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A METHOD FOR THE KINEMATICAL ANALYSIS QF
'LEED INTENSITY DATA
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ABSTRACT »

A method is described for the kinematical analysis of intensity data
in low-energy electron diffraction experiments, Tﬁe method allows the
plotting of intensity data for all diffraction beams and surfaces of a
given crystal on a single graph,. determining the crystal inner potantial
and the 1atﬁioé parameter near the surface. Expreésions are oérived for
application to seven surfaces of bce and fec orystals;vextension to other
sﬁrfaces and crystal strﬁctures is_straightforward. .The results are

applied to. intensity data for chromium and aluminum.
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I. INTRODUCTION

In recent years the importance‘of multiple scattering in low-energy o
electron diffraction (LEEb) has been well documented; both experimentally
and theoretiCally However"many‘cases do exist inbwhich the experi—
mental results can be analyzed largely w1thin the framework of a single
scattering, or kinematic theory In the course of recent LEED studies1
of the (llO) surface of chromium, the energy dependence of the diffracted
intensity was found to be in striking agreement With kinematic predica-
tions. Since a large number of diffraction beams was~studied, an orderly
procedure for analyZing the intensity spectra was sought The .procedure
developed is described herein It provides a ready: means for predicting
the energies at which-kinematic‘intensity maxima, thedso—called "Bragg"
peaks, will be observed Additionally, it provides a method for plotting
all of the intenSity data for a given crystal on a single universal curve,
i determining in ‘the process the immer potential correction and the lattice
paraneter near the surface. The calculation described in thlS report is
restricted to the case of normal electron beam 1n01dence However, this
‘condition can be relaxed, at the cost of additional compleXity, and the
extension of the calculation to non—normal 1ncidence proceeds in a straight—
forward, if algebraically complicated, manner.»
. The procedure and equations.used in the analysis“are presented in
Section II;.‘Since excellent'published reviews®?3 of many aspects of
LEED are avallable, a minimum of background materialvis included. Results
for various low~index surfaces of'the bee and fcc'structures are given
in Sections IIT and IV respectively. The application_to the analysis of

experimental,results is demonstrated in Section V, for the (110) surface
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of the bcé-crystal chromium,_and_the (100) surface of the fcc crystal
aluminum. Section VI concludes with a brief discuséion of the general

applicability -of the method as presented.

P
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TI. DIFFRACTION EQUATIONS AND PROCEDURE
The treatment is_confinédfto the elastic back—scéttering of electrons
incident on a crystal nérmai to its surface, ‘The incident and diffracted
electrons ére characterized by:ﬁaQe vectors KO and E;-reépectively, while
& is a reciprocal lattice veétof'détefmihed'by thé fu11 fhree—dimensiohé1‘
periodicity 6f,the crystal. The'rélaﬁidhshib of thesé'vectérs and 6, the
angle of diffraction, is indicated in Fig. 1. ConééfVation of momentum
and energy in the diffraction process impose, respectively, the following
conditions:- | ‘

K=k

gt G ' T (1)

= | = ;l"..vz ___..Y_'__ 1/2 .
k= Dol = %= {of 2 > @
where the magnltudes of the electron wavevectors have been expressed in
terms of the de Broglie wavelength A' and energy A8 of the electrons out-
side the crystal. The units of‘length and energy are A_and eV, respectlve—

ly; Squaring Eq. (1) and noting that ﬁo is normallto the surface,

>
2k

e lo 12 = 2l lal + 6l =0, (3)

© where 3& is the normal component of 3. The component parallel to the

surfacé will be written G .. The polar angle ¢ and diffraction angle 6

which define the directions of the beams of dlffracted electrons are

determined by the parallel projection of Eq (1):

(4)
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Fig. 1. Showing the relationship betwegn the wave vectors E and i;,
the reciprocal lattice vector G, and the diffraction angle 6,
for normel -incidence. :
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Values of ¢ ere discrete, sincefql can assume'only those directions in
the surface which are permitted by the surface'periodicity. waevef, for
any given value of_a s 8 varies ccntinUDUSly.with AMor V'.. From Egs.
(2) and (4), and'writing lH‘1v= [k0|h§ine’.

