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Abstract 

Use is made of the principles of Fraunhofer diffraction to simulate 

low energy electron diffraction (LEED) pattern intensities from the (100) 

crystal face of platinum for the purposes of surface structure analysis. 

The model considers diffraction by ten at~mic planes having.50 atoms in 

each (100) plane. The effects of different atomic scattering factors, 

attenuation of the electron beam between planes, and expansion and 

contraction of the topmost surface plane with respect to underlying 

atomic planes have been considered. The intensities of fractional order 



I 

iv UCRL-17126 

diffraction spots which are due to ordered arrays of a) surface atoms, 

or b) surface vacancies have been calculated. A computer program for 

the intensity analysis is developed using ten planes of an f.c.c. lattice 

and a surface plane of atoms or vacancies. Instrumental and surface 

effects which could influence the coherence length_ of the scattered 

electron beam have also been discussed. 

Although the position and width of the diffraction spots can be 

explained by our treatment, the intensities of the fractional order 

diffraction spots due to the Ft(l00)-(5xl) surface structure is highef 

than predicted by this simple model. \ 

I 

• 
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1. Introduction 

Low energy electron diffraction has been eminently successful in 

recent years to probe the structure of solid surfaces. Electrons, due 

~o their large scattering amplitude and low energy, back-reflect from 

the surface without penetrating more than a few atomic planes1 below 

the surface plane. Thus, when diffracted, the resulting diffraction 

pattern is mainly characteristic of the arrangement of surface atoms. 

2 3 ' 
Recent results indicate ' · that the properties of atoms at the 

surface are different from bulk properties. The surface may be considered 

as a separate phase in which atoms have different mean displacements 

(Debye-Waller factor) and there is a net contraction or expansion which 

gives rise to different lattice spacing. Due to these and other physical 

properties the surface atoms may undergo structural rearrangements 

(i.e. phase transformations) at temperatures where no such changes occur 

in the bulk. In addition, adsorbed gas atoms were also found to form 

a variety of surface structures as a function of coverage, crystal-face 

orientation and temperature. 1 

Low energy electron diffraction (LEED) is able to detect these 

structural changes at the surface. Thus, it plays the same role in 

understanding the properties of surfaces as x-ray diffracti?n for probing 

the structure of the bulk. A satisfactory physical model of the electron~ 

surface interaction which can explain the intensities of the observed 

diffraction spots ,has not been developed as yet. Several attempts hav·e 

the most prominent. 

the theory of multiPle scattering4 is\ been made recent~ among which 
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The purpose of this paper is to develop a kinematic model using 

the optical analog which could be used to analyze LEED patterns. We 

shall show how the variation of the·physical parameters which characterize 

our model (variation of lattice spacing, electron transmission coefficient) 
. ' 
influence the calculated diffraction intensities. Two different models 

(atom and vacancy) have been used to simulate the intensities of the 

fractional order diffraction spots which are due to the experimentallY 

observed Ft(l00)-(5xl) surface structure. Changes in the diffracted 

beam intensities due to variation of the atomic scattering factor have 

also been computed. 
i ,. 

Since we are primarily interested in comparing relative intensities 

of the calculated diffraction patterns which are functions only of the · · 

variables of our model, the effect of lattice vibrations (Debye-Waller 

factor) on the intensities has been neglected. 

) 

2. Experimental Method 

The experimental procedures using the post-acceleration technique .. ....-· 

. are described thoroughly elsewhere.l• 5 For our purposes, the important :\ 

points are the following: a beam of electrons having a variable energy 

of 5 to 500 eV strikes one face of a single crystal. The experiment is 

carried out in ultrahigh vacuum as to avoid contamination of the surface 

' * ' due to gas adsorption. The back-diffracted electrons are screened to 

* -6 A crystal surface will adsorb a monolayer of foreign gas at 10 torr 
in one second (assuming a sticking coefficient of unit!) so that typical 
operating pressures in the diffraction chamber are 10- b torr to allow 
reasonable observation times. 

. I 
' 

{ ... 
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eliminate the inelastically-scattered fraction, and.accelerated towards 

a hemispherical fluorescent screen which detects and displays the 

diffraction pattern. The crystal can be rotated • so that the specularly 

reflected fraction of electrons (!
00

) which would otherwise be directed 

back into th~ electron gun, can also be displayed on.the screen. All 

observations are made through a 611 port in the forward direction. 

3· Some Simple Fourier Transforms 

In order to visualize the symmetry of the LEED patterns it is 

useful to consider the Fourier transforms of some discrete objects from 

real to reciprocal space. 6 Buerger has calculated transforms of a 

lattice row, lattice plane and three dimensional lattice, and his 

treatment can be summarized as follows. If the points along a lattice 
.... 

row in one dimension are spaced a apart, than all points in the row 
.... .... 

are given by T(l) = rna where m is an integer. The Fourier transform of 

.:... ~ 
.::.. 
T( 1) is R( 1) 

co 
= L: 

2J(i ma•t* ..... ~ ....... 
e = sin J((2ro+l)a·t*/sin J( a•t*, where t* 

m=-co 

........ 
is the reciprocal lattice vector. This function has maxima where a•t* 

has integral values, and defines a set of planes in reciprocal space of 

spacing t* = 0, (1/a), 2(1/a), ••• etc, normal to the lattice row. 
~ ~ ~ ~ 

Where Tis 2-dimensional; i.e., T(2) = ma + nb, the reciprocal R(2) = 
_, .... ..:.. ~ 

R(l)•sin J((2n+l)b•t*/sin J(b•t*. The two factors have maxima where 
_.,..;.. ..::.~ 

independently a•t*, b•t* = 0, 11 2, •••• The locus of the intersection 

of the two mutually perpendicular planes is a set of parallel lines or 

.rods which are normal to the crystal (ab) plane, and which intersect 
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the crystal at points of the reciprocal lattice. In 3-dimensions, 

T(3) = m:·+ nb + p~, and R(3) = R(l)•R(2)•sin n(2p+l)~·t*/sin fi~·t*. 

The third dimension has added another set of planes again mutually 

perpendicular to the first two, and the maxima in R(3) are now at the 

points of intersections of the parallelapipeds spaced 1/a, 1/b; 1/c, 

which comprise the reciprocal lattice. 

The low energy electron diffraction pattern appears when the 

> 
' 

."'!. 

···' 
11'' 

1·,, ,, 
• f_ 

electrons which are elastically back-reflected from the crystal surfac~ 

intercept the spherical fluorescent screen at a distance (-7 em) much 

·greater than the electron wavelength (0.5 - 5xlo-8 em). Diffraction 

by a single row of atoms produces lines on the screen which are the 

intersections of the diffraction planes, normal to the row, and the 

screen. Diffraction by a single atomic plane gives rise to spots at 

the intersection of the reciprocal lattice rods with the screen. 

