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-MEASUREMENT OF INTENSITIES OF LOW ENERGY ELECTRON
DIFFRACTION BEAMS FROM PLATINUM SURFACES AND
FROM ADSORBED OVERLAYERS
John Joseph Wasilczyk
Inorganié Materials Research Division, Lawrence Berkeley Laboratory

and Department of Chemistry; University of California,
- Berkeley, California

ABSTRACT

A method for obtaining normalized relative intensities from
photogréphs of the difffactibq.patterh on the screen of a Varian
LEED display apparatué has been devéloped. The optical density of
the diffraction spot on the photograph 1s measured by a scanning
microdensitometer and integrated over the area of the spot. .Inténsities
are calculated from an experimentally determined characteristic curve
for the film and then normalized by tﬁe incident beam current.
Intensities of the diffraction beams from the (111) and (100) facés
of platinum‘and from thé surface structure formed by the adsorption
of propene on Pt(111) have Béen measured using thié technique.v The
results from Pt(111l) are compared with intensities calculated by
programs based on LEED dynaﬁical scatterihg tbeory'and showflittle
agreement. Some of the intensity versus voltagé curves for the Pt(100)
Surface are compared witﬁ data which were obtained by the spot
photometer technique by another in{restigator29 and for the most part

the agreement is acceptable.
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‘I. INTRODUCTION

'  Thé'ﬂifffgct1oﬁJ6f lbﬁugﬁgrgy electfdns'waévfifSt'ﬁbsérQed By
Davisson aﬁd Gérmer in_léé? ih.aﬁ gkperiment designed to test the
WavévhypqthesiS”bf Déﬁroglié;lv’Since_then it has devéloped info an
ékffeme%y‘useful tééhniqﬁé'ihmmodern surface science. Because of the
largé scattering cross sections ofJeléctfoné with energles of less
than 100 Volts, a'SubStantialvffaétion of the iﬁteﬁsity of an incident
beéﬁ is backscattered and these scattered electronsncohtain'infdrmation
about the first few layers of the SQrface. fhe'study of the surface
sfructﬁres of éingle crystals:has shown that ia bqtﬁ surface adsorption
and debqsitioh 6rderédfsffﬁétureé often form. From the diffraction

battern, the size aﬂd'shapefcf the surface unit éell”can be determined,

but the orientation of the basis of surface atoms to these lattice

points and the perpendicular distance of the absorbed layer from the

substrate iéyer can be.ﬁaried fd give a number of models Which>ali

result in the same diffraction pattern. .To distinguish between these

' models one must use a scattering theory to calculate intensities and

. then match them with‘experimentally:measured_oﬁes.'

’.Kinematic_or-single scattering'theofy.which“is used in X—réy

’“diffpaction-work is inadequate-sihce the large scattering cross-

sectiohs'of the eléétrbns make multiple scattéring very‘probable. A

great number of pedplevhave;worked on developing theoreticél approaches

to the multiple scattering-'problem2 and their formulations have

become very sophisticated as they were forced to consider the physics



of most of the processes that occur in the crystal in order to

.'reproduce‘the'experiment. Recentiy;seVeral notable successes have

been achieued‘in-correlatinéﬂtheoretiCal calculations with experimental

data. Duke,’Tuckerrandearramore,3‘Msrcus;'JepSen and Jona,4 Tonghand
Rhodin,syan&rMartin and_Sonorjai6 haue'ali Hemonstrated'thatvtheir
.vorocedures'reﬁroduce the éiﬁéfimehfal resuTtS'for the low index iaCesv
of face-centere&Acuhic:aluminum. ‘Pendry,WOrkingvorimarily on nickel,
'has‘aiso-hao'substantial success,.‘7 With the hope that the*theory.is
now‘capahleﬁofvhandling more'couolicatedvatoms'with'strOngeryscattering
ﬁower; thehintensitiesiof diffraction heamsrfrom'the Pt(lil) surface,

the'Pt(100)‘Surface,land'from”an ahsorhed‘layer’of propene on the (111)

surface of platinum were measured by ‘means of a photographic technique.v

The diffraction pattern was photographed and the optical densities of
diffraction spots on the,film negative,were measured.by a scanning |
microdensitometer,: Intensities_were calculatedtfrom an experimentally
'determined characteristic:curve for the film andfthen normalized by
“the incident bean current The results from Pt(111) were compared
with intensities calculated by computer programs using dynamical
scattering theory. The intensities from the Pt(lOO) Surface were
"compared with data obtained with a spot photometer by another

1nVestigator.

o~ o
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II.  THEORY

A, Basis of Low Energy Electron Diffraction

In 1924 DeBroglie made a.méjor contribution towards.tﬁe
advancgmenc of our pnderstand;ngvof natter. If had already begn
shqwn-that'iightvhad to be tréateé‘by_both a corpuscular and a wave
theory'if.its_behaviorbwaq'tp be’succéssfuliy explained. _DeBroglie
ad&ancéd_ﬁhg hypothesis fﬁat:gll ma;ter'can be treéted as both a

particle ahd a wave. He suggested that the two treatments were

related By the equation

QPR U SEERUNS NEETER o (1)

 which connects the wavelength of matter considered as a wave with

momentum when matter is thought of as a particie. If all matter had
wavelikekpropertieé; diffraction of particles should be observed

provided;:hat the momentum‘was chosen to give the proper wavelength.

. The Davisson-Germer ekperimqnt showed that when the wavelength of an

incident .electron beam was equal to or less than the interatomic

"distancé of the térget crystai, the electrons were diffracted by the

rows of surface atoms like light is diffracted by a two—dimensidnal
line grating. By sﬁbstitutiné values for an electron into Eq. (1)

We gét

150.4 - | . -
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where V .is, the potential différéncé‘iﬂ'vpitévbetWQen.the éiééfron’éﬁd_

the target. Incoming electrons are scattered primarily by a coulombic

vintefactidn“with the_cfyétélférpbteﬂtial; .The large collision cross .

- sectioﬁé’for-éﬁééé interactions mean that most ofvthevback-SCattéréd
,_elgétréns are reflegted from”the(surﬁécef§r:§;cinity and ﬁécause qf.
Lhis the electr&né do not-éeteét'the three diméﬁsional perio&iciﬁy_of
the‘crystal potentiél; o In'effect; the pérfec; péfiodic potential
in the twofdiménsibhs paféllél'fo:thé Surface%feéﬁltsiin a two
dimensiqnai”aiffractiohvpattern sinééfthe scattéféd_électroﬁs |
destructively interfere éxCéﬁt’éldné Beéﬁs-invSpéce‘wifﬁ weil—defined
direction..‘ |

If the incident elé;troh beam ié éoﬁsideredszom_the wave view;v
point it cén.bevdescribedvbysi
A® =A@ epa@Foe) ®

 where A(r) is the aﬁﬁlitu&é at SOmé'point'r, A(o) the amplitude at

o : . > - S
an arbitrary origin, k the wavevector and w the angular frequency.

k can be related to wavelength and therefore to momentum since

lkl = 27/X. The condition of elastic scattering fequiresffhat
1?2 = ee]? W

: -+ ' . v > ) :
where k' = wavevector of the scattered beam and_kf = wavevector of
the incident beam since

. 1/2
Wl = 27 2m(2mE) " "
k| = —

X .

L/




and-lkl is directly proportional to energy _ Diffraction by a two

'dimensional perlodic potential at the surface requires that

' - B - : o , ' >
where HI' is the parallel component of the wavevector and q' is a

parallel reciprocal lattice vectcrvdefined by the surface lattice.
i . T - Lo . o

[EES (.11(3"3) ,k‘z"i‘)) T €2

bXxz - bXxz

: . N . e o : o
where a and b are the basis vectors of the surface lattice expressed

. in terms of unit vectors X and §, z 1s a unit vector in the

ivperpendiculér'directicn‘and h:énd k are integers" Because energy is

conserved (Eq 4) the perpendicular component of X' is determined by

Eq. (6).

2 l_k"'2-= lh:l"'+’lk£_""fiq e

lk 12 = lk°l2 Ik,, - .'IG],IQ"_V.J d e

ENE \/Ik° -nﬁ, - lg 1? | (10)
Thus}fcr.a-giuen reciprocal_1attice_vecton kd'iS»determined by the -

energy and the direct}on of tne‘incident'beam;i



‘-ﬁovever;,thisddeterminationHijthenvavevector.of,the,séatteredhf
beam assumes that- there is oniy oneicollision,.actually, multiple
scattering;plays‘an importantnrole 1¢_the,¢;sé of'LEED5as.was.already
mentibned;d.hecause'of.the'large:SCattering cross‘sections;:the' |
scattered bean can hecome ditfracted agaiﬁﬁwith.the restriction that -

Fefey . ap

This condition for double diffractionican be.entended to inglude'tertiary
‘and'higher order scattering and its effects'can,be seen:in the intensity
: profiles;oftthe-beams; | '

anrlier it waslstatedvthat the;diifraction beans resulted from - !
the'twordimensional periodicity of. the surfacevpotential and that
the diffraction.condition vas,exnressed.by*qu1(6).g’Ihe'effect of the
:periodic‘tv of the'crystal potential in the z.direction is‘contained
in the intensity of the beams and can be expressed by a similiar -

diffraction condition

K =k+g . o an

"If the eiectrons were a11 scattered hy the.first layer of the surface and
never detected the vertical periodicity of the potential k could assume‘
. any value as determined by’ Eq._(lO) ' For a given reciprocal lattice
’vector and keeping the direction of the incident beam constant onejwould

' expect the intensity to be a monotonic function of energy (Fig. II-14)

<
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Fig., 11-1. Intensitv versus voltage curves for 2-D and

' '3-D diffraction



.Howevef;:1f_;ﬁe'élgcffdnsﬂﬁéne££;£ed"éégp1y“éna§ghjtq experience the
full three~dimenSional periodicity of the potential'Eqs..(6)-and (12)
would have to be satisfied simultaneously for single diffraction. lhis :
: kinematic treatment would give an I. vs V._curve like b An Fig II-l
where the sharp peaks are the energies at which the Bragg conditions
are fulfilled An intensity versus energy curve for LEED is ’
continuous as in two—dimensional diffraction but shows a number of
strong broad peaks indicating that the vertical periodicity of the .
potential does have some effect Peaks other than the kinematic ones
v_.predicted‘by Eqs (6) and (12) indicate that multiple scatterlng does
provide an important contribution to the scattered intensities and '
“that equations similiar to Eq.*(ll) but for the perpendicular components
must ‘also be'satisfied Positions of inten81ty peaks can then be
predicted from knowledge of the surface and experimental geometry by
considering all diffraction events but the shape of the intensity

peaks depends upon the details ‘of the actual crystal potential and

the extent-to,which different order scatteringvevents contribute to

the same peak, ' | | |

B. Dynamical Scattering Theory As Applied
To Low Energy Electron Diffraction

| ‘
- Analysis of: the diffraction pattern at a given energy of ‘the

surface together with the’ angle of incidence of the electron beam L

figives one the direction of both the incident and scattered beams

It has been shown that this can then be used to find the surface-

reciprocal_lattice_vectors which determine the size and shape of the
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surface unit cell, The type ‘of surface atoms, their orientation to
these lattice points, and the perpendicular distance between layers

all affect. the crystal potential and they can only be determined by

'measurement of the intensity profiles of the diffracted beams and by

cOnsideration of their relationship'to the shape, magnitude, and
position-of the intensity makimar 'This is what LEED dynamical scat-
tering,theory hopes to do. | |

\The literature is filled.with papers in which people tried to
use various simplified approaches-to the problem during the'early i
days of‘investigation and came up with results'that bore at best only
a'vaguevresemblence'to experiments. Since detailed reviews of this
work are availablesze will not cover it'but will consider some of the

various methods'nhich'haye been‘developed that show'promise of

producing theoretical intensities that compare with the experimental

ones. Primary attention will be paid to those techniques which

displayed the first~suCCessful model of one of the phenomena important

. in determining the electron intensities.

