in the x and y direc-

tions and a and a are the primitive translational vectors of tlE surface 
. X y 

lattice net in the x andy directions respectively. 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 beam is denoted as the (00) beam as it 

is associated with the null reciprocal lattice vector parallel to the 

surface. 
-a. ~hk 

One could then write K' as K .•) 

In .free space, the energy of the electron is directly proportional 

2 ..Jo: 2 
to the square of the total wave vector as .E = 11 I K I /2m where 11 is 

Plancks constant divided by 2TI and m is the mass of the electron. There-

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

as 
IK'' 12 rto 12 

= (2a) 

or 
~. 2 ....;, 2 ["i(b 12 IKIII + IKll = (2b) 

Rearranging Eq. 2b, Kl may be determined as 

K'-hk 
1 = ± ~~K0 [ 2 - hk12 0 2 

[Gil - IKIII (3) 

I 

Note that Ki may be either positive or negative, corresponding to a diffrac-

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

I Kl correspond to travelling, waves or allowed states in the crystal while 

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

surface and forbidden states in the bulk of the crystal. 

There are actually nn jnf'inUe number of solutions to Eq. 3. 11 

l'""o [2 ~~~ 12 First, there are those within the Ewald sphere where K > K\1 . 
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The Ewald sphere is tmt surface in reciprocal space with a radius of FK0 1 • 
...lo. 

When within this sphere, K' 1 is real, at least when not in a band gap 

where it may assume complex values •15 In the following, the states 

characterized by real values of K'lwill be referred to as "allowed" states~ 

Secondly, there are those solutions tmt lie outside of the Ewald sphere 
~ 

where For these cases, K'l is purely imaginary and the 
~ 

associated eigenfunctions are strongly damped. Note that K'l may be 

either positive or negative, corresponding to diffraction beams directed 

both into and out of the crystal. As most low energy electron diffractiDn 

studies are made as a function of electron energy, it is of value to 

inspect Eqs. 1, 2 and 3 for their energy dependence. Equation 2 states 

the necessity that the diffracted beam have a wave vector of the same 

IJRgnitude as the incident beam for elastic scattering whereas Eq. 1 states 

that the parallel component may contain some reciprocal lattice vector. 

It may therefore be seen that at a low enough beam voltage these two 

~ 

equations may not be fulfilled simultaneously with real values of K'l 
except for the null reciprocal lattice vector. In this region, only tbe 

transmitted and the specularly reflected beams are allowed. All other 

beams will be forbidden, or evanescent. Upon going to hi@l.er energies, 

the magnitude of the wave vector bee ones large enough to accomoda te the 

smallest reciprocal lattice vector, and the first order diffraction beams 

will be allowed in addition to the transmitted and specularly reflected 

beams. At still higher voltages, higher order diffraction beams will 

oome 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 

• 
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-o K 
-, 
K 

+K' 
:1. 

-K' 
J.. 

Fig. II...;l. Wave vectors for the incident beam and two 
diffraction beams showing their components 
parallel agd perpendicular to the surface. 

-:'!() ....... 

Note that Kjj == Kll + Gjj· 
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B 

I I 

eV ev 
Fig. II-2. A) Intensity of the (oo) 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 dimensional diffraction limit. 

·-
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"" At a slightly higher energy, IKll will have a will lie in the surface. 

finite val,ue and diffraction beams directed both into and out of the 

surface will appear. As the energy is increased, the angle that these new 

beams will make with the surface increases and these beams will assym-

totically approach the axis of the incident or specularly reflected beam. 

Viewing only the back scattered beams, upon increasing the electron energy 

one would first see new diffraction beams appear parallel to the surface 

of the crystal and then rise up out of this surface and sweep through 

space towards the specularly reflected beam. These considerations arise 

solely from the symmetry, that is, the two dimensional periodicity 

parallel to the surface. They are completely independent of the nature 

of the surface other than its symmetry and the dimensions of its unit cell 

parallel to the surface. 

Information about dimensionalities perpendicular to the surface and 

about the type of scattering centers involved is, however, contained in 

the intensities of these diffraction beams. To appreciate the possible 

variations in these beam intensities, let us consider two limiting cases. 

l) Pure Two-Dimensional Diffraction Limit 

The first case is that in which there are no periodic modulations 

in the potential in the direction perpendicular to the surface that 

are experienced by the electron. This is essentially the two dimensional 

grating problem. Here if one monitored the intensities of the back-

,. diffracted beams as a function of electron energy, one would find, at 

best, a monotonic variation. Conceptually, this situation could occur 

if the scattering cross sections were sufficiently large that the electrons 

never penetrated the first atomic layer of the surface. 

~--~' 
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2) Pure Three Dimensional Diffraction Limit 

The second limiting case ar·ises in the opposite limit where the 

cross sections for back scattering are quite small so that the electron 

can penetrate deeply into the crystal before being scattered. In this 

case, the effect 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 perpendicular 

component of the reciprocal lattice vector is no longer free to assume a 

continuum of values but is limited to certain discrete values by this 

ll 
periodicity in the z direction. This constraint on K'l may be expressed 

in a manner similar to Eq. 2 as 

( 4) 

~ 

where G'l is some reciprocal lattice vector perpendicular to the surface. 

Note that the combination of Eqs. 2 and 4 is just the Bragg equation for 

x-ray diffraction expressed in reciprocal space. 

If one were to look at the intensities of the diffracted beams in 

this limit, it would be observed that they were zero except at those 

points where Eqs. 2 were met simultaneously. 

3) The Nature of Low Energy Electron Diffraction 

We now have two extreme cases, one where the intensity varies 

smoothly with electron energy, and the other where the intensity varies 

abruptly being zero except at certain 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 intensity in these diffraction beams 

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

•II 
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observations may be explained by the fact that, even though the scattering 

cross sections are rather large, they are not so large that the electron 

does not have a finite probability of penetrating the first and even 

several of the top most atomic layers parallel to the surface. Conse-

quently, the electron may experience some degree of the full three 

dimensional periodicity of the crystal. 

However, the observation of intensity maxima at energies other 

than those predicted from Eq. 4 indicate that the situation is not so 

simple as outlined above. As mentioned before, the very fact that the 

scattering cross sections are reasonably large can lead to multiple 

scattering events. These may be envisioned in the following manner. As 

the amplitudes of the non-transmitted diffraction beams are substantial, 

and as the cross sections are large, the diffracted beams themselves 

may act as primary beams or electron sources. Consequently, we must 

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 condition 

(5) 

-1 ..1" 
where both K'l and K l are wave vector components corresponding to 

diffraction beams. Note that Eq. 4 may be considered as a special 

case of Eq. 5. The analogous condition for the parallel components 

... 
..1 

K'ii = (6) 

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

For sufficiently large cross sections, still more phenomena can be 
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observed. For example, when the condition expressedin Eq. 5 is met be

tween two diffraction beams, a subsidiary maximum may be observed in a 

third beam, even though no appropriate diffraction condition is met. 

This is because all of the beams are more or less coupled for sufficiently 

large cross sections, and an increase in the intensity Of one of them 

may result in an increase in the intensity of another. 

The actual intensity maxima that are observed may be arbitrarily 

categorized into three different types on the basis of the associated 

diffraction conditions. 

1) Kinematic or Single Diffraction: The first group is comprised 

of those maxima whose positions are predicted by Eq. 4. This is the 

kinematic or single scattering case, and peaks should appear at these 

positions even in the limit of negligible multiple scattering. 

2) Double Diffraction: In this case, we have those peaks whose 

positions are predicted by Eq. 5 rather than Eq. 4. This is a simple 

multiple scattering situation and may be called the double diffraction 

case as it necessitates only two successive scattering events. 

3) Tertiary and High Order Scattering: This case contains all 

intensity maxima not directly predicted by Eqs. 4 and 5. Observation 

of these phenomena should be limited to those situations where multiple 

scattering is quite strong. One would expect when inelastic scattering 

was important that maxima of this type would 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 ~nts may contribute to the intensities 

of maxima classified as either kinematic or double diffraction 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 uniquely defined by the dimensions and two-dimensional symmetry 

of the crystal surface, and by the energy and angle of incidence of the 

primary beam. Further, we now know that intensity maxima may appear in 

these diffraction beams when certain diffraction conditions are met. How-

ever, the relative magnitude of these intensity maxima and their precise 

relationship to the chemical nature and exact positions of the scattering 

centers can only be determined thr<Xlgh a more quantitative investigation 

of the scattering phenomena. 

There are a number of different approaches currently popular in 

the literature, but they all involve, either explicitly or implicitly 

finding a solution in some degree of approximatior, to the Schroedinger 

equation. It should be ~mphasized that while many of these approaches 

appear formalistically different, they are all cone erned with the same 

physical phenomena. They differ primarily in their viewpoint and· in the 

nature of their approximations. The current literature on theoretical 

calculations of the intensity of LEED beams may be roughly subdivided 

into two parts on the basis of their starting points. 

The first group begins with the differential form of the Schroe-

dinger equation 

(7) 

2 
where K is· the magnitude of the wave vector, and u(1) is 2m/n :times the 

potential. In general, both the potential and the eigenfilnctibn · are 

expanded in a, Bloch or Fourier serir.=c; and the resulting set of linear 

inhomogene"ous equations are then solved for the coefficients of the eigen-

functions. Frequently, these solutions are obtained for the eigenfunct.idns 

i 
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within the crystal and those in free space are determined by matching 

~ 

li.t(r,K) and its first derivative at the surface. Variations on this approach 

have been employed by Hirabayashi and Takeishi, 
16 

Boudreaux. and Heine, 
6 

Hof:ftnann and Smith, 12 Jeppson and :Marcus, 11 and Ohtsuki 
10 

among others. 

Historically, this method. has its roots in the works of Bethe17 and Von 

18 
Laue. 

The second basic approach .begins with the integral form of the Schroe-

dinger equation 

7/J tr,K:) = 
l 
47T (8) 

where 7/J
0 (~,K) is the incident beam, G(r;7) is a Greens function and u(~') 

is the potential defined above. An excellent description of the trans-

formation of the differential form of the Schroedinger equation to its 

integral form is given by Merzbacher. 19 The effect of the integral 

operator, f d3 r' G (F, r') u(r') on the eigenfunction 7/J (r! ;K) may be 
~~ . 

regarded as a projection or an evolution of this eigenfunction from a 

point~~ to another point r. As the solution appears also on the right 

hand side of Eq. 8 under the integral sign, an iterative procedure is often 

followed. Alternatively, the quantities involved in the integral may be 

expanded. in some ap-propriate basis set, such as partial waves, the inte-

gral solved, and the resulting set of coupled linearly dependent equations 

resolved as in the case of the differential Schroedinger equation approach. 

The integral 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 diffraction developed by Darwin. 12 

Regardless 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 be represented as a plane wave. As the actual wave is 
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b 1 " h t h th fA' t . 21 
· presuma .J...,J co eren for undreds to ousands o ngs roms., this 1s 

·probably not a bad approximation. 

The second assumption is that the crystal bas perfect periodicity 

parallel to the surface. The degree of perfection required perpendicular 

to the surface varies from paper tp paper. The neglect of the existance 

of ledges and other surface imperfections is not important in a qualitative 

discussion though there is some evidence that surface damange can change 

21' 
the results in actual s.ituations. 

It is frequently as.sumed that the electrons that are elastically 

scattered into the region exterior to the crystal are contained in a number 

of discrete beams whose wave vectors are defined by Eqs. ~1 and 3. While 

this is definitely true far away from a scattering center, it is not 

necessarily true in the immediate vicinity thereof. However, calculations 

2 
performed by McRae for tbe case of isotropic scatterers indicate that 

deviations from a plane wave nature may be negligib"'le .• 

Further, the lattice is generally assumed to be static. This 

assumption is not valid except perhaps for those rraterials having a large 

atomic weight and a high Debye temperatu~e. (see Appendix. III). 

Inelastic scattering is usually either ignored, or considered on as 

simple a basis as possible. When considered, it is usually represented 

as atomic excitations and ci::lllective phenomena, such as plasma resonances, 

are usually neglected. The lack of a detailed consideration of inelastic 

scattering is somewhat dangerous, particularly as it is frequently the 

dominent scattering mechanism.
22 

The last assumption is that the scattering is non-relativistic. ·This 

is a reasonably good assumption for low energies and light atoms, but 

further investigation into its validity under other situations is necessary. 
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From the first assumption, we may write the incident beam as 

7j;0 (r, K) = (9) 

From the secondassumption, that of perfect two dimensional periodicity 

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

of the crystal as a Fourier expansion 

u(r) (10) 

_... 
where Gil is a reciprocal lattice vector parallel to the surface and z is 

the coordinate perpendicular to the surface. There are several alternate 

expressions for VG (z) which will be used below. The first is in the 
. II 

limit of perfect three dimensional periodicity, 

(ll) 

_, 
where Gl is some reciprocal lattice vector perpe.ndicula:r· to the surface 

- _,. _,. 
and G Gil + Gl. This expansion will be used in the x-ray or kinematic 

limit, and for the matching calculations. 

The second expansion of VG (z) is an integral Fourier expansion 
+co II --...~ 

V G ( z) f d 'Y V G e -'Y • z ( J2) 
II -co 

-4. ~ ...... __,. 

where G Gil + 'Y and 'Y is some continuously varying parameter in the z 

direction. This expression is useful mear the surface where t re pe riddi-

city in the z direction is weak or non-existant. Further, when the potential 

is expressed as a sum of scattering centers 

·L: w c-r - R" ) 
s s 

s 

where the summation is either over layers, or atanic sites, then 

. u(r) = L: 
G,s 

w 
s,G 

(13) 

(14) 

· .•. II·, 
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and 

L: w 
s s,G 

(15) 

where the summation over G can be taken to forrrally include an integration 

over 'Y· This expansion is important when there are two or more atans per 
_,. .....;,. 

unit cell. Below, the structure factor terms, ei G • Rs, will usually be 

carried lirrplici tly in V G. 

Another result of the second assumption is that like the potential the 

wave function may be expressed as a Fourier expansion 

e 
i cKjJ +Gil ) • -~,I 

(16) 

This is a result of Bloch's theorem for two dimensional ueriodici ty. 1 As 
~ .... .; ; 

for VG (z), AG (z) may be expressed as a discrete or continuous Fourier 
II . II _,. 

expansion as the situation warrents. Again, G or G 

will be used, and :i; will be taken to contain an implicit summation over 
'· 

·-"' 
Gl or integration over 'Y as is appropriate to the circumstances. With 

this in mind, we may write 

7/J (~,K:) 

.... 0 ~ ..... 

i (K +G)·r 
(17) 

It is instructive to consider the calculat"iqnal procedures. in the limit of 

negligible multiple scattering. More extensive calculations must reduce 

to these solutions for very small cross sections and these results se:rve 

as a basic frame of refe~nce within which multiple scattering -:rbenomena 

may be discussed. In addition, general techniques can be outlined, with a 

minimum of detail. 

In the kinematic limit, when multiple scattering is insignificant, 

it may be assumed that the electron has a much greater probability of being 

\ 
founQ_ in the primary, or transmitted beari!l than _in any other. In addition 

it may be assumed that the electron penetrates deeply enough into the crystal 
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to experience its 'full three dimensional periodicity, and tbat surface 

effects are negligible~ We therefore may use the three dimensional 

expansion of the potential and wave function. 
' 

Substituting equations iO,ll and 17 into the differential form of 

the Schroedinger equation, there results 

i (1(o +G) ·r 
e 

-~ .... ~ 
i(K +G)•r 

which becomes 

o • (19) 

. (.so __.) 
As the fUnctions e 1 

K +G •r form a linearly independent basis set, we need 

only consider the set of equations 

(20) 

In this limit, 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 A0 >> AG. Therefore Eq. 20 becomes 

or 

2 
(K - ~~o.;Gj2 - vo) A - v A 

G G 0 

= 

0 

A 
0 

(21) 

(22) 

This is essentially the x-ray result, that the arnplitudesof the various 

diffraction beams a're proportional to a>Fourier coefficient in the expan-

sian of the potential. 

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

There, assuming that A0 >> AG is the same as making the first Born approxi

mation. That is, we may substitute ?j;0 (io,K) for ?j;(r,K) under the integral 

.·i.' 
. ::.,.. ,·' 
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sign on the right hand side of Eq. 8. Making this approximation and sub-

stituting Eq. 10 and ll into Eq. 8 we obtain 

7/J(?,K) - - J J d3 K' ·2: 
____ .... , -ll. 

r K' G 

_.. 
iG
. ~, 

- •r e 
.... 0 ..;,. 

.• K • ' 3 
l" r d , e r 

(23) 

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

section). Utilizing the following two equations 

J ·-r 
and 

we obtain 

== 

...... ~ 

i K'··r 

o(Q); 

e ·-·--~ 
IK'I 2 

- rKO 12 

_...,~0 .....,\ 
5 (K,K -G) == 

1
-&o 12 l_..,o ~ 1·2 K - K -G 

e 

~ ..... 
G-K' (24) 

"""""o-..t. -' 
i(K -G)•r 

e 

1-'"o -" 12 1-"o 12 K -G - K 

(25) 

-'o---' -' 
-i(K -G)•r (26) 

where, by a comparison with Eq. (17) and (22) it may be seen that the 

relative amplitudes are identical with those from the differential form 

of the Schroedinger equation. 

l. Differential Equation Approach 

One of the earliest non-kinematic LEED calculations was performed by 

Hirabayashi and Takeishi~6 They used the differential equation approach 

in an extension of Von Laue's
18 

dynamical theory. An explicity accounting 

of the termination of the crystal periodicity at the surface was made by 

utilizing the forms for the potential and wave function given in Eqs. 10 

and 16. Substituting:trere equations into the differential form bf the 

Schroedinger equation, and proceeding as in the K.inerra tic case, they 

t~bta:Lned; 
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0 . (27) 

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

conceivably be solved for the amplitudes of the various diffraction beams. 

However, Hirabayashi and 'Iakeishi; did not attempt a completely self c onsis

tent solution, but rather made the approximation IA0 (~) I >> IAG(z) I, i.e. 

that the intensity of the incident beam is much stronger than that of any 

of the diffracted beams. Numerical calculations were performed for the 

specularay reflected beam in the case of graphite and were compared with 

experimental results. The agreement is not bad in the region above lOOeV 

but becomes progressively worse at lower voltages. This is not unexpected 

as the approxirr.ation IA
0
(z)l >> IAG(z)l becomes less valid at lower energies. 

This paper is of vi tal significance as it was the first to attempt a 

qynamical treatment of law 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 beams, 

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) ~ A
0

(z) is precisely 

that which is associated with multiple scattering, and it is this condition 

which necessitates a more self consistent treatment of the problem. 

A related but more complete method has gained considerable popularity 

recently, particularly among the solid state physicists. This is the wave 

rrnLdli.rlJ;; t.t]J}J:rcx.tdJ wber<~ tlw wave equaL ion .i [; f:i.n;t .:;olved. w .i.t.lli 11 I. ~1e 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. In this approach, the primary problem is identical with 

that of determining the energy band structure within the crystal, but only 

--.:.a 
for that energy and that car:rponent of the wave vector, Kll' parallel to the 

surface which characterize the incident beam. This method has the ad-

vantage that it rray draw upon much of the knowledge accumulated about 

energy band calculations. It is particularly applicable to uncontaminated 

and unreconstructed surfaces, and leads:;to a clear insight into the relation-

ship between reflected intensities and the band structure of the solid. The 

wave function inside the solid may be expressed as a linear combination 

of the Bloch functions for the perfect bulk crystal, as in Eq. 17. However, 

there are the restrictions that the energy of these functions must be that 

of the incident beam and that the component of their wave vector parallel 

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 Bloch waves satisfying these 

conditions. First, there are those within the Ewald sphere. The component 

of their wave vector that is perpendicular to the surface may be eithe:r real 

or complex depending res·pectively on whether or not they are in a band 

gap. When complex, the imaginary component must always be chosen such that 

the total wave will be an evanescent or. a .. damped wave incapable of being 

transmitted by the crystal. Secondly, there are those Bloch waves that 

lie outside of the Ewald sphere. The perpendicular components of their 

wave vectors are pure imaginary and they are strongly damped. Fortun~:~.tely, 

in actual calculations the contributions from those terms outside of the 

Ewald sphere are small and, when the cross sections are not very large, 

nnJy th0se within 0r those whose dis 1-,ance from the Ewald sphere is less 

Lhan a few rod.Jn'ocal lattice vee ton; need be cons ide red. 

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

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

results. 

(28) 

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

becomes 

_ 2:: V :; A ,}ei(ktG) • r 

G'=I=G G -G G 
0 (29) 

or, as the traveling wave terms, 
i(k:t-8) ·r 

e , are linearly independent 

2:: 
G'=I=G 

V A 
G'-G G' 

q . (30) 

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. 

= 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 from 

the normalization condition 

l. (32) 

Again, the above solution is essentially identical with tmt for an energy 

band problEm with the exception- that those solutions which attenuate, or 

are damped, are 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 this marmer, the amplitude of the diffracted beams in free space may 

be determined. The matching equations are 

and 

1/l("'E, K) 1/JBCr,K); 

1/l(r, K) = 1/JE (T' K); 

z <· z s 

z > z 
s 

d 7/!E Cr,K)/dzl-.. _. 
r=r 

s 

(33a) 

(33b) 

(34) 

(35) 

when 1/JB(t,K) is the wave function in the bulk of the crystal, 1/JEC~,K) 
...... 

is that exterior to the crystal, and r is the coordinate of the crystal 
s. 

surface. 

The simplest case, the two beam case at normal incidence where only 

the transmitted and the specularly reflected beams are allowed, .has been 

discussed in detail by Boudreaux and Heine.
6 

The development is as follows. 

Within the crystal, the Bloch function is given by 

iK•z 
e (36) 

4. :.... 

where K~ is given by equation 31. When K = Gl/2, _: we are at the end of 

a Brillouin zone and consequently in an energy gap. For the smallest Gl' 

this corres·ponds to the first Bragg reflection. Away from the gap, the 

wave fUnction within the crystal is predominantly that of a traveling wave 

directed into the crystal, and A
0 

> AG

1
. The coefficient of the back 

reflected wave, AG , is given, to a first order, by Eq. 22 for the kirtenia.tic 

1 
case. 

fTnwP.ver, wi1:JrLn the band ,';-L1;p t}le waves are strongly coupled and a 

simple perturbation approach is no longer valid. It may be shown that 

within the gap, A0 and AGJ have the same magnitude, and differ at most 
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only by a phase factor, 2¢, i.e. 

e 
-i¢ 

(37) 

where ¢ varies from 0 to ± n/2 from one edge of the gap to the other. 6 

The sign of ¢ depends upon the sign of VG • Further, at energies inside 
1 ~ 

of the gap, there are no corresponding real values of K. This is a direct 

consequence of Eq~ ·31 and has the physical significance that there are no 

traveling waves allowed within the crystal at these energies. There· are, 
.,. 

however, ccmplex: values of K that are allowed that correspond to evanescent 

or damped waves that are localized at the surface of the crystal. It 

follows then that 
_. 
k (38) 

where-~ is the imaginary part of k and KR is the real part. rK-R I is equal 

to I"Gll within the gap and 1~1 is zero at the edges of the gap. Within 

(39a) 

(39b) 

The wave function outside of the crystal is 

--.1. -.:a. -4 -.:,. 

7/JE(-;; K) i K~z 
+A' 

-iK0 '•z 
:= e e (40) 

By .matching 7/JB and 7/JE and their first derivatives at the surface, the 

value of A', the amplitude of the specularly reflected beam may be deter

mined. It is found that lA' I, the magnitude back reflected amplitude, 

is equal to unity. This is not unexpected as all of the electrons striking 

the crystal must be back reflected at energies within the band gap as 

U1c~re an: no ~-tllowed travelling vmves within the crystal in this region. 

WJu.~JJ inelastic scattering is taken i:n to account, /A' I of course will be 
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less than unity. As the band gap is of width V G' it follows that, to a first 

a·pproximation this also will be the width of the Bragg peak. Similar 

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

Consider the case where a higher order diffraction beam characterized 
---.:0 --' .J 

by K' K'!l + K'l met· a diffraction condition of the form 

( 41) 

The higher order diffraction beam will behave in a similar manner to the 

specularly reflected beam discussed above. At this point, there is a 

~ 6 
band ga·p, and no traveling waves with K' are allowed in the crystal. 

Consequently, the electron must be either reflected out of the crystal 

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

Actual calculations have been performed using variations on this wave 

llR tching technique. Hoffman and Smi th
12 

have applied this ap·proach to the 

problem of calculating the intensities of the (oo), (Ol) and (ll) diffrac-

tion beams from the 100 face of aluminum at normal 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 to 

simulate inelastic scattering. In addition to Bragg peaks predicted by 

kinematic theory, they found secondary peaks associated with multiple 

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

perfect, it does illustrate the validity of this approach for real problems. 

Model calculations using the wave matching approach have been perfonned 

13 . ll 
by Carpart and by Marcus and Jepsen for simple cubic crystals. Marcus 

and Jepson effected the solution of the on·e-dimensional linear differential 

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

used a potential of point ions of charge Z ih 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 structure and the reflected intensities. 

The strong correlation between the band structure and the intensities is 

quite obvious. The several types of multiple scattering phenomena dis-

cussed above are well represented. Carpart has used a pure wave matching 

approach. His calculations are particularly important as they were per-

formed for a cubic ensemble of S- wave scatterers. This same model ·potential 

2 
was used by McRae in the first self consistent dynamical LEED calculations 

using the integral equation approach. The strong agreement between the 

results of these two approaches substantiates their fundamental similarities. 

It is of interest to note that while the S-wave scatterer potential is an 

easy model in the integral equation approach, it is a particularly diff i-

cult model within the differential equation approach. This is because 

all of the Fourier coefficients have the same magnitude and consequently, 

a large number of terms must be carried. Consequently, the claim is made 

that the achieved agreement constitutes rather important evidence that the 

method can be used for real situations. Carpart's work also includes a 

band structure' calculation anp again, there is a definite relationship 

between the band structure and the beam intensities. 

