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ABSTRACT-

This thesis describes the determination of the structures
cf the (111}, (500) and {110) surfaces of rthodiunm by lou-eﬁerqy
electron diffractioa {LEED) « In this work the photographic:
.methcd of Stair et al wmas refined.so that LEED patterns-étored
oen photographic film were analysed by . a. computer—controlled
vidicon T.V. camera system,td give intensity: v. enerqgy, or I(E),
CUrves for"the. various diffracted beams. This approach was
tested for a Cu(311) surface; IiE):curves'determined in this new
say were compared with intensities measured previously w%ith a
Faraday cup collector..,

Structurai analyses Wwere performed by cemparing
experimental intensities with those calculated with the
multiple-scattering programs of Van Hove .and Tong. . Checks were
nade against some previously published calculations to ensure
that the programs were running .correctly. For calculations on
surfaces of both rhodium and copper, an ion—coré. scattering
potential from a band structure calculation. wvas compared with
one constructed by superposing fhe charge .densities of a . cubo-
cctahedral cluster of metal atoms.

The degree of agreement between experimental and calculated
diffracted beam intensities was.detetmined.with a reliability-
index proposed recently by Zanazzi and Jona. Here, the analysis
of Zzanazzi and Joma was extended to enable assessments to be
made of the uncertainties .in the structural parameters .which

give the best correspondence betueen .experimental -and calculated



iii

I(E) <curves. The effects of independent measurements of
.intensities, and of changes inatﬁe non-structural parameters for
the caiculations upon the reliability of the derived structural
Tesults were also examined iﬁ-semé detail.

411 three rhodium surfaces were found to be unreconstructed
at rcom temperature and above, each. surface being A. simple
terpination of'the.bulk crystalline stacking sequence. Howuever,
the +tornost intérlayer spacing did show some variation from the
bulk value. The (110) surface showed a contraction of 2.7%2.0%
relative to the bulk interlayer separation, while the {111) énd
- (100) surfaces showed spall (-1+3%) - and O0%+2.5% contractions

" respectively.
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the 1st layer is indicated by small barred
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fold sites :such as A. Other registries considered

are

where atoms are over the 2-fold site (like B),

or directly over :atoms in the layer below {as for

C)a

LR R R R N R R N Y R R R R IR RN I I

Auger spectra of Rh(iOO) .surfaces for a 1.5KeV,
10 microamp beam:

a)
b).

c) -

surface after prolonged heatlnq at 130CK
showing substantial Si and C impurities

after argon-icn—-bombardment, showing reduced -
Si and increased carbom .

clean surface spectrum after heating at 1000K

in vacCuo. . oq-q.‘o_‘oon_g..o'.»‘_-...?9'0.-‘.‘._..9.-.-n-..._.A

Two—domain  (3X1) LEED pattern from the Rh{100)
surface at 100eV, thought to be due to the
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LEED patterns fron the clean Rh(100) -surface for
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I (E)
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curves for two sets of beams that should te

eqguivalent at normal incidence on the Rh{100)
surface; the fourth member of each set is obscured
by the sample manipulaﬁor. emeetccancemesansunnsnen

Comparison of experimental I (E) curves for the

(11)

and (20) beams at normal :incidence on Rh (100}

with calculations, for the Vgn3 potential, for

the
Fig.
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7.1. The topmost interlayer spacings are

1.90, 2.33 and 2. 692 for .the 4~fold, 2-fold and 1-
fold sites respectively. . ceeeecnmcsscscassccscsanses

Comparison. of some experimental I{E) curves for
BRh(100) with calculations for the. v&i* and Vg2
potentials. Vor=-12eV and Ad%=-5,0 and+5% for {a)

normal incidence and (b) at O-=90, $=200. ...ccae...

Contour plots for Rh{100) of Ty versus Vo, and Dd%

for

{a) -the Vgy3 and .-{b) -the V”f” potential.

Error bars are the standard errors €4 and £v
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biagram of a) a (110) surface and b) .the
associated LEED PAtt@rNe wcecasescsssseasecnasmsvnnsas

Auger spectra of ‘the Rh{110) .surface at a primary
beam voltage of 1.5KeV and 10 micrcamp current:

a) -

after initial heat treatments showing
S{152ev), P {120eV) -and C (272eV) contamination
on the surface
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CHAPTER 1-

INTRODUCTIOCN .



1..1 Surface Technigues-

Many aspects of present techno1ogy depeﬁd on processes. that
cccur upon the surfaces of Solias-_ The  ultimate ﬁnderstaading
of many fields of research, . in - particular heterogeneous
catalysis, would seem to regquire detailed knowledge of surface
processes at the atomic level. .Oné approach has been to study
well-defined siangle crystal surfaces. {of e.g. a catalytic metal)
rather than the complex and ill-défined'snrfaces with strﬁctural-
defects and uncertain chenical:composition which are: typical of
practiéal - situatioms. = The primary gqoal of such fundamental
studies is thus to provide accurate descriptions of surfaces in
geometrical and energetic terms.

There are many techniques available for  the surface
scientist to investigate the composition, geocnetry and
electronic structure of- surfaces. These . various ~surface
techniques employ many types of surface Qrobe, detect an egually
large variety of particles or.:radiation and . have spawned a
5euildéring array of acroanyns. . Ing‘Table 1.1..is presented a -
"sunpary of ‘the. most important methods, their acronyms, prcke and
detected particles and the infqrmatioa.that-can bé“derived from-
each method about the .surface. It can readily be seen that each
technique in géneral yields different information amd that a
complete description would invclve correlating the results fronm
several methods. This has resulted in the evolution of the so-
called ‘'"multi-technique strateqy"  in which several different
types of experiment are performed in situ. on the same =c=ample

without changing the experimental conditions.



- Iechnigue Acronym - Probe- - Detected: Information-
particle- particle-:
Low energy electron LEED electrons primary surface structure
diffraction 10-300eV electroans
Auger electron AES electrons secondary elemental
spectroscopy 1-10KeV . electroms composition
B.Vv. photoemiésion UPS photons  electromns valence enerqgy
spectroscopy 10-40eV levels
Angle-resolved ARUPS photons  electrons surface
gPs 10-40evV structures?
X-ray photoemission-  XPS photons electrons core levels
spectroscopy 0.5 2Kev " elemental conmp.
Ion-scattering . iss ions primary . elemental. comp.. .
spectroscopy 0.5-2KeV ions surface
: : ' structures?
Ion channeling. ions - primary . elemental: comp.
1-2NMeV ~ionms surface
structures?
Secondary-ion mass SIMS ioas. sputtered elepental
spectrcmetry 1-30KeV  ions composition
Field-ion FIin field - imaging defects, surface
microscopy 108 V/cn . gas ions mnobility
Iable 1.1. Comparison: of some. of the most:important surface

technigues.. Hore details can be found in reference [22]. .

The most basic information that we can wish to know about a
surface. is

{i) what 1is the identity of the atoms making up the

surface?
{ii) wvhere are these atoms situated?

That 1is, we wish. to know the elemental composition and.

geometrical structure of ‘the surface. ©f the techniques listed
method

in Table 1.1 .the most common . and convenient used to



ansver - the . first gquestion is ‘Auger electron ‘spectroscopy{AES).
The reésogs for this are its experimental simplicity compared to
€.g. ion channeling, which requires a particle - accelerator and
the ease of interpretation .compared to . e.g. .secondary ion mass
spectrometry (SIMS).  Auger electren spectroscopy is alsc nore
surface-sensitive . than: X-ray  photoelectron spectroscopy {XPS)
o¥wing to the shallower penetration: depth of the exciting
electrons compared w#ith the X—-rays of XPS. Auger spectroscopy
is easily fitted into the. "multi-technique strategy" and bhas
Lecome a routine tool for ‘surface:compositioncanalysis (see
Ch. 2)..

There is only one technigue: that has really proven itself
to answer the second question comvincingly --low-energy electron
diffraction(LEED). - Field ion microscopy(FIM) is restricted in.
its usefulness by the experimental requirements of very high
electric fields and a sample, cf high cohesive strength, in' the
form of a needle. The relatively new methods of . angle-resclved.

~ultraviolet ‘photoelectron spectroscopy(ARUPS) -and ion channeling
are still-in the first stages of developmesnt .and, while showing
great potential for the detexmination.of‘surface structures, do
not have. as yet: the base of successful results that LEED has

rrovided during the last decade.



1.2 Historical Development- -Of LEED-

The o:igins of LEED are <closely boumd. up with  the
developments of atomic theory and quantum mechanics. 1In his
thesis, de Broglie [1] postulated in 1924 the wave wnature of
mattter, where a flux of particles with velocity v and mass n is
correlated with a wavelength.>\énh/mv- Hence a beam of 150 eV
electrons have a wavelength of about;1ﬁ and might be expected to
- diffract from periodic crystal structures.

Shortly before the publication of de Broglie's thesis,
experiments ~ conceraing electrons  backscattered fronm
polycrystalline - nickel +targets . showed anisotropies ' in the
angular distributioas 12] but these were interpreted as
experimental artefacts [3].

The essential :insight was, however, achieved as the result
of an accident. In 1925 Davisson and Germer began a series of

experiments on a polycrystalline nickel sample that was annealed

at :high temperatures from time K to  time in order - to obtain-

‘reproducible . results. - During one such heatimg cycle the glass
apparatus was damaged and the hot . nickel sample severely

oxidised. In: order 'to restore. the inmitial'conditions, the

crystal was heated for some time  in  hydrogen; this ©procedure

apgparently <caused the growth of larger single crystal gqrains
which then gave rise 'to pronounced maxima din the. angular
distribution of Dbackscattered slow electrons. ®hile the first
interpretation of :these results was based on a directional
“crystal transparency" to . particles, . more detailed

investigations showed that this was a wave interference effect



aﬁd in . 1927 Davisson and Germer [anreported an analysis:of=thé
diffraction maxima:on-thé basis of de Broglie's eguation-

This historic experiment was performed in glass apparatus
which, after initial evacuaticn to about 10—§ Torr, was sealed
off and further pumped below Phe_detéction limit forf“thai“time
of about 10—-8 Torr by a charcoal sorption .punp and .evaporated -
getter.metal;, Even in - this early work: the importance of ulira—'
high vacuum. (URV), usually defined as { 10-° Torr, to minimise
contamination of -the sample surface .was recognised. .

However, the use of LEED to study surfaces wmas not
devéléped at that ‘time. Duevto.the.difficnlty of producing UHV
conditions and the lack of a surface analysis technique, results
could often reflectztﬁe.condition of an-oxide or other surface
layer. The small penetration of the. sémple 'by low energy
electrons {usually defined as having energies between 0 -and 500
eV) ’made transmission experiments . on even the thinpnest films
difficult whereas in reflection only a small fraction of  the.
incident beam is backscattered, raising: problems of sensitivity.
The . more easily generated ahd controlled high energy electron .
beams, with ‘their greater : penetrating - power, and the
simplifications brought about in the effective scattering éower
of atoms at high inéidenp energies, which made the theory more
tractable, all ensured that at this stage high enerqgy electron
diffraction was the more interesting field.

Interest in LEED revived in the early 1960's. Sensitivity
was improved by advances in experimental design, and control of -
the composition of surfaces was made possible by ion-bombardment

and annealing. Commercial vacuum systems. that could routinely



attain UHV became available to reduce background gases to the
point where deposition of a layer of foreigm atoms  took hoﬁrs
rather - than minutes.; In the late 1960's the techniques becane
available to detect Auger electrons emitted from  surfaces, and
Auger electron - spectroscopy. . {see .Chapter-Z).=provided a
convenient monitor of surface.tompositiqn;.

| Theoretical explanations of the diffracticn phenomena also
advanced in the late 1960%s., Application of the Bragg treatment
used in X-ray diffraction showed that a complete description of
the directions of ‘the diffraction maxima was possible but not of
the intensities. The directions could be observed directly in a
typical LEED display—type apparatus and - alloved the size and
shape of the surface unit cell, in directions parallel to the
surféce, to be determined.  The determination. of the basis
however required an - analysis of the intensities of the
diffraction maxima, as in X-ray diffraction. = That these
iniensities ~could . not be simply described by the Bora .
approiimatioh:adopted for X-ray,diffraction‘ had been realised
very soon »after.the'publication of ‘the results of Lavisscn and
Germer.  The developmént'»of practical | multiple-stattering
programs did not come. to pass until the early 1970?s, mainly due
to the necessity of large digital'computeIS“to compute the large
numbers of interactions :involyed.Auﬂany different wmethods for
the calcuiatibnaof LEED intensities have been - -proposed and wilir
be discussed in Ch. 3. - The theory has advanced to the stage
where the diffractibnf«process» is essentially completely
understood; the difficulty“ liés .ip fipding methods that will

provide accurate intensities without massive computational



effort for syste@s offchemicai:ihterest._

¥Many hundreds of-ﬁapers have appeared on LEED in:the last
decade. -Most‘:confiaei themselves to descriptioas of  the
diffraction: .patierns, in . comparatively few casés have.
intensities been - mgasured‘ ~and compéred~ -with accurate
calculations. Very good agreement -between experimentuénd theory
has been - achievedfﬂfoi diffraction. from some clean metal
surfaces; a particularly good exanmple being the low index faces
of nickel [11]. Ip several cases unknown structures, produced
byvsimple gaseous adsorption onto metallic substrates, have been
determined»by intensity analyses. A selection  of important
papers and reviews are listed as references {6‘10]1{mainly

experimental) .and [ 11-15] (mainly-theoretical}.

1.3 Thesis Qutline-

This thesis describes a detailed study of the structures of
the cleam (111),{100) and {110) .surfaces of rhodium using LEED.
This catalytically important . face-centred cubic metal, in
contrast to most  of the other platinum group metals, has
~received - scant attention by surface scientists. -~ Studies of any
sort on single crystal surfaces of this metal are rare; apart
from early qualitative work by Tucker [ 16-17]1, who did gsot have .
a surface composition monitor and hence whose results are open
to doubt, and recent chemisorption-:studies on the Rh(100) and
- {111) [18,131], and {110) surfaces [133], the present work.
represents the first detailed investigation-of clean rhodiunm

surfaces using modern methods.



As surface science is a new field in this dinstitution  the
experimental - equipment had to be commissioned, or in. .some cases
built, and computer programs had. to be adapted for use here as
well as several smaller data handling and manipulation .programs
uritten.A.The Cu{111) surface, which has beemn studied in. éome
detail previously {19-20], vas used as a test case for both .the
experimental techniques and to check the  correctaness of
calculations. Only when it was certain that .the data of other -
workers for this surface could Le reproduced were studies on the
rhcdiun surfaces connenced. Examples from this preliminary
copper - work. are oftem used in the  text im an-illustratory
manpner.

Chapter 2 is devoted to a brief review of basic ideas . that
underlie LEED.J'Surface-strﬁctures, the reciprocal lattice and a
simple explanation of -the formation of ‘the diffraction - -pattern
and its intensity are discussed in -outline.. The production. of

Auger electrons and the use.of;Augeruelectrénfspectroscopy as a
.sntface analysis tool is also summarised. .

- Chapter 3 outlines the. . theoretical basis Vof the
calculations that, when compared with expefimemt, yield the
surface structure. The necessary programs are rapidly beconing
more available amnd comnmonplace and hence standard»resﬁlts are
quoted with 1little attempt: to explaip: the computational
conplexities; iﬁ such cases the reader is referred to standard
texts. Rather, attention is focussed:on.thejstructural;and non-
structural parameters: that enter.into‘ the . calculations, - their
meaning and importance, aad*theﬁpverallwconStiuctién-and-flow.of

the programs. 1In particulan;pthé;iqn~core:scatteringapotential



10

that leads to backscétferinggJQf »the...incideptv '1ou-emergy
electrons nust be' corfectly,,specified .to obtain . reliable -
theoretical intensities; In:this work“t#o_typeé of pdteatials
weré used, band-structure potentials andwpotentialé constrﬁcted
by the method of linear superposition»oficharge densities for a
cluster of meial atomé. ‘ o |

In Chapter 4 can be found. details of the experimental
apparatus and procedures. . The vacuum system and the  production.
of A - clean . saﬁple, as judged by AES, are described. An:
innqvative.new method -0of measuring the experimental :intensities,
employing a -computer-controlled Vidicon. T.V.  <camera  systen
{21], based on the photographic method of Stair :et-.al [88],. is
covered in some -detail. This methodvhas significant advantages -
over .the convention&lttechnigyes.oﬁ-spot—phétometry-orause.of a
Faraday-cup- collectpr,. particnlarly in. terms of speed and. -
cohvenience,’ The. former . methods necessitated hours of data
collection -to produce even:a small base of 'experiméntal.-data,f
dﬁzing ~whiéh‘ time the -surface could become: seriously
contaminated. - This new Vidiéon;method reduces data ~-collection -
times to a _few minutes and provides a hard-copy photographic.
record: that can be analysed at leisure to .yield a very. large
- data base which unambiguously relates to the same original
surface.

Chapter 5 describes progress . to date in LEED; surface -
crystallography,»iﬂcluding a bibliography of metal: clean surface
structure determinations.  The preferred surface structure is
found by-comparing calculated reflectedxintensities’forj a wide

variety of possible structural models with experimental data. -
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Traditiopsally, comparisons of_exgg;imentalfandatheotetical.4data5
have been:. carried out . visually .or by very crude numerical .
matching of major features. . Hence a recurring problem in LEED
crystallcgraphy' has been. that of establishing . limits on the
accuracy and reliability of the . surface structures | thus
determined. .=  Despite a long-standing concern .over this problen,
cply very receantly has a detailed, objective method been
proposed 23] that attempts . to' numerically compare all the
essential features of the experimental data with various
theoretical: model  predictions., This reliability-index, or R-
factor, method is described together with. éome additions and
refinements developed during.. the application.of. this index to
the determination of -the structures of the Eh(i!]),(!OO) and -
3116) surfaces. ‘

The actual deternmination of the surface structures of these
three  low-index faces of rhodium is presented inschapters-6~8.;
Fine details of the cleaning procedures, which can. vary from
sample to sample depemnding upon;their.origins and pre-treatment,

are discussed. The structure derivations performed by the

reliability-index wmethod are closely examined to assess
uncertainties in the results from  experimental  {or
calculational) - artefacts and - fortuitous circunmstances.

Durlicate sets of data from different experiments are used to
assess the reliability of the experimental data and the . results
frcm independent  data sets, <collected at:  various angléS-of
incidence, compared to test:the}consistency of the method. .

All threelsutfaces tefain:\the. structure expected -~ for a

simpple truncation of the bulk crystal. While this is normal for
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the cilose-packed {111) surfaces of face-centred cubic metals,
some {110) amd (100) faces are known - to perform surface
structural . reconstructions or re-arrangemeats of a generally
ccoplex and as yet unknouwun nature [24). The (100)  faces of
€.d. platinum [25] and iridium. [26] are normally observed in
this condition. Rigorous examinatiom of the Rh(100) : and (110) .
surfaces at room . temperature and. aboie revealed =no such
- tendency. All three surfaces were found to have the surface
layer at a distance from the second layer close to, or a.little
contracted from, the bulk"interlayervdistance-

Finally, a comprehensive set of experimental data for :the
three rhodium surfaces is ccllected in the appendices. - Examples
are used in the main body of the text for illustratory putposes.

This thesis is preliminary in .the sense that.a large part
of the work: that went into ii wésv concerned with developing
these new, for : this laboratbry, experimental -and theoretical
. technigues. Moreover,. these new results, while in themselves
they form a reasonably complete study, are also preliminary to
the understanding of the adsorption properties and heterogeneous
catalytic activity of rhodium [26]. Just as we cannot hope to
understand catalysis at the atomic level if we canmot locate
adsorbed atoms, so we cannot understand chemisorption if we do
not have a precise. descripticn. of the clean .surface. I hope
this work provides the latter information and will lay a solid
foundation for. later studies . of vrhodiuﬁ, its chemisorption

properties and ultimately its catalytic activity...



CHAPTER-2-

LOW-ENERGY ELECTRON -DIFFRACTION{LEED) .AND AUGER ELECTROGN

SPECTROSCOPY (AES) -
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2.1 Basic-Consideratioas-

2.1{a) secondary electron distrihutibn

Electrons with emergies between about.10wénd 1000 eV are
~ideally suited to investigate the. topmost layers of solids
because the probabilities for inelastic scattering are high. A
parameter frequently used in. .this context is the electron mean:
free path length, L. This is the mean distance travelled by an
electron before it is scattered inelastically and can. be
exrressed by
I(E) = IoiE)“QXPMLtA/L{E)J

vhere .the incident intensity I {E) :for energy E is attenuated to
.I{B) on passage through distance l. .

‘The characteristic dependence of .this property. on the
electron energy is shoun_iaufig,,2.1;f'Although it is scmewbhat
difficult to obtain: exact,bguantitative. data,  the general
- features of- this diagram have been well established. ‘A @minimum
in the mean free path of only a few 3uoccurs.at energies Lbetween ..
40 and 100 eV, #hile the «curve . increases steeply at low
energies, at higher energies the increase in the nean-free path
is slow amd at 1000 év is still.:only: a few atomic layers. .

In the LEED experiment a beam .of electrons with a definite

primary energy.§p impinges on: the crystal surface and those." -

electrons -‘that are elastically backscattered are collected. .

Fig. 2.2 shows a schematic enerqy  distribution, N{(E), of the

tack—scattered -electrons as - a. function of energy. This



10,000 -
1000+
°<T 100-
-
D-i
T T T n| —
(o) 10 100 1000 10000 100,000

Electron energy (eV)
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"secondary electron distribution" can be divided into ‘three main-
regicnas:
i) the large peak at' low energies contains "secondary

electrons” created as a result of inelastic:.collisions

between incident  electroms and electrons bound: in- the -

solid. Im .each collision :process a relatively small amount
of energy is transferred so that a éiagle~primary:electron‘
can. create a cascade of secondaries that coantribute to : the

large broad peak at low energies;

1i) the. medium energy.range is characterised by a smooth
background upon which are superimposed small features due
mainly to the emission of Auger electrons (see Section 2.4) .-
and enerqgy losses to core electrons, single and collective

valence electron excitations [28] ;

iii) -a small fractiocn (typigally a few %) is back-scattered
elastically at energy E, toc form the "elastic peak". . This
peak . actually also contaigs;"guasi-elastically scattered¥
electroans that have undergone  phonon scattering, that is an .

interaction-.with the vibratinq crystal 1lattice.  These

interactions;producéienergy:changes4of-the;order of 10 mevV.

The energy resolution:. of typical LEED instruments is
insufficient to .observe subh_losses or gains and hence, as
far as LEED is concerned, the whcle of the high-enerqgy peak

is often loosely termed the "elastic peak™.

In the LEED experiment the elastically scattered electrons -
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are filtered out of the general secondary electron distribution
and, usually, displayed on a fluorescent screen. W%e shall see
in later sections of this . chapter. how - these elasticallyv
scattered electrons behave spatially. and their energy

dependence...

2. 1(b) surface structure classificatioams

The region:of an ordered surface probed by . LEED has . two-

dimensional = symmetry parallel to the surface but no periodicity .

normal to it. As with triperiodic .crystal structures, ﬁerfect-=
diperiodic surface stuctures may. be classified into certain
lattice types; for many pure ' substances the symmetry . of the
surface 1is given sinply by that of the perfect :bulk crystal  in:a

plane paraliel to the surface under .consideration. .

