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¢ Abstract

Use is.made of the pfinciples of Frauphofer diffractiqp to simulate
low energy electron diffraction (LEED) pattern intensities from the (1065
crystal face of platinum for the purpqses-of surface structure énalysis.
The model considers diffraction by ten étgmic plaﬁes having'50 atomé in |
~ each (lOO) plane. The effects of different atomic scattering factors,

attenuation of the electron beam between planes, and expansion and

o
:

éontraction of the topmost sﬁrface plane with respect to underlying

 atomic planes have been considered. The intensities of fractional order
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. 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. lattlce

N

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

i

- effects which cogld influence the coherence length of the scattered
electfon beam have Also been discussed. |

Although the position and width of the diffraction spots caﬂ be o
‘explained by oui treatment, the intensities of the fractional brder
diffraction spots due to the Pt(100)-(5x1) surfaée st?ucture is highei

than predicted by this simple model.

- W
‘ ' ' " : \\\'. ’
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1. Introduction .

Low energy electron diffraction has been eminently successful in

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

to their la:ge scattering amplitudg and low energy, baqk-reflect from :
the surface without penetrating more than a few atomic'planesl‘below |
the surface plane. Thus,.when diffracted, the resulting diffraction
pattern is mainly charécteristic of the arrangement of surface atoms.,%
Recent results indicate2’3 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 wﬁere no such changes occur

in the bulk. 1In addition,’adsorbed gas atoms were also found to form

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

- orientation and temperature.‘l

Low energy electron diffraction (LEED) is able to detect these
struétural changes at the surface. Thué, it plays the same role in
understanding‘the properties of surfaces as x-ray diffraction for probing
the structﬁre of the bulk., A satisfactor& physical model of the electroné,
surface interaction which caﬂ explain the.intensities of the ﬁbserved
diffraction quts.has not been.deVeloped as.yet. Severél attempts ha&é
been made recently, among which the theory of multiple scatteringu is

oo \\

the most prominent.
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The purpose of tﬁis paper is to develop a kinematic model ﬁsing

the optical analog which could be used to analyze LEED pétterns. We
shall show how the variation of the physical parémeters which characterize
oﬁr model (Vafiation of lattice $pacing, electron trahsmission coefficient)
"influence the calculated diffraction intensities. Two diffgrent-modéls
(atom and Vacancy) have‘been used to simulate the intensities of the
| ffactional order diffraction spots which are due to the experimentall}
observed Pt(100)-(5x1) surface structure. Changes in the diffracted
. beam intensgities due to variation of the atomic scattering factor have
also been computed. | |

Since we are prima;ily interested in compariné relative intensities

" of the calculated diffraction patterns whiéhiare functions only of thé;;‘

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 describedvthoroughly 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

A crystal surface will adsorb a monolayer of foreign gas at 107" torr
in one second (assuming a sticking coefficient of unit{% so that typical
operating pressures in the diffraction chamber are 10~ torr to allow
reasonable observation times.

.
&

..
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eliminate the inelastically-scattered fraction, and accelerated towards
a hemispherical fluorescent screen which detects and displays the
diffractionbpattern. The crystal can be rotated so that the specularly ‘
reflected fraction of electrons (Ioo) which would, otherwise be direcfed

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

observatlons are made through a 6" 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. Buerger6 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 Z apart, than all points in the row .

Care given by %(l) = mZ where m 13 an integer. The Fourier transform of

> ®  oni maotk
T(1) is R(1) = & - M8

m==

-&-‘ e y
= sin n(2mtl)a-t*/sin n a-t*, where t*

'-is the reciprocal lattice vector. This function has maxima where 2-?*

has integral values, and defines a set of planes in reciprocal space of'
spacing t* = 0, (1/a), 2(12/a), ««. etc, normal to the lattice row.
Where T is 2-dimensional} i.e., T(2) = ma + ﬁﬁ, the reciprocal R(2) =
R(1)-sin n(2n+1l)b-t*/sin xb-t*, The two factors have maxima where

. -h R .. ¥
independently a-f* b't* =0, 1,2, «.. » 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 crystai at pbints of the reciprocal lgtticé.' Ip 3—dimensions,

T(3) = ma + b + pe, and 'ﬁ(3) = R(1)*R(2)sin n(2p+1)'5-€*/s1n n’E-'t“*.

"The third dimension has added another set of planes agaln mutually .
perpendlcular to the first two, and the maxima in R(3) are now at the . | ' i

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

which comprise the reciprocal lattice.

The low energy electron diffraction pattern appears when the
electrons which are elastically back-reflected from the crystal surfacéf
intercept the gpherical fluorescent screen at a distance (~7 cm) much

-8 cm). Diffraction

PRV
\

' greater than thelelectron_wavelength (0.5 - 5x10

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

intersections of the diffraction Planes, ﬁormal to the row, and the

screen. Diffraction 5& a single atomic plane gives rise to s?ots at

the intersection of the reciprocai lattice rods with the screen.