Y(V,)i/zsineg\lﬁbjl_eﬂl_. N
- Invcomparing_the observed and calculated relationships between V'
and 0, it may be assumed that the incidehtﬁelectrons remain outside the
crystal._vOn the other hand, the energy depehdence of the diffracted in- '
tensity arises mainly from the:penetratioh of the incident electrons into
the crystal. Inside, the electrons’ energy-Vvdiffers from that outside
by the so-called inner potehtial,‘Vb:, o |

‘V'=VV'v:.— VO’.

where Vb 1s generally'anbattractive potential;dbf’order ~lO to -20 eV for
metals;. Thus it may be expected'thét.correspcndingvfeatures in the calcu-
lated and observed intehsities will occur at energies which differ by VO.
Fof V! greater than about 50 eV, Vbiis nearly independent of energy.3

lt will be assumed that thekenergysvalues at which intehsity maxima
occur for a particular aiffraction beam, may be calculated solely from the
phase relationships between electrons scattered by all of the atoms in
the crystal. Only single scattering will be con51dered and attenuation
of the incident electron beam.in51de the crystal will be ignored ‘COﬁb
bining Eq. (3) the condition for diffraction 1ncluding the full three-

dimensional periodicity of the crystal, with Eq (2) fbr electrons of
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emmyVaVU%imMeﬂch%d,ﬁdw' _ _
v =for v Y= 150.4 7y |G| _
Vimax -(&ﬁax NQD ok G, | E (6)

The energies‘Vmax atvwhich intensity maxima;are predicted are readily

calculated; once |G| and |G;| are known for the crystal structure and

surface of interest. It 1is convenient to rewrite Eq,i(6) in terms of a

new function, F,'and'the'experimentally controlled eﬁergy, V', as follows:

- 37.6 . . v
V%a _VO'F< ) F; | , _ (72)
: ao ‘ o

2y2 | L |
_ .2 IGI o | - '
F:aO-{Gl }_, | . » ‘ . ' (Tb)

where a is the lattice parameter associated with the x—ray unit cell.

0
Equations (7) are written in a fOrm‘that is valid for cubic crystals
A comparable formulatidn is possible fOr non—cubiclcrystals, and for
those requirihg more than oﬁe,lattice parameter. _The functioﬁ F as de—
fihed in Eq. (7B)Ais iﬁdependent'of ao; sinee theuquahtity*in curly
brackets contains the factor l/a2;. In this form, F is the same for all
crystals having the given structure and surface. |

Analysis of intensity data entails plotting experimentally deter-
mined values of V%ax vs calculated values of F for.all diffraction beams
from a glven surface, and for different surfaces\of'the same crystal if
Vv, is isOtropic. If:the_indexing of the intensitysmaxima is-correet and
the singlevscattering model 1s appropriate,'all of the data points will
1ie on avsingle straight line, accdrding to Eq. (7a).  The slope of this

line, and its intercept at‘F=O,-determine a, and V. respectively. This

0 ¥ Yo
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procedure will be followed in the analysis of intensity data in Section
V' ). “ . .

Since the quantities 6 and 5 are required in Eqs (4) and (7p),
it is most convenlent to be able to express ¢ 1n terms of rec1proca1 lat-
tice basis vectors two of whlch 11e in the surface of interest, and one
normal to the-surface It is always possible to deflne two bas1s vectors

ﬁl §2 parallel to the surface in such a manner that

G =R+ R} E

The ihdices.nl, n,, which are positive or negative integers or zero,

°L
identify the various LEED beams in the usual manner. Equation (4) then
determines the,angles which define the positions of:the (nln2) beams.