Surfaces are asually named after the plaﬁes of -the bulk

crystal to which they are parallel e.g.. {100), {110) etc. . - Their
structures can: be  described in terms. of a unit mesh with unit
vectors s, and s, lying in the surface plane. All  the points

which are connected-ﬁy translation vectors
T = h's + ks, h?,k' = integers  (2.1)

form a Bravais net.  In. two-dimensional crystallography the
terms "lattice" and "cell" of  triperiodic crystallography are
replaced by the terms "net" and "mesh" respectively.. The 14

Bravais lattices of triperiodic crystallography are reduced to 5

nets for diperiodic surface structures.  These five types of -
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net, as represented by models ¢f some surfaces of face-centered
cubic’ {FCC) and body-centred cubic (BCC) -metals, are shown: in-
Fig. 2.3.

Details of wvarious conventioms in surfacevc:YStallogtaphy
can be found in an article by Wood {29] and in the Intermatiomal
- Takbles. for X—ray Crystallography . §{30]. For ocur  purposes it
suffices  to observe that ‘in the bulk, crystal structures can be
built up  from identical layers of atoms parallel to the surface.

An atom in ope . layer is related -to an - identical atom in the next

by a vector ¢; each. layer is  regarded as -separated by an-: -

interlayer distance d. The orientation of-the incident beam of
.electrons relative to the surface is described by two angles, &
and ¢ ; the polar angle e’is‘betﬁeéngthe beam and. the inward-
pointing surface ﬁonmal'and ¢, the azimuthal 'angle, is the angle -
betweeg.the,plaﬂe containing the surface mnormal- and incident

beam, and the x-axis. ¥Fig. 2.4 clears up any ambiguities.

2. 14c) the reciprocal mnet

Another .- type of Bravais net can ‘-be coamstructed for each of
those shown . ip:Fig. 2.3 ; these are called "reciprocal: nets".
The reciprocal net corresponding to a real . net defined by

vectors 8, and s, is
gqg-= h_s_’lk + .,-k_g{ {2.2) -
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(@) (b) ' (c)

(d) (e)

Figure 2,3 Fxamples cf the 5 diperiodic nets as repiresernted by
podels of surfaces of face-centred cubic (FCC) and Lcdy-centr=4d
cukic (ECC) metals; =ides a,, (short axis) and a,, irternal
angled:
{&) square a= a,, %= 909, e€.q., FCC(100),

~ BCC(100);
(k) primitive rectarcqular a,#¥ a,, x= 909 e.q. ECC(110),

BCC(211);

(¢) centred rectanqular a ¥ a K= 900, é.q. FCC (z11),

’
ECC(110); ' >
(d) bexagcnal ' , a,® a,,«= 600, e.q. ECC(111);
(e) olLklique a'¢ a,., o«¥ 900, e.g. FCC(3z21);
-7 . o
4 direction of

incident beam

X
BEEEEER

Figure 2.4 Angle conventions for incidence of an electron bLean
cn a surface : :
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X
with s = 2TW( S, X2 )/(s, -5, %2) "

{2.3) .

X _ ,
and §,%2TWls Xz )/ls,-5y%x2)-

| and,§i, as shoun in

Fig. 2.5 The“reciprocal.nets’cotresponding to the real. nets

vhere z-is a umnit vector perpendicular.to g-

shown in Fig. 2.4 are given in:Fig,,z-ﬁ.
At this stage the reciprocal net appears as an  abstract-
- construction: but . we shall,seeHinuthevfollouing section. that it .

has a very direct interpretation in LEED experiments. .

2.2 Formation Of -The Diffraction-Pattern- .

We shall consider a mono-energetic, - collimated electron
beam imncideat on a perfectlngiean,well—orderedzsurface;, This
.is, of course, a theoretical abstraction: as even  the nmost
carefully prepared surface has a degree. of roughness that can be -
seen on electron micrographs. However, because of limits on - the
collimation achievable in low .energy electrom quas,. the.incident
beam ~is coherent only over-restricted areas {of the order of
'10032), and therefore LEED is sensitive ' to atomic order only
cver distances of this magnitude-i A typical LEED pattern from a.
Cu {111) surface is shown im .Fig. 2.74{a)..

Qur interest- will. centre on . the elastically scattered
electrons that produce most of ‘the structure im the diffraction
pattern. Their behaviour can be described by a.'Schrodinger

eguation of -the form {in atomic umnits)
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Figure 2,5 A two-dimepsional re€al net, described by s,, s,

(dark circles) and its associated reciprocal net
circles),
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Figure 2.6 Unit wmeshs of the corresponding real and recirtocal
tvo-dimensional nets as in Fiqure 2.3,
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-1/2v2¥r) + vio¥ir) = V) (2.4) .

Far from the crystal the effect of the crystal potential, V{Ir),
can be neglected and the effect of the interaction .will be shown

by the change.in the wave-vector of the plane-wave eigenstates
Y &) = exp(ik.x) (2.5
before and -after diffraction. .

For elastic scattering by  the diperiodic arrangement of
atoms . in.- the surface reqgion, the.  #ave-vectors k' . of .the
diffracted - electrons are determined by,cénservation;of énergy
and nomentum parallel to the surface [12]

E(k") = B(K): 12.6)

before  {unprimed) -and after (primed) diffractioen

le =~£" +.g{hk) : - {2.7) -
vith the reciprocal net . vector g{hk) discussed in Sectiomn.
2. 1{c) as
X X
g(hk) = h.S." v ks {2.8) -

Physically then, the diffracted savefield:has, .independent
of the: exact: scattering meghanisms involved, +the form of a

cseries of discrete beams each with a different: parallel



a) b)

" 11
®

c) d)

Figure 2.7 (a) Phctograph of the LEED pattern frce a Cu(111)
surface at (a) normal incidenc2 and 90 eV beam enerqy (b) €=120,
#=60 at u4u4ev beam energy, (c) and (d) labelling cf the
diffracticrn spcts,



compeonent of momentumn (5,(+ g); this 1is determined by the
translational symmetry of the region travelled by the scattered
electrons.

The directions of the diffracted keams are determined by
the wave-vector of the diffracted electrons, k', and hence by
5", g and E. This is iilustrated in Fig. 2.8. For given values
of E and 3”, the diffraction pattern is determined Dby ¢({hk).
For certain values of g{hk), KiL is imaginary and corresponds to
evanescent, or surface wWaves, which canmnot escape from the
sclid. Ey collecting the diffracted electrons on a spherical
fluorescent screen Wwith the <c¢rystal at its focus the beanms

appear as spots, one for each value of g(hk). The spot produced

ty a beam with parallel component of momentum

(2.9)

is referred to as the {hk) spot or beam, the indices of (2.7~
2.9) being used to latel the diffracted beams. The bean
labelling scheme appropriate to the Cu(111) LEED pattern of
Fig. 2.7{a) is shown as Fig. 2.7 {b).

Thus the {00) beam 1is made up cf electrons which have
interacted with the surface without momentum transfer and is
called the specularly reflected beam. This specular beam is
easily recognised as its direction remains coastant as E changes
as long as the electrons nmove in field-free =pace and the
direction of the incident beam does not change. As the incident
enerqgqy 1is increased, the perpendicular component of mcmentun

increases, the angle of diffraction decreases and the teans
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crowd in towards the specular bear.
The diffracticn pattern displayed on the usual fluorescent

screer cf a LFED afparatus provides a direct picture cf the

reciprocal net of the surface and hence the sides cf thke unit

*,

: angd

pesh cf that net are easily determined, s

Itn

* y +
2t Tte uni+
sesh cf the real n2t is then obtained by inversicro of equations

{2.3) :

H

x *
2W(§zx1)/‘§| S
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Although equation (2.9) gives the nost tundamental
designations of diffracted Lteams, for surfaces that reconstruct
or contain adsorbed molecules it is often <convenient that the
diffracted teams are indexed with respect to the reciprocal
lattice vectors of the substrate (Q:k and b :), since the

|
substrate is the initially known structure. This relation is

¥ "

§| Pu P\l Ql
= (2.11)

* x

8 2 Pu PZL b 2
or s*¥=pp¥ (2. 12)

The matrix P for a particular structure can often bpe
cbtained directly by comparing the LEED pattern of the surface
with that calculated for the substrate. Matrix manipulation of
eguaticn {2.12) yields

~/
p-1

s = b {2. 13)

which defines the relation of the mesh vectors of the actual
surface with those of the sukbstrate. The matrix’%ﬁl provides
the most general way of expressing this relation [32], but when
the angle hetween s, and s

is equal to that between b 6 and b, a

! 2 l

more compact designaticn is often used [29]. ©Then the relation

between s and b can be specified by

(s,/E) x (5,780 § (2. 14)



in terms of the lengths of the unit mesh sides and the angle of
Trotation (g') betvween s and bt (cmitted when S = ().

This notation is probably best illustrated by examples. 1In
the simplest case, the surface structure is given Ly the
termination of the bulk structure along a given Fplane. The
surface unit mesh in such cases is briefly referred to as (1x1)
in the Wood convention {29], indicating that the surface net
vectors are identical to those of the underlying substrate
.4« Rh{100)-{1x1). In more general cases the surface
periodicities will differ from those of bulk substrates. This
is especially so for the deposition of foreign atoms
{adsorbates) on the substrate material. {Such adsorbed
cverlayer stuctures will in qgeneral have a periodicity different
frcm that of the substrate).

Another case more relevant to this thesis concerns the
reconstructions of the surface regions of chemically clean
materials such as occur for wmany semi-copnductors and nmetals
f14]. The ({100) face of gold [33] for example vyvields a
diffraction pattern shown schematically in Fig. 2.9{a). 1This is
designated as a (5x1) LEED pattern and is associated «ith a
(5x1) unit mesh relative to that of the bulk substrate. A model
assuming an hexaqgonal arrangement of surface gold atoms on the
underlying (100) substrate has been proposed to account for this
pattern | 33] as shown in Fig. 2.9(b) and {c). The actual LEED
rattern observed in this <case 1is a superpositica of two
patterns, as in Pig. 2.9{a), related by a 900 rotation. These
correspond to the existence of two equivalent orientaticns, or

domains, related by a 909 rotation of the surtface lavyer on the
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tigure 2.9 a) Schematic diffraction pattern from ore dcrain of
Au (1€0) - (5X1) 1econstructed surface; b) Model structure of
coirncider+al hexdagonal qcld layer superimposed cn the underlving
(10C) sutstrate, c), (after Palsberq and Rhcdin {331).

vrédzrlying substrate

The positions of the diffraction spots in the LFED ratterr
yi€ld tte size and syemetry of the surface urit mesh Put no
further infcrmaticn cn the locations of the atcms in the unit
pesh, 1Tkis inforeation is contained in the intensities c¢f the
LEED peanxs

Intensities are most usually measured at ccnstant gclar, -,
and azisuthal anqle.¢, see Fig. 2.4, as a function of enerqy.
Flcts of intensity against enerqy, I(E) curves or "intersity
prcfiles", are the usual form of data fpresentaticn although
"rctaticn diagrass"®, Igﬁ) for const ® and E, and "rocking

curves”", I(® for <constant ¢5 and E, 1emain as neqlected
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alternatives. Fig. 2.10 shows typical I(E) curves for the
specular beams diffracted from Cu(100) and Ni (100) surfaces for
8 = 30 [34] .

Such curves show considerable structure exhipbiting a numter
of maxima and minima as the enerqy is varied. Also, as noted in
Section 2.1{a), electron reflectivities are low for elastic
scattering. We can attempt to use the kipematical {or single-
scattering) model, valid for low scattering cross-sections, to
understand such I (E) curves. This model has been used vwith
success to interpret X-ray diffraction intensities. However,
low energy electron scattering cross-sections are much larger,
by as much as 106, and so we cannot expect this theory to be

much more than a rouqgh guide for LEED intensities.

2.3{a) kinematical theory

In the kinematical theory only the incident wave is
considered to produce scattered waves whilst double and

gpultiple-scattering are ignored. For an incident plane wave
Y = exp(ik.r) (2. 15)

the kinematical expression for the total wave {corresponding to
wave-vector 5r) scattered to the pcint of <cbservation ({denoted

by vector r) by an assemkily of scatterers is

‘"PS = Aozfé (E,8.) exp[ i_isl.r.-s;\l 1/!.1.:*_1;)3 exmig-;‘})

(2. 16)
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Figulc £,10 I(E) curves for the specular beam fror Ni(10C) and
Cu(100), &=3°, The Lars denote kinematical Braqq conditiocns

(after Anderson and Kasemo [34)).



where the summation is over the set of spherical waves produced

The factor f: dis the atomic

¥ }
scattering factor for the atcm J for elastic scattering of

at the scattering centres ¢

electrons of enerqy E through the angle SS (as defined by
3—3§$). The final term denotes the phase shifts for the
incident waves at the scattering atoms. A, is a constant whose
value is fixed Ly the density of atcms in the incident bean.

If the scattered electrons are detected at a long distance
from the scattering reqion and if this regicm is small, so that
i;—;;l can be approximated by r for the purpose of assessing the

effect of distance on scattered amplitude, then eguatioa (2.16)

can ke re-expressed as

"PS'= Aoff}(E.G,)exp[i(ﬁ*ﬁs)-;_}} exp{ik,r)/r (2.17)

X
In general 4“Pd1‘qives the probability that an electron
represented by a wave-function ‘* is to be found in a volunme
element d7T; therefore the number of electrons received ip unit

tize by a detector of solid angle dn is
dn = u A% jB2f dn (2.18)

where u is the velocity of the electrons and B is the scattering

arplitude

B= 2 £,(E8y) exp(is.r)) (2.19)
&+
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for the collection of atomic scatterers and

3 =k -k (2. 20)

is the scattering vector. The number of electrons crcessinpg unit

area perpendicular to the direction of k per unit time is

I_ = u A2 (2.21)

dn = 1_do {2.22)

such that do~ is the value of dn when I, is unity, we oktain the

differential scattering cross-section

de/dnr = I(S) = iBl2 {2.23)

where I{S) corresponds to the flux, for scattering vector S,
scattered per unit solid angle from an incident beam cf unit
filux per umit area.

The equations (2.23) and (Z2.19) represent the general basic
equations for kinematical scattering of a plane wave Ly any
assembly of scatterers whose dimensions are small compared vwith
the distance of observation of the scattered electron frcm ‘the
scattering region.

One of the interesting consegquences of the elastic

scattering being confined by strong inelastic scattering to the
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vicinity of the surface is that the full three-dimensional
periodicity of the crystal is not experienced by a scattered
electron. We can proceed via two limiting cases, depending upon
the strength of the inelastic scattering. The pure two-
disensional 1limit corresponds to very strong inelastic
scattering, and the pure three-dimensicnal to very weak
inelastic scattering.

The former is rather easier to follow; we consider a two-

dimensional net defined by mesh vectors s k6 and s, such that net

points are situated at rpoints g
L:=m®m s + 48 {2.24)

in this case the atomic scattering factors f} can be replaced by
the scattering factor of the unit mesh, F {structure factor),
which depends on the f} and the atomic positions within the unit

mesh. The scattered amplitude Lecones

B = F(k>k) ) exp (iS-rj) (2.25)
}

and the differential cross-section is

do/an= IF(k—2k,) 12 2 exp [18r;5) ]
5

= |F(k—>k )12 G(5) (2. 26)

The interference function G{S) has maxima when the

scattering vector S satifies the Laué conditions
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S.s = 2Mh and S.s_ 2 = 2Tk {2.27)

for integral h and k. These conditions can be rewritten as

S = ghk) (2. 28)

where the g{hk) are defined by equatiomn ({2.8); the Laué
conditions are equivalent to the condition exyressed earlier in

eguation (2.7) as

k- X, = gtk (2.29)
That is, diffracted waves occur only in certainm directions
determined by eguation {2.29) to produce the LEED pattern
described in Section 2.2.

The interference function does not tell us anything about
the energy dependence of the intensity of a spot. The structure
factor is however energy-dependent through the enerqgy dependence
of the atomic scattering factors f}. The form of this variation
and hence the intensity variation of a diffracticn spot with
enerqy, an I{E) curve, in the two-dimenasional kinematical
approximation is showmn in Fig. 2.11(a) to be mcnotonic.

In the pure three-dimensional kinematic limit the effect of
the surface can be ignored and the electron will move 1in
predominantly the full three-dimensional potential of the bulk
crystal. Whereas in the two-dimensional limit the perpendicular

compcnent of the wave-vector kX kK was free to assume a continuum

L
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I(E) I(E)

E(eV) E (eV)

a) b)

Figure 2.11 Intensity of a diffracted LEED Leas as a functicr of
enerqgy in a) the pure twc-dirensional limit arnd t) the pure
three-dipensional limit (after Scrorjai ard Farrell [71]).

cf velues (that 1s only k is a g9cod quantum number), irL the

three-dirensional limit it is ccnstraiced to orly certain values

due to the periodicity in the perpendicular directior

= k + ¢ {2.30)

where g is a reciprocal lattice vector perpendicular tc the
surface. Hence in the pure three-disensional 1lisit the
diffracted intensity o¢f a beam will bLe zero excspt where
equations (2.29) and (2.30) are simultanecusly satisfied,
frcducirg a variation of the form shown in Figq. 2.11(t) . These

twc equations can be comltined irto

k' = k + g(hkl) (2.31)
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where g(hkl) 1s a reciprocal lattice vector of the ©bulk three-

dimensional lattice.

2. 3{b) characteristics of I{(E) curves

Re-exanining Pig. 2.10 we find that real I(E) curves show
characteristics intermediate between the two extremes of the
pure two-dimensional and the pure three-dimensional kinematical
lirits. The curves are not monotonic and do exhibit maxima and
ginima; however, there are more peaks than are predicted by
equation {2.31), at least at lower energies. The Lars on
Fig. 2.10 mark the positions of  “primary Braqg peaks" where
equation (2.31) is satisfied for various values of 1. In
general, maxima fall close to these values but subsidiary maxima
can be seen. Such extra structure must be associated with the
sultiple-scattering events neglected in the simple kinematical
treatment.

Three enerqgy reqgions are often identified in I{E) curves
according to the magnitunde of beam inteasities, degree of
structure and peak widths [35,12]. These are, referring to
Fig. 2.10:

{i) the low-enerqy region, typically below 20eV, where
peaks are numerous and narrov with widths of 1-2eV
and high diffracted intensities (scmetimes >10% of
the incident beam intensity) ;

(ii) the intermediate-enerqy range (20-150eV) has wider
{up to 10eV) peaks of lower intemnsity. Structure is

simpler thouqgh there d4re still more maxima than



predicted by equaticn (2.31);

(11i) the high-enerqgy region, wusually above 150€V, has
wider (20-30eV) peaks of still lower intensity in
positions that are troadly consistent with equation

(2.31).

The kinematical theory, in the form presented earlier, does
not provide information on peak widths. 1In order to account for
peak widths, removal of electronm flux by inelastic scattering
must be introduced into the model (see Ch. 3). It is precisely
the high inelastic scattering cross-sections for low-enerqy
electrons that make them surface sensitive.

In general, diffracted Leam intensities decrease with
increasing temperature [ 36], often in an exponential wmanner.
Consequently, attempts have been made, within the kinematical
theory, to relate such dependencies to Debye-Waller factors in
order to extract mean-square viktrational applitudes of surface
atcms | 7]. However, the derived Debye temperatures show sone
variation {e.qg.120X) from beam to heam and with the enerqy and
direction of the incident bean.

Generally, the kinematical theory, even when nmodified to
include inelastic scattering and temperature effects, and even
double diffraction events [37], is not able to rerroduce
experimental I(E) curves successfully. An exception tc this
rule is the (111) surface of xenon, for which I(E) curves are
essentially kinematical over most of the LEED energy range | 387.
The much more successful wmultiple-scattering theories are

discussed in Chapter 3.
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2.4 Auger Electron Spectroscopy {AES)

Scme of the electrons observed as spmall features on a
slcwly varying Dbackground in the medium-energy range of the
secondary electron distribution (Section 2.1) are called Auqger
electrons, after Pierre Auger who first saw their tracks in a
Wilson cloud chamber in 1925 and correctly explained their
origin [39]. These electrons are particularly useful in LEED
exreriments as they allow the atcmic composition of the surface
to be monitored under the same conditions as which LEED
experiments are <carried out. Several reviews of such
applications have been puklished e.q. [40-44,10].

The Auger effect is a two-stage radiationless transfer of
energy to an electron following ionisation of a core electron.
Fiqgq. 2.12 shows a schematic representation of the process for a
cclid. Initially, Fig. 2.12{a), a core electron is ionised by
the primary electon beam, of wusually 1-10keV. For elements
cther than hydrogen, helium, lithium atoms or the Li+ ion in
solids, an electron from a higher enerqy level is able to drop
down to the inner vacancy, Pig. 2.12(b). The surplus epergy is
released either as an X-ray photon ({X-ray fluorescence), or is
available to a third electron that is edjected as an Auger
electron, Fig. 2.12{c). If the original iornisaticn is from a
level with a binding enerqgy of less than about 2keV then Auger
emission 1is more protakle than X-ray procduction f453. Auger
electrons appear as small peaks in the medium-enerqgqy range of
the secondary electron distribution and are readily

distinguished from enerqgy-loss fpeaks as their energies are



) Prim. e~ Auger e, E5
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Figure 2,12 Sclematic representation of thke LgVvv Auqger
transiticn: (a) ionisation of a core level, (b) £illing cf the
core hcle, (c) emission of the Muger electren,
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independent of the primary Leam enerqgy, whereas loss peaks, due
to e.g. plasmon excitation, shift with changes in the incident
Leam energy.

Auger electrons are labelled by the notation ABC, where
these symbols indicate respectively the initial hole, the final
hcle, and the level from which the emitted electron leaves. For
solids, the valence Land is denoted by the letter V, but the
inner levels, being quasi-atomic in nature, are assigned using
the conventional X-ray anotation K,L,M... accordinqg to the
principal quantum number. Subscripts are used to denote the
quantum numbers 1 and j; thus 1 for s states (1=0,4=1/2), 2 or 3
for p states {(1=1,7=1/2,3/2) etc. With this notation the Auger
electron of Fiq. 2.12 would ke designated as an Lszv electron.

The kinetic enerqy of that electron is approximately
E_=E -E -E (2. 32)

The enerqy levels can be readily evaluated using X-ray | 46] or
ESCA [47] enerqy level energies, but this simple formula is
inadequate in that it fails to take into account the different
degrees of ionisation and the extra enerqy needed to remcve the
second electron from an already ionised atom. The formula has

teen modified by Jenkins and Chung [ 48]

i

Eﬂ(Z) El(Z)"1/2[Eziz)*ﬁl(z*1)]‘1/2[33(2)*3312*1)}

(2. 33)

where Z 1is the atomic number c¢f the chemical species involved.

For atoms this formula has a typical accuracy of akout 5eV.



The discrete levels in atcms are replaced by enerqgy bpands
in =olids. The quasi-atomic inner 1levels in sclids Bay be
shifted relative to the free atoms and the density of states in
the valence band is sensitive to chemical environment. While
the complete assignment of Auger transitions can be difficult,
the use of AES for gqualitative analysis derends cnly on the
ability to assign peaks to a particular element. This tyre of
assigunment is generally unambiquous and the identity of surface
atcms can be readily found using the tabulated Auger enerqies
L49] and representative spectra [50] now available.