-(One characteristic of this two dimensional diffraction is that changiﬁg

the wavelength of the impinging electron beam at constant electron

: den81ty does not effect the intens1ty of the diffraction spots, although |

their position is sltered.) Diffraction by a three dimensional lattice \\\

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

weli»defined wavelengths at which all three Laue conditions of diffractiogA

are met. H
The case encountered in LEED is in most cases inpermediéte to the

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

«

'feels" all three dimensions of the crystal, and the intensity maxima
are given by R(3), the low-energy electrons "see" primarily the

2-dimensional surface and at most a depth of 10-15 planes. Therefore
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Ideveloped, causes fluctuations of the intensity of the diffraction
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the two dimensiaonal diffraction features which afe given by §(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 V) the third Laue condition, being only weakly

spbts_as a function of electron‘wavelength. As the electron beam
penetrates deeper into the crystal at higher beem voltages, the three .
dimensional character of low energy electron diffraction becomes more

Pronounced. '
{

4. Analogy Between LEED and Optical Diffraction

The reciprocals R 6f 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 Wolf7 and Stone,8 the amplitude
distribution in the Fraunhofer plane cah be expressed as the product
of the scattering by a single obstacle, and the coherent superposition

of scattered waves from each obgtacle. 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 éymmetry

factor. The product of the two is the structure factor.
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LA, Diffraction Coordinates

The séattering geometry is shown in Figure 1. The Fraunhofer
plane is defined by the origin O and the £n axes,'whilé iiyl and x2y=
‘define the first two planes of atoms with origins 0y and Oz, respectively.
'Ql(xl,yl) and.Qa(xz,yg)varé obstacles in 0y and Qa; while S(&',7') and
v P(g,n) are the source and diffraction points in thevFraunhofer Plane.

The distance L is T cm, 2z ~ QA, A~ 1.58 and d ~ 3A,vare typiéal
conditions encountered in LEED experiments.. The size r of the scréen
pattern in terms of the interatomic spacing d and the electron wa&e-
length A is r ~ (Md) L~ (1.5/3) 7 = 3.5 cm. The total area of the
: érystal surface irradiated by the electron beam is ~ 1 mm2.

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

diffraction limit, we write the distances Ri, Rz, R,0 and Ry as

Ri¥ = (ﬁ'.",xl)‘-2 + (0 - y)® + L2
R2® = (& - x1)%+ (n - y1)® + 17

RioZ = E'2+ 1'% + 17

Roo? = &2 N n2 + 12
. or that
Ri? = Rlo? - 2(&'xy + q'ya) + X1 + Y;?
Rz® = Rao® - 2(kxy + ny1) + x1Z + 1% .

»
N

LD
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Since the irradiated dimensions of the crystal are smali compared
to Rio and Rzp, we can expand Ry and Rz as

' ) ' )

E'x1 + n'ya xa® 4yl (E'x1 o+ n'y)”

Rl""Rlo- ) + " - - ,+".
Rio 2R10 - 2Rio '

and a similar expression can be obﬁained for Ré.

The eValuation of the'Kirchoff integral over the area of the
diffracting obstaéle will be easier when'thg terms Quadratic in x, and.
A can.be‘neélected.. This caselconstitutes the Fraunhofer limit,_.

- According to Born and Wolf the quadratic terms may be dropped if the
- subsequent change in the phase angle k(Rit+Rz) is much-smaller‘than
2y i.e., ika(xla + yge)/aRlo << 2n. Typical dimensions are

x1 = vyl ~ 200A (see section on cohez;ency), Rig ~ 7 cm, and -

k = 2n/A ~ 21/1.58, so that k(x1® + y1%)/2R1o = (27/1.5)(8/14) 107" -

2.k x 207 «< on.
In order to calculate the geometric difference in path in terms of

the coordinates of Figure 1, we express the square of the lengﬁh L~z

in terms of the lengths R'ip and R'2p. between S and Oz, and P and Oz, -

respectively,
(L-2)% = Rig® = £"2 = 0" = R1Z = (' - x2)% - (0" - y2)2 N (1):
And for the diffracted beam ‘ | . \

(L-2)% = R2o® - €% = 97 =,Ré2 - (& - x2)% - (q -;Y2)2 | : (2\‘
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“The path'difference Aa'for the source beam is AN Ri_- Rip, where
R3o = L2 + £'2+ 1'2, Using R1® from Eq. (1), we get

' ' . '
R1® - Rio® = (Ry + Rlo)(Ri - Rio) = A1(R1 + Rio)

so that
xzz_ + y22 + 2% 2

Ay = - —— s = (x2t' + yan' + Lz)
Ry + Rip R1 + Rigo

Letting Ri + Rip ~ 2Ri10 and neglecting xae/QRn.o; we get

. l . : " .
o = - Fig (x2t' + yan' + Lz).

But &'/Rio = sin 63, 1'/Rio = sin #1, and L/Rio = cos { where cos { =

~ cos 6, cos %1, s0 we get the final symmetric form

D) = -(x2 sin 61 + y2 sin &1 + 2 cos ;){

Similarly, we define the path difference Az for the diffracted beam as
Lo = R2 - Rig

= " g (x2€ + yon + Lz)

and we define the analogous angles g/R20'= sin 62, n/Rao = sin g2, and

L/Rao = cos 9‘where cos 6 = cos 62 cos @2, We then have

AL = - (x2 sin 62 + y2 sin @2 + z cos 6). ' ¥



o
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If we adopt the notation that Allap and.Agsz are thé'phases of

the BJEE atom in the pEE plane, then the coherent superposition of the

phases kﬁlsz and kﬁazJP can be expressed as

P N M
A= z b ‘ z
=1 J=1 A=1

o B Lipy,
e-kl(A; JP + Ag JP) (3)
Where the values of M, N, and P are as yet unspecified.