The detailed results of these model calculations will be considered 

in Appendix I along with those fran 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 previous approach is most 

easily handled when the crystal has pe:t'fect three dimensional symmetry 

~. 
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right up to the surface, while the following method initially assumes 

nothing about the periodicity of the system in the direction normal to 

the surface. 

Assuming the potential to be formally expressible as a sum of 

individual scattering centers as in Eq. 13, the integral form of the Schroe-

dinger .equation becomes a sum of integral equations 

...:.. _ _. 
'1/J(r,K) 

0 ...... _. 

'1/J (r,K) (42) 

where, if all of the centers are identical, only one integral need be 

evaluated. The formal solution is now independent from the total symmetry 

or lack thereof, of the problemo However, as most LEED problems do have 

a two dimensional symmetry parallel to the surface, it is useful to intra-

duce this as it results in some simplification of the problem. This 

symmetry is explicitly assumed when Eqs. 14 and 17 for the potential and 

the wavefunction are substituted into Eqo 42 which then becomes 

'1/J (r,K) 'I/J0 (J!,K.) + L: 1 fG(i!,r') vs _ ,(z) e-i{g-g')·r'll 
s,g,g' r' l ,g g ' 

X Ag,(z) ei (Koll +g•);;'ll d3r.J 

(43) 

Here, g has been used to ind:icate Gil in order to avoid confusion :~h t~ 

( i(gg')·R Greens' function G r,r'). The terms of the structure factor; e - · s, 

have been absorbed into V ,(z). The Greens function has several 
s,g-g 

different acceptable forms; ·among others .. it may be used as an expansion 

of spherical harmonics· or in its spectral form 

G(r, -;,) 

-.\ ... __. 
iK~(r-r') 

e 
• (44) 
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Substituting this spectral form of the Greens function into Eq. 43 and 

··-" 
integrating over r//, there results 

~-..\, 0 -4~ 

*(r,K) * (r,K) - 2 2: J rdz' v t ( z t ) A t ( z I ) L g-g g s,g,g' z 

(45) 

Using the properties of the delta function to first integrate over Ki jj and 

--~ 
then over k' , one obtains, 

z 

* c~,K:' 0 (4 __.) * r,K -

• _. --lo ... l( 0 ..:. ~ 

l
e-(I)j + g + k) •r 

47T 2: t ~----'""--.,.--
s,g,g 2 i kg 

X J V .,(z') 
g-g z' 

(46) Ag' (z' )J 
==~r-f_K_0 _/ ~2----JK-0_/I_+_~_g_/_2 is th~ compenent of K' perpendicular to Here /k 1 

' gl 

the surface. 

This formal solution illustrates several points about the integral 

equation apprcach. The use of symmetry and the exJ:E.nsion of the ·potential 

into a sum of individual potentials have been mentioned above. Further, 

the solution may usually be expressed as a sum of plane wave states charac-

terized by the appropriate parallel reciprocal lattice vector. The 

amplitudes in these states are, of course, dependent upon the nature of the 

potential and the geometry of the crystal. Moreover, they are inversel)V, 

proportional to the perpendicular component, /Kl/ /k /,of the diffracted 
g 

wave vector. This is a direct consequence of the imposition of perfect 

two dimensional symmetry on the Greens function. 

Kambe7 has shown how to derive a specific form of the Greens function 

Lhn.t j_[; l_>art:icularJy tailored Lo thi:; problem as 
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. _.o ~ ...:....> . J. ___:. 

ei(K ~ g + kg} • [r-r') 

2i k 
g 

( 47) 

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

between the Green's function and the integral equation approach. 

Ka:mbe has also developed a solution to the integral form of the 

Schroedinger eguatio~. 8 Key to the whole approach is the particular 

choice of the form of the potential. As in Eq. 13, it is assumed that 

the potential can be expressed as a sum of potentials centered at particular 

atomic positions. Further it is assumed that these potentials are of the 

"muffin-tin" type; specifically, that the total potential is contained 

in a series of spherically symmetric non-overlapping globes and that 

there is a constant potential between these spheres of zero value. As the 

wave function and its first derivative must both be continuous, it follows 

that at the surface of these spheres, the wave functions that are inside 

any given sphere must matbh those that are external to it. Moreover, 

because there is no potential between the spheres, any outgoing wave 

that leaves a sphere must travel unperturbed, at least until it enters 

another sphere. Therefore, by knowing 7/J. (1,K) at the surface of the 

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 integral over all space may be reduced to a 

sum of integrals over the spheres as in Eq. ~2. 

2 2 ~ J. 
Schroedinger equation ( V + K ) 7/J \r,K) W 

s 

Using the form of the 

(~) · 7f!( r\'K), these sphere 

potentials in the integral equation may be replaced with the differential 

2 2 
operator V + K • Ordinarily, there would be little advantage to this pro-

cedure as the potential term carries the important information about the 

sc::J.ttering process. However, in this case it is assumed that the information 
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is already contained in the wave functions under the integral sign. That 

~ ~ 

is, it is assumed that the ~ (r~K) on the right hand side of Eq. 42 

has already been determined as solutions to the differential form of the 

Schroedinger equation where the potential employed is that of the sphere 

under consideration. Green's theorem is used to transform the volume inte-

grals to surface integrals over the spheres. Then the eigenfunction and 

the Green's function terms are expanded in spherical harmonics and the 

integral solution is obtained. Kambe has shown that the results of this 

method are essentially identical with those of McRae, at least for the 

case of isotropic scatterers. 

The first self-consistent dynamical theory of LEED to be published 

2a 
was that of E. G. McRae. This paper was particularly significant not 

only for the mathematical formalism, but also for the model calculations 

that it contained. These calculations qualitatively illustrated many of 

the important aspects of multiple scattering such as its dependence upon 

cross-section, angle of incidence, etc. 

In many ways, McRae's derivation of a solution for the wave equation 

is similar to that of Kambe'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, McRae's approach differs in that the po-

tential between the spheres is not constrained to have a zero value. In 

addition, Green's theorem is not evoked and only volume integrals are used. 

4 "' Further, G(r,r') 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 

s "" "" field ~ (r,K). The total field is considered to be composed of the pri-

oc-' ... ) mary field, ~ r,K , and the fields emitted by all of the atoms, 
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s lloo ~ 
L: ?j; (r,K). Within this viewpoint, the effective field incident on any 

s 

given atom is the sum of the ~rimar~ field and all of the fields emitted 

by all of the other atans. This is the basis of this self-consistent 

approach. The field emitted by any atom is a function of all of the fields 

emitted by all of the other atoms and, for sufficiently large cross-sections, 

multiple scattering of all orders is a logical consequence of this inter-

dependence. 

McRae's derivation begins with Lax's equations for the total field 
_,.....l. 

?j;s ("t:,K) ?f;( r, K},. and the effective field, 
_, -" iKI --r.:r'l 

?j;(-;,-K_) iK•r 
- L: J e ("""' ~ ) ?j;s(r;, K) d3r' = e T r,r 

s r' , ......... ,, s 
r-r 

_,.~ iK 1-:.::t f I ---' .s ........ iK•r (rt ·, -;.. )?j;s .... 
?/J (r, K) - L: _.[' 

e ·T ( r', K) - e 1-r:r, 1 s s:J:t r 

where the transition operator, T(r;r ) is defined by s 

T(:f' ':f ) ~ Ct') .:::! V(F' -: ) ?/J (t') ' s s . 

An effective partial wave expansion scattering factor 

~ _ .... 
(K' •K) 

(48a) 

d3r' (48b) 

(49) 

(50) 

for the individual atoms is defined in terms of the transition operator and 

the ·plane wave amplitudes of the effective fields. Then the Greens function 

and the travelling wave exponentials are expanded in terms of spherical 

harmonics and the integral is executed. At this point, the two-dimensional 

periodicity of the crystal is evoked by requiring that the effective field 

have a Bloch like form 

(51) 

S(J. -~) where ¢ rll' z 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 Greens function results in a term of the 
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form L: 4'- -l) exp [i(g+i: )·~~ )]. As before, the solution may be 
g g g s 

expressed in the form 

where 

2Tri 
D 

__. -~ 

i G•r 
e s 

• r 

. (52) 

(53) 

where as is the ratio of the effective field at the-sth atom to the primary 

field at the same point, that is 

S --'o __,. 
¢ exp [ -i K • z ] • 

s 

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 tbat both quantites must be calculated iteratively. 

This interdependence results from calculating the effective atomic scatter-

ing in terms of the plane wave amplitudes of the effective fields. 

This formalism was used to calculate the intensity of the back diff-

racted electron beams from the (100) face of a hypothetical simple cubic 

crystal. A number of different intensity maxima were observed in the 

calculated plots. Their relation to the diffraction conditions expressed 

in Eq. 5 will be discussed in Appendix I. 

McRae has studied the ber~vior of these intensity maxima, or peaks, 

as a function bf cross section.
2 

He has found that as the cross section 

is reduced, those peaks which are non-kinematic in nature diminish in 

intensity more rapidly than do those that are allowed in the kinematic 

limit. This is reasonable as the non-kinematic peaks have their origin 

in multiple scattering in contrast to the single scattering kinetmatic 

peaks. The smaller that one makes the cross sections, the more improbable 

multiple scattering will be relative to single scattering, all things else 

being equal. In addition to ctEnges in the ratios of peak heights, McRae 
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has found that the peak positions may move when the. cross sections are 

reduced. In the limit of small cross sections, the positions approach those 

predicted from the free electron model. This is to be expected as reducing 

the cross sections is essentially the same as reducing the interactions of 

the electron with the crystal. Therefore, the land gaps bee one more narrcw 

and the coupling between different beams is diminished. 

2 . 11 
Both McRae and Marcus and Jepsen have considered the effect of 

non-normal incidence on the intensity vs energy curves. In general, those 

beams that are strongly coupled to other beams in a given energy range de-

velope:l very pronounced fine structure when the degeneracy is broken by 

deviating from normal inc.idence. This is in sharp contrast to the kine-

matic case where maxima would be expected to move, but would not be eKpected 

to split and develop fine structure when the angle of incidence is varied. 

The development and variation of fine structure with changes in the angle 

24 
of incidence has been observed experimentally. 

McRae has also studied the effect of introducing inelastic scattering 

by assigning a complex value to the scattering phase shift.
2 

The effect 

was to change the shape and reduce the height of the p mks without changing 

their po:sition or their base width. In addition, there is a tendency for 
I 

inelastic scattering to discriminate against higher order multiple scattering 

events when that inelastic scattering is considered in the form of individual 

atomic excitations • 

Ohtsuki has also considered the effect of inelastic scattering.10 

He has formally developed a theoretical approach to the LEED problem in 

the limit of strong absorption, that is, when the diffraction potential 

is small compared with the inelastic potential. His qualitative conclusions 

are similar to those of McRae. His formalism is sufficiently general to 

include bulk phenomena that are not well represented by individual atomic 

excitations. 
I 
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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 

2 8 
formalisms of McRae and Kambe may be used to effect a solution to this 

problem. In addition, several authors have approached this problem through 

the use of a scattering or transfer matrix. 

Beeby9 has developed a method where the amplitude of the diffracted 

beam is expressed as an infinite summation. This form is particularly 

interesting because of the physical interpretation of his result. The 

first term in the summation is the single scattering term. It represents 

the electron being scattered only once before leaving the crystal and would 

be the dominant term in the kinematic · limit. The second term is a double 

scattering term. The electron is first scattered at a point r
1 

and 

is then scattered again at a second point r 2 before leaving the crystal. 

The following terms correspond to higher order multiple scattering events. 

This approach is of course similar to an iterative Born expansion. The 

step wise picture leads to a fairly direct interpretation of the physical 

significance of the various terms. 

McRae3 has considered the problem in a similar manner. He has approached 

• 1 • . • 20 the problem as a generalization of Darwm stheory of d1ffract1on. Here, 

however, unlike Darwin, he has considered all beams to be coupled and has 

allowed for the possibility that the surface may differ fran the bulk of 

the crystal. McRae
4 

has considered, in particular, the case where only 

single and double diff~dction are important. Like Beeby, he has expressed 

the amplitude of the diffracted beam as a summation 

':! 

b + b 1 2 (55) 

.,. 
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where b
0 

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 b
1 

contains those contributions frcm single scattering events and 

may be regarded as a modified kinematical expression for the diffraction 

amplitude. The term b
2 

corresponds to double diffraction events where the 

electron has been scattered twice before leaving the crystal. 

The physical meaning of the various terms is illustrated in Fig. II-3. 

The heavy line indicates the unique surface layer. The bulk layers that 

are chosen are to be considered as representative o 

- 25 
This approach has been suggested by Bauer, among others, and should 

be useful where multiple scattering is weak, but not so weak as to place 

the problem in the kinematic limit. This situation could conceivably 

arise when inelastic scattering is strong, or when the number of diffraction 

beams is sufficiently large that the amplitude in any given beam is small. 

When the surface layer has a periodicity that bears an integral multiple 

relationship to the periodicity of the bulk, fractional oroer beams will 

be diffracted back from the crystal. The only non-vanishing contributions 

from b
1 

to the fntensity of these fractional order beams will come from 

the surface layer. This contribution will contribute little to the modula-

tion of the intensity of these fractional order beams. Therefore, the con-

tributions primarily from b
2 

will determine the structure of the intensity 

curves. Furthermore, according to McRae
4 

the peak position should 

resemble a superposition of intensity 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 amplitudes 

in the back direction in the neighborhood of mnd gaps o As these large 

amplitude integral order diffraction beams leave the crystal, they impinge 

I! 
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upon the surf'ace layer. Part of' their intensity is lost by scattering at 

the surf'ace layer into the f'ractional order beams. Thus, the surf'ace 

layer serves to mix the intensities of' the various beams. From these 

considerations, it is to be ejq)ected that surf'ace structures with the same 

:periodicity, but dif'f'erent chemical natures, should give rise to :peaks in 

the same :positions. The intensities of these peaks should of' course be 

dependent upon the detailed nature of' the scattering centers. 

McRae and Winkler5 have considered the case where a gas is adsorbed 

in register on a crystal. They f'ind that when the surf'ace layer dif'f'ers 

signif'icahtly f'rom the bulk, that the secondary or f'ractional order Bragg 

peaks are damped relative to the kinematically allowed Bragg peaks. This 

reBult may be interpreted in terms of' destructive interf'erence in the double 

dif'f'racti~:m terms because of' the disparity between the surf'ace and the 

4 
bulk. The step wise dif'f'raction picture f'ormally developed by McRae 

9 14 
and Beeby has been used earlier in a more intuitive f'orm by Gaf'ner. 

He has carried out a multiple dif'fraction calculation f'or several of' the 

diff'raction beams f'rom the Ni(lll) face. The amplitudes of' the waves 

which were f'ormed at each dif'f'raction event were adjusted to make their 

sum equal the incident amplitude multiplied by an adsorption f'actor to 

account f'or inelastic scattering. · This is in contrast to the usual method 

of' normalizing through intensities rather than amplitudes. The relative 

scattering f'actor was assumed to be unity f'or all scattering angles other 

than zero where it was given the value of' 9. The step wise scattering pro-

cess was considered in the f'ollowing manner. The normally incident beam 

was dif'f'racted into the several allowed dif'f'raction beams at the f'irst 

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

oscillatory dif'f'raction between the f'irst 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 diffraction 

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 ldlffiit. Despite the approximations and assump ... 

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. EXPERIMENTAL 

A. Apparatus 

The low energy electron diffraction apparatus employed was of the 

post-acceleration type manufactured by Varian Ass~ciates. 26 The electron 

source was an indirectly heated bariated tungsten filament. 27 The electrons 

were electrostatically focused and then accelerated into a field free 

region containing the sample. Those electrons that were back scattered 

to within about 40° of the incident direction were intercepted by a 

detector system. The diffraction chamber was constructed of stainless 

steel. Visual and mechanical access to the chamber was obtained through 

several ports. High vacmnn seals were made with stainless steel kn}f\= 

edge flanges and copper gaskets. The chamber was pumped by a 140 liter 

per second ionization pump. Forepumping was accomplished with cryogenic 

pumps containing a molecular sieve that were chilled with liquid nitrogen. 

An auxillary vacuum system could be used to admit controlled quantities 

of pure gases into the diffraction chamber. 

The display system consisted of a set of grids and a fluorescent 

screen. The outermost grid was maintained at ground potential to ensure 

the field free nature of the samrle region. The next grid closer to the 

screen was maintained at a negative potential, usually cathode potential. 

This grid was used as a velocity selector to reject those electrons 

scattered inelastically. The commercially available equipment contained 

only these two grids but in most of the work reported here, these were 

supplemented by a third grid. This extra grid was maintained at either 

ground or cathode potential and was used to improve resolution. Those 

electrons which successfully penetrated this system of grids were then 
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accelerated through five thousand volts onto the fluorescent screen 

where their kinetic energy was converted 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 intensity was measured with a 

. 29 
telephotometer whose output was generally plotted as a function of 

electron energy, in electron volts, on an X-Y recorder. 

The samples were attached to the sample holder by two strips of 

tantalum. These were gripped by stainless steel pressure contacts that 

were bolted to a ceramic rectangle mounted on the central shaft of the 

sample holder. In this manner, the sample was electrically isolated 

from the body of the chamber. The sample was heated by passing an 

electrical current through it. This current was carried by oxygen free 

high purity copper braids that were attached to high vacuum electrical 

feed throughs mounted in. the base of the flange. The temperature of the 

sample was monitored with a platinum-platinum 10% rhodium thermocouple 

that was spot welded to the sample or to the sample holder in the vicinity 

of the sample. The thermocouple voltage was monitored through another 

set of high vacuum electrical feed throughs. 

The central shaft was fastened to the stainless steel fl~nge 

through a stainless steel knife edge bellows. By compressing or expand-

ing these bellows, the sample could be translated into or out of the 

region of the electron beam. Further~ the flexibility of these bellows 

allowed the sample to be rotated around the axis of the central shafL 

A limited amount of translation perpendicular to the central axis was 

also allowed. 
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B. General Technique 

The following procedure was used to place the single crystal samples 

into the diffraction chamber. The electron optics were turned off at 

least one hour before the vacuum in the diffraction chamber was broken. 

This was done by admitting dry nitrogen gas slightly in excess of one 

atmosphere. The chamber was then opened to 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 and replaced by the new one. Then the manipulator, with 

a new copper gasket, was rejoined to the diffraction chamber, the system 

isolated and then pumped down with the cryopumps to below 5 microns. The 

total elapsed time from the initial admission of dry nitrogen was usually 

between 30 and 90 minutes. The ionization pumps were then started and 

the diffraction chamber was isolated from the rest of the system. The 

whole assembly was then baked out for 18 to 36 hours at approximately 250°C. 

After the chamber had cooled enough to touch, the sample was degassed 

by heating to 300 or 400°C and the electron optics were turned on. In 

general, no diffraction patterns were observable at this point, presumably 

because of 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 steps 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 most frequently used ion bombard were 2 x 10 torr argon accelerated at 

300 to 350 volts. This resulted in ion currents between 1 and 5 micro-

amperes per square centimeter. Occasionally, xenon was used' instead of 

argon. Ion bombardment times varied between fifteen minutes for an 

uncontaminated palladium sample to 36 hours for an oxidized aluminum 

sample. The sample was frequently ion bombarded several times during 

the course of an experiment. It was usually necessary to heat the samples 

after ion bombardment to anneal out surface damage and to desorb occluded 

inert gas atoms introduced in the ion sputtering process. The annealing 

temperature varied with the material, in general being higher for the 

more refractive metals than for the softer ones. For example, aluminum 

was us.ually annealed at 4oo to 600°C while temperatures greater than 800°C 

were used for iridium. 

After an acceptable diffraction pattern was obtained, intensity 

measurements were performed in the following manner: first, the magnetic 

field due to the earth and adjacent equipment was balanced •Ti th a 

trimming magnet so as to obtain field free conditions in the diffraction 

chamber. This 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 constant. 

The intensity of the diffraction spots was monitored by focusing the 

telephotometer on one of the spots as it appears on the fluorescent 

screen. For the specularly reflected diffraction spot the scattering 

vector is perpendicular to the surface plane at any electron beam energy 
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(w~velength). 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 spots, it was necessary to manually 

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 were constructed as an average of 

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

procedure. 

·i 

· .. ',··.,.;.' 
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C. Palladium 

A single crystal of nominally 99-99% pure palladium was purchased 

from the Materials Research Corpo:r;.?-tion, (MRC) in Orangeburg, New York • 
. ¥1\ 

Neutron activation analysis of the actual crystal that was used indicated 

that the purity was 99%. 'the major contam±nents were found to be; pt 

, (5000 ppm), Cu (3000 ppm), Mn (2000 ppm); Au (180· ppm), Fe (150 ppm) and 

Rh (100 ppm). Also present in concentrations between l and 100 ppm were 

Ag, Al, Cd, Cr, Mo, Ni, Ru, Si, Sn, Ti, W and Ir. Sulphur was, present in 

2 ppm. The concentrations of oxygen and carbon were not reported. 

The palladium single crystal was x-ray oriented and then spark cut to 

within 2° of the [100] face. The resulting samples were approximately 

0.5 em wide, l em long and 0.2 em thick. These samples were then polished 

either manual~y or mechanically with successively finer mesh abrasiv~ down 

to a 5 micron alumina grit. 

The samples were chemically etched at least "twice before use. Once, 

following the polishing procedure to remove the residual mechanical damage 

to the surface, and once immediately before placing the sample in the LEED 

chamber to remove any oxide film or other surface conta.rhinents. The etch-

ing procedure proved to be more art than science in that no consistent combi-

nation of times, temperatures and concentrations was found to be optimal 

for a given material and crystal face. The general procedure was as 

follows. A mixture of 20 parts 1120, 5 parts Hl\J0
3 

and one part HCl was heated 

to 80°C. The sample was then placed in this solution with a minimum of 

agitation. In a short period of time, a reddish brown film formed on the 

sample and then sluffed off. A new film would form again and the cycae 

would be repeated. If the sample was removed from the solution during the 

period of film formation, a rough and non-reflective surface would result. 
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If, however, the sample was removed during a period of film deterioration, 

a smooth and shiny surface was more probable. Immediately after removing 

the sample from the etchant, it was rinsed in a dilute nitric acid solution. 

The sample was then rinsed in copious quantities of distilled water and 

finally with electronic grade methanol. 

The sample was mounted by spot welding it to two tantalum strips that 

had previously been etched in a mixture of HN0
3

, H2so4 and HF. Care was 

taken not to mar the surface during this procedure and the sample was 

usually re-rinsed in dilute 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 the region of maximum resistance 

and consequently the temperature was usually highest in this region. 

Visual estimates of temperature gradients indicated that variations were 

less than 25 - 50°C across the sample. The sample temperature was monitored 

with a platinum-platinum 10% rhodium thermocouple spot welded either to the 

tantalum holder, or between the holder and the sample. Temperatures 

were never allowed to exceed 800°C to prevent contamination-of the 

diffraction chamber by vaporized palladium. 

1. Experimental Observation of Pd(lOO) Surface Structures 

Several different surface structures have been observed on the (100) 

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

and a C(2X2) structure have been investigated. 21 , 30 These structures are 

,, 
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( lxl) 

(2x2) with streaks 

( 2X2) XBB 699-6090 

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). 

C(Q<2). 
XBB 699-609 1 

Fig. III-2a. continued 
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formed by heating a freshly ion bombarded Pd(lOO) surface to successively 

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

(2x2) and C(2>Q) surfacJs are shown in Fig. III-2 along with diffraction 

patterns obtained from intermediate structures. The observation of a (2x2) 

diffraction pattern indicate that there existed some structure on 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 periodicity of the substrate but is also centered. The streaking and 

elongation of the diffraction features that are observed .for the structured 

surfaces indicate that a considerable amount of disorder exists along certain 

crystallographic directions. 

The following is 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 500°C it was quite clear but 

showed a (2><2) structure with definite streaking. Repeated anneals at 

temperatures between room temperature 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 gave the new diffrac

tion features a star or butterfly shaped appearance. 

After standing in a 5xlo-10 torr ambient for 18 hours, the amount of 

surface area that 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) structureo Flashing the sample did not change the 
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Table liL-1. Several diffraction patterns observed on the (100) face of 
palladium. 

Diffraction 
Pattern 

(lXl) 

(2X2) 

C(2X2) 

(2x4) 

Approximate Temperature 
Range of Stability 

Comments 

Formed by ion bombardmert 

Initial formation between 
200 6 C and 400°C. 

Initially formed above 
600°C apparently stable 
at room temperature, dis
orders when heated above 
300 6C. 

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 ture is an ambient of 5Xl0 torr, there was no longer any evidence of the 

(2'-<2) structure, and the total surface gave a definite C(2X2) diffraction 

pattern with proad fuzzy extra spots. Reheating the sample to 450°C 

initiated a transition from the pure C(2'<2) back to the "butterflyn struc-

ture. The elongation of the extra spots indicated that the heating had 

caused some disordering along the major crystallographic directions. Further 

heating to around 475°C caused still further disorder and the (2x2) with 

streaks began to reappear. However, when the sample was allowed to stand 

at room temperature for 12 hours, it was found that the surface was totally 

covered by a well defined C(2x2) structure. The pattern remained uncpq,pf:$ed 

after standing at room temperature for 12 hours, it was found that the sur-

face was totally covered 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 'butterfly" 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. 

Recapitulating, it has been observed that when a Pd(lOO) sample was 

heated between 400 to 600° c, a streaked (2X2) diffraction pattern was 

formed. Further heating to above 700°C formed a disordered C(2'><2) diffrac-

tion pattern. It was found that once the transition to the C(2x2) 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(2x2) and then the streaked (2:<2) diffraction 
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patterns were regenerated. No evidence for extensive gas coverage was 

noted. 