Unfortunately, <quantitative assessments are not so easily
rade. The intensity of Auger emission is governed not c¢hly by
the elemental cross-sections but also by the distribution of the
element on the surface and into the crystal. Quantification
therefore requires independent calibration experiments, usually
emplcying known quantities of deposited material and assumrtions
of uniform distribution |51-52]. Auger spectra collected with a
retarding field analyser kased op LEED Oofrtics (see Ch. 4) allow
imputities to be detected to approximately 1% of a monolavyer for
nost elements.

A typical example of an Auger spectrum from the present
work is shown in Fiq. 2.13. This shows an Auger spectrum of a
Rh {110) surface that is heavily contaminated with sulphur, and
to a lesser extent, carbon and phosphorus. The spectrum is
presented in the second derivative form dN (E) /dE to enhance tte
otherwise weak Auger features and was taken with an incident

beam current of about 10 microamps at 1.5keV. The Auger
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Fioure 2.13 Auger =spectrun of a beavily contaminated Eb (11u)
surface. Ef=1,5KeV, Ip=10 picrcawmps.
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transition energy is traditionally taken as the maximum negative

excursion of the derivative peak {50].



CHAPTER 3

MULTIPLE-SCATTERING CALCULATIONS

U



4o

3.1 Parameters For Theories Of LEED

In the last chapter we saw that intensities of LEED beans
depend upon characteristics of the incident beam, such as enerqgy
and direction, and also on the geometry, scattering power, and
dynamics of the surface atcms. Moreover, we also saw that the
simple kinematical theory did not predict I{E) curves with any
real measure of success and that any theory that is to be used
to determine surface geometries, which is the primary object of
the experiments, must therefore include wmultiple-scattering of
the slow electrons. Such theories are called "dynamical®
theories. In this section, the more important features that
must be included in such theories are considered briefly; full

details are given by Pendry | 12].

3.1{a) the scattering potential

In a typical LEED experiment, only aktout 1% of the incident
electrons are elastically backscattered, whereas the remainder
are removed from the elastic flux by various inelastic
scattering processes, particularly plasmon excitation {137
While such inelastic scattering involves the valence electrons
of the solid, the elastic backscattering arises from
interactions with regions of high potential <close to the
nucleus; such regions involve the tightly bound core-state
electrons or "ion-cores®. The "guffin-tin" approximaticn is a
conrvenient model of the solid that accommodates these two
important features of the scattering process. As indicated in

Fig. 3.1 the solid is modelled as non-overlapping regions of
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spherically symmetric potential centred orn each atom cf the
solid with a constant potential v, in the intersphere reqgion.
The intersphere reqion is mainly occupied by the valence
electrons of the solid and therefore is the principal site for
inelastic scattering. Inelastic scattering of all kinds can be
treated in terms of a lifetime,T, defined as the average tine
an incident electron spends in the crystal before it loses
enerqy by inelastic scattering. Following Pendry [12], we can
define the temporal variation of wavefunction amplitude for an
electron Wwith energy E, as exp(-iEt) in vacuo {for atomic units
hy2w=1). 1In the region of counstant potential Vp» this Leconmes

exp[-i({E-V,) t]. 1f we allow Vo, an imaginary ccmponent

VO = Vor" iVOL ‘3:1)
then the intensity of the wavefunction decays with time as

exp(*ZWﬂt), as V,. 1s ccnventionally taken to be negative, and

Voo = V2 (3.2)

oL

Hence attenuation of the elastically scattered teams due to
inelastic scattering can be simulated by adding an imaginary
conpcnent to the potential, i?a:, which can be estimated, via
the time-energy wuncertainty principle, from ©peak widths in
I{E) curves. The peak width satisfies

AE,, 2 24V, | (3.3)
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VoL is typically about ~-5eV and weakly energy-dependent [11]1.

In this work, V..

oL Was estimated from a primary Braqgg type peak

in an 1(E) curve according to eguation (3.3) and was allowed an

energy-dependence of the form

Vo= —if(E) (3.4)

where [s’{E):odEU3 {3.5)

according to the empirical relationship established by Denuth et
al {11]. For copper  was set to 0.89 and to 1.12 for rhodiun.

The real part of the intersrhere poteatial, Vor in equation
(3-1), accounts for the increase in enerqgy experienced Lty an
electron entering the crystal. This is usually called the inner
rotential. Typical values for this quantity are -10 to -20 eV
and are, in principle at least, energy-dependent. This
derendence appears, from experience, to be slight, and is
usually ignored. OIlten Vor is approximated as the sum of the
Fermi enerqy EF and the work function ﬁ”, as shown in Fig. 3.2.
In rractice, V,n is usually westimated a priori and then
empirically refined by visual or snumerical comparison of

calculated and experimental I(E) curves ; changing Vo amounts,

,
tc a good approximation, to a riqid shift in the energy scale.
This topic is explored in more detail ia <Chapter 5. in this
work V, . was set initially at -9.5eV for copper [65] and -12.0eV
for rhodium |[68,69].

The part of the potential that gives the backscattering in

LEED is the spherically-symmetric potential within the muffin-

tins; the ion—core potential. Various methods are availakle to



construct such potentials. 1In general, LEED calculations bhave
used either full self-coasistent band structure potentials or,

rore simply, the potential generated by a linear superposition
of atomic charge distributions, as originally suggested by
Mattheis | 53]. Recently, 4 study of different prescriptions for
jon-core potentials | 54] has suggested that the simple muffin-
tin 1linear superposition, with the Xd approximation of Slater
for the exchange potential {55], provides a suitable potential
for LEED calculations, and that the full self-consistent band
structure calculations do not lead to significant improvements
in the degree of agreement of calculations with experiment (in
that instance).

In the initial stagqes of this wcrk a band structure
potential for rhodium was not availaple. Hence interest centred
on generating ion-core potentials by the superpositicn of charqge
densities method. In co-operation with Dr. L. Noodleman, a
method was used that employed scme of the initial routines of
the scattered-wave XA programs developed by Johnson [50 ].

The method is as follows:

{1) using the tables of Herman and Skillman [57], the
charqgqe distributior for an isolated atom was
calculated;

{ii) using the MOLPCT and ENERGY routines of the
scattered-wave Xd programs, the atomic charqge
densities of a cubo-octahedral M|3 cluster
{corresponding to an FCC crystal) were superimposed,
Fig. 3.3. The charge distribution of the «central

atom was used to generate an electrostatic potential
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including an exchange tern using Slaterts

approximation [55].
V“(};) = -6 | {3p(C)/3m)L/3 (3.6)

Here p(r) is the charge density, with A values taken frcm the
tatulaticns of Schwarz [ 58,59 ].

The validity of this method was checked by comparing the
scattering factors, Section 3.1{b), and I(E) curves,
Section 3.2, produced by a CuI3 cluster superposition
pctential, deg , With those from the band structure potential
ot Burdick—Chodorow L 60,617, VZ: . This potential had
rreviously been used in a successful LEED analysis c¢f the
Cu {100) surface [65]. A rhodium superposition potential, V@ma'
was also generated; the data used for the twc potentials is
given in Table 3.1. At a later stage a band structure potential
became available for rhodiun v:iM [64]. Atomic phase shifts
calculated for a cluster of 13 silver atoms were also shown to

correspond closely to those used by Marcus et al | 104].

3.1{t) phase shifts

LEED intensity calculations can be coanveniently broken down
into two parts (i) the determination of a single icn-core
potential, and (ii) the soluticn of the behavicur of an incident
electron multiply scattered by a lattice made up of these single
jon-core potentials. The first step in performing part (ii) is

to express the elastic scattering of an incident electicn by a
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10 12

Figrre 3,3 The cubo-cctabedral M,, cluster used tc mcdzl +hs
icr-core peoctential fer FCC crystals.

Cu RL
a,  3.61%C 3.8(31 A
[-d
L 1.2780 | 1.3089 1}

« - 0.70697 ' 0.7C214

Zable 3.1 Data used for ccrstructicn cf surerpcsition
Fotentials for #, clusters. The crystal cube sidc a, and
suffin-tin radivs r,, are frca [62,63] and the K values fror
[58,59]. ‘ :
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single ion-core potential.

Assuming that the. core-electrons are not polarised Ly .the
incident electron, the wavefunction: of an incident electron
inside: a muffin-tin sphere 1is obtained by solving the

Schrodinger eguation .
[ -1/292 + 7 1= ¢ 43.7)

where VI is the ion-core potential. For an incident:plane wave,
scattered waves correspond. to sclutions of eguation- (3.7). . The
intensity scattered to a particular point depends only on the
modulus of the Have;vector,.k;,the"scattering angle 8% amd the
distance r of the point - of observation from : the sca;tering
;egiqn,» as depicted schematically in Fig. 3.4. At large r the

solutions to equation (3.7) -have the form [ 12,66,67];

(0¥ )exp (ikr/r) (3.8)

¢(r,6;)oiexp(ikrcaser)-*ufk

where the first term is the incident wave at the point. of
observation: and the second .is an outqoing scattered spherical
gave. The atomic-scattering,factor“fk is . usually expanded as

[12,66,67];

ob
£ _ S C s _ s ,
fkie ) = (1/k);Z.(21+1)exp(lsk)51ﬂ(£L)P*(cose Y - (3.9)
A:O
in terms of- the Legendre pclynomials gk(coser), and the .phase
shifts gi_which characterise the ion-core scattering for each

value of the angular momentum guantum number l. .



54

AR
s

'~
s
—

Figure 3.4 An ion-ccre impmersed in a glawe wave inducizg
scattered spherical waves whose irtensities are furnctions cf |k,
€ and 1. After Pendry [ 1z).

The scattering rrcrerties of ar ion-core are thus ccntained
in the energy-dependent rghase shifts, For the potentials
descriked in Section 3, 1(a) tbe relevant fphase shifts were fcung
by rumerical integration of the Schrodinqger equation inside the
puffin-tin sphere and <4oining the larqe r asymptotic fcras of
the eolutions esmoothly ¢to thke scluticr cf the Schrcdinger
equaticr outside the srhere. Whilst ip grinciple the expapsior
of equation (3.§) is over all values of 1, it does ccroverge
guite 1zrapidly amd for calculations up to 250eV or so, & phase
shifts (1=0-7) are usually sufficient [15] and were uged in all

the calculations presented bere.

Plcts of the energy-dependence cf the phase shifts for the
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twc copper and two rhodium potentials are shown im Fig. . 3.5 and

g<

Fige 3.6. For.copper,mthe,band-structure.vck apnd - superposition.

v 3 potentials produce. very . similar pbase shifts which aqree

Cal
well with those given previously [35].  The rhodium shifts show
somewhat . greater differences. . For example, the curves for 1=0

' ' » wI™
and 1=1 show corresponding features at lower energies for ka

compared with - VﬂﬂS; also there are significant differeances in

the slopes of the t#wo sets of phase shifts e.g. for 1=2 at SRf

(1Ry=13.6eV) -

3.1{c) temperature correctioans

In. Section 2.3¢{(b) it was noted that LEED beanm intensities

have a substantial temperature dependence amd that such effects

suggest that lattice motion should be included in .the model used -

to calculate I{E) .curves. The larger -atomic displacemeants that . :

occur as the temperature is raised increase the  incoherent .

scattering. and therefore decrease the intensities of scattered

teams compared with those. fron an- idealised stationary .

scattering lattice. In: many  instaamces, the experiméntalf“~

temperature~dependence of beam intensities is described - quite -

well by a kinematical model {[72].,

Detailed treatments within the multiple-scattering theory:".

have been produced [70,71).., Although. atoms are effectively:

stationary on- the time-scale;o£7the diffraction:pfocess,-theirﬂ-

motion .is sufficiently rapid  for .. the detector:ftoi"regiétérif

intensities that: have been- averaged over ' the atomic..

displacements. The LEED measurement :averages. over maay.atoms at .-
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Figure 3.6 Enerqgy dependence of rhodium phase shifts (1=0-7) for
the potentials: (a) V,. and (k) V:":’"‘.
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any one moment. . Thus the scattering of each atomic potegtial is
averaged over the atomic motionms. If vwe assume that.thé.motioas
are. uncorrelated [12) then we ., obtain. a.  temperature-dependent
atompic: scattering factor . that is related to that of the rigid
~lattice but - with modifications . in the éhasevshifts; shich becone
complex.  These tempezaturefdépendent phase shifts nmust

.interfere ' in the .correct fashion to produce strong forward, and

weak back-scattering. In the back-scattering case there nust be .

strong cancellation between contributions from different phase
shifts.  The higher the temperature, the more;tﬁis is so, hence
more shifts are needed to avoid . trumcation of the series of
equation ({3.9).

£,00°,1) = exp(-H) £,(6")" 3.10) -
In the case of isotropic vibratioas,

exp (-4 ) = exp(=Alk-k"|?) {3.11)
and & can - be approximated,  for.large T, as a Debye-Faller: type
cf factor ' _

A = 362T/2mk 82 - T 312

where kB is Boltzmana's constant, m.the atomic mass of an . ion-
core and 8, the Debye temperature.

In . this work,-sqriace atopic vibrations were .assumed to be-
.isctropic and layer-independent. . An experimental value of the
surface Debye temperature was used for .copper {viz. 275K [73]) -
and, following. van :Hove and Tong [ 74], a value of (0.7 times

the bulk value of 480K 175j"was;usedufor.rhodiumt,
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3.2 Genperal Schemes 0f Calculation-

BHaving  computed a 'suitahle_.ion—core‘»potential, with
temperature-dependent phase shifts to describe the scattering
from vikrating atoms,-the;othe;, and most difficult, task is to
solve for an incident electron:multiply 'scattered by the crystal
lattice of scattering potentials..

Hany methods have been-.developed for performing multiple-
scattering, .or :dynamical, calculations; they differ considerably
in . their ~range of applicability, speed and computer memory
requirements, All the useful methods start with. the calculation
of the,scattéring.matrices H;al;that¢describe the electron - flux
multiply scattered, by.one?;i;nemof the .crystal parallel to the
surface, from an incoming wave labelled by the reciprocal .vector
g  {or angulér'momentumtcompomentv1, depending on: the particular
nethod) to- aascatteted'yave;lahglled by-.g* (or 1').  Once this
intralayer scatteringmmatrix‘isf3n0wn,'the ~amplitude of beans
diffracted -from an . assemblage. of n-layers, approximating an

~infinite crystal, can.be found.,'g‘number.of metheds of doing
this are available;  they take into. account: the removal of
electron flux by inélaStiCuscatgerimg%processes and allow for.
-interplanar multiple-scattering evemts. .

- Between any pair.of layers in the crystal is present a set

of plane waves [12]

U, expli{ktg).r]. (3-13)

s 14

LYY N\

or beams, that have been formed by diffractiom.of the . incident
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beam. Each of these has 'a different parallel component of
ncrentum (ﬁo"*ﬂ). and travels either forwards or backwards  {+).

Forvard:; travelling beanms

2 o7 exsis o .
where -~ 2
i
3 = [{}so *Hk,} t(2E-2V,, ) =ik +g;2)1/23 {3.15)

are 1incident upon. the nextﬁlayervas in FPig. 3.7. This set. of

. beams 1is multiply-scattered: by the plane of ion-cores as

++
described by the layer matrixjﬂggy(the + signs referring to
- forward or §ackscatterinq)~to qive'-_
expilx (3. 16)
Z 7 ngytg ey
with {12] 4
+ +x .. * b,
Moo= (8n2i/Ak K ;ZY K1g)) [1-%3"1 ¥ ,(K(@)) e ¥ sin§,/
}J . 2 LL, L LL’ L

{3.16a)
In. the sum over anqular momentum components are . included
spherical  harmonics Y - and temperature-dependent . phase
shifts,éL,-while multiple-scattering is accounted - for by the
inverse matrix term [12].

The evaluation .of H;;/.ls complicated and need not concern
us here;lhowever,,it'is-uorth noting that it is essentially
composed of a stucture factor, dependent only on the positions
of the ion-cores in:the layer, - and a scattering factor : that -
describes the ~nmultiple-scattering within the layer in terms of
rhase shifts. Full details have been given by Pendry .[12]..

It is in the manner of assembling a stack of layers into a

crystal and computing the reflectivity . of the crystal that the-

various calculational schemes differ. They can be divided into
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Figure 3.7 Schematic representation of a sst of fplane waves .

incident frce the left multiply scattered by a rlane c¢f ion-
cocres.
a) "exact" pethods
(i) Bloch wave methcds

(ii) exact T-matrix method [ 76])

b) rerturbative apfproximations
(i) T-matrix expansions [77)
(ii) layer doubtling [12,78]

(iii) renorsalised forward scattering {RFS) [ 12,79

In this work the last two methods were used and will be

discussed in a little detail. The <cther schemges w3ill be
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discussed in only the briefest;putline.gnd the interested reader
is referred to individual references and:- to. the review of Tong
[15]-.

.The "exact" methods are exact. in: that  nultiple-scattering
. 1s treated exactly both within and between layers. In the Bloch

wave method the scattering matrices for a layer are found and
the wave amplitudes between»twoilayers calculated allowing for
interplanar multiple-scattering. The scattered vwavefield is
then .expressed as a combination .of Bloch maves, or normal modes
of  the crystal. At the surfaée,the scattered wavefunctions are
matched to those of the incident wave to give the reflected
amplitudes. 1In the most developed version of ‘these methods, the.
layer KKR method {65], intralayer scattering is treated by the
Korringa-Koha-Rostoker (KKR) .method .of band theory. <This method
is accurate but slow as one . has to solve a - {2nX2m) . matrix
eigenvalue  problem, - where n .. is the nugber of waves used.
Consequently, the layer KkR~method has only  been:. used -tc any
great - exteht by the: group at:. IBM [65] because of :the vast
computer time and storage requirements involved.

Thé exact - T-matrix me;hod 176] expresses ~the  layer
écattering". matrices as so-called ‘U patrices in .. angular --
- morgentum, Tather than reciptocél, space. A 1layer-depeandent T-
matrix is‘ then computed, ' which includes contributions to the
scattered wavefield from: one layer due to vaves already
. scattered ~ from © other layers. 1In order to do this, the cx&stal
nust be approximated as an N layer siab“(n,typically about 5).
Thei total reflectivity of the N layer slab is then found. This

.inveolves solving N equations each having matrices of dimensions
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(1M4¥+1§2X(ln4x+1)2., This methoq‘is accurate in the presemnce of
inelastic scattering if enough phase shifts and layers are used,
but 1is rather slow. and is difficult to extend to complicated.
surfaces.

The T-matrix expansion metbgqxgzzjkis an extension of the-
last method in which: a  1limit . is placed upon the crder of -
multiple-scattering {inter- anddﬁip;raplanar) allovwed. This -
little-used method is cumbersonpe above third order and can fail

with strong scatterers or weak .absorption.

3=2(a) = layer doubling and RFS nmethods

These tvwo convergent . perturbative. methods, pioneered by

Pendry, Van Hove and Toagq [12,78,79], are among the most :popular

in use today. Their iterative. form makes  them flexible, -

relatively easy to use 1im a routine manner, fast and
-conservative in core space requiremeats. .

The layer doubling wmethod starts with the nultiple-
scattering matrix for a single. layer; in Fig. . 3.8 these are
marked as B {reflection) and T (transmission) matrices for two
layers A apd B._  The interplanar.multiplefscattering is then
solved exactly for the pair. to produce a . composite layer C. The
resulting matrices Rc and;’rC are then wused to solve for 4.
. layers, thus doubling the number of layers in- the crystal. This
process' of doubling tke thickness of ‘the slab is then repeated.

until the reflected: intensities corverge, typically in'8 or 16

layers. . This method involves matrix ‘inversions and- products of. .

dimension n, the number of beanms. used, that . converge . even . for ¢
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Figure 3,8 Puilding up sutplanes by the layer doubling rrccess
Individual subplanes are marked A and B; the resultant CCEpOsite
is marked C. After Tonq [15].
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small interplanar spacings.

‘The renoimalised' forward . scattering, or RFS, method once
~more starts from the single layer nmultiple-scattering matrices
- of equation {3.16). Electrons are. propagated through the
-crystal  with forvward scattering beinqg. evaluated exactly;
‘backscattering. 1is- - treatedly perturbatively. £ Referring to
Fig. 3.9 , following Tong [15], ve can define a column: vector
A;(g) of length n, whose elements represent the amplitudes in
each of the un. beams (labelled. by  g) propagating into the
crystal, at the A&_layer._ The. index i denotes the number of
tires electrons are propagating into the crystal and is also the

iteraticn order. Outside the: crystal we have

1)

[

Al{q) = (3.17) -
[

The coefficients A;}g)nare evaluated midway between planes
and can-. be found by iteratiomn,  assuming all 1layers are

identical, thus
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Méé
B(g) A.g

B..(Q)
Bn-1 (g) AN-1(_@

Figure 3.9 Diagramatic representaticn of the rencregalized
tforward scattering (RES) process. Inward amplitudes Ag(g)
propagate from vacuum through the 1st layer tc <the Nth 1lavyer
where they are turned arcund. 1The electrons are then proraqgated
to the 1st layer with outward asplitudes E;(g).
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++
A‘l‘flﬂ)' = y M;l;’ A; {g9) {3. 18) -
;_ g9
and Al{qg) = N++/ A {q) {3.19).

-This 1is <carried - on until. at,thehurk layer .the electrons are
damped such that a negliqibly small elastic flux reaches the
(N+1)kk layer,:typically 7-14 .layers..

The electrons are:then turned around and ve form a set of
Biig).for amplitudes of electrons going back out-: The set Bl{qg)
are anmplitudes for each g-beam after passing’ in amrd outwards
through:. the crystal: once... Therefore, referring agaim to .

Fig. 3.9 we have

s
B - {g) = Z M, , Al {g) {3.20) -
Nt PR - YR

For Bi(g).there are contributions from backscattering of A1:{q)

_ L
-from the‘(&*lytk plane, and't;ahéhissionvof g:‘ﬂgy thus
+

B: (_g) Z Héa, Ao({g) JZ M JI B; ((_q) {3.21).«

Each set of coefficients is thus obtainédgfcqm sets previously
evaluated. |

The eleétrons are eventually scattered by the: first -layer
back into the crystal; i=2.  Again:.the coefficients {i{g; and,
after reaching a deepest layer N1<N, the reflection ccefficients

Biig), are evaluated. Eventually; the - reflected amplitudes
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converge and are summed to .yield the reflected. intemsities.

The . RFS nmnethod is very.fast,.usuallyvieguiring 3-5 passes
-to converge, but cam fail to converge if -the inelastic damping
is . too weak or the interlayer spacing toc small. In such cases
- the layer doubling method, though.élouer,»iS*to be preferred.

In theé calculations reported here the RPS method was used
in. the main. Occasionally, at small interlayer spacings the
layer doubling method. was ' used; . where the two methods
~overlapped, it was found that the intensities produced by both

pethods were numerically very similar. .

3.2(b) uses of symmetry..