If we allow for the case in which the phases A1 and Az are complex;

i.e., when'there is an attenuation of the incident and exiting electéen

'beams as they pass_through'each plane, then the total phase'is

k(Alﬂap + Aesz) - 2i(p-1)e where € is an absorption coefficient per \iw

e, Eq. (3) can be written‘asv

s G2e) k(P tBy )

8 ' :
We can rewrite Eq. (4) in a more useful form since xg and yﬁ are .
periodic with spacings Dx and Dy’ respectively, so that'xg = (,@-l)Dx

and yz = (J-1)D_ . Now let us define the phases B and & such that
| J Y ' x Ty

6 = §ﬁ5 (sin 61 + sin 6z) and by = (kDy/2ll)(sin #1 + sin @2), where
= 2[/A. Then, the corresponding sums in Eq. (4) become
P N M | o
Az 5 5 _,GQ(P“I) e-2ﬂi(£-l)5x e-QHi(j-l)By e-ikzP(cos t + cos 6)

p=l =1 £=1 v : | (5)
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The sums over the atoms in the x-y plane can be'expressed in a closed

form8 as
5 e e-ani(z-l)sx e-2ﬂ1(j~l)5y _ e»ﬂ;(M—l)ﬁx e-ﬂl(N»l)sy )

J=1 £=1

sin Mn&x‘ sin Nnby _
x ' . (5a)

sin #®_  sin n®
. % ¥

The.scattering efficiency‘of the ﬁ;jpﬁh atom into ﬁhe angle & is
given by the atomic scattering factor fsz (7,8), and the structure
~ factor begomes F = fsz (A,8)<A. Since in our case, for mgnatomic
';solids all atoms ére identical, the subscripts on fsz (K,G) caﬁ be

dropped and F can be written as

‘ ~in [(M-2)8 +(N-1)8 1 ¢ gin Med,  sin Nnd
F = £(1,0)e * 4 .{ X . Y
» sin ﬂSx 31n,n§y
P
2(p-1)  ~ikzp(cos § + cos 6)
x 2 oa e . - (6)
p=1

4B. Coherency

Up to this point nothing has'been sald 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 thé structure factor. We will show that a) the number 5f
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—direcﬁion wﬁich:contribute to the scattering of
electrons is a function éf the attenuation factor, .

a) Using the arguments of Born and Wplf,7 let Py and P2 be two

points on the face of the'crystal;vand let the crystal be many wave-

‘lengths from the source. If P1, and Pz are closer than one wavelength,

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

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

greater separation of P; and Pz until the distance Al between them’

: approaches the coherence length vAL ~ V/Av of the electron beam,
where Av is the spectral width of the beam, v the electron velocity

. and &t the coherence time. The corresponding degree of coherence, or

the visibility of the fringes from Py and P> will vary from unity
(perfect correlation) to zero (no correlation).
Several estimates of the length Al 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

9

electrons boiling off the cathode,” than at a filament temperature

T = 800°K electrons will be moving toward and away from the'crystal

with an average energy of 3/2'kT, and a total spread A(eV) = 3kT = 0.21 eV,

or M = T x lO"h A. Tnis mey be a lower limit to the spread since we
have neglected field distortions at the electron lenses, and spacé'
charge effects near the cathode. The corresponding upper limit to the

coherence length on the crystal surface is then V/Av = XQ/AA ~ 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 P; and Pz will be 0.88 if the distance Al between them is

AL = 0.16 I (7

where a is the angular radius of the source at the crystal. For a
filament-to-crystal distance of 20 cm, and a filament helght of ~ 5 mm,
= .5/20, and AL ~ 13 A. Coherence length of the same magnitude can

be ealeulated from the effect of the electron beam dia.meﬁe_f (1 mme)

on the width of the diffraction peaks.lo

The anéular width of fhe 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 Nn8/sin nﬁ.l If é‘
we move by a small amount ©° away from the mEE order, then & = &' + m;%
and F =.sin Nﬂﬁf/sin nd' ~ sin Nad'/xb'. The point at which Fa-which
is broportiohal to the intensity, I, is one-half its peak height of

N® is then8

(sin Nnd? 2

0:5 = T

or Ned' = 1,5. Since 8' = (D/A)sin A8z ~ (D/M)A82, Az, the half-width

at half maximum, is given Dby

(wl

202 - 55 -

"

\

“\
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The norﬁalized quantiﬁy N -'% is plotted against A6z in Figure.Q.
. In order to obtain N from experimenta} half-widths it is hecessary fo
multiply thevvalue from the graph by the ratio of the lattice spacing‘
and wavelength. This value of N is again only a lower limit'to the
size of the diffracting units, and ié accurate only for vaniShing
instrumental width. vIn the present'study, the narrowes£ widths
‘ (half-width at half~maxima) of the diffraction spots of platinum
‘surfaces that weré observed were 0.3° at lOO,eV, corresponding to ~ MO’
scaltering centers or ~ 120A. Estimates by Khan, Hobsén, and
Armstrongll of the uncertainty in the x-y momentum of their electrons
at 1 eV give N > 20, or Al > éO A. An additional estimate by Parklo
| from beam widths gives Al ~ 102 A. |

Since one can dbse?ve the change (decrease) in the size of the
diffraction spots upon anﬁealing after ion-bombardment for example,
the widths of the diffraction spots dé not seem to be limited by the
instrument. 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 attenuvation of the electron beam per plane.
(Gafnerlz used the attenuation coefficient in the form o = e—0°1252, _ ¢
and for z = 2.3 &, @ = 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 plangs shouldlbe taken into account before the contribup}on
‘of the deepest plane drops to the same small value. We have varied a in | \\x
the range 0.6 < a < 0.8 in our calculations of the diffragtion intensities.

'The variation of @ in this range has only a very small effect on the

intensities of the diffraction peaks.
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5. Computation of the Scattered Intensity by Bulk and Surface Layers -

In the preséﬁt treaﬁment we have assumed a coherencevlengthvof
140 A which gives a fringe visibility of 12% at A = 2& [using Eq. (7 1.
These values were estimated from the diffraction patterns obtained o
from platinum sui'faces.2 Therefore in our computatioh 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-direcﬁion
(P = 10) in order to take into account thé scattering due to the bulk
atoms.l )

For the (100) and (110) faces of an FCC lattice the 2nd, hth,
_ 6th, .... planes are displaced by % (Dx, Dy) relative to the 1lst, 3rd,
5£h, .+«. planes; i.e., alternate planes are staggered. The atomic |
positions in the even planes will now be Xgy = [(ﬂ-l)Dx + %.Dx] and.
Vg = [(jfl)Dy,+ % Dy].