Essentially two approaches to the problem of scattering a low

L energy"electron beam upon a crystal have been developed Multiple '

!

-scattering theory was used by Beeby to derive a formalism based upon

scattering matrices within a layer of the crystal and then considerlng

scattering between layers. This method, using a Green's function in

" the integral form ofithe-Schroedinger'waye equation_assumes symmetry

- only within the plane of the crystal's layers and so is readily

applied:to a surface layer_that is quite different from the substrate
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‘layer.7>The programsbbf.Duk¢; Tu¢k¢r;énd’i;frambré; Tdné and‘ihbdin,
and Martin and Somorjai uéé_;his’type‘of fofmaliém. | | |
<;The3secqﬁd.me£hod worksIWLpﬁ thé.differentiai form 6f-the.wa§ev
iéquétibn_ahd.soivéSrfor;fhe-ﬁéVé fﬁpction Wifﬁin-the.cfysgélzby"
assﬁming;if}to be a pérfétt,'infinité crystalwf:ihe:Qavé.equaiion is ¢
then>s§1vedfoutsidevQf?thé certal and thé two-&ave func#ioﬁsvanq o |
' fheirqderivatiﬁes aré,métchéd'a;'the'boﬁndary of>thé ¢ry;tal surface. -
Thig'aﬁprpééh, défived By-Bondréaux%and,ﬁging;.isﬂﬁsed‘by‘Pendfy,ahd

Marcus and Jepsen..

vBéeby's Scattering_Matrix Formalism

Beébyfs methadiconsiders¢elastic scattering only and computes the
scattering amplitude for incident  electrons scattered by a muffin-tin
‘type potential. The muffinftin épproximation assumes that ;he-crystal’S_
potential can_be_considered.a.Serigs of non—overiapping sphérical
potentials with V=0 between the spheres.” If these ion-core potentials
are at site R and designated Vk(?),

T ' + >
{GEEED DR NES IS

The incoming beam has wavevector k and is considered to be a plane:
wave. So looking at the outgoing wave at a_distance'lafge'compared
to the size of the crystal; the intensity-of_thé wave scattered by
V(r) would be -

TGy « | fexp'(eiﬁ'~?')T(?',i-’)éxp(iii-?)d?d?'|’2 an
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- i ' . : .
where T(r',r) is defined as the scattering matrix of the whole crystal

and can be written as the sum of the scattering matriceé of each atom.

o > > > > ‘ N N
T(x',r) = 2: t_(r'-R, r-R) 2: t_,(r'-R", r"-R'") G.(r"-r™")
. & R wr' R , 0 ,
—> > > > > > : ) ) :
tR(r'"-R, r—R) dr" dy™ + ... = (14)

‘where the multiple scattering matrix for each atom tk would be

s s > > > - 5> N
tp(r',r) = Vp(r") 8(x-r") + [V (r") G (r'-r")
> > > o
t (r",r) dr" (15)
R -
where

| Gd-(}’:a = 1/ [ (exp(ik-7) /E-R241e) ak

and € = eleét;on self energy and Go(r) is caligd.the odtgoing'
pfopagator. What is;happeniﬁg herg is thét T(:) is beihg represented
by‘tﬁe“addition of a number of series summations whefe‘the first series
‘summaticn represents all of the posSiblg single-scéttering, the second
series gives double scattering and so on. |

N&& the.ihtegrals aré where the quantﬁm mechanics comes in and
these are solved by.a_serieé of manipuiations which‘coﬁﬁert the planev
waves td-séhericél waves, Vériables are changed to eliminate the R

C > .
dependence and then the t(r) terms are expanded in an angular momentum
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representation.- This :allows the angular integrations to be done since
the radial part can be separated;; Because thesmathematiesrinvqlved.

10’11‘

is rather lengthy, only_the'result will be given

e z(k) ftR Ned r) Z <_kr"> Z(k?) ?%?f 2gz

T e
[

The ekpressien‘fbrfthe intensityiis now

IR IZ Y, (k) YL.<k><z;exp<i<k-k') Rty ,Lac)aL L
LL' :
‘ ' (16)

_ v'-'>.‘+‘+'.+- - o —>-+ - - 2""
+ & emudidrdng @ o @Dy b+t

where

‘YL<y> L (z))/ Z > &) T @) aid,

L+ _ N 2,'_]_
Gy (E) = J Gy (y-2+R) 1"

an angular integration over the propagator;;'f'
| So far .we have considered each atom indiyidually but to do the

sumhations.involved>in Eq. (16) the symmetry of the crystal must now -
be cqnsidered; ‘The:crystal is divided into layers end each layer is - - ;
theu divi&ed into subplenesvso that each-subplane hes onlyvoue type
of atom, All subplanes have -an. identical structure with one atom per
‘unit cell. In this case an adsorbed layer on the surface would be
treatee Just as some additional_subplanes.

Now‘Eq. (16) is manipulated to do a summation oyer the subplanes

with lattice vector p and reciprocal lattice vector g. The scattering
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. o f v o,
matrix te 2 is computed for a plane v to give tv(k). The summation

over R for R=R1-becomeSw'* P

R _ -)'.-» > > . —»_’_ 1
2 emaktR o+ 1K) ¢ @ R, D G(R R )
l Rl,‘oocR . o
J N n. .
o > >
res GRy = Rp)
e o > > . : —> > > .-» ->
exp(1k'R}) G(R,~R)) = exp(1k'R,) 2 G(p)exp(-1k'p)
R, ' e P00

“exp (1§-§2) cSP (%)

where G°F is the propagator of the subplane assuming that R2 is in

the same subplane as Rl’ if not the summation becomes

X (ﬁc’-ﬁ ) G(R .E )= éii?-ﬁ 3 GG, dv) - exp (1R By -d0,))
exp 1) GRymRy) = exp(keRy pravymdvy)t exp ik lprdvymdyy

.: Rl o
. : , S . v,V :
L C o=emp@ik - R) ¢ PP | an
where dv2 is the position of any atom in plane two and the propagator
1 2,7

(k) is independent of R So now the scattering matrix can be
written as a function of*propagators within the same Subplane and
between different subplanes independent of R This transformation

is then done for the R2 sum and 80 on until the R sum. This becomes
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Y expli(k-k')R.] =3 exp[i(k-k') - (dv_+p)]
n ) S

2 . Sl - Lo
(2m) - >0 e -> _

- 280 - K - g) exp[1(k-k')dv, ]
where A is the area of the unit cell in the plane n, k" and Hl are o
the parallel components of k k To get the total.scattering;we
sum over all possible scattering paths'within each. subplane which we

will designate as f;' and then sum over all planes.. So

rt
]

tv(i;') + £ @0 P &) tv(k) + ...

€.

' '+ SP +i v > -1
t () [1 _',.G (k) tv(k)]-

L1
t,

@ -c®an* . aw

- ‘Here t (k) is the individual scattering matrix and can be determined
by k the wave vector of the incident beam and 8 (E) the phase shift

computed,from the scattering potential,.
t, 7N (E) = -mlg(E) - 1k(E)]/2m? g(E) = k(E)eot{§,(E)]

Summing over all planes T is done as the sum ovefvall paths which
“end in the subplane v so that the total scattering is the sum of the

scattering in v plus the scattering in v after the electron has been
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'scattered from v'

K . ] )
T =t '+t .}E:' va'(i) T o
v v v & v
v'Fv

Now'subStituting into Eq. (16) the intensity;becomesv .

Ik « IZ ¥, (k") YL.<k>[Zexp<i<K-K')dv)T -
L LL'

(2") Z 5(1(“ =4 ;E)l_z R a9

So it Vould appear that=we_hane a method for calculating intensities,
but since Beeby has conSidered onlyfelaStic scattering and only
about ten percent of the incident low energy electrons are back-
scattered’ elastically, it is obvious that these intensities have little
correlation with experiments.'“”’ |

g Beebyfs_formalism essentially.compacts the quantum mechanics
involved in the scattering of an electron by a potential into

t (k(E)) It was noted that the inverse,of the matrix tv(k(E)) could

be COmputed from the incident'wave vector and the'phase‘shift This

calculation of the phase shift depends upon the V(R) used in the

muffin-tin potential and so, choosing V(R) will play a great part in

determining the intensities of the scattered beam. Pendry calculates the _ '

potential by neglecting screening, correlation, inelastic and incoherent

processes_since at higher energies:these terms are relatively small.
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The last two contributions are part of the imaginary component of the

potential which affects the calculated 1ntens1ties markedly so this
is a limitation which is ratherﬁimportant.t The potential'due_to the

Hartree term is evaluated exactly

. ENCHY
@ =2 A &
| lrl TS eyl 1
but‘thevEXchange term is onlytapprOXinatev
. Z lP (r)w (r )¢(r ) d3;;" :
exch lr-r' 1 - o

i . . -

4]

' The exchange potential acting upon plane waves can be written as a

summation over £. 2, The summatlon is done unt11 it converges (usually

-

at 2 4) and the potential of the ion core 1s considered to be the

sum of the Hartree and the exchange contributions.

Inelastic_Scattering Model of Duke, Tucker, and Larramore

-'Duke and Tucker13'3howed.that.an inelastic collision model based
'.an the strong electron—electron interactions‘of an energetic electron
scattering'inva.solid.linits the penetrating depth of the’electron
beam to about ten angstroms forvelectrons'belowﬁlSO'eV. Theyvused

a propagator_formalism siniliar'to Beeby's andbconsidered only S

wave scattering, that is; the potential‘is assumed to scatter
isotropically; The model is a system in which the fon cores-of the

lattice are surrounded by a uniform electric fluid which is bounded

-
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bycthe‘potehtial of the outermoét ioﬁ‘core;- A prcpagator similiar
to Beeby's 1s then defined with a damping parameter included which
takes into'eccoﬁnt.fheLinelasticrscattering.'“GO(;;E) becomes
. h "\—5 RS B > > a
- —m . explik, (E)r] exp[-k,(E)r] ' )
-vGO(rQE)-= - z(E) ————— — - L o (20)

2ﬂh2' r

A . x > v
where the damping  factor is exp(—kz(E)r),and z(E) is a renormalization
coefficient sinceethe propagatof“waé'evalﬁated using the quasiparticle

approximation from many-body ‘collision the‘ory.14 The results of the

. : . i
- damping is that the summations for ¢V and'tv' (Eqs. 17 and 18)
" converge. more rapidly. Aithcugh this daﬁﬁing factor considers energy
‘loss due to'electron—electroﬁ'couiombic interéctibns, there are-

_otherfpossibie ways for the ‘electron to be scattered inelastically.

Bulk or surface plasmcns:may‘be'excited and Duke and Tucker estimate
that chis:may‘be:a‘significant energy ldés mechaﬂism. However,’if
it was included, it wouid only add another dambing factor co the
pfopegatqr and'eo actuelly by cereful choice of tﬁe damping parameter
Ez(Ei;.this deficiency is cvercome. o |

o It:is a Weli knoﬁn fect'tﬁat the 1hcensity of a diffracted beam

changes as the tempefature of the-crystalris varied. This attenuation

-of intensityfas'the‘cryStal-temperatufe is.iccreased is due to the

increased displacement of the atoms from their mean poéitiqné because |
of greater vibrations and is called the Debye-Waller factor. Using a

Debye model for the'phonon'sbectrum of the solid Larrimore and Duke
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de;ivedha,Debye—Wallgr”factgr_Withiﬁlqhe,prppagatpr.fqrmélism.IA They
assume fhat qnly.the_surfaCe iajef 6f fhe.cfyStél will be displaced .
aﬁa‘so diétinguiéh bétween fhg scéttering.émpii£ude éf thg surfacé;
and thevbulk by using a d;fferent ph4§e3shift:fgf'thé'1nd1v1dual |
scattering‘mafrix t. - | 7 ‘ | o

T
‘ m{k(E)l

NG Texp(2189)-1]

2. ~ L
TR exp(218)-1]
m|k(E)|

1]

e dkm D

Now an effective scattering matrix with a Debye—Waller factor is

defined for each plane:v; T

’

L s ) - : _ +"_+ > ' v

b UGKLE) = e[ W (k-] £ (kKGE) - @
o 14
But. from the Debye model _
' - S - e o @'A/T .