If for the crystal structure and surface of.interest;satoms in all planes
parallel to the surface lie directly beneath the surfece atoms, ther ﬁ
may be defined so that @ = n ﬁ More generally this condition is

not. met, with the result that G mast be written

ael = f(hl,nz,n3)§3

The functiohvf(ul, Ny, n3)_is deterndned by the‘chcice of crystel struc;

ture and surface. | - : |
Variouslprocedures may'be fcllowed in»definingiﬁlglﬁz, andv§3,

and obtainihg the fUnction_f(nl,né,ng). In the present work, the reciprocal v

lattice is first defined in terms of the usual_x—rey'unit cell of the

crystal structure under consideration. eThen for each SUrface'of interest,

a transformation is effected which leaves G in the required form,
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G(ny,ny,n3) = Gy + G

>
{anl

+ n2§2} +-f(ni,n2,1’13)§'3;- .
Equations (5), (5),'and'(7)_nmy_then he used to charadterize‘the diffrac-
tion of low energy electfons, within‘the kinematielef single'scattering
framework. - | _ o » | 3 | |

The advantages of the method for the linematical analysis QfVLEED
data described;in this report ere the foilowing. A1l LEED beams from a

given surface and crystal'structure_may be characterized once the ap-

propriate expressiens'fof'ﬁ(nl,ng,nB) and_F(nl,n2;n3) have been obtained.

Indexing of the intensity maxima is 'C®nvenﬁenﬁ'and‘deScriptive of the

various beams Intensity data for all of the beams from a given material

lie on a single universal straight llne which determines the immer potential

and lattice parameter values. The expre531ons derived for §(nl,n n )

23
and F(nl,nz,n ) are immediately applicable to the appropriate surface
of any crystal having the given structure. Exten51on of the method to

non-normal electron beam 1ncidence, or non—cubic cnystal«structures,v

stralghtforward.
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III. RESULTS FOR bee CRYSTAL STRUCTURE
A choice of primitive translation vectors for thé bee structure,

11lustrated in Fig. 2, is

(-x+y+2z), c= 5= (x-y+z

)

0

a ~
2= 0 o - g= U
as= — (x +y Z), b 5

where #, y, z are unit vectors. The corresponding translation vectors

of the reciprocal lattice are

=l Gep, Bel Gen, el Geo).
% T 3 %o o

The vector which spans all points of the reciprocal lattice 1s
d(h,k, &) = nk + 1B + 28

+5‘—Z-L-f{ (h#)@) k+(h’+k)y+(k+fl,)z}.
0 o v

The bee surfaces to be considered are shown in Fig._3. The first of
the following calculations for particular surfaces will be described in
some detail, in order to indicate thé method used. A much briefer
description will be given for the remainiﬁg surfaces.

A. (110) Surface

The unit vector normal to the (110) surface illustrated in Fig. 3

is

>

~

N=

ol:

The basis vectors K, §,-3, may be written in terms of components parallel

and perpendicular to N, with the‘result
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Fig. 2.

XBL707-3467

The bec lattice structure, showing: three prlmltlve
translation vectors.
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Fig. 3. ' The four surfaces of the bee structure for which calculations
have been made., Atoms lying in these surfaces are shown.
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T = L

L .El ag .(x+y)

_ 7 : : _l n A

‘g" = -2—-—8'(-—)( + y + 2Z), . gl = Eé‘—(; (x +y) .'5
Gk, = n( R )+ kB +B )+ e G

’2%"{ k(-x+y+2z) + L(x-y+2z) + [2hkts ](x+y)} ‘

The choice for directions of the new basis vectorslﬁi,ﬁ%,ﬁé i$ evident

from the las"c equatlion aboile. It is ﬁséful to express ﬁ ,ﬁz,ﬁ} as products .

of two facfors_; as follows:

7 - 3 "[~£+§+2z] R’A 73 [ —x+y—2z] 2z 2 [ xty ]
- . Ay ) . —— .

Loz ay b V& 45 a, a, Lo

The quantities in square brackets are unit vectbrs; ‘with the directions
of R‘l and ﬁz chosen so as to défine an angle greater than 90°, 1in

: ' o > S
accordance with the normal convention.u The magnitudes of R'.l and R, are

2

the reciprocal separations of lines of atoms in the surface normal to
the directions of f{l and R’z respectively. The rragnitmde of Ff 'is the
reciproca.l separation of planes of atoms parallel to the surface. In

terms of ﬁl,ﬁg, 3> §(_h,k, %) may be written

.(‘;(h,k, 9) = kﬁl - !Iﬁz + % (2htk+g )_H3 .
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Defining Ny, n2, 3 ylelds finally

ny =k, n2 = -2, n3 = h';

ny+2n, )ﬁ

5(nl,n ,n ) {n ﬁl + n, ﬁ } + 1 n,;

Substitﬁtioﬁ.in'EQS (5) and (7b) glves

(v‘)l/2 $1n@ = V5T, 4 {(nl+n )? + 2y ny) e

VEag

- - 2.