It was usually possible to regenerate a (lXl) diffraction pattern from 

the C(2X2) diffraction pattern by a light ion bombardment treatment, typically 

. . -5 2 
10 minutes at 240 volts and 1.4;~0 ~/em • However, when the C(2x2) 

structure had been extensively heated for long periods of time, heavier 

ion bombardments were found to be necessary as a light treatment would 

regenerate the.structure characterized by a streaked (2x2) diffraction 

pattern rather than a (lxl) pattern. 

Once a (lXl) pattern had been formed by ion bombardment, care had to 

be taken not to reintroduce the (2~) structure. Heating the sample in 

excess of 200°C even for short periods of time often produced vague 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 ori the (lxl) surface were 

usually performed with only a partially annealed sample. 

On another sample, a careful study was made of the (2~2) with streaks 

structure. It was found that after this structure had been heated to less 

than 450 C, transient fine structure was observed in the diffraction pattern. 

Approximately 5 minutes after the heating, vague detail could be seen in 

the streaks connecting the extra spots. These streaks had a ropy texture 

and these appeared to be three extra spots between the usually (l/2 l/2) 

positions. This structure is shown in Fig. III-2. After 10 to 12 minutes 

at room temperature, these transient features had coaleSEd into the usual 

streaked (2X2) diffraction pattern. This phenomena was found to be repro-

ducible and presumably had not been noted before because of its transient 

nature. 

/ 
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3. Discussion of Pd (100) Experimental Observations 

These observations are consistent with those of Mattera, Goodman and 

Somorjai30 with the following exceptions. The (2Xl) structure reported by 

these authors was not observed. Further, the fine structure noted on the 

(2><2) streaks has not been reported previously, presumably due to its 

transient nature. 

The palladium (100) surface has al~o been studied by Park and Madden. 21 

They also have observed the formation of the (2X2) and the C(2x2) surface 

structures and have found that the C(2X2) was stable at least up to l000°C. 

However, by alternately ion bombarding and then annealing at 1000°C they 

were unable to regenerate these surface structures. After 20 such cycles, 

they found that they could no longer form the C(2X2) structure even by 

heating at l000°C for 12 hours. However, they did observe distinctive 

changes·in the intensity plots of the integral order beams that closely 

resembled those which accompanied the formation of the C(2x2) structure. 

These observations were taken as evidence of the presence of a metallic 

impurity that segregates out on the surface when the sample is annealed. 

Presumably, the 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 was possible 

that the surface changes reflected the formation of a platinum~palladium 

complex. Auger33 studies of these structures have suggested that manga

nese31 was the crucial impurity that caused these surface structures. 

Results from this laboratory by F. J. Zsalkowski32 indicate that elements 
! 

other than palladium are to be found on the Pd( 100) surface when the 

(2x2) and the C(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 literature that unambiguously identifies the nature of these double 

spaced surface structures on the palladium (100) surface. As the work 

21 
function shows little change (0.03±0.02 eV) accompanying their formation, 

it is plausible that these structures represent either reconstructions of 

the clean surface, or structures stabilized by metallic impurities that 

are similar in nature to palladium. 

Carbon monoxide may in particular be ruled out as it should lead to 

work function changes of at least an order of magnitudes greater size. Park 

21 
and Madden have made a careful investigation of the adsqrption of CO on 

palladium. They found that CO forms a distinctive (2X4) 
6
45 surface struc-

tures on a freshly ion bombarded surface that is accompanied by a 0.69 eV 

increase in work function. However, the C(2X2) surface and the (lXl) 

surface formed by extensive ion bombardments and anneals both appeared to 

be completely passive to both CO and oxygen. This, with the above mentioned 

intensity changes indicate that the (lXL) observed by Park and Madden par-

takes of the nature of the 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 a clean reconstructed surface that has been so 

damaged by the extensive ion bombardment treatments that long range surface 

order is badly petrubed. 

The tenacity of the C(2X2) structure at high temperatures definitely 

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 l000°C.. 

At this rate, several thousand monolayers should be removed in a typical 

anneal by Park and Madden. If the structure is caused 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 vicinity 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 many surface layers can still leave a structured surface. 

In this regar~, it is interesting to consider the tendancy of the 

slightly disordered (''butterfly") structure to convert to the more highly 

ordered C(2><2) structure simply upon standing at room temperature. As there 

is no report anywhere of a Pd (Jxl) structure spontaneously converting to 

a C(2x2) at room temperature, the observation that the disordered structure 

spontaneously converts to the C(2x2) would seem to support an impurity :rrodel. 

If impurities had segregated out on the surface in a disordered fashion 

during the heating process and if the energy of diffusion was sufficiently 

low, less than 20 kcal, rearrangements to an ordered structure could occur 

at room temperature. Alternatively, one could postulate that the ¢(2X2) 

was a stable clean structure with a relatively high activation energy of 

formation and therefore could only be formed after extensive heating. 

The possibility that the conversion 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 (2><2) structure 

develop fine structure when heated and that this fine structure disappears 

within minutes may be taken as further evidence of the mobility of the 

surface atoms related to these surface structures. Here, the surface is 

considerably more 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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C(2x2). The times and pressures involved 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. It should be noted that 

this transition is from a (2x4) type structure to a (2x2) type. structure 

upon standing in the ambient. If CO were being adsorbed upon the surface, 
' 

one would expect the inverse transition, as Park and Madden21 have observed 

the formation of Pd(lOO )-C0-(2x4) surface structure when the· Pd(lOO )-(lxl) 

surface was exposed to carbon monoxide. 

In either case, whether the observed surface structure represents 

the ordering of a clean reconstructed surface, or the ordering of some 

impurity, there seems to be a definite trend towards more perfect short 

range order with increasing time and heat treatment. The most disordered 

structure is characterized by the (2X2) with streaks diffraction pattern. 

The perfect (2x2) would represent a greater monolayer coverage. The 

streaks indicate that there is a considerable lack of correlation on the 

surface. When heated to around 450°C and then cooled, this structure seems 

to pass, in a transient fashion, through a partial· (2><4) structure and then 

back to the (2x2) structure. This may be taken as an indication ·that some 

long range ordering is achieved before the shorter ordering of the (2)<1) 

structure. Upon further heating to higher temperatures (e.g. 600-l000°C) 

a transition to the C(2X2) structure is initiated. This structure is char-

acterized by a one-half monolayer coverage. In th~S earlier stages of the 

formation of this structure, some disorder will exists giving the diffrac-. 

tion spots the characteristic "butterfly" appearance. Finally, the ordering 

becomes more perfect and the diffractions spots become round in appearance. 

No higher transitions have been observed. 

4. Pd(lOO) Results 

The intensities of several of the low index diffraction beams as a 
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Fi~. III-3. The intensities of several of the low index diffraction beams 
as a function of acceleration voltage near normal incidence 
for the (100) face of palladium with a (lXl) surface structure. 
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function of acceleration voltage, Ihk (eV) are shown in Fig. III-3 for the 

(100) face of palladium with a (lXl) structure. The intensities from the 

non-specularly reflected beams were measured within a degree of normal 

incidence. As it is impossible to measure the intensity of the specularly 

reflected beam, (00) beam, at normal incidence with a post-acceleration 

apparatus, because the electron gun occupies the center of the screen~hese 

intensities were obtained at an angle of incidence of 3°with respect to 

the surface normaL It should be noted that the data 

in the experiments. That is, there have been no corrections made for the 

current vs voltage characteristics of the electron gun (the current increase 

sharply with increasing beam voltage) nor for contact potential and other 

errors in the measured acceleration potential or for changes in background 
/ 

intensity. The measurements were performed at room temperature. 

Other plots taken under presumably identical conditions were quite 

similar though minor differences were noted. This shoulder near 70 eV has 

been correlated with the appearance of the (2x2) with streaks and its 

presence may be taken as being indicative of the incipient formation of 

this structure. In addition several of the weaker intensity maxima 

(e. g. those riear 80 (eVJ in r10 (eV) and r11 (eV)) were noted to be quite sensi-

tive to small angUlar variations. 

In Fig. III-5 are plotted the r00 (eVJ curves for the Pd(lOO) - ( Jxl) 

face as a function of angle of incidence, e, measured with respect to the 

surface normal. These curves have not been corrected for constant 

emission current or for background intensity~ Interpretation of these 

curves is greatly simplifiedif one looks at their behavior within certain 

ranges of electron ene~gies. I(0-30 eV), II(30-60 ev), III (600 - 120 eV), 

and tv"(l20 - 190 eV). Each region is roughly centered about ~;an expected 
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Fig. III-4. Current vs voltage characteristics for the electron gun. 
Current shown is that leaving the cathode, not that strik~ 
ing the' sample. 
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Fig. III-5. The angular dependence of the intensity vs energy 
of the specularly reflected beam from the (100) 
face of palladium with a (1 1) surface structure. 
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Bragg position (10, 4o, 89 and 158 eV) calculated for 8 = 0~ Several facts 

are readily apparent. Some "peaks" appear to "rotate" with 8 while others 

do not. Splitting of peaks within regions 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 approximately the same angle, 

i.e., 25 eV and 91 eV peaks appear and disappear together. Also, some 

similarities exist between regions II and IV. In region II, the dominant 

peak at 8 = 3o and 43 eV collapses with increasing 8, while peaks first 

at 50 eV and then at 37 eV grown in and in turn, dominate the region. In 

region IV, the dominant peak at e = 3° and 141 eV gradually shifts slightly 

to higher electron energies and the shoulder separates into a separate peak 

at 131; the 180 eV peak maintains its position but fluctuates in intensity; 

at e = 13 °the peaks at 131 and 174 eV are now bigger than the central-· 

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

at e = 3° but shifted by about 15 ev. The curve at e = 171/2° suggests 

a possible recurrence of the splittings. Regions over 190 volts seem 

to show definite angular effects but in no apparent 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 sull'lrnary, the dominant effect of sample 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 I00 (eV)curves for the Pd(lOO) face in the presence 

of different surface structures at e = 3° and T = 300°K. These curves are pre

sented as obtained experimentally. The uppermost curve was taken from a 

surface that had been ion bombarded and then partially 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 

features 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

tion pattern. Finally, the lowest curve was obtained from a well developed 

C(2X2) structure. It should be 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 00 (eV)curves undergo marked variations. In fact, the I 00 (eV) 

curves so accurately "finger prjnt" the changing surface structures that 

frequently changes in I00 ~V)foretold transitions to different structures 

before they were actually visible in the diffraction pattern. It should 

be pointed out that transition structures tend to give I 00 (ev) curves that are 

to a certain extent, mixtures of those curves from the braketing struc

tures. Note in particular the peak near 66 eV. On the "cleanest 11 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(3< 2) structure. Changes 

in intensity accompanying the formation of surface structures were not 

restricted to the specularly reflected beams. Figures III-7a and III'-7b 
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show the intensities o~ several of the low index dif~raction beams ~rom the 

(100) ~ace of palladium with a C(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 nominal analysis indicated that the major impurities 

were, 0(15 ppm), H(l2 ppm), C(lO ppm), N(5 ppm), Si(4 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 palladium crystal. 

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

mixture of 70 parts ~Po4 , 12 parts HAc, 15 parts H20 and 3 parts HN0
3

_ 

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

purity Al2o
3 

had been previously dissolved in the mixture. This procedure 

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

placed in this mixture and the temperature adjusted in the range 60 - 80°C 

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

sample was removed from the etchant, rinsed in a basic solution and then 

rinsed with large quantities of distilled water and finally with 

electronic grade methanol. 

Several 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 that the mechanical properties of this contact are poor. 

Consequently, most of the aluminum samples were held in place by pressure 

contacts rather than by being spot welded. Care should be exercised in 

choosing an appropriate holder material. Virtually all metals, with the 

exception of the alkali metals, have a 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 



tantalum or niobium. All of the work reported here was carried out using 

a tantalum holder. In order to minimize the diffusion of tantalum 

impurities in the aluminum sample, the holder was lined with a high 

purity aluminum boat. The aluminum sample was then placed in this boat 

and both the holder and the boat were then bent around the sample in 

order to obtain good mechanical and thermal. contact. Temperatures were 

measured by a platinum/platinum 10% rhodium thermocouple spot welded to 

the outside of the tantalum holder. It was found that thermocouples in 

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

frequently disintegrated. 

1. Al(lOO) Experimental Ob_~~r~~ti?~ 

A diffraction pattern was never visible on an aluminum single crystal 

sample immediately after bake out without additional cleaning procedure. 

Several different methods were used to prepare an ordered aluminum surface 

in situ. The simplest cleaning procedure that was used was extensive 

5 . 2 
argon ion bombardment e.g. 350 volts at 2 x 10- ~/em for 36 hours. The 

unusually long time necessary to obtain a diffraction pattern with this 

technique may be ascribed to a very low efficiency of ion sputtering in 

the early stages of ion bombardment. The surface oxide is an insulator 

and the surface of the crystal acquiresa positive charge which repels the 

inert gas ions. It should be possible to. reduce the ion bombardment time 

by using higher acceleration potentials and/or pulsing techniqu~developed 

34 
in this laboratory by T. M. French for insulating materials. 

A second technique employed was one reported by F; Jona35 for 
I 

cleaning aluminum surfaces. In this method, short ion bombardments 

(30 minutes) were interspersed with high temperature anneals (400-450°C). 
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An Al(lOO) - (l x l) diffraction pattern could be generated after severe,l 

of these cycles. Also recommended by Jona was a simultaneous hydrogen 
I 

ion bombardment and annealing treatment. Simply heating the sample in 

hydrogen is thermody:pamically inadequate to effect the reduc,tion of the 

oxide coverage.' How~ver, when the hydrogen had previously been· 

dissociated in the ion bombardment unit, soke improvement in the removal 

of the oxide was found, There was some question as to whether the 

treatments that involved heating to produce an Al(lOO) diffraction pattern 

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

an attempt was made to clean an alumimnn sample by heating alone without 

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

formed by heating a freshly prepared sample to 600°C for several hours 
1. 

with no ion bombardment. However, the quality of the pattern was some-

what poorer than those prepared with ion bombardment. Thus, it appears 

that the surface impurities (most likely oxygen) diffuse into the bulk 

during heat treatments and an ordered Al(lOO) surface is produced. 

When ordering was effected with heat treatment only, it was found 

that the diffraction spots were sharp, even when there was a fairly high 

background intensity. When only ion bombardment was used to clean the 

surface., the resulting diffraction features tended to be broad and fuzzy, 

reflecting the surface disorder introduced by this sputtering technique. 

Therefore, the samples were annealed after ion bombardment at temperatures 

between 400° and 600°C to remove surface damage. 

No surface structures other than the ordered (l x l) substrate 

structure, were observed to be formed by heating the (100) face of 

aluminum at any temperature between room temperature and the melting 
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point (659°C) in a 10-lO - 10-9 torr ambient. In addition, no surface 

structures were observed to be formed when a "clean" surface exhibi ti.ng 

a sharp (l x l) diffraction pattern was allowed to stand in a 10-lO - 10-9 

torr ambient for several days. However, some increase in the background 

intensity was noted. Mass spectrometric determinations of the ambient 

composition in similar systems indicate that the major contaminents are 

CO, H2o, C02H
2 

and perhaps N2 , 0
2 

and the lighter hydrocarbons. 28 Though 

a detailed investigation was not made, no evidence was found for the 

formation of surface structures due to the adsorption of hydrogen during 

the hydrogen treatments. 

As was found by Jona, 35 oxygen was absorbed on the (100) face of 

aluminum as amorphous layers at room temperature. No new diffraction 

features were observed, only a general increase in the background intensity 

accompanied by a deterioration of the diffraction pattern. The intensity 

of the specularly reflected beam was monitored 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 the 

procedures used to clean a freshly prepared surface. 

When an aluminum (100) sample was extensively exposed to oxygen 

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 room 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 intermediate temperatures 

and reported by Bedair. 9 

I" 
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2. Discussion 

The basic experimental behavior observed for the (100) face of 

8 
aluminum is consistent with that observed by F. Jona. The diffraction 

pattern was essentially obliterated after being exposed to approximately 

-6 . " 
700 Langmuirs (10 torr-seconds) of oxygen. Jona estimated that the 

-3 _;2 
oxygen sticking coefficient, a, was between 10 and 10 . At room 

temperature oxygen is adsorbed onto the aluminum surface in a disordered 

manner and results in an amorphous layer. Further, the aluminum sample 

could be cleaned after exposure to oxygen by a~nealing at 450°C. The 

most probable mechanism explaining this effect involves the diffusion of 

the adsorbe·d oxygen atoms into the aluminum lattice. 

Among others, Jona has suggested that the mechanism. for the adsorption 

of oxygen onto aluminum surfaces involves oxygen assimilation into the 

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

investigations of the early stages of the oxidation of aluminum have 

employed work function measurements. Huber and Kirk37 • 38 have found a 

decrease of 0.05 eV in the work function of aluminum when it is exposed 

to oxygen at room temperature. This had been taken as evidence for an 

alternating dipole model where half of the oxyg~n atoms are above 

aluminum atoms and half are below. The initial decrease in the work 

function is followed by a gradual increase with continuing oxygen 

exposure, presumably corresponding to more than a monolayer coverage. 

Roberts and Wells 39 have also investigated the oxidation of aluminum 

films using work function measurements. One aspect of their work is 

particularly interesting. They investigated the temperature dependence 

of the work function of an oxygen covered film. At -195°C, the work 
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function increased to 0.8eV at 10-4 torr oxygen exposure. Upon evacuating 

and warming th~ sample, the work function decreased until it was slightly 

below the clean metal values and had attained a value similar to that 

reported by Huber and Kirk. Again, further oxygen exposure caused the 
I 

work function to 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 in~orporation into the subsurface 

region. They further concluded that chemisorbed oxygen is somewhat 

unstable on aluminUm even at -l95°C and that the activation energy for 

the oxygen incorporation is very small. 

This is particularly interesting in that it implies that the oxygen 

may be positioned above the aluminum at temperatures near or below -l95°C. 

It might, therefore, be fruitful to investigate the LEED pattern of 

aluminum at low temperatures after exposure to oxygen as it is possible 

that an ordered structure may be formed under these conditions. If this 

were so, an investigation of the temperature dependence of the LEED 

pattern might shed further light on the oxidation mechanism. 

3. Measurements of Diffraction Peak Intensities op the Al(lOO) Surface 

a. Clean Surface, Normal Incidence. The intensities of several 

of the low index diffraction beams as a function of acceleration voltage 

are shown in Figure III-9 for the (100) face of aluminum. The intensities 

of the non-specularly reflected beams were measured at normal incidence 

(plus or minus one degree). "The intensity of the specularly reflected 

beam was obtained at an angle of incidence of 3° with respect to the 

surface normal. The data is given as obtained in the experiment. The 

rneasurements were performed at room temperature. Consequently, above 
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Fig. III-9. The intensities of several of the low index diffrac
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150eV, much of the elastically scattered intensity for aluminum is 

obscured by the Debye-Waller effect and multi-phonon processes which are 

responsible for most of the background intensity. 

As will be discussed below, the positions 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 the positions 

of the peaks shown here are less than 5eV at lOOeV primary voltage and 

20eV at 200eV primary voltage. Further, there are some changes in pea~ 

shape that were noted in different plots all nominally taken at normal 

incidence. For example, the peak in the I 10 (eV) curve just above 70eV 

frequently appeared as a massive shoulder on the peak near 55eV rather 

than as a distinct entity. In addition, the shoulder just below the 

maxima near 180eV in the I
10

(eV) curve readily became more intense than 

that maxima with angular variations of less than one degree. 

b. Clean Surfac~~g~~N~~~~}pcidence. Figures III-lOa, III-lOb 

and III-lOc show the angular dependence of I
00

(eV) for the aluminum (100) 

face for several different azimuthal angles. The angle of incidence, 8, 

is measured with respect to the surface normal, The azimuthal angle, ¢ , 

' 
is measured with respect to the (100) crystallographic direction, The 

data are presented in an uncorrected form as obtained in the experiment. 

Note the general decrease in intensity with increasing angle. 

Comments similar to those made about the angular variations of the 

palladium I 00 (eV) curves could be restated here with an important 

difference. While the intensity curves for palladium display severe 

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

appear to retain their gross structures and show only subtle variations 

., 
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particularly near normal incidence. This is so to such an extent that the 

curves for different azimuthal angles appear quite similar until closely 

scrutinized. For example, at an angle of incidence near 16°, the curves 

in Figures III-9a and III-9b both show peaks near 25, 45, 70, 100 and 
I 

130 eV in approximattly the same intensity ratios. However,, there are 

certain minor but definite differences such as the shoulder on the maxima 

near 70eV. In Figure III-9a, there is a shoulder on the low eV side of 

this peak, while in Figure III-9b, there is a shoulder on the high eV 

side. In addition, the shape of the peak near 25 eV is distinctly 

different in these two curves. There exist many other small differences 

in the data for the different azimuthal angles. 

This apparent insensitivity of the aluminum data, relative to the 

palladium data, to angular variations could possibly be ascribed to one 

of several causes. The effective band structure of alumim.ID1 near the 

surface could contain larger band gaps that were less sensitive to 

angular changes. Alternatively, the strong fine structure observed on 

the palladium intensity curves could be strongly masked by the relatively 

greater Debye-Waller effect in aluminum (see Appendixiii). 

Observation of the angular dependence of the first order diffraction 

beams tend. to support the latter possibility. Figure III-11 shows the 

intensities of the four first order diffraction beams measured at¢ it 45° 

and 8 ~ 2° ± 1°. Note that even near normal incidence, there are 

definite variations in peak shape and position 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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reflected spot was moved towards the ( 11) diffraction spot. Therefore, 

the (10) and the ( 01) diffraction features were identical and the (lo) 

and the (ol) diffraction features were identical. Consequently, at any 

given eV, the component of the wave vector perpendicular to the surface 

of the sample that characterized the (10) and (01) beams was smaller 

' 
than that characterizing the (Io) and the ( oi) beams. Commensurately, 

the intensity maxima for the (10) and the (01) beams tended to fall at 

higher electron energies than did those for the (Io) and the (ol). This 

is as one would expect on the basis of both kinematic and double 

scattering diffraction mechanisms. 

c. Oxygen ExE~ed __ ~~face. Figure III-12shows the effect of 

oxygen exposure on r 00 (eV) for the (100) face of ·aluminum. The angle of 

incidence was approximately 3°. The data are presented as obtained in 

the experiment. The oxygen exposure and the intensity measurements were 

performed at room temperature. After about 500 Langmuirs exposure, the 

intensity had dropped by about an order of magnitude and the resolution 

had seriously deteriorated. Further exposure resulted in a still greater 

loss in intensity accompanied by a further decrease in resolution. Note 

the change in peak positions after several thousand Langmuirs exposure. 

The general decrease in intensity, deterioration of resolution and lac~ 

of appearance of new diffraction features was taken as evidence for a 

fairly amorphous combination of oxygen with aluminum under these conditions. 

However, the almost indiscernible change in the structure of the r
00

(eV) 

curve after extensive'exposure indicate that some new ordering is 

beginning to dominate, in however feeble a form, in the neighborhood of 

the surface. 
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after 1500 Langm.uirs of oxygen at room temperature, intensity scale has been multiplied 
10 times. · 
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E. Platinum, Iridium and Bismuth 
(I 

The properties of the non-specularly reflected diffraction beams 

from platinum, iridium and bismuth were also studied. The crystal pre-

parationsof both iridium and platinum are quite similar to that of 

palladium with .the exception that different chemical etches were used. 
I 

The iridium sample was etched in hot concentrated nitric acid prior to 

loading. The platinum sample that "(as used was etched in a dilute aqua 

regia solution.
28 

The preparation of the bismuth sample has been 

described in some detail by R. M. Goodman. 
4o 

1. PlatinUm ( 100) -::..J 5 x 1) 

The formation of the (5 x 1) surface structure 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 process has been 

28 extensively described elsewhere. Figure III-13 shows the intensities 

of several of the electron diffraction beams from this surface structure 

plotted as a function of electron energy. The intensities of the non-

specularlyreflected beams were measured at normal incidence. The intensity 

of the specularly reflected beam was measured at 8 = 3°. The data are 

presented as obtained in the experiment. Only the intensities of the 

first two partial order spots, [(0 1/5), (0 2/5)], are 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 (0 3/5) spot not 

shown here has a maximum near or below 30eV and then a broad minimum 

between about 50 and 70eV. At 85eV, r 0 ,
315 

is greater than r 0 ,115 or 
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I 0 ,
215

. The intensity of the (0 4/5) beam shows a broad maxima of 

medium to weak intensity in the region between 50 and 70eV. The exact 

fine structure was not determined. 

2. Iridium 

The intensities of several of the diffraction beams from the (100) 

face of iridium are shown in Figure III-14. The non-specularly reflected 

diffraction beams were measured at normal incidence. The intensity of 

the specularly reflected diffraction beam was measured at 8 = 3°. The 

data is presented as obtained in the experiment. The reproducibility of 

these curves was not checked. 

One of the outstanding features of these curves is the continued 

increase in peak height with increasing beam voltage. This may be con-

trasted with tpe behavior of the intensity of the beams back diffracted 

from aluminum were there is a very pronounced decrease in intensity 

above approximately lOOeV. As the Debye-Waller factor, 2W, is an order 

of magnitude less for iridium than for aluminum, this difference may be 

ascribed to thermal effects. 