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

have, letting S6 = (sin 81 + sin 62), S¢ = (sin g1 + sin 82),

t ]
Nt M -2xi(£-1)0 ' -2mi(j-1)6  .-KS SO  -kS S¢
X z e 7 e y e ' e 'y

j=1 £=1

e

- 1 1, ‘ i g i Y 1
niL(M 1)8_ + (N 1)5y] | 1k[SxSQ + sys¢] sin M'n®  sin N nSX

= e e

sin nd sin nS
X y

(8)

ree
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‘Whereas the x and y dirgétions on the (lOOj face gre‘equivalent, the; i
pattern given by Eq. (8) would not show the inversion symmétry of a
(100) face since the secﬁnd factor is present pnly'for the even layers.
The problem was therefore "symmeﬁrized" by reducing the size of the

" even planes by one row and column of atoms. By letting M= M-l

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

v‘hand side of Eq. (8)
_ D, D, .
e_ﬂi[(M_l)gx f (N_l)ay] e-ik[(zr - Sy) Sg + (5 - 8,) 867 .

D

But since E} =8

D
X
y?oe

= Sx’ we obtain for the phase and amplitude,bf .
"Eq. (8)

-#1[(M~1)5# * (N-l)sy] sin(M—l)nﬁx sin(N-l)nay

e ‘
sin nd .- sin nd
. X Yy

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

_ even and odd planes separately in Eq. (6) gives for the structure factos

-ﬂi[(M-l)5x + (N-1)8_] sinrMnbx‘ sin Nnd_
F = f(\0) e M SRS S A,
bulk .sin b sin nd
X NG
9 | 2(p-1) -ikz _(cos { + cos 6) sin(M-l)nf)x sin(N-1)nd
z a - e P Lo o+ o . , - b4 b'd
p=1(odd) , | . sin #Sx _ simwd
10 - 2(p-1). -ikz_(cos { + cos 6) '

p=2(even)
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bulk
(M-1)(N-1) when 8x’.5y = 0, *1, *2, ,... independently; the

From Eq. (9) we see that F, has maxima of magnitude MN ~

.corresponding diffraction peak is labeled by the vélue (6x, Sy).
Also, the rotation 8 -8 , & = -5 ; and the inversion
' X yo vy - X ' :
- -5 8 -8 o g
| 5x ¥ Oy "%y leave F, ., invariant for both even and odd planes,iv_
"so that the scattering amplitude now has the_same symmetry as the
(lOO)vface. The phase factor preceding the Quantity in braces is

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

later calculéte the intensity. .-

SA. Surface Structures.

~In addition to the diffraction spots ‘due to the (100) face and
underlying atomié planes given by the mexima in Eq. (9), diffraction
spots which reflect greatéf periodicity at the surface are observed
in many LEED patterns.l These spots are due to‘larger'lattice'spacings,
For example, D! = 5Dx, D) = Dy (5x1 structure); D! = 5D, Dy = 5Dy
(5x5 structure),.etc._'Although the following treatment could be used
to analyze all n x m patterns for n, m=l, .... 5, the analysis of onlyi
‘the (5x1) péttern 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

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

thén a (P&vx F&) pattern may be due to the presence of an atom at

every ﬂ?x, mPy position, where £ =1, 2, .... M/Px’ m=1 2, ..., N/P&,

or to the removal of an atom (presence of a vacancy) at that position.
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-If we choose P, = 5, Py =1, M= N =52 (this value of M allows us to
place all (P; X Py) structures symmetrically on the surface) then

‘51 and thg top layer will be symmetric if we place

i

M-1=N-1
'atoms in the lst, 6th, 1llth +eoe 51st positions in the x-direction,

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

— ~ik(£-1)58_ 2l ki(3-1)6  -kiS 86  -kiS Sg

A = X e T e Y e * e ¥

atoms , , S
B:l , J:l : : . '
~ sin 55nd sin 5lnd ~51ni(d_ -+ B )

= —_—X . R A e x ¥ ) (10)

. 8in 5nd - sin n® : .

X o ¥

-

. The surface amplitude has maxima in the x-direction when 5x'= 0,
' .2, t.4, ....j.and in the y-direction when Sy = O,»tl, 2, teee,

.. giving the familiar "5x1" diffraction pattern.

-isz(cos§ + cosb)

The phase due to the spacing in the Z-direétion is e
from Eq. (8)? where zj is hdw the spacing between the surface layer and
the first bulk layer. | - |

The second case ﬁo be considered is one in which an atom is removed .
at every (ﬂPx, mPy) pogition, From a full 51 x 51 (1x1 strpcture).
surface array,'atoms at every lst, 6th, 1llth ceen 51st position in the
x-direction aré removed, with atoms in the y-directioﬂ remaining.

_For this 5 x l vacancy case the diffraction gmplitude from the surface

" becomes
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sih 51xd

A = e .
L | | \sin =d

X
sin 5578 ) sin 51nd o T
sin 518 sin =

x y
Combining Eqs. (ll) and (9) and using a suitable atténuation,

%p, of the electron beam between the surface and bulk 1ayers, the total

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

consisting of vacancies in a (5xl) array is

Ftbt(x’ £, 8) = £(, ©) A[AQac‘+ aTe Abulk] o ' (}2)

The value of % depends on the value of a and 0, the fraction of
the (51 x 51) surface sites occupled. For o =1 (l x 1 surface
structure) « ap = a, and for 0 = O (no surface plane) @, = 1, A linear

varlatlon of U w1th 0 was assumed, so that aT = c(a-l) + l. For

 the (5xl) layer of atoms case, = (51 x 11)/(51 x 51) = O. 22, and
aT = 0.94 forAa‘= O.75j while for the same vacancy struqture ' '
o =(51x 40)/(51 x 51) = 0,78 (or 1L - © ), and a, = 0.80.