WK = 3t7k'-k)” 41 /T N x dx/e®-1
v 2Mk_0O. v | S A ‘ -
: "B D D 0 : ‘

T + . _’ : - . . . . .
when exp(—wv(k'—k)) now depends upon angular momentum £ where b, is
"expanded in terms of partial waves. Larramore and Duke do the expansion-

using s and p waves to compute the effective scattering matrix and get

'tv(i(E)) exp(—ZWkZ(E)) ﬂWSOIE(E)I, for L=0

L
b “Ik(E)]

- va(ﬁ(E)) £, (k(E)) exp (~2wk (E)) 4/3 ms [k(e)| for L=1




P
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where ' _ W = wV(K'-K)

5o (K(E)) = sinh 2uk”(E) /2w’ (E)

[3/2 wk2( E )] [cosh(2wk (E))

s, k()

sinh 2wk2(E)j/2wk2(E)

Now va can be used to getathe scattering in a plane tv' as before

(Eq. 18).. The intensities calculated by both the inelastic damping

factor and the Debye-Waller factor would be expected to correlate

much more readily with the experimental ones. Because it has become

_apparent that S wave scéttering is not a very good approximation of

the actual scattering. amplitudes, Duke, Tucker, and Larramore have

modified their program go that a number of phase shifts can be included

in a computationvtaking a reasonable amount of time by using a

pertﬁtbgtion approach tb'célculating the T matrix}

Tong and Rhodin's Program

Tong and Rhodin also use .a scatterihg propagator method based
upoh-Beebyfs formalism. They modified the inelastic Scattering of
Duke and Tucker by including higher order phaée shifts calculated

fromfPendry's'potentials hsing the muffin tin approximation._ Besides

damping due to singie particle and bulk plasmon excitations based

'upon the self energies of an interacting, homogeneous electron gas.



The'Debye—Waller factor that-they use. is-similiar toIDuke's treatment.,,
The main innovation of their program was the development of a perturba—
. tion approach to the calculation of the t matrix.- The total scattering

matrix is presented as'
. Lo K v

‘[Tv]JZ;,Q," =-.'(tv)-2’j'-622v + Z | (tv)l VZ _[va,'-jg’zv:(vT’%,');Q"vg.u ' v (22)

. S Es : e sl e

where‘tv,%'dzl; is the diagonal lndiuidualvscatterdng'matrikfin plane'
v. Equation (22)-15 iterated"in terms of (t )£'5QQ; to third'order’
instead of getting (t' )2 from a matrlx inversion. The'summation is
done over all terms in the scattering in one plane and scattering
between planes. The summation over‘the lattice can.be.transformed

into sumsJinVOIVingvthe reciprocal‘lattice”uectorsjand for'the'third
'order'summation this'giVes oﬁi§ three;possible terms{ This makes a
tremendous”difference invcomputer timevandlthe'error7introduced.is
vminimalﬁfOr ﬁeéfly”Qq£$a17iﬁ£iaenceﬁ"Thetlbnvéfgencé?of the‘perturbation v
method'ﬁas checked kby calculating'(t'v)zz; tohintinite order usingithe
'uSual matrix inversion'and comparing it to the third order.perturbation
result and was found to agree quite closely. | |

Martin and Somorjai's Program

| .
A computer program16 has been constructed by Martin using Beeby s

formalism and it is similiar to the approaches already_diScussed.» The
inelastic damping factor originated by'Duke andATucker is used End a
Debye-Wallerlfactor is also included. Using a perturbative approach

i , 3 ST ‘ _ S : ; |
similiar to Tong and Rhodin's;, t matrix inversion is avoided-.and so
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thg prégfam can use'a'nUmber qf phase shifts wifhout.iong calculation
times;J'Eendry's‘program for the caiculation-Of‘phaSezshifts of the

' potentialsvis used.'.Thg iﬁnér §Oténtial éan Be qalcuiéﬁed;using
either é tﬁhdqﬁiSt or bptical;mddel.- The inmer éotential‘is'a term
used téidéséribe:the inCreasé in kinetic energy that the electron in
vacuum gainévupon entéring_a metai; Three separate effects can be
distinguished. The.firét is ‘the difference 1in patential between an
,_eleétroﬁfQutside the surface in vacuum andvthe Fermi 1ével. This is
called the work functidﬁ and can be ccnsidéred due to the féct thét

‘the electron wavefunctions eiteﬁd‘a short distaﬁce outside fﬁe surface.
layer. The seécond effecf is the pfesénce of positively charged ion
cores infthe-cfystél_whigh are.oniy partially screehed‘by the electrons
in the“coﬁduction and valéncé'bénds. ‘ThiS'scréeping is the third
_effect_and_if depends upon ﬁoth_the'eleétrdh density and the momentum
of the iﬁcidenf_electron. The inﬁident electron surrounded by screening
electrons can Ee tﬁought of 3; é‘dua;iﬁarticle.l7 Thevquésiparticle
venefgy can Be written as‘tﬁe energy of the free electron with wave-
vector;i plus a complex self‘énergy cdrreétion .E_(E,E). The imagin;ry
:part of the quasipérticle energy —.Eé (E;E) isvdirectly feiated to the
damping fgctor' -.KZ(E) of‘Duke,'Tuckef; and.Larramore._ Tﬁe'

Lundqvist moael.galcuiatesfthe sélfvénergy ¢opréc;ion as a function of
“incident eleétron energy by assuming,that the metal is a unifgrm eiectron
gas with a given density sﬁpplied és_a parémeter. The optical model |
. assumes thét tﬁe reai and imaginary pért of the.self energyfcorrection.

are essentially constant over the experimental fange of incident



electron energy and treats these constants as adjustable parameters. -

,Pendry‘s'Wave-Matchingrﬁethod‘

The seconds general approach to the LEED'scattering problem uses
‘the differential form of the Schroedinger equation to solve for the
scattering within‘the_crystal in termS»of Block ‘waves and then_matches
thesé to the Qave funCtionsvoutEide"of the:cryStal‘A“Theicrystal is
assumedvto.be'infinitely'perfect‘With'a eurface layer.that'maydbev
displaced. The’diSplaceddsurface.layer is treated separately.as 5'“
'slab of the perfect crYStaluthat;has beendshifted_and so the vave
function must'be matched at the boundary between’the surface and the
perfect crystal and at the surface—vacuum boundary |
It is assumed that the Block waves of the infinite crystal.are

known ano can be written in terms of the incident wave: vector k and
the reciprocal lattice vector g .20 There will be an infinite number
of Block waves having a component of the incident wave vector parallel
to the surface of the crystal but we look at.2n_vaves having Fourier
components,parallel.to the surface. They can beiwrittenfin the:form‘

| > &2 + '; >

e ®) =2 B em((ky +g,)R)

N - i=1 , _ E 4
wherevn is the numbervofrreciprocal.lattice vectors. Now thershiftf
of the surface layer ab is‘alongvthe z. axis and it is diSplaced'a.
distance c—b. We can'writeathe expression for a,olanefwave'outside
the crystal: | |
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where H' is the component to- k parallel to the. surface, g” is the

parallel of the reciprocal lattice vector and

> .ﬂ; T > 2
kyo= % QE - iknvf gﬂil

(s

NoW'the wave function in the four regions is written as

. S 2n o ' '
'-'_Z > a W(X,Y,Z) = Z A Pid)i (X,Y,Z—a) i (11)
i=1 , ,

.NA
=

b >Z .’w(xs}')z) in_ki(xsy,z_a)

Ty
[]
[

™

e>z>b Py, = $;9; (x,y,2-b)

N

2> c *IW(x,y,Z) 'Tiwki(x,y;z—g)

[N
]
—

The summétidn is 6ver 2n Qaves witﬂ the firét set of n components

propagéting in the ﬁlus z directioﬁ and the second sét in #hé minus
.z‘aireétion,“é.é;:fbr'regionklg the ééts give fﬁe cémpdhenfs P+ and
P~ where P~ aré the amplitudés of_the reflécted waves. At z=§,.the
two wave fUnctions and their derivatives are matched and these can

~ be written as a matrix

m o am
A, °(0)p, = A
1§1 \5° (0P, j};l RO

where Aij(o) is a 2nx2n matrix which when acting-on Pj generates the
n Fourier components parallel to the surface at z=a for the first n

rows. The second n rows of Aij(O)_acting on P/ find the n Fourier

3
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compdneﬁté‘of the firsEAdérivétive.

- The-Abmatrix 1s then Qritpen‘for_the'dther two‘Boundaries in the

same way ” _ _ -
'=: ' - = o ° )
z=b ¥ Agy(b-a) Q ,__Z: M OLH .
.. j : .’.:._’ S j } R ci,/
- . L e o ' .
zZ =C 2 Aij(c b) 8y Z Aij (O)Tj
To'actuélly pérfdrm'thé_caléulation;’thé matrices'Aij are rewritten
in termsiof ﬁatri¢és.us1ng Bloch waves '
o - [2OpE@ ]
L 3 B+'(z)'B'—(z)
where R |
C By ) = R ewplilk, +g )z
T x0T «
These three matrix équations”aré‘fﬁeﬁ solved for,?"in terms of P .
'Kﬁowihg P~ the wave function qu'the elecfréns being reflettéd back
from the éqrface of the érysfél-can be calculated'from'Eq. (11); The _
wave function {is réaliy a;prébability amplitude so it determines the ’
' intensities'caicﬁlated. ThisApartiéularItreétmeﬁt applies to elastic v

sgattering,but>it’ihdicatéé thé,ggneral direction of the method. The
formalism appearé simﬁle'but_all bf'fhe scattering'érpblems are inherent
in the éélcﬁlatibn of the Biéch’wa;és and'the_mafrices. To do this one
needs t0'calcﬁlate the band structure.of‘the'crystél and.uées a

pseudopdtehtial in determing the Bloch waves. Pendry has used this

oy
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fdrmalism'fo consider an iﬁelasticrséatteriﬁg model and has said that
it simplifies'the'matrix.caléulations; He uses an‘iﬁagiﬁary componeﬁt
of the potentiaivinicalculating ﬁhé wave funcfion, vﬁe th;n shows

that the matrix elements fq? baékwards scattéring»éfe much sﬁallér than
the inéléstié terms whicﬁ are appfoximately equal to or 1ess than the
fprwafdvsgattering.ls Hé,therefqre assumes thét.since most of the
~scattering is in the forward direction one need only d§ multiple
scattering for_thesé terms, the intensities of theAbéckw;fd scattered
'beams,aré'sufficiently smail so that they can be calculated as a
;perturbation. ‘The wave function wifhin the crystai is calculated

using Bloch waves and expanding in terms of the forward scattered

waves.

[, - }éj ax(k) [k+g) | | (12)

The coefficients ag are used to get the matrix M containing all forward

scattered waves

g © 8 A L A

the matrix elements-fér forward waves, Vf, are

2

v, » '(%:'llklz-- 3 kg D% + v,

f

t
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" 'The wave function at the surface is- found by a summation of- the Bloch"

waves,_ Iwk )y and Eq. (12) B

[)

[}
0.
o
p -4
<=

w

This waye’function has heenvmatched at the surface.for the backwafd
ttayelling w waves Vhich.are found uSing'the propef tetms for;the
‘hcoefficients;. | e |
Because these calculations are rather 1ong, Pendry has developed
the perturbation approach to get the wave function. The wave function
between layers h and,(h—l) is_written as a sum of pianevwaves in'the

(i’z) difectionSh‘

¥ = E: (Uhg-exp[ikg (r—ha)] + Uhgexp

-
[1k_ * (# - ha)]

o £ : .
where .k = t(2E-2V. K 2k 2)1/2, K +g, k% +38)
v S - ( g, ox X .0y y

_ cx o Gy :
L
a. displacement of layer h from layer (h—l)
kox and k “are components of incident wave vector parallel

. to. the surface.'