(One characteristic of this two dimensional diffraction is that changing 

the wavelength of the impinging electron beam at constant electron 

· density does not effect the intensity· of the diffraction spots, altho~~­

their position is altered.) Piffraction by a three dimensional lattice 

gives rise to the diffraction spots which appear, however, only at 

well-defined wavelengths at which all three Laue conditions of diffractio~ 

are met. 

The case encountered in LEED is in most cases intermediate to the 

2- and 3-dimensional examples. Whereas in x-ray diffraction the photon 

· 
11feels 11 all three dimensions of the crystal, and the ·intensity ma.Xima 

are given by R(3), the low-energy electrons 11 see 11 primarily the 

2-dimensional surface and at most a depth of 10-15 planes.- Therefore 

\ 
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. ... 
the two dimensional diffraction features which are given by R(2) are 

strongly developed, .and the LEED patterns are formed by the intersection 

' of the reciprocal rods with the fluorescent screen. At low electron 

energies ( -5-150 eV) the third Laue conditio_n, being only 'weakly 

developed, causes fluctuations of the intensity of the diffraction 

spots as a function of electron wavelength. As the electron beam 

penetrates deeper into the crystal at higher beam voltages, the three 

dimensional character of low energy electron diffraction becomes more 

pronounced. 

4. Analogy Between LEED and Optical Diffraction 

-The reciprocals R of the discrete points and plane of points are 

similar to the functions which govern the intensity distribution in the 

Fraunhofer plane .by diffraction from periodic obstacles. 

Following the treatment of Born and Wolf? and Stone, 8 the ampli~ude 

distribution in the Fraunhofer plane can be expressed as the product 

of the scattering by a single obstacle, and the coherent superposition 

of scattered waves from each obstacle. In the X-ray and LEED 

terminology the effect due to the interaction of a single atom with 

the impinging wave is described by the atomic scattering factor while 

the superposition of scattered waves from_ each atom is the symmetry 

factor. The product of the two is the 'structure factor. 

\ 
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4A. Diffraction Coordinates 

The scattering geometry is shown in Figure 1. The FraUnhofer 

plane is defined by the origin 0 and the ~~ axes, while X~l and X2Y2 

·define the first two planes of atoms with origins 01 and Oa, respectively. 

Ql(xl,Yl) and Qa(xa,Ya) are obstacles in 01 and Oa, while s(e·,~·) and 

P(e,~) are the source and diffraction points in the Fraunhofer plane •. 

The distance L. is 7 em, z .... 2A., A. "' 1. 5A and d .... :;A, are typical 

conditions encount.ered in LEED experiments. The stze r of the screen 

pattern in te:nns of the interatomic spacing d and the electron wave-

length A. is r "' (A./d) L"' (1.5/3) 7 = 3·5 em. The total area of the 

2 crystal surface irradiated by the electron beam is "' 1 mm • 

In order to show that we are in the Fraunhofer, rather than Fresnel 

diffraction limit, we write the distances R1, Ra, R10 and R20 as 

or that 

.. 

\~ 
\ 
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Since the irradiated dimensions of the crystal are small compared 

to R1o and R20 , we can expand R1 and R2 as 

R1 "' R1o - ----- + ---- ------- + ••• 

and a similar expression can be obtained for R2• 

The evaluation of the Kirchoff integral over the area of the 

diffracting obstacle will be easier when the terms quadratic in X1 and 

Yl can be neglected. · This case constitutes the Fraunhofer limit. 

According to Born and Wolf the quadratic terms may be dropped if the 

subsequent change in the phase angle k(R1+R2) is much smaller than 

2~; i.e., if k(x12 + y12)j2R1o << 2~. Typical dimensions are 

· 
1
X1 = Yl "' 20oA (see section on coherency) 1 R1o "' 7 em, .and . · 

k = 2~/A "' 2~j1.5A, so that k(x12 + Y12)j2R10 = (2~/1.5)(8/14) 10-4 = 
-4 2.4 X 10 << 2~. 

In order to calculate the geometric difference in path in terms of 

the coordinates of Figure 1 1 we express the square of the length L-z 

in terms of the lengths R '1o and R '2o: between S and 02, and P and 02, 

respectively, 

And for the diffracted beam \ 
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The path difference A1 for the source beam is A1 = Rl. - R1 0 , where 

Rio= 12 + g12 + T)
12• Using R12 from Eq. (1), we get 

so that 

2. 2. 2. 
X2. + Y2. + z 2 

.6.1 = -------1 
R1 + R1o Rll R + 10 

' . a; Letting R1 + R1o ~ 2R1o and neglecting X2 2R1o1 we get 

A1 = - _..!._ (x2.s 1 + Y2Tl 1 + Lz) • R1o 

But g. /R~o = sin e 1, T) I /Rlo = sin ¢1, and L/R1o = cos ~ where cos ~ = 

cos 81 cos· ¢1, so we get the final symmetric form 

A1 = -(xa sin 81 + Y2 sin ¢1 + z cos ~). 

~imilarly, we define the path difference 6a for the diffracted beam as 

1 = - ---R (x2g + Y2Tl + Lz) 
20 

and we define the analogous angles s/Rao = sin 8a, fl/R2o = sin ¢2, and 

L/R2o = cos 8 where cos 8 = cos 82. cos ¢2• We then have 

Ae- D (x2. sin e2. + Y2 sin ¢2. + z cos e). 
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p,· P,j 
If we adopt the notation that .6~ JP and .62 p are the phases of 

.th th the P,J- atom in the P'- plane, then the coherent superposition of the 

phases l<i\~P,jp and ~P,jp can be express~d as 

A = 

p 

L: 

p=l 

N 

L: 

j=l 

where the values of M, N, and P are as yet unspecified. 

( 3) 

If we allow for the case in which the phases .6~ and ~ are complex; 

i.e., when there is an attenuation of the incident and exiting elect~n 
\ 

r 
beams as they pass through each plane, then the total ph~se is 

k(D.~ P,jp + ~P,jp) - 2i(p-l)€ ·where € is an absorption coefficient per \ ·,, 

plane. If we let a.= e-€, Eq. (3) can be written as 

A= 

p 

L: 

p=l 

We can rewrite Eq. (4) in a more useful form
8

since x~ . J 

periodic with spacings D and D , respectively, so that x~ 
X y J 

p, 
and yj are 

= (P,-l)D 
X 

p, 
and yj = (j-l)Dy. Now let us define the phases ox and oy such that 

kDx 
ox= 2TI (sine~+ sin 82) and o = (kDy/2TI)(sin ¢1 + sin ¢2), where 

y .. . 