Figure III-15 shows the angular dependence of I
10

(eV) near normal 

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

was approximately 45° so that the (10) and the (01) beams were equivalent 

and the (Io) and the ( ol) beams were equivalent. As with aluminum, small 

changes in the angle of incidence produce significant changes in the 

intensities of the non-specularly reflected beam. It is interesting to 

note there is considerable fine structure even in this relatively high 

energy range. This may be taken as an indication of the importance of 

multiple scattering in the region above lOOeV at least for iridium. 
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Fig. III-15. The intensities of the (io) (10) (01) (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 (lO) electron beams diffracted 

from the hexagonal face of bismuth are shown in Figure III-16. The 

~aximum expected shift in peak position due to angular deviation from 

normal incidence is 4eV. The curves are shown as obtained in the 

experiment without any correction for background and intensity, contact 

potential, etc. The reproducibility of these curves has not been changed, 

Both 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-I.Jaller effect in bismuth. 
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IV. 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 great importance to determine the 

structure of adsorbed gases which have condensed in an ordered manner on 

single crystal surfaces. As with other branches of science, an understand-

ing of a complex problem is often achieved by the successive solution of 

related but relatively more elementary problems. 

Proceeding in this spirit, we will attempt to take a step towards 

the understanding of complicated surface structures by first trying to 

determine the relationship between the structure of simple clean surfaces 

and to analyze the intensities scattered by these surfaces in low energy 

electron diffraction. 

The simplest surfaces are presumably the clean surfaces of monatomic 

materials that have not undergone any surface reconstruction. Here, it 

is known that the surface has the same symmetry and dimensions parallel 

to the surface that characterize the bulk material. Deviations from bulk 

values in the dimensions of the lattice parameters perpendicular to the 

41 surface are, hopefully, not large. It may therefore be assumed that 

one has an approximate knowledge of the geometry and the chemical nature 

of these surfaces. 

The first phase of the problem then 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 

. ! 
.. i 
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would generate potentials and positions from experimentally observed 

intensities. The problem is sufficiently complex however, that this 

preferred method will have to wait for a better understanding of the 

physics of low energy electron scattering. 

This first phase may be subdivided further into two steps: the 

calculation of the positions of the experimentally observed intensity 

maxima and the calculation of their relative intensity ratios. There 

are several advantages to calculating the peak positions first. This 

step serves as a check on several basic assumptions such as the importance 

of multiple scattering in low energy electron diffraction. If there is 

no correlation between calculated and observed peak positions, then 

there is little point in attempting to calculate intensity with the 

same mechanisms that failed to reproduce peak positions. Further, by 

comparing calculated and observed peak positions, it should be possible 

to determine which scattering mechanisms are dominant. This information 

would be of considerable importance in the choice of a potential and the 

determination of an appropriate computationa+ model for the calculation 

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

l. Positions of Intensity Maxima 

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

2-14 
concerned with the theory of low energy electron diffraction. 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 

b . t l •th . t . tt 2,ll,l3 cu lC crys a Wl lso roplc sea erers. The work that does relate 

to scattering from a real crystal surface has been primarily concerned 

vrith the theoretical interpretation of the properties of the specU:larly 

2.c, 16 
reflected bea11"" · 

A great deal of information could be obtained on the nature of low 

energy electron diffraction from the properties of the nonspecular electron 

beams. In the following section, the experimental data obtained in this 

laboratory for the nonspecularly reflected beams from the (100) face of 

aluminum and palladium will be investigated and correlated vrith data 

already in existence in the literature for several other face centered 

cubic materials. 

There are several advantages to working with more than one material 

in a comparison ·between calculated' and observed peak positions.. Eirst 

of all, there is the possibility of checking an implicit assumption in 

multiple scattering theory 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 

nf any given calculated position. Jt'hJally, the consideration of a number 
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of different materials opens the possibility of studying trends in various 

intensity ratios that could be correlated with atomic number or position 

in the periodic table. Any such trend could lead to a better understanding 

of the scattering potentials involved. 

The intensity data for aluminum and palladium which were measured 

as a function of electron energy (I vs eV) were obtained in this laboratory 

by the author. Supplementary data for aluminum and palladium were drawn 

36 21 
respectively from Bedair et al and Park and Madden. The data for 

42 43 
gold, silver and copper were taken from the work of Farnsworth. ' 

44 . 45 
The data for nickel were drawn from papers by Park, Farnsworth et al. 

and Onchi and Farnsworth. 
46 

The position of the diffraction peaks (the 

electron energy at which the intensity is a maximum) for all of these 

materials are tabulated in Table IV-1. 

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 Fig. IV -3. Here, the energy scale has been "normalized11 to 

compensate for variations in the lattice parameter among the metals (~.k vs. 

e vi cos e·). All of the data were taken at normal incidence, e::o 0~ Note 

that all of the data are for the (100) face of fcc metals. Therefore, peaks 

corresponding to the same diffraction mechanism should fall at the same 

corrected electron energies. 

2+ 
As was also found for the specularly reflected beams f~om different 

materials, the peak positions do seem to came at the same modified electron 

energies when plotted on this "normalized11 scale. However, the intensity 

of these peaks vary considerably from naterial to naterial, 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-1 Fig. IV -2 

Fig. IV-1. I1o vs eVd2 cos 2e for aluminum, copper, nickel, 
palladium and silver. Note that abscissa has been ad
justed to compensate for variations in the various lattice 
parameters. Therefore, rraxirra associated with tbe same 
diffraction condition should appear at the same "normalized" 
electron energy. 

Fig. IV-2. r11 vs eVd
2 

cos
2e for aluminum, copper, nickel, palladi~, 

silver, and gold. Abscissa has been normalized as in Fig. IV-1. 
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Fig. IV-3. Schematic of diffraction pattern showing 
convention used in indexing several of the 
low energy electron diffraction beams. 
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In Tables IV-1 to IV-4 I have tabulated the calculated and experi-

mentally observed peak positions. Equation 5 was used to determine the 

theoretical values. The various observed peaks are tentatively assigned 

to the different single and dbuble diffraction mechanisms. 

It should be emphasized that all of t bese assignments are tentative 

ani have been made on the basis of the best fit between the calculated 

and the observed peak positions. Two important parameters were neglected 

in arriving at these assignments. The first was inner potential, and 

tbe second was that due to likely experimental inaccuracies. 

All of the data which were reported from other laboratories were 

bt · · · F 42·.46 T bl" h t o a1ned v1a araday-cup detectors. · hese pu lS ed da a were 

generally accompanied by detailed correlations between the angle at which 

a diffraction feature was observed and that .calculated from the plane 

grating formula using the exper±mental beam voltage. It may be seen that 

in the low eV region, (below approxirrately 50 or perhaps even 100 eV), 

as noted by Farnsworth, 43 the agreement was quite good~ This agreement 

between data and calculations for the diffraetion angle seemed to indicate 

that small inner potential corrections of the order of 5 eV or less were 

appropriate in this region. ~ursory studies in this laboratory gave similar 

results for palladium surfaces. 

We have observed that in using the commercial display instruments 

fitted with Phillips cathodes~27 serious discrepancies may exist between 

the measured electron energy and the actual energy of the electrons strik-

ing the crystal. This difference increased with increasing beam voltage 

and was a function of the temperature of the cathode. This discrepancy 

resulted in an uncertainty (as much as 5-20eV) in determining the electron 

energy at which diffraction peaks ap·pmred. Significant shifts in the Ihk 

( eV) curves may occur along the voltage scale as 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( lOci)' Al(lOO) AEj(lOO) Au(lOO) Cu(lOO) Ni(lOO) 

hk h'k' cal. obs. cal. obs. cal. obs. · cal. obs. cal. obs. ·cal. obs. 

01 01 20 18.4 18.1 18.1 23.0 24.3 

00 Ol 22.5 21 20 20 20 26 26.5 28 29 
., 

01 01 30 28 29 27 27 27 27.5 35 37.5 36 35 

00 01 33+ 31 30 34.0 30 32.0 39 41 47 

Ol ll 42.5 39 40 38 38 49 52 55 

Ol 11 53.5 49 48 . 48 62 65 62 

01 Ol 60 57 55 59 54 56.0 54 55.0 69 69.7 73 70 

00 01 73 78 67 72 66 62.0 66 64.0 84 87.0 89 92 

Ol 02 82.5 76 75 75 95 100 

01 11 92.5 98 85 84 84 107 112 

01 11 
110 101 100 100 127 127.5 134 132 

Ol 12 

01 02 115.5 120 106 110 104 104 133 140 145 

00 0'1 130 119 115 117 115.0 117 117.0 149 146.0 158 

01 02 142.5 141 131 135 129 129 164 173 . ; 
i 
i 

Ol 12 155 143 140 140 179 188 187 
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TABLE IV-3. Calculated and experimentally observed positions of 
intensity maxima fran the (100) face of several fcc 
metals. 

Pd(lOO) 11:1( 100) 
SECOND ORDER (llL ·DIFFRACTION BEAMS 

Ag(lOO) Au(lOO) · Cu(lOOJ-:- _ _Ei(lOOJ 
hk h'k' cal. obs. cal. obs. cal. ' obs. cal. obs. cal. obs. cal. obs. 

I 
' 

00 11} 
11 11 4o !7 36 36 46 49 

01 11 42.5 39 38 38 49 52 
11 11 50 46 45 46.1 45 58 60.3 61 

01 11 53.5 49 48 48 62 65 65 
00 11 62.5 62.5 58 6o 57 55 57 58.0 72 72.5 76 78 
11 11} 
11 02 So 81 74 72 75.7 72 92 92 100 

01 11 92.5 85 88 84 84 107 112 

11 
02 J 

11 12 102.5 106 94' 93 93.2 93 118 115.5 125 120 

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 02 152 150 141 137 141 137 136 180 188 190 
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TABLE IV-4. Calculated and experimentally observed positions 
of intensity maxima from the (100) face of 
several fcc metals ' 

THJJID ORDER ( 02 ) DIFFRACTION BEAMS 

hk' Al{lOOl Ag(l002 Au{l002 Cu{l002 
cal. obs. cal. obs. cal. obs. cal. obs. 

02 } 
74 72 72 70.0 92 

02 

02 76 75 75 95 

02} 83 81 77.5 81 78.5 104 99.0 
02 

02 } 94 93 93 118 111.0 
12 

12 104 102 102 130 

02 106 104 104 133 

02 110 109 112.5 109 138 138.0 

02 120 119 119 120.0 151 154.5 

02 131 130 129 129 164 

: . ' 
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in the cathode characteristics. It was not verified if this same effect 

existed- for the instruments used in the previously published data, but the 

good agreement between the calculated and the observed angles would seem 

to indicate that at least it could not have been significant in the low 

electron-energy region. 

Another possible source of experimental error was small uncertainties 

in the angle of incidence. It was found that slight deviations from normal 

incidence resulted in noticeable shifts in peak positions and changes in 

peak shape. These variations became more pronounced with increasing beam 

voltage. 

All of these effects tend to make the assignments at the higher beam 

voltages less reliable than those at the lower beam voltages. It shculd 

be noted however,. that most of the beams which contain significant informa-

tion about the surface structure appear in the lower mo~e reliable voltage 

range 0 - 140 eV. In order to discuss the properties of the different 

nc:n-specular beams separately and t() correlate them to single- and double

diffraction events, it is useful to arbitrarily divide the electron-energy 

range in which they were studied into four ranges; '(I) 0-20 eV,. (II) 

20-40 eV, (III) 4o-8o eV, and~) > 80 eV. The voltage limits given 

correspond to palladium. Those for aluminum, silver and gold are approxi-

mately lo% lower, and those fdr copper and nickel are approximately 2o% 
higher. 

2 
In units of ev d cos 8,, range I covers 0-300; II, 300-600 and 

III, 6oo 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 rbenomenon expected in 

this region. That is the appearance of a Bragg peak (2K
0 

z = G
2

), pre-
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dieted by both tb.e single (kinematic) and the multiple-scattering theories. 

In the experimentally observed specularly reflected (00) beam inten-

s ities from the ( 100) face of aluminum and palladium, only one maxima is 

observed in this region at energies around 10 and 14 eV, respectively. 

These values are slightly higher than those expected for U,e appearance 

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 investigation in this region 

with a constant current electron source and using more sensitive detection 

teclmiques would be useful. 

b. Beam Voltage Range ~- 20-40 eV 

The second region starts at the appearance val tage of the first 

order diffraction (10) beams and ends just below the appearance volta,ge 

of the second order diffract ion ( ll) beams. It is more complex than the 

first region because of the increase in the number of l;Jeams that are pre-

sent[(OO) and (10)]. At the emergence voltage, a diffraction condition of 

th f K 10 + K 10 .e orm -z z G is met, where G is the perpendicular component 
z z 

of the reciprocal lattice vector with zero magnitude. This condition is 

2 
similar to tbat for the surface wave resonance predicted by McRae for the 

simple cubic case. There is no experimental data in tf1 is 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 condition of the 

form K 
00 + K 

10 
z z G . Here, I G I z z 

2rr h . . 1 - 2-- w ere a lS tll e lnterp ana v az z 

spacing perpendicular to the surface. This maximum is ,predicted by ·the kine-

matic theory and, if single sea ttering predominates, this diffraction process 

would produce an intensity maximum only in the first order ( 10) diffraction 
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beam. Multiple-scattering considerations indicate that there may be a 

maximum in the specularly reflected beam as well. 

The a¥ailable experimental data for the first order diffraction beams 

from aluminum and palladium do not extend into this low-voltage ran~. How-

ever; for silver, copper and nickel intensity maxima are reported in the 

(l 0) beams within about 1 eV of the respective calculated values for the 

. 1 tt . ( K OO + K lO -- G ) • Slng e sea erlng process z z z No equivalent peak has been 

reported for gold, but it may have been outside of the range of experimental 

observation. 

The next predicted max.imum invoives a diffraction condition of the 

form 2K 10 = G • This is strictly a multiple scattering effect as it z z 

formally necessitates at least double diffraction. This region is still 

outside of the experimentally observed range for palladium, but maxima . . : . 

have been observed for aluminum, nickel, copper, gold and silver within 

3 eV of the respective calculated theoretical values. The maximum for 

nickel is distinct but weak in the curves reported by Park and appears only 

as a shoulder in the curves reported by Farnsworth. This is an example of 

the sensitivity of peak shape and position to slight variations in the 

experimental arrangement. 

This peak is of particular interest for several reasons. First, it 

is forbidden in the kinematic limit of diffractim and therefore may be 

taken as evidence of multiple scattering. Secondly, it is the first of a 

general class of dominant peaks (ignoring surface wave resonance) that are 

characterized by the equation 2K = G • Here tre diffraction interaction z z 

involves beams differing 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, there is a diffraction condition 

of the form K 
00 + K 

10 
G where !G I = In the kinematic 

z z z z 

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

there is considerable multiple scattering, a secondary Bragg maxima may 

also appear in the specularly reflected beam. In the first order diffrac-

tion beams from the (100) face of Au and Ag and possibly fran Ni and Cu there 

appear intensity maxima in this voltage region. It should be noted that 

all of these maxima appear at uniformly liigher voltages 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 

questionable on nickel and copper, but is quite prominent for gold and 

silver. This region for palladium was outside of the 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 the (L l) diffraction beams. All of the pre-

ceding phenomena may contribute to the intensity of the specularly re-

fleeted beam in this 

by the fact that the 

region. 
'l 

Comparisons with experiment are complicated 

inten~ities of the 
• 

specularly reflected beam cannot be 

obtained at normal incidence. Aluminum shows a rather featureless lhump 

in this region at 8 - 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 region. It is probable that all of the 

phenomena contribute to the intensity of the (00) beam in this range. 

Careful angular studies should allow one to distinguish among the various 

components. 
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c. Beam Voltage Range --:40-80 eV :: ~-·· 

This is the region between the appearance of the second-order diffrac-

tion beams (I l) and the third order diffraction beams ( 2 0). For the 

(100) face of fcc metals at :normal incidence, the arrpearance of the (1 l) 

beams coincides vrith the second Brngg maxima in the specularly reflected b3om. 

McRae has concluded that there should be a zero in the reflectivity curve 

for the \h k) beam vrhen the follo•lling two conditions are met simultaneously; 

~ k == n'Zrr/d and Kh'k' = 0. In this case the first condition corresponds 

to the Bragg maxima in the (0 0) beam and the second to the surface vrave 

resonance in the (J l) beams. Conseq1.1ently, at normal incidence, there 
~ . 

should be a minimum in the specularly reflected beam in this region in the 

fully elastic multiple scattering model. Such a minimum is observed for 

aluminum, and possibly for copper. Data for gold, silver, and nickel >vere 

not investigated. No such minimum is observed in the specular ( 0 0 )/beam, 
/ 

for palladium. As all of the data for the specularly reflected beam were 

taken a:t non;=norrnal incidence, it is difficult to conclude anyf.;hing about 

the magnitude of this effect for 'these material-s. It is possible that the 

intensity of this diffraction feature becomes more pronounced ;,-rith de-

creasing atomic number. 

The first diffraction condition that .is met after the appearance of 

the (J 1) beams is ·between the (l l) beams and the (l 0) beams and is 

characterized by a diffractior condition of the form K 
10 + K 

11 
== G .• . z z z 

This may produce observable maxima in either set of beams. No intensity 

maxima have been reported in this region for the (l 1) beam, possibly 

because of the experimental difficulties inherent in investigatin~ a beam 

this close to its emergence voltage. The (J 0) beam represents a different 

case, hovrever. Here the experimental data are reliable, and an intensity 
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maximum 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 40 eV (calculated value 38.6 eV). No 

maxima have been reported in this region for the ( J 0) beams from gold 

and copper, but it is possible that they may be. present as shoulders or 

veryweak peaks masked 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 simultaneously. The first is of the form 

2K 
11 = G and several eV higher, there is another of the form K 

10 + K 
11 

z z z z 

= G . Except perhaps for nickel, there is a unifonn absence of s ignifi
z 

cant intensity maxima in the (10) beam in this range [~ 45 -55 eV for Pd 

(100)]. However, for the (ll) beanis definite maxima are observed for silver, 

copper and nickel within several eV of the positions calculated from 2 K 
11 

z 

G • Similarly, there appears to be a sho-qlder in this region for gold. 
z 

The curves for aluminum do not extend into this range. 

Proceeding to still higher energies, we encounter strong maxima in 

the (l 0) beams diffracted from all of the materials under investigation. 

All of the posit ions are within 3 eV of those calculated from the diffrac

tion condition 2K 
10 

= G and there are no other diffraction conditions 
z z 

involving this beam within approximately a 7 V range. These maxima are 

generally quite strong and represent one of the more notable and consistent 

correlations between materials made in this study. As these peaks are 

relatively strong, they tend to dominate a faitxy large energy range. 

As a result, weaker peaks may be obscured making interpretation in adjacent 

regions somewhat difficult. 

On the high energy side of these intensity maxima in the ( l 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 fran the kine-

t . . . · K 00 + K 10 ma lC ccmdltlon z z G • Further, the shoulder OJIJ aluminum was 
z 

occassionally resolved as a separate peak also within several eV of the 

calculated position. In the specularly reflected beam, both aluminum and 

palladium have strong maxima in this region that are most probably related 

to this diffraction condition. 

At slightly lower energies (EE .• 5 eV for palladium), there are definite 

intensity maxima in the (J 1) beams for all of the materials investigated 

in this region. Furthermore, all of these maxima are within 1 eV of the 

·t. l l t d f th . ff t. · · K OO + K ll ·posl lons ca cu a e rom e dl rae lon condltlon = G 
z z z 

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 

The next diffraction process of interest is the appearance of the (2 0) 

diffraction beams and, at approximately 20 eV higher, the (2 1) beams. It 

becomes ,excessively tedi-ous to enumerate in detail all 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 situation should be considerably more compli-

cated. Furthermore as the band structure beccmes more complex, bands over-

lap 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 interesto At normal incidence, the appearance 

of the (2,0) beams coincides exactly with a diffraction condition of the 

form 2K 
11 

G for the (J 1) beam. Therefore, a diffraction condition of 
z z 

the form K 
11 + K 

20 
- G is automatically met. Accordingly, there should z z z 

be a resonance minima in the back reflected (1 l) beam iptensity~ In fact 

no strong maxima are observed or reported for the ( J 1) beams 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 

observed in this general region for the (1 l) beams of several of these 

rra teria ls. However, on palladium it has been noted that this beam is 

very sensitive to position, and that its appearance is probably due to 

small deviations from perfectly normal incidence. 

As with the n = 2 Bragg peak there is a similar coincidence for the 

n = 4 Bragg pe~k. In fact, it may be shown that all of the even-integral-

order Bragg peaks from the (100) face of fcc materials at 9 = 0° coincide 

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

be a resonance minimum rather than a Bragg maximum at these voltages in 

2 
fully elastic multiple scattering treatment developed by McRae. 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 to a Bragg peak with areasonable inner potential and say that the 

resonance minimum is not observedo The fanner may be correct, but the 

latter is not necessarily so as all the observations were carried out at 

e = 00. McRae 
2 

has shown i:;hat for slight deviations from normal inci:-. -· 

dence, the Bragg peak may appear and ttat its shape structure may still be 

i 
I I 
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strongly influenced by the coupling with the surface wave resonance that 

accompany the emergence of the new diffraction beams. There is another 

interesting feature in this region that may be associated with simultaneous 

diffraction conditions. On aluminum, very strong intensity maxima in the 

(J 0) beam occur at approximately 100 eV. There are at least four 

diffraction conditions which may be met; 2K
10

= G K 
10 + K 

21 
= G 

z' z z z' 
21 10 21 . 

2K = G and K - K = G • , On the h1gh energy side of this maxima z z' · z z z 

for aluminum, a definite 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 the noble metals, it may 

be seen that the peak that was so intense for alLiminum has essentially van.,. 

ished, and that the region is dominatedby what was the shoulder. It would 

be interesting to investigate the behavior of the (2, 1) beams in this range 

in order to observe whether or not they manifest the inverse trend in 

intensities. If so, this would provide an interesting correlation 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 potential correction. As there 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 potential are assumed, the agreement in the region below 

100 eV primary beam voltage becomes progressively 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 and the calculated peak positions has improved to the point 

where it is comparable to the fit with no inner potential correction. 

The assignments, however, are entirely different. In this manner, it is 

possible to generate several sets of alternative assignments and the question 

naturally arises as to which is correct. It is therefore necessary to 

investigate further the validity of the neglect of inner potential 

corrections. 

To do this, it is of value to first inquire into the nature of the 

inner potential. It is well known that metals have work functions on the 

order of several electron volts, that is, energy must be supplied to electrons 

in order to leave a metal surface and to be able to escape into free space. 

Similarly, energy is gained by an electron when it 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 crystal and the diffract ion 

conditions given in Eq. 5 are 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 revolves around how large an inner potential 
. 47 

should be used. Heine has shown that this inner potential is essentially 

v00, the matrix element along the diagonal of the secular determinent given 

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 usually about an order of magnitude smaller than 

v00 they may be neglected to a first approximation. This matrix element 

v00, is simply the zeroth order coefficient in the Fourier ex·pansion of 

the potential. Alternatively it is essentially the amplitude of the trans-
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mitted beam in the kinematic or Born approximation. 

. 48 49 
Using pseudopotentlals, Pendry has calculated the inner potential 

for several materials. He finds that this quantity is voltage dependent 

in the region below 100 eV. The inner potential has same minimum absolute 

value in the primary voltage range somewhat 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. F@r nickel, Pendry calculated that tte inner potential -was 

about 4 eV at 25 eV, 6 eV at 50 eV and 10 eV at 100 eV. No calculations were 

performed for the other metals considered in this study. 

These values are reasonably consistent with the experimentally observed 

behavior of the 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, consider-

able inner potential correction may be necessary. Consequently, the prevtou$1Y 

tabulated assignments in this 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 order of several electron volts, definitely 

less than 10, are reasonable. It may then be necessary to reassign some 

features in this region, but the majority of the assignments are most 

probably correct. 
.l 
'~ 

It is necessary to inquire into the assignments ~tween 50 and 100 eV. 
j 

One assignment in particular begs justification. In the' (10) diffraction 

beams for all of the materials studied, there is a very strong maximum 

that has been assigned to a diffraction condition of the form 2K
10 

G z z 
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Not far above this condition is another of the form K
00 + K

10 
z z 

r< 
lr .• 

z 

Except for silver, only relatively weak naxima have been assigned to this 

second condition. As the first condition is purely a multi~le scattering 

mechanism, while the second is allowed even in the kinematic limit, it 

is at first thought inconsistent to assign a strong peak to a multiple 

scattering mechanism and a weak peak to a kinematic mechanism when a not 

unreasonable alternative assignment could be made. For n:ickel, this intense 

maximum is observed at approximately 70 eV o In the absence of inner potential 

corrections, the 2K~0 = Gzmultiple scattering peak is predicted at 73 eV 

and the K~0 + K~0 = Gzkinematic peak at 87 eV. Thus, an inner potent :ial 

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 assignment appears to definitely be the 

more reasonable one on the basis of existing evidence. 

It 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 all 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 ne~ghborhood. Immediately above the 2K
10 = G condition, there is 
z z 

a K
00 + K

11 = G condition. However, there are no diffraction conditions z z z 

in the neighborhood of the K
00 + K

10 
z z G comition. Thus, if the band z 

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. Consequentty, in the absence of inelastic scattering, 

I 

~ ' 
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it must be scattered out of the crystal and the intensity in one or more 

of the back-scattered beam xmy be expected to be high. However, in the 

second case, the (ll) beam is allowed in the 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 electron beams 

at normaEelectron beam incidence are obvious. Under these ccnditions, 

all of the diffraction beams with the same indices and the same sign of 

Kr are degenerate. Consequently, considerably fewer diffraction conditions z 

of the form given in Eq. 5 need be considered. For example, in the region 

between approximately 20 and 4o eV, in addition to the transmitted and the 

specularly reflected beams, there exist only the first order diffraction 

beams, four directed into and fo~r scattered out of the crystal. At 

normal incidence, the four beams in these two sets are degenerate. There-

fore, there are only four unique beams in this energy range, and we need 

mly crnsider three equations of the form of Eq. 5. However, away from 

normal incidence, there may be 10 unique beams in this same energy range, 

and it may be necessary to consider up to 45 diffraction conditions. 

The situation becomes increasingly complex as one goes to higher voltage 

ranges. 