Considerable savingsxiaacggpgtgryStprage and: time <can. be
rade by exploitingrthe.symmex;g,@mongxplanevuaves»present vhen
the electron behm is incident cn the crystal surface. along. an.
axis or a plane of symmetry .of -the surface structure. , Group
theory allows :us to consider only the symmetrical linear
combinations of symmetry-relate@, plane waves, as detailed by
van Hove [ 81]. Therefore, in.the list of  g- vectors that: is
input  to the proéram, as expiained shortly in Section 3.2(c),
cnly one vector g-for each set of symmetry-related vectors is
tead, ‘together with. a code-number : that informs the progranms
ahqut.thevomitted sympetry-related vectors. This code number .
instructs the programs to use the appropriate symmetrical
wavefunctions {rather thanm the simple;planeﬁia#es labkelled by g)
and.to éssign- only one. row and. oﬁeu columaa.in:gdiffraction.

mnatrices for each symmetrical,uavefunctionmjrather than one for
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Surface Max.-g- Symm.- . - Number-of-beams-
vectgg S aAxds - " DEe-SYRMe - - ﬂithﬂmﬂ_‘. -
Rh (100) . {62} 4 69 13
Rh{111) (43} 3 .55 13"
Rh{110) {42} 2 55 . 18

Tatle 3.2 Reduction, due.tO’symmetry,.in the anumber of beamsz
needed at normal incidence for.-the three simple faces of
"rthodium. . The maximum g-vector corresponds.to the beam set with
the - largest (hk). values needed to cover the energy’ range 40-
250eV.

each of .the various symmetry-related plane waves). The savings
of core storage and time can be considerable. . This is
illustrated in Table 3.2 where the reductiomn, due to symmetry,
in the number of beams. needed at pormal ‘imcidence to cover the

eneigy range up to about 250eV is shown for the L Rh(100), (111)

and (110) surfaces. .

3. 2(c)  program flow .

The flow-chart . of Fig. 3.10  summarises the seguence of -
events that occur in- a multiple-scattering calculation. The

programs start by reading  in ‘all the relevant-physical :and

potential data, and also a list of diffracted beams with their -

synmetry code-numbers. The multiple-scattering within .a layer,

described by equation {3.16).. involves sums .over 'reciprocal

vectors- g, that . is, over  the . diffracted beams. At any
particular energy E, only certain- beams ' with gm vectors that
permit--gtL to . remain:real,VSectigan.Z,.can leave-the crystal.
In: addition there are.e?anesceatﬁgaves that  propagate  without : .

emerging . because of . the . potential. step at the surface. The

pregram automatiéally.includes.in;the_sumSLCVers:the-.reciprocal
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Figure 3.10 Flowchart showing Frincipal steps in a multiple-
scattering LEED calculation, using the RFES or 1layer doubling
Frcqrass, :



71

vectors only those waves that, from one layer to the .next, do
-pot decay to less than 0.002 of their amplitude.

Having inéorporated tenperature effects into the phase
shifts, the 1layer diffraction matrices. are calculated. The
-reflected amplitudes, and subsequently intensities, are then
found by the . layer doubling cr RFS routipmes. Each method has
-the facility to include a surface layer : that . has a different.
geometry from that of the substrate. In:the case of clean metal
surfaces, the surface layer could be distinguished by a lateral
reconstruction -relative to the bulk structure or by a simple
change in . the topmost layer spacing. The two methods differ.
slightly in that the layer doubling method calculates reflection
and-ttansmission matrices for the substrate once only and then:
these are wused repeatedly fcr as manmy surface gecmetries as
desired by adding the surface layer :as the final step._  Using
RFS, the whole substrate plus surface  layer system must be
"rebuilt for each geometry as.the;surfaceilaygr is involved in-
the initial step of the calculation of  the ianterlayer
scattering.

The intensities IJ‘E) of  each  beam . are stored before
.incrementing  the ené;gy and  repeating the  whole ©process.
Generally, the calculations were performed over an enerqgy range .

of approximately 40 to ZSOéV-, These limits are set at the low

end by the lack of experimental data, and at-the high end by the. -

expense ofjtheﬁcalcalations and by doubts as to whether 8 . phase -
shifts are sufficient to ensure convergence of the atonmic . -
scattering factors. An energy increment of 2eV was used for the

range 40 to 100eV, and the incremesnt was doubled for :- the range
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above 100ev.; For. the latter .range, .intensity values were then
@p;e;polated back © onto .a 2eV . grid _using a .-cubic.  spline-
interpolation method :803,‘ ”Ail- calculated - intensities were
stored on magnetic tape and suhseguently the data: could be
-trapnsferred to - paper . tape:. for plotting by ' the ©Nova 2
- minicomputer im the laboratory.. .

- In-order to check that tie ﬁ:ograms were running correctly,
I{E) curves were calculated for surfaces that. had:-previously.
been  studied theoretically;  careful <checks vwere: B made . for
discrepancies before any calculations were performed om the
unknown ‘thodium surfaces,_ These tests vwere made ‘agqainst

{i) the calculations of ‘Laramore [207] for Cu{113) and
Cu (100);

{(ii) - the calculations of Demuth et . al [11] for Ni {100)

and Ni{110), wusing nickel phase shifts  supplied by

Me A.. Van Hove

in-all cases comparison with the previous calculations showed.
that the programs used here produced essentially identical I(E)
curves., This gave us confidence for using :these programs for
determining the unknown structures of -rhodiun surfaces.

These type of calculations were developed to investigate
surface structures, and ‘it»“isl gratifying that -significant.
-changes <can occur in calculated: I{E) curves for only minor
changes in  the assumed surface.zéeometry, For example,  in-
Fig. 3.11 we see I{E) curves calculated for a Cu{111) surface at

normal imncidence, using bot}h._}_".t’he,.Burdick-chodorow,-vcc and

<’

superposition, v

w3’ potentials  discussed earlier... The
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Figure 3.11 Ccrparison of experimental I(F) curves for Cu(111)
at normal incidence with curves calculated for the V., 3 and Vv’
fctentials for V,, = ~9,%¢V and three different values of Ad%.
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calculations are for the (10)-:and (11)  beans for a raagev of
values of the topmost 4interlayer spacing. 4 expressed as a

percentage change from the bulk value ' d , ‘in steps of 5%,
DA% = [d-d,/4,] X 100% . {3.22)

but assuming no otherfgeemetry-ﬁhénges.‘ In this example, as. the
surface is contracted, relative  intensities of peaks change
significantly. New structure is introduced, e.g. a new peak
grows at about 200eV for :'the - {10) « beam, and the relative
intensities of the peaks at about 230‘aﬂdﬂ260ev in the (11) bean

tecome reversed.
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In . order : to deduce surface structures via a LEED analysis
éevetal.experimental prerequisites;musttbe fulfilled. . The first .
problem is to prepareftge surfa¢e,of_iate£est‘in as - precise a
fashion:- as possible. éhis.inyélves accurately cutting a single
crystal to expose the desiréd-3§;ystalloqraphic rlane and
polishing  the face obtained. to:. a high degree of perfection.
Having obtaimed a well-oriented surface we must be able to cleas
and maintain-its state of‘cleanlingsg, ét-;the; level of. small
fractions of a~moholayer.of~coatamination.;'Diffraction;of low
enerqgy electrons only occurs from well-ordered sarfaces so the
crystal nmust be treated in such .a way as. to possess a .clean and
well-ordered surfacé. before the"”LEED experiment - can . leqgin.
Finally, we are faced with the;prpblem of;pesferming&the actual
iEED experiment .which, as we .shall see, centres around.3probleés

cof data collection and analysis.

4.1 Crystal Preparation -

The samples used ipn this work .were typically discs of about
1mm thickness and 6nm diameter. 1In some cases, precut slices on
loan from . other . iaboratoties were used . imitially but the
experiments were repeated on .new discs cut  here. Table  #.1
lists the sources of the crystais used.

The single-crystal rods were carefully oriented . using the
Laué backfreflection technique [ 82] such . that {he desired
crystallographic plane was perpendicular . to the‘ X-ray bean. .
Vertical cuts parallel .to the plane were made on a spark erosion

cutter ("Agietron", AGIE, Switzerland). The crystal rod was
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Source - Treatment - Faces -used -
ROC—~RIC Cut and polished {111 ,(100), (110) .
at -UBC
Berkeley As received _ : {111) -
GE Cut ‘and- polished (100) .
at UBC

- Table 4.1 Sources of -rhodium crystals

1.  ROC~-RIC Research Organic/Inorganic Chemicals Corp. _
2. Berkeley = Courtesy ' of Prof. G.A.Somorjai, Lawrence Berkeley
lakoratory, U. of California, Berkeley, Ca.

- 3. G6E = Courtesy of Dr. C.W.Tucker,General Electric Research and
Levelopment Centre, Schenectady, N.Y. '

;eﬁt‘in place on the goniometer during this operation. in order
- that . the crystallographic orientationqwould not be conmpromised.
The'resulting disc. was carefully . moanted\,in acrylic resin-
- {"Cuickmount", . Fulton . Metallurgical . Products Corp., USA) and
- polished by band to a mirror-finish  {0.05 micron alumina).
‘Whilstagreat,care:ués taKQy%Qgping,the~polishing.process to
ensure -that the orientation of -the desired face was not. .lost, it -
- is important to check afterwards that‘an erforvhas not occurred.
A simple . technique was devised: to- check . that the. optical
rolished face was in fact parallel t'o the desired crystal plane.
This involved re-orienting the crystal slice on the X-ray
diffractometer such that the desired plane was once again.
perpendicular to the X-ray beam. The  whole goniometer and
crystél:ensemble #as then removed to an :optical bench where . the
crientation of the optiCal,face_relativevto thé<crystallp1aae
cduld.be checkéd,'as shown‘ia Fig. 4.1, by measurement of the
anglé §f £ef1ectionfof thé beam from a small He-Ne laser.

This method can easily detect  nmisorientations of $1,/20,
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Figure 4.1 Llaser alignrent methecd to check the cocircidence of
the optical face and decired crystal rlane.
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Diagrammatic representation of the pumping system: IP
;+ ISP = titanium suklimation pusmp; SP = sorrtion pump.
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although  they can range up to 229, even with careful polishing.
In the event of such a misorientation the crystal Ba5~repolished

until it was within 1/290 of the desired crystal plane.

4.2 - Ultra High Vacuum- (UHV) -Apparatus-

Once having prepared a uell—defined'crystal surface it must-
be kept: in an envircmnment  ia - which it will- not = beconme
contaminated to any great . extent beforé.the.experiments are
completeds = Simple consideration of the kinmetic theory of - gases
sgous that  a contamipnant . with unit sticking probability will
form a monolayer on ‘the surface\in«about=1:secqndrat 10—-6 Torr.
Therefore, it 1is necessary to work .in.the UHV pressure region .
i.e. in the 10—-t0 Torr pressure range, or .better, in order - to
have . sufficient time to perform an. experiment ' without the
crystal surface becoming seriously . contamisated. . The crystal
slice is, therefore, mounted inside a UHV chamber. In this work
twe such systems were used, a Varian 240 and a Varian FC12
chanber.  The former was only used for a short:time in the early
stages so further - discussion- will centre. around the latter
systen. A schematic: diagram: of this apparatus is shown in
Fig. 4.2.

The stainless steel chamber can. be roughed out to a
pressure of approximately 1. micion by two sorption - pumps
containing molecular sieve .chilled by liquid nitrogen. The main
240 1/s ion .pump can then be started and will attain a basef
pressure of <10-319 Torr following an.overnight bake-out at 200°C

to remove adsorbed gases from the chamber walls.
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During crystal «cleaning it is often necessary:to admit .
gases. into the"chamber,é,g,,argon-forjionfbombardmenttor' oxygen
for chemical cleaning. These gases are stored in glass bulbs on
a gas line connected to the nmain chamber through a variable leak
. valve, The . gas 1line can be baked separately from the chamber
and is pumped by its own small ion-pump(206 1/s).  Thus, the.
amount of extra background impurities from the gas line in -the
admitted gases can be kept to a few parts per million.. When the
chanmber .is flooded with argom for ion-bombardment, the main ion-
pump can be throttled off by a gate valve and  the titanium.
sublimation: pump used to further lower the partial pressures of
active gases in - the chamter. .

Fig. 4.3 shows a schematic representation: of the FC12

chamkter. On .the various ports are fitted:

Ci) . a manipnlatoraoaﬂvhi¢h is mounted. the sample. The
external controls .of the manipulator allow the
sanple to be transiated in all three . perpendicular .
directions, together with variation. of the polar
angle of incidence, 9’, and the "£1ip angle” in the
vertical plane, . as indicated in. Fig. 4.3.
Electrical feedthroughs to permit heating of ‘the
sample and a thermocouple monitor are also provided;

ii) + a "aude" ion gauge to moanitor fhe system pressure;

i1ii) . a  hypodermic gas  doser, after. Joyaer and
Somorjai {83], connegted to the variable leak valve.
This permits relatively high pressuies of e.g. a

chemical cleaning. agent,  at :the crystal surface -
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Figure 4,3 Schematic of the Varian PC12 UHV chamber,

Figure 4,4 Simplified diagram of an off-axis electron gqut
deflecticn electrode and drift tube.
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while keeping the total system pressure relatively

low; -
iv) - an-ion-bombardment gun for crystal-cleaniang; -
v) - the LEED/Auger electron: optics and electron qun.

The principle of the comstruction. of +the gqun is

shown: in Pig. 4.4. The off-axis !tungsten filament .

emits electrons that:  are deflected . into a
collimating 1lens system: and drift tube. . The off-.
axis geometry prevents contamination of ‘the surface
by evaporation: of cathode material. The electrons
leave the drift tube, which . is ﬁaintainedv at the
same potential as H;he,sample,'and traverse  field-
free space as long as: no stray mpagmetic fields are
present.  The beam. diameter. -is about 1nnm aﬁd has
typically an energy spread . of about 0.75eV. .

séhondary and Auger electrons are filtered by the

system : of grids, . and the elastically scattered

electrggs are displayed on a fluorescent screen;
.vi).. a window :to observe the sample and diffraction

pattern-on the fluorescent screen.

The chamber is - surrounded . by._three orthogonal sets of
square HelmﬁoltZNCOiIs to reduce the residual magnetic field of
the earth, ionﬁphmps,-etc;fto a.level which will s not interfere
"with the . motion: of slow  electrons {about 20 mGauss for 50eV
electrons | 84).. - Although this geometry does not satisfy the

optimum Helmholtz condition .the cubic . arrangement is adeguate.
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and éxperimentally more convenient. Satisfactory neutralisation .
was achieved using the4ctiteriOQ1that.theﬂspecnlar beam in - the
LEED pattern should remain stationary for all:incident energies.
The effectiveness . of this -cancellation was also checked by
- exasmining I{E) :curves for symmetrically . equivalent beams; for
.exanple,  the {00) beam at -  equivalent .angles of imcidence oh
either side .of the surface normal or non-specular beams of the

sape order .at ncrmal ‘incidence.. .

4.3 Crystal -Cleaning-

4.3{a) Procedures

When  the sample. is first mounted im the UHV chamber its K
surface, in which we are'interested,-willn,be ‘contaminated not
only by adsorption of atmospheric. gases but: also by bulk
impurities present -in the original single  crystal red and by
impurities introduced onto ‘the: surface by the polishing.-process. .
The surface must also be amnnealed 'is  order ~to smooth the
~irreqularities remaining in the surface and thereby produce a
well-ordered surface that exhibits a sharp LEED pattern. .

In this work. a combination of two ‘treatments was used to

clean the crystal surfaces:

{(a) cycles of argon ion-bombardment and vacuum anneals;

{b) - heat treatments | in oxidising:  or reducing
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atmospheres. .

Iogfbombagdment-‘was achiéved‘by.flooding the chambe: to between
10—5 and 10—6 Torr of argon and operating the ion-bombardment -
gun, a device in which a heated filament generates argcn ions
which are accelerated on to the surface of interest. The impact
of +these 3jons sputters mpaterial from the surface. thereby.
removing . impurities. However,: the host:atoms are also removed
and the surface may‘become too rough  to produce a good.  LEED
pattern; it must then be annealed by heating.

Several methods of : heating the . sanple vwere: enmployed.

Fig. 4.5 displays. these methods:

- {a) the crystal was sPothelded .to Bh or Pt foil rand
resistively heated. . Typically a 50A current would
produce a sarface temperature of about 1200%. . The
‘main disadvantage - of this method is that ~ the
suﬁporting foil ;and manipulator legs heat up and can.
cause severe outgassing problems;

{b). the crystal. was physically clamped. tc a commercial
Varianrconductive heater. This heater is limited in
the temperature it .can produce mainly . due -to the
difficulty of achieving good thermal contact Letween
the crystal -and the main heater block;

{c) the crystal was spot-welded to thin Rh or.Pt-Strips

attached to a support ring and heated by electron -

bombardment from a filament behind the crystal which

is floated to typically +1.5kV. . This method leads
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Figure 4.5 Three methcds of heating a crystal sample: (a) direct
resistive heating, (b) vusing a Varian conductive heater, (c) by
€lectrcn bomtardment. Batched lipnes represent stainless steel
aré¢ estipprle ceramic insulators. Other saterials generally Rb,

Et, W or Ta.
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to' very rapid heating of just the sample to high
teﬁperatures-v However, a co;ollary of ‘this is that
the crystal;cools doan~yery,slowly-due to - the. poor . .
thermal .  conduction: that allows the selective

heating.

Temperatures: gere. peasured by alumel-=chronmel or :Pt/13%Rh-Pt
thermocouples attached to the crystal or by an -optical pyrometer
- {Hartmann and Braun,-?ragkfurt)-

Chemicaltcleéning post - often: consisted  of ' heating the
sapple 1in  about- 10-5 - Torr of oxygen, a particularly useful
rrocedure for remowving surface carbon, vwhick is - only poo;ly
sputtered by argon 1iomns. . The oxyges remaining on the surface
could then usually be removed by ion bombardment and/or .- keating
in hydrogen. . o
Details of the actual. beatimg ' procedures . used for the'.
_individualuctyst31~facesvof-rhodium studied are given- im the

chapters dealing with each surface. .

-4, 3{b) - Monitoring surface compesition

The discussion so far has assumed. that we have some. method
of knowing when the surface is,. in fact, clean and  vwhen . it is
contaminated. Fortunately, such a surface composition monitor .
exists in the form . of Augerﬂ,eleétron-.spectroscopy(AES), the
.elements of which were presentgd\innchapteIVZ.,

The electron optics were used as a retarding-field analyser

for AES , as shown in Fig. 4.6. The Varian electron gqun



sin wt

Ramp

gen.

I

Gun
Vb control
, Lock-in
Neutraliser
Amp. -
sin 2wt
Freq.
X1/2
M.CA.

X-Y Plotter

Figure 4,6 Schematic diagram of LFED optics used as a

field analyser for Auger
multichannel analyser.

Scope

electron spectroscorys

MCA

87

retarding



88

operating in the Auger mode typically produces. a bean: of 10-
15 microcamps for a 1.5—2.5..kv ptimaryvbeamnvoltage(vpj-,‘The
first grid of the optics is grounded to allow the . electrcns to
move in field~freevspace; as. is the fourth grid to preveant field
penetration from the positively biased fluorescent screen behind -
~it, 'here simply used as a collector. 1In - order .to extract the
Auger electrohs, the 2nd and 3rd qrids are modulated by sinwt .
about the retard voltage V. (V,gvp), which is ramped typica1ly,
from about 30 to 400ev. . The ramp is controlled: by a
rultichannel analyser ({Fabritek 1062) linked to a programmable

pouer supply (Kepco OP52000)...

The frequency doubled modulation sin2wt was - used as a .

rteference for a PAR HR-8 lock-in-amplifier tuned to detect the -

second defivative of ‘the signal collected by the screen.. A% .

simple circuit :based on-that of Nathan and Hopkins {85] was used. -

to neutralise the,capacitiveuéeﬁ?iing between the retard grids
and the collector. The output . of the: lock-in amplifier was
stored in the multichannel"ana;ysersand the spectrum swept until
thé signal-to-noise ratic was -acceptable, at shich .peint it

could be plotted on an:X-Y plotter {Hewlett-Packard 7004B).
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4.4 - LEED Intensity Measurements-

The artangement of the electron optics for operation in the
LEED mode is sketched in Fig. 4.7. The inner grids are nows set
to be at the. primary\beamrvo;tage.V?‘minuS‘Jusually) a small-
offset :voltage V. ({typically about 5eV).  This arrangemént

allows the. whole of the "pseudo—-elastic" peak (Section 2.1). to

be displayed on the fluorescemt screen, now biased at . +5keV,

with the optimum contrast betuween the diffracted beams and the
background.  The first amd fourth grids are grounded, as Lefore
for - the measurement of Augex.'spectra,xto—provide%field—free
drift space and to preventf-fiela~ penetrationw cof the ' screen
voltage  respectively. In.thisamodg“the electron guan is usually
run in the range 20 to 300eV and supplies a maximum current of
about 5 \microamps., Unfortunately the beam current ocutput is a
function of:ihe bean energy as depicted in Fig. 4.8. The curve

~shows a steady rise from very low current -at:low beam energies

until a plateau is reached ‘at -about 100eV where the beam:current .

stays constant to within 0.01.microamps. This variation  is
- important for: the measurement. of I{E) curves since unless
geasured intensities-arezao[malised-to,unitw beam . curreant, the

team . intensities wiilt‘appear:_drtificially reduced  at low . -

- energies because of :the low beanm: currents.



3C

e un
Electron Ve G

i L_gun |} contro
é/
Vp
+Bkv
LEED .
control
%f\g

Figure 4,7 Sch2patic diagram of the electron optics used for
LEFD experiments.

ip(p A)
1.0-
05
(0]0) — ; T T
0] 50 100 150

Vp(eV)

Figure 4.8 Typical variation cf electron qun Lear current 1Ip
against beam voltaqge Vp in the LEED mode. :



91 .

4.4 (a) previous methods

LEED intensity measurements in the past have usually. been . .

made by measuring the diffracted beam current either directly
with a Faraday: cup collector-inside the chamber, or  indirectly
by external measurement, with a calibrated spot-photometer, of

the brightness of the spots oa the fluoresceht-displayu-screen‘g

A number of comparisons have indicated that both methods can -

provide reliable intensity data [86,19]. However, bothn methods

possess some distinct disadvantages:

{i) in. either method it is difficult to ensure:that the

detector is measuring .the whole of the diffraction

spot  {in the angular sense)  due. to the fipnite ..

aperture size of ‘the detector. This is especially a

problem when beams appear to shrink and grow as’ they .

vary in intensity;

- {(ii) allied to {i)-is.the_p;oplem of performing adeguéte
background = subtraction;  wusually particular values
are taken which may,. or may not, be representative
of the true average background around a diffraction
spot; .

(iii) both methods are time-consuming and beccme  awkward.
-to .use for complex: LEED patterns. Noa-specular
beams move with incident .emergy and therefore the
detector must be moved to .track the beams. Hence
collecting a large amount of data for a lot of beanms

becomes a very clumsy . process, regquiring frequent -
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re-calibration . apnd re-cleaning .of the surface to -
overcome problems from .contamination or beam-surface

. interactiomns [87]. .