. k = 2TI/A. •. Then, the corresponding sums in Eq. ( 4) become 

p N M 

(4) 

A = z z L: · a.2(p-l) e-2Tii(P,-l)ox e-2Tii(j-l)oy e-ikzp(cos ~ + cos a) 

p=l j=l P,=l ( 5) 
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The sums over the atoms in the x-y plane can be expressed in a closed 

8 
form as 

e-2Jti(j-l)oy = -:n:i(M-l)o e . x 

X 

sin M:n:o 
X 

sin N:n:o 
y (5a) 

sin :n:o 
X 

sin :n:o 
y· 

The scattering efficiency of the .ij~ atom into the angle 8 is 

given by the atomic scattering factor f.ijp (A,8), and the structure 

factor becomes F = fp,. (A,8)·A. Since in our case, for monatomic 
. . JP 

solids all atoms are identical, the subscripts on fn. (A,8) can be 
XIJP 

dropped and F can be written as 

-i:n:[(M-1)5 +(N-1)~] 
F = f(A

1
9)e X y 

X 

4B. Coherency: 

p 

.E 

p=l 

2(p-l) -ikzp(cos ~ + cos e) 
a. e (6) 

Up to this point nothi.ng has been said about the limits N, M and P 

in the summation of Eq. (4). These limits will determine, respectively, 

the number of atoms in the surface plane (x,y) and the number of atomic 

. planes (z) below the surface plane which have to be considered in 

\ 
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calculating the structure factor. We will show that a) the number of 

atoms in the x-y plane which diffract coherently can be estimated from 

' the angular width of the diffraction spots and b) that the number of 

atomic planes in the z-direction which contribute to the scattering of 

electrons is a function of the attenuation factor, a.~ 

a) Using the arguments of Born and Wolf, 7 let P1 and P2 be two 

points on the face of the crystal, and let the crystal be many wave-

lengths from the source. If P~ and P2 are closer than one wavelength, 

then the amplitude and phase of the electrons arriving at P1 and P2 

will effectively be the same. Some correlation will exist even for 

greater separation of P1 and P2 until the distance 6l between them· 

approaches the coherence length v6t ~ v/Av of the electron beam, 

where .6v is the spectral \'lidth of the beam, v the electron velocity 

and 6t the coherence ti.me. The corresponding degree of coherence, or 

the visibility of the fringes from P1 and P2 will vary from unity 

(perfect correlation) to zero (no correlation). 

Several estimates of the length .61 can be obtained from experimental 

data. At 150 eV, the wavelength of the electron is 1A. If the spectral 

width is governed solely by the Maxwellian spread in energies of the 

electrons boiling off the cathode, 9 than .at a filament temperature 

T = 8o0°K electrons will be moving toward. and away from the' crystal 

.with an average energy of 3/2 ·kT, and a total spread 6(eV) :::: 3kT = 0.21 eV, 

-4 y or ~ = 7 x 10 fi. This may be a lower limit to the spread since we 
,,. 

have neglected field distortions at the electron lenses, and space 

charge effects near the cathode. The corresponding upper limit to the 
0 2 

coherence length on the crystal surface is then vj.6v = )... /~"" 1400 A. 

\ 
'\ 
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A criterion for the lateral coherence length follows from the 

Van Cittert-Zernicke. Theorem7 which states in part that the visibility ___ _ 

of fringes from P1 and P2 will be 0.88 if the distance ~ between them is 

= 0.16 a. ( 7) 

where a. is the angular radius of the source at the crystal. For a 

filament-to-crystal distance of 20 em, and a fi.la.ment height of "' 5 mm, 

2a. = .5120, and~~ 13 A. Coherence length of the same magnitude can 
. 2 

be calculated from the effect of the electron beam diameter (1 mm ) 

on the width of the diffraction peaks. 10 

The angular width of the observed diffraction peaks also provide 

an estimate of the number of scattering centers which diffract 

coherently. The essential quantity from Eq. (6) which determines the 

height and width of the diffraction maxima is F"' sin Nnolsin no. If 

th we move by a small amount 0 1 away from the m-- order, then 5 = 5' + m, 

and F = sin Nn5 'I sin no' ~ sin Nne' I 1c'6'. The point at which F2 which 

is proportional to the intensity, I, is one-half its peak height of 

~ is then8 

a~ half maximum, is given by 

= (sin Nn5•)
2 

Nn5' 

1.5 =-. nN 
A. 
D 

. , ... 
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D The normalized quantity N • X is plotted against ~e2 in Figure.2. 

In order to obtain N from experimental half-widths it is necessary to 

multiply the value from the graph by the rat~o of the lattice spacing 

and wavelength. This value of N is again only a lower limit to the 

size of th~ diffracting units, and is accurate only for vanishing 

instrumental width. In the present study, the narrowest widths 

(half-width at half-maxima) of the diffraction spots of platinum 

surfaces that were observed were 0.3° at 100 eV, corresponding to ~ 4o 

scattering centers or "' 12oA. Estimates by Khan, Hobson, and 

11 Armstrong of the uncertainty in the x-y momentum of their electrons 

at 1 eV give N > 20, or ~ > 60 A. An additional estimate by Park10 

from beam widths gives ~ "' 102 A. 
Since one can observe the change (decrease) in the size of

1 
the 

diffraction spots upon annealing after ion-bombardment for example, 

the widths of the diffraction spots do not seem to be limited by the 

insl,rument. Thus, the variation of the spot size may conveniently be 

used to investigate the rate of ordering or disordering of surface atoms .• 

b) The limit, P, on the summation over atomic planes in the 

z-direction depends on the attenuation of the electron beam per plane. 

· 12 . -O.l25z Gafner used the attenuation coefficient 1n the form a = e , 

and for z = 2.3 A, a; 0.75. For a = 0.6 the contribution of the 

sixth atomic plane to the total scattered amplitude is ~ 0.5%. For 

a = 0.8, twelve planes should be taken into account before the contribution 

of the deepest plane drops to the same small value. We have varied a in 

the range 0.6 < a < 0.8 in our calculations of the diffraction intensities • 

. · The variation of a in this range has only a very small effect on the · 

intensities of the diffraction peaks. 

