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I. INTRODUCTION

In réceht yéafs there haé been remarkable progreés in our underétand—
ing of the étruéture of surfaces. Most of the StrUCﬁural investigations
have been carried out using low energy electron diffraction (LEED).  Just
as x-ray diffraction my be used to stﬁdy the bulk structure, low energy
electron'diffraétion probes the structure of surfaces.

The lack of structural information in surfacé'féactions has'long
impeded the progress of surface science. Using LEED one can determine
the structufe of the clean surface and monitor the structure of adsorbed
gases duriﬁg the different stégesvof chemical surface reaction. Thus,
correlation between the stfuctﬁre and chemistry of surfaces caﬁ be esta-
blished; Surfaée phasevtransformétion of'man& kinds (6rder—order;
order-disorder, etc), can be studied by LEED.' Finally, the dynamics of
surface‘aféms,.their meanisquare displacements or theif diffusion aléng
the sﬁrf@ce cah be inﬁéstigafed. o |

The éppliCatibn of low enefgy electron.diffraction has led to the
discovery'of several new sufface phenomena., iﬁ was found that tﬁe
arrangemenf of sufface atomS'in cleén‘so1id surfaces could be different
ffdm the arrangement of atoms in the buik ﬁnit cell. Solid surfaces
may undergo structufal rearrdngements‘or chahges of chemiéal composition:
while no corresponding changes may occur in the bﬁlk of the'crystal. it
was found that atoms chemisorbed on solid surfaces form ofdéred surface

structures. The nature of the surface structure depends on the crystal . .

~orientation, the chemistry and the.concentration of' adsorbed gas atams

and the temperature. Low energy electron diffraction studies revealed
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that the mean square displaéement of sufface atoms ié largef than the
mean square displacement of bulk atoms.

‘'The major 6bstaCIe in the path of surface structural studies usiﬁé
low energ&'electron-diffraction ig the lack of a simple-theory Whiéh éould
explain the scattered low energy electron beam intensities. The apﬁli-
Cation of such a thééfy in model calculations whére tﬁe_important_yariables
are the atomic positions shoﬁld lead, just like the use of the kinematic
theory in x-ray diffraction, to cbmpléte description of.the surface'

structure. It is hoped that such a theory will become available in the

" very near future. Until then the assignment of atomic positions in sur-
face structures, solely on the'basis of the diffraction pattern, is not

>vunambiglious. This explains the different interprétations which may

be given to thé same diffraction pattern and the concentration of LEED
studies on only simple monatomic or diatomic surfaces. Frequently however

the available supplementary chemical information using other experimental

'techniQues permits one to identify the surface structure correctly and

to eliminate most of'fhe altérhative modéls.

'This:feview attempté tijresent the étate of the field of léw energy
electrQn’diffractiqﬁ;' We shall describe the theory andvthe experimeﬁt
and fhén'feView the structural studies which were Qarried out usingv
disordered surfaces, clean ordered surfaces, alsorbed gases and conden-
sable vapors oﬁ single cfystal surfaces.

In brder to carry out a low energy'electron-diffraction experiment
one needs (a) ultra high vacuum.(< 10_8 torr), (b) one face of a pure
éingle-cfystal and (c) a well-focused electron beam in the energy range

lf500iéV. At the present state of our technology such an experiment

can be. carried out with relative ease.




II. SYMMETRY AND NOMENCLATURE OF TWO-DIMENSIONAL STRUCTURES

One of the most notable features of low .energy eiectron diffraction
from‘ordered single crystal surfaces is the symmetry of the diffraqtiqn
pattern. This symmetry.is a direct consequence of the periodic arrange-
ment of the atoms or molecules in thé sﬁrface of the crystal. |

It.is éonvenient to regard fhelstructure of the surface to Be
arbitrarily constructed of a latticevand a basis. A lattice is an array

of points in space such that the arrangement of atoms around any lattice

_point 1s identical to that around every other lattice point. The basis

‘represents the arrangement of atoms arcund the lattice points. A basis

may be as éimple as a single metal atom placed on a lattice point for

‘many métal crystals, or it may be as complex as a set of DNA molecules.

A unit cell which contains ldttice points only at the corners is called
a primitive cell.