. g(nl+n2) + 2(n n2> + (n . +2n3) } .
nl—n2{-2n3

The basis vectors R ,R, are shown in Fig. 4, pogethef with the indexing

of the diffraction beams and'their orientation relative to the crystal

axes.

(lOO) Surface

For the (lOO) surface illustrated in Fig 3, the unit vector normal

to the surface is_N = X. The separation of planes of atoms parallel to

the surface is a0/2. Since 5(h k, 2) is already in the form 8= 5 + §

the required-tfansformation 1sjapparent:

04

O T B
= - [y], B [Z]: R = - [XJ H
1 A‘ .aO . RE ay ‘ 3 ao -

=k, n, =2 ;

= htk, n, : g

Dy

§(n1,n2,n3)ﬁ ﬁ + n2§2} + —(nl-n +2n )ﬁ
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Fig. h..‘ The surface reciprocal lattice'basi's vectors and LEED
indexing for the four bece surfaces shown in Fig. 3.




=15~ - " UCRL-19661

The assigmment n3 = L is'arbitrary to the extent that the choice n3 = h

or n3 = k would yield comparable results, the dif‘ferencé being in the
values of ny which yield the same intensity peak fC)f', say, the (10), (I0),
(01), and (0I) beams. The restriction on n, is th'a‘c_; :_it be set equal to
just one of the integers h,k,%. Substitution for f;, ql ~, and EL in

Egs. (5) and (7b) ylelds

1/2 - /150.4 2, . 2)1/2
(V') "sinp = ————1{n "~ + n. s
| | - &, { 1 2 } '

2
=§n1 4,

1’11‘-_-,1’1

+ (nyn, + 2ng) }
5 + 2n3»
The basis vectors and beam indexing are illustrated in Fig. b4.

C. (111) Surtace

The unit normal vector is N = (x+y + z_)/»/,'/'3 _ , and the separation
of planes of atoms parallel to the surface is a / (2/3) The required

transformatlon is

B o= v 2 ;(+§—-2; B = 2 §+;-2x R = 2¥3 X XA :
t Bal 6 2 Bal o | 3 sy | v

§(nl,n2,n3 ﬁ +n ﬁ + %— (ni +n, +. 3n3"‘)§3

and appiying EqS» (5) and (7b),
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'(V”)l/2sine = ,ﬁlﬁgﬁﬁ—!{‘n12:+ n22 + (nl—né)e}l/2 5
e Fag U1 F 172

e

2. 2. 2.y a2 a2
1 { n, +‘ ny~ + (ny=n,)°~ + L&(n1+n2 + 31_'13) é
12 »

_ ny + n, + 3n3_

The basis vectors and indexing are shown in Fig. 4.

D. (211) Surface

The unit normal vector N = (2x+y+z)/v6, ‘and the’ séparation of atomic

planes parallel to the surface is, ao//6., The required transformation is

B o= 1 i_-_; ﬁz : 2 ,-;+§+; §3 _ /6] 2§+§+;]
" Zagl2 ] SBal 73 T3 a4 L

0

§(n _,n2,n3-)- = {r1l‘§1 + n2§2 } o+ %— (3111 + 2n2 + 6r13)§3 .

Finally, | ‘ o
() 2sin o = 0L 3,24 g 22
o 6 a, T S

2, . 2. 242
{3n1 + 8ny" + (3ny + 2n, + 6ny)° }

3.
-3nl+2n2+6n37. '

o
Il
oy
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TV. RESULTS FOR fec CRYSTAL STRUCTURE

A choice of primitive translatibn vectors for the fce structure

‘(see Fig. 5) is.

a . ”~ ~ 8. A N a/\ ~
2 = 59. (X *y), gﬂ=,—§Qg (y+2), '3 = _§9 (x + 2).