Y

<51xi(B, + B))  -ik zp (cost + cose) < X
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6. The Atomic Scattering Factor

Three forms of the atomic scattering factor, f(X,G), were used in

. the calculations, and are shown in Figure 3.

The first, given by Curve A, was simply f(6) = 1; i.e., the atoms
are assumed to be effiéient scatterers in all directions.

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

- Bessel function and is given as lf(9)|2 = (QJl(x)/x)2 where

x = (21/\) + & sin (x-68). The parameter a, which in optical diffraction
is the radius of the circular diffracting apertures, was determined by“
the following argument. Experiméntally, 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 seén at an angle n-6 = 32° and at

350 eV (A = 0.758). The function (Jl(x)/x) has its first minimum at
x = 1.22%, so that a = (1.22%/2x) x (0.75/sin 32°) = 0.86A.
Finally, Curve C was derived from the approximate partial phases

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

, nz, then

€0 - gy £ (et (M- ) pyeos 0 (13).
=0 ‘

where Pﬂ is the EEE Legendre polynomial. VThe phases were éalculated
for £ = O to 7 for tungsten (z = T4) 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 = T4 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 experimenﬁal}y

at 60 eV.

7. Correlation of Experimental and Theoretical Intensities

A computer program was written (see the Appendix) to compute the;
sums in Egs. (9), (10), and (lf) which are used in Eq. (12). The
program also computed £(8) 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)) vs.

92, or intensity (Ioo) vs. beam voltage.

TA. Intensity vs. Angle

Several experimental-intensity measurements of the (5x1) structure
were available from the work in this'laboratory. These scans included
both brighﬁness spot meter readings and densitometric tracings from

photographic negatives.
The‘fracfional ordén diffraction spot (5xl) intensities were, in

general, strongly dependent on the heating énd ion-bombardment history

of the sample. The common elemeﬁt in all oflthem, however, is tha@

| when the spots are.fully developed the intensity of the fraétionalv

| order spots are comparable to the bulk#spot intensities and the bulk

tb higher order spot intensity ratioé are reproducible. These fractional’

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

The results of a typical experimental scan along the (II) to (0Il)

‘direction are shown in Figure k.
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The relative peak intensities (on an arbitrary scale) of several
'brightness spot meter scans along the (1I) to (0I) direction on the
screen are given in Table I for the (100) face of Pt. »The angle of
the (OO)'spot with respect to the surface nofmal was determihed
experimentally. The beam voltage was 58 eV (A ='l.609A)}

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

. These were obtained after adjustment of the various parameters. The

values of o and Zp Were varied and the spot intensity ratios

»(.éo)/(io), (.80)/(00), (.B1)/(II) ana (.81)/(0I) calculated. The

intensity ratios varied of the order of lO% with changes in a and aT

~in the range of a = 0.75 £ .15, 'The intensity ratios varied by nearly

'vtwo orders of magnitude with variation of Zp from l.to'3A, but were never

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

of Zq of l.9h0A and 2.105A close to the normal bulk spéging of 1.962A o

were nevertheless chosen to illustrate the results. These values are

by no means unique, and many other values of Zp 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. 1Its effect, as

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

spots,'just as the single slit pattern in an optical diffraétion

grating modulates the various orders.
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The combination of parametersvlisted in Table I ére as follows:
(1) top plane of vacanciés |
(2) top plane of atoms
(A) £(6) shown in Fig. 3, Curve A
(B) £(6) shown in Fig. 3, Curve B

(¢) £(8) shown in Fig. 3, Curve C

i

(a) Zp 1.962
(b)

.(c) Zq = l.9h0 : .
A typlcal computer scan along the (II)-(oI) direction 18 shown in

N
i

2.105

Figure 5. The results.clearly show that the intensities of the fractional

order spots aré in general lower than observed experimentally. The -

(o

. higher intensities were observed only in cases where the partial wave
:.scattering factor £(6) wés used. The (II) and (0I1) peaks appeared aﬁ =

a scattering angle n-6 = 22.2° and 23.7°, respectively, while the

higher order spoté were in an angular region of 19.2° to 15.8°.» The
miﬁiﬁum in £(8) at ~ 24° attenuated the (II) and (0I) peaks by a factor -
of 4-6 more than the higher order Spots. - The effect would disaﬁpear,'
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
fgnction (Curve B) was to enhance only slightly the intensity of the
fractional order spots at the smaller angle (2bA vs. 2bB). . Neither

lattice expansion nor contraction (2aA vs. 2bA, and 1laC vs. 1cC)

sufficed to raise the intensities to the experimental values.