All lattice points are related by the translation operations
T na*tn btn T o | (1)
where n, N, and n, are integers and &, ?, and © are translation vectors
whose dimensions areﬁhoSebfﬂthe sides of unit cell and whose directions
are parallel toithe sides of ~the unit cell. The two dimensional (2D)
lattice bf a surface may be characterized by two dimensional translation
operations
| T - 2 +n b | (@)
TN . By 0
Note that the translational operations are symmetry operations that leave
the surfaée invariant. The regular arrangement of a reasonably perfect

single crystal surface frequently allows for the application of other

symmetry operations such as rotations and mirror reflections that will o

also leave the surface invariant.
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It may be shown that‘perfect two dimensional symmetry allows for
_ only a finite number of different types of rotationS‘(even though each
allowed rotation may be applied an infinite number of times.) Only

those rotations through an angle of 2ﬂ/n where n = 1, 2, 3, h and 6 are
allowed.s Tt is eas1ly seen that if rotations for n = 4 are allowed,

then the lattice must be square._ Similarly, rotations through 2W/n for
"n equal 3 or 6 must be ass001ated with hexagonal lattices. In this
manner, the allowed rotations place restrictions on the types of primi-
tive translations that may occur. Mirror operations Will also restrict
the types of primitive translations that are. allowed - As a consequence

of these mutual restrictions, there are only five two-dimenSional Bravais
:or spare lattices that are poss1ble. These are shown in Fig. l.

The symmetry of the surface is only partially described by 1ts Bravais _
lattice. The basis or arrangement of atoms around each lattice'point
Will itself remain invariant under certain symmetry operations even if
it‘is only the trivial operation of rotationvthrough 360°. The collection
of symmetry operations that leave arbasis'inyariant“is»called a crystallo-
graphic noint group9 There are 10 two;dimensional crystallographic
point groups.r Fiye.of them are characterized by the pérmissible rotations
o /n for n=1, 2,.3, 4 and 6. The other five are characterized by the
'_.permissible rotations and by mirror reflections. ‘If one mirror plane
is allowed, then the rotations nill generate a set of equivalent mirror
planes (except for n = 1 of course)
The total symmetry of a crystal surface is described by ‘the conbina-

tion of the Bravais lattice and the crystallographic point group of the‘

basis. There are 17 unique and allewed combinations of the five Bravais




lattices énd ten crystallographic point groups. These are called two- 
dimensionalnépace éroups. rThé reader 1s referred to:an'excellent |
discussiqnan these space grou?s by'Wbdd.2 |

In thé_enefgy fange_usually empioyed in low energy electron dif;
fraction, the de Broglie waveiength associated with thé electron will be
of the order of angstroms, [X(A) = (l5O/eV)l/2 Jo This length is similar
to the interrow spacing of the atoms on most single crystal éurfacés.
As the atoms in the crystal are arranged in an orderly fashion, there
w1ll be only certaln reglons in spaée where the reflectlons from parallel
rows of atoms will interfere constructiVely; When the scattering takes
place from a two dimeﬁéiénal array,_the regiohs iﬁ‘space of éllowed_
constructive interference wili be rods rathér‘than points as in the three-
dimension;l cése° These rods, or difffaction beams,icén'be chafacterized'
.by'the.eQuivalent parallei cryétallographic planes'from.which the cone

structive interference that formed a given diffraction beam_originatedo

A convenient parameter for indexing a diffraction beam: is the

reciprocal lattice Vector,“ G This reciprocal lattice vector con-

“hk*
tains 1nformatlon about both the magnltude of the 1nterplanar spac1ng under

conslderatloh and the direction of the normal to that set of crystallographic
o / ) ,

planes. For a given two dimensional Bravais lattice with primitive

translational vectors,'§ and'ﬁ, the COrresponding primiti#e reciprocal
lattlce Vectors'ﬁg_ nd?}b are defined by the.following relationships:
- - . N
a G = b = om (3a)
a "G = b-G =0 E (Bb);-::
and 2 '
=277 = . . .
Gy SR G = 2 FEE o (3e)
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where‘?‘ié a unit wvector perpendicular to the surface. Just as a real
space translational vector, T, may be constructed fram an integral

: : , N -
number of. primitive real space translational vectors n, a + n, b; a

reciprocal lattice vector ﬁtk = h Ga + k'ab may be constructed from
the primitive reciprocal lattice vectors E; and'§£.

The reciprocal lattice vector G,, has the following interesting

hk
propertiee. Its direétionris hormalkto the‘EDiorystallographic planes
with (hk) Miller indices and its length is equal to 27 times the reci-
procal of the SPaciné‘of these (hk) plenes.