Recently Stair et al 1&83;2ipzestigated the  procedure of
photographing the diffractionxspots and determining the .relative
intensities by scaaning the negatives ¥with a hechaaically—drivea
microdensitometer. This method . has the advantage of speed of
déta collection; thUS'helpiug,to,p;ese;vejthe.integrity, of the
sﬁrface. The ' large amount.of“experimeﬁtal data  present on . the
rhotographs can-be subseguently.analysed at-leisure-; The main .
disadvantage of this apgroachAhoaéver,ais in. the analysis. The
whe¢le of each frame is scanned and the.intensity of each . point:
on the:film, defined by the aperture of :the microdensitometer is
recorded on computer magne£icatape,_ The . output of each frame is
then examined by a 1large .computervto.deduce the location of
- diffraction :spots and their integrated intensities.. Possible
probliens associateé- with losing spots in.the backqround,; false
identification.of, for example, dust: particles as diffraction
features means that the output from each frame has to be checked
visually. | The analysis procedure is thus rather :slow and it
makes large demands on computer 'storage and. time. .

The next stage of development is to combine the attractive
features of the photographic procedure with a more efficient and
flexible method of analysis, thereby speeding up the process,
cutting dovn oan:sources of error, and vreducing the computer

requirenments to - the point.wherefthe'analysis could be dene on-
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lipe on a mini-computer in-the:laboraiory‘, With the advent of
computer-controllable Vidicon,T;v.m cameras, such.an aual&sis of
photographs of LEED patterns became feasible and was developed

in this laboratbry.in collaborationawith Dr.F.R.Shepherd. .

4.4(b) Vidicon measurement of I{E) curves

‘The LEED patterns displayed on .the fluorescent screen were
photographed through the  window of the. vacuum chamber using a
Nikon F2 35mm camera with an 85mm £1.8 lens and a K2 extension
ring. Photographs were taken gemerally in the 20.to 250eV rasnge
at 2evV intervals 1in the incident bean energy using a fixed
exposure of 1 sec at f4, the incident beam current {typically
0.75 microamp) and energy being recorded for each photograph.
' Using a motor drive -unit and a 250 exposure film Lack, LEED
- patterns for this type of energy range could ke recorded easily
witﬁin five  nminutes. The surface condition w#as routinely
checked with Auger electron spectroscopy after measurements to
énsurekthat no deiectable'contamination,had occurred during data
collection.

A Kodak  No. 2 <calibrated step density wedge was also
rhotographed on the same length of film. < Standard KodakﬁTri;x
emulsion was used and the fi1m~processed in.a continuous leng:h
in Acufine developer :at 730F for.7~minutes:

The photographic method depends on a knowledge of ‘the
detailed response curve of the emulsion. {optical film density
versus log exposure)  so that neasurement . of -the integrated

optical density {D) of a diffraction spot on the film provides a
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. direct measure of the anmount of light which caused the darkening
of the film in.that‘regidﬁuof the negative [89 ]. 1In turm, it is
assumed, as in the spot-photcmetric.- method, that the

-lurinance [89] of the screen. is directly proportional to the
impinging electron flux so that D is. related to the

corresponding .diffracted beam curremnt (i) by
D = Ki {4.1) -

wvhere K is a proportionality constant. Dividing equation {4.1)

throughout by the incideat electron  bean currentv(io)-qives

I

il

(D/i,) = K(i/i,) = kI, (4-2)

rel
where the distinction:.is made between the absclute diffracted
beam intensity I,L, and the relative diffracted beanm inteamsity
Irel._‘The.latter quantity is. measured in the present work.

Fig. 4.9 shows a .schematic diagram:qf the apparatus used to.
analyse the photographic negatives of LEED patterns. The
Vidicon camera and associated electronics comprise .part .of the
Copputer Eye - System ({Spatial Data Systems Inc.,  Galeta,
California) - which was interfaced to a mini~computer (Data
General Nova 2). The film held on:-the light .table is scanned
continuously by the camera, and the image displayed on the T.V.
ponitor in a 512x480 {xy) -array. Tﬁe:intensity (z=value) .0of any
element of the image may be sampled by triggering the digitiser
with appropriate instructions from the computer. A profiler

shows directly on the monitor the variation of intensity along
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Figure 4.9 Schematic diagram of the apparatus used to analyse
tbe photcgraphic negatives c¢f LFEL patterns.
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any selected vertical 1line of the image; this may correspoand,
fo; gxamfle, to a liﬁe.throu§h a diffraction spot on the - film.
The profilér also ' assists in . setting the: range of optical
’density covered by the digitiser; the latter cam resolve 256 z-
values over a maximum sSpan. of about. 2.5 density  units
(corresponding to a change in .abksolute intehsity'by a factor of
about 300).., Another useful ' feature of this system is the.
"joystickM". This controls the.position:of»a flashing spot- on
the T.V. monitor, and may be used :to "pcint" to any element of
the image whose coordinates within the array are them available
- to. the computer.

In order to check the performance of the Vidicon camera, a
-number of tests were made. The Kodak. step demnsity ® wedge was
placed on. the 1light table  and scanned. Fiq-,am10>sh035.the'
digitiser output plotted againmst the calibrated values <¢p the
density wedge, and it -seems that the carera resposnse is linear
to a good approximation over a range of at least - 1.6 density
units. After a preliminary warm-up, ‘a number of scans of the
density wedge demonstrated that the readings from the digitiser
show good stability over periods of several hours.. The.presenée
of flare |89] in the camera optics could be observed- visually on
the monitor -shen very intense light:levels were focussed on the -
‘Vidicon detector{e.g. with the aperture of the lens fully cpen).
Under normal operating conditions a series of direct :comparisons
of readings from the Vidicon camera .and a conventional fine-spot
microdensitometer vwere made: from scans of ‘the density wedge and
some typical LEED patterns; excellent agreement was found within

the linear portion of Fig.4.10, indicating that flare is not a
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significant problem in these measurements..

Fig. 4.11 shows the results of scanming the negative image
of -the density wedge which: was photographed along ' with -the
diffraction  patterns; this inﬁ;cates the response of the 35mm
film emulsion to a series of stepped exposures coatrolled by the
density wedge. 1In the = intermediate. region- of +the plot. the
response . of the film -is a . limear function of the original
optical deasity,lbutvin.the extremes of high and 1low densities
the 1linear relation is lost owing ‘to reciprocity failure [89].
It is also noted on Fig. 4.11 that the maximum range of demsity
of diffraction. spots observed on. the photographs lies well
within the 1linear:  part: of the response curve, - thereby
sipplifying the conversion  of digitiser output to optical
density.

A simplified flow chart of the computer program, written by
Dr. F. B. Shepherd, controlling the scanning process 1is giveni»in
Fig. 4.12. . Under *progran interrupt®', control characters issued
from the teletype can direct :the program to perform. the various
operations as required.  For a given frame, the analysis of a
particular diffracted beam proceeds by entering the enerqgy aad
current . of -the incident electron beam through the teletype, -and -
the joystick is used to point tc the spot viewed on: the T.V.
monitor. . A. signal from the teletype initiates a routinme which
scans.ané digitises an.area which is centred on ‘the. joystick
coordinates and is somewhat larger . than ‘the spot. . This is
repeated and the array of averaged z-values is stored in the
computer memory; after a two-dimensiomnal smoothing operation, -

the coordinates of..the maximum.are determined and a. new. array
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centred on- these coordimates is scanned and digitised. 1In - -order
to measure the background level, this distribution is displayed
on the T.V., K monitor using the profiler, and the extremities of
the diffraction: spot are fixed visually and marked usiag  the
. joystick. Assumiag a‘Gaussianwprofile, the standard deviation
is found by determining the full width of the distribution at
balf its maximum value above . the. line Jjoining the @marked
extremities. The average of -the z-values of all-elemeants lying
~on a thin annulus of mean radius 26fiS'taken-as the background
level z\uck" Experience: has shown that a preprogrammed. value of
6 can be inserted .intO'the‘program in order .to automate the
background determination without degrading the gquality of +the
analysis. . |

The integration - procedure involves summing all the valaues
of (Zrzb“*‘) within the circle of radius 2s, and dividing by the
.incident beam current to give a measure of the . diffracted bean
intensity (Toef ). This normalisation: is important to avoid
distortion of intensity values at 1low eneréies where the
variation - of incident . beam current. with beam energy is
substantial, as was seen. in Fig. 4.8. .

The analysis of one spot takes only. a few secosds.. By
stadying successive framgs for,oag diffracted beam, a ccmplete
IiE):cdrve“is generated and stored on -digital cassette  and may .
be displayed on:the oscilloscope and- plotted on the XY recorder.
After ~ the initial. frame, the. coordinates of:the diffraction
spots are sto:ed in the computer so that when the next frame is
Fositioned im approximately the . same place under the camera

using a marker, the analysis of this gpext frame cam start.
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without respeciiying the positions of the spots via the
jOYStick., The movenment of”thé<beamsffor a . 2eV energy . increment
is sufficiently small that - the initial search for the new

diffraction spot using the coordinates of the spot on the
previous frame is always successful. This results in-
subsiantial savings in analysis. time so that a complete set of

I{E) curves for perhaps 10 beams can be produced in a few hours.

4.4 {c) Measurements of I{E) curves for Cu(111) -

The Cu{111) surface was used as a test of ‘the reliability
of the Vidicon version of the photographic method for . measuriag
experimental. I{E) curves. This surface was convenieant as sonme
previous experimental [19] and theoretical studies [20] were
available.

"Figure 4. 13 shows I{E) ;curves measured for two mon-specular
beams at gnormal - incidence  vwhere: the beam enerqgy: is expressed
relative to the vacuumr level. All the features in the. figure
are repioducible <from . one set of measurements to the next and
reanalysing a particulér strip of film . suggests that
uncertainties in. measuring. optical- densities - {and. ' hence
diffracted beam intensities) are: typically less than  5%._  This
slight ,variation.must be ascribed to a degree of uncertainty. in
applying the background correction. Nevertheless the associated
errors are probably less than those involved, for example, with
some inpevitable variability in surface conditions..

At normal incidence the LEED.pattern from Cu(111) :shows

three-fold symmetry, see Fig. .2.7, aad soc the same = intensity
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variation is expected within each group of symmetrically-related
beams, such -as “tbe.{?0,0T,TG)aand-(13,70,01) groups. .- This is
il;ustrqted.in.Eig.,Q.14there«the measured. intensities of the
{11) and (OT)- beams are closely similar: to ﬁhe-(?ﬁ)»aﬁd-(?O)
beams respectively.  Such behaviour is consistent with. the
screen phosphor responding in a uniform way to these different,
but egquivalent, beams and this represents an esséntial
reguirement‘ for both .  the photographic and spot photcretric
methods. Off normal ‘incidence,: the three-fcld symmetry in the
ncn-specular beams ' is lost .and. beanm intgnsitieé depend cn both
the polar and azimuthal ‘angles. of incidence.

‘In Fig. 4.15 are shown. two I(E) -curves measured - from
photographs with . the Vvidicon camera for the sgpecular beam with
(a) ©= 120, d= 1860 and {b)E= 120, d = 60; {c) reproduces the
experimental = intemsity data reported by Hoodruff and
McDonnell [19] with a Faraday cup collector for © = 12°;<$ = 7o,
Although the azimuthal angle does differ by one degree in this
comparison the data reported in reference 19 showed that the
I{E) curves for :the. specular = beam vary slowly with-!# around -
these values.

Some differences. in peak shapes between the two angles in.
- {a) - and {b) are apparent,althqughupeak"énergies are regproduced
very well. However, the curves {a) and (b) in -Fig. . 4.15 should
be exactly egquivalent because .of time reversal symmetry {90].
The slight -differemces -in  shape - observed nmust therefore be
attributed to a degree of experimental uncertaiaty. . To some
exteht this could be due to the beam.eneréy,beingv.increased Sin

fixed increments of 2eV, even where the intensity is changing
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relatively rapidly with emergy, but other. possible . factors
inciude uncertainties im -the angles of incidence{tc the order of
one degree ih each set of measurements) . amd ik surface
conditions.

The point of special significamce is that all. three curves
exhibit  the same features at the same bean energies‘to Within
our 2eV uncertainty. This encourages us to bselieve  that the
rethod described here is able to.approach:thelreliabilityuof‘the
. Faraday cup method for measuring relative beam intensities. In
contrast, Stair et al compared intensity data fronm the
photographic and spot photometric methods on.the same surface,
but'since these methods have.a1number of assumptions in . common,
- the conmparison made here, although it is of limited éxtent, may.
perhaps te seen:as being the more stringent. .

In this method of measurement there,ié no physical aperture
to define the angular -size of a spot; the size is fixed by the
background subtraction procedure which is sufficiently flexible .
-that the effective aperture can be made large enough .to . include
the whole of :the spotnahove\background to a good ;approximation:
and, if necceséary, can be #edefined durimg the analysis..
Backgrbund~subtraction is handled in .an accurate manner.using an
5veraged» value of many elements in an -annulus surrounding the
spot. This seenms a preferatle . procedure. to. the more :common ..
practice of averaging only. a restricted number of arbitrary"
baékg;ound‘values.‘ The . short = data collection times limits.
complications‘due.tc‘contamination or bean-surface interactions. .
The convenience of a "hard-copy" record, which may be

subsequently reanalysed at leisure, represents another
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attractive feature of the photographic method.

4.4 (d) Future developnents

Further improvements in .the collection of imtensity data
are needed., As Jona { 138] has emphasised,. the . ideal sclutiop
will not only be fast, but be on-line i.e. intensity data will
be available vwhile the experiment is in progress.. The present
Vidicon system in use here has shown under test that it is not
sensitive enough ‘to record bean. inte$sities direct - from the
fluorescent screen.. However, . it:. is certain  that the next
- generation of such cameras will have increased sehsitivity-
Indeed, shortly after the first set. of measurements, Heilmann et
-al {91] reported the successful use of a different make of
vidicon camera:to make such direct measurements; these authors
" required about.S,minuteS'tG_éollect.intensity.data for 10 beans
to 200eV. .

Many present -Vidicon cameras would be adequate - for  Jdirect
neasurements if the brightness of the diffraction 'spots seen by
the camera 'could be  increased. Ia - principle this «can- be
achieved -either externally with thg.use:ofian.imagerintensifier,
or intermally with. a"chahnél plate electron multiplier. The
~latter method has been used to measure photoemission angular
distributions [92], and - for - the production  of visible LEED
patterns with: very weak. ({(nanoamp) beam. currents {137]..  An.
attractive aspect of possible future reductions in incident bean
currents is the associated possibility of reduced beam-surface

.interactions.
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One of - the prﬁblemsﬁof any image analysing device. is the
apcunt of time spent inadigitising.umwanted_background-pcrtions
of the LEED pattern. At normal :incident energies the  area of
the screen occupied by the diffracted beams is only a small
fraction of the total.  We have avoided this prcblem by
recording - the . data in-.a hard-copy form and then .only analysing
‘the features of interest in. a . semi-interactive. manner. The
prevision of a fast oh—line,regording,system, at ‘a reasonable
cost,'that automatically records only significaat features,  and
yet can differentiate true diffraction spots from .spurious

events, is still a major task...
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CHAPTER- 5-

LEED CRYSTALLOGRAPHY
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5.1 General-Considerations:

He have seen that the .intemsitiés"of experimental LEED
beams contain. information: on. the structure of the surface in
both the parallel and perpendicular directiomns. Fortunately,
I{E) curves calculated for trial structures are gquite sensitive
to changes in the surface geometry as we saw im Section 3.2(c).
Changes in. non—sttucturalA'pa;ameters such  as the inelastic-
damping,.vibrational properties etc. produce uniform small
changes . in- intensity or position for all ‘the peaks in an I(E) -
curve [ 12]. o | .

The wusual procedure zfollowed to obtain: structural
information lwith. LEED has been a trial and error Frocess

consisting of three steps: - '

{1) - experimental data . is collected for a numker ' of
diffracted beams at several:angles of incidence;
{ii) ~ a theoretical set of datalis ptoduced for the same
beams by postulating a structural model .and choosing
a number of non-structural paranmeters;
(iii) = structural {and preferably, but by no means - often,
non-structural parabeters) - are varied in  the
calculations until;an.agree;ent.is found between the

experimental and theoretical data.

Agreement = between the experimental. data  and the
calculations for a particular. structural  model is : usually

accepted as the proof for = the.. correctness .0f the postulated
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rodel. Underlying. this is the assumption that such agreement,

especially if it involves a ., large data base, cannot be

accidental.  Small - discrepancies between: the theoretical and

experimental sets of data are usually attributed to such factors

as experimental errors in - setting +the - incidence angle, poor.

- preparation of'theAcrystal'sunfadé.o:.slightly incorrect. values

of,the.poorly-knoﬁn-non—structural parameters that. eater into

the calculations, such as the surface Debye temperature.

Therefore determining the guality of fit : between the

calculations and - experimeat . is crucial. In general,  this -

evaluation has been performed. visually. VWhile: the eye is able
to make»fine distinctions between closely similar data, (it is
impossibie to objectively evaluate the large data base needed if
one is to have confidence in .the final result. For example, let

us suppose that we bave experimental‘data for 10 diffracted

beams and have calculated the corresponding I {E) -curves  for 7 :

different -structural ‘models, as:uould be the case for a typical
' rangerf expansions ahqw contractions of the “surface layer
relative to the bulk. Visualﬂexémination would then imveolve 70
different comparisons to be synthesised intoc one final result.

If a non-structural parameter such as the inner potemtial is

-then also allowed to vary, .the-total number of compariscns. to be

madeltapidly becdmes'unmanagéable.in a visual apnalysis, even
vhen obvious misfits are discounted.  The difficulties are
further”iﬁcreased.if, as is often.the <case, a -change - in one
parametér improvés the correspon@ence,with.experiment for sone
curves but worsens those of others. The consequence of .these

difficulties is an unknown. uncertainty in the values of the

i
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“correct" parameters.
Therefore, there is a real need. in LEED crystallography for
a numerical-factor which. iaeal;y ‘can both select: the best
gtructure. from the experimental and calculated intensities and
. can give some measure of -the reliability of that result.,‘Such a
reliability-factor or index is . necessarily ccomplex because a
whole set of feétures has - to .be evaluated in the comparison
beween calculations and»observa;ions.r These features include:
{1) the .gemeral s@ape.oﬁ,the I{E) .curves ,regardless of
the absolute:inteasities;.“
{iiy - thé number and energies of;maxima,minima,-shoulders
etCe -
{iii) - the presence of. ‘portiocns of curves ®ith = marked

peculiarities e.d. narrov .peaks, deep troughs. .

1 _
Several attempts have been made to comstruct reliability-

indices that .take regard -of scme or all of the above pcints and
they  are outliped in the next section. . The most complete index

is that of Zanazzi and Jona j 23] which is discussed in detail.
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5.2 Reliability-indices-

Several authors have attempted  to - <construct simple
reliability-indices to complement - visual evaluations. One of
the most straightforward involves calculating the mean value of
’ the difference in corresponding peak .postions in the theoretical
and experimental: curves

N _l[ L
OE = 11/N>§fsE§f -7 L {5.1)
C=1

L

where the E . are: the energies at=which;the.i“‘ peak occurs in
the calculated and observed curves and N the number of peaks in
the.~beam under study [93,94].  The .most important defect of the
&E criterion 1is that - it . coupletely. disregards . the peak
intensities and weighs exclusively their positions. Other
disadvantages are possible ambiguities. in the choice of peaks to
be matched and degrees of subjectivity in rpositibniﬁg. poorly-
resolved : features and~déciding vhether a minor peak should, or
should- not be considered.

Recently Van Hove et al [95], combining the . experience of
earlier attempts, - have proposed the use of five. separate
reliability-indices, each of which tend to pick out  different
features df-.I(E)ﬁcurves._ The first .two are similar to those
enployed in structure determinations - by X-ray crystallography

186,573
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Eli Ez.‘.
Rl = ici.'Ii.,(.a.l - IL' oL_\'!/"z I’:JOLI (5.2)
N / ¢
Exl I
and R2 = Z Ic; I Ceal ~ "IL,oL;lz/ ? [Ii,oL;-]?»' {5.3)
EIL Elt.

where ¢  is a scaling factor  that places the observed and
calculated intensities om the same scale for an .emergy range E,.
"to E,;; . The factors R1:.and R2 tend to emphasise ' the match in
positions, heiqghts and widths of peaks and valleys whilst
ignoring shoulders and bumps within a peak. A third, R3,
evaluates the fraction:of the enerqy range for which the slopes

of I{E) curves have different sign. This can- - measure, better

than R1 or R2, differences in .minor . structure. The factors

s €
R4 = Z lc.LvI!LJ“‘-_ I’LJole/ Z_I'C,ols - {5.4) -
€1l IN .
€1, 3N
and RS = EZ iC;_I'LJ“ - 'ItJ'oLIaz/EZ [I‘ZJOLE 32 {5.5) -
(e 14 :

where +the primes indicate derivatives,. match in .greater .detail
the slopes of the theoretical :and experimental I(E) curves. 1In
principle, when -experiment -and theory match closely, all- five R-
factors should simultaneously attain their 'mipimum  values.
Bowever, if the proposed surface structure 'is wrong, . then  the
.various factors could be expected to show a scattering of minima
at .various spacings..:

The most complete. reliability-index proposed so far. that .
at;emp;sAto.;nclnq§;§;;hthe;f9atures nentioned above is that of

Zanazzi and Jona {2J) [23]).. This index has been used in this
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work:-to determine the structures of rhodium surfaces.

5.2{a) the reliability-index of Zanazzi and Jona. {2J) .

The ZJ. index compares directly the shapes of ‘the two curves
under scrutiny by comparing their derivatives, and at the same
tipe takes into account the features described in Section 5.1-Pf

Thus the reliability-index for a single bean {23] is

€;; . €1:
. o= c- I -IY . . , .
L. w(E)!cle}“l IQdLr‘dE / Ibong. {5..6)
€i¢ . ' Eh.'
The notation follows that above; the scaling constant c¢®° again -

[

allous +for. an: arbitrary intensity scale in the experimental
curves:

Ea. Ex

LCcr o= ILJDLIdE / .I-/“|dI'3 {5.7) .

€ Ewe
The weight function w{E)

WE) = eIt - I m /"I'é,'oL,’* € (5.8)

<al v,0

emphasises the extrema. of the. observed curve through the inverse
dependence on IioL;' as well .as those promipent . features with
high <curvature in both sets of curves through‘the use of secoad
derivatives. The difference function in the numerator prevents
w{E) from vanishing at inflection poiats, unless both curves-

have an inflection - point at - the. same energy.. A possible

disadvantage of equation {5.8) ‘is that w{E) vanishes if the. two
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curves have straight portions in the same energy range, even . if
of opposite slope. The factor €& prevents divergence of the
- integral for small |I1? § and is chosen.[23] to be

to J

€=q10 | | {5.9) .
b,oLJ mayx _

This choice ensures that w(E) is independent. of the scale of
both the experimental and theoretical :‘intensities.

As eguation {5.6) - stands, the index £/ has no theoretical
upper limit. For a given pair of curves it has a specific
value; the smaller this value, the bettér the match between the
two curves. Thus it is convenient to introduce the reduced -

.factor [23]
(r;); = r;./0.027. (5..10)

where 0.027 is an average value of r for random pairs of curves

[23 ). Randonr pairs of curves thus give values of (r of  the

P
crder of unity.

ZJ = applied this reliability-index to many examples of
single beams and made a direct . association between: - values of
{r,),  and degrees of  fit assessed viswally by a number of
indiv%duals;, This enabled 2J. to produce. a - correspondence
between: visual evaluations and (t,). valngs which is reproduced
in Table 5.1.