_V+ is the amplitude of the forward wave, V~ is backward. -A propagator

varhforward waves between h and (h-1) is defined
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+ ' >+ LN
P 'j-h) = exp[ik * (j-h)ald
ggv.(j ) T xp| | & | )a] 88'
: . _ : . !
S0 without any scattering Uhg > U;g as the wave propagates to

' between the j and (j—l) layers

+ o en ot : > >
U, e ik * (r- = P ,(j-h)U__ e ik *(r-ja
T Up, ewpliky’ © (-ja)l = X 30 P (G expliky - (-ja)]
g .- » o g g . ‘
If forward scattering is streng,'the ampiitudevUjg is hot just the

pfopagaticn from U 'but must include scattering from between other

hg
layers, so that the wave may be propagated ffom h to k by P+(k4h) and
theﬂ forward scattefed and then propageted to other iayers where the
scetfefihg is repfesented by M+. Se a new propagator which contains
all possible forward scattering processes which migﬁt contribute to |

the forward propagation of the wave from h to j 1s now defined as the

renormalized forward-scattering prdpagator;

P;fé(j‘h) vt (J-h) + ':E: Pra-Me@L) + 2, p-onrT (k)

IS S o L<ks#< 3
| - - @3)
.v _M+?+(k—h) + ;.. /
Ustng S
| Fraem =ty
Then | | (14)

- j- -h
RFS(j ~h) [P (1)(1+M )]

Now a perturbation series similar to Eq. (14) is wfittenbfor backf

scattering using M and avrenormalized propagetor for propagation out

of the crystal from layer h
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- . _ +. - j,—lhv
Paes G = L@

With this, the amplitude for back scattering is'célculéted fofvthe-‘

first oxder. .. . .- .. . o o ?=v' - T - A
i ___'“‘:_',_._'+§ R

Va%: Pres (MM Pryg (MY,

" Apparently this sefies-éonvetges rapidly so that the first:and third

'jqfder summations are sufficient to give excellent agreement with the

exact results.

Korringa-Kohn-Rostocker Methodvused by Jgpsén, MarcuS‘énvaaﬁa
Jepseﬁ and Marcqs1use”§-mgthod which_ié'a'curious combination of

bo;h»éfvthe apprbach¢s.we have discussed, thévSCatterihg propagé;or
and thé’expansiog‘into_Blocﬁ-waves, in o:der}tqvobtéin fhe wave
fuﬁgtion“?itﬁin ¢he ctystglflg;:Ihq ppingiplés_inﬁqlvedrin ﬁhe formalism
have essential}y_ﬁéen co&ered‘;n;;he'pxeceeding'discussionQv»The .
 program-conﬁains.anqinélastié damping'faétor using Snowfs potentials
: derived from band structure»dalcﬁiations. A DebYe?Waller féctor

' “

similiaf to Duke and Larramore's is used.

Applications to Structure Analysis _ e
We have considered a number of approaches to LEED intéhsify »
theory since all are based on a quantum mechanical description of the
scattering process,.they should give the same results providing that
~ the model upon which they are based is a realistic one. However,

since the ultimate goal is structure analysis, it is important to

N
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conéidérlwhether any‘méthéd,énjoys Some'advaﬁtage over the.others. In
1ooking étvsurface stfuctﬁfes“itbis immediately obviousbthat one 1is
intefésfea_ih investigatihg'adsdrbed.atomé or molecules on the surface.
Thié meéns>that the surface will almost‘alwéjs'be quite different |
from the.neXt.two or three léYéfs‘ofbthe cryétél and in the case of
thé.adSOfptiop of complex moléculés, the adsofﬁed.iaYer itself may
have to bé considered és several 1ayeré; Of the two geﬁeral apﬁroaches,

the propagator'mephod derived by Beeby is much more suited to this

: situétion sinceé it automatically considers each layer separately and

'so makes no assumptions about the symmetry of the crystal., In contrast,

the approach used by Pendry éonsideré the entire crystal to be entirely

- symmetric and then the surface layer must be treated separately as

' a‘ihin'slab'Sitting on the crystal. With complex adsorption layers,

it may become difficult to match the wave functions of the various
reglons at the bqﬁndaties éince the question of_wﬁere the potential

of the substrate stops and the adsorbed layer starts becomes very complex.

A All of'thé programs consider inelastic scattering by including some
vkind of démping féctqr, all can include variation in the incident

:beam angle, and all have some sort of Debye-Waller factor. Given a

sufficienf number of phase shifts, all the methods considered are

_capable of producing intensity curves which agree with the experiment

for simple metals where'thé pbtential is known. All consider the
positibns of the étoms on the surface in their calculations and

appear to be sensitive enough to determine the surface position

- uniquely.
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C. Surface Structure Nomenclature

Becaﬁéé most'qf‘thé exiéting work ddne.with LEED éoﬁsiété of
observiﬁg ﬁhé diffféétion.pattern fofmed during va;ibus stagéé»6f.th§ -
: ékpériment,'a speciélvférﬁinolégy has develoﬁéd"td chafé@tériée these
pétterﬁé-qbnvenieﬁtly;ZI wThévﬁﬁit:cell of the surface SEruéthréifbrméd
is deécfibéd”inftérms of t£e bulk unit cell aé detefﬁiﬁédvby'X—ray‘l_
diffraction. If the arrangeﬁénﬁ of atom§ on a cryéfal'é QUrface'is
ideﬁtical-with the bulk_unit'cell; the“stfutture.fofmed'is called a
(1x1).””inﬂthé case of a clean métai,”this’w&uld‘bé,considered the
‘substr#tetgtfuctﬁre, if the'sﬁffaqe was an 6vérléyer formed by deposition
or adsorption; the pattern would be’inde#ed as a (1x1)~-x structure
where x is the atom or molecﬁlé-that_makes up.the surface.  Often the
v diffraétion ﬁattérné'dbservéd have unit gélls thét”aré integral'
multiplés qf:the'éubstrate Strﬁctufe. For.eXAmple, if'ﬁhé'iattiée
Vedtdr;of'the-sﬁrféce sfrﬁéfuré'is twice aé'longiéswthét df'théiﬁﬁlku
déil in one direction aﬁd the same as the bﬁlk inftﬁe other{'-the '
sur face étructure:woﬁld be designatgdva (2x1). Exambles of séme
diffraction patterns andvfheif eqhivalent,teal space_latfices
_ designated in this”way a;e gi?en‘in'Figs..II-Z and»Ii—3,'

Mbre ééﬁpliéatéd diffraction p#tférns can somegimes by considered
as resdlting from surface structufeé With unit cells that are non-
integer multiples of the bulk unit cell and'rétated.with respect to
the bulk. The second pattern in Fig; iI-4vshowsbthe (/3 x /3) - R 30°

‘which occurs if every third lattice site along a row of the hexagonal
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 Fig. 1I-2. Real Spacé latticesvand‘diffraction
. patterns; x'sin diffraction patterns are

extra features caused by surface structures.
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lattice is occupied. If this method does notqurk; a matrixvnotatioﬁ ‘

can be used to describe the primitive translation vectors of the

.surface net in terms of the tréhslation vectors?of-the substrate,

a and b.  For instance, the pranslation vectors of the (/3 x v/3)-R30°
» > > > > > > . S

structure would be p =a+ 2b and q = 2a + b and the matrix which

describes the structure is

o > > [ e
In»general, if p=a,a+ blb and- q = aja + béb the matrix is

1 2
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III. EXPERIMENTAL
A. Apparatus

A modified Varian LEED aﬁparatus was employéd‘in thisi#roject;
Thé stainless steelvdiffraction'chaﬁber‘was connected .to an Ultek 200
litér ﬁer second'ioniéation pump via a gaﬁe valve. 'The’system was
also equipped with a water—codled titanium éublimation pump and an
auxiliar¥ 50 1liter/second Vacion pump. Two cyrogenic pumps containing
‘a ﬁolecular‘sieve chilled to liquid nitrogen temperature accomplished
the forepumping from atmosphere to pressures of about one micron. |
* Gases could be admittedtihtd'fhePSYStem through é capillary needle.
that wés positioned approkimétely one centimeter from the sample with
the rate of gas flow controlled by a Varian adjustable leak valve.
Tyﬁical_base.pressures after bakeout were in the 10-'10 Torr range

10 Torr.

aﬁd‘all experiments on clean'metal surfaces wefe done“at 2x10
The system had a Varian fbur—grid LEED optics which uses'tﬁe

: post;accelefation technique to display the diffréction pattern on a

fluorescent écreen as shown in Fig. iII-i. The electron beam is

guppliéd;by a bariated'nickei cathpde'which-is indirectly heated by

an_aluminé-céated tungsten filaﬁent.v An eleétrospatic'lens fopuses

- the beam which‘caﬁ>have a vbitage of 10.£o.500 vblts‘relative to

| ground'ﬁith a nominal dispersioﬁ of .2 voits. The grid assembly

éllows only the elasticaily scattered elecfrdnsbto penetrafe_and thén

be accelerated towards the fluofescent screen by a positive 5000 volt

potential. To do this, the first grid is grounded to maintain the
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'field frée fégionléfound'the.égmﬁie. ‘The second and third grids aré
coﬁpied andfat_thevcafhode.pdténtial, thu$fthéy repell éiectrons.that
_ haVe beén séatterea inelasticaily; Because dfdthe large positive
potential on the*SCreen.howe§er, not all inelastic éiectroﬁs are
- repelled and so the fourth grid is used tofimpro#é‘resolution. It
can be maintained at + 27 to - 27 volts with respect to. the cathode
poténtial. "The grids are constfucted'of‘nickel plated tungsfen and
__haﬁe a transparency of 80%1ea¢h. Upon penetrating the grids the -
elastic élegtrons are accelerated onto the screen Vhére their energy
is convertéd to ligh£ bY‘é phoSpﬁor; Within the ranges of current used
in these éxperimeﬁts‘the ihténsity of thé eﬂitted'light was a liﬁeér
function of the éurrént densityzz-and it was this light inténsity that
was measured by a telephotometer or a photographic technique. |

. The samplés were spot welded to polycrystalline platinum strips of
99.99% bﬁrity to avoid possible contamination probiems. The (100) énd
(111) facgs of platinum were-mOunfed back to back on sgparate
platinum strips. The strips were. supported. by two sfginless steel
pressure élémps whichﬁwérg-bolfed onto a ceramic biock so that the
samples were:electricélly_iéblafed from the system. The ceramic was
 mountéd oﬁto thg shaft of a Varian crystal manipulator with'electrical
.feedthrdughsvthat ﬁad been modified to eliminaté precéssion of the
shaft as it waé rotated. The manipﬁlator.wés conneé£éd:to ité:flange
by a Stainless éteel #ﬁifefedge belloWs.so that it allowed. translation
of the sémples in a diregtibn parallel go the shaft, rotatioﬁ about

‘the axis of the shaft and movement in the x and y directions. The
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crystal facing the‘electron.gun was aligned sp'that.it remained invthe
center'ef‘curvaturefci the'screen thrcugh:allwrctatidn angles. rﬁigh;
purityLQXYgenﬁfree"cOpper hraidhmire’was used‘to connect'thevsamplev'f
'supports with the electrical feedthroughs The samples mere‘resistively
heated by passing an AC current of approximately fifty amperes through |
it, The sample holder was:made S0 that the samples Were the hottest
points»cf therassembly and theit'temperature“wasvmonitéred'by'a'

calibrated optical pyrometer.