_The‘indexing of the.verious diffraction beams is e relatively simple
matter. -The specularlyvrefleoted beam-doee not imvolve ahy chahge in
tthezcomponent of the electron momehtom thet is:perallel.to the surface
of the crystal | Therefore,vit is associated with only the null parallel
OO'_ O:é + O;a£ endzis oustomarily indexed

as the (OO) beam. In a 51m11ar faShlon, the flrst order diffraction

re01procal lattlce vector T

beams for the square, rectangular or bbllque lattlces may be lndexed as

(01), (10), (01) or (10) as they are associated with the reciprocal

—_ - — — | -

- lattice vectors GOl = Gb’ GlO = Ga’ GOi = -va or GiO = -G respectively.

ngher order beams may be indexed in an analogous manner. The unit
of the primitive two dimensional unit cell
cell vectors/and indexing of the three densest crystal faces in the face
centered cubic and bodycentered cublc stmictures are given in Flgs. 2a=]
Some caution must be exercised in the indexing of low energy electron
diffraotion'pattenns. The choice of indices is‘dependent upon the choice
of unit cell. For example, the first order diffraction beams~from the

(100) face of face-centered cubic erystals may be indexed as either (10)

or (11) depending upon whether the primitive two dimensional lattice (Fig.3a) or
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the full x-ray unit cell containing a centered atom is used (Fige. 3b ).
Both notational systems are used in the literature.‘ | |

A gommon ébserﬁation in léw energy-ele;tron diffraction'patterné
is the odcurencé of "extra" or Q&acﬁional order"spots. In addition to
the normal diffraction beams associated with the lattice spacing of thé

bulk crystal, there frequently appear other diffraction beams that often

may. be indexed with fractional indices. These extra diffraction beams

.are usually associated with structures-on the surface which are characte-

rized by larger unit_CellSvthan the projection of the buik unit cell

onto the crystal surface. TFor example, if molecules from the ambient

were to condense out onto évery othér Iattice site of the Surface, then

this new.éfrutture on thé surface of the crystal would have a periodicity
tWice‘ﬁhat.of the "cleén” substrate surfacé{.‘As the reciprocal latticé
vectors are inversely propértional-to the interplanar spacings, then the
new primitivé reciprocal lattiég vectors for the surface would have one-
nalf the length of those in the oriéinal set. Therefor,e;.vin- addition

to the old set of reciprocal lattice vectors paraliel,to tﬁe surface,v

there would then exist a new set with fractional order indices. Asso-

~clated with this new structure and these new parallel reciprocal lattice

vectors, there woﬁld alsé be a new set of diffraction beams.

Surface struétures ére formed not ohly by the adsorption ofvgases
onto the surface, but also by © :the segregation of bulk impurities onto
the surface of the crystal and by the recoﬁstruction of clean crystal
surfaces. As with_the simple surfaces,’their Bravais lattices may be
either centered or primitive. Though perhaps less common, thevdiﬁenSiqns

of the structured surface may bear a mmon-integral relaticnship to the
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dimensions‘of the;simple”surface. Furthermore, the structured surface
may have a unit cell_that.is rotated relative fo.that of the clean surface.

| Often, a surface strucﬁure will exiat t}at'has the usual dﬁnehsiéns
al ong one translatipn, but a large dimension gloﬁgithe other translation
direction; These structures are frequently.denoted as being (1Xn):ﬁhefe
the 1 indicates the uswal bulk cell dimension along the x-direction while
the n indicates‘_.nétime‘s.-thef.buik -uniti’-‘-.'vc'ell.-dimension aion'g ~the 'E‘y-'-&'iréction.
This will give rise to a diffradtion paftern with the usual ngmber of
diffractién>spots along oné_reciprocélllatticevdirectibn and n times the
usual humber along the other‘direction.(Fig. ua—¢>ﬂ'tWhéh_thelunitfééll
Vectoré:bf £he éubstraté in both direcfionsiafe i&enfical‘on the original
surface {as on the (lOO)'faée of fec or bee sblids), then it is ééssible
to héve_two types of‘domainé, one set of the (1Xn) and one sef of‘thé
(nxl):kihd. When this occurs, it may Ve observed that the diffraction _
patterﬁ.will have n times fhe normal nﬁmber of'spo£s a1ong both direcf
tions. . This typé of difffactionvpatfefnnis.not to be confused with
that ariSing from a trwe (nxn) structure where the surface structure
has'n;times the ﬁsual dimenéion along both direcfionévon all portions
of thé crystaif ‘For example, a (1x2) structure on a square surface‘may
contaiﬂ tWo types of doﬁains rotated relative to §ne another by 90°
- and giving rise to (0, 1/2) and (1/2, 0), spots. A true (2x2) structure,
however, will also give rise'té (1/2, 1/2), spots in addition to those
which appear_for the dmain structure (Fig.ka-c).