The corresponding translation. vectors inthe_feciprOgél lattice are

i

k= £l~j(x +_y -z), B L o(x+ y+z), 0 =L G-y+a2)
R | | -

~and the general reciprocal lattice vector is

nE o+ kB o+ 2t

i}

G(h,k,%)

-é—~ { (h=k+2)x + (h+tk-R)y + (-h+k+L)z }0;-‘::.‘3
5 U ,

The fcc suffaéésvto be ¢onsidered are shown in Fig. 6.

A. (100) Surface

~ ~

The unit normal vector is N = X, and the separation.of planes of

atoms parallel to the surfacéJis 30/2.1»The required transformatién is

§=@[£%, g=¢qﬁ%5 R
1 ao V2 2v _ao \/2> 3 aO | X :

G(n ,n23n3? = { nlﬁl + ngﬁg } o+ %—(nl—n +2h3)§3 .
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X

Fig. 5. The fcc lattice struct

vectors., -

© XBL707-3466

ure, showing three primitive translation
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Fig. 6. The three surfaces of the fcc structure for which calculations
have been made. Atoms lying in these surfaces are shown.
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Thus
(V')l/ 2sin8 - /1504 Yoo .{n12 + n2 }1/ S

a9

:"2'2 2
- {an +,2n2 + (n1 2+2n ) }

nl—n2+2n3 :

.The basls vectors ﬁl’ﬁZ’ and the diffraétion.beam indexing for the fecc
- surfaces treated, are shown in Fig. 7.

B. (110) Surface

The unlt normal vector has' the value N (x+y)//? and the spacing

of atomlc planes parallel to the surface is a /(2/2)  The results are as

follows: ' . o o
% @[L] , n=Lpy, =2«2[m¢] ;
1oagLp ) ? §2 a, 3 a4 L

n =k f_l,‘_ n, = —h‘+ k.+ 27, ny =2 ;

G(nl,n2 ,n3) v={ nl§1'4- .n2-§2.. } .+N % (nl—n2+2h3)§3

AR /504§ 2 . 2/
(V'3 “sing = m'ao .{2n1‘A+.n2}

2, 2 o2 o
§2nl +ny" + 2(n)-n, + 2n3) },

-1’11—1’1'2+2n3




Fig. 7.

-21~

XBL707-3463

Surface rec1procal lattice ba51s vectors and LEED indexing
for the three fcc surfaces shown in Flg 6.
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C. (lll)'Surface

The unit normal vector}is N = (x+y+ z)//3, whlle the spacing of
- planes of vatoms‘ parallei- to th'e‘_: surfat:e' is ao/\/3‘. - The results are as

follows:
ﬁl - 272 xty-22 | # Y7 '-2§+§+; ) B /3 Pﬂ;é i
Bagls ] % Be e | LA

5(1’11, 2,n3 = {n ﬁl + nzﬁg} + (n +n2+3n3)§3 ,

: /2. 2 42 1/2
(v") 51r16 = ¥150.4 —=— ' {n “4n +(r1 -n,) 5

2

po 16 N, “n, "y -ny)
B
0

1 25
+ T (nl+n2+3n3) }
3 a n,+3n ' '

1 3




~23-

V - ANALYSIS OF INTENSITY SPECTRA Cr(llO) AND Al(lOO)

If a single-scattering analy51s of LEED 1ntensity is appropriate to
a glven material, the 1ntensity spectrum for each diffraction beam con-
tains a small number of promlnent peaks and sub51diary structure is
considerably weaker. The.correct indexing of the 1nten51ty peaks may be
obtained by'cempariﬁg the obseyﬁed values of Véax w1th values of Vﬁax
calculated frOm'Eqs} (6); (7b), and the appropriate-expressions for
.F(nl,hz,ng);dsing the bulk lattice parameter ad.; A'ehift of all values
of'V%aX.shouid'bring the latter into reasonable coiricidence with the
calculated‘VEAQ values; the shift fepresents the innef‘potential correc—
~ tion. Evefy.intensity peak 1s thus eharacterized'EQFalset of values for
n,, ny, and n3, n, and n, idehtify the diffraction.beang while né is the
1nteger that yields agreement between (V&aXAV ) and"V" . Once the
intensity peaks have been indexed, the observed V! (nl,nz,n3) may be
vplotted vs F(nl,n2,n3). The peints should lie on a 51ng1e straight 11ne
“according tQTEq. (7a). The intercept at F=0 yields Vb, and the slope