B. Samplesuand Sample Treatment .

tThe.samples_used'in thiS“researCH were Single crystals of nominal
99.§§+Z purity'platinum'ohtained;frdm the.Material‘Research Corporation
in Orangeburg, New.Yerk, Thexplatinum_bar was electrcn heam zone | |
refined and the’major.cdntaminants‘as;determinedvby'a'spark source o
v mass'spectrometer were: Ge(30 ppm), Rh(15 ppm), C(lO ppm) A1(7 ppm),
Si(7 ppm) W(5 ppm), Zr(2 5 ppm), Cr(2.5 ppm), Ti(2 5 ppm), Ni(2 5 ppm),
Nb(l ppm) Pd(.6 ppm), and’ Mn(. 6 PPm). .

The single crystal bar was oriented to w1thin 5° of the desired .
face using Lave back reflection photographs and then spark cut The
samples were then mechanically-polished‘with a series of progressively
finer mesh abrasives and finally with <5 micron alumina powder Next
a solution of aqua regia at 100°C was used to etch the crystals The.'

etching treatment with a 507 aqua regia solution was repeated

i immediately before replacing the. manipulator
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The cleaning of platinum has been thoroughly described. 23 The
» major problem in cleaning is carbon s1nce it readily diffuses through
the platinum lattice at higher temperatures.v To clean new crystals
cycles of ion bombardment followed by high temperature annealing
followed by oxygen treatments-were performed.. The crystal surface was
sputtered'withzjoO'volt argon;ions at pressures of argon that‘ranged
from 5 to 8v><l0-'5 Torr; This resulted in a current density at the
crystal .“surface on the order of 6 microamps/cmz.h Annealing usually
took place at 900°C and was followed by exposure to oxygen at a
pressure of 1X10 Torr.' Each new crystal received a total of about
five hours of ion hombardmént'and:twenty hoursdof'oxygen treatment.
Suhseduently_the crystal'at 900§C;was treated for 30 minutes
with oxygen at a pressure_'o'f"_;:l>;10_'5 Torr to clean the surface'before
an experiment’. | | |
"Unfortunately,‘the equipment'necessary for Auger Electron
, Spectroscopy.wasvnotvgenerally availahle for use in this research.
However, an Auger unit was used to monitor thefstate ofvthe-surface
during the'time‘new Samples'were being cleaned Figure III 2 shows
A:examples cf "Auger spectra from the crystal with :carbon and carbon
v_-monoxide still present after one of the initial cleaning cycles and
lfrom the clean surface after the complete treatment, Suggested
’vtransitions for. the indicated Pt C, and 0 peaks are also 1isted All
of the work on clean metal surfaces was done before the system was

again'exposedkto atmosphere. 'Since the titanium sublimation pump has

a high pumping speed for CO and the base pressure of the system was



Auger Peak Height (arbitrary units)
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2X10‘101it is unlikely that there was much CO in the ambient.

Furthefﬁpre;_th¢v5xl pattern of the (100) face of platinﬁm»has proven

to be extremely sensitive to carbon monoxide adsorption or the presence

'of_carbon'ghgnging to a 1X1 unit cell. At]novtime did this happen

| I

during the study of the metal surfaces. Since the crystals were

regularly trgated with oxygen after a reasonable working time it can

Safely_be'éssumed that the surfaces were clean when experiments were

being performed.

C. General Experimental Procedure -

Whene#ervthe system had to be exposéd.to atmbsﬁhere either to
insert the crystal samples vato make some médifiééfidﬁ_of the apparatus
all éttempts were made to. avoid contamihént; or the adsorption of
water vapor. The'elecﬁfbn gﬁn"wés,éhut of f énd allowéd_to cool_for
Qne hourthfore‘bringing thgtdiffractionvchémﬁer.up toAatﬁosphefic _

pfessUré with.dry'nitrogen:tﬁrough the roughing manifold. When the

necessary work was.ébmpleted"énd a11 the flanges had been resealed, the

- gsystem was pumped down to é'pressure of one micron by the - two liquid

nitrogen cobled'roughing pumps. - The ion pumps.wére started and. when
the préséufé at the iénization gaugé was in the 10_7 Torr range the

syStgm was prepared for bakeout. ‘After baking out both the'diffraction

¥

chamber and the ionization pumpé at 140° for 124t0'24'hours,.the

shroud was removed. While the chamber was still hot the crystals,

the titanium sublimation pﬁmp;‘thé LEED gun, and the ion bombardment

.gun were all degassed. The samples wére then ion bombarded, annealed,

and oxygen treated until well ordered ‘diffraction patterns and clean



surf;ces were dbtéined.f Béfofe eaéh experiment the titanium sublimatidn
pump Wgsvrﬁn for a few minuteszté_ﬁakimize'femoval'of[coiand'then an
oxygen greatment was begun. Affér stQpping.the dxyéen,'héating”of the
crYstais‘cbhtinuedeHile thé“élecfrsn.guné'énd1sﬁbliﬁation‘pump_we;e7
degassed. The crysfals werevthen cooled'for oné houf&és Eﬁe pressure

0. o .

dfépped'froﬁ'lo—g to 2x10° - Torr and -the éxpériment was beguﬁ;

- D. "Intensity Measurement Techniques

1. Preliminégz;Considefations’

Once the crystél’ﬁad beeﬁ clééneﬂ'and'a.gdod'diffraction ﬁattern
had been 0btained,'measuremeht of tﬁé.intenéities'of fhe begms could bé
started. HéWevér, sincé the electron gun-used;inighese experiments
did not proviaé cohstant beaﬁ>currentias the beam Qoltage was‘changed;
a calibration curve for incident 5eam>currént had to be constructed.
The ‘LEED optics poﬁer{suppIinS‘equipﬁed with-a.méﬁér fhat‘meésufeéfthg
emission current from the'éatﬁode.; This is assumed'to,bé broportional
to fhe beam current-that'emerges from the gun after’paSSing_thrbuéh
the electrostatic focusing system. To obtainla calibration curve
for the fifty microamp emissibﬁ current meter,‘cﬁrféﬁt th;ﬁugh the
crystal and current to the screen were measuredvasra fqnction'qfv
emission current for eachbcrystal used. vCurrent,thfough the crystal
was measured with the CFystal at ground potenfial'by a Keithley |
Electrometer Model 610B; Then the grid assembly was grounded and
| with a 200 volt applied pbtential on the screeﬁ ité cufreﬁt was also

measured by the electrometer. The two curves were added to obtain a
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ﬁlot Ofvinéidéntfbééﬁ‘éurréht as a fupcfion éf'eﬁiséién’current which
ébui&vbe:féad~td_a ;l of é ﬁiéroamprandvis shown'iﬁ“Fig.'IIT—3.
Bécause the gridvsysteﬁ'doeé ﬂé#'poSSeSS IOOZ.ﬁ;ansmittéhéé and since
the scfeen-dbés’notiédbtén&jé"fuii lSOdiarouhA"fhe Cr?étal not all of
the baéksééttefed Cuffent'wag'meééured butvthiéverror is certainly not
ﬁpré”than 10% of the total"béam'éurrént.' Ité éffétt'is essentia1iy
cahcelléd bui éince the samé>limitatiqns appiy to the elastically
. scatféred electrons during thé‘LEED“exﬁerimént. |
Bécéuse'scattered’inténéitiéé’are kﬁoWnbto vary for changes in
angle of incidence,vthé magnefic'field'in the‘régibn Betﬁeen the
sample and the optics had fd'be_reducéd to a minimum. As the electron
beém\voitége is increased, thévdegree of défléctiﬁn by.the fiela_
decreaées due ;§ the diffefeﬁééuih'eiectron enérgy.- Thus, in a
'mégnetic field the'aﬁg1§ of ingidende'Of the électron beam changes with
_voltége;l Field fréé condifi6ns are obtained by bucking the magnetic
field due to the earth and the magnets of the ion pumps by a smail
tfimming_magne£.. By taking advantage qfvthe crystal's_symmetry at
hormal,incidénée, the trimming mégnet-can Be adjﬁstedvuntilAthe
dégenefacy of the diffraction_pattérn is‘méintéined over a twb'hundrgd
.vblt range} It is then aésuﬁed fhat the beam is at nofma1 iﬁcidgnce
and thé neﬁ:mégnetic field zefé.‘;Withdut'a doﬁb; this is the most
:frustrating-pért of tﬁe_experimgnt and‘there_are @any times whén one

wishes that magnetic fields simply did not exist.
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2. §pot»Photometer

A spot phofdmeter is,the'usﬁalfinétrumeﬁt-used to measure 1htehsities
in a,LEED apparatus of the_pbst';cceieration fldorescént.display type.
.The photometer‘prOVidés a‘dirgct measure of the spot's light intehsity
which is proportional t6 fhé.Eﬁfréhf‘dehsity‘of the diffracted beam.

A Faraday'cup'coilector can be used to measure the incident electron '
flux at a spoﬁ'on thé screen and thus calibra£e the phofometér tb.l
measuré absolute iﬁtensities. For the specular‘(OO) spof the scatéering
vector is'perpendicﬁlar'tobthe surface plane at all energies. Sinéé
the angle of the scattered béam is always equal to the inéidénce angle,
the photometer can be focused on the stationary spot énd a scan of

, intensitf versus beam voltage“cén be made. If the emission current

at each vdltagevis'récdrdéd it can be used to caiculaﬁe tﬁe incident
beam current from the éalibfétioﬁ curQe andytﬁe'spot intensities can
thén bé normalized. Unfortunately, the'posifidns of fhe»other diffrac-
tion spots does change with'beam voltage and so fhe photoﬁeter'must be |
‘moved and refocused for each change in véltage (no wonder most intensity
.Work in the literature ié for the (00) beam!).. This complicates the
matter a great deal since at 10—10 Torr one has abouttho and a half
hours of working time béfore a clean surfaée is.cévered by a monolayer
of gas'(éssuming that every ﬁoiecule thatvhitS'thé surface aésorbé).
Thué_the cryétél‘must be cleanedva'number bf times_before the intensities
of.ail the beamébéré measured and for.a complicated difffaction_pattern_

this'canvincréase the experimental time enormously.
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In this project a telephotoneter Model 2000 from.Gamma
Scientific Incorporated was used to measure the intensities of the (00)
beams. The optical’head isHCOnstructed with a system of glass fibers d » -
and prisms‘betneen the'objectiveelens system;andfthe nhotonultiniier
tube so that only the light transmitted’bylthe fiber at the center of
_‘the image plane-of the objective reaches the_photomultiplier tube.
One can choose an aperture'vdefining 2;6,20;'60 or 180 minutes of arc.
fhe focusing eYepiece is set up so that the fiber is.seen in the field
of vision‘and the actual area being measured iS'known. ‘An aperture 1is
then selected.so>that the entire spot but as little hackground aS
possible as measured. With‘the dinensions of:the‘experimentai set-up,
the six minute.anerture 'corresponds to a Spot of ahout 1 mm on the
screen and was used most of the time. By increasing'the-high voltage
on the.photomultiplier, the_instrunent can‘be adjusted for maximum
' sensitivity and after'calibration can méaSure intensitiesjin the 10_.2
Footlambert range with the six minute aperture.. In this mode instru-

ment noise 1s 5% of full scale with no signal applied.