The determination of a surfaée structure involves nore: than

one beam, either at the same or different angles of incidence.

The concept of a single beam reduced r-factor was therefore
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Visual match for. 7 'Good Mediocre Bad
a single beam :

Single beam index (cp). .20 0.35 0.50
or many-beam index R ' ‘
Reliability of Very probkable Probable Doubtful -

structure

-Table-5.1- Correspondence tetveen visual match .and {r,) for a
single beam (first amd second row), and between R for a
structural model ‘and its reliability . (second and "third row). .
After Zanazzi and Jona [23]. .

extended by 23 to a set of beans

]

T, Z (£.) 8E_ . /ZAE'L- (5-11).
N ¢

where = - .
here AE; = E, -

The gquantity 'f} satisfies many‘of_the’reguirements for a
reliability-index in . LEED . crystaliography. However, - 1LEED
stiucturalfanalyses have been performed on data bases of varying
degrees of completeness, . Structural models could be’proposed.on‘
the basis of only a few beams at .one angle of incidence, or,
preferably froﬁ a much .larger range .of eiperimeatalf.data-, To
acconmodate these. considerations, 2J. proposed am-overall R-

factor

R = [ (p/n)+q] T, (5.12) -

where p and g are constants, - and n- is the number. of . beams
tested. This  form was. used so that ‘the bracketed ternm should

decrease with dincreasing n but should: never become smaller  than
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scmre asymptotic: value q. This‘avoids the situation in which a
"wrong" model for which a very large number of beams were: tested
could produce a small value of R. .

The numerical. values of p. and g are determiazed by
establishing a relationship between the numerical value of R and
the reliability of the corresponding structural model. For
sipplicity 2ZJ found it :convenient to . maintain. the assignment
that was established for single beams in the first two rows of
Table 5.1.  Thus, by using the denominations of "very prokable"
etc. for. a given structure, they arrived at the R value
assigments sho¥n in the second and third rows. This assignment
then . suggests possible values for p and g in eguation (5.12).
The asymptotic value g .must :be such.that,;ﬁhere<the~1:,3; values
are of the same order as those obtained - from comparing trandonm
curves, - the corresponding st:uctureka-factor nust remain worse
than "doubtful? regardless of -the number .of beams ' used im the
analysis.  The value of g was therefore set tc 2/3.. Also, the
value of the bracketed  function. in. equation (5.12) . should
increase rapidly for n<3, so that:structural models will not be
judged as very probable on:the basis of less than 3 beams.  The.

cverall R-factor proposed by ZJ is .
R = [ (3/2n).+ (2/3) ), (5-13) -
The choice of p=3/2 has the advantage that the numerical value

of B does @pot <change puch beyond n=10.. R remains almost.

constant for structures that are determined with 10,15 or 20
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leans. ‘

The.detai;s 6fithe numerical,eialuationvof equation- {5.6]
are given . iﬁ the original paper of 2J.[23]. To avoid:
instability problems w%ith  the inteqgrals ‘involved, all the
experimental amnd theoretical :data are put onto a fimely-spaced
common : linear . epergy grid.. Noise and scatter in the
experimental -data nust. he.removed.prior to the ‘calculation of
the reliability-index - to eliminate abrupt <changes in: the
derivatives.  The programmed index was used as supplied Ly the
authors with .only @minor modifications to accommodate input-

cutput requirements.

- 5.3 Structural Apalysis Using- The-2J-Reliability- Factor: The-

Cu{111) Surface-As An-Exanmple-

Results from.a Cu(111) 'surface will be used to- illustrate
the use of the ZJ. reliability-index and the refinements and
additions made to it during the course of this work. Referring

"to Fig. 3.11 and Fig. 5.1, ve can-see I{E) curves for a total of
four beams at two angles .of incidence, . together w®ith  the

\

.corresponding~cdrves calculated for an. unreconstructed surface
using the V and VK< - potentials.  The .calculatiocans were
Cul Cu
performed for an imitial inner .potential of -9.5eV and -for a
range of top layer - spacings from Ad%=. ~10% to +10% of the bulk
o
spacing in steps of 2.5% (0.052A).. The: curves shown - in the
figures are only for three values of Nd% to avoid overcrowxding. .

The I(E) curves calculated for Cu(111) from the two potentials

are almost identical, consistent with the similarities noted for
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Figuvre 5.1 Cosrarison of some experimental I(E) curves for
Cu(111) with calculatiors for the potentials VJ2& apd V., at
6=120, 4=60; V . =-9,5eV and Ad%=+5, O and 5%, "
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the phase shifts in Section 3.14b)..

In. a surface: strﬁéture"Lanalysis,--the final matching of
calculated and experimental I{E) curves 'involves not. cnly a
variation of Ad% but .also a vériation of ‘the inner potential.
This latter parameter is fixed a priori for the calculations but.
is a poorlyaknown.quantity. The inner potential is clearly: an-
important - guantity since, in a structural: anmalysis, it is
aecessary:toudiStinguish,its;efiects from those associated - with
DA %. To a good approximation, a change€.:in the inner. potential
results in a tramnslation of-,tﬁe calculated curve along the
energy axis. : A visual estimation of the "hest-fit" value of DA%
therefore also involves a simultaneous . determination of the
"best-fit" value . of the imner potential. . . This delicate .
rrocedure was ‘attempted  for. . all = 16 beans. measured frocm the
Cu {111). surface and .these results are shown,; for each potential,
as the lower rows of Table 5.2a.

This type of . comparisona_is_ ye:y-difficultvtc make as a
visual estimation .of the degree of fit may. vary from . very -good -
for scme beams e.g. -the (00) beam . of Fig. 5.2 at Nd%=~-5%, to ..
guite poor for others, e-g-,the5-410)v beam ~of - Pig. .3.1%7 . at -
Nd%=+5%. Balancing good fits against bad fits for sc¢ many pairs
¢f  experimental and  calculated curves .is difficult and the
uncertainty invvm_ and DA% are inevitably appreciable. . Moreover
this analysis shows the two potentials to be indistinguishable.
The overall visual estimate suggests best-fit values of V,, =-
9t2eV and Ad%=-2.5t2.5%;ﬁ

The eguivalent.operatiOR usihg,the:ZJ"reLiability-index is

as follows: (i) an I(E) curve is calculated with a reasonable



Extent -of - . Conditions of -
Comparison- - best-agreement -

Pot. n. E{eV)  Analysis- Dd% Yo "R~
VCl3 2382 R-factor -4,1+0.6 -S.820.%6 0.132

“ visual . -2.5%2.5 -9 2

Gc
ch 2342 R—factor . -4.2+0.6 . -9.0£0.%6 0..136

visual -9 2

=2.5%2.5

 Table 5.2  Summary of structural determinations of ' the
surface.

Cu(l111).-

value of Vo‘

~ (ii) the values oilgrr)czare computed for .a numbér

of pairs formed by the observed curve on osne hand and the

calculated curve translated Ly various amounts O.V,. on the

cther. ' The minimum value of (r;) - indicates the best :.match, and

the corresponding "best" inner potential . for ~ the -'calculated

For a number of beams, T, is calculated fronm

curve is vM.+Avor., r

the sisngle-beam . data and the minimum in T, found. . The. process

can then be repeated for other .models e.g. a chanmge. in Ad%.
.In their original 'analysis %ZJ plotted the results of such a

proCedUré.as’E} {the energy-seighted mean .0of the individual bean

r-factors (t,); ). as in eguatioa:(s.lly,‘againstrvbf or Ad% and

the ©best combimation- of minima was chosen by inspection. An-

example of :this method :of preseutation-is shown for the <Cudll11) .

data  in Fig. 5.2. This analysis uses the 3 potential, a

Veul

.total of 1§ beamns and  experimental . I{E) .curves over a total

energy range of 2342eV. The minimum value of T, is estimated by

this method to be for 8d%=-412% and V,. =-912eV.

#e - can: note two points from such. plots.. »First; the

estipates of the position-cf.f} along the 84% and V. axes are

subject ito error owing to the large spacing between: points alohq
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Figure 5.2 Plot of T, against Ad¥ for various values cf Vor for
Cu(111) with the Vg3 Fotential. Errcr tars are standard
errcrs in the weighted pmean.
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the Ad%. axis (2.5%) . and the V,, axis {2eV). A fimer grid,
particula;ly-offbd% values, would however be rather costly in
terps of computer time..

Second, each. point on one of the curves im Fig. 5.2 is a
weighted mean over the 16 beams available for: analysisa. The

standard error on the weighted nmean is [ 98]

£, = [ 20E, (L ) ~T,)2 / dn-1) 2 BE, J1/z  (5.13)
¢ ¢
where 1 is the number of beams and the other symbols are asl
before. . Some typical values of Er are indicated by bars . o=m
Fig. 5.2 and can be substantial. This opens up the question: -of
why the curves shown in Fig. 5.2 are so smooth, givenm that the
eriors: can be so large..

A rationalisation of this apparent-anomaly is suggested by

Fig. 5.3 where. values of ({r,);., for: individual GLteanms  fron -

Cu{111), are plotted as a function of Ad% for V0,=-9-5evm_ Of -+

the 16 beams - available only 9 are shown:for clarity, the others
have a . combined weighting. of 1less than 20%. . Also shown .in- :
Fig. 5.3 ,'as the dashed curve, is a plot of I, whose =minimunm
value of 0.173 corresponds to Ad¥%-4.1%. The degree of
agreement in - the - individual curves varies from {r };-=0.057 to
r,) =0.240 with a standard error £.=0.047. The mean . {dashed)

curve  at (r,) t+ €, {for. 68% probability) indicates a

Mmin
contraction with the topnost interlayer spacing corresponding to
-4+3%. However, it is apparent that . the minima ~of all:. the

individual <curves in .Fig. 5.3 lie well within these limits, and

this suggests that the error in the value of Ad% that



CU(]“) ch13

040- |

..,,. Orint 2€4

1 - L

-0 -5 0O +5 410
Ad %

Figure 5,3 Plots for Cu(111) of (t¢)y, . for 9 individual beans
versus Ad% for the Voyy potential with V,. =-9.5eV.
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corresponds to a best fit for a particular value of V;r should
perhaps be evaluated from the  set . of -intérlayer " separatioans
.(Ad:ﬁ ) corresponding to the minimum in.each of the individual

curves. Accordingly we can define
—— "
Adnu'\ = Z AELAGM.}\ /ZAE( (5-14) -
C ¢

€4 = [20E,0d5 -Bd . 12/ (m-1)) BE; ]2  (5.15) -
R Ty ,
where the Ad&& are determined. after extra points have. been.

fitted ‘to the curves by iqterpqlation;,ASE;m

12 £] {for 95%
probability) corresponds to -4.1+1.2%., This range.is iadicated
in Fig-"5.3%a§d it points to a puch smaller, and apparently more -
representative, error in. the geometry than that suggested above.
It is also clear from Fig. 5.3, provided the individual curves
for {r,), show similar variations with Ad%, that the mean curve
ifr will be a smooth function of Ad% even though the (r ) -
individually exhibit varying degrees of fit. .

Since‘the’f} are functions of at . least two important
variables, namely O0d% and V.., avmorefinformative method -of
presenting .the data is in. the form of a 'contour plot. or
diagram; this is depicted inm-Fig. .5.4 for both the potentials..
These plots were constructed by taking the originmal grid of T,
values and interpolating separately along-lines of constant V,.
and comstant 0d% to obtain an expanded grid -of about 900 points;

. the error involved in not . using a true two-dimensional

interpolation is small compared with other errors already .«

present in: the data.  The position of -the minimum in . r - that
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Figure 5.4 Contour plots for Cu (111) of T, versus 4d% ard Vor
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determines the best. fit values . of V;, bandvlld% is found: by
insrection. Also shown: in: Fig. 5.4 are the error . bars
corresponding to € and £ £, (the standard error in the aininunm
for the inner potential, defiﬁed_agalogonsly'tozg ) -which places
68% confidence 1limits on. the 1location of the  winimum:. of
;}; these are evaluated at the nearest grid  point aad provide
estimates of :the errors in-theyldcéiiéa of the actual minimum.

The plots of Fig. 5<4 illustrate. the. value. of the
reliability-index approach -ini.analysing LEED data; with such
displays the values .of  parameters . giving best-fit with
experiment can:be selected. ipmediately. Each of these contour
Flcts provides an immediate,aSsgssment;of_?Bu curves of tke type
shown. in Fig. 5.1 {that is I{E) curves for 16 beams at 7
different values of DA% and 7 different values of V,.).

The values of DA% and V,, corresponrding to miaimum:ff} are
identical to within cne standard error for the two potentials,
Table 5.2.  Both potentials imdicate a -contraction :-im - the
topmost interlayer spacing of —9.]10¢6% andvva;=-9;410;6e§./“The
low values of the overall ZJ reliability factor, R, {0. 132 and
0. 136 for de3 and véf respectively) and the small error.in the
best-fit values of Ad% and Vo0 suggest that this represents a
rather well-defined structure.

Previous studies of:the {111) .surfaces of FCC metals with
LEED have indicated no large expansions or contractions of the
surface - layer, see Section 5.5. - For aluminium, one study {11]
has suggeéted an expansion -of 5% while - other studies L11,3203'
indicate the  topmost: spacing .dis egqual to the bulk within 5%. -

For toth nickel: [11,120] and. platinum [122], LEED analyses
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indicate +this spacing is.withinA2,5%,of,the“bulk.value;xstudies
cn Pt(}11).aith.ioa-channelingvgagB]“nou suggest ‘an-expansion of
about 2%.

The one previous structural .determinationa of Cu{l11) . by
Laramore | 20] concluded that the surface is not dilated but that
a small contraction: between 0 and 5% is possible.  The
contraction determined here for Cu{111), namely -4.1120.6%, is
consistent: with this and  is . the largest yet reported for .a
close-packéd-surface,*although-larger contractions are know¥n for.
more loosely packed surfaces, e.g. 10% for A1¢3110) [101,110,111]

and 7% for Ag(110) [101,106,107:].

D=4 chgg;gg;ho'§m§§w9§;a‘ning33ur£aeew<strhcgugg;aw

P2 o e v s

While most surface structural determinations by LEED -have" .

. been perfptmed by.compariscn5¢yoﬁ . experimental and ~calculated
I{E) curves. for .. various ‘ngycturalg mddels, there. : have been
attempts to find data'iﬁ#eréidnwprocgdures,thatimili% produce a
surface structure .. directly.. from experimesntal data. .  This
procedure would aVoidvthéeinéiitablyflengthy\andsexpeasive trial
and error process vasseciate@_'yitg. conventional . multiple-
scattering calculations.

Two approaches have been proposed so far; both are based.on
the kinematical theory, although neither can yet be considered
to ke well-established. Osne method attempts to  ‘manipulate the
experimental data so as to. enhance: the single-scattering

structure and concomitantly diminish the nmuitiple-scattering
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feétures.( If successful, 'this, would allow analysis with the
~comparatively simple kinematical :theory; this is the philosophy
of the.data;averaging (DA) -approach [102,103]. The alternative
approach uses the Fourier traansform- - (FT) method:  [99,100], in
analogy with the approachq in . X-ray structure analysis of
generating a Paterson map of»theﬂscattering centres. . Because. of
difficulties associated with each method, and a Treluctance on
. the part of LEED practitioners  to discard data of multiple-
scattering origin, these methods have suffered some criticism.
Bowever, there 1is a contihuiné_hoye-that:they can -becone useful,
at least in the sense of restricting.the:volume«of‘"parameiér
space" that must. be searched in. a  typical: full. nultiple- .

scattering .analysis.

§;§-_§ibliggrag§y~gj;§urfg§g~5trﬁcturg§f

In this section is compiled a bibliograghy.ofygurfacet5
structure determinations. of clean metals by LEED.. It: is not
intended to be anm exhaustive list of every paper published about
-clean metal surfaces. - Many early papers coastained experimental
data or calculations now reéogﬂised toc be of dubious guality or
of such a limited scope as to be of little use. . In such cases
the more recent and complete studies are quoted, althougk .some
early work. of high guality is given. A few structures are now
being investigated by techmiques such as medium-emerqy electron
diffraction (MEED),.vioaechaﬁneljné - (IC) -and medium-enerqgy ion .
scattering {IS) -and have been included for completeness. .

The metals are. listed alphabetically and by face. The
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crystal habit is also listed as. investigations. of ‘phase changes
are now being carried out. The rethods used to determine . the
surface stucture is listed as visual (V), reliability-index
{RI1), Fourier transform {FT). or. data averagimng - (DA).  The
surface spacing is characterised by Ad% and is‘supplied with the
estimated errors.. In somne cases doubts are raised hy-severely
lipited ranges of either the calculated or. experimental data.
The list is current as of Aug. 1978.

In all these cases the metal surfaces do not recoastruct in

a lateral sense but do show varying degrees of contraction -or

expansion of the surface layer. . In- general, the close-packed -

(111) faces of FCC netals can- be seen tc show very small. -

differences of the surface layer spacing from that of .the bulk, -

with possibly a slight: preference for. contractions.  The
situation seems to be similar for .: the (100) surfaces of FCC
metals while- {100) surfaces omeCC.météls appear :in general to
show comtractions of the order ¢f 5 to 10%. The . interesting
example of Co, which has a phase change from HCP to FCC at about
8000C behaves : unexceptionally in either phase. The HCP. metals
have been little studied but the basal planes of Ti and- Zn . are
unremarkable. The only higher index face studied so far, that
of Cu{311) shows a contraction of similar magnitude to the FCC
{(110) faces.

Several of the notahle. omissions from this 1list
e.g. Pt (100), Au{100) show by their -complex LEED patterns that
they are laterally recomstructed; their surface structures have
not yet been solved by LEED intensity analyses * using pultiple-

scattering calculations.
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CHAPTER 6 .

THE (7111) -SURFACE OF RHODIUN
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Previous LEED Studies on this single crystal face are
lipited to that of Grant and Haas [130], which - concentrated
mainly cna.Auger.spectroscopy,-and a .recent chenmisorption study
by Castnmer et al {18]. Both these authors reported a (1X1). LEED
pa ttérn for tﬁe clean surface but did not-perform any . intemsity
measurements. An as yet unpublished LEED study of this svrface
which centres especially on the vibrational . properties of  the
surface atoms,  but: which.doeS‘report'somehintensity data, ‘has

been recently undertakea [ 131]. .

- 6.1 Experimental

Experimental data for the Rh{111) surface were taken fron
twec crystals {see Table 4. 1): one was a,prefcut~slice,loéned by
-Prof. G. A. Somorjai (Berkeley), and the second was cut and
polished here.  Despite :the different prehistories of these
crystals,. they behaved identically within:experimental error.

Auger .electron -spectroscopy of both the (111) - surfaces as
mounted in the vacuumnchamber-:evealed.appreciablg amounts of
carbon{272eV) and sulphur(152eV) .contaminants as shown .in the
Auger - spectrum of Fig. 6.71{a). . Argon ion bombardment removed S
from the surface but the. C Auger sigmal. showed a  relative
.increase, Fig.: . 6.1(b). ~ This appears to be a: common situation
caused by . the 1low sputtering cross-secticn: of  carbon.
Sputtering tends to leave islands of <€ or a surface layer
enriched in carbon. Annealing at about 1300K reduces the 1level
of carbon contamination on the surface by back-diffusion into

the bulk crystal, but: will induce. the re-appearance o¢f sulphur -
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Rh(111)

- )

T T a
100 200 300 eV

Figure 6.1 Auger spectra of Fh(111) =surfaces with a 1,5keV,

10 microanp beanm: : ‘

(a) as mounted, considerable S(152eV) and C (282eV)
ccrtamination;

{bp) after argon-ion bcmtardeent, reduced S, increased C;

(c) after amnnealing, reduced C, increased S;

(d) cleaned surface.
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as  is‘s?oun in Fig. 6.1{c)., The level of S anrd C'contaminationl
subsegquent to,lﬁombardmént=‘can be. regulated- by :careful-
temperature control. A cleaﬁwsuzface,showing very low. C and S
Auger signals could be produced - by. many. cycies of  hot . ion-
bembardment . {about . 1. microamp at 2kV. for 10 ‘-minutes with .the
crystal ‘at T000K) foliowed by a 10 minute anneal. at _1300K.V
After several such cycles ;hé\sulphur content 'of -the surface
region of the crystal becomes depleted, - and «cleaning ais . made
easier; - oftem  only a short anneal .is then required: to remove
surface carbon;_ |

The spectrum.. of the cleaned surface is  shown. in
Fig. 6.1{d).. The rhodium peak,enérgies and relative intensities .
are listed in .columns 1 and 5 .cf Table 6.1. . The results of ‘the
cther experimental i studies of ;this surface. are listed  for
comparison: in: columns 2 to 4. .  Some variation in-reported peak
energies is obvious; din: part this nmust . be: attributed to
to contact poteﬁtial differences. Also estimation . ¢f . the

position of weak peaks is probably .subject to several ev‘error,

especially if the signal to noise ratio of the spectrum is not .

very good, which may account for the relatively large spread iam

-the gquoted energies of the weak features below 220evV. The
calculated ‘energies and assignments of Packer and Hilson 497
are also listed in the final ‘two columns. These <calculations
are for free - atoms  -with an  ionisation correction Lut
nevertheless are in. reasonably good agreement with  the
experinmental data. .

No sigmnificant amount of boron (Auger peak-at 180eV) could
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be'detécted,iaathe contaminated or clean surfaces. This . is in
contrast to .amother study { 18] in .which a bulk boron .contaminant

diffnsed"to the surface durimg cleaning procedures and: proved

very difficult to remove. One cof the crystals used in .the work -

reported here was the same crystal as used in this earlier
study.. The difference :in -behaviour in relation to boron seens
to be the result of these workers having removed nearly all the
bulk boron contamination-through many cleaning cycles (private
cemmunication). . In .the second case, the crystal was purchased
from a different source from.that of the first crystal; in this
case we.have_to'concludeutkat>nei§he:wthe manufacturing: process,
nor the " polishing method employed, introduced any siqgpnificant
amcunts cf boron into the crystal. -

After:several:cyéles‘of bombardment ‘and :annealing, a sharp
(1X1) LEED pattern:.was observed, in:agneement4aith earliexr work .
{18,130,131], with a low backgrcuhd-and=negligible4Auger signals
for species other than rhodium. ;" Sample photographs of .the LEED
rattern and the beam labelling scheme are shown in Fig. 6.2. .
The intensities of diffracted beams were measured as described
in Chapter .4 up.to about 250eV at normal. incidence and for .
&=10°,¢>=109° in -the angle convention of Jona | 128]). . Each set
of experimental intensity measurements was repeated three times
on separate occasions to assess the effect of small experimental

variations on the structural analysis.
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a)

b)

d)

e 6.2 Phoctographs of the (1x1) LEED pattern froe the clean
1 incidence (158eV), (b) © =100,
conventicn of Jona [128]. 1The

C)
Figur
Rh (111) surface at (a)
#=1090 (122eV) in the
laktelling schese is shcwn in (c) and (d).
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6.2 Calculations-

.The (1x1;‘LEEﬁ patterhnobtéined.indicates that the surface .
does not reconstruct in such a way . és to change the surface
SYmmetry"“from thatv of the‘ bulk  structure.  However . it is
rossible for the surface‘t01rec0£s£ruct in. such a way  as to
preserve the: (1x1) pattera, -that 'is by altering the registry of
the surface layer with . respectx.to: those - underneath. Such

possibilities are shown in Fig. ,6.3. If the surface. does not

"reccnstruct +then the . face-centred cubic stacking seguence is : .

continued to the surface, as shown in - {a) - namely CBACEAe..C. .
Two possible reconstructions are to a CBACBA...A seguence, (b),
or to~a.CBACBA-,-B.stacking,,{c)iathe'latter-stucture possessing
the hexagoaal:closetpacked'Segueﬁce for the. top three ' lavers.
This 1last:. surface recoanstruction: seems physically the more
rlausible .and was the omnly . reconstruction. model . that was
investigated here with directwgalculations.