determines & As examples of the foregoing procedure, the analysis of

0
intensity.data for the bce crystal chrgmium and the*fcc crystalvaluminum.
will be described. o | |
A, cr(o)

Intensity. spectra for six diffraction beams from the (110) surface
of chromium are shqwn in Figs.’8 and 9 The datal were obtained with a
conventional’post—accelefatieﬁ'LEED apparatus and telephotometer. Values

of V&éﬁ were determined by averaging over several runs for each diffraction

beam.
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Intensity spectra for the (00), (10), and (11) diffraction
beams from the (110) surface of chromium. The sngle of
incidence was 86° for the specular beam, and 90° for the

others. Arrows indicate the values_of_(Vmax+ VO) obtained

" in the analysis. - _ o
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Energy (eV)
Intensity spectra for the (11), (21), and (20) diffraction
beams from the (110) surface of chromium. The angle of in-

cidence was 90°. Arrows indicate the values of (V. +V.)
. . . : max -0
obtained in the analysis.

XBL 704-682
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For the (110) surface of a bec crystal, the results obtained in

Section III predict intensity maxima for

o _v)e 376 oo L
VﬁBX»*éqﬁm;“'WJ' L2 Fepneng s ®)
. . o Lo

- 2 2 o

N o f ()2 (nyn, ) TH(n,-ng+on,) S )
) 1 17" 2
mﬁ%py=§{ﬁ2nml 12;3§4'(w

1yt

3

Expanding Eq._(9) for the diffraction beams (nlne)'studied experimentally

yields the following results:

(OO): ! F=,2n§v
oy 3%(1%2n3)2 2
(10): :Ffi%“ﬁﬁ?*ns ’
: 3
o 1+;12 12
(11): CF=2 (= n3 ,
. 3
. o 2+(n —1)2 2
@y:  mea| 3 z ,
» n—1
- 3
\2
. - 114(2n.-1)° 2
: . =1 3
(12): F= ?‘3 on -1 $ >
. , 3 |
(31?2
(02): F=2 2 -,
, n.—1
3
BnS ) 2
(22): F=2 ; 3 € -
. . 1’13

These'expreésions were. used to calculate F(nl,n2,n3) as listed in Table

I. The indexing of‘the experimental V%éx values was then determined by
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Table T. Values of F, V' and (V +V ) obtalned for the intensity
maxima in LEED studles of the (110) surface of chromlwn Only 1ntegr*al
order. maxima are consn_dered Energles are in eV, =

(n1”2n3) e o Vi Wy + V)
002 - 8 22 20
003 .18 68 | s 6l
004 32 126 16
005 50 27 . 206
006 T2 304 304
007 98 421 B 5o
102 15.7 62 ST
103 C27.6 108 | © 107
08 435 176 o
105 - 63.5 262 266

106 . 87.4 372 372
n3y . 22.3 8283
114 36.1 148 144
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comparison with v (nl,nz,n ), calculated from Eq (8) using the bulk
values of ays 2.878 A. The correctly indexed experimental results are
entered in Table I. A plot of V o (nl,nz,n ) Vs F(nl,n2,n ) was then
ccnstructed,‘es shown in Flg.‘lO. The straight 11ne 1s a least- squares
fit to the points above 100 eV, end ylelds A
= 2;91 A was determined. -Finally,

= —16 1 ev. From the slope
of M.MQ = 37,§/a0 » the value a, 0
0 obtained in this mamner were used to calculate { (n )+V }

\

and a
This quantity_elso appears in Table I, and is indicated by the arrows
in the experimentalvintensity spectra, Figs. 8 endx9. |

The preCeding'analysis shcws-thet all.of'the strcng observed intenSity
peaks are systematicaliy aCcounted for by the modellused; The inner
potential determined in the ahalysis is in thelrange'of those found for
other metals, and the Value.of a

0
sidlary structure in the intens1ty spectra was weaker by at least an

is within 1% of thelbuik'value" Sub~

-order of magnitude, except at low energy, where multlple scatterlng is
expected to be strong. Thus the single—scattering model appears to give
a good account;of the diffraction from the (110) surface of chromium.