3. Photographic Method

| In the early days’ of X—ray crystallography structure determinations
‘were often done using intensities computed from the visual evaluation

| of the optical density of photographic plates. Photographic techniques.
continued to play an important role in obtaining the inten31ties of
points in the diffraction pattern, although today many investigators

use scintillation counter devices.- It was a natural consequence of

phOtography's great success in X-ray diffraction that someone'try to
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develop an analogous ﬁefhoa'fdr LEED;'

| Whéﬁva'photégraphic piété is exposed to X—rays.o£5visiﬁle 1ight,
some of the silver halide grains in the'lem'é.eﬁulsion absorb quanta
of radiation énd.itbis beliéved“that é sméll nucleus of silver is
‘formed. This nucleus constitutes thevfilm's latent image and upon
developﬁeﬁt, gréins'with a silver nuqleus*of sufficieht size are then
: réduéedftb‘511Ver while unsénsitized.grains remain'uﬁbhanged.' Each
| abédrbéa quanta éf light prbduces'bne silver atom but‘éxpériments
indicate that with visible light about 300 quanta must be absorbed
for the eﬂtire'gfain'td be reduc'edbduring'developm‘ent.24 Thus the
amount of silver depends Both upon the intensity of the incident |
raéiétion and the degree to»which ﬁhé developmenf process reduces
gréins of silver iOdide_with_some silve;_atdms. Under.conditions of
uniforﬁ_de?elopment the denéity of silver atoms should be'pfoportional
to the light quanfé absOrBéd;  iﬁ.thé deyelopment process the remaining
.'vsilver.halide grains are removed from fhe gelatin ofvthe filﬁ so the
denéity of siiver atoms can be indirectly measured by thé gxtent to
vwhich the amouqt of light transmitted byvthe geiatin is changed. Using

the familiar definition of transmission f'

T o= I/I

the optical density of the film is defined as

0.D. = .log 1/T.
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By plottingfoptical dénSity'versns"the7logzof'exposnre.for'a given filn |
~ one obtains the characteristic curve-for-that film-using that‘particular
method of development.v Since silver density depends upon both the
original quanta absorbed and the development process, the same film

can have a number of different characteristic curves depending upon "
'development. Figure TII-4 shows a typical characteristic curve; jThe
,area‘ABicorresponds_to anvnnderexposed film and results from the fact
that some of the silver halide grains which absorbed light did not
have a big enough silver nncleus’to'be"developed.' The linear'portion
BC is the range of correct'exposure.while"the shonlder at CD

corresponds to the saturation:point at which”most of the silverlhalide’
. has been”reducediand nov'silver.atOms are absorbing:additional quanta v
of radiation.‘ | N

- Exposnrevis:usually defined'as ’E.? flIdtldfor normal incidence and
.with?constanttintensity this becomes E = lt._vThe_reciprocitv law
states thatithe'characteristicfcnrve of a‘filnvdependsionly uponithe
product It'andrnot upon the'individnalrfactors. If thebcharacteristic
curve of a film and the time‘oflekposure is Rnown,'the original incident
intensity from the source can_be calculated from measurementvofuthe
optical~density of its photograph and this is the basis of the photo—~
graphic technique; The reciprocity law is'generally‘trne for X-rays
hvbut for visible light it_often fails at either extreme of the'factors,"
i.e. high intensities with short times or low'intensities'with long
vtimes. In this case the characteristic curve.of the film would be

different depending upon whether current or time were held constantp




Optical Densitv

Fig. III-4. "A typical characteristic curve, AB is the region of underexposure,

BC is the linear portion, and CD is the overexposed region.
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and its actual value. .

An éutdmatic recording microdensitbmetef Model MKIIIC from Joyce,
Loebl & Co;,vLimited, England was used to measure ;he_opticél densitigs -
of the'photogfabhﬁ. A schemafidvof'the inétrumeﬁt'appears iﬂvFig. I1I-5.
The light source at Avis'split into two beams. After focusihé and -
cbllimatiqh, the beams pass through the samplé and fefefehce stages.

' The imagé frdm'the_film on the samplevstage.is,ﬁégnified énd slit F
defines the_actuai area to be measured. On thé reference side a similar
slit allows an equal portion of thevbeﬁm'to,paés through the optical
wedges which are piates with a continﬁous range'Of.calibrated optical
density. The‘sﬁutter H alternates in paséing'sample and refefénce '
beams through to the photomuitiplier tube G. if the'sample and- |
reference beams are ofrdifferent intensity, a signai is fed to the
amplifier k which then causes the serve motor L to move the reference
opticaI.Wedge I uﬁtil both beams have equal intenéity. feédbaék from
the motor to the amplifier is provided so that the system's sensitiyityv_
can be controlled. Theirecorder Miis physically cpnnected‘to the saﬁple
stage E so that its x axis is proﬁortional fo the sample's posiﬁion.

Signal from the'amplifier k controls the pen so optical density versus

position is plotted. An assortment of optical wedgeé is availlable which

determine the range of optical dénsity that can.be measﬁred aﬁd the
resolution. The Wedge used in these experiments ba& a range of 2.6 units
O.D.'with'a change of .13 O.D.‘l cm, The apéfatufes were continuously
‘variable from O to-3 mm in width and 0 to 25 mm in height, and ¢ou1d.

be adjusted in .02 mm increments. Since the physical aperature must be

SV ORI S S S Lo
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‘Fig. III-5. Schematic of the scanhiﬁg

microdensitometer.
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divided by the overall magnification of the system to get theieffective

aperture size, extremely small portions of the sample could be scanned._’
;The procedure used in performing'intensity measurenents_will now

be described. Since:the aVerage:hrightness;of'a’diffraction.spOt"Was'

from 1071 to 1073 Footlamberts for the surfaces studied with.this‘LEED

v.apparatus, a fast film was selected to obtain reasonable exposure times.

vThe validity of the reciprocity law under these conditions was tested

in the following_way. A hright diffraction pattern was obtained and the‘

intensity'of.one_spot{was:neasured with_the”spot photOmeter.:_A number

of'photographs at‘yarious exposure tines were thenftahen.» It

was assumed that the.intensities:ofithe diffractionvheams

did not_change with time. lhis_is reasonable‘for a clean surface

. proyided,that‘the change;in’surface coverage while the pictures were_

takenvwas‘snall. Since‘there:is approximately twofand'a half'hours

'ofvworking time _at'2'><'10-10 Tort and the calihration pictUres took -

ahout'45vminutesé this is'reasonable;"Next photoshof diffraction spots

'of'different intensities were taken holding‘the time constant after

the intensities had been measured by the spot photometer. By

determinlng the optical densities of the spots on these photographs, .

two characteristic curves, one at constant inten31ty and the other at

constant time, c0u1d be plotted The general.shape of the curves |

agreed within the relevant range of exposure and 50 the reciprocity

law was obeyed. Because’film sensit1v1ty depends upon the wavelength

of the incident light, the characteristic curve‘of a given film must

be determined with the same light source as used in the experiment.

¢
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Before each enperinent,pictures'were?takenhat'constant intensity but
varied'tineS'to.obtain a characteristic curve. After considering the
range of intensities of the diffraction pattern and the film speed
" an exposure time was selected that would place ‘the optical density of
'most of the photographs on the linear portion of the characteristic
curve. Pictures of the pattern at different,beam»voltages were then
htaken'keeping the enposure time constant. The‘shntter of the camera
was'tripped by a solenoid connected to a timer:to'maximize precision.
A Nikon F with a fast lens mounted on an extension bellows was used -
and hecause of the'low‘intensities the F;stop was usually set at 1.2,
The bean voltage f'.lvv, the emission current * ;1 microamp, and.the>'
time t .2 sec were recorded'for each photor | |
To standardize developing as much as possible a tank.capable of

containing four reels of 35dnmifilm at a time was usedr a11'of the
tanks nsed'in the process were‘placed in a nater.bath maintained at
205C and every attempt was made to reproduce‘development times and
agitation techniques as much - as possible. Futhermore,.photographs
for avcharacteristic-curveiwere‘included with eyery de&elopment batch
.toveliminate the effects of nnanoidahle variance in the process.

vahe height.of,theiaperture of the microdensitometer was adjusted
~ to the average spot diameter with a minimum of background inclnded. |
vAlthough the grain Size of a fast film is-rather signiticant, the
aperture 'ﬁas large enough*to integratebover the density'nariation of
the érain distribution.‘ The‘film was alignedbon the sample stage .

visually so that the light beam was focused on the center of the spot.
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The élign@ent was.chéCReH wiﬁh the fine gdjustment édﬁtrols by éentering
for maximum optiéal density. “Thé'saﬁplevstége'wés ﬁhén displéced and
tﬁe'scan begﬁn:frém'éhe sideiof theﬂsﬁbt thfough'to the other so that
-;he'backéround iﬁténsify was measured. Infegration‘in the vertical
direction of the photograph wés accomplished’by.the;photomultiplier
tube so a plot of optiéal.&eﬁsitf‘veféus xx&isfancé was:obtained. A
baseline &#s-established to elimiﬁate the_baékgrouhd cdnfribution to
the spot intensity. A uniform distribution of the phésphor on the
sgféen ié assumed but-even‘if>fhis is .not entirely the caSe;_éart of
the resultant érror will be eliminated with consideration of fhé
background. fAn_intégfated spot optical density was obtained by deter-
mining the afea under the curvé of 0.D. vs x wifh a planiﬁeter. This
1s a device which mechanically méasuresvthé area pf a‘figure by.trécing>
out its éirpumferehée. Insefting an integrating circuit into thevv
dgnsitoﬁéferfis'an altéfﬁafiVe”methbd}- The integ:atedvdenéifies bf.the
caliﬁraﬁion photogfaphs are used to plot a characteristic curve likef
the one in Fig..III-6. Normalized ihtensities afe calculated with the
_optical densities 6f the expefimental pictures by finding exposure from
the curve, dividing by the'time to get I-andlthen,dividing by the
inci&ent beam intensity IO from the norﬁalizafion:curve.v’

The photographic technique confains a‘ﬁ;mber of variables, this
makes it very flexible but at the same time is a serious disadvantage’
when trying to obtain high prgéision.' A systematié treatment of these
variabies and their relative importance in inféhsity determinations

‘follows.
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If;was,previbﬁsiyfméntioﬂed_thét a;filg : éenéitivity variediwith'.
the'waveléngﬁh of ﬁhe incidénﬁ 1ighff In'genéral, filﬁ respéﬁéé'ié
peakéd'at'abouf 4500 A or in the blue fégiop,’¢9en pénéhrémafig filﬁs
which ﬁéﬁe been tteéted'to wideh:the séﬁéitiVity faﬁge behaQé in this’
way;;’preVér; the hﬁman eye is most sensitive to yellow-green light_
from about 5400 to 5700 A. So a phosphor thch photographed well ﬁight
bé almbst impogsible't% see.. Siﬁce a.ﬁUmber of phoéphors with | |
different radiant energy disfributioﬁs are available, one wouldeanf
to pick a biue phosphor to achieve maximuﬁ film éenéitiﬁity and yet

still be able td‘see-a diffraction pattern. Table III-125

vlistS'some
phosphofs, the color of theirifluoreséence, their relative luminance,
and. relative film senéitivity. Luminance is the measurement of the

intensity of 'a light source with an instrument whiéh has been calibrated

to the'spectral'requnse curve of the eye.