.
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EXPERIMENTAL AND CAICULATED INTENSITIES OF THE (5x1) STRUCTURE'

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

Experimentai
(i1) (&) (8D (D (B (oD)

100 78 _116 54 - 70 6&
100 52 '68 30 46 758

‘100 68 116 57 - 79' 79

100 71 8l 55 59 118
100 58 6l e iy 110

Calculated

Case ‘
1aA 100" 2.9 2.6 . 2.6 2.8 101I

16A 100 6.6 6.0 5.3 5.3 257
1bB 100 7.7 " 7.4 6.5 5.§ éu3
lcC 100 17 26 23 1 Lk
1cA 100 ,2.7 2.8 2.3 2.5 . 110
28A . 100 6.9 6.7 6.6 7.0 107
2oA 100 8.9 o7 1 12 198
2aC 100 S 68 61 28 L7
2bB 100 10 12 ik ‘v"'187
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-7B;,'Intensity vs. Beam Voltage

Another possible éorrelation with experimental data exists with B
thé scén of IOo Xé' béam"voltage. The experimental results are shown o
in Figure 6 for a clean Pt (100) face after heating to 1lh0°.. Thév.
(00) spot was 12° from the gun in thié example. The corresppﬂding
computed maxima are shown 5y arrows in Figure 6. Their spacing is givép

by the relation | | - -
oL = 2z cos i | - (13?3) |

yhere z.ié the interplahqf spacing and i the angle of incidence measureé
. from the crysﬁal normal. ‘Wifh‘z = 1.962A and cos i = .995, xmax =»3.88;
1.96, 1.30, .98, .78, .65, .56, e Angstfom or 10, 39, 89, 158, 27,
355 and 483 eV, respectively,lwhere no inner or contact potential
correction has been applied. The experimental maxima occﬁr at 55, 70,
,89’ 155, 2h40, 355 and 4B5 eV. In addition, there are many weak
reflections at 115,.lh0, 182, 195, 270, and 500 eV, arising from
diffractions within the crystal not predicted by Eq. (13). If'mglfigles
.of 2z are used in Eq. (13), extra computed peaks do appear, but

ﬁeither their intensity nor exact position correspond to the‘experimentab
results. McRael* has given é more detailed,treatﬁentrof this aspectt

. ~of LEED. He has calculated frbm Lgx'sl3 multiple scaftering equations
.the effective field at the quE atom, made up of the priﬁary (plane
wave) field and thg field emitted by all of the atoms other than the

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

energies, and both ordinary Bragg peaks, and Secondary peaks of integral
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or fractional order. These'sécohdary Bragg peaks appear to split into
several components with fotation of the sample. The treatment in -
- general emphasiies 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.bositions and variation pf spot width With coherence
qarea, it predicts fractional order intensities in the (5x1) structures
that are a. factor of 5=10 smalier than experiﬁentally observed. The ,

normalized intensitieé for both the surface afdm and vacancy case géve |
| only_slightly-different yalues.

(2) Both the form of the atomic scattering factor and variation
| of z, the lattice spacihg nofmal to the ghfface plane, can affect

strongly the calculated intensity ratios. - Changes in the value_éf the
attenuation factor, o, had only small influence (~ 10%) on the intensity
vrétios in the raﬁge @ = 0.6 - 0.8. |

(3) fhe'ﬁreatment predicté only the Bragg reflections in the .

.Ioo vs. eV curve. A more detailed analysis involving higher order

scattering, effects of inner potential corrections and the changé in

f(*, 6) with beam voltage is necessary to.obtain better agreement.
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Appendix

Thevféllowing program wés uséd to calculate thé diffraction
intensities, the atomic scattering factorvby ﬁhe partiél wave method,v
and to_piot>the intensities 25. scattering'angle oh_the>Cal-Comp |
plotter at the Lawrence Radiation Laboratory. The program is written
for the CDC 6600 Computer in Chippewa Fortran IV language. The iunning
time onvthe CDC is approximately 20 sec. - i L

The computed amplitude sums, és weil as the atomic scattering \\\
factor, were checked ét several angles by hand célculationsf These
hand calculations agreed with the computed results to within 10%.

| Comment.cardé havé been liberaliy used in ﬁhe Forfran listing |

s0 that the operétions of smaller sections of the various subprograms

may be explained.
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REGRAM LEEDCINPUT s DUTHUT s TAPE OB s TAPFSG )

”’THIQ pkUkPAW ;dMPh"LS TLN PLATITRUM (100) PLANEai WiTH AN TP PLAhi

CONSISTING WF ATOME ¥R VACANCIUS. ALL LATTICE UIMENSIONS Ark ASSILENRLD

THE IR X—RAY BULK VALUES, FXCEPT Fulk THE 2=SPACING ¥F THE SURFACE
COPLANE WHICH 1S LEFT VARIABLE. - : . ' N

ro

C"H'U\/DATZ/HX DY,THFTAl’PHIl;ALpHAsALPHAT’Z(lO)’CMTHET’suﬁ T

¥ rQ2F Ty THET 2T 13 2T 2+512F 8P ’pYoATMX1’ATMX/’ATMY1 ATMY2 3 HAOLXL
% HﬁLX?oH?LYl’HwLYZ

CAMMON/BLAT /WAVF

NATA 2T192T2/-24105404/

SATA ALPHAT 3ALPHA/Q 94075/

DATA DXsDYsWAVE s THETALSPHI1/26T7TT75926¢77591e6093-9, 00“9.Z/

DATA SIZEsPXsPY/52¢ 95491 a/ ‘ :

DATA AT\XlsATMXZ,ATMYl’ATMYd’HELXloHMLXZ’HDLYlyHbLYZ/Slo'Oo»
¥ 51.00.155.90-’51.90./

ATA (Z(1)s1=191C)1/Ce21e96293492435488757, 849’9 Bi1ls11e773)
* ’3 73591546989 17.66/ ‘
PRINT 57, DXsDYsWAVE s THETAL pHI1’PXoPY9ALpHA’ALPHAT9ZT1:ZT2$

X S1ZF 92 s ATMXYsATMX2 s ATMY 1 sATMY2 yHZL X1 yHOL X2 s HALY 1y HZLY2 '

57 FOERMAT(1H1s4H DX=FBa4s4H DY=FB8as49s6H WAVE=FB84448H THETAL=FB844s

641 PHI1=FB84b4 bl PX=F5.094H PY=F5.05/7H ALPHA=F842+s8H ALPHAT=F842)

TH ATMX2=F 5.0, 7H ATMY1=F5,097H ATMY2=F5.047H HOLX1=F540%
TH HELX2=F5eUs7H HOLY1=F5.097H HBLY2=F5., 0)
DIMENSTEN X(451)QEF(451)