When multiple scattering is dominant, then it is to be expected 

that one will experimentally observe the gradual resolution of an intensity 

maximuril. into several distinct components as the degeneracy is lifted by 

slowly varying the angle of incidence away fran the normal. This may be 

contrasted with the case where only single scattering is dominant. In this 

kinematic limit, only a gradual shift in peak position with no development 
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of fine structure is to be expect~d when the angle of incidence is varied. 

The basic diffraction condition, Eq. 5, 

~ 

K' 
z 

~II 
- K 

z 

~ 

G ' z 

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

or 

Noting 

± 

_., 
• G' xy ± ~TKO 1

2 
- lG11 

1
2 

-z. xy 

IG'I. z 

that rKO I = rK:o I cose and [Ko I = rKO I sin e, and tbat z xy 

-'II • G xy 

(56b) 

o_l . 
= 2n eV/150.4 A, it may be seen that the energy at which Eq. 5 

is met is dependent upon e, the angle of incidence. Furthermore, as this 
. -...t.o -llo 

equation contains a dot product between K and G , the angle between xy xy 

the parallel component of the incident wave vector and the parallel 

reciprocal lattice vectors is also important. This, of course, is the 

azimuthal angle, ¢. 

As noted before, variations in the azimuthal angle produce subtle 

but definite differences in the shapes of the intensity maxima in the 

specularly reflected electron beam from the (100) face of aluminum. As 

is to be expected, theee;difference become more pronounced at larger angles 

of incidence. 

The dependence of the intensity of the first order diffraction beams 

is even more strongly affected by variations in the azimuthal when at 

non-normal incidence. The data for the (10) beams from both aluminum and 

iridium taken at non-normal incidence and sha·m in Figs•· III-11 and III-15 

were obtained at an azimuthal angle of approximately 45°. As it is diffi

cult to measure the azimuthal angle to better than 4° with the present 

jl 
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experimental eqLip:riJ.ent, there is some uncertainty in these measurements. 

Note, however, the slight differences between curves that should be identical 

at ¢ = 45°. other data taken at several different azimuthal angles showed 

marked dependence upon ¢. 50 

The expected resolution of intensity maxima into several different 

components when the angle of incidence is increased is definitely observed 

for the specularly reflected beam from the (100) face of palladium. The 

maxima near 4o eV shows two components even at e = 5Q and three at 8°. 

When 8 = 17-1/2°, this peak has been completely split into two strong 

components. The correspondi:rg peak on aluminum does not display this drastic 

splitting to the same extent. It does, however, shaw some· sign of fine 

structure and actually appears to move to lower voltages when the angle of 

incidence is increased. For both aluminum and palladium, the strong peak 

near 70 eV also shows considerable dependence upon the angle of incidence, 

not only in position but also in line shape. Again, the resolution into 

sub-components is far more marked for palladium. This peak has been 

assigned to a diffraction condition of the form K
00 + K

10 G~ The alte~ z z ~ 

nate assignment would be to a kinematic Bragg peak with a 15-20 eV inner 

potential shift. The development of' several components when e is increased 

definitely supports a multiple scattering assignment in preference to 

a kinematic assignment. Similar comments could be made about practically 

all of the observed maxima. 

Even for aluminum, the intensity maxima in the first order diffraction 

beams show a much stronger dependence upon the angle of incidence than do 

those in the specularly reflected beam. The data from both aluminum 

and iridium show the same trend. Those beams for which K' is parallel xy 
"""" ~ to K0 or K' • K > o, have their rraxima shifted to higher energies 

xy' xy xy 



when B is increased. Conversely, those beams forwhich K' is antixy 

·parallel to K
0 or K' • Ko . < o, have their maxima shifted to lower xy xy xy 

energies. This is reasonable, as K' is greater in the anti-parallel 
z 

case than in the parallel case. Consequently, Eq. 5 will be met at lower -energies for K' xy 
• K~ < 0 than forK' • K0 > 0. 

xy xy xy 

In Fig. III-11 for the (10) beams diffracted fran the (100) face 

of aluminum, note that the peaks near 55 eV appear to shift more when the 

angle of incidence is varied than do the peaks near 70 eV. 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 

fue earlier assignment of the 55 eV peak to a 2K
10 

= G.conditiort. z z 

g. Conclusions 

The position of the intensity maxima of the nonspecular low-energy-

electron beam seem to verify the importance of multiple scattering in LEED. 

This is consistent with earlier observations on the specularly reflected 

'24 
beam. The number of observed diffraction maxima is t.oo large to allow 

for their assignment solely on the basis of kinematic considerations. The 

coincidence of observed intensity maxima positions with those calculated 

on the basis of a double diffraction mechanism would seem to substantiate 

the validity of the double diffraction approach in predicting possibl~ 

peak posit ions.· 

The double diffraction condition, 2K' = G appears to be particularly z z 

dominant in the electron energy just above the appearance energy of 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-

..... 

s. 

.... ; 
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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 • 



2. Intensity Maxima Ratios 

A computational method was developed to calculate the intensities 

of the low energy electron beams back diffracted fran single crystal sur-

faces. The method is described in detail in Appendix II. 

Initially, a simple screened coulombic potential of the form 

. 2 
V(r) = 

z.:e 
-- exp [ -/l.r] 

r 

was used for the atomic potentials. Here, z is the atanic number and /1. 

is the screening parameter. This potential resulted in Fourier coefficients 

D = 

~ 

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 

where G!J is that camp on~nt of the scattering vector that is: paraH.el to 

the surface and v 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 

2 
scattering event by each atomic scattering center was given by a where 

a is a computational parameter usually assigned the value of 0.9. The 

thermal motion of the lattice was simulated through the use of the Debye-

Waller factor where the mass was taken at 27 amu,. the absolute temperature 

as 300°K and the Debye temperature as 400°K in the bulk and 200°K at the 

surface (see Appendix III). 

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

specularly reflected beam, there a.re two diffracted beams, one directed 

into, and one directed out of the crystal. There is no identical situation 

.. 



in the real case of a (100) face f.c.c. material at normal :incidence. 

However, there is an approximately equivalent case between about 20 and 

4o eV. Here, the first order diffraction beams are allowed and are the 

highest order present. The one beam directed out of the crystal then 

represents a set of four beams directed away from the surface. Similarly 

assumptions were made for the inward directed beams. The computational 

case is approximate in that it neglects the interactions among beams in 

a given set and between beams in different sets that do not have the 

same parallel reciprocal lattice vector. As these neglected interactions 
..). 

are all characterized by relatively large scattering vectors, Ia!, this 

approx:imat ion is not unreasonably in the case of the screened Coulombic 

potential where V G is inversely proportional to 'f.? + G
2

• 

Figure IV-4 shows the calculated intensity of the specularly reflected 

beam and t·he first order diffraction beam for the (100) face of aluminum 

at normal incidence between 19 and 36 eV. The beam intensity was attenuated 

by the inclusion of inelastic and thermal scattering. Several values 

of the screening parameter, t..., were used to simulate different diffraction 
0 

conditions. 
-1 

When "A. = 0.1 A , the calculation is essentially in the 

kinematic limit, as v
0 

is inversely proportional to t...
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 

. 31 . . . . KOO + KlO max1ma; one at · eV corresponding to the k1nemat1c cond~t~on · = z z 

G and one 
z 

the form 

:;-:-·----

just bei.ow '1-9 
2K lO = d . 

z z 

eV corresponding to a diffraction condition of 

This type of multiple scattering condition would J 

ordinarily be f orbiddeJf'\i'or such a small· value of the screening parameter 
:~1~,\~·:· 

except that the cross s;ections are extremely large at the appearance voltage 

due to their inverse dependence upon K' • This may be an artifact of the z 

model, as the 1/K' z term arises as a. direct consequence of the imposition of 
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o~ strict two dimensional symmetry upon the Greens function (see section 

II-B-2). A similar condition at 28 eV does not result in a maxima for 
0 

-1 
f... = 0.1 A • The kinematic dif~raction condition near 21 eV does not give 

maxima in this calculation. The reason ~or this is not known, but it 

is possibly· that the intervals at which the intensity is calculated. are 

too :Tar apart· to show. these max:l!na. It is likely that the ( 10) beam does 

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

sitive to this condition. 
o_l 

When the screening parameter is increased to 0.5 and tren l.O A .,, 

there is a de~inite shi~t in the peak position in the (oo) beam. For the 

larger cross section,multiple scattering becomes dominant, and the condition 

K 00 + K 10 = G at 31 eV is met more strongly than the Bragg condition z z z 

2K OO = G at 37 eV. 
z z 

Figure IV-5 shows a comparison among calculations done ~or this 

region with an isotropic potential, Ga~fuers potential and :trhe isotropic 
0 

scattering potential with f...= l A-~. Note the s:imilarities between the 

calculations which were carried out with the two ~orward scattering 

potentials • 
• u. 

On the other hand, the calculations per~ormed w·ith the 1sotrop1c 

potential result in high background and bread peaks that are shifted to 

slightly lower voltages. 

In none of these curves, however, is there much indication o~ the 

intensity naxima at 28 eV corresponding to the 2K 10 
= G diffiaction z z 

condition. As this peak is observed ~or several rrater:ials, it is o~ some 

importance to be able to generate it in model calculations. This was done 

by the introduction o~ the parameter v described above. The use of this 

parameter enhances dif~raction conditions that involve no change in the 

component o~ the wave vector parallel to the sur~ace. Figures IV -6 shows 

the result o~ using various values of v. When v = 5, there is a shoulder 

"' ' 
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on the low eV side of the 31 eV maximum for the (10) beam. At v == 20, 

this shoulder has becnme a maximwn in its own right, and the 31 eV :rmximwn 

has been reduced to a shoulder. These changes are also reflected in the 

(oo) beam. Note, however, that the higher energy peak remains more 

dominent for the (00) beam than for the (01) beam. This is reasonable as 

the 2K 
10 

== G condition does not involve the (00) beam. Therefore-~· any z z 

intensity in this beam is a result of a third order multiple scattering 

situation where intensity is scattered out of th~ (10) beam into the (00) 

beam in the absence of any strict diffraction condition. 

The intensity ratios for the 31 and 28 eV maxima in the 10 beam 

correlate very well with the real diffraction features of many face centered 

cubic solids. Both of these ·peaks are experimentally observed for several 

:rmterials. As noted before, the relative intensities of these peaks show 

a definite trend with increasing atomic number. For the lighter materials, 

(e.g., Al,. Cu and Ni), the peak corresponding to ~Kz 10 
== G

2 
is strong while 

that for K 
10 + K 

00 
== G is either absent or weak. Upon proceeding to z z z 

the heavier mterials, (e.g. Ag and Au) the situation is reversed and the 

higher energy rraxima becomes dominant. Thus, alwninum might correspond 

to values of v on the order of 30 to 50. Nickel and copper might better 

be fit with values like v == 20 or 30. Silver and' gold are most closely 

reproduced with values of~v == 5, or 10. 

The broad peak observed in the specularly reflected beam from the 

(J..OO) face of aluminum could easily correspond to either of the calculated 

mxima, or, more probably, to an unresolved combination of both. It 

should also be noted that there::is a minimum in the Al (100) r
00 

(eV) curve 

at about 36 eV. Note that these calculations also indicate the existanqe 

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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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, hcwever, 

an approxim t·e correspondence in the energy range between 40 and 80 eV 

where there exists six separate sets of beams. As before, arguemerrts may 

be :rmde about the validity and applicability of this model. 

The calculations for the (100) face of aluminum in this region were 

started at 4o eV rather than 37 eV. This is because the maximum in the 

(11) 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 K 
10 + K 11 

z z 

== G condition is met has not been studied. As the ( 11) beam is nat obser
z 

va ble in this range, this is nat too great a loss. 

0-1 
When the scattering approaches the kinematic limit, as for A== O.lA , 

only three maxima are observable. The one below 4o 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 (ll) beam at 57 eV are 

both kinematic.' When the cross sections are increased by raising A to 

0-1 
0.5A , there are definite indications that multiple scattering phenomena 

are becoming important. A pmk appears in the ( 00) bmm at 67 eV that 

corresponds to the diffraction condition K 
00 + K 

10 
== G • In the (11) z z z 

beam, there is evidence of the appearance of two peaks at 46 and 49 eV. 

These are due to conditions of the farm 2K 11 == G and K lO + K ll == G 
z z z z z 

respectively. When the cross sections are in creased still further by 

raising A to l.OA;
1
the multiple scattering fmtures becane dominent. Nate 

also that sane shifts in peak position have appeared. This was canmonly 

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

for the peaks to coales as all conditions become more coupled at larger 
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cross sections. 

Increasing the amount of inelastic scattering tended to broaden the 

peaks somewhat and to discriminate against the multiple scattering fea..;. 

tures ~ For example, when a was decreased stepwise to 0.5, tre kinematic 

peak below 4o eV in the ( 00) beam gradually bee arne more intense than the 

double diffraction peak at 67 eV. 

As in the fc:ur beam case, an intensity maximum is not observed that 

was predicted by a diffraction condition of the form 2K 
10 = G • To investi-z z 

gate this peak, the parameter v was again introduce,. as before, the_ introduc-

tion of this ·parameter generates this type of intensity maximum. When 

v is 5, a pook appears in the (10) beam at 54 to 55 eV. In addition, 

there is an improvement in the resolution of the (ll) beam. As v is 

increased to 20 and then to 50, the intensity ratios in the (10) beam of 

10 the 2K = G peak at 
z z 55 eV and the K 00 + K 10 

= G -neak at 67 eV are . z z z ~ 

reversed. At the·same time the 2JC~l= G peak at 46 eV in the (11) beam z z 

becomes a dominent feature. 

This 2K 10 
= G peak at 55 eV is of particular interest as it has z z 

been experimentally observed and indeed is the strongest intensity maxi-

mum present in this energy range for all of the materials studied. For 

aluminum, it is more intense than the nelighboring kinematic peak at 67 eV 

by at least a factor of 2. This intensity ratio may diminish somewhat 

with increasing atomic nillnber as it is fairly close to l for silver. 

It is of some interest to note that the use of the parameter, v, 

has generated intensities for the (11) beam that are also similar to those 

observed experimentally." The use of relatively large values of v, 20 to 

ll 
50, has caused the 2K = G peak at 46 eV to become considerably more . z z 

intense than the kinematic Kz 
00 + Kzll = Gz peak at 57 eV. This region 

is one of the considerable experimental difficulty, but for the three 

'•. 
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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. 



c. The Ten Beam Case 

There exists an exact analogy. for this case for the (100) face of 

face centered materials. In the region between approximately 20 and 4o 

eV, in addition to the transmitted and the specularly reflected beams, 

there are fcur first order diffraction beams scattered back from the 

crystal and four scattered' into it. The treatment of the four ream 

case was an approximate solution to this situation. There, it was 

necessary to introduce a variable parameter, v, to force the calculations 

to reproduce tbe observed intensity maxima. When this erergy region was 

ems ide red in a more exact manner with a full canpliment of beams, it 

was found that the ex::pe:Hmentally observed intensity maxima could be 

generated by a simple forward scattering potential without'-<the use of 

the ra.rameter v. It would therefore appoo.r that the use of this para-

meter simulates the interactions of the degenerate beams neglected in 

the approximate case. 

Calculations were performed for aluminum in the energy region 

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

assumed that 19% of the intensity of each scattering event was lost to 
2 

· l t · A d C l b · t t · 1 ze -ll:r lne as lC processes • pure screene OU om lC po en J.a r e, 

was employed with a variable screening parameter A.. Figure;IV-9 shows 

the intensities of the (10) and tbe (oo) beam calculated at normal 

0-1 
incidence for values of A., the screening parameter, between O.lA and 

0-1 
1.5 A • 

o_l 
As in the four beam case, .. :when A. = O.lA , we are fairly close to 

I ' :~ 

the kinematic limit. The only ~eak tmt is observed in the (10) beam is 

~ ~10 ~ 
the kinematic K z + Kz = Gzpeak at 31 eV. In the (oo) beam, the 

Bragg peak at 37 eV is quite strong, and trere is some evidenoo of tbe 
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double diffraction K~0 + K;o = t1 peak at 31 eV. 

When A is increased to 0~5 A-1
, this double diffraction peak at 

31 eV in the (oo) beam is the dominant feature in this region and the 

37 eV Bragg peak is reduced in relative intensity. The 31 eV peak in 

the (01) beam is still quite strong, but the pure multiple scattering 

2K 10 = G peak at 28 eV has bee orne ·apparent. z z 

As A is increased further to 0.75 A-1
, 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-e9 eV has become apparent. This is a 

tertiary multiple sea ttering feature and represents an increase in the 

intensity of the (oo) beam reflecting the 2K10 = G intensity maxima z z 

in the (10) beam. 

0-1 
When A is increased still further to 1.0 and 1.5 A the 28 eV peak 

becomes the strongest feature for both beams. The 31 eV peak is still 

apparent as a shoulder. Note that the peaks have a greater width for 

0 0-1 
A = 1.5 A than for A = 1.0 A • In this limit, all of the beams are 

strongly coupled and one major maximum is found. 

0-1 0-1 
The peak near 21 eV in the (oo) beam for A= 0.5 A and 0.75 A 

nay be related to the doubJe diffraction c cnditi an K00 + j(!LO =G. There 

could be several reaons why there is no corresponding peak in the (10) 

beams. As mentioned before, it may be because the~·(lO) beam does not 

penetrate very deeply in this region. Alternatively, it cculd be 

because it is masked by the 2K~0 ~ Gzmaximum at 18-19 eV that occur~ 

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

intensities. This is due to the use of a finit.e size model crystal. 
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As in the fcur 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 aluminum, there is 

0-1 0-1 
better a:greement for larger values of A., say between <:>. 75 A and 1.0 A , 

while the heavier materials? such as silver, need a stronger forward 

0-1 
scattering potential such as one approximated by A. = 0.5 A • 

d. The Eighteen Beam Case 

As with the ten beam case, the eighteen beam case has a direct anal-ogy. 

in the diffracted beams from the (100) face o~ face centered cubic 

crystals. In the region between approximately 4o and 80 eV, there are 

eight (11) beams, eight (10) beams and two (00) beams. One half of each 

set is directed into, and one half of each set is directed out of the 

crystal. This energy rar:ge was treated in an approximate .rranner in the 

six beam case. Again, there it was necessary to introduce the parameter 

v. to reproduce the experimentally observed maxima. Here, however, wben 

this situation is tres.ted with a full canpliment of diffraction beams, 

the observed intensity maxima may be reproduced again with a pure 

screened Coulombic potential using suitable screening parameters. 

Calculations were performed for tbe (100) face of aluminum for fif-

teen scattering events. It was assumed that lg/o of the intemity ofeach 

individual scattering event was lost to inelastic processes. The best 

fit between the observed and the calculated intensity vs energy plots was 

0-1 
obtained with a value of the screening parameter of 0. 75 A • Smaller 

values of A. emphasized the kinematicrprocesses while larger values, 
o_l . 

such as A. = l.5A , over emphasized the multiple scattering processes 

to such an extent that all of the beams became very strongly crupled and 

only one maxima was observed in all of the beams near 50 eV. 



Figure IV-10 shows the intensities of the (11), (10) and (oo) beams 

o_l 
between 4o and 70 eV for~= 0.75 A .. For the (11) beam, three strang 

maxima are produced in this region. The first, at 46 eV, corresponds 

ll 
to a multiple scattering condition of the form 2K

2 
= G

2 
and the secon~ 

at 49 eV, corresponds 

the (10) and the (11) 

to another multiple scatter :ing condition between 

beamsof'the form K 
10 + K 11 = G • The third peak z z z 

at 58 eV exists in the kinematic diffraction limit and is described by 

K~0 + K;
1 

= G. The exact intensity ratios a.re not in good agreement with 

11 10 . 
those observed experimentally. In general, the K z + K

2 
= G

2
peak lS 

missing while the 2K~ = G2 peak has a significantly greater intensity 

than the kinematic K
00 

+ K
11 

= G maximum. z z z 

The strongest feature in the. (lO)'beam is the intensity max.imum at 

55 eV which is related to the 2K
10 

= G diffraction cor:dition. It is z z 

followed by a weaker intensity maxima at 67 eV of the kinematic K
00 + K

10 
z z 

G form. The calculated relative intensities of these two peaks are pleasz 

ing as the 55 eV peak is generally found to ~e the strorgest intensity 

maximum in this region for the eJqJerimentally observed data from all 

materials considered. The calculated intensity maximum at 49 eV is a 

K;o + K~1 = G
2

multiple scattering feature. With tl:e possible exception 

of nickel, this maximum is generally not observed experimentally. Note 

the 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 K
00 + Kll = G and K

00 + K
10 

= z z z z 

G respectively. The calculated intensity ratio · for these two peaks is z 

in poor agreement with experimental data. For aluminum and palladium, 

the K
00 + K

10 
= G -nea.k is observed to be the domin~nt feature in this z z zl:" 
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region while the J(OO + K
11 

= G peak is either nat observed or appears as z z z 
00 10 

a small shoulder on the K + K = G peak for palladium. The region . z z z 

below 50 eV is also poorly reproduced for the (oo) beam in these calculations. 

For both aluminum and palladium, a strong maxirr.tPm is observed in this 

region that may be related to the 49 eV pes.k calculated with f.. = 1.5 A -l. 

When the agreement between the calculated and the experimentally 

observed intensities for all oft be beams in this region is considered, 

it may be seen that there is a fairly good correlation. However, even 

though most of the observed intensity maxima may be generated with this 

co!q)utational procedure, the calculated intensity ratios are less than 

optimal. 

e. Sunnnary 

A computational procedure has been developed. that will reproduce 

mcst of the features observed in .the i:hteruUt ies of the low energy 

electron diffraction beams from the (100) face of face centered cubic 

crystals in the energy range 1-80 eV. Two farms of this method have 

been employed. In the shorter form at normal incidence, only one beam 

in a degen~r~ te set of beams is considered in an actual calcuJa tion. 

It has been found that the neglect of the other beams may be partially 

compensated for with the use of a parameter, v, that enhances scattering 

events that do not involve a change in ttat component of the scattering 

vector that is paralit.el to the surface. This method has the advantage 

that it uses a significantly smaller amount of computer t±me than does the 

full treatment where all diffraction beams are considered. There is a 

six fold saving in time when the frur beam case is used instead of tre 

ten beam case, and an eight fold-s'aving in time when the six beam case 

is used rather than the full eighteen beam case. 

.. 
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The longer form of this computational procedure, tbough more expen

sive, has the advantage that it does not employ the artifical pa:rameter 

v. Thus, it sbould be more applicable to calculations performed on actual 

surface structures. 

Both meth~ds suffer from the unavailability of good scattering 

potentials. Though the observed diffract ion features can usually be 

reproduced with either metbod, the calculated intensity ratios only rarely 

reproduce those which were measured experimentally. It is to be hoped 

that adequate scattering potentials will soon be a'ooilable. Work is 

. 49 47 
proceedirgon this problem, notably by Pendry and Heine ' among others. 

Although the (100) face of fcc materials was studied here, this approach 

cc:uld easily be applied to the (110) face or the bee materials. The 

choice of the (100) face of fcc materials was made on the basis of the 

availability of existing experimental data, and th= simplicity that this 

case affords. Though this particular method resembles that of several · 

different authors in sane aspect, it is unique in its total ccnstruction. 

The basic equations used were derived from an integral equaticn approach 

similar to that of McRae and Kambe. However, a plane wave of Fourier 

expansion of the eigenfunctions and potential were employed rather than 

a spherical harmonic expansion. In this aspect, the met hod resembles that 

used by Carpart and others in the differential equation approach. The 

scattering is considered as a stepwise process though, rather than all 

t cgether as in most solid states like approaches. In this stepwise 

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

here again there .are significant differences. The intensities or prob-

abilities are normalized rather than the amplitudes as in Gaffners' 

apprcach. Further, the stepwise process is allowed 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 until exhausted whereupon events 

between the next layers are then considered. 

Of greater importance is the use of a more realistic potential than 

the isotropic scattering potential. Though not nearly so sophisticated 

as a good pseudo-potential, the screened Coulombic potential bears some 

relationship to reality. as in "the Thomas-·Fermi-Dirac model. Further, the 

Debye-Waller effect has been taken into account in the approach developed 

here. 
-2W 

As e may be considerably less than unity for many scatterin~ 

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

reproduce experimentally observed phenomena. 

Finally, these computations were performed for actual, not hypotheti-

cal, situations and the calculated intensities were compared with experi-

mentally observed intensities for several different materials over a 

wide range of electron energies. 



B. Structured Surfaces 
1. fcc(lOO) 

a. Pt(lOO) (5 X 1) 

The study of the (5 X 1) surface structure on the (100) face of 

platinum presents an interesting confirmation of McRaes
4 

hypothesis that 

the intensities of fractionallorder beams will "reflect" the intensities 

of the integral order beam. It may be seen from Fig. III-13 that the inten

sity of the ( 0 1/5) fractional order beam mimics very closely the behavior 

of the specularly reflected or (00) beam. The intensity of the (0 2/5) 

beam also shows similar behavior, thought to a less marked extent. The 

(0 3/5) and the (0 4/5) beams appear to be less strongly coupled to the 

specularly reflected beam but the (o 4/5) beam does follow the intensity 

of the (o 1) beam to a certain extent as they both have a maxima just above 

50 eV and just above 75 eV. It would seem then that these fractional order 

beams show a tendency to vary ·with beam vol-tage: in the same way ·as tlie' 

intensity of that integral order beam to which they are the closest. This 

is reasonable as one would expect that in general the scattering amplitudes 

should be the largest when there is the least change in the electron 

momentum~.e. when scattering vector is §mallest). Note the marked de-

crease in intensity with increasing energy. This is to be expected as the 

higher energy electrons would tend to penetrate more deeply and wculd 

"sample" less of'tbe surface. 

b. Pd(lOO) - C(2 X 2l 

The intensity for the specularly reflected beam from the Pd(lOO) 

face has been discussed in some detail earlier. As noted then, there is 

a marked progression of changes in the shape of the I
00 

( eV) curve upon 

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

I 



of the other beams will now be discussed. It is convenient to consider 

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

In the region above 100 eV, there is a great similarity in the in'tensitd:es 

of all of the integral order beams for both the (1 X 1) and the <::(2 X 2) 

surface structures • There are some changes in the intensity ratios, but 

not much more than might be expected fran small variations in the angiie 

of incidence. The most notable change is the slight increase in the energy 

at which the intensity maxima occur in the specularly reflected beam. 