Surface structures of the type (nXm) where n { m are frequently

formed. For example carbon monoxide-on the palladiu@"(lCO) face gives a

¢ (Lkx2) structure.5 The indices used to characterize the structure

o)




of the‘surface‘heed not be integer. If every third lattice site on a‘_
_hexagonai face is di_stinguished from the o"ther sites, then a W34/3) -30°
surface structure may arise. The angle given after the (nxm) notétioﬂ
indicgtes the orientation of the new unit cell relative to the'original
unit cell. If every othér 1éttice site on a square face is uniqﬁe,‘thenv
a Woxe)-4s° éurface structure could be formed. Td avoid the nonintéger
notation@'this«strucﬁure is usually labeled‘a C(2k2)‘where the ¢ indicates
that this is a cenfered'(2k2) Structure; Occasionaliy,’ﬁhe notatibn |
p(nxm) is used whére the p indicates that‘a_primiﬁive uﬁitvcell has been
.taken, ~This p is_frequently-deleted when either if is understodd.fhaf
the uﬁitfcell is primitive,-or whenvthe'detailed.geoﬁetry of the #nit
cell is unknown. If a sﬁrfacé.structure is kno%n-fo be associated with
some contaminant or adsorbéd‘gaé, if is'éusfﬁmafy to dencte the adsorbate
material ih the description of the surface‘stf@cture as (mxm)-S where S
is the chemical éymbol or formula for thé'adsorbate; Perhaps one of the
simplest examples of this would be the bxygen surface structure oﬁ moly-
bdenum where thé éxygen atbms‘or molecules_on ﬁhe surfécé of'the metal
have the same unit mesh as the clean metal surface. This structure

would be denoted .as the Mo(lOO)-(le)—O.structure where the chemical
symb@l and cryétallographic face of thé substrate are given first; thén.
the ﬁnit mesh of the surface structure relative to that of fhe substrate
and finally the chemical fsymbol of the impurity is denoted.

| A useful and,simple method for determining the real space lattice

of a surféce structure from its reciprocal §pace laftice vectors as dis;
played -in its diffraction pattern has been developed by.Park‘and Méddén.*

Noting the reciprocal and the real space vectors obey the felatjon
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G = eom
a.
it is possible: to construct two matrices, A and G, such that

A-Gg = (ka)

~
~

or

-1 - o (1)

Ux .
i

If fhe coﬁponents of Gbare taken as the indices of the partiai
orde? spots and are expressed in ferms of the basis vectors of thev"clean"
diffracﬁion p%tfern, then its inverse,;é, will give the éoordinates'of
the basis ve¢tors of fhe real space lattice for_thevsﬁrface structufe
in terms of tﬁe primitive lattice vecﬁors for'thevclean or unreconstructed

éurface. For:example, a (2 2) surface.structure on a rectangular'or ' | 7

sduare'sﬁrfacé will give rise to a diffractibn pattern character ized by

. dlffractlon Spots Wlth the indices n/2 and - m/2 In fact, the total
dlffractlon pattern, or reciprocal lattice space net, may be regarded

as being generated from the basis vectors (0 1/2) and (1/2 0) where the
firsfvorder diffraction épots from the cléan surface would havé the indices_

(10) and (Ol) We may therefore construct a reciprocal lattice matrix

0 1/2
1/2 0

whlch may be regarded as being constructed of the real space vectors

F which has as its inverse the real space matrix A l [
(0 2) and (20) which are simply the primitive translation_al vectors of
the (2x2) surface structure. expressed in terms of translétional vectors

for the clean surface. Similarly, a c(2X2) surface structure gives rise

to a diffraction pattern or reciprocal lattice net which can be generated
from the vectors (1/2 1/2) and (1/2 1/2). The resulting reciprocal

lattice mabrix G = 1/2 1/2

3 1/2 ;1/2 has as its inverseé the real space matrix .
-1 1 ’ :
év_[ 1 1

which displays the real space translational vectors for the




-11-

c(2¥2j éurface structure as (I 1) and;(l 1). This method.iS‘very.
powerful.fo% the dnalysis of complicated surface stfuctﬁres.'.Note[
héwéver, that any analysis of the gebmetry of the diffraction pattern
Cwill oniy giVe infonnation about the two dimensional space 1attice. In
ordef fo'determine the arréngement of the basis around the laftice'points
and in_a dirécti§n perpendiéular'ﬁo the surface, an analysis of the
infensitieé of the diffraction features msut-be.peffonned. The problems

inherent in such an analysis will be discussed in a later section.
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III. THE NATURE (F IOW ENERGY ELECTRON DIFFRACTION