PRINT 4
4 FCQPAT(IHO 8X36HTHETA2,11X:5HSCATT.28X-9HINTENSITY//)

A ok kX

ZERZTH CGROCR SCAN IN THETAZ THRGUGH THE (00) SP@T

K=451
M=2
wWHY=-~PHI1
PRINT 15sWHY

15 FARMAT{IHO 98X s5HPHI2=F843)
D7z 88 L=19451 '
X(L)=0,1%¥FLBAT(L=-27)) '
EF(LI=FFINT(X(L) sWHYsWAVE sM)

CPRINT 679X(L)sSCATTHEF(L)
67 FORMAT(5XsF10e ?,5X9F10 2+25X lPEl4ob)

88 CZNTINUE
CALL GRAPRH{XsEF 4K M918HSCAN FR@M 00 T@ lO06HTHtTA2o9HINTENSITY)

MINUS FIRST @RDER SCAN IN THETA2 THROUGH THE OM1 SPnT.

LHY==AS IN(WAVE/DY+SIN(0.0174533%PHI1))%57429578
PRINT 15»WHY - ‘
PRINT 4
‘D@ 89 L=1,451
X(L)=0s 1¥FL@AT(L=2T71)

FRFIL)SEFINT(X(L) sWHY sWAVE »M)
PPINT 675X (L) s5CATTSEF (L)

89 CoNTINUF . .

CALL GRAPHUX s EF oK sMs2UHSCAN FREM OM] T IM1,GHTHETAZ sOHINTENSITY)
CALL CCFND :
TP

b

S 2T1=F8.4¢5H Z2T2=F844906H SIZE=F5.0,/3H 2=10F8.4s/7TH ATMX1=F5, O:

*y
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FINCTION FFINT(THETA2 sPHI2 s WAVE o M) |

THIS PROGRAM SUMS THU DIFFRACTISN AMPLITUDES FRBM THE BULK AND
SURFACE ATUMS IN THE RLGIYN @t CUOHEKENCE s MULTIPLIES THE KESULT oy

CTHE ATSMIC SCATTERING FACTSINs AMD FINALLY CUMPUTES THE SQUAKED

MAGNITUBRE OF THE RESULT TG GIVE THE INTENSL1Y.

CAMPLEX AMP 3 SUME » SUME sATOMIC 9 FTUPS]

CAMMUN/DATZ/DX o DY s THETALsPHI Y sALPHASALPHAT 32 (10)sCOTHET s SCAT T,
CoZETaTHET 22T1452T2 SI?E’PX,PY,ATVxlaATMX? ATMY1 ) ATMYZoHdLXI.

HAL X2 yHOLYY yHELY?

CASCAT=COS(0,0174533% (THETA2 - THETAl))*CZS(0.017453“*(PHIZ -PHI1))

SCATT=ACZS(CBSCAT)%¥57,29578

COTHFT=CL5(CeV1T74533%THETA2 ) *CUS( 0 0174533*PH12)
CaZFET=Cl5(040174533%THETAL ) *¥CUS(0.0174532%PHI1)

' “C‘TAX—(ﬁX/WAVL)*(SIN(C 0174533*THETAL)+SIN(Qe0174532%THETAZ) ) *

* L14150

D["AY-(“Y/WAVL)*(qIN(O 0174533%PHI1)+SIN(O. 0174533*PH14))* 14156
DENGMX=SIN(DELTAX)
DENDOMY=SIN(DELTAY)
S1ZEM1=S1Z2E=1e
SINSX=SIN(SIZE*DFELTAX)
SINSY=SIN(SIZE*DELTAY)
SINSX1=SIN(SIZEML%DELTAX)
SINSY1=SINISIZEMY*DELTAY)
IF(NENOMX) 19291
EFX=SINSX/DENOMX
FFXEV=S5INSX1/DFNOMX.
G TO O3

*

-

Ll EFX=512¢

' EFXEV=S1IZEMY -

3 IF(DENGMY) 44594

4 EFY=SINSY/DENBMY
FFYEV= SINSY/DEN@MY
G2 T 6

5 Efy=SIZF | .

FFYFV=SIZFM]

5§ SIME=(Caesla)

C SUMD={0esDe)
D 33 K=1,10
BFTA--(Z(&)/wAV&)*(C@THET+C®ZET)*6.28319

P - e

THE CVEN=~ AND ODD-MUMBERED LAYERS HAVE THEIR @WN PHASE DIFFERENCE.

N=KeAND 1
IFIN) 1814418

o140 SuMr= )UMF+CMPLXlCW (BETA):SIN(RETA))*ALPHA**(Z*(K-I)l

(r)q T"A Qq

18 SuMEs= 5UMO+CMPLX((®S(BETA)9SIN(BFTA))*ALPHA**(Z*(K 1))
.33 (CANTINUE

AMP = EFX*FFY*SUM0+EFXEV*EFYFV*SUME

I THE AMPLITUDE AND PHASE @F THE SURFACE PLANE IS EVALUATED.