- Table III-1
o ‘ Relative S Relative
Type - Fluorescence Luminance - _ Film Sensitivity
Pl Yellowish Green 45 _ 35
‘P4 White _ 50 ' o 75
P7 . Blue-White 45 ‘ 95
P11 T Blue ‘ 25 . 100

P31  Green 100 . 75
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'P31 1is the phbsphofiuéﬁéllythed'ihvoécilldscopes. Unfbrtunatelyiit has

a vapor pressure which is too large for ultra high vacuum work, P7

’might be a good choice, but it has a decay time of over a minute

which would make quick scans of theLdiffraction.patternIOVef a range

.of béam voltage impOSsible.' P4 is the phosphor normally used in

Vérian LEED display systems haying replaced Pl,'but Pll.wés éhosen
for this-réseafCH to'maxiﬁize film sensitivity, e&én though 1t is
one half as bfight visually:

' Since the light intensity of'diffragtiéﬁ pﬁttefnsfyiewed'in the‘
ﬂEED apéaratus is quiteiioﬁg a fast fil@ is desirable to'SHOrten
exposure time. HoweVer,‘faét’fiims_éfevuSually acﬁdmpanied by 1érge
grain size and since the gréin'size of the filmbis directly :éiatgdv

to the intensity resolution of the method, oné would like to keep grain

' size at a minimum. As was mentioned earlier, grain refers to the

size of the silver halide particle containing the light sensitized:

silver nucleus that is then reduced to silver in the déﬁélopment

~ _process, If the area of thé film exposed to the intensity'of a

diffraction spot contains 6nly 10 érains; it 1is obﬁiously much less

" sensitive to small:intensity variations_than.a_film which had a .

1000 grains in the same area. Developers are available which will

:bdost the effective speed of a fine-grained film but agaih the price

. 1s paid by an|increase in grain size and a decrease in resolution.

S0, as 1s usually the case in life, a compromise_must be made between
film speed and grain size to make the optimum selection. A variety

of films and dévelopérs were tfiedvahd/Kodak Panchromatic Tri-X and
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~ Kodak 5479.weré'found.thé most suitable. Table III-2 lists.éomé’of B

the films;vthé devélbpef, the timé }eQUired.for déveldping at 20°C,

the film speed with‘thaf'developer in ASA units,'andvthe relative

grain.size.where'Tfidx in DK—SO was considered average.

Table III-2

: . Development Film Speed"
Film - Developer . Time (ASA) -

Relative Grain

Tri-X * - Accufine 5 1/4 min. - 1200 largest grain
Tri-X HC-110 - " 4 1/4 min. 400 smallest grain
Dilution A N : .

"1:3 ratio. stock
-developer to water

 Tri-=X - DK-50 6

Tri-Xx . p-76 9

5479 . D-76 . 10

min. . 400
ﬁin.‘ 400
min. 800

~ average
average

slightly larger
.than average’

Kodak 5479 is a film designed
- proved to be twice as sensitive to

as Tri-X. The'developers'used are

to record oscilloscope displays and

‘light-emitted by the P11 phosphdr

all commercially available and

vexcept for Accufine are produced by Kodak. Frésh developer solution

was used for each set of film to be developed.x After devéloping, the.

film was rinsed in Kodak Indicator Stop Bath for 30 seconds, then placed

in Kodak Fixing Bath F-5 for six minutes. The film was washed in
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rﬁnniﬁngéter:for 17 minutes, dipped-in Kodak Pﬁbtoflo éolution to
mihi@ize.d¥ying mafké,vand thén fdrced air;dried for 20 minutes. A
Gra-Lab timer with 'a phosphdr face-réadﬁble to Oﬁe sécond‘was‘dsed
for timing puprSéé. The.film was ;gitated,ménually in déVelopﬁent,‘
‘stqp,-aﬁd fixér Baths contiﬁ@bﬁsly:fbr‘the-first minute and then for’
five éecoﬁds at minute ihtervals.v Because tﬁe'exposure time was not
'extremély:c;iticéliﬁ‘thesé.ékpéfiments; maximum resolution was
désifabie.':Tti—X in HC—llO_wgs'éelected since 1its grain was significantly
smaller thén'thé”other comﬁinatiohs._ Fbr.the surfaces studied with
Athis.aﬁbafatﬁs,‘an exposure tiﬁe of 40 seconds was uséd_tq give a range
‘of oﬁfical'dénsitiés:on the linear portion of the characteristic CurQe;

Once the phbsﬁhor,'film;.developéf, énd‘ekposure_times are chosen
one mustféonsidér the cont?ol df'the variableé‘in the experimeﬁt itself
and in the’shbséquent éteps ;écesséfy to thg calculation.of'normalized
rélétivé inteﬁsities;l a | |

Treatment of the variéti&ﬁ'bf the incident beam'currehﬁ'has already
been described. The crystélx temperature greaﬁly affects the scattered
intensities because of the Debye-Waller factor. All experiments were

performed at room temperature toveliminate temperafure'as a variable.

. . ) ) : ) i
Both the potential on the fluorescent screen and that on the suppressor -

grid will affeét thé intensity'of light for é given beam intensity.
‘TheSe were'adjusted to a doﬁstant setting befOré»the,calibrafion photoes
were taken for each experiment.  Sihce relative intensities afe_calcu-»
- lated from thé resultant characteristic curve, ény vafiation 1s taken

into account. Standardization of the exposure time by a solenoid—tripped
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.. shutter has:alreadyubeen mentioned v Although quality control in the

film industry 1is quite high every batch of film made has slightly :
different response characteristics due to the variation in the quality
of the ‘ingredients used. Cassettes were hard loaded from a 900_foot
reel of Tri-X film so that the film used was completely’uniform, Since
‘development greatly affects optical density; this'isaan extremely
important variable and the - inclusion of a characterlstic curve with
each development batch is essential |
The scanning procedure with the microdensitOmeter is also designed .

to maintain'a consistent_treatnent of the film. "The instrument is
calibrated each time atter‘selection‘of.the'slit siée;'pen response;'and
optical density scale;: Using the same'method to center the diffractiony
spots should preventilov:values.duento‘missing most of the’spot in a
scan.'iInvintegrating the'optical densities of the.scans a base line
for the calibration pictures 1s set at the opt1ca1 density level of
.an unexposed part of the film. The baseline for the LEED experimental
negatives.is_set at the background level around the spot. o

C1e is clear from the discussion that the photographic method 1s
indirect with a:number of steps between the actual scattered electron _
vbeam intensity and the final normalized relative intensity computed
from the data, By following the described procedure to control the
variables inherent in these steps it is hoped that.accurate measure—
ments of relative intensities can be made. The advantages of the method .
are a permanent record of the primary data and the shortvekperimental

times reguired to measure the intensities of an entire'diffraction
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pattern; In studying the complicated diffraction patterns of a
’surface structure formed by an overlayer these advantages are important

enough to more. than outweigh the drawbacks._

B

E;i Intensity'Data
1. Clean Metal Surfaces

‘The experiments were performed with platinum single crystals of
-(lll) and (100) orientation mounted back to back on the sample holder
80 that both sUrfaces could be studied ‘without opening the system to
atmosphere'to change samples. A slight adjustment'of the manipulator\‘
' brought”the surface of the.desired.crystal to the‘center of curvature.
Elatinum is a face-centered'Cubic crvstal,:the'(lll)_face has
hexagonalisyﬁmetry with the~surfa¢e unit:cell the same as the bulk.
Figure I111-7 shows a picture of ‘the diffraction pattern from a clean '
'_platinum (111) surface at 60 volts. The top half of Figure 1I1-8
'”illustratesvthe unit vectors and spot labels chosen‘in'this'worh to
agree with.Jona's'terminology’.26 8, the angle.of incidence and o,
the azimuthal angle are defined in the diagram in Fig. ITI- 9 ‘Intensities
_of the (00) beam were measured by the spot telephotometer at five volt
| intervals from 50 to 150 volts At normal incidence, the specular beam
is reflected back into’ the gun and is not observable so the measurements
‘.were made with 6=17° and ¢ = O° ' These results,vafter normalization
:by the incident beam current were compared with relative intensities
of the (00) beam obtained by-the’photographic technigue under the same'

'experimental conditions. The I vs V curves for the two methods are
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ﬁidttéd'in'fig:illl;;OE :Thé 1ntensitieé 6f gthfwé methods are
| nbtﬁaliééqiéofeéch oﬁher'atffﬁe.peak ét?SO'yélfs. anch pginf plotted
is-thg avéfag; of three tr{&ls and thg égre;mentzﬁetweeﬁ”the;two
_ mefhods*iéﬁqﬁité gdod}’:Af ﬁdfﬁai'incidéﬁcé,'thé:ctYStdljs.syﬁmetry
c;usés a‘dégeneracy7in theldiffréction pattérnfsb‘that the (Ol), (11),
: éndJ(IO) beams are éqdai-fb eaéﬁ other and tﬁé-(ii),‘(di),"and'(lo) |
Beémé ;re.élso.degeﬁérate; Therefore, 1n'fﬁevrﬁngé of 50:§Q 150 volts
oﬁly‘two nbﬁépeéuléf beams need be measured. Théfnormali?eﬁ intensities
of the (10) and (1I) beams at normal incidence were meaéﬁredvby’USihg
R the<pho£ographi¢ épproééhfand éppéar in Figs. III-li ;n& III-12. Again
the points plo;téd‘are é#erégeé of three trials with the maximum
déviatibn lOZ;: |

' The'surfacé'rééthtrﬁction*ofvthe (lOOfﬂféce éf pléfinﬁm.haé been
stﬁdiéd fbrfa'numbéf of yéars and indeed duriﬁg fhét timé has_réfély
‘béen free frdmrcbntrovérsy. 'The.cleanfsurféée of Pf(iOO)'ﬁas Beéh
found fd:réarfdngéitb_giQe a‘uﬁit‘cell'that_is-fivé fimésVthé‘lengfh
.of the buik'ﬁnit cell along éne Vector'éﬁd edual'tb thé buik cellb
along the other. Figure TII-13 éontéins;é photograph bf fpe (5x1)
diffraction ﬁaftérn at 63 voits formed by t&o ordered domains rotated
90° from each,other.l The pﬁotographic.téchnidue,gfeatly simplifiés
thé measurement of the intensities of the nonspecular beaﬁs infg -
‘complicated pattérn such as'this one, The'loﬁéf péft of Fig. iII-8
.-illustrateévthe-spot lﬁbelé chosen fof tﬂe (5X1)'diffractiop patterﬁl_'
resuitihg froﬁ'one domain. Note that the‘#nit_véctors and spot labeis

chosen here are different from the ones éhosen bnyona'fOr Al(lOO) in

4
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(5%1) diffraction pattern from Pt (100)
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xthe paper cited although Jona's definition for’ determinatlon of the
azimuthal angle ¢ will still be used If a vertical and horizontal
line are drawn through the - (00) spot at normal incidence the crystal s
symmetry causes diffraction_beams on opposite_31des of the.line.to be k
degenerater;"In‘this_case.eleven'beamsimustrbe.measured td characterize
kthe'entire:pattern.vdﬁo attémﬁc'was made.to'correct for the contribu_
tion from the other domain to beams like the (10), (01),_(10), oD, -
(11) etc A close examination of the photograph in Fig. III- 13 reveals
that many of the fractional order ‘beams are actually doublets ddne ;
would like to measure the intensity of theseé doublets without including'
the background between them. The light intensity of one segment of
the doublet is often so low that this would be. very difficult with the
' spot photometer However with the photographic technique,vthe scanning
:microdensitometer gives one a record not only of the intensity of each
rpart of the doublet but the diffuse intensity spreading out into the
background between them- as well . o

I. 'vs'V curves from 50't0"150 volts measured at 5 volt intervals‘
are shown in Figs. III- 14 and III- 15 All noints are averages of three
trials with a maximum deviation of 15% 'The'(Ob) beam was taken at
0 = 7° and ¢ = 2° All other;beams were measurediatanrmal incidence
With ¢ o

2. Adsorbed Overlgyer

A different LEED systemfsimiliar to the one previously describedbﬂn
was used to do the adsorbed_overlayer'experiments. ‘Because the )