As with the Ft(lOO) - (5 X 1), there is tendency for the fractional 

order beams to have the same behavior as a function of electron beam energy 

as the integral order booms. For example, the maxima at 130 and 153 eV 

in the (11) beam may have their counterparts in the (1/2 1/2) beam. 

Though intensity ratios vary, there is a much stranger correlation in 

the peak positions between the (1/2 1/2) a~d the (1/2 3/2) beams. Unlike 

the (5 X 1) structure, the ~(2 X 2) structure gives fractionaL:order spots 

wbose intensities tend to increase with increasing energy. This may indi-

cate that the surface structure is not confined solely to the first lalfer, 

but either extends several layers into the crystal, or perturbs these 

underlying layers in a significant fashion. Alternatively, it could 

indicate that the (5 x 1) structure was more looselybou.nd than the C(2 X 2) 

structure. This wculd result in a larger Debye~:Waller factor for the at om 

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 tbe integral order 

beams are quite different for the C(2 X 2) surface structure tmn for the 

(1 x 1) surface. In the (00) beam, the peak nERr 13 eV is much more intense 

in the C(2 X 2) case. This, presumably, is the first Bragg peak which 

.. 
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.occurs coincidently with the appearance of the (1/2 1/2) beams for the 

C(2 X 2) surface structure. There is also sane indication of a maximum 

in the (1/2 1/2) beams in this region, thmigh the intensity at the appearance 

voltage is outside of experimental detection for the experimental arrange-

ment used. 

For the (1 X 1) surface, there is a gradual increase in intensity 

in the (oo) beam near 4D eV. For the C(2 X 2) surface, hcwever, there is 

a definite minimum in this region. Just above 4o eV, there is a maximum 

in the (l/2 l/2)beams. This may be a "reflection" of the predicted maximum 

in the (11) beams at their appearance energy. 

In the (10) beams, the maximum near 60 eV 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 near 60 eV. This new peak is possibly due to a diffraction 

condition of the form K;o :+ K;1 
= G~ • This assignment is supported by 

the observation of the shift of the kinermtic 62.5 eV peak in the (11) 

21 
beam to approximately 54 eV observed by Park. This energy shift was 

observed when a (1 x 1) surface was annealed after many ion banbardment 

and annealing cycles. As no fractional order beams were observed, Park 

has suggested that this shift is due to an increase in the effective 

inner 'Potential as ledges and other low inner potential protrusions on 

the surface are annealed out. It is, however, equally likely that this 

shift is due to the incipient formation of a surface structure tba.t was 

too perturbed to give strong fra~tional order diffraction beams. 

Near 60 eV, in addition to the shoulder in the (10) beams, there is 

a maximum in the (1/2 1/2) beams and a new maximum in the (oo) beam for the 

C(2 X 2) surface structure. These maxima occur very near to where the 

2K
10 = r.. and the K

00 + K
11 = z :z z z Gzdiffraction cmditions are met. It is 
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probable that intensity is scattered into the (oo) beam from hath the (10) 

and the (ll) beams via the (l/2 l/2) beams. 

In the (oo) beam, the peak near 70 eV remains unsll.ifted while that 

near 90 eV has vanished when the C(2 X 2) surface structure is formed. The 

(l/2 l/2), (10) and (ll) diffraction beams all exhibit maxima near 80 eV. 

This is the energy at which the(2:0)beams should appear. The (ll) beams 

should be strongly coupled to the (20) beams at this energy. It appears 

that the fractional order beams redistribute the ba:ck 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 relatively little effect upon the 

intensities of the integral order beams at higher energies. 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 1:nto the integral order and the fractional order beams. 

c. Ni (100) - C(2 X 2) As the intensity i-rt ·the {1/2- l/2} beams·· 

from the Pd (100) - C(2 X 2) to a certain extent varies in·the sru:ne way with 

electrm energy as the intensities of the integral order beams, it is of 

interest to inquire as to whether or not all C(2 X 2) structures will 

result in similar mtensi±;y vs Voltage plots.. If this were the case, 

it would be difficult to distinguish between essentially different surface 

structures that happened to have the same 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(lOO) to form a C(2 X 2) structure. 

Oxygen also forms a C(2X 2) structure as in intermediate phase in the 

formation of a NiO rock salt structure. Both the oxygen and the carbon 

.• 
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monoxide C(2 X2) structures have been studied by Park and Farnsworth51 

among others. These two structures are presumably quite different though 

they both possess the same two dimensioml symmetry. Infrared evidence 

indicates that the CO is above the surface and is attached to the nickel 

through the carbon while LEED studies would seem to support the hypothesis 

that the oxygen is involved in a reconstructed three dimensional oxygen 

nickel structure where at least same of the oxygen is below the surface.
21 

The Ni (100) - C(2 X 2) - CO structure bas a fairly strong peak near 

21 eV in the (l/2 l/2) beams that may be associated with the appearance 

of the (10) beams. At about 33 eV there is a strong maximum. This is 

' ' ' 10 
sanewhat low to correlate with the 2K = G diffraction condition, but ' z z 

it is definH!9lY too high for the K 00 + K 10 
= G condition. Above these, z z z 

there is a f:ai:dy weak peak at 46 eV that is most probably a reflect ion 

of the appearance of:.-:the (ll) beams. Near 60 eV, there is a doublet with 

components at 57 and 65 eV. These have been assigned to the 

G and the 2K 1,:1= G diffraction conditions respectively. z z z -

K 10 + K 11 = 
z z 

When the Ni(lOO) - C(2 X 2) CO structure is heated in oxygen, it can 

be replaced by the Ni(lOO) - C(2 X 2) - 0 s:bructure.
21 

During this trans

formation, the intensity maximum at 21 eV: in the (1/2 l/2) beams disappears 

and a new peak at approximately 26 eV appe~rs. This peak at 26 eV is most 

probably associated with the K 00 + K 10 =G diffraction condition. z z z 

Further, the peak at 33 eV and the doublet near 60 eV also vanish. 

New peaks near 38, 44 and 50 eV a;ppear 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 2K 10 = G diffraction con:lition. The peaks at z z 

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

related to the appearance of the (ll) beams. If so, it is the only peak 

that is observed for both the Ni(lOO) - C(2 X 2) - CO surface structure and 
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the Ni(l00)-C(2X2)-0 surface structure. Further, it is the only peak 

that has the same assignment as any of those given the peaks in the 

(l/2 l/2) beam from the Pd-C(2X2) surface structure. 

As these three surface structures, the Ni(l00)-C(2x2)-co, the Ni(l00)

C(2X2 )-0 and the Pd(lOO )-C(2x2), may be safely assumed to have three essen-

tially distinct atomic arrangements despite the superficial similarity of 

their two dimensional periodicity, it is comforting to find that they give 

three distinctly different r1; 2 l/2 vs eV curves. This implies that it 

should be possible to apply computational methods to distinguish among 

alternative models for given surface structures. 

2. bcc(lOO) 

a. bcc(lOO)-(lXl)-0 

Nickel is not the only metal where the oxidation process has been 

studied in detail. Perhaps the most extensive set of data has been pub-

lished for the body centered cubic metals. 

The (lll) face of the metal oxides have been observed to form on 

the (110) face of both tantalum and iron with extensive oxygen exposure 

and some heat treatment.52 ,53 Prior to the formation of the full oxide, 

several intermediate phases were observed for iron. When exposed to oxygen, 

the Fe(lOO) face first formed a C(2X2 )-0 structure with a quarter monolayer 

coverage and then a C(3Xl)-O structure with two thirds monolayer coverage. 

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. 54, 55 

Initial exposure to oxygen gave a C(2x2)-0 structure with one quarter 

monolayer coverage. Further exposure resulted in a full monolayer coverage 

(lXl)-0, that was accompanied by an increase in work function. However, 

when this surface was heated the inverse sequence was noted and a MoO(lll) 

! 
l 
I . ; 
I 



structure was not observed. Similar results have been observed for 

the (110) face of tungsten.5
6 

The (100) faces of several- bee metals have also been studied as a 

function of oxygen exposure, and a (l X l)-0 structure has also been 

observed on several of these. At room temperature Cr (lQO) appears to 

absorb oxygen in an amorphous fashion with no decamposition.57 It was 

reported that the oxygen was removed by heatir\g the sample to 300°C. 

Unfortunately, the published data were insufficient to determine whether 

or not a (l X l)-0 structure existed in addition to the amorphously adsorbed 

oxygen. 

The(lOO) faceof'iron first forms a C(2X 2)-0 structure upon 

58 exposure to oxygen. Further exposure results in the disappearance of 

the (l/2 l/2) beams and definite changes in the intensity of the (10) 

beam. These, ·presumably, indicate the formation of a (l X l) -0 structure. 

When this structure is heated and exposed to more oxygen, a FeO structure 

results. 

The (100) face of vanadium has been observed to form a (l X l)-0 

structure at room temperature.59 upon heating this structure to ll00°C, 

it is converted to a (2 X 2)-0 structure. Further heating to l400°C 

resulting in the regeneration of a (l X l) structure, presumably be-

cause the oxygen diffused into the bulk. The specularly reflected inter-

sites far the clean V(lOO) fa.ce and the V(lOO) - (l X l) -0 face were 

similar, but with two important differences. Two peaks, one near 20 eV 

and one near 70 eV, in the r
00 

vs eV curve for the clean surface were not 

present in the r
00 

vs eV curve for the (lX l) -0 surface. These peaks, may 

be assigned to the kinematical Bragg condition 2K 
00 = G • Note, however z z 

that this condition is stro!:\gly coupled with the appmrance conditions far 

the ( 10) and ( 20) beams near 17 and 67 eV respectively. Unfortunately 



the results of this study were not ccnrpletely unambiguous as there was 

same question of contamination from the tantalum holders. 

Possibly one of the most detailed studies of the interact ion of oxygen 

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

Park.55 When the Mo(lOO) face was exposed to oxygen between 10-9 to 10-7 

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 curves were noted. 

Iii addition, an increase of about 1.4 eV in the work function was measured. 

Both the ·I vs eV curves and the wqrk function indicated that further exposure 

to oxygen resulted only in a secondary amorphous coverage. When this (1 X l)..,.o 

surface was heated to 350°C, a disordered surface resulted and the work 

function dropped below the clean metal value. Further· heating to 500°C 

caused the formation of a C(2 X 2) structure. This was interpreted with 

an atomic dis·pla cement model where at least one half of the oxygen atoms 

had exchanged places with molybdenum atoms resulting in a surface layer 

composed of equal numbers of molybdenum and oxygen a toms. When this struc

ture was heated to 1000°C, (1/3, 1/3) spots appeared. It was 'suggested that 

this structure had a one-third monolayer oxygen coverage on the surface 

with displaced molybdenum atoms positioned above oxygen atoms. Further 

heating to 1100°C resulted in a clean regenemtion of a clean<Jsurface, 

again presumably due to the diffusion of the oxygen into the bulk of the 

crystal. 

It was concluded that the existing evidence for the Mo (100) surface 

lavored the exchange process in the two structures requiring heat treat

ment. Further, because of the activation energies involved, 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 



consisted of molecular oxygen above the molybdenum substrate. 

This conclusion is consistent with all of the available information. 

The changes in work Nnction and disordering af the surface upon heating 

the (1 X 1) -0 structure particularly seem to support a mod_el where oxygen 

above the metal surfaae becomes engaged in a place exchange process. 

Further, this model is supported by the fact' that nearly all of the (1 X 1) -0 

surfaces were stable at room temperature, but converted to structures 

with fractional monolayer coverages upon heating. The exce·ption was the 

Ta(llO) face which spontaneously oxidized at room temperature. Though 

the data are incomplete, it -~appears that the lighter bee transition 

metals are more resistant to place excharge than the heavier metals. 

Similarly, the (100) faces appear to be 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 the surface, possibly in the molecular form. Therefore, these 

are a limited number of ways in which the oxygen can be arranged in a 

manner which is cqnsistent with chemical intuition.. It would be extremely 

unusual if the oxygen were in a highly unsymmetrical position. It is 

therefore most probably in one of the three symmetrical positions; 1) the 

bridged position where the oxygen is banded to two adjacent metal atoms, 

2) the face centered position where the oxygen is equidistant~ from the 

four metal atoms forming the corners of a face of an x-ray unit cell, 

3) the linear position where an oxygen is placed directly above a metal 

atom in the surface layer. 

0 

As the sides of tbe two dimensional unit cell are approximate]y 3A 

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

1.2 for o2 to 1.5 for H2o2, the most probable configuration for molecu~~ 
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Fig. IV-13. Experimentally observed55 r10 vs eV for clean and oxygen covered 1'-b 
(100). Band structure is shown for comparison. 
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oxygen adsorbed in a (1 X 1) structure would be with the molecular axis 

normal to the surface. It is difficult to form an isotropic (1 X 1) 

coverage with the molecular axis parallel to the surface without extensive 

distortion to the point where the oxygen may better be regarded as atomic 

or perhaps ionic. 

It shruld be possible to distinguish among these alternative models 

by analyzing the intensities of the back diffracted electron beams. As 

noted before, the formation of the (1 X 1)-0 structure on vanadium 

extinguishes two peaks in the specularly reflected beam. Further, on 

molybdenum the presence of the (1 x 1) -0 structure removes the strongest 

intensity maximum in the I
10 

vs ev curve for the first order diffraction 

beam. This maximum occurs at a·pproxirrately 41 eV and rray be assigned to 

a diffraction condition of the form K£0 + Kl0 = G. This peak is also 

observed on chromium. Data for the (10) beam of the other metals were not 

available. 

Model calculations reproduce this maximum for the cl~n surface 
' 0 

reasonably well with a screening parameter of 'A. = lA. Several different 

models for the (1 X 1) -0 stru·cture were studied. It was first assumed 

that the oxygen had been adsorbed in an atomic fashion at a normal face 

centered position on the lattice. The geometry was the same as for the 

clean surface. The screening parameters, 'A., were varied to simulate the 

effect of placing a chemically different atom at this position. When 'A. 

was increased above M -; this peak became more pronounced • When 'A. 

was less than 1A-l the intensity decreased. As 'A. should be larger for 

oxygen than for molybdenum, this model was discarded. 

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

meter was next studied. The top layervas:.·gradually relaxed inwards towards 

the bulk of the crystal. It was found that the intensity of the 41 eV 
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·peak underwent a minimum near relaxations of approximately 33%. The 
' - 0 

oxygen-metal distance would be only L6A however for this structure. 

As the effect of varying the potential was not studied for this structure, 

it is possible that a relaxed monolayer of oxygen atoms in face centered 

positions dc:>.es present a viable model for the real surface structure. 

The bridged. structure was also studied. This model has the dis-

advantage that it is anisotropic. It was found that the intensity was 

of the 41 eV peak was enhanced in the (10) beams parallel to the bridg~ng 

and that it was extinguished in the (10) beams perpendicular to the bridg

ing. As there is no report in the literature of anisotropy in the (10) 

beams, thus structure could only occur as small domains randomly rotated 

at 90° to one another. This however would result in the observed intensities 

of the (10) beams being averaged over both directions. Consequently, the 

41 eV maximum would not be so strongly extinguished as is observed 

experimentally. This nodel may then be regarded as rather unlikely. 

The linear structure, where an oxygen atom is placed directly above 

a metal atom in the surface layer, has, also been considered. Calculations 

on this model gave the best agreement with experimental results. The 41 

eV intensity max.imum was completely extinguished. Further, there was a 

peak generat·ed 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 diminished most for this of all of the model calculations in 

good agreement with the data from the vanadium surface. 

However, this model is geometrically a.lmo st ident ica 1 with one 

that is more acceptable and in good agreement with the available experi-

mental data. This is the model where an oxygen mol~ is adsorbed into 

a 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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molybdenum atoms, then a metal-oxygen distance of about 2 .4A is not un-

reasonable. Allowing the oxygen-oxygen bond to relax out to about 1.3 
0 

to 1.5A is consistent with knew~ oxygen-oxygen· bond lengths. In this 

arrangement, the upper oxygens form a plane that will scatter exactly ou-t; 

of phase with the rest of the atans for this K 00 + K 10 G 41 eV inten-z z z 

sity maximum. 

This model is the most prefered of all of those studied on several 

points. However, the assignment of the Mo (100)- (1 X 1)-0 surface struc-

ture to this model is not at all unambiguous.. The alternate assignment to 

a relaxed surface layer of oxygen atoms has some merits. Furthermore, by 

varying potentials and positions, exchange models 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 diffraction beam may 

be regarded at best as indicative rather than conclusive. Unfortunately, 

a complete set of experimerrtal data has not been reported in the litera-

ture. 

Experimental data can, however, be obtained. The greatest obstacle 

at this point to the structural analysis of surfaces through tbe investi-

gation of the irrtensities of LEED beams is the Jack of good potentials or, 

more concisely, good form factors. Particularly when multiple scattering 

is iJl!lortant, the precise nature of the form factors can grffitly alter the 

shape af the I vs eV curves. Awroximate form factors for, say, molybdenum 

can be obtained by parametrically fitting experimental data from clffin 

surfaces. Information about substances such as oxygen is more difficult 

to obtain, particularly when it is not known whether or not it is in an 

atomic, molecular or ionic state. Hopefully, continued ~erimental 

investigations coopled with accurate potential calculations will loo.d to 

a resolution of this problem. 



V. CONCLUSION 

The primary purpose of this work was to investigate the relationship 

between the theory describing the intensities of low energy electron beams 

back diffracted from single crystal surfaces and the actual experimentally 

measured intensities. To that end, the intensities of several of the low 

index diffraction beams fran the (100) face of aluminum and palladium 

have been measured and correlated with data for several other face centered 

cubic metals. When the variations in the lattice parameters among these 

different metals were taken into account a high degree of correlation for 

the positions of the intensity:maxima were found. Further, it was possible 

to assign those maxima in the low energy region to various diffraction 

mechanisms predicted fr'Jm multiple sea ttering conditions. It was found 

that maxima occurred not only at those positions predicted by kinematic 

or single scattering rrechanisms, but also at those positions predicted 

by double scattering mechanisms. These correlations substantiate a basic 

assumption in multiple scattering theory that the position of intensity 

maxima are determined primarily by the geometry and dimensions of the 

scattering centers while the intensity ratios are determined by the de

tailed nature of the atomic potentials. 

Significant variations in intensity ratios were observed 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. The:t"e appEnred 

to be a tendency far diffraction cor:ditions with scattering 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· 20 and 50 eV 
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the correction is most certainly less than 10 eV and possibly less than 

5 eV for the materllils studied here. This is consistent with recent pseudo

potential calculations and earlier studies of the diffraction angle. 

The intensities of several of the low index integral and fractional 

order diffraction beams from the Pd (100) - C(2X2) and Pt(l00-(5Xl) 

surface structures were measured. It was found that the intensities of 

the functional order beams from these surfaces tended to mimic the be

havior of neighboring integral order beams in good agreement with a 

prediction of multiple sea ttering theory. The intensit.yrraxima in the 

fractional order beams occurred near positions where diffraction conditions 

for the integral order bealll'3 were met. For palladi urn, the intensity of 

specularly reflected beam was monitored as a function of the development 

of the surface structure. It was found that changes could frequently be 

observed in the intensity vs voltage plots before new diffraction spots were 

observed. At least for this surface structure, the intensity vs voltage 

plots provide a very sensitive and reproducible indication of the state 

of the surface. The intensities for the integral order b.eams were com

pared for a (lXl) an,d a C(2X2) surface. The development of this :;;urface 

structure had a pronounced effect of the shape of the intensity vs voltage 

curves in the region 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 intensities. A comparison 

was made of the intensities of the (l/2 l/2) diffraction beam for several 

C(2x2) surface structures of presumably: different constructions. It 

was found that the intensities were significantly different for the 

different structures indicating that it is possible to discriminate among 

surface structures that have the superficial similarity of the same two 



dimensional symmetry i.e. have the same diffraction pattern. 

Model calcula tibns were performed to compute the intensities of 

electron beams back diffracted from the (100) face of the clean face 

centered cubic metals. It was found tm t many of the experimentally 

observed intensitydeatures could be reproduced using a simple multiple 

scattering approach. However, good intensity ratios were not obtained 

with the use of simple model potentials. A better fit with the experi

mental data was obtained by parameterizing the model potential. However, 

the use of the more spphisticated and meaningful pote rrtia ls, such as the 

pseudo-potential, should eventual~ lead to reasonable calculations. 

There was some indication that the metals with higher atomic numbers 

were better fit by more forward scattering po.tentiaas. This is reasonable 

an the basis of very simple models as the nuclei of at ans with a high atomic 

number are not as well shielded, charge for charge, as are those with a 

low atomic number. This of course, is a generalization as it neglects the 

details of electrm ic arrangement. 

Model calculations were also performed far several arrangements of 

oxygen on the (100) face of body centered cubic metals. The effect of 

potential was ignored and variations in geometry -were considered primari1y. 

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 

initi.al stage of oxidation. However, the neglect 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 determining the structure of adsorbed 

gases on surfaces from LEED intensities rather than as a definitive solu

tion for a particular structure. 

. ' 



-181.-

In conclusion, it was found that a multiple scattering approach is 

valid in the interpretation of the intensities of law energy electron 

beams back diffracted from single crystal surfaces. The position of 

intensity maxima may be predicted with fair accuracy by this method, 

particularly in the very law energy region ani when inner potential 

corrections are properly taken into account. It may be predicted with a 

rmsonable degree of certainty that accurate intensity ratios will also 

be predictable for both simple and structured surfaces when good model 

potentials becol!E available and when inelastic processes are properly 

taken into account. 



APPENDIX I 

Several authors have performed extensive model calculations for the 

(100) face of a simple cubic lattice containing identical, spherically 

t . tt . 2,11,13 symme rlc sea erers. · While this case does not correspond to any 

known physical situation, because of its simplicity and because of the 

rumber of detailed calculations that have been performed, it is informative 

to consider it :in sore "detail~ .The qualitative results may be generalized 

to more complicated situations in a fairly straight forward manner. 

In the simple cum~c 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 

lei I 
X 

27r h/a, IG I y 
27T k/a; 

~ 

and I Gll = 2n M /a where a' is the lattice constant. From tbe simple con
z 

sideratiohs outlined earlier, we would expect intensity maxima to occur 

in the diffraction beams when 

(57) 

When the scattering amplitudes are sufficiently large (as is the case with 

isotropic scatterers), 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. 

this condition may be written as 

2 I'IIWrC!! we hnve divid~d through lly (a/!Tr) • 

± [ ~~)2 
= M z 

At normal incidence, 

[(h")2 + (k")2]] 

(58) 

1/2 

,. : 



TABLE A-1. Calculated positions of intensity maxima in the free 
electron limit for a simple cubic crystal at normal incidence. 

h k h' k' K2 I a CO:MMENT 
0 0 0 0 0.00 Kinematic Position 
0 0 0 0 0.25 Kinematic Position 
0 0 0 n Kinematic Position 
0 0 0 1.00 Kinematic Position 
0 1 0 Double Diffraction Position 
0 1 0 1 1.25 Double Diffraction Position 
0 0 0 1 1.56 Kenematic Position 
0 1 0 u Double Diffraction Position 
0 1 1 2.00 Double Diffract ion Pos it ion 
1 1 1 Double Diffraction Position 
0 0 0 n Kinematic Position 
0 0 1 2.25 Kinematic Position 
1 1 1 Double Diffraction Position 
0 1 1 1 2.56 Double Diffraction Position 
0 0 0 1 2.79 Kinematic Position 
1 1 1 1 3.00 Double diffraction Position 
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2 2 2 
: The values of the energies in units of K a /(2n) where this equation 

is satisfied are given in Table A-1. 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 large,·· the coupling be-

tween beams should be strong and larger perturbations may be noted than 

in those situations where the cross,c section is relatively small. 

The results of the calculations of McRae, 3 Carpart, 13 and Marcus and 

11 Jepsen are given in Fig. A-1. All of these calculations were performed 

in the absence of inelastic scattering. Those of McRae and of C"arpart: 

were performed at normal incidence, while'tbat of Marcus andJepsen was 

performed slightly off of normal incidence.-. McRae and Carpart used 

isotropic scatterers while Marcus and Jepsen used point ions with unit 

charge surrounded by a uniform negative charge. The first thing to note 

is the remarkable similarity of these results. The deviation fran normal 

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 s imiiar. The similarity among the three 

curves is even more striking when one considers that three quite diss~ilar 

computational techniques and two non-identical potentials were used. 

Therefore, it is to be hoped that these results are physically reasonable 

within the limit of the model. 
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As expected, in addition to the maxima ·predicted in the kinematic 

limit, a number of other peaks appear in these intensity curves. However, 

not all of the peaks that are predicted in Table Al occur. Furthermore, 

the positions of those peaks that do occur are shifted downward to con-

siderably lower energies (e.g., the third Bragg peak in the specularly 

reflected beam is displaced by greater than 0.4 units) • The shifts may 

be taken as an indication of the existance of strong co~pling between 

the various beams. 