B. A1(100) | - |

Intensity spectra for four diffraction beams from the aluninum (100)
surface are:shown in Figs. 11 and 12. T_hejsedata5 were obtained in a
manner sinﬁlarvto'that used in the work on chromium'uescribed eariier,

Because aluminum has a much lower Debye characteristicjtemperature,than

chromium, the intensity spectra are not as easily obtained at high electron

energies. Additionally, it is clear from Figs. 11 and 12 that the sub-
sidiary.intensity structure is relatively stronger than it is for chrom-

ium., It is believed that LEED in aluminum is dominated by multiple
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Fig. 10. Values of the. accelerating potential.at which intensity
‘ maxima were observed for the indicated diffraction beams,
plotted vs corresponding values of F(nl,nz,n ), for the
(110) surface of chromium. : 3
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o 100 200

Energy(eV) |
a  XBL707-3460
Intensity spectra for the (00) and (10) diffraction beams

from the (100) surface of aluminum, obtained from Fig. 1
of Ref. 5. Numbered arrows indicate values of (V. +V )

for integral order peaks, obtained in the analysis. 0

Unnumbered arrows indicate the positions of the predicted.

half-integral order peaks.
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(1)

- (20)

Fig. 12.

00 200
Energy (eV)
| ~ XBL707-3462

Intensity spectra for the (11) and (20) diffraction beams
from the (100) surface of aluminum, obtained from Fig. 1
of Ref. 5. The arrows have the same significance as in
Fig. 11. '
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scattering.6 Nevertheless, 1t 1s instructive to attemptva kKinematical
analysis of'the intenéityvdata. For this purpose, in addition to Eq. (6),

the following relations are feduired:

2

2. | 2
, 2n, “+2n.“ + (n,-n-+2n.) 2
_ e ey 173
Fny»np,n3) "{ Tn,nyveng } (10)
(00): F = 4n32 ‘ﬁ,'
N é+(2ﬁ3-1)2 2
(01): F=2"-2n‘—-1—‘§
I B
o ¥ >. l+n32_ 2
(11): F=U,3n_ § ,,
: 5
| 2+(n3—l)2 2
(02): F=14 gms
_ ) n3-1

The analysis dindicates that the promiﬁent peaks in the intensity spectra

occur at energles predicted by the single scattering model, with V,=- 11 eV

0
and ag = 4.11 A. (The bulk value of a, is 4.04 A.) 'A‘plot of

V%ax(nl,n2;n3)7vs F(n ,nz;n3) for thése peaks 1is shown.in Fig. 13. The
remaining struéture in the intensity spectra consists_mainly of subsidiary
maxima which alternate with the morévprominent peaks.‘ The extra structure
may come from a variety of sdurces; amohg which is muitiple scéttering.

A number of éhenomena can lead to so-called "fractiohalforder" peaks.
predicted by kinematical'theory. One explanation7 of thié occurrence,
predicated onISingle scattering, invokes the fact that the scattering of

slow electrons by atoms is peaked in the forward direction. Thus it may
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Fig. 13. Values of the accelerating potential at which intensity
‘ maxima were observed® for the indicated diffraction beams,
plotted vs corresponding values of F(nl,ng,n3),'for the
(100) surface of aluminum. .
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be necessary to consider phase relationships between électrons back-
scattered from atoms that lie in rbws parallel to the incident electron
beam. In the cése of normal incidence on an fcc(lQO)*éﬁrface, atoms in
alternate planes parallel fo the surface meet fhis-ériterion. This should
lead to the appéarance of half—inﬁegral order peaks, whose positions may
also be calculated using the proceeding fdrmalist 'It:is only necéssary
to redefine ﬁl;'ﬁg, and ﬁ3,'and recaleulate F(nl,n2;ﬁ3j, for the case of
.an fece érystal with alternate planes of atoms remobéd.  The results ob-~