~I 
' 

\. 
'" 
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5· Computation of the Scattered Intensity by Bulk and Slil·face Layers 

In the present treatment we have assumed a coherence length of 

140 A which gives a fringe visibility of 12% at A. :;;: iA ·[using Eq. ( 7) ] • 

These values were estimated from the diffraction patterns obtained 

from platinum surfaces. 2 Therefore in our computation the limits N 

and M were chosen to be N :;;: 50 and M :;;: 50, or a surface plane of 

50 x 50 atoms. We sum over 10 atomic planes in the z-direction 

(P = 10) in order to t~e into account the scattering due to the bulk 

atoms. 1 

For the (100) and (110) faces of an FCC lattice the 2nd, 4th, 

6th, planes are displaced by ~ (Dx' Dy) relative to the 1st, 3rd, 

5th, •••• planes; i.e., alternate planes are staggered. The atomic 

1' 
positions in the even pl~es will now be x£j :;;: [(£-l)Dx + 2 Dx] and 

YnJ· = ((j-l)D + ! D ] . 
.lJ y 2 y 

Performing the sums in Eq. (5a) for atoms in the even planes we 

have, letting se ~ (sin el + sin e2), s~:;;: (sin ¢1 +·sin ¢2), 

s =.!'n s =!D 
x 2 x' y 2 y' 

N' M' 
r: r: 

-2ni(£-1)5 · -2ni(j-1)5 .-kS se 
· X y X 

e e e 

j=l £=1 
e 

-kS s~ y 

___ ... ..--· 

-ik[s se + s s¢] sin M'n5· sin N'n5 
= e 

X y _________ x Y 

sin n5 sin n5 
X y 

(8) 

\ 
\ 

"'· 
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Whereas the x and y directions on the (100) face are equivalent, the 

pattern given by Eq. (8) would not show the inversion symmetry of a 

(100) face since the second fa'ctor is pre~ent only for the even layers. 

The problem was therefore 11 symmetrized11 by reducing the size of the 

· . even planes by one row and column of atoms. By letting M' = M-1 

and N' ; N-1 in Eq. (8), we get for the phase factor of the right 

hand side of Eq. (8) 

D D 
-ni [(M-l)o + (N-l)o J -ik[(-X - s ) s~ + (2 - s ) seJ • e x .y e 2 y 2 x 

D 
But since -l = S 

2 y' 

Eq. (8) 

D 
X 
~ = Sx' we obtain for the phase and amplitude .of 

sin(M~l)~o sin(N-l)~o __________ x Y 

sin ~o 
X 

sin ~o y 

the same result as obtained for odd planes. Finally, the sum over 

even and odd planes separat~ly in Eq. (6) gives for the structure factoJ 

F = f(A.,e) 
bulk 

-ni[(M-1)8 + (N-l)o ] { sin·M~o 
e X y X 

. sin ~o 
. X 

9 2(p-l) -ikz (cos ~ + cos e) sin(M-l)~o 
a. e P + -~---x z 

sin ~o 
y 

X 

sin(N-l)~o 
-----..1!-.y X 

\ 
'· 

p=l(odd) · sin no 
X 

sin-nu--------~--~~ 
y 

10 
t.:: 

p=2(even) 

2(p-l) -ikz (cos 
a. . e p ' + cos e~ ( 9) 
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From Eq. (9) we see that Fbulk has maxima of magnitude MN -

(M-l)(N-1) when 5x' oy = O, ±1, ±2, •• ~. independently; the 

corresponding diffraction peak is labeled by the v~lue (ox' 5y). 

Also, the rotation 5 -+ o , 5 -+ -5 ; and the inversion· 
X y y · X . 

5 -+ -5 , 5 -+ -5 leave F'bulk invariant for both even and odd planes, •• 
X X y y 

·so that the scattering amplitude now has the same symmetry as the 

(100) face. The phase factor preceding the quantity in braces is 

common· to all planes- bulk and surface- and becomes unity when we 

later calculate the intensity. , · 

5A. Surface Structures 

In addition to the diffraction spots due to the (100) face and 

underlying atomic planes given by the maxima in Eq. (9), diffraction 

spots which reflect greater periodicity at the surface are observed 

1 in many LEED patterns. These spots are due to larger lattice spacings~ 

For example, D' = 5D , D' = D (5xl structure)· D' = 5D D' = 5D 
X X y y 1 X X 1 y y 

(5x5 structure), etc. Although the following treatment could be used 

to analyze all n X m patterns for n, ID =1, • • •. 51 the analysis of onJ.y .. 

the (5xl) pattern which occurs on the (100) face of FCC platinUm will 

be discussed in detail. 

The new periodicities will be viewed in two ways. If 'we let 

P and 
X 

then a 

P be the periodicities in the x and y directions respectively, 
y 

(P . X P ) pattern may be due to the presence of an atom at 
X y 

every lPx~ mPY position, where l = 1, 2, •••• M/Px' m = 1, 2, •••• N/Py; 

or to the removal of an atom (presence of a vacancy) at that position. 

~-
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. If we 

place 

choose P = 5, P = 1, M = N = 52 (this value of M allows us to 
X y 

all (P x P ) structures symmetrically on the surface) then 
X y 

M - 1 = N - l = 51 and the top layer will be symmetric if we place 

atoms in the 1st, 6th, 11th •••• 51st positions in the x-direction, 

and in every position in the y-direction, so that 

11 -ik(£-1)55 51 ~ki(j-1)5 -kiS se -kiS Sfll 
X e Y A E E X y = e e e atoms .. ~--

£=1 j=l 

sin 551!5 sin 511!5 -511!1(5 + 5 ) 
X y X y (10) = e 

sin 51!5 sin reB 
X y 

The surface amplitude has ~axima in the x-direction when 5x = o, 

±.2, ±.4, •••• ; and in they-direction when 5 = 0, ±l, ±2, 
y 

giving the familiar 11 5xl11 .diffraction pattern. 

. ~ ~ . , 
-ikzT(cost + cose) 

The phase due to the spacing in the z-direction is e 

from Eq. (8), where zT is now the spacing between the surface layer and 

th1; first bulk layer. 

The second case to be considered is one in which an atom is removed . 

at every (£P , mP ) position. From a fuil 51 x 51 (lxl stru. cture) 
X y 

surface array, atoms at every 1st, 6th, 11th •••• 51st position in the 

x-direction are removed, with atoms in the y-direction remaining. 

For this 5 x 1 vacancy case the diffraction amplitude from the surface 

becomes 

\ 
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A vac = e 
-5lrci(5 + 5 ) . . X y -ik zT (cos~ + cosB) 

e 

sin 51rco } rY: 
sin rc5 

y 

Combining Eqs. (11) and (9) and using a suitable attenuation, 

.'''.:' ,,_.;..-

(11) 

a.T' of the electron beam between the surface and bulk layers, the total 

amplitude of diffraction from ten (100) planes and a surface plane 

consisting of vacancies in a (5xl) array is 

rA + a. 2 A J , l' vac. T -oulk 

The value of a.T 4epends on the value of a. and cr, the fraction of 

the (51 x 51) surface sites occupied. For cr = 1 (1 x 1 surface 

structure) a.T = a., and for cr = 0 (no surface plane) a.T = 1, A linear 

variation of a.T with cr was assumed, so that a.T = cr(a.-1) + 1. For 

the (5xl) layer of atoms case, crA = (51 x 11)/(51 x 51) = 0.~21 and 

a.T = 0.94 for a. = 0.75; while for the same vacancy structure 

(JY = (51 x 40)/(51 x 51) = 0,78 (or 1 - crA), and a.T = o.Bo. 