Calculations were perforned as»detailedminaChaptervBwfor
Loth the V:zﬂ and vg“3 potgntials in the energy range  30-260eV;
a total  of 55 beams were available to»détermine;the layer
diffraction matrices depending upon the energy and angle of

~incidence.
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Pigure 6.3 Possible reconstructions

of the (111) surface that
preserve the (1x1) sympetry of the LEED pattern:

(a) non-reconstructed, CBACBA.,.,.C FCC stackirnq;
(b) reconstructed, CBACEA...A stacking;
{¢c) reccnstructed, CBACBA...B, HCP stacking.

The 4th layer C is indicated by small dashed barred circles, the

3rd layer B by large blank circles, the 2nd A by wmedium dotted
circles, and

the 1st layer is indicated by ssall barred circles.
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6s3- Results-And Discussion-

6.3 {a)y . Normal :incidence

Three . indépendent sets of intensities were measured for
normal :incidence. Although these independent sets showed a good
general agreement with each other, there sere small differences
.in . detail as, for example, in relative peak intensities and. in
structure such as shoulders (all the .experimental data is shown
in Appendices A1-R3).  #®Within each. set of data the measured
intensities of the diffracted beams show closely. the symmetry
expected if the actual‘surfabe.arrangement.maintains'theuthree—
fold rotation axes which are perpendicular. to (1113f planes . in
the bulk . (alternmatively: the symmetry in the LEED patiernﬁCthd--
be associated with ‘equal populations of appropriate domainS);nf
To minimise any . artifacts in the comparison Mith«calcuiated
intensities, measured I (E) curves for sets of beans ‘which are
theoretically equivélent,.on:the:above basis, were averaged and
digitally smoothed {by two operations of a three point_smocthing
filter) prior to comparing with the calculations..

Figure 6.4 compares experimental I{E) curves for = the .{10)
and (01) beams at normal incidence with I{E) .curves calculated
for tWo stacking sequences; a .continuation:..of -the bulk  -stacking.
sequence, - Fig. 6.3{a), and the hexagonal reconstraction nodel,
Fig.6.3(c), with the topmost layer spacing . equal: to .the “bulk.
value of 2.]95%. A detailed. matching of peaks and troughs

between the experimental and calculated curves. could only be
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‘achieved for the normal face-centred cubic: packing sequence; the
other diffracted beams are . similarly inconsisteat with an - -HCP
ar;aﬁgemegt fbr.fheAtop thrée layers. .

To determine the surface relaxation,. calculations%&uere
performed - for different : values of <the. top intetlayer'spaéiﬁg.:
expressed as in the Cu (111) case as percentage changes from = the
bulk value{(ANd%). This guantity was varied from #10%- {dilation)
to -10% {contraction) - in;‘steps of 2.5%4(ﬂ‘95531.;.Pigure-6,5
comgpares I{E) curves for the (10) . and . {01) - beams with ~those
calculated for O0d%=.-5,0 and +5% for. the twoc ion core
potentials. It is difficult even :with this lipited data set to
assess visually which. valué of ~the surface relaxation best
describes the experimental data;,thHFig.;G.ﬁ attempts a - more
corplete assessment by showing .contour plots of the mean reduced
reliability index 7;} as fuactions of pd% and V,., fronm -one of
the sets of independent .data, as described. in Chapter 5. . With
-the averaging Treferred to .above,. the experimental .data used in
these contour plots for normal;,incideaCe;Liﬂvolves the (10),;

{015, {(11), (20) :and {02) beams. .

The minimum of f} in Fig. . 6.6(a) occurs for DA% = +3.?11¢1%
and V,r= -19.11+0.9eV, where the uncertainties in Ad% and Vor

(t €4 and t €, respectively) - are . the . standard errors im the
energy-weighted means deduced from the spread in vaiues»giveanj
the minima of the reliabili;y. index(rr)t for = the .. various
.individual beams as detailed in Chapter 5. . To the extent that

these -errors really do represent a gauge .of :the. uncertainty in

each result then there is a 68% probability  that -~ the actual .

pinipum lies . within the area defined by the error bars in.
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Figure 6.6 Contour plots for Fh(111) at normal inciéence of ?:.
versus V,. and AdX for the potentials (a) V:k”‘ and (b} Vo4
starting from 54 ev.. '
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Fig. 6.6{a). Eiguré 6,6ib)-shows the correspornding coatonffplot
mhich compares the experimental. curves with those. calculated -
from tﬁe supeiposition poteﬁtial VKMI ; the minimum of.E;now'
occurs for Ad%= +3.5:+1.2% and V,. =-9.7t1.2eV.  Although both
sets of calculated curves are basically similar {see Fig. 6.5)
the minima .in the contour plots are at rather . different ~ values
of the parameters Dd% and V,. .,
| We can,.seeathatVthe,overall"level.of agreement, as Jjudged
by the value of-?},yis_very good - within the Zanazzi-Jona (ZJ) -
framework. The : values of5the,;efined values of V , differ by .
OVET 9e§ for the two potentials. . Part ofaihis:difference-can'be
traced back to the"differencewig_potentialvatdthe: edge . of the
muffinetin'spheres.,‘This amounts to about .6el and results in an
enerqgy . shift of the - two sets of phase shifts relative to one’
another as was discussed  in Chapteru3~(§ee<-;Eig@3.61¢
Correspondingly, this will result in a. relative 'shiftn in -
calculated I{E) :curves as, for .example, in Fig. 6.5 where the
large peaks in the calculated curves at +5% for the f01y;beam at
norzal incidence are displaced relative to -one-another. The.
extra shift of about 3eV, deduced from the reliability:index
analysis, may reflect further differences in the two potentials.
The difference im the values of Ad% given by .the two
potentials appears nmore serioué.. The two minimum values of ?;
given in Fig. 6.6 seem sufficient to preclude choosing either
rotential as giving the "best fit",
He can probe into the originss of the different: values of

Wwin

‘Ddg  from VRMJ and ka by:noting that the contour plots in-

Fig. 6.6 exhibit elongated valleys running diagonallyvacfoss the
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diagrams; a similar effect .can ke seen in the analogous plots
for Cu(li?):ianthe discussion .0f Chapter 5 {see Fig.5.4).. Ais a
result .of these valleys in the contour plots, relatively good
agreement between experimeat-and;calculatiqn§¢1as'judged by E})

can be achieved for a number of combinations .of V and Da%.

or
For Fig. 6.6{b), all pairs o;«yalues which fall :on the dashed
line from V,.=-16eV, Bd%=-6% to V°r=f6ev,,Ad%?*6%:havev’E}(O,ZS,
and therefore"give."good",agreement acco;ding:the criterion of
2J. Since the degree of £fit  worsens rapidly ism directions
perpendicular :to the valley, it seems probable that any minor
deficiencies in the.calcdlated or -measured I (E) curves would
mainly  move the location of the minimum of E} along ‘the valley.
To see the extent of this for small changes in experimental
~intensities, the cofrespbﬁding reliability-index calculations’
#ith the other £uo independent .sets of experimemtal data were
nade.  The results of the additional contour plots ﬁith.V;fﬂ
give values of Ad% equal to  -5.6+1.3% and -4.8+0.8%, and
therefore an  overall: . mean . value of -4.7%. . The further plots
with VKM] give DA%=+3.8%+1.3% and t3¢511.2%, and mean value of
+3.t4%. It seems clear .that, while these mean values of Ad% are
outside the 96% confidence :linits (t2¢€)), this discrepancy in
gecmetry from the +two - potentials is mot primarily associated
with small uncertainties iﬁatheuexperimental-data,_--

Figure 6.7 shows plcts of (r.)  <for: the individual beaas

] wir '
against Ad%-foz.vgk in-{a), .and Vv

C
ghi3 in {b); the dotted lines

show the corresponding variations of T In accord with . the

P..

above reSults,_theamiaima‘ofgcurves for the individual beams in

Fig. 6.7{b) .are generally shifted to more positive values of ANd¥%
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compared with the corresponding-values in Pig. .6.7{a) .. Hosever, -
for the {10) and {01) beams 'there is a much steeper rise at
negative values of Nd% in Fig. 6.7(b); in particular the degree
of fit for the {01). beam appears to deteriorate much . more
rapidly. 1in:- this tegion- for . Wurlirig'«6‘7‘b))' thaa  for
V:iﬂsrig.xé;7(a))f The origin of this . behaviour in the
reliability-index analysis may .not .be immediately obvious from a
visual evaluation:.of.;the I (E).:cirves in Fig. .6.5, although this
difference is ascribed here. as being associated with the large
peak . in - the calculated I(E)..curves for.the {10) beam at around
- 54eV.,  'This peak is approximatelygtﬁipe.as large at Ad%=-5% for
VKMB as for V:fﬂ, and is .the;wdominant feature in: both
IiE)ﬁcurvés._ The presence of . such a strong feature Tight at the
beginning of I(E) curves being compared  with the ' reliability-
index turns out to be undesirable. This is because the values
offtheAscaliag.coastaat'cL can -changé substantially over = the
range of V . shifts empioyed;ftﬁis-prcblem arises from the areas
under .-the . I{E) curves changing appreciably as the enerqy range
is truncated at different points within this peak when the value
of the inmer .poteatial is varied. -

To avoid this problen, it;uas found necessary to start the
ccrparison. of -the 1I{E) .curves at a higher energy. Figure 6.8
shows contour plots for the same set of normal incidence data as
in Fig. 6.6 shen the comparison:is started at  66eV instead . of
54eV as was done earlier. By comparing these two figures we: can
see that the best:fiixof.the inner potential is lowered by about
1eV for the band'siructnre potential by this small ;emerqgy range

truncation, . but little effect on- Vor is discernable for the
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superposition potential. The“oppcsite appears: to be true for
Ad%lhoweye;; in the'vziﬂ case,,tﬁe minimun value pf E} occurs at
a slightly émaller, coﬁtraction after: truncation, whereas for
VKMJ an -appreciable change .of almost 2% is seen. . The results
from the shortened energy range comparison -are collected in
Table 6.2. Starting at S4eV rather than 66ev adds.cnly_1/2%.to
- the total '‘energy range, and yet this extension has a strong
effect on  results fronm thé.reliabili;& index analysis: for the
potential Vpp 7 - Thus while. the value of T, is increased
between . only . 0.01. and 0.02, the value of Ad% shifts to more
positive values by over 3% on average. when the comparison is
started <from 5S4eV. For V:i?, where the peak close to 5#4eV in
the calculated I{E) curve is somewhat smaller :* than . for VKM? ’
the change;in the value of d% for the two energy ranges is only
about 0.4%. The same problem with normalisatiom could arise
when a large peak in an I(E) curve occurs close to the: end of
the energy range of 'the comparison.

To consider further the top layer registry, in Figure 6.9
is presented a cogtout:plotwoi,;f;shoviag;thepcomparisonaof'.cne
set of the . experimental:.da;a, for . normal. incidence with
calculations for V;fw for - the . surface. arrangement: :with .  the
laterally shifted top layer {(CFA..B). : These coantours contrast
with the steep valley and localised minimum found -in each of the
plots in Figure 6.6 for the,bulk.staékiaq sequence {CBA..C); the
contours for the HCP surface arrangement have a rather flat
topogxa#hy and much[ahigher»~values of ‘E;,, Although other
"fegistries have not - been. investigated, - these results point

strongly to a continuation of the bulk stacking sequence at the
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Rh {111). . surface, as suggested above = with reference. to

Fiqure 6.4..

6.3(b) Direction of incidence P=100,¢$=10%0.

Depending. on the data set. involved up to:16 individual
. beans were measured at this angle ofAincidence,forrsthe: Rh(111) -
surface; these data are collected in Appemdices "A4-=246... A plot .
of experimental I{E) curves. for the {11) - amd (10)  beams . with
curves calculated - for :the. two potentials .is presented in
Fig. 6.10, for the normal bulk stacking segqueance...

Following on .  the previous experience, the comparisons of
individual calculated and nmeasured I{E) curves were closely
checked to avoid mis;eading conclusions associated with dcminant
peaks in I{E) curves at the beginning or end .of the coansidered
energy range. . For diffraction spots close to the. edge. of the
curved LEED screen, our measured intensities are artificially .
diminished because both the solid angle subtended at: the point.
of observation. and the grid transmission |[129] are lower.
compared with those for spots ne5r~the centre of the screen. To
assess the influence of such additional-factors, comparisons of
experimental and theoretical . I{E) .curves were mnmade with
different energy ranges (and different numbers of beams)~forfthé
independently measured sets of data. Sample contour plots are
presented in Fig. 6.11 .and the .results from the contour: plcts of
T, for these data at off-normal :incidence are given in-Table 6.3
as well .as specifications of the extent of the comparisons made

between multiple scattering calculations and each set  of the
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experimental data.

All three independent sets of data . measured a£é?%§0°,f’
¢=109° give consistent values of 8d4% and Vor = Furthermore, - for
this direction of incidence, both potentials indicate a small
coptraction (about .3%) - for . the topmost. layer. spaciang, . in
contrast . with the data at normal ‘incidence where a discrepancy
was noted (Table 6.2). It 1is also interesting that the
difference lLetween the near values of V . ia Table 6.3 for VKAB
apd V;fﬂ is veiy close to the & ev.expected'from the different
potentials at. the muffin-tin: radius. By contrast the mean
values of Ve in Table 6.2 are_mpre_negative {-18.8eV) :and more
positive (-10.6eV) - than. the values inrﬁable.6-3»forqufn-and.~
Va3 respectively.  The corresponding values . of A3d% in. .
Table 6.2 are. more mnegative (-4.3%) and more.-positive (+0.3%)
- than the values in Table 6.3; in;relation. to . the results . for
of f-normal . incidence, at'no:maiwincideaceﬂthe,minima,in¢§} have
been,displaced-slightly in .opposite directions along:the valleys
in. the contour .plots of Figure 6.6. . Even- though the mean .values
cof HA% and vor‘forathis off-normal :angle of incidence correspond
closely fornthe'two-potentials;,thé;relia%ility».index_ T, does
not indicate  the. overall: agreement . is any better than that
achieved at normal ‘incidence.. |

Although the minimum values .of T

', in. Table 6.3 iandicate

-that  the general level -off,agreement».between.calculated and
measured I (E) curves diminishesfgs-ghe comparisons are made over
increased energy ranges (and: for .more beams), the. corresponding
values of Dd%, and V,, are .closely similar for each set of data.

This suggests that: the neglect of variations in. the grid.
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transmission and the angle subtended at the point of observation
are not strongly affectingrconciusions about surface ' gecnmetry,

although there may . be ‘reducfions in the overall agreement. .
Ancther source of experiméntal:uncertainty .is in- setting 'the
angle of inciaénce, To_assess.this for the data of experiment ...
3, information is given in: Table 6.3 comparing the 1level of
agreement with .experiment for additional calculatibns pade with
&=89, $=109° and ©=120, ¢=1090.  The first. of these additional
angles of incidence does anot. improve the level of .agreement .

achieved with ©=100, @ =1099, as monitored by £, but the second
indicates a much poorer agreenment.  This ‘suggests -that the value
©=100 is correct to within 10, and. this experimental ‘uncertainty
does not . seriously affect- the, determination. of -the topmost

interlayer spacing.

6.4 - Conclusions-

By averagiag the results ofvthe.;eliahility-index analysis
for the three independent sets of measurements atveach‘aﬁgle of
incidence vwe find(Tables 6.2 and 6.3) the following . vaiues - for .
the surface structural parameter pDd% and the inner potential

woM .
{i) - - fronm VKK B8d%=-4.3120.7% and ¥ ,=-18.810.5eV at

normal ;incidence
~and bd%=-0;810.8%,and»%"_=-J7.510.Sev at
@=100,¢$=1090
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{(ii) - fron VKMJ Dd%=+0ﬂ31059$;and Vp = 10.620.7eV at
normpal ‘incidence ..
and Dd%=-0.5;6.7%;aad Vor==11.0£0.7eV at
©=100, $=1050

As a final step, results from each .potential need -averaging over .
the two angles of incidence. This could be done. by a direct
superposition of ' the individual :contour plots, after weighting
them according.to the appropriate energy range. This would be
eqguivalent to  the: B approach of ZJ. . However, at this stagé the
overall results for Rh41i1)ncaqvbe.gaugedzjust;as»objectively by
taking an-énergy-weighted meaa;cf‘ parameter : values gqiven for
each . angle of incidence. vwit&”'the“ apptdpriate.rounding of
significant figureé this yields a final:.result: .

(i) - from Vg, Ad%=-2+2% and V  =-18tleV

{ii) fron kaB Ad%= 012% and va,=—awzlev_

The final uncertainties quoted . here appear ».to encompass - the
effects of small:  errors -of an-experimental nature, including
minor differences in I{E) curves from. independent neasurements
and errors in setting the anglerf:inciaence-_

The results from the v?i? potential-clearly indicate the
pecessity for including more&than . one angle. of 1incidence . imn -
surféce structural determinations; whether -two angles of
incidence necessarily provides sufficient-data is still - perhaps
debatable. The reliability-index approach .in .this case does not
allow a statement to the effect that one potential is right and

the other is wrong. ¥ithin. the present: calculational schene
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both potentials describe the  experimental data egually well,
although some clarification of ‘their relative merits may bLecome
apparent if further refinements are upade e.g.-including the
energy dependence of V_ . and better descriptions of  the atonic
vibrations 1in ‘the calculations. . This work . does show that
special care .is needed when -there  are. dominant - features in
I{E) curves at the beginning. (or. end) of . the .enexgy”rahge
considered.

The zero or small contraction found here for s the Rh(111)
surface is typical of the values fouad.fo;:other:(111y.faces of
face-centred cubic-metals. As was listed in- Seétionus.i the .
- {111) - surfaces of Ag,Al,Co,Ir. and Ni all show small to zero
contractions while the "®work . presented earlier o3 Cu{lll)  in
Section 5.3 indicates a somewhat lérger,contraCtion of about S5%.
aAs Ayei Pt remains the only FCC metal thought to show .a dilation
of its: (111) surface, though . the modification is of small

propcrtions.
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The (100)  surfaces of_‘the_‘transitionf metals have been
intensely studied for their chemisorptiox-uproperties-[iQQH and
-for . the fact that the most.stable_(100)fsurfaces of Pt, Ir and
Au - are reconstructed [25,26,33] at room. temperatiire.. . As
discussed ' in Section 2.2, . these reconstructicns of FECJQetals
are thought to essentially involve. a hexagqgonal surface layer
superimposed on-the"bulk~1100)msubs;:ate,_

Aside from the present .work,. the only other LEED studies of
Eh (100) - &re those of Tucker | 16,17] and .of Castner ‘et al [ 18],
both concerned mainly with‘chemisp:ptionuproperties, and neither
of which reported any I{E) data. Tucker's results suffered fronm
the lack of a surface composition monitor, but both sets of
authcrs reported a (1x1). . pattern .forf:thehclean:surface., A
stable reconstructed Bh(?OO)jsu;face,tkereforevappearsvunlikely;
if such a reconstruction should occur, it would have to preserve
the symmetry of the surface., Tyo'ppssibleazéconstructions that
- fulfill this criterion.by>simplewregist£y shifts of the surface
layer are shown im Fig. . 7.1. . The normal bulk stackimg ' seguence
reguires the surface. atoms: to occupy the A sites. Two other-
possible registries are with the top-layer atoms on the on-top C

sites or on the bridge sites B...
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(@) (b)

Figure 7.1 Schematic diagram of the Rh(100) surface (a) and the
corresponding L1EED pattern (b) in the potaticn of Jona [ 1281.
The unit meshk is marked in (a). The complete circles are for
atces ip the second layer, and the dashed circles corresgcnd tc
a tofmost layer with ¢the registry belcnging tc the bulk
i.e€. atces in the tof layer are above the 4-fold sites such as
A. Cther registries considered are vhere atoms are cver tha 2-
fcld site (like B), or directly over atoms in the layer below
tas for C).
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-1=1 . Experimental-

The first experiments were carried. out:on the . same. single
crystal as .used by Tucker [16,}13&, The {100} slice was: found,
however, to be misoriented by some 49,  'so  the: slice was
carefully repolished to the correct {(100) orientation. .

Tucker reported sharp LEED patterns on heating to 1600K. -
in the present work. uith,,this'_ crystal, . Auger . electron.
.Spectraoscopy showed that prolonged heating at 1300K, : the
tepperature limit 0of +the heater used  in this case, . caused
apgpreciable amounts of C ‘and Si to:gccumulate:onmthe.surface.as
shown in Fig. 7.2{a). - The: Si could ke removed by argon ion
bombardment (500 eV, about Sl.migroamps/cm2): for. 10 - minutes,
Fig. 7.2{b). . Annealing at  10060K in vacuum, or .slightly lower
temperatures in oxygen, reduced the C Auger signal to below the
detectable 1limit, Fig. 7.21b). However, depending upon-the
precise time and temperature of annealing, Si vas .sometinmes
found to reappear on the surface. -

It . was found. that a ’sha;pajlx1y4LEED.pattern,'with low
background intensity and mini@a;fcoq;amiaatioa.as indicated by
Auger electron - spectroscopy,qigonld».bez obtained from several
cycles of argon ion=bombardmeu;ﬁgpd¢_heat: treatment ina-oxyéen'
followed by a figal. annealigg .for: a few.kiautes at 900K in
vacuum.  Heating at or below 6OOK”in hydrogenu(1x10f7-Toir) was
found to be useful for removing any residual oxygen during. the
final stages of cleaning.

On several occasions during tpe. cléaning and ordering

procedures, faint fractional-order .diffraction spots were found
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for limited energy ‘ranges;  this LEED pattern corresponded to a
two-domain {3x1) surface structure {see  Fig. 7.3). . However,
Auger electron“spectroscopy,iﬂdicated that:this pattern was not -
si;ply dqe;to a reconstructed tqp metal- layer but . rather was
asscciated with the. presence . of Si impurity { Auger peak at
92eV) which had segregated to and ordered on the surface. It
would be  interesting to know . the actual surface structure
involved; a coincrdénce;siteﬂsppgrgositioa,vperhaps involving a
rhodium silicide . layer, may . seem . more plausible .than:a 1/3
monclayer co&erdge-ofvatomic=Si;,

. Later experimépts'usingaslicg§QCnt.from a crystal  from a
different - source,-see;?ablexﬂgz,ﬁiailedwto duplicate this (3x1) -
pattern. Auger electronfspectggggqpy;.didz not . reveal: any . Si
impurity; hence +the occurence. . of this. {3 x1).-pattern does in . -
fact seem 'to be associated with . the . presemce of Si- on " the
surface. . When: this second._érystal;wasfcleaned;by/the_method"
described earlier, a surface exhihiting a sharp {1x1) - LEEﬁ
pattern and a %clean" : Auger spectrum similar..to those of :the
clean Rh(111) surface, Fig. 6.1{d),  was oc¢btained. .  ©For both

crystals, it was noticeable that the low energy features at 170
€V and 139 eV vwere relatively intense for : the - {100) - face
compared with those. frog the (111) faces, see Fig. 6.1(d) -and
7.2 {c).