tained with

R = Zg__[giﬁl; . =Xz,
2 & e 17 3 %
2,.2 . ,2 . y2
2n, “+2n5 + ng }

- '
‘.F(nl, n2,n3) = g,

taking a, = 4.11 A and Vb = _11 eV, are listed in Table IT. Experi-
mental results’ for V' are included for comparisoh} _Aiterhate values
of the tabulated quantities_coiﬁcide with theviﬁtegérzérder.vélues deter-
mined previbuéiy, and plotted in Fig. 13. Additiohaily, half-integer
order maxima.are predicted. ~The latter are indicatéd by unnumbered

arrows in Figs. 11 and 12. Thelr agreement with the observed intensity -

maxima, while reasonable, is not uniformly as gbod ésvthat for the integer

order case.

Thus,the single scattering model:appears to aééognt sétisfactorily
for the positions of the prominent intensity maxima, for diffraction at
normal incidence from the (100) surface of aluminum. Most of the re-

maining intensity structure appears to be reascnably well described by
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Table II. Values of F, V! _, and (V. V) for the intensity maxima

in LEED Studies of the (100) surface of aluminum. The symbol ¥ identif‘ies
integral order maxima; the others are half-integral ‘order. Energies are in eV.

L L )
03 9 | 10 S
oos* . 16 27 o 25
o5 o5 s - "
oo . 6 o .
007 : 9 ' %6 o o8

oog* - en 128 o 150
009 81 169 L 170
oo0* . 100 208, 221 o 1o
015% C 29,2 59 - o
016 40.1 72 L 78
o7 . 531 . 1m0 07
018 s 68 v 135 | v | 101
019* : . 85 ,, _ 170, 180 | o 176

Sus 33.6 60 S ey
ue* 7 uhy 8 L e
u7 s 52 118 1
118* . 72.3 150 o 150
119 N 89.4 190 | .
110" 108 237 29
027 | 66.5 130 o 137
028% 8 168 T
029 s S0 . o7

‘. .'0_210*. L 117 | o - 2lig
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extending the:calculation to include half-integef ordervmaximé. Analysis
of the angular'dependence of the intensity spectra, not pursued in the
present work, would be an essential part of detailed studies of the

" scattering from aluminm.

~4
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VI. DISCUSSION

The method,described and'illustratéd above, for the analysis of in-
tensity daté in LEED,'appéars to be a convéhient one, especially whenever
diffraction beams_other than ﬁhévspecular reflection gfe studied. As
mentionéd eérliér, the present calculation of the energy dependence of
the diffractéd intensity»ignofes a number of contribﬁﬁions other than the
nbrﬁal phase.relationships amohg the scattered elecfrons. For example,v
a complete eipression for the intensity dﬁe td single;séatﬁéring would
include seVerai other energy’dependent factdrs, such as the Debye—Waller
and atomic écattefing factors..'These introduce a'ﬁeak;vslowly varying
energy dependence whdée,effect‘isvto distort and shiftvthe intehsity peaks
slightly. Ahother_interesting édntribution cohes ffbm_the anisotropy of
the lattice constant neaf the surface, due to an outWard relaxation of

the outermost atom 1éyers. In geheral; it is felt that these contributions

are too small to affect the data observably, unless special pains are

" taken to detect them.

Although the use of a purely kinematic model must always be qﬁestioned,
it nevertheless provides a means of ofganiiing thé data in situations such
as those encountered for chromium and aluminUm. Furthermore, it has been
suggested6-thatvmultiplevscattering can 1eadvto a-diStribution of intensity
at energies prédicted by a kinemétic model, in which case thevlatter may
be used in structural analysis studieé. This is certainly a welcome
prospect,»ih view of the gréat complexity Qf detaiied multiple‘sbattering

calculations.
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