(12) 

\. 
'"" 
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6. The Atomic Scattering Factor 

Three forms of the atomic scattering f~ctor, f(~,e), were used in 

the calculations, and are shown in Figure 3· 

The first, given by Curve A, was simply fEB) = lj i.e., the a~oms 

are assumed to be efficient scatterers in all. directions. 

The second form (Curve B) was calculated from the first order 

Bessel function and is given as jf(8) 12 = (2J1(x)/x) 2 where 

x = (2rr/~) • a sin (~-e). The parameter!' which in optical diffraction 

is the radius of the circular diffracting apertures, was determined by 

the following argument. Experimentally, a minimum in the atomic 

scattering factor is observed as a dark ring on the LEED screen. For 

the Pt (100) face, this ring is seen at an angle rr-6 = 32° and at 

350 eV (A.= 0.75fi.). The function (J1(x)/x) has its first minimum at 

X = 1.22~, so that a= (1.22rc/2rr) X (0.75/sin 32°) = o.86A. 

Finally, Curve C was derived from the approximate partial phases ' 

calculated by Lander and Morrison. 2 If the £th phase is denoted by 

f(B) = 1 
2ik (13) ' 

where P t is the £th Legendre polynomial. The phases were calculated 

for £ = 0 to 7 for tungsten (z = 74) at 60 eV using the Thomas-Fermi­

Dirac (TFD) potential and a form of the WKB approximation. Since the 

TFD potential changes only slightly on going from z ? 74 to z = 79 (Pt), 

we felt that the use of the phases calculated for tungsten would suffice 
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as an example. That the calculations are crude is shown by the minimum 

in Curve C at - 24° and 60 eV. This minimum is not seen experimentally 

at 60 eV. 

1· Correlation of Experimental and Theoretical Intensities 

A computer program was written (see the Appendix) to compute the 

I 
sums in Eqs. (9), (10), and (11) which are used in Eq. (12). The 

program also computed f(e) from Eq. (13) for each.scattering angle, 

and at each wavelength. The final output was in the form of a 

Cal-Comp plot of intensity (the squared magnitude of Eq. (11)) ~· 

e
2

, or intensity (I ) vs. beam voltage. 
00 -

7A. Intensity vs. Angle 

-~--· 

Several experimental intensity measurements of the (5xl) structure 

were available from the work in this laboratory. Th~se scans included 

both brightness spot meter readings and densitometric tracings from 

photographic negatives. 

The fractional order diffraction spot (5xl) intensities were, in 

general, strongly dependent on the heating and ion-bombardment his~ory 

of the sample. The common element in all of them, however, is that 

when the spots are fully developed the intensity of the fractional 

order spots are comparable to the bulk-spot intensities and the bulk 

to higher order spot intensity ratios are reproducible. These fractional· 

order spots are present only over a range of low (5-130 eV) beam energies. 

The results of a typical experimental scan along the (ii) to (oi) 

direction are shown in Figure 4. 
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The relative peak intensities (on an arbitrary scale) of several 

brightness spot meter scans along the (ii) to (oi) direction. on the 

screen are given in Table I for the (100) face of Ft. The angle of 

the (oo) spot with respect to the surface normal was determined 

experimentally. The beam voltage was 58 eV (/.. = 1.6o9J\). 

Typical results of our computations are also shown in Table I. 

These were obtained after adjustment of the various parameters. The 

values of ~ and zT were varied and the spot intensity ratios 

. (.Bo)/(io), (.80)/(oo), (.Si)/(ii) and (.Si)/(oi) calculated. The 

intensity ratios varied of the order of 10% with changes in ~ and aT 

in the range of a = 0.75 ± .15. The intensity ratios varied by nearly 

two orders of magnitude with variation of zT from 1 to 3A, but were never 

uniformly of the order of unity as observed experimentally. Two values 

of zT of 1.94oA and 2.105A close to the normal bulk spacing of 1.962A 

were nevertheless chosen to illustrate the results. These values are 

by no means unique, and many other values of zT near the bulk value 

would have sufficed equally to give the same results. 

The remaining parameter -- the shape of the atomic scattering 

factor -- was used in the forms shown in Figure 3· Its effect, as 

seen from Eq. (11), is to modulate the intensities of the diffraction 

spots, just as the single slit pattern in an optical diffraction 

grating modulates the various orders. 

\ 
\ 
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The combination of parameters listed in Table I are as follows: 

( l) top plane of vacancie's 

( 2) top plane of atoms 

(A) f(e) show·n in Fig. 3, Curve A 

(B) f(e) shown in Fig. 3., Curve B 

(C) f(e) shown in Fig. 3, Curve c 

(a) ZT = 1.962 

(b) ZT = 2.105 

( c) ZT = 1. 940 

A typical computer scan along the (U)-(OI) direction.is shown in 
' Figure 5· The results clearly show that the intensities of the fractional 

order spots are in general lower than observed experimentally. The · 
..... ---

highe~ intensities were observed only in cases where the partial wave 

. scattering factor f(e) was used. The (ii) and (OI) peaks appeared at 

a scattering angle ~-e.= 22.2° and 23.7°, respectively, while the 

higher order spots were in an angular region of 19.2° to 15.8°. The 

minimum in f(e) at ~ 24° attenuated the (II) and (oi) peaks by a factor 

of 4-6 more than the higher order spots. ·The effect would disappear, 

for example, if the (00) spot were rotated so that all the orders fell 

in the range 23° - 26° about the minimum. The,effect of the Bessel 

function (Curve B) was to enhance only slightly th~ intensity of the 

fractional order spots at the smaller angle (2bA ~· 2bB) •. Neither 

lattice expansion nor contraction (2aA ~· 2bA1 and laC ~· lcC) 

sufficed to raise the intensities to the experimental values. 

,>< 

. t 

\ 
\ 
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Table I. 

EXPERIMENTAL AND CALC %A TED INTENSITIES OF THE ( 5xl) STRUCTURE. 

The notation for 11 Case 11 is explained in the test. 