_intensities of'thefObserved diffraction beams were very low in this -
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system, the photographic technique with maximum film speed was used
‘to perform the measurements.\.Tri-X was developed in Edwal's ‘FG7 for
six minutes at 23°C to give it a film.speed of‘approximatdl§_3000 ASA.
| Single'crfstalsfof Pt(lOO)fand Pt(lll)'Were mounted back to back,
however it'is’Questionable'whether orhnot the crystals'wereﬂexactly at
'the.center‘of curvatUre of the'screen.» The'pressure of the system_
before”the enperiment nas 3><10—9 Torr and propylene'was admitted to
.the system-through”a'capillary aimed»at_the crystal.l:Although'the
pressure_in.the'immediate Vicinity of‘the crystal could not be measured,
pressure at the ionization gauge during the adsorption‘was oXIO -9 Torr.
._After 15 minutes with a continuing flux of propylene the Pt(lll)
surface was observed and a (2X2) diffraction pattern was found After
30 minutes photographs of the diffraction pattern were taken. Some
.of the beams and their labels for this pattern are illustrated in
Fig. 1II-16 for 6 =0 and ¢ ' However because of'the hexagonal'
symmetry this same pattern could result from a (2X1) structure with
three domains rotated 60° from each other. To distinguish'between
these two models the intensities muSt be_measured} vOne would expect
that the_degeneracy observed_in the diffraction patternpfrom thevcleand
surface at normal.incidence would be preserved by'the (2%2) structure.
but not-byvseveral domains of a (2Xl)'structure...The intensities of
all the‘beams shown in Fig. III—16‘were measured and the normaliaed,
»relative I.vs V. curves are shown in Figs. III -17 to III- 20 "Each |

flgure plots the three beams that would be expected to be degenerate

for a (2X2)-structure. Not all the beams could be continuously observed
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througﬁout the éntire'&oltagévfange:becaﬁsé of the.ekperiméntal
geometf&, ﬁéCause df.the o:ientagion of tﬁe cfystal,the angle of
incidenée»ﬁay be one or t&o degrees sovfaiiuré to,observé coﬁplete
degenergc& Qouid]ﬂot necessérily rule out ai(2§2) structure. vAithough

. ’ o
there are some differences in peak heights, the shape and position of

the peaks égfee'very well for the mostvpart and seem to juétify labeling

the structure a (2%2).



- IV. DISCUSSION

Vlt.has been'made clear;that'a'definitive”analysis’oflthe'structure
of a‘clean!surface'orﬁa‘structure iormed:by"an adSOrhéd;layer reQuireS'
both- the experimental measurement of the inten31ties of the diffracted
beams and a computational procedure that will calculate intensities
from a proposed model:using a suitable theoryf' lt_would appear that
:thevmultiplevscattéring thééf&’fér LEED intensities is_sufficiently‘
developed to_give'good reSultsvfor,simple'metals-where'the potential
is known. The main componentszOf the'scattering:process'havelbeen .
videntified,.nowta”éinen'I.vs:V.'curve-depends uponlthe'degreelto'uhich
a calculated'scatteringIamplitude»approximates the actual one.‘ Since
this depends upon the phase shifts calculated from the potential of the
,crystal the intensities calculated for an adsorbed layer can be varied
-either by changing the potential used or’ by changing the structure terms.
While the potentials for simple metals such as aluminum and nickel have
.been used for quite a while and are known to work well it 1is not at
all certain_that the‘sameftype of ion core potential in a.muffin—tin
approximation can be used for.more_COmplex'metals like“silver or
platinum.r'lhe partially filled .d.shells‘of these_metals may mahe
vquite a difference and SOme.of'the approximationsbwhich are”made in
calculating theupotential may no longer be'valid}s To gain familiarity"
with»the potential'involved;;the intensity curves of avclean_surface
 that does nof reconstruct should be measured for a strong scatterer

" and then compared with the curves calculated from theory.




Thé'ﬁekf step'WOuld beatotsee what‘kind-of potential should be
used”for‘aniaqsorbedylayer hy depositing something with a fairly
_‘obviousupotential.on thensurface. fThe.eiperimental intensity:data,
could"be'taken anu then‘compare&twith theﬂtheoretical intensities to
do structure analyses of simple systems. In taking the data, it
would be best to look at the intensities of beams with a large wave
vector component parallel to the surface such as the (lO),‘(ll), or
:fractionaltorder heamsvsince'thesevwoulu be more'sensitive to. the
surface'structure; One would expectvthe (00) beam to have little
sensitiuitp'to the slight changes in surface,positions that are needed
to.do structure analysis. |

f Thea(lll)_facetof platinum‘was chosen for such a study because"
~vof'its great'importance in catalysis.' Preliminary calculations for
o several beams from Pt(lll) using the computer programs previously
.described have been performed by Martin27 and by Larramore.28 Martin's
procedure”used four phase shifts calculated for Pt +3 from a modified
'version ofvPendry 8 program and‘the“perturbation-approach which
consideredithree_layersiof\the crystal. A lattice_constant of 3.92°A

= 0° and

uwas assumed. The ca1Culation was for'normal inciuence with ¢
| at room temperature, 9D for the surface was assumed equal to 6 bulk
or 240° . The real part of the selfvenergy correction used was’ 14 6
- volts with an inelastic damping length of 5 A |
Larramore 8 calculations were also for room.temperature and

“*normal incidence and asSumed the same‘values for the lattice constant

and Debye temperature as above. The calculations used five phase
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shifts, a matrix inversion technique,:an inner potential of 14.6° volts
and an inelastic damping length of 8 A Figures IV 1 to IV—3 contain
the I. vs V. curves for the (00),_(10) and (ll) beams comparing the
experimental (solid lines) with Martin s results (dashed lines) and

Larramore s (dotted lines) ‘The - (00) beam calculated by Martin

‘compares quite well with the experiment espec1ally since the calculated

curveS'are for normal inc1dence However because of: the lack of
structure in the curve this is not really that meaningful Unfortunately,

even a casual glance at the other two beams tells one that very'little

'agreement is”preSent * Martin's curves do tend. to produce the peaks

observed experimentally for the (lO) and (ll) beams at 130 150 volts
but the structure observed.between 60 and 90 volts for the (11) beam

is hidden within an enormous . peak in either calculation ' This may be

’

.resolved by . adjusting ‘the -1inelastic damping length which tends to make
.the peaks sharper and more defined but it remains to be seen. A final
note-of discouragement 1s sounded by observing the large peak at 80 to

‘_100 volts for the (10) beam 1in both theoretical curves, which just does

not appear in the experiment. It is hoped that these problems will be
solvedlin the near future byvmanipulation of the electron self energy
parameters or reevaluation;of:the-pSeudopotentialLused:to calculate

the phase[shifts.b.onée the intensitv versus voltage curves from‘theory'
match the'experimental ones, the Structure analysiS’of.propene onv

Pt(111) will be attempted.
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The intenéifiésjqffspmé'gf»thé'bééms df fhé”(5§1),S;ruéfure
chara¢téfiétic'dfifhé clean7sdrface 6f'thé‘(100)ifgéé 5f plétihuﬁ haVé"
'vbeéh ﬁréﬁioﬁsiy méééuréquyAH;fH;;Farreli uéiﬁé'é:$§9£_§£§fometéf{ |

Thé ihtéﬁ§i£iég:§éré'56;'ﬁ0¥ﬁal%z;d'bf}thé in¢idén£.5éam curfentkénd‘
 this‘wou1d‘£eﬁd td'inéréase £ﬁé in£ens1tie§ at higher beam voltageé.;‘.
The Valﬁé_bfv¢'is ﬁd;t;éporté&:a§d thié.algduéfféctévfhé meésuréd 
intenéitiés;  Con§idéf1ng tﬂis;;aﬁd-aléduthevféct‘fhafjtﬁd:differehf |
.‘techniqueé;wére used and tﬁatiihfenSifies from this béttéfn-ate””
.diffiéﬁlt.;é ﬁeésure,fthe'ovéféll agreement ié-accéﬁtablé.v_Fiéures.
V-4 id»IV—S_plot réiative'iﬁféhsitiés vér§u§ vpltagé for the five
bé;mé ﬁféviously measured by thelépﬁt‘phogometef fechnique and'coﬁﬁére:
them witﬁ normé1i2ed ;el;tivebinfeﬁsifies ca1¢ﬁiatéd.fr§ﬁ phdtographs;
AIn é3¢hvfngfe'thé th;CQ£Veé hé%e'beeﬁ ﬂofmalizé§ to:the §élue'of1fhe.
'  1éfgest.peék1ﬁo faéiiiﬁété“éoﬁﬁéfiédh{h Férréllnﬁéasu;edffhe'(OO)'beam'
at 6 = >35_'Wh:ilé the phb‘tdgr!a'iih'ic da.c‘;.avblf(.)"rv.vth.is iD‘eam v\.ré.re taken atb

6. = 7°;_ This may agcoﬁnt for the(féqf that the intensity of thé new
curvé fgllé fo ﬁuéh ﬁbreifébidly'than Fafrellfs, ngréément for the
fractional_or&ér beams‘is fairly gbod and_bofh'curves éhowbtheir"
A.inténsitiés decﬁeésiﬁg_Qith’1ﬁ¢reasing voltage; _Thié is‘expecfed '
since the ffactional.érde: ﬁééms gfe the rééulﬁlofjthe surface stfﬁéture
_aﬁd af higher engrgieé the cqﬁ;ribution froﬁ ;ﬁé buik-struéfure would
‘tend to in;rease; The only:major.disagreemgnt occd?s in thé.(il) béam”
where.the peak'af 135-VQits.in oufiresults dogg-nqt appear in the

 previous work and no explanation is currently available.
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©~ CONCLUSION

Aﬂmethbd»fbr'Gbﬁainingfndrﬁélizgd rélative;intgnsitiesvfrqm
_photbgrébhévéf-the'diffréctibﬁ:ﬁépféf? hés‘béeﬁ deQeloped.l'InteﬁSities
méasutéd iﬁ:thié"wéy';éte:ééﬁparea hitﬁ’intensi#ies measuted‘by-a”.:‘
spot pﬂotbmétervfdfvfhévspécﬁlgf Beémiéf Pt(lli);and for several Qf'
the beéms of the ksxl) Shrfacé stfuctufé‘of'Pt(1005%aﬁdlégréédiquite
weliivlﬁéiﬁg the phbtbérépﬁié"feéhﬁiqﬁé; intéﬁsitieslbfvfhe diffféction
béams'from th¢ (lll)saﬁd (IOO) faceé'of.platinqm‘aﬁd,from ﬁhe surface
'strugturevforméd by éﬁé adsorﬁtion of Proﬁene on'P£(111)‘havé been
mgaéurédﬂ The experimentalfrésulfs‘frbm Pt(111) were compared with,"
_intensities’calculatédlby ﬁrbgféms Bésed on LEED:dynémicgl scétteriﬁg '
theory.ahd'éhow iiéitéd ééreeméﬁt; .Ii éppearé“th;t tﬁe electroniiv
self énéigy ﬁaraﬁ§Eers?uséd{iﬁ;theée ;aICﬁiétiénsAmﬁsf bé-adju;ted to
:inérease iﬁ§la$tic dambiﬁgﬂnﬁi?héfﬁéﬂ,thé.Sttﬁctdré invthe,infénéity-,
curves. 'Pefhaps;é bééic reévalﬁéfion'bf‘fhe‘péeﬁdopotential used to
pal¢u1ate the phasguéhif;s &ill alsqvbe'neceséarj;singé itvi§vnot
.certain ﬁhét all of thévapﬁ;oximations'used fo_éalqulafe'thejioﬁ core
in the'muffin-fin. appfoximation are valid for.é hea&y scatterer like
‘platinum. The récent:de§e1§pmght:§f'ayeraging teéhniques.to eiiminéte:
multiple scatéerihg may makérthis avﬁoot poiﬁt if they'prAVe successful
»for‘ﬁatériais like platinuﬁ. ’Howevef, that:remainévto Bé seen and |
 so these.exférimenté'were'pétformed in'order to compare the resuits‘with
thoée calcﬁiéfed dsing multiple écattériné theor&. It ié hoped that

‘the structure analysis_of pfopene on platinum will be performedVSOOn.'
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