- 17 BFTAT1==(ZT1/WAVE)*(COTHET+C22ET)*6.28319

SINPX=SIN(PX#DELTAX)
SINPY=SIN(PY*DELTAY)
JIFLSIMNPX) 404414940

4y VrNCXI—‘lN(HﬂLXW*DELTAX)/SINPX

Gr TE 42

41  VCNCX1=RZLX1/PX

42 IF(SINPY) 43,544,443
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4% YONCY1=5 lh(HdLYl*DFLTAY)/SlNPY : .
L Ge TH 45 ,
44 VCNCY1=HZALYL1/PY
45 IFI(DENDAMX) 463474146
46  SURFX1= SIN(ATMXI*DFLTAX)/DFNMMX
G TZ 48 o
47 SURFX1=ATMX]
48 IE(DNENIMY) 4995049 _
4Q 5nRFY1-<IN(ATMY1*DFLTAY)/D:N@MY
" Co To .)1
S8 SURFYl= ATNY]
51 FTRPS1= V(NCXl*chCYl*chPLX(CnS(BETATl)oSlN(BETATl))

fHF BULK AND SURFACE AMPLITULES ARE ADDED s MULTIPLIED BY THE ATeMIC
SCATTERING FACTAORs AND THE RESULT SQUARED. ‘ =

AMP = FT9P41+ALPHAT**2*AMP
AVP = AMPRATOMIC(SCATT »WAVE)
CFINT=REAL (AMP ) % %2 +AIMAG ( AMP!) %2
RETURN S

F D 2
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COMPLEX FUNCTION ATOMICITHETASWAVE) '

THE C@MPLEX ATOMIC SCATTERING FACTUR IS CGMPUTED BY THE METH@D YF
PARTIAL WAVE S

CAOMPLEX TERM
DIMENSION P(8)sFTA(B)
0ATA (ETA(L).L 158)1/13079116185800455a4792 83.1007,019.0 /

THE SCATTERING ANGLE USED IN CALCULATING F(THETA) 15 THE SUPPLEMENT
2F THE ANGLE USED IN DEFINING THE LEED PATTERNS, R

SUPP=180e~THETA
X=CPS(Ca01T74533#5UPP)
P(l):l. N .
Prry=X ' '
}"('3)=105*X**,2-‘005 '
f<4)=2.s«x**3~1,5*x
BN (A JHXHRL4=F Qo RXUH2436) /8o
P(@)-(&?.xx** ~T70s ¥X¥K3415,%X) /8
PlT1=(231s%XHRE-F]H o ¥XUH4+] 05K X#H2-654) /160 :
P8Iz 1287 *¥X¥RT=20TG o ¥ XHKGEHQLE qH X¥FFm 105o*X)/48.
ATOMIC=(Ue906) ‘
D 22 L=1,.8
TFRM=WAVE#G ,0795775%{0e s~ 1,)*CMPLX(CZS(Za*ETA(L))—loo
* SIN(Z2*ETAILY ) ) ¥ (2e¥FLOAT(L=1)41e)*P (L)
. ATCMIC=ATOMICHTERM
22 CeMTINUE
7 RETURN
END
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SUBREUTINE GRAPHIIX sYsKyMsRGsRXRY) '

THIS SUBRGUTINE CALLS THE VARIGUS CAL-CuMP LIBI\ARY SUERZUTINES WrilCH
PLAT THE FINAL INTINSITIES AND ANGLES.

CGNM‘N/CCPUAL/X'{NgxrAxpYMINoYNAX9CCXM1N,CCXMAX.CCYVIN CCYMAX
NIMENSTEN h?UND(A)eX(])oY(1)aLF(1)
DATA (RUUND(L)Y 9151 94)/1levdaslebsbel/
DATA NROUND sPART/ 43120/
CALL LINEUP (XK sRWUNDsNKSUND yPART » XMIN s XMAX)
[F(M=1) 243244025 .
2¢  Calt LINEUP(Y,n,RaUND,NRLUNooPART.YMIN,YMAX>
CAaLL CCu<1D(1:IFIX(PART)»6HNOLBLSololFIX(PART))
CALL CCLRLUIFLIX(PART)SIFIX(PART))
CALL CCPLETI(XsYsK +O6HNOJDINSL 1)
CALL CCLTRI{1140a3925.50p1»5HJGB A)
G T 26 _
8 CALL LINFUP({Y sKsROUNDSNROUND 1209 YMINsYMAX)
CALL CCGRIDI(LIsIFIX{PART}s6HNRLBLSs1512)
CALL CCLRLOIFIX(PART)»12)
CALL CCPLOT(X3sYsKob4HJIUIN»1s1)
CALL CCLTR(1140.395065052924HALPHA=0, 75oLAMBDA 1e582A)

T 26 CALL CCLTR{1l40a397505Usl3sRG).

CALL CCLTR(54Ua95090525RX)

CALL CCLTR(O0.92%60691525RY)
CALL CCNEXT

RFTURN

N0
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Figure 1. Geometry used in the derivation of Eg. (4).” s is the electron
gun source, P a point on the LEED screen, Qi and Qz two
diffracting centers in planes 0; and Oz, respectively.
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Figure 2. Relationship between spot half-width at half-maximum A8 and
) the number N of scattering centers. The value of N is
normalized by the ratio of the x- or y- dlrectlon lattice
spac1ng, D1 and the wavelength A.
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Figure 3. Forms of the atomic scattering factor used. Curve Al If(9)|2 as unity..

Curve B: ']f(G)]e as (J1(x)/x)%. Curve C: |[£(6)]% as the partial wave value. -
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intensity (arbitrary units)

(b) -

Figure L.

Distance

Experimental plot of intensity vs. distance -
(related to the angle 62) along the (II)-(0I)
direction in the (a) absence and in the (b) -
presence of the Pt(100)-(5x1) surface structure.
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Computed intensity distribution

_corresponding to Figure 4 for
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= 1.962A and f(9) = 1.
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P+(100)

PN

100  ._200. -300_

Beam Voltage (0 v)

_Experixhental' variation of ' I

for a clean Pt(100) surface.

" \
v
'

with beam voltage
_ The incident angle
. is ~ 12°. Arrows indicate positions of the

computed Bragg peaks. '



This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting 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 for 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.

i