Experimental 

(ii) (. 8i) ( .6i) ( .r~i) (. 2i·) . (oi) 

100 78 116 54 70 64 

100 52 68 30 46 58 
\ 

88 116 100 57. 79 79 

100 71 84 55 59 118 

100 58 64 42 44 110 

Calculated 
Case 

laA 100 ~·9 2.6 2.6 2.8 101 

lbA 100 6.6 6.0 5·3 5·3 257 

lbB 100 7·7 7.4 6.5 5·9 243 

lcC 100 17 26 23 11 44 

leA 100 2.7 2.8 2.3 2.5 110 

2aA 100 6.9 6.7 6.6 7.0 107 

2bA 100 8.9 9·7 11 12 198 

2aC 100 41 68 61 28 47 
''!i'~. 

2bB 100 10 12 14 14 187 

._ l.. .... \ 
' 
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7B. ·Intensity vs. Beam Voltage 

Another possible correlation with experimental data exists with ..... 

the scan of I vs. beam voltage. The experimental results are shown 
00-

in Figure 6 for a ciean pt (100) face after heating to ll4o 0
• The 

(00) spot was 12° from the gun in this example. The corresponding 

computed maxima are shown by arrows in Figure 6. 
~ Their spacing is given 

by the relation 

; 

:?A = :?z cos i (13~ 

where z is the interplanar spacing and i the angle of incidence measurea 

from the crystal normal. With z = 1.962A and cos i = ·995, A = 3.88, max · 

1.96, 1.30, .98, .78, .65, .56, •••• Angstrom or 10, 39, 89, 158, 2~7, 

355 and 483 eV, respectively, where no inner or contact potential 

correction has been applied. The experimental maxima occur at 55, 70, 

89, 155, 240, 355 and 485 eV. In addition, there ar.e many weak 

reflections at 115, 14o, 182, 195, 270, and 500 eV, arising from 

diffractions within the crystal not predicted by Eq. (13). If multiples 

of 2z are used in Eq. (13), extra computed peaks do appear, but 

neither thei~ intensity nor exact position correspond to the experimental 

results. McRae 4 has given a more detailed. treatment of t)'lis aspect 

of LEED. He has calculated from Lax•s13 multiple scattering equations 

. the effective field at the ill!!!. atom, made up of the primary (plane 

wave) field and the field emitted by all of the atoms other than the 

given atom. The treatment predicts a resonance peak at low (~ 5 eV) 

energies, and both ordinary Bragg peaks, and secondary peaks of integral 

\ .. 
\ 
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or fractional order. These secondary Bragg peaks appear to split into 

several components with rotation of the sample. The treatment in 

. genera+ emphasizes the importance of the scattered field from all the 

atoms due to the large atomic cross sections at low electron energies. 

8. Conclusions 

(1) Although the simple optical analogue to the LEED process 

predicts spot positions and variation of spot width with coherence 

area, it predicts fractional order intensities in the (5xl) structures 

that are a.factor of 5-10 smaller than experimentally observed. The 

normalized intensities for both the surface atom and vacancy case gave 

only slightly different v:alues. 

(2) Both the form of the atomic scattering factor and variation 

of z, the lattice spacing normal to the surface plane, can affect 
. . 

strongly the calculated intensity ratios. Changes in the value of the 

attenuation factor, ~, had only small influence c~ 10%) on the intensity 

ratios in the range ~ = o.6 - o.8. 

(3) The treatment predicts only the Bragg reflections in the . 

I vs. eV curve. A more detailed analysis involving higher order 
00-

scattering, effects of inner potential corrections and the c~ange in 

f(-A., e)· with beam voltage is necessary to .. obtain better agreement. 
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Appendix 

The following program was ~sed to calculate the diffraction 

intensities, the atomic scattering factor by the partial wave method, 

and to plot the intensities ~· scattering angle on_the Cal-Camp 

plotter at the Lawrence Radiation Laboratory. The program is written 

for the CDC 6600 Computer in Chippewa Fortran IV language. The running 

time on the CDC is approximately 20 sec. 

The computed amplitude sums, as well as the atomic scattering 

factor, were checked at several angles by hand calculations. These 

hand calculations agreed with the computed results to within 10%. 

Comment cards have been liberally used in the Fortran listing 

so that the operations of smaller sections of the various subprograms 

may be explained. 

\ 
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THIS PI~~X'Jl·:.At11i C~t-·IPI~l[.i . .S lLN PL1\TliWM <100) 1-JLAi~!:.St 'vllTH /'. T0P ~LI~:\i:.. 
(.;j:\tSlSTii\G :.:JF AT;.:Ji•i!; ·.~H< VAU\Ncrrs. ALL LATT1Ct. ult''tE:.I~.S.i;oN~ A'"C. r:.~.Sl~:·:i:Ci 
Ttillh: X-1\.A.Y Huu;. Vf\Ll_ti-..St IXUYT F01\ THE. L-5P/\CJIH.J v;F THE SUKI-/~Ct. 

PLAN[ \\'HlCH 1~) L[FT Vi\1-0:1/\llLE. 

C ::"~If':. l:: !\ I () 1\ T Z I D X t lW t Ttl E T 1\ 1 , P H 1 1 t f\ L P H A t A L PH 1\ T , Z ( 1 0 ) t C ~ THE T t S (! .. T T , 
If .'· ;? Z F T t Y 1 i r:: T , Z T 1 , Z T ;~ t S ll F , P X t P Y t A T M X 1 t A TIll\ X 2 t A. TtW 1 , A T;\•1Y 2 , . ~ 0 L X l t 

!:· ~I('ILX? tH?llYl ,H0L Y2 
C ~ ~ ~ ~·.~ c;: N I 8 L A T I \•I A V F 
f')fiTA ZTl ,zT?I-?..105,0./ 
~~/\TA ALPHATti\LPH/\/0.94t0.75/ 
DATA OX,DYtWAV~,THETA1,PHI1/2.775,2.775,1.609t-9eOt-9e2/ 

DATA SIZE,Px,PY/52.,5.,1.1 
D/\TA AT~XltATMX2tATMYltATMY2,H0LX1tH~LX2tH~LYltH~LY2/5l.,o., 

~ 51.,J.,55etO•t5l.,O./ 
1 DATA <Zlll tl=ltlCl/O.,l.~62t3e924,5.887t7.849,9.Bll,11.77~, 

c ... .... 
c 

c 

* ~3.735tl5.69dt17.66/ 
D~!N.T 57, DX,DY,WAVEtTHFTAltPHI1tPXtPYtALPHAtALPHATtZTltZt2t 

« srzr,Z,ATMXltAT~X2tATMY1tATMY2tH0LXl,H0LX2tH0LY1tH0LY2 
57 F0R~AT(llilt4H DX=FB.4,4H DY=FA.4t6H WAVE=FB.4t8H THETAl=F8.4t. 