A typical .LEED pattern and the. bean  labelling schene is
depicted in Fig. 7.4.  I{E) . curves were nmeasured at normal
incidence and for ©=90, ¢ =200, in. the angle convention: of
Jona | 128]J. The integrated beam intensities, normalized to unit

incident current and corrected for background. intensity, were
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Figure 7.3 Two-domain (3X1) LEED pattern from the Rh(100)
surface at 100eV, thought to be due tc the presence of silicon
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Figure 7.4 LEELC patterns from thke clean Rh(100) surface fcr (a)
normal incidence (150eV), (b) fcr =90, ;6=200 (94eV) and the
team labelling scheme (c) and (4d).
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stored on digital cassette priogjto transfer to an IBM . 370/168
computer for the reliability-index - caiculaticns,” The
experimental data are collected:ih'Appendices A7-A9.
Experimental I{E) curves - for beams .  that. - should . be -
equivalent by symmetry at normal @ incidemce -were . averaged,
although the differences were small. . The I{F) - curves measured
-for . the (11) set of beans, which sbould~be;eguivalent at normal
.incidence, are shown in the upper;half of Fig. 7.5; . the sanme
- peak . positions and overall :intensity variation is observed for

the-(1}),,(33)zand~(37)vbeams.ﬁ’similarly, the {(20), (02) and

(03) beams have almost identical profiles. Small variations in.

the relative peak intensities. for beams in . the '{11} set were
always preseat- inaindependent‘experiments at -normal 'incidence,
whilst the ‘agreenment betueen%individual beams in the {20}, {22}
and other: beam sets vwas iq : genperal slightly betiera,“Such
variations have to be attribpted=.to experimental  errors
(involving = such factors .as uneven . response of  the 'screen,

~imperfections in . the <c¢rystal surface, .and uncertainties ‘in’

setting the angle of  incidence), and they limit.the level.of ..

agreement. to be expected between-calculation and experiment. -
14{E) curves for all.beams§we:e;smoothed.by:;twc;;operations

of a three-point smoothing filter prior to.the reliability-index

calculations. - To avoid spurious:results in these-calculations,

background and scatter im the experimental data were eliminated.
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Figure 7.5 I(E) curves for two sets of teams that shculd be
equivalent at norsal incidence on the Rh(100) surface; the
fourth member of each set is okscured by the sample manifpulator.
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The calcﬁlationslﬁere performed as detailed in Clapters 3
ggq 5, for the two alternative registries shown .im Fig. 7.1 as
wvell as for ‘a truncated bulk crystal; the topmocst layer spacings
ranged from a -10 to +10% change from . the bulk value of 1.90223,
in steps of 2.5% or 0-0“753.; Both the band structure potential
VZTA and the superposition-potential VRMJ were used with a total

-cf 69 Dbeanms being available to determine the layer diffraction

matrices for an .energy range of 40-300eV.

7.3 Results gg§~Discussibg~

Fig. 7.6 compares experimental, I{E) curves at normal
incidence for the {(11) and {20) -beams with those calculated for
the different . registries using the VKMB potential; In these
calculations the. top interlayer spacings .are fixed by the hard-
sphere moéel for :atomic radii determined by»tﬁe bulk structure
of ‘rhodium [62,63]). It is concluded - from Fig.. 7.6 that the
theoretical curves for registries B and C do not agree as well
as those for the bulk stacking sequence (registry A}, aithough
the 1level of agreement -for . the latter is by no means: ideal.
Consideration of other diffracted beans  and other.:topmost
interlayer spacings further preclude the reqgistries E and C; it
seens that -the surface structure of Rh(100) ‘is interpreted bhest
by an unreconstructed packing seguence for the top layer..

Fig.,7;7 shov¥s I(E) . curves measured:  for six. beams
diffracted . from the Rh(100y{ suxface, together with . carves

calculated for an unreconstructed surface using both potentials,
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Figure 7.6 Comparison of experisental I(E) curves for the (11)
and (20) beams at normal incidence on Rh(100) with calculations,
fcr the Vg,y potential, for tie topmost registries defined by
A,B and C in Fig. 7.1., The tcperost interlayer spacings are
.90, 2.33 and 2.69A for the 4-fold, 2-fold and 1-fold sites
resgectively..
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Figure 7,7 Ccmpariscn of some experzmental I(E) curves for

Eh (100) with calculations for the Vg~ and Vpy potentials.
Vor ==12eV and A4d%=-5,0 and+t% for (a) norrxal 1nc1dence and (b)
at ©=90, §=200,
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for Hd%=-5%, 0 and —-5%. . For .each beam and spacing,. the two sets
of caiculated curves are: closely similar apart from:a slight

WIM
shift to higher energqgy for Vv, - relative to V,, ., ..

RA RALZ

Otherwise the differences noted: earlier in .the behaviour.of
the phase shifts do not appear:.to have much visual effect on.the
calculated I{E) .curves. = The. observed .shift relates .to the
difference in potential at the radius of:theAmuffia—tin:spﬁeres
of about 6eV, as  mentioned -in. Chaptexsé, and. assumaing this
provides the main-difference in-the potentials, the two sets of
calculated I(E) curves would show peaks at the same energies  1if
the real parts of~the'innervpotgntial~(i.e-vvor)zare:takea as -
12eV for V@HZ and -18eV for v:fﬁ., To. a. good approximation,
making . V . more negative causes a rigid shift in-the calculated
I{E) curves to lower energy.. |

With these values of V,r + the agreement ¥ith experiment may
- be estimated by visual :comparison to. vary. from very good - for
some beams (e.g. . (11) beam at normal - incidence, Hd%=-5%) to
guite poor for others {e.g. {11) bean at ©=g0, ¢ =200, 0d%=-5%).
A visual estimation:. of the overall degree of £fit cannot
distinguish between the two potentials, but it suggests that d#%
has a value between 0 and +5%., This estimate is ~included . in
Table 7. 1.

The results of a reliability-index analysis for ~ the ' total
of 16 bteams analysed at . the ‘two angles of  incidencée are
tabulated in Table 7;],and shoun as comtour plots in Fig. .7.8
for ‘bothapotentials. Once again we,noﬁice_a.pronounced;"valley
of best fit" as moted in Chapter & for - the {111) face.  The

precautions noted there. concerning . strong features at . the



183

Exteat of - Conditions- of-
Comparison- --best-agreement -
Pot. 8, ~n- E(eV) Analysis- DHAF Yop - R-
\kuquZ 160 1548 R-factor +2.5+0.9 -11.510.7 0. 155
visual  +2.5%2.5 . -12 %2
W : '
Veu, 402 16 1684 R-factor -1.8+1.0 -19.6+0.8 0.167
. visual . 42.5%2.5 -17 22 :
vmmxzso 16 1786 R-factor . #2.741.0 -11.040.9 0.188
able 7.1 - Suamary of structural . determination of “the Rh{100)
surface.

beginning or end of I{E) curves were taken into account. .

Despite the similar degree of visual :aqreement between . the
experimental data and both  sets of calculated <curves, the
contour plots exhibit minima at somewhat different values of Dd4d%
and V,. (Table 7.1).. From.thetdiscussicn.above,-a 6eV shift in-
‘Vor is expected because of differences in potential at the 'edgé{
of the muffin—tin sphere;'the_observed:difference is 8eV, the
extra 2eV presumably reflecting further differences 1in the
rotentials. The . values of ‘the surface relaxation predicted by
the two potentials are outside the 68% . confidence 1limits ( 1.
standard error), although.they.éte;within.SS% confidence linmits
. { 2 standard errors)... The minimum value of R is slightiy' lower
for Vg5 10-155) than for Vgh (0.167).

As  an experimental"vaiue"of:the.surface Debye temperature
g&ﬁ was not ‘available for rhodium, a further .calculation  usiag
the potential Vg, was performed with ©,=250K. The best fit
values of ®b8d% and V,~. have -been: changed only - slightly
{Table 7.1) - although R has “increased to 0.188 from 0. 155 for -

.9b=Q02K. All values of R gquoted in:Table 7.1 are. below 0.20,
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(@)
Rh (100) Vrniz

Figure 7.8 Contour plcts for Rh(100) of T, versus Vor and Ad¥
for (a) the Vgys and (b) the V)" potential. Error tars are
the standard errors and defined in Charter 5.
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and are . therefore withinvthehggage forxwhich“Zanazzi;and Jona
proposed a structure is "very proﬁahle"t; The analysis here puts
such considerations onrn a more :guantitative basis. Further
studies with contour plots for registries that are incorrect, on.
the basis of visual analysis, give high .values of R at local
pinima as well as large uncertainties as measured by € and & .
Comparison of the determinations .of Ad% from. the two.
potentials, with both .the visual and reliability-index analyses,
as well as the slightly higher R value for the v:i? potential,
make it tempting t0'1abel‘the.vkm3 potential  as the. "better"
potentiai and therefore to  quote. a more definite 4% value.
unfortunately at present it is not possibile. to assess the  full.
significance  of the - differeat : values of R for : the tvwo
potentials. . Careful examination of -the data did not produce any
ancmalies of -the sort  noted - for - the (111) . surface where a
relatively minor . feature in . an I (E) - curve. significantly
interfered with the comparison between  experiment and - theory.
Nevertheless +that experience suggests  caution - ia attaching
uncertainties at this staqe. of LEED. crystallography: e .
therefore believe that the: value of Ad% for Rh{100) must bé

gquoted as 0t2.5%.
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. 1.4 Comparisons Hith Previous Studies-

The bibliography of Section 5.5 shows that none of the

- (100) faces of face-centred:  cubic ‘metals studied up till now
show¥ any substantial contraction. or. dilation. Thus far, =no
cther reliability-index calculations have been performed for

(100). surfaces although Fourier transform [98] and data

averaging [114] analyses on . data from Cu{100) claim low error

margins with resuilts of.a,surche'qontnactiqn-of 0+1%. As the

resultsA~froh -the-  two potentials : used here appear . equally.

probable, we can see that :the result of Dd%=0+2.5% is consistent

with the conclusions reached for .octher FCC. (100) surfaces..
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CHAPTER-8 -

THE RH{110) SURFACE
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The {110) surfaces of several FCC metals have been- studied
by LEED; the bibliography of Section:5.5 indicates that these
surfaces often .exhibit contractions for the surface layer of up
to  10% from the bulk value. . Studies of the Rh(110) surface
appear to be confined to the early oxygea adsorption experiments
cf Tucker [16], a short infrared study of CO adsorption on (110)
oriented Rh films [ 132 ] and, most recently, a detailed study of
Co adsorption onm ‘the single  crystal surface by Marbrow and
Lambert [133].. Inﬂthié.latteragcrkfthe-authors found that the
clean Rh(118) surface showed a simple (1x1) LEED pattern and
hence was unlikely to be laterally reconstructed. A diagram . of
an ideal  (110) surface is shoanfin.Fig.daml,wtogether.with the
associated LEED patte;n-: This surface poséesses only a two-fold
symmetry axis with 2 ‘mirroxw-planes and . is relatively open
comnpared with the (111) or (100) surfaces. The bulk intefplanar
spacing is correspondingly short, and this may account in part
for - the seemihgly large contractions reported for the 2g(110)
and Al1{110) surfaces; thus the. absolute. contractions . may be
similar to those found on the less open surfaces ‘but::the. shorter
bulk interlayer distances lead to larger :percentage changes.. .

A - fecurring guestion. in- the LEED studies of .the: {110)
surfaces of Al .and Ag invclves.;he:role of surface  roughness. .
for Al [101,108,110-112] amd Ag [101,106-107] only -modest
agreement betaeen»expérimental;and_thecretical: I(E) .curves has
veen. obtained.  The discrepancies have been attributed to
surface roughness, as-evidenced by poor contrast: in . the LEED
patterns( in some <cases, but-.- a simple attempt to include

roughness in the multiple-scattering. calculations did ‘aot
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substantially improve the agreement with experiment | 108:]. Host
recently a UPS/XPS study |[134] has shown that ' the angular
dependence of photoemission from. the clean:Ag{110)-{1x1) surface
is markedly altered by the nature of the <c¢rystal  polishing.
However, both chemically and non-chemically polished specimesns
gave appareaﬁly identical LEED patteras; unfortunately no
I(E) curves - were measured. K The authors suggest  that chemical
cleaning does in fact produce a "smoother" surface and that
incomplete removal . of  the  disordered.- material induced by
mechanical . polishing may. be . responsible for some of . the
difficulties e3xperienced :in  obtaining :good agreement Lketween

experimental and theoretical LEED data.

- 8-.1- Experimental-

Experiments wWere perférmedcos,a single crystal slice cut.
from a rod purchased from Research Orgasic/Inorgdamnic Chemicals
Corporation. The initial heat " treatments produced . the. Auger.
spectrum of Fig. 8.2(a). Peaks due.to small amounts of C (272eV)
and S{152eV) can be seen in addition. to the main: £h peaks. A
small peak at about. 116eV . is bassigned- t¢ phosphorus; this
element is usually  found at. 120evV but: no - other  comnosn
contaminants have an Auger peak in this region. Rhodium does
not have a calculated transition .near this energy [43] aad the
peak .is not apparemt in the cleam surface :spec trum, Fig. 8.2(c).

once again:  mo trace of a boron peak at 180eV could be
detected. This is in marked contrast to the results of = Marbrow

and iambert.[1333 who obtained B .signals almost as stroang as the
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Eigure 8,2 Auger spectra of the Bh(110) surface at a primary

beas voltage of 1.5KeV and 10 microamp current:

a) - after initial heat treatments showing S(152eV), P (120eV)
and C(272eV) contanmination on the surface

k) after argcn icn-bcmbardeent; P and S removed Lut C
increased

c) clean surface spectrun.
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main Bh  peak at 302evvupon heating to 1300K. It can .only be
concluded again that these contrasting observations mrust
originate in differences in manufacture or .polishing:procedures. .

‘The S and P contaminants could be removed from the surface
by argon-ion-bombardmemnt: (lkeV at 5 microamps for 20 minutes) -
but again - only at the expense of increasing the. surface
concentration. of € as shown 1in:. the.  Auger: spectrun of
Fig. 8.2(b).  However, this ,surface carbon diffused pack into
the bulk on:heating at 1000K. = After . several : cycles of ,ionf
bombardment and annealing an - gpparently clean: surface was
obtained having the ‘Auger spectrum of Fig. 8.2{c) with. a sharp
{1x1) - LEED pattern. . The Auger spectrum of the clean surface is
roughly  intermediate in. appearance . betueen - that. of
Rh {100) {Fig. 7..2) . and that. of_.Rh1111}iv Pig. 6.1. The major.
peaks remain very similar in all three cases. The minor peaks
at - 139 and 170eV appear to increase in relative intensity as
{111)<{110) <{100).« .

A typical :LEED pattern and the .labelling scheme is shown - in.
Fig. 8.3 for Rh{110).. 1Intensity data. were recorded for the
range 50 to 250eV for two directions of ‘incidence defined . by
O=00, and 3’:100,4?. =1350 in the angle convention of Jona | 128]3.
I{E) curves that should be equivalent by symmetry at normal
incidence were averaged prior. to smoothing. ©Eguivalent members
of -the {11} and {21} bean sets are depicted im Fig. 8.4. The
sirilarity of each member of an-:equivalent set. to the other
members of that set 'is not as . satisfactory as that +typically
found for . the. (111) - and {100) surfaces. This may perhkaps be

associated with some degree of surface roughness of this (110) .
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Figure 8,3 LEED pattern from the clean Rh(110) surface at (a)
rcrsal incidence (88eV) and (b) 6 =100, & =1350 (90eV). The
tear labelling scheme is shcwn in (c) and (d).
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surface. Two comnplete sets of independent experiments vwere
performed for each angle of. incidence, and the intensity data is
gathered together in Appendices A10-413, vhere the good

agreement between the two sets can be seen.

8.2 <Calculations

Due to the low. symmetry of - -the (110) surface multiple-
scattering calculations are relétively slow and costly. Hence’
it is desirable in . this case to limit computa;ioaal.effort:by-
taking note of several lessons learat during the studies of the
~4111). and - {100) - surfaces. = Firstly, - differeat . top—iayer
registries thét-preserve“thevsymmetryvof.the surface, and - hence
a {1x1) LEED pattern, do in fact give clearly distinguishable
calculated I (E) curves. It seems reasonakle therefore that Af
the 1I(E) curves for a laterally unrecconstructed surface are a
goocd match to the experimental data then it  is very unlikely
that aﬁother-regis£ry‘will produce theoretical I{E) curves uith
a better fit. For Rh{110) -the .surface was initially assumed  to
have the,registri'of the appropriate bulk .layer and calculations
with alternative Tegistry  were deferred until the fit of - the

bulk stacking calculations with .experiment had been assessed.
Secondly, the experience of the {111)  and (100) - surfaces
reveals that neither the.vﬂmj superpositicn potential nor:the
band structure potential V::‘ could be judged to ke ‘a more
suitable peteaéial for LEED: both gave essentially idenmtical.
degrees of agreement of ‘theory with experiment. As discussed

previously, they did differ  however  in. the inner potential
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needed and im the value of surface contraction. suggested. .

Thirdly it appears that results derived from different
directions of incidemnce can vary at least as much as results for
the same angles but with a different potential.

Taking these points together, diffracted beam intensities
were calculated using both the renormalised forward scattering
and layer doubling. formalisms for . only the superposition
potential Vg3  as the use of the " second potential seens
.unlikely +to be very helpful at this stage., The same non-
strﬁctural parameters used for. the {111) and (100) surfaces were
taken, and calculations were: made,»assuming a truncated bulk
structure for which the surface spacing was allowed tc vary from
a 15% contraction to a 5% expansion from the bulk .value (1-305§)
in steps of 2.5%. .

8.3  Results And Discussion

Sets of experimental and calculated I (E) curves are
conpared in Fig. 8.5 for the. {11). beam at normal incidence and
for ‘the (00) bean at.ET=109,‘¢ =1350. A visual comparison-
indicates a better fit . for the (11)  beam; values of the
reliability indices for individual beans, (r,) , are also given
in Fig. B8.5.  These values ' seen consistent = with visual
gyaluations, especially forérthe.'(ﬂiyzbeam. The {00) .Leam at
of f-normal 'incidence is.-judged by.the:(rr)c values - to show ' a
relatively poor fit, presumably,'because. structure in  the
calculated I{E) curves between 50.and 100eV is not reproduced in

the experimental data. -
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Figure 8,5 Ccmfarisons of two experimental I (E) curves for tbhe
Fh (110) surface with calculations, using the Vgus pctential for
four values of A44%. The value of the individual beam-
reliability-index ‘rPK is given in brackets fcr each calculated
curve,
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Figure 8.6 show¥s a contour :plot of the energy-weighted mean:
reliability-index ;., as a function of Vor and ANd% for a single
set of data at normalfiacidepce-, As noted previously-for the
(111) and {100) surfaces and for Cu(111), ‘there is a valley of
#geod ~ £it" - runnimg .diagonally across the plot and a .pronounced
pininum. Thevvaluenof.;} at the minimum (viz. 0.10) -indicates a
close.correSpondénce’betueen .the experimental and calculated
I{E) curves for - this set of d;taﬂatanormalhincidence; in this
case the conpditions forrvthe,,mipimum, are Vor=-1§£210.6ev and
DA¥==2.5+1.2%. .

The results of the reliability-index analfses for.the two

independent sets of experimental data. at the two angles of.

incidence . employed are collected in Table 8.1. The agreement .

both Dbetween different: angles .of - ipncidence and: different
experiments is at least as good as that found for the other
faces of rhodium. As was found  for: Rh(111), - the off-normal-
incidence data appear: to show a greater pergentage.coatractioa
than .do the.normalaincidencé data.K:For both angles -the second
experiment shows a smaller,COntractionltman-the=first;uaqain if
appears that experimental error.must limit. the accuracy of =a
result at:a particular amgle.tb.luo; 2% of -the :bulk spacing..
The energy-weighted mean-of thé resultszin-Tahie'8-13yie1ds

a - contraction of the. topmost_in;erlayer spaciag of 2.712.0%,
compared with the bulk spacing, and VN~=-10-711-09V.; This value
cf the inner potemtial.compares rather well with those found
with the  same . ion-core potential for :the other rhodium

faces (viz. -11.5120.7 and -11.0%0.6eV).



Figure 8.6 A «contour glct for Rh(110) of T, versus Vu
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8.4 Comparisons-Hith Previous-Hork-

On a percentage basis, the Rh{110) surface appears - to be
slightly more.contracted.than»the_xlli}ao: (100)vsurfaces. The
contraction of about 3% for Rh(110) ‘is to ﬁe conpared wsith. the
contractions of 5% for. Ni(110)[1%1,135], 5 +to 10% for
Ag{110){ 106,107 ] and between 10 -and 15% for the (110) surfacé of
Al[ 108, 110-112] reported previocusly with. multiple-scattering
calcujations. Similar or slightly lower contractions have been
indicated for the latter surfaces by the convcluticn-transfornm
method [ 101:]. However, with. the exceptionm of ‘the -latter
appro;cﬁ and thg'latést work .om Ag{110){106]), all the  other
conmparisons of experimental -and calculated intensities have been
made visually amnd are therefore liable to unknown deqgrees of
error associated with subijective evaluaticn of the data.

The guestion of surface roughness raised over A1(110)[{108]
and Ag (110)[ 106,134 ] cannot be.concluéively'refuted for Rh{(110) .
The sharpness of the LEED. patterns, the generally similar
appearancé of»symmetricallytre;ated beams and the substantial
‘agreement of theory and experiment :argue against such a prchblen.
On the other. hand, ' there are significant differences Letween
members of symmetrically-related beam sets and the- experimental
I{E) curves for the B=10°,¢=1350 data .do show poorer agreenent
- with calculations than is»thewcaSe.foxﬂ-ncrmal -incidence. The
assessment: of the effect . of surface. imperfecticns on:
experimental I {E) curves Tequires detailed and careful. studies

of a type that have not .yet been initiated.
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The following appendices contain all the experimental data
from rhodium surfaces used during :this work. . In:all cases
except one, the data is as collected and has not been smoothed
or manipulated im any way save for a correction to unit incident
‘beam current. The. exception . (47) . sﬁous data that has been
averaged and smoothed; .unfortunately the failure of a tape -
cassette has led to irrecoverable loss of the origimal data in

this instance. The contents of the appendices are listed below.

APPENDIX SURFACE ANGLE DATA-SET-
al (111). © = 00,p= 00 1
A2 2
A3 3
AL &= 100,p= 1090 1.
A5 2
A6 3
A7 . (100) &= 00,¢= 00 1.
A8 2
A9 - &= 99,¢= 200 1.
A10 {110) ©-= 004= 00" ' 1
a11. - 2
212 &= 100,_4>;- 1350 1.

A13 2
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