It is informative to consider the relationship between these results 

and the corresponding energy band structure in the solid. In Fig. A-2 

are shown the bands structures calculated by Carpart for the free electron 

model and for the isotopic scatterer model and by Marcus and Jepser.tl for. 

the model of point ions in a sea of electrons. Despite the multiplicity 

of lines that are due to the lack of degeneracy in Marcus' and Jepsen'rs 

model, it may be seen that this case is somewhat closer to the free electron 

situation than is that corresponding to the isotropic scatter model. For 

the latter model, the band structure is considerafuly distorted from that 

of the free electron case. This of course is due to the strong interaction 

between the electrons and the lattice that results in the large scattering 

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

peak positions are significantly perturbed fran those predicted by the 

free electron: model. For example, consider the sitoation where r?-a
2 /4·i = L. 

At this energy there should be the n = 2 Bragg peak in the specularly 
z 

reflected beam and the simultaneous appearance of the first order diffrac

tion 'beams. Inspection of the l::and structure shows that considerable 

interaetion 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-1, the next 
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diffraction condition to be met is of the focm 2"K_f0= 
2 . 2 

1(2rr/a) at K /a 

2 4rr = 1.25. However, only a very small intensity n:axima may be seen in 

the first order diffraction beam (01 beam) at this energy. Inspection of 

the band structure, shows that there is no complete band gap at this 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 tb= electron 

to penetrate into the crystal with the result that total back reflection 

is not required as in the case When there is a c arrplete band gap. Consequent-

ly, the back scattered amplitude may be considerably less than unity. 

The next diffraction condition encountered upon increasing the 

00 10 
energy is of the form Kl + Kl 2(~/a). In the kinematic limit, 

th'ere should be a maxima only in ( 01) beam. However when multiple scattering 

is strong, maxima may appear in both beams. Maxima of this type have been 

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

quently called secondary Bragg peaks or fractional order Bragg peaks 

because they follow equations of the fonn
20 

2 
= (n + m /n) ~/a z (59) 

As there is a complete band gap corresponding to the condition Kl0 + KLO 
= 2(~/a), we knownthat 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 d~tailed nature of 

tre potential. For both of the potentials considered here, it may be 

seen that initially most of the intensity is scattered '·,: 

into the (oo). ·.beam:and that at·:a :sl'ightly higher energy;;: thec{oo}.· _ ·" 

beam "dims" and the intensity is scattered almost entirely into the (01) 

beams. This gives the effect that the peak position in the specularly 



reflected beam is at a lower energy than those in the (Ol) beams. 

In the energy region around the appearance of the (ll) beams the 

band structure has become very distorted. Looking at Table A-1, we see 

that even in the free electron model, the (01) and the (ll) beams are coupled 

2.0 and that the (00) and the (ll) beams are coupled at 

Upon going to the isotropic scatterer modex, these two 

adjacent regions of coupling becone further coupled with each other. There 

is then one complete energy gap corresponding to these interactions. As 

a result, the n = 3 Bragg peak in the specularly reflected beam falls 

significantly lower than expected. There is a complimentary peak in the 

(10) beam that would correspond to a diffraction condition of the form 

10 
2Kl = 2. ( 2rr/a) in the free electron limit. This diffraction event is 

coupled with the emergence of the second order diffraction beams in a 

manner entirely analogous to the interaction of the specularly reflected 

beam and the first order diffraction beams at the emergence energy 

of the latter. The strong intensity of the (10) beams at this energy is 

. 2 2 2 
to be contrasted with that at a-K /4Tr = 1.25 where an identical diffra.c-

tian condition is met, but where there is no complete band gap. 

The weak and broad maxima tbat occurs in the (ll) beam between 

2 2 2 
K a /4Tr = 2.0 -+ 2.5 presumably · corresponds to the diffraction con::litions 

2K;J,.1= 2rr/a and 1° + K1
1 

= 2 {2Tr/a) but in the absence of a canplete band 

gap. A weak maxima occurs in the (10) that presumably also corresponds 

to the K1° + K1
1 

= 2" f?rr/a) condition. The highest erergy gap considered 

here appears to be a mixture of the conditions 2 Kl
1 

= 2 (2Tr/a)<:'aiid 

oo 1o I Kl + Kl = 3 (27T a). Maxima occur in this energy range in all of the 

allowed ~iffra.ction beams. The maximum in the specularly reflected beam 

is another example of a fractional 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 

equation was used with t re spectral representation of t be Green function. 

It was assumed tbat the potential could be expressed as a sum of indiviQ.ual 

potentials centered at the various lattice positions. The two dimensional 

periodicity was employed to expand both the potential and the eigenfunctions 

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

7/Jo (r,K) + 2: J. 1 d3 K' 
G,G' K' r' 

..... -l~ 
iK' •(r-r') e 

"'""'o ~ _. 
i(K + G') •r' 

X AG' e . 

The assumptions enumerated in Section II have been used here. The meaning 

of the symbols are the same as:·described above. The summations over G 

and G' implicitly include the integrations over~ and~~, the continuously 

varying ccmponents of G and G' that are perpendicular to the surface. Here, 
..:. ~ 

-i G•Rs the structure factor terms, e , have been shown explicitly and are 

not included in VG. The indicated integrations are then perfonned as 

described in Section II-B. Equation 46 then becoma s 
-"o -lo ..... ..... --' _.. ...... 

VG AG' e;i.(KII + g + g'± k )•r 
7/JCr,K.) 7/Jo c~;K) +2: -i G•R g 

= e s +2i k" 
G,G' - g 

X 5 (K0 + ~ + -y' ± k ) z g 

where the total eigenfunction is described as a sum of the incident or 

primary beam, 7/J0
(r,K), plus all of the diffracted beams~ These d~ffracted 

be~ have wave functions that contain a travelling wave canponent, 
0 __..~ ..... , 

i Kn + g + g , ± k-
c g , where the positive sign is used when k is directed 

g 

out of the crystal, and the negative sign is used When it is ci~ected into·· 

I 

" ' 

.• I 
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' 
the crystal. The eigenfunctions of the diffracted beams also contain 

structure factor terms of the form eiG:ts which may be interpreted as 

~ 

describing a scattering event at the center or atom located at R where s 
--"" _. ~ 

tbe wave vector was changed by a factor G = g + ~. The ~mplitudes of 

these diffracted beams contain, in addition to the structure factor tenns, 

a component of the form VG A ,/±2 k where the factor i has been dropped 
g g 

as it adds only an arbitrary phase factor to all terms. VG is, of course, 

th Gth ff . . t . F . e coe 1c1en 1n a our1er transform of the potential. The term 

AG' is the coefficient of tbe diffraction beam whose wave vector differs from 

-.lo 

that of the incident beam by a scattering vect·or G'. It is this set of 

quantities, {AG}' that must be determined as the intensities of tbe. 

different diffraction beams are proportional to the square of the absolute 

values of, the amplitudes. As discussed 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 individual 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 manner, an elementary set of diffracted 
~-..\ 

I -i G·R1 beams was generated. Their amplitudes were taken to be (VG 2 kg) e 
.Jo, 

where R
1 

is the coordinate of thesurface layer to within a translational 

vector. Note that this term does not include an AG'. This is because 

it was assumed that the initial beam had unit amplitude and that this ampli-

tude was divided up among all of tre new diffracted beams (including tbe 

forward diffracted beam) in a manner that was dependent upon the VG's. 

Half of the diffracted beams that were generated in this first step were 

directed back out of the crystal. Their amplitude was stored to be lll,t~r add-

ed to the amplitudes scattered from other layers. The other half was 



:-192-

directed into the crystal. The sec end step in the scattering process 

was to allow those beams directed into the crystal to be scattered fran 

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 

v ~-G' e-iG•R1 
2k 

g 

VG' -G 

2k ' . 
g .. g . ..4 ..... 

The first part of ( I ) 
-i G•R 

the amplitude, . VG R kg e 1, carne from scattering 

the incident electron with wave vector K0 irrto a diffracted beam with wave 

vector K
0 + G at the first layer. The second part of the amplitude came 

...) -. 
from scattering this diffracted beam into another with wave vector K

0 + G' 

at the second layer. The third stE3P in this scattering procedure involved 

two parts. The first was the scattering at the first layer of tmse beams 

that had been back diffracted from the seconi layer. In this step, some 

beams were re-diffracted back towards the 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 that had been scattered away 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 tbe crystal frc:m the second~ l;:iyer. 

This procedure was repeated 15 or 20 times. In a 20 step process 

the electron would have penetrated into the 20th layer and amplitude 

scattered fran as deep as the tenth layer would have escaped from the 

crystal. 

Normalization was performed to ehsurethat the total probability was 

still unity after any given number of scattering steps. The intensities,--. 

or electron densities were normalized rather than the amplitudes. In this 

'" 



fashion, it is only the relative valuescof the amplitudes that determine 

the electron beam intensities • Therefore, for convenience, only relative 

values of VG were employed. The terms, VG/2 k , were determined for a 
g 

single scattering event, and then these are normalized prior to their 

usage in the stepwise scattering cail:.culations. Inelastic scattering is 

considered in the form of atomic excitations. The amplitude of each 

diffracted beam is multipled by a factor a (which is less than or equal 

to one' at each sea ttering event. When a :::: 1, there is only elastic 

scattering, when a < 1? then (1 - a 2
) is the fraction of the intensity 

which is sea ttered inelastically at each event. The inela·stically scattered 

intensity is stored separately and is used in the final normalization. 

Dynamical thermal motion of the crystal is considered by multiplying 

' ~ 
the amplitude of each diffracted beam by a factor e · at each event. 2W 

is the Debye-Waller factor. It is inversely proportional to the square 

of the DE;!bye temperature and the atomic weight, and is directly proportioml 

~ 

to the absolu,te temperature and the square of the scattering vector G. 

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 considered in greater 

detai 1 in Appendix III. 

Several different model potentials have been used. They are the isotropic 

potential, the screened Coulombic potential and Gaffners potential. All of 

the V G' s are equal for the isotropic scattering potential. This is comnonly 

called the S-wave scattering ·potential. 

The screened Coulombic potential is a forward scattering potential.. 

The form factors, V G' are inversely proportional to the square of the 

....... 
scattering vector, G, plus the square of the screening parameter, A. •. 

A modification of this potential that favored scattering events that did 
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not involve a change in the component of G parallel to the surface was 

also used. In this modification, VG was inversely proportionar to 

2 2 2 
f... + G + vGII where v was a variable parameter. 

"Gaffners potential" is also a forward scattering potential. It 

was used by G. Gaffner to calculate LEED intensities for the (111) face 

of nickel. For this potential, the forward scattering form factor, v
0

, 

is 9 times as large as all of the other V G' s. This is a very simple 

model potential which simulates the gross features of many re9.l potentials. 

Two Beam Case 

In this case there are only the transmitted and the l::a.ck reflected 

beams. For the (100) face of face centered cubic crystals:, this is true 

in the voltage range below approximately 20 volts. There should be only 

one Bragg peak in thas region located at approximately 9 eV for aluminum. 

Figure A-:4 shows model calculations in the region 1-18 e\L For the (100) 

face of aluminum a screened. Coulombic potential with f... = 3A -l was used. 

No inelastic scattering or thermal scattering was employed. These cal-

culations were performed for 4, 8, 12, and 16 scattering events. Con-

nd 4th th · th · . 
tributions from the 2 , , 6 and 8 layers respect1vely would have 

reached the surface of the crystal and contributed to the back scattered 

intensity. It maybe seen that increasing the number of layers utilized 

in the calculation results in an increase in the intensity in the region 

between 9 and 10 eV when the first Bragg peak should occur. The presence 

of the subsidia :ry maxima, or "ripples" is a direct .result of the use of a 

finite lattice. Increasing the number of layers also has the effect of 

narrowing the peak width and reducing both the intensity ·of the ripples 

and the interval between their maxima. The situation is snnilar to one 

wtere a deita funution is approximated by sin N%/NX for finite values of N. 
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In a typical situation, the intensity maxima reaches better than 9o% 

of its height after contributions from 5 layers have reached the surface, 

i.e. often 10 scattering evens. Twelve and fourteen scattering events 

results in intensities that are 96 and 98% respectively of their final 

height. Lower value are observed in the case where the potential is very 

strongly forward scattering in nature. 

In Figs.A-5:ar.id'A-7, the range of the two beam case has art:i_ficially 

been extended by decreasing the lattice parameters parallel to the surface 

to one tenth of their natural value. The interplanar distance perpendi-
0 

cular to the surface has been maintained at 2.02A. Consequently, there are 

three maxima in the r~gion between 1 and 100 eV. These are pure Bragg 

maxima 

with a 

peak. 

and should come at 9, 37 and B3 eV. These graphs were produced 
6o 

Cal-:Comp plotting routine. They have been normalized to the tallest 

2 The intensities have been modulated by an (eV) factor to mimic 

the current vs voltage characteristics of the electron gun. 

These curves were calculated for three potentials; the isotropic 

potential, Gaffners' potential and a screened CoUlombic potential with 
o_l 

f... = 1 A • The effects of :ineJiistic: and thermal scattering have been 

considered. As predicted, three peaks appear in all curves, though 

with widely differing intensities. 

A number of interesting conclusionsmay be drawn fran an inspection 

of these curves. One of the most obvious effects is the decrease in 

intensity with increasing beam voltage when thermal scattering is considered. 

This is to be expected as the Debye-Waller factor is proportional to the 

electron energy for the specularly reflected beam. It may also be seen 

that the intensity of the voltage depend:ent screened Coulombic potential 

decreases with increasing beam voltage relative to the intensities of the 
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Fig. A-5a. Calculated Ioo vs eV for Al(lOO) at e = 0° between l and 100 eV in the 2 beam approximation. 
- Isotropic scattering potential, ex = 1.0, T = 0°K. 

>~ 

l 
i 
I 

I I 

I 

i 

I 

_I 

I 

I 
I 
I 

I 
I 
i 

I' 
I 
I 

I 

~ Lt : 

I 
I-' 
\.() 
co 
I 



II I ! 11111 II Tl ' . I I I I IIIII Ill i!l1l/ 
I 

1 : : nm~ , I 1 ''I ,,, i , II' , , , , ' 1 ~~ 111111 I' '' ' 1 I 1 I 1 ~ I' 11 I I llJffi-i 
I i .: l I : I I I I I I I I I I I I ! i i + ' . I [ i I 1[1 i 1\ I I I II/II II I 

' i . : ~~I I'll i ' ' .I. 'I .. I II. ~,~ 'I .. ~i. rill, llrl I : Ill [,, !till I ' : ,, II \1 I . , I I ; I I I I I L .. _l L l- I . I I ! I I I 

111 1 1 · 'fllTtr nmmmnnnmn II 
1

l 1 ' 1 111r' -. , 1 1 11111 11 I r 1 I 1 
! I I I I I l I ! I I I I I I I ' I I I I I I I II II II . 

I I 
i ;. l l ! I I il I I rj T -- -n -1·1 ···rl --T H-r ,-r- fll-jl I ·,I r I I I l!ll' I' i' Ill!' Ill' ~ 
i;! I ! I I I i I I I I I i (\1 . I~ 

t I I ! I i Tl I II I ! 'I 

-1 I l ! !I II I I I I I l I Iii I ' l I I I \ I I I . 

. 1 i 111 1 mrmmmnn1m m-m-Til1m 11 

I IIi 1,1\lllllllllllllllllllllll~ffi I I I r 1 11 

11il~nUWJ LwJ f--+--!~1 t.J-1-

!l/ 
~{ 

II 

'I 

tt I 
ll 

I 
I 

ll 
I 

r\1 I yt. 
~-

Fig. A-5b. Calculated Ioo vs eV for Al(lOO) at e = 0° between 1 and 100 eV in the 2 beam approximation. 
Isotropic scattering potential a = 0.9, T = 0°K. 

lt1w 



II II, ·1111111 Tlmnnrru H~ mnrrm1 1,1 111- 11 -nnrrrrl ·mn 
' . 11 I I i I I 

I I : · rr-1TTTf!lm, , , ! 11
1
' 

1
11 1 1 , 

1

1' 1 11 l 1 .1 1
11 _ J JJ~i-[-- . _ --!---~- + ~- -

1 

1·1! :, ll,lilllll,!lll ~+lr'ti.~..~J~, 1 -jrrn 1T1rr 1!11 111
,

11

11111111111. 

. I \ 

1 · 
1 :iii ,--rrm 11 ! 1 1 ll11 111 1 ...................................... . l 

I' I Ill! I!! I I I I I '' '''''''' 
· ,,.,, I I · I ' i"" "' . . .. .................. . 
i ! . ' : LLLL' I I ' I' I . I I, I I j ll ' ' ' ' ' ' ' ' . . . . . . . ... I i i i i I I I I I I I I I I I I I I I I I I I I I A, . 

H-++1 ,, : h-h ; i 1 , -r , ! 1 l , r 
1 

\ 

1

1 
111 1 

: : : : : : : : : : : : : : : : : : : II II I II II II , II II I II II II , II ~ i I I i I I ' I . 1} 
j iiI ! I: I I I' ' 

r II j I t I . ! I 
I j f ' I II 
I , ~ , l · 

11 r !IHIIIIrrrr 
I i Ill i 1 1

111' I 

~~ ,,m Ill 
v 1it.l I I I I I I I I I I I I I I I 

r - \ 

I LW+®ll . IIlli wmv 
Fig. A-5c. Calculated Ioo vs eV for Al(lOO) at e = 0° between 1 and 100 eV in the 2 beam approximation. 

Isotropic scattering potential, a = 1.0, T = 300°K. 

l~--~ . -- ____ : -- -- -- -- •. 



IIIII' f! Ill i i I 
I I I 1

1
11 I II\ 

I 
I II ! I I I 

II i ' 
I . I i I i I I I i I I I 

i I I ! I i II ! i I I I ' I I ' I I I ! I I I I I I I I 11 I I I ! ' 
i 

' I I ill ,, I I : 
I I I II I I I I . ' ! r 1 i 1 1 1 1 , , 1 I I! I I 

I II i I i ill : i 
I i 1111

1

1 I 

1/, I I I ' I I I 

I ! 
~ 

I 
I I I I I ! I 

I I I I I 

I 
I I,, IIIII I ! I I 

I I 
I I I 

I I ' I I I Ill t- I 

I ! I I I i I I ! I I I 

I . I ! \ \ I ' I I j, ! I. I I 
I 

II I I 
I I ! I I Ill i I ! ! 

I I i II II 
11111 . I I 

I i I I I . ' ' I I ' I j I I I i I 
i I ! l 

I i i i I I I I I I J ' i i 

I i ill ! i ' I i I 

I I I I 
I I I 

I 1, 

I I ' . I I ' ' I I I ' ! I I I 
i I i i I I I - +-· ·- -·-

II 
I' II i ! II' 

I 

I . I I 

I I II t{ i I I' I I' I 

' , . I 
11[

1

\ I' Ill I 
I II' 

v 
[\ I 

+I 
r i j , I 1/ ; I I ! 

I i II I I\ . I I II I I , . I 

I I II i 1 i 
I 

I 

I 1\ I 
i 1/ 1\ 

! I/ I f\ 
j i i I I I I I I I II I I 

i 
I 11 1/11 I' I ' I 

I I iv V' 

"" I ~v " I 

t- .L J,l, lJ{ I I 
j...-1- r" 

I ! I . II rj\N-Ll tr- . I I N-- J..-. ).-I 
I .j 

Fig. A-5d. Calculated Ioo vs eV for Al(lOO) at e = 0~ between 1 and 100 eV in the 2 beam approximation. 
'Isotropic scattering potential, ex = 0. 9, T = 300°K. 

! 

- _,_ 

I 
I 

I 
I 

t-

-

-· 

.... 

I 
I 
I 

I 

!--

kJ 
0 
f-' 
I 



: t I I I 
I ! II 

I I . I 
I 

I ( I ~ I I 
! ' I , j I 
It 1 I \ 
'j ~ I I ! 

i lj 
' I I 

I I I , I 
·I' I I 

ll 1
1

1 II I I 
I I I ·' i/ I J l I 

I! II ! lj 
I I 

I 
! 

I 
I 

I 
I 

! I jl ! I I i 
I I 

I I 
I , , 

I ! I, I I ! II 
I ! I 

~ljlllilllil'l I I I \ I 
I i LJ_II I I!!! I l 

! ! I 111111 I II ! I 
I( 

I I I I I II I I 
I 

I 1\ I 
II I 

I 
I I I I' I J I I I I 

I (\ 
I 

I· 
\

1 IIIII 
I 

I I ! I I I \ 
I I ' I \ 

I II, I I / 
•." I 

111 
I I I II 

I I I 
·-;,:; 

I I I '\/! 

I \ I 

I I i i \ 

i I . I ! ! I I I I 
I \, I 'v/~, . - \ J I lJ Ill ,/-- / ' "·-< ..... ,,_L/!. "'-,__/ <_j_ .''--/ I 

_.... 

I I I _, 
I 

Fig. A-5e. Calculated Ioo vs eV for Al(lOO) at 8 = 0°between 1 and 100 eV in the 2 beam approximation. 
Gafner's potential a = 1.0, T = 0°K. 

.. .• 

\ 

\ I 

\ 
I 

! I 

I 

v 
I 

I 

I 
1\) 

2 
I 



I 
4 

IIIII t I 
I ! I I 

1 II 
I' I ! I 
I l I 
I ! I 

I Ill I 
' i 1 i 

Ill if I 

I, 

I Ill 

IIITII-11 

1 ·I 
I I 

I 

I 

11 
I 

i 11-fT' rrnm I 

II 111111 

' I ' i Ill ~'~II II I I i I 1j 
-l!fmiiT["IT I ' I I l l/1 i ! I 
' ! II I Iiiii! I 

i I 'Iii I I 
I I I I II 

i II I ! i II I 'll\'l/1-n! rn l fT 1-n. 
Ill I I !I' I I I' I I ! I i 
. ! I : I l\i l ! I I ! ( : I I I 

I .. 
, I 

. T~-+- H-H--~-r~ I TWfT/1 Til 1\ I II .J Ill I li I I ~ 
I I I I I i I I I I I I I I I I I I . I I I I I I I " . I . 1/ 1\ I I . . 

I V'" I I 'I IWiJI 111! I:;·: I 1\ i I I \ I ) ! i I I ' 
I\ I . - -· L . -! . I- . - --~ I i I H ~/ 11JC;~~v~tt>Jvv:~~J1 ~ 1 ~ I Ll1 LIIJ!IIWJ 1·1 

Fig. A-5f. Calculated Ioo vs eV for Al(lOO) at B = 0 6 between 1 and 100 eV in the 2 beam approximation. 
Gafner's potential a= 0.9, T = 0°K. 



!·IIIII' I ! '1111 I 
i 
I . ';1\\ II[Jj jillJll I 

I 
! I i ! 

I 

I 

I I Ill I 
ill Ill II I i ,, I 

I I II . I . . I II I I 11 1 Ill i IIIII I 'll IIIII! 1 

mmnlllll ,/Ill Ill I I 11 111 mnmn11mn I 1 11-1111111111 mn 

I I I . I I I I ' I II I I IIIII Ill ! I ill ! Ill 
I I I I lf I I I i I ! II . I II ! j I ! 

i I I ' I I i I i I I : i I Jb 

I : I I I I I I II ! I :f 
·-·--·-··--·--·- 1 ---~-f--- --- -~-~ ___ 1\ ,, I 

1 
I ~ , ~ 1 ~ 'J . I i 

1
1! 1 i 1 i+' 1 

I i II i I I. I n r, -t- -,,T-r, I . I. --n !T '14~fl i 1- -~~- ·i,'111rl 
·I • tilt rl!il" J, -WI·• 

. I I I \ 1\ ' T . ! I ! l! ! \1 . ' T • I ! I I il+-i 

I I' I 1

1 / I I' II~~ :II ill' ' I! I ll~l Ill I .llillllilillll 
\llll!l'jii'MIIIII 1 1III 1 IIIIIIm+W]lllllll~l 1 1 111 1111 111 1 I' II' UYll~ - I I I i I ' . 1 • : 1 ' ' 1 I I; 'I; I' I; II L_l' llill 1 "!I I 

Fig. A-5g. Calculated r00 vs eV for Al(lOO) at e = 0° between 1 and 100 eV in the 2 beam approximation. 
Gafner·s potential a = 1.0, T = 300°K • 

.. 



:i· 

'I UIJ Ill! IIIII! HUlJJliJllfiJli11TllJil 
1 

1 
1 1 -,1 1 ,-, r-r rr 1 r r- rr T --,1rn m r- ...-;11 1· · ' l' 1 1 

I I I I . I I' I I ., I I I I I I I' If I i I I' 
·.Iii Ji! . 1 :] I J '11 V 1 I il 

Ill i lrrlll ! I UlrliiJ I JJ ll. I IJ~,I J I .I , 1 l. lll 
Ill ·~ lllllli11TIIl ITmiTITmiiTT\rH -~-11 

I 
I 

1

11111 

. ! ! 
,, I I 

! I 1 
I 

I Ill i II II 

I 
i_ I ! I II I 

Ill I II 
I 
I 

li 1 ITII I 111 1
1 I 'II ! ! ! I I I II I' I'll'· I IIIII! I I I 

I ! 1: I I I Ll I I I ! Ll I i I I I I ! I I 1"1 I I I I ' I I II It ' . I ' I I II I I I II I J I I I II I H 

111 1 11 1 rrmnrrrn!Tl r I' I 1 \ 1 1 r r I 'IT ~ rr ~- 1 - ~ rr I 1 1 
1

1'11 1 ~ 
' 11 ill I II! l ! I I I/ ' 1\ I ! I I I 

Ill ll i I i i I I i / I I I I I 
, , i N I , I ,- I . \ I i u· w I . l 

i I i I I II! I, v I I\ I . I I I 
1ll1, n rkJ u II Llt I ]I_ L I Ll1 , . I , I , _ J J __ d ~ l 11 v~ ,, J i IIIII\ i I 

j II ~~ljf 1!' \I i !II' I i i IWI ll'lll !I Y r I' I .. lliill, . ' I I I ll I ~~· . i I , I '! jl ! I Uf 'I I li"l I I I I I I ' i I I ' 

II IJi.~Y~tlLLli I LUtllL I liN. II I LUflil I ~ 
1 U4111l1Jmm·: I:_ i1tlllllltl.ll /II 

~m _lliilli±t[ 'I' 

I' 1 rr-h-.-

Fig. A-5h. Calculated r00 vs eV for Al(lOO) at e = 0° between 1 and 100 eV in the 2 beam apprroximation. 
Gafner's potential a= 0.9, T = 300°K. 



i i /)1 ! I I II ! i ! I II I ' I I . T 
I I : I I I l I I I I I rW ! ! itli · I :1 1 1 

1 1 · I i' · 
1 

• 

1 'II ~ 1 
[

1 

jill 1 i IT , , Iilli 1 li!Ti 1 r 1 A .I 11 til 1 

1

Vt' T 
I I i i I I I I I I . 1 ,1

11 
1 

1
1 , 1 , 

1
, 1,!, IIIII 1 

1
r il 1 

1'' T .. r' · I' 1 ' I 1
1 

• 1 I I ' ' I I I I ' I I i I I ' l I I I ! . ' . 

ili1JI1 1 i 1l 1l rl 1 · II I r 11 ' 1 

1

' I :
1 

, 

1

. : 

111 

1 · j, 
! I i 1111 ~.1 1 ! , 1 {-1 t . ~! I 1 I l1 . I I . 1 1 1 . 4 I l ! ftW u i I ! 1 i I I I il ~. 
i 11 ! II:! 1 1 1! i I jT I . I -
I I I ! I I ! ! I i I I ! I . I I I I ' - I 
I i I I I ' I I II I ' I ' ' I . 