* 6H PHll=F8.4,Lt!l PX=F5.0,4H PY=F5.0t/7H ALPHA=F8.2,8H ALPHAT=F8.2t 
* 5~ ZTl=F8.4,5H ZT2=F8.4,6H SIZE=F5.0,13H Z=lOF8.4,17H ATMXl=F5.0t 
* 7tt ATMX2=F5.0,7H ATMYl=F5.0,7H ATMY2=F5.0t7H H0LX1=F5.0t 
-!:· 7H H~;Lx2=F5.U,7H H0LYl=F5.Q,7H t-10LY2=F5.0l 

DI"l;:NSI0N X (451) tCF 1451) 
PRINT 4 

4 F0~MAT(lHQ,SX,6HTHETA2tllX•5HSCATTt28Xt9HINTENSITY//l 

ZEf~'HH CRDCR SCAN I /'l THETA2 THR0UGH THE ( 00) SP0T 

15 

67 
88 

K=451 
~=2 
~·iHY =-PH ll 
PPif\!T 15tWHY 
F~RMATCJH0,8Xt5HPHI2=F8.3) 
D?, 88 L=lt451 
XCLl=O.l*FL0ATCL-271) 
FF<Ll=EFINT!X(L)tWHYtWAVEtM) 

. ) 

PRINT 67tXCLl•SCATT,EF<Ll 
F0R~AT<5X,F1Q.2,5X,Fl0.2,25Xt1PE14e5) 
C ~NT I ~llE 
CALL GRAPHCXtEF,K,M,18HSCAN FR0M 00 T0 iOt6HTHETA2t9H!NTEN51TYl 

~- ~I Nl !S r IRS T 0R DH< SCAN IN THE T A2 TliR0UGH THE OtH SP0T • 

WHY=-ASINCWAVE/DY+SlNC0.0174533*PHllll*57.29578 
P P I NT 1 5 t ~-J H Y 
PRINT 4 

. D0 89 L=lt451 
X(l)~O.l*FL0AT<L-271) 
FFCLl=F.FINT<XCL) tWHYtWAVEtM) 
~PINT 61tXCL) •S(ATTtEF(L) 

89 C!"/.NTINUF 
C~LL G~APHCXt~~,K,M,?~HSCAN FR0M OMl T0 1Ml,6HTH~TA2,9HlNTENSITYl 

C f, L L C ( Fl'~ [) 
~. T0P 

•• 

\ 
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THIS PROGRAM SUMS THl UIFFkACTI0N AMPLiTUDES FR0M THE BULK AND 
!JL-f~fAC:: AhJf'.~S lN Til[ lnGI0N 0f- (jjHLf<L."~([, MULTlPLllS THE RE.SULT i:.;y 
Tilf. AT;Jr-..11( .')CATH .. f-:ING FACToJI~• Af.llJ FlNALLY C~MPUTES THE:. SQUAf-.:E() 
r-1;.\(.;NlTU!"Jf ~F THE l~r~~lJLT T0 GlVr THE INTEN~:.llY• 

C~~~1Pl.EX Arv'P ,SU/IIC t5UME ,A T0MIC tFT0PS1 
C?M'kiN I !)AT Z /DX, DY, THETA l, PH I 1 t ALPHA, ALPHA T t Z C 10) , (0 THE T, :..cAT T, 

* C?ZrT,TY[T,Zll,ZT2tSIZE,PXtPY,ATMXl,ATMX2tATMYltATMY2tH~LXlt 
X H?ILX.2,H(~LYl,H0LY? 

C~SCAT=C8SC0.0174533*CTHETA2-THEYA1) l*C0SC0.0174533*CPHI2-PHlll) 
5CATT=AC0SCC0SCAT)*57.29578 . 
C0THrT=C~SIC.Ul74533*THETA2l*C0SCO.Ol74533*PHI2) 
C2Zf.T=CJSC0.0174533~THETA1l*C0SCO.Ol74533*PHlll 
QcLTAX=IDX/WAV[)*CS1NCC.0174533*THETA1>+SlNCO.Ol74533*THETA2ll* 

* ~. 141 5'~ 

.. ··C~ DlLTAY=(DY/WAV[l*CSINCO.Ol7453~*PHI1)+SlNC0.0174533*PHI~>l*3.141~S 
0~~~~X=51NCDELTAX> 
~cN~~Y=SlNCDELTAYl 

·i 

c 
( 

0 

, 
... 

3 
4 

5 

S!Zf"~l=SlZE-1• 
STNSX=SINCSIZE*DFLTAX) 
~~~SY=SINISIZE*DELTAY> 
SI ~: S X 1 = S I N ( S I Z. Ff\11 *DELTA X ) 
~~~SYl=SlNISIZFMl*DELTAY> 
I ~ C f'~ F N (~ ~ X > 1 , 2 , 1 
Fr-X=S!NSX/DEN0MX 
F.~XfV=SINSXl/DFN0MX 

G:'! TO 3 
[FX=SIZE 
EFXfV=SlZEM1· 
IF ( ()f N0,"-' Y) 4, 5 t 4 
£FY=SINSY/DEN0MY 
fFYfV=SINSY/DEN0MY 
G? T0 6 
F~Y=SIZF 

FFYFV=SIZFMl 
St.'MF=CQ.,c;.) 
St:~~;J=!G.,O.) 

/-\ 

['0 3 3 K = 1 tl 0 · 
BFTA=-<Z<Kl/WAVEI*CC0THET+C0ZETl*6e28319 

THE rvEN- AND 0DD-NUI'V!UEREU LAYERS HAVE THElR 0WN PHASE DlFFERENCE. 

1'\=K.AND.l 
IFCNl lfld4tl8 

14 St 1 r-~r=~>U"1f+(rv',PLXCC0SCBETA> tSINCRETAI l*ALPHA**C2*CK-ll I 

!'' lB Stt~~O=SUM0+CMPLXCC0SCAETAI tSINCRETAI >*ALPHA**C2*CK-l)) 
33 C~NTINUf 

AMP=fFX*EFY*SUM0+EFXEV*EFYEV*SUME 
~' (C _ _;"THE AMPL l TUDE AND PHASE 0F THE SURFACE PLANE IS EVALUATED. 