I I I : I II il i ! I ' I II !II I I I I " Iii! I I I' I I 
I I ! i I I II I I . ! Hi I I I ! I II ! I I I I . II 

11 
1 

, i 1 1, 1 1 I 1 1 ! ] I . 1 1 r 1 

1 

I I I lj'ljl . I ' i I I I I i I I . I 
I I ! I I i ! I ' I I I I i I i I I ' I 

T i II 11' I . ' ' j, I ' I I I I 
Ill ! Ill i~-l-1'; ~ I ~ i II u v w I II i I . I 

N ~ IA-1'-J I 'I : I l 11 \ . i I U-UJ ~ ~N ~~ I ~ hl.d. bblJd_,_,_ ~~~ l ~ I/ l vt--' - u ' :_j _L ~~- _).__ ' \l 1/1 I "'"-1 -~---l ~ 

Fig. l!.-5i. Calculated r00 vs eV for Al(lOO) at
6
e = 0°between 1 and 100 eV in the 2 beam approximation. 

Screened Coulombic potential, a = lA-1, a = 1.0 T = 0°K. 

___ ::..~----.. ---~---- ... - ··-··-- --···----
----- . ·----- .. -·· ----------~---------·---......._ ________ ---------------------------- ---- ·-- ---- -

I 
(\) 
0 
0\ 
I 



¥" 

.:~~-

·:":'7· 

··r 

~-
"'· :,; 

1 Jlllllllll~lllll~"'''' 

' I I I Ill I I i ,,-I' 1jlllll VN II 
I ul j I I .

1 

~ 

I I I ! . I 

t-+ .. -i-+- -~ I . ! II II I I I t II 1 .. ·,-I-++ I I I I H 

1++~-l+,++ i i . I I !J\ I I - H-+-1---- . 

IJ 

I I I I I I I I-Ht1-!-++4 I I I 

1 . .. 1111111~ 1111111 w w~+.++HH II niil~i-ll r~~ -I-++-!- ·-·f-+ 

I \--.1.-H-,, 

l 

'· f\) 0 
--J 
I 

I ll-f-1! \\, ~ 
f\_+-

I' 
1'--l..l !d-+UJJJ4 llUillH1tt I I "t--LU-. ~ , , , 1 r 1 1 

Fig. A-5j. Calculated Ioo vs eV for Al(lOO) a~ 8 = 06 between 1 and 100 eV in the 2 beam approximation. 
Screened Coulombic potential ~ = lA-1, a = 0.9, T = 0°K. 



~ 
!/ 

f. 

;-\ 

~~~-

I . 

I 
I 

!\ 

f--'J/ 

I I ,,1 ·TTl· , 11.rrrt rtl' 1 

I ! I, I I ' I I 

II Till 1111111 

.. I I IITTmTITill 
! ''lflnrn 

I 

II T . !I lin liTriT\i!Tlli I ill 
I I I I 
I I I 
I II I I I ! ' II t I ! II. I i 'I -T 
I I I ' ,, l ill II, II ! I I 

I I I II JJJ In I Ill I 111111 ! Ill 
I 

II !I ! 1·1 

T ,, 
! I II I I II! I I 

I 

~~~ ~1\1 
II lli 

T 

I 
I 

I 
I 

I 

I 

Ill IIIII 
II. 
T 

II I I I 

11111111 

Ill ·1 

I I l 

I 

I 
111 ·1 ' · · 1 - rrrrrllTf1TI1TTnT! ! I ! I I II I ' I i I : i ! 

I I I II i Ill i i j I II i i I i ! ! 

I 1 1 1 1 l 1-r~-~~, 1 1 

I' I I '· I I I I ' I ! I I I I i[ . ! [I I I ! 
Fig. A-5k. Calculat~d r00 vs eV for Al(lOO) a~ B = 0° between 1 and 100 eV in the 2 beam approximation. 

Screened Coulombic potential 'A. = IA-1, a = 1.0, T = 300°K. 

----·--~--- - . --------- -···· 



.. 

l iII I I I I 
1

1

1 Ill I I II 
II I 

1\ I I I I I I I I i 

I I 11[1 1 

j 

I 
I 

i I I I I 

I I ' I I 
I I I ~Ji I 

-+ 
I I I i ' I I I ' I ~ :+- I I 

-I- -++--·it· - - -- ---- ·- ·-· ------ -- -· -·· --. I L. j-- -·- -l T I i r I 'I ~ 

I, ll I. I I I I I I I I I• 

,I~ i I 
I I I 'I 

I I 
I 

I I I ~ I I i 
I I I I Ill I i I I I I 

I 
I 

I 
I I 

I 
I I I I 

I I I I I . I 
I 

II i II 
Ill 

I ! I I I i I I I I , i I I I I I 
I I 

11
1
111 

! ! I 
I I , i I I I 

I I I 
I I I I 

I I 
I I l 1111 , II 

I 
! I 

I i I I \! : I I i 

\I 
I I 

I I I I ! 
I I I I I " 

I ! I I I I 

1 
II II I I 

I I I V[\ 

I 

i . 
I I 

I I I I I --+ I i I -,-r - ··- -I- - - --1-1--J 
I I ' I ! I I I I l I I ' I 

I 1\ I 

II 
I I I I 

~ I I II I I 
I ! I I 

I~ I I~ I 
\ ! 

I I I ll' ~~'1 r\ I I : I . . I j, ! I I I 
' ! II . I . . I . l I"- . ' !--.. ,.__ 

Fig. A-51. Calculated Ioo vs eV for Al(lOO) at
0
S = 0 6 between 1 and 100 eV in the 2 beam approximation. 

Screened Coulombic potential, f... = lA-1, ex = 0.9, T = 300°K • 

.. 

-1-- - -· ... 

- -- --

t-v 
~ 
I 



-210-

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 rcoulombic and Gaffners potential favor forward scattering. 

Note that the intensity ~xima for these potentials tend to be more narrow 

than for the isotropic potential. 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 line between intensity maxima is 

higher for the isotropic potential than for the other two for the same 

reason. 

The introduction of attenuation either thro~h the use of inelastic 

or thermal scattering, or both tends to decrease the peak height, It also 

tends to broaden 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 "o/OUld undoubtably be more realistic, 

but, as a precise analytical form was not available, a voltage indepen

dent parameter was used. 
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APPENDIX III 

If an electron is scattered fram a state characterized by a wave 

- ~0 ..... 
vector K to a state characterized by a wave vector K , and if this 

scattering .takes place at some position t , then the eigenfunction of the 
s --i G•r ..-a. ~ ~o 

scattered wave will conta±n a phase factor e s where G = K' - K • At 

temperatures other than 0°K, the position vector -;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 r s as 

-"' ~0 + --3. r = r v s s s 

= ""t-o + ~ 
s g 

_. i -a·ro ..-a..* :g.-r OJ 
[U e s + u e s 
- g g 

where '7-0 is the equilibrium position, g is the wave vector of the mode 
s 

~ 

of vibration under consideration and U is the as so-dated vector amplitude. 
g 

The phase factor may now be expressed as 

For 

~~ 

i G·rs e = 

= 

...... ...... ............ 0 

·G·(...~.o + -v [U lg·rs el rs ~g g e 

small displacements, we may make the expansion 
-' - ....... ~0 

iG•(U el g·rs 
. g 

e 

-~* 
+ Ug 

.-a.~ 0 
-lg·r ) e s 

= l 
~ .._...... 

- i G· (u 
g 

- l/2 
_), ...\, 2 
IG·U I + g 

The leading term;-, li will contribute to the static crystal diffraction 
_.. 

pattern. The second term that is linear in G will c antribute 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 elsewhere. 
4o 

The third term, -l/2 j'a·u 1
2 

will contribute teethe Debye Waller 
g 

effect. As we are actually dealing with a product of these terms, it is 
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conventional .to make the definition 

...:W 
e = 7T (1 -· 1/2 l'G:U 12

} 
g g 

where 2W is ccmmonly caUedC:~ the Debye Waller factor. This term modifies 

the amplitudes of the diffracted beams. As the lattice vibrational 

amplitudes increase with increasing temperature, it may easily be seen 

that there will be a corresponding decrease in the amplitude of'the diffracted 

electron beams. 

As shown by Ziman 
61 

for example in the simple harmonic oscil,la tor 

limit, W may be evaluated in the following marmer for one atom per unit 

cell. The energy associated with the lattice vibrations may be written 

E = L: Nm ro
2 l"ul 2 

g g g 

as 

and 

E L: (n + 1/2) ~ m g g g 

where N is Avagadro's number, his Plancks constant divided by 27T, m 

is the mass of th~ atom and n and ro are the vibrational frequency and 
g g 

the quantum number of the gth lattice model respectively. Assumir:g a 

Debye frequency distribution and eval~ting in the high temperature limit, 

-· t b h that61 
l may e s own 

w = 2. 
2 

where, for cubic systems 

3 2 2 
G 2 

L: IG.I ;e. = ...1L + 
i=l l l e 2 

X 

... - _.. .....!II. 

G 2 

3 
(L: 
i=l 

G 2 
-L+ _z_ 
e 2 e 2 

y z 

Here, G = G + G + G is the scattering vector between the initial and 
X. y z 

the final states, T is the absolute temperature, k is Boltzman's constant 

ani ex., ey and Bz are the effective Debye temperatures in the x,y and z 

directions respectively. 
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Each time an electron is sea ttered, it will acquired a term like e -W 

In the kinematic limit, the intensity of a diffraction beam will be propor

tional to e -
2

W. It is therefore customary to evaluate w fran the tempera-

ture dependence of the intensity as 

W = T/2 [djdT ln ~ (T,K)] 

Some interesting co~lications arise when this approach is applied 

to the intensities of low energy electron diffraction beams. These 

:involve the unique nature af the surface and the existence of multiple 

scattering. As the surface layer is in an asymmetric environment, having 

no atoms above 7 it, there is no reason to assume that the root mean square 

vibrational amplitudes for the surface atoms will be the same as those 

in the bulk of the crystal, partlhcularly for those modes with vibration,~ 

perpendic:ular to the surface. The temperature dependence of the specul.arly 

reflected intensity has been measured as a function of electron energy 

' . 62-64 
for several mater1als. It has been found in all cases that W 

increases when the electron energy is decreased in the very low electron 

energy region. Within the kinematic model, thg,s would corresporrl to an 

increase in the effective r m s vibrational amplitudes or to a decrease 

in the effective Debye temperature that is measured at lower beam energies. 

The argument 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 surface layer experi-

ence larger r m s vibrational amplitudes than do those in the bulk of 

the crystal. This type of measurement provides one of the few technqiues 

for investigating the lattice dynamics 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 tbe basic assumptions of tbis simple model is tmt the scatter-

:ing is kinematic in nature. As there is ample evidence tmt mult:lple 

scattering is non-neglig;ible,particularly in the low energy region where 

one presumably is measufing surface effects, it is of importance to con-

sider tbe effect of multiple scattering upon tre temperature dependence 

of the intensities of the low energy electron diffraction beams. 

Using an approach similar to that of Be:ebi and McRae, 
4 

one may 

express the total eigenfunction for a diffraction beam in a Born type 

expansion as 

where 

= 

Here, ~O ~,JK) is the eigenfunction of the incident beam. The term 
~-l 

~ 1 (r,K) corresponds to that portion of the total eigenfunction that 

has been kinematically or singly scattered. Double scattering everrbs 

would be contained ~2 (r,K) and higher order events would be repre~eqted 

by the other terms in the expansion. As in Eq. 46, it may be shown 

that 

= (l/2K' z)•i(K•+G) .y 
...... ~ 

~1 :r;,"K,) 2:: iG•r v e s 
s,G s 

or 
t 1 {i!,K) = ( l/2K' J i(K0 +G) •r 

...a.-'o 
-Ws 2:: 

i•G•r v e e s e s, G s 

If one makes the assumption that all of the layers are identical, then 

where 

= 

= 
...a.o ~ --. 

A i(K +G) •r 
G e 

v .......... 0 
.:.W G iG·rs 

e ~ 2::s e 
z 

In a similar manner, it may be shown that the double diffraction term is 

given as 

.. 
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-'~ 
7j11(r,K) = 

In general, 

...... ~ 
o/1 (K,' r) 'f'n = 

The intensities 'of the various beams characterized by G are given by 

* -" ~ 3 I (2: 7/J ct,K')) (2: 1/J. (r,K')) d r 1' n n m m 

= z: . f 7fl * ~ K' ) 7f! c-:, Ki ) d3 
r n,m ...... n ' m · r 

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 

= 2: I 
n n 

Here, the first term 

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 

0 -2W 
= I· e 

1 

where W is a linear function of temperatu:re in the De bye approxinat ion_. 

Ii arises as the product of the amplitudes for single scattering everrts. 

The second term, I 2 is generated as the product of the amplitude 

for single scattering events with the amplitude for double scattering 

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 

I o 
2 

where w
1 

is proportional to I"GI 2
, w

12 
to nr.· "GI 2 

and w2 to r'G' 12 
in 

th= approximation that the crystal is isotropic and t lat all of the layers 

are identical. 

There will be two contributions to the third term in the exp:ms icn 

of the intensity. The first will arise as a product of tre single 

scatterd:ng amplitude and the triple scattering amplitude. The seconi 

term comes from a product of the double scattering amplitudes. Conse-

quently, this intensity term will have the form 

= 

Its temperature dt:p endence may be determined in a n:anner similar to. that 

for 1
2

• Higher order scattering contributions to the intensity will have 

increasingly canplex forms and will bring correspondingly more complicated 

temperature dependent terms into the total intensity. 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 more 

important than the preceding lower order terms. For example, there are 

observed "secondary" Bragg peaks in the specularly reflected intensity 

that do not correspond to kinematic diffraction conditions. When 

multiple scattering is reasonably strong, diffraction conditions of the 

for.m 

c:=tn lea.d. to ntensity maxim ' .. n the (00) beam. Note that, even thrugh 

th . (h '(,.)" lS condition is kinematic for thE:: •. '" beam, it I!Rlst involve at least 

• i 
I 
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double diffraction to produce an intensity maximum in the (oo) beam. 

Consequently, the double diffraction contribution to the total intensity, 

I
2

, may be expected to be larger than the kinematic contribution, I
1

• 

Higher order contributions nay also be significant. Therefore, it may 

be expected that the experimentally deterriline.d quantity, - T d/dT ln I, 

will more closely resemble w
1

-+w
12 

-tw
2 

rather than the kinematic 2W, asslimed 

in the simple model. As one might expect term like w
1

-tw
12 

-+w
2 

to be 

larger than 2W, it would seem at first glance that multiple scattering 

alone could lead to the apparent determination of lower "effective" 

Debye temperatures or higher "effective" r m s displacements for the 

surface. This is however not necessarily true in all cases. For simpli-

city, let us retain the assumption that the crystal is isotropic and 

tlR t all of the layers 

w ::: 3/2 

as 

are identical. We may then 
G2 G2 G2 

[-2L+ ..:£_+ -L] 
e2 e2 e2 

X y Z 

Within this approxination 

and 

::: 

write 

It may easily be seen that three cases arise. When 

then W
1 

+ w
12 

+ W
2 

will be less than 2 w
1

• In this case the experimentally 

determined effective Debye temperature derived fran the simple model would 

be less thari the actual effective Debye temperature. Alternatively, the 

apparent r m s displacements would be greater than those actually contri-
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butmg to the temperature dependence of the intensity. 

1 ..... 12 ~ ~ 1--12 In the second case, G2 - a
1
·a2 > G

1 
and w1 + w12 + w2 is 

greater than 2w
1

• Here, the experimentally determined value for the r m s 

displacements would be less than the real value. 

~ 12 ~ ~ In the third case 1 u2 - G1 ·G2 = IG;_I ~ and w
1 

+ w
12 

+ w2 is equal 

to 2W
1

• In this case, the use of the s·imple kmenatic model to detennine 

the effective De bye temperature and the atomic displacerrents would lead 

to the same results as the use of a more complicated kinenatic model. 

At normal incidence, double diffraction contributions to the 

specularly reflected beam fall in the last case. Thus, if one neglects 

any possible asynnnetry of the surface, one wruld expect that the cantri-

butions from this type of mechanism would give results tmt were exp:ri-

mentally indistinguishable from·those arising fran kinematic scattering. 

Away from normal incidence, dc:uble diffraction contributims will no 

longer fall mto the th:i:rd case, but will give rise to c ontr ibut ions of 

both the first and the second type. Whether the experimentally deter-

mined r m s displacements will be greater than or smaller than the actual 

displacements will depend upon the detailed nature of too scattering po-

tmt ial. For sinple forward scattering potentials, sudl:,as the screened 

Coulombic potential, one would expect those terms giving smaller apparent 

r m s displacements to dommate. 

Higher order scattermg events can also lead to apparent displace-

ments that are either greater than or less than the real displacements. 

In the limit of an isotropic crystah:Y.ith identical layers, the relation-

ship between .L:. W. and 2W may be determined in a nanner similar to that 
l l 

for the double diffraction situation. Again, one would expect that those 

t.enn$ leading to smaller apparent r m s cil.isplacements would daninate when 

,, 

. .. 
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the scattering 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 

beams • 

The assumption that all of the layers of the crystal are identical 

is unrealistic, particularly in the presence of a surface structure. 

Let us then consider the case where the first layer is different from 

all of the other layers. For simplicity, the factors V G/2K' z will be 

taken to be unity. The kinematic contribution to the eigenfunction for 

a given diffraction beam may then be written as 

or 

..... 0 ..,..),. ~ CXl ..l.. ~ 0 

e i(K::~) • r 2:: e i G • r s 
-W 

s 

.[ ...l. t __,. · i K·r 
= e . 

S=l 

-Wo 
e 

e 

i -t.~o -W oo 
e 1 + e 2:: 

8=? 

where w
0 

is the Debye Waller factor for. the first layer, W is the Debye 

Waller factor for all of the other layers, ~i is the coordinate of the 
~ 

surface and R is the translational vector between layers. 
,.-3. ..... 0 

-Wo -W iG•r1 definitions that a = e , t3 = e , ¢0 = e and ¢ = 

be shown that 
~ __,. 

eiK'•r [a¢0- t'¢/l~¢] 

Making the 
_..~ 

iG·R . 
e , 1 t may 

The corresponding si:qgle scattering contribution to the intensity may 

be written as 

= Ia¢ -0 

when all of the interplanar spacings are equivalent, this reduces to 

I = 1 -a:t3+ 
f32 

-2 (.,....1___,.+---..~c~ • 

This, of course, is essentially Darwin's result with the inclusion of the 

De bye-Waller factor previously considered by 1\Lyon and Somorja i. 63 
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Proceeding to hjgher order scattering events, the double scattering 

or 

where it has been assumed that all ofthe interplanar spacings are equiva-

lent and Ct. and (3. have been defined in a manner similar to that for the 
l l . 

kinE!Ilatic case. The double diffraction contribution to the total 

= I (a - f3 

where a and (3 correspond to the singly scattered amplitude and the 

a. and (3. correspond to the doubly scattered amplitude. This term has 
l l 

a particularly interesting form when applied to fractional order beams 

arising fran the pr-esence of a surface structure. These beams are for-

bidden in the bulk of the crystal. O:qe maY trerefore make the s :implifyi115 

assumption that scattering into these beams can only occur at the surface. 

When this is the case, r2 reduces to 

= 1-¢ 

The terms a and a2 corresponi to scattering events at the surface leyer 

wherethe electron iS. diffracted into back scattered fractioml order 

beams. The term ((3
1 
¢1/1-~ corresponds to scattering events that can 

occur in the bulk of the crystal between the incident and some intermediate 

integral order beam. It nay be seen that if the surface species is loosely 

bonded relative tot he bulk species, th~n the intensities of the fractional 

order beams should exhibit a stronger temperature dependence when double 

diffraction occurs than would be observed for the integral order beams. 

',\ 

.. 

'J 

• 

' 

I 
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This of course, is also true for the kinematic contribution where 

I = l 
2 lal . 

It may be shown that higher order contributions to the total inten-

sity will be of the form 

I = 
n 

1-rf+ll (a. - t3. 
l= J_ J_ 

The inclusion of the Four;ier coefficients of the ex:pansioo of tbe 

potential would lead to terms of the form 

0 

ai VG ¢0 - ~i VG 
(vo ov r}2¢i 

l-vo2¢i-

where v0 and V
0
° were essentially the forward scattered amplitudes or 

transmission coefficients for tre bulk and surface layers respectively 

and VG and VG
0 

were essentially the scattering amplitudes between the 

initial and the final beams again for the bulk and the surface il.a.yers 

respectively. 

The actual calculation of the temperature dependence of LEED inten-

sities using these equations was not performed. However, it was calcu-

lated with a step wise scattering procedure describ.ed in Appendix. II. 

Several different situations were considered. In the first case, the 

intensities were calciilatoofor the classical Bragg nax.ima in the (00) 

beam using fifteen scattering 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 potentials; a screened Coulombic potential with 

o_l o_l 
A = l.5A and a screened Coulombic potential with A = O.lA • It was 

first assumed that the effective Debye temperature for the surface was 
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identical with that for the bulk. The plots of the natural logarithm 

of the intensity vs the temperature were fourid to give straight lines 

over the temperature. ra'ng.e;,lOO to 600°C. Both potentials gave very 

slinilar results .• For aluminum, the hypothetical Bragg maximum at 81 and 

eV gave an effective Debye temperature, determined from these plots with 

slinple kinematic model, very close to the bulk value. The values for 

e
0

. for the Bragg maxima at 9 and 37 eV were somewhat lower, being de

pressed less than &/a of the 81 eV value. As depressions more on the order 

of 3Cf/o are usually observed experimentally, it may be concluded that 

simply multiple scattering of this type is inadequate to generate the 

decrease in the effective Debye temperature of the magnitude generally 

observed.' 

It was then assumed that the effective Debye temperature for the 

f:ir st layer was one half that of the bulk and similar calculations were 

performed. As before, the two different potentials gave very similar 

answers. Again, the ln I vs T curves were straight lines in the 100 to 

600°C region. The effective De bye temperature "experimentally" 

determined for this model were considerably lower than those found when 

all layers were assumed to be identical. The 81 eV value vas depressed. 

by about 2'J'/o from. that for the identical layer situation. The 9 eV 

value 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 first layer does give results which are similar to 

those observed experimentally. 

The effect of multiple scattering on the temperature dependence of 

non-kinematic multiple scattering maxima waa investigated. Calculations 

00 10 . 
were performed for the double diffraction K z + K z = Gz peak t hs. t occurs 

in the specularly reflected beam at 31 eV for aluminum with a screened 

) 
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o_l 
Coulombic potential with ~ = O.lA • When it was assumed that all o~ 

the layers were identical, the ln r00 vs T curve was straight, and the 

effective Debye temperature from this plot was determined to be somewhat 

larger than the 37 eV value obtained when all o~ the higher order beams 

were suppressed in the identical layer model. However, when it was 

assumed that the ~irst layer had an e~~ective Debye temperature that was 

one hal~ of the bulk value, considerable curvature was noted in the 

Ln r00 vs T curve. Here, the average e~fectiv~ Debye temperature was 

again somewhat higher than the corresponding 37 eV value obtained from 

the non-identical layer model with suppression of the higher order beams. 

This double dif~raction condition has been discussed above. There, 

it was concluded that when all o~ the layers were identical, the deter-

mined e~~ective Debye Waller temperature should be identical with that 

~rom single scattering. The fact that the multiple scattering value 

calculated at 31 eV is larger than that at 37 eV indicates that scattering 

events higher than the second order was contributing to the calculated 

value. As mentioned be~ore, in a real situation the determined value 

may be either greater than or less than the actual value depending upon 

the d,etailed nature of the scattering potential. 

From these considerations and calculations, it may be concluded that 

strong multiple scattering will have a non-negligible ef~ect on the 

validity of the Debye temperature calculated from experimental data with 

the assumption o~ only kinematic scattering. However, these calculations 

would seem to indicate that multiple scattering alone is insu~icient 

to produce the apparent depression o~ the ef~ective 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 o~ the bulk. 
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This report was prepared as an account of Government sponsored work. 
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respect to the accuracy, completeness, or usefulness of the informa
tion contained in this report, or that the use of any information, 
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fringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for damages 
resulting from the use of any information, apparatus, method, or 
process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission" 
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such contractor, to the extent that such employee or contractor of the 
Commission, or employee of such contractor prepares, disseminates, or pro
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