17 BFTAT1=-CZTl/WAVEl*CC0THET+C0ZET1*6.28319 
S!NPX=SIN!PX*DELTAXl 
SINPY=SIN!PY*DELTAYI 
1 F ( S u:P X) 4 0, 41,40 

4v VI~CXl=SlNCH0LXl*DELTAX)/SINPX 

G0 T0 42 
41 VCNCX1=~ZLX1/PX 
42 IF!SINPY> 43,44t43 
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'· 
c 
c 

C\ 
·: 

4 ·~, 

44 
,,. 5 
46 

47 
,,. 8 

'• 9 

s ... 
51 

V( f'~C Y l = .:.t N C Hi<?l Y 1 *DELTA Y I /51 NPY 
G0 T0 45 
VCNCYl=H:t.,LYl/PY 
1FCDEN~~t-1X) 46t47t46 
SURF X 1 =SIN C A H1X 1 *DEL TAX) /DFN0MX 
G0 T0 4.8 
St:RFXl=ATMXl 
IFCnFN~~Yl 49,50,49 
S ~ 'R F Y 1 = S 1 N ( AT MY 1 -II D F L T A Y) I DF N0M Y 

-30-

S l f R F Y l =.A Tr.-1 Y 1 
FT0PSl=VC~CXl*VCNCYl*CMPLXCC0SCBETATl)tS!NCBETATl)) 

UCRL-17126 

TIH: iiL.'LK AND SUf~FACE AMPLiTUUI:.S Af-<E ADDEO, I-1ULTIPLi£D bY THE AT0MlC 
!JCATTFI<iNC, FI\CH)R, MJD TilE f<ESULT SOUM<ED. 
1 

.•\!"•P=FL:lp~.l+ALPHAT-11*2"~At-1P , 
1\VP:/\MP~AT~Ml~<SCATT.WAVE) I 
[F!NT~REALCAMP>**2+AIMAGCAM~l**2 
R CTl.fRN I 
ff-1("\ 

\ 
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C0MPLEX FUNCT10N AT0MICITHFTAtWAVEl 

C THE C0MPLEX AT0M!C SCATTERING FACT0R IS C0MPUTED BY THE METH0D ~F 
C PARTIAL WAVES. 
c 

c. 

( 0 ~1 P L F. X T f. R M 
DIMENSI0N P!BltFTAC8) 
DATA IETAIL)tL=l,8)/13o7ollel8,8o04,5o47t2o83tlo07tol9tOo/ 

,..,..-.. _, 
THE SCATTERING ANGLE USED IN CALCULATING F(THETAl IS THE SUPPLEMENT 
0F THE ANGLE USED IN DEFINING THE LEED PATTERNS • ( 

.. ;~-
c 

* 
22 

SUPP=l80.,-THETA 
X=C0SI0.0174533*SUPP) 
P!ll=l. 
PI.:'J=X 
~11l=l~5*X**2-0.,5 

~<4J=2.~•x••1-l.5*X 

;: I 5 l= I 3'>.*X**4-30~*X**2+3o) /8o 
PlhJ~I6~.•X**5-70.*X**3+15e*X)/8o 
P17l=!23lo*X**6~315~*X**4+105e*X**2-5ol/l6o 
P(8J=!l287e*X**7-2079e*X**5+945e*X**3-105e*Xl/48o 
Ah'Ml(=(U.,O .. ) 
f'C' ?.2 L=lt8 
TFRM=WAVF*0.0795775*IO.s-l.l*CMPLX!C05(2e*ETA(L))-l., 

SIN!2e*ETA!L)ll*!2e*FL0AT(L-l)+lel*P!L) 
AT0MIC=AT0~IC+TERM 

C~NTINUE 

RETURN 
ff\1() 
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c 
C THIS SUBR01JTINE CALLS THE VARJ0US CAL-C0MP LIBRAkY SUBR0UTlNE5 WH!CH 
C PL0T THE FINAL JNTrNSITlES ANO ANGL[5. 
c 

C~MM0NICCPU0LIX~lN9XMAX,YMINtYMAX,CCXM!NtCCXMAX,CCYM!N,(CY~AX 
ro r .v ::- N ~) H'N I< v.1 u N D < 4 r 9 x < J 1 , Y r 1 > , E F < 1 > · 

f)/\ T 1\ I I~ fJ U !\.f) I 1 l t I ,, l t 4 l I l • , L .. , ~ o S , ~ .. I 
D/\1/\ ~R0UNUtPARTI4tl2ol 
C\L L L I NEUf-' I X •K, i~v.HJND tNI-<:UUN.D, PMH, XMI N, XMAX l 
lFI~~-11 2'*'24.~25 

?t.. CALl LINEUP!Ytr~,l<:tiUND,NkkiUNDtPAf-<T,YMIN,YMAXl 

i" ,\ L L C C G l·\1 D < 1 ' I F I X < PAR T l , 6 H N 0 L f3 L S , 1 t 1 F 1 X ( PAR T l ) 
CA. L L , C C Lf~ L < IF 1 X < PART l , 1 F l X< PART l l 
CALL CCPL0TCX,Y,K,6HN0J0IN,1,11 
C~LL CCLTR(ll40.,925.,U~lt5HJ0B Al 

0•' T2 ?6 
:5 (:\LL LINFUP(Ytl~,f~!{;lJND,NR0UNDtl2 .. ,YMINtYMAXl 

CALL CCGRlD<l•IFIX<PARTJ,6HN0LBLStltl2l 
CI\LL CCL8LCIFIXCPARTltl21 
C~LL CCPLOTCXtYtKt4HJ0[Ntltll ( 
CALL CCLTR!ll40.,950.,u,2,24HALPHA=0.75eLAM8DA=l•582Al 

_26 C~LL CCLTRill40et97~.,u,~,RGl· 

CALL CCLTRI54U.,5ot0,2,RXl 
C 1\ L L ( C L T R < 0 o ' r; 6 0 • , l , 2 , R Y l 

CALL CCNEXT 
R FTl.'RN 
:::- (\! ['! 
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Figure 1. Geometry used in the derivation of Eq. (4). · S is the electron 
gun source, P a point on the LEED screen, Q1 and Q2 two 
diffracting centers in planes 01 and 02, respectively • 
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Figure 2. Relationship between spot half-width at half-maximum 6e2 and 
the number N of scattering centers. The value of N is 
normalized by the ratio of the x- or y-direction lattice 
spacing, D1 and the wavelength ~. 
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Figure 3· Forms of the atomic scattering factor used. Curve A: lr(e)l 2 as unity. 

Curve B: lr(e) 1
2 as (h(x)/x) 2

• Curve C: lr(e) 1
2 as the partial wave value; 
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Figure 4. 
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Distance 

Experimental plot of intensity vs. distance 
(related to the angle 82) along~he (ii)-(oi) 
direction in the (a) absence and in the (b) 
presence of the pt(lOO) ~.(5xl) surface structure. 
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Figure 5· 
Computed intensity distribution 
corresponding to Figure 4 for 
the case of surface atoms with 
zT = 1.962A and f(e) = 1. 
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Figure 6. Experimental· variation of'I00 with beam voltage 
··for a clean pt(lOO) surface. The incident angle 
is~ 12°. Arrows .indicate positions of the 
computed Bragg peaks. 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com­
mission, nor any person ~cting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa­
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with -respect to the use of, 
or £or damages resulting from the use of any infor­
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com­
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 

of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 