. Mahy of the unique characteristics of iow energy elgctroﬁ'diffréc—
'tibn in the'energj range 0-500 eV are due to the large scatﬁering cross
‘sections of,fhe low energy electrons,' Particulafiy'at_very ldw electron
energies; 0-100 ev; these crﬁss sections may be ofbthe brdér.of Squére
énéstréMs, HAs a cénsequence, there will be sﬁbstantial amplitudes séaﬁteréd
into.the hoﬁ-fbrwafd direétions, énd the pfobébiliﬁy that ﬁhe electron
willﬁbe'fdund in the transmitted beaﬁ will be significantly less than unity.
'  This'reéulfsin a high probability that an eléétron will be incapébie

: dflpénetrétiﬁg very‘deeply into a solid underithése cbnditions before it

| is 5cat£éréd, either eiastically or inelasticaliy,_put of the forward
scattered beam. Therefore, most of the in tensity fhat is.back—scattered

out of thé crysfal comes from either the éurfacé-or'the neighborhood of
the surfacéf This, of.oourse, makes'low-enérgy electron diffraction an
ideal toql for studying the structure of surfaces.

| Unfortunately, the very aspect that makeé low energy electron diffraé;_
tion valuable for surface structure analysié also complicates’this ana - |
'Lysis; That is, bééauSe the scattering cross'Sections are large, not
only_will»the elecbrqn.be scattered predominantly from fhe vicinity of

the suifacé, but it will also haveﬁa significant probability of being.
'scattered'more than bnce.. This phenomenon is known as multiple scatter-
ing and its ﬁnporténce_vitiates the.applicability of the kinematic theory
of difffagtion Which has been used‘so successfully in the x-ray caée Ghere

only single scattering or kinematic events are important.




6

13-

One of the interesting coﬁsequences of ﬁhe fact that scattering
is confined to the vicinity of ﬁhe surface ié that the full three'dimeﬁ—
sional pefiodiéity of the crystal is not experiencedvby tﬁe electrop. We
therefofe are déaling with a potential which has éssentially perféct
periodicity in the two dimensions pardllel to the surface but hés:imperfect

periodicity, perpendicular to the surface. This perfect two dimensional

'_periodicity insures that diffraction will occur and that the electron will

be scattered only into certain discrete rods or beams, destructive intér—
ferencesvhaving taken place along all other directions in space.
More concisély, as has been noted by Boudreaux and Heine; the only

exact‘quAhtum number in the system is that compohept of the wave vector,

“§| or_%xy,'which'is parallel to the surface and this is indeterminant to

the extent of adding ény recipfocal lattice vectof'thaf is pardilel to
thé surface in the ﬁsuai sense of the Bloch theDrém; Due to the imper-
fect periodicity perpendicﬁlar to the suffade however, ‘that. component

of the wave vector;'ﬁl orfﬁz,‘that is perpendicular to the surface is not

constrained to take on only certain discrete values as it would be in the

x-ray diffraction case.

Howéver,lwhen only elastic scattering is considered, this perpendi-
cular component is defined by the parallel component and the condit ion

that thé total magnitude.of the wave vector must be conserved. If the

. . -3
incident electrons are characterized by a total wave vector, KO, then’

the components parallel to and perpendicular to the surface may be de-

0
I

noted as‘k
may be characterized by K' with components K'” and KiL. Now, the constraint

d ’ .
and gﬁ respectively. In a similar manner, a diffraction beam

on the parallel componentimay be writteh as
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— -0

ko= K 4G S (3)
I i _

.whgre‘an is some reciprocal laﬁticg véctor parallé# ﬁo the surface. If
the surfacg has rectangular or square symmetry% 5“_ = om(% h/.aX + 5 k/ay).'
where h dnd'k are integeré,x‘and y are units vectors in the x and y direc-
tions ahd g% and ay are the primitive translational vectors of.the éur-
face lafﬁiéeﬁnet in the x and y directions respectively. The ZIdirection
has been taken as being pefpendiculaf to the sufface.

Iﬁ free space; the energy of the electron is.directiy proporfional
tovfhe-squafe of the total wave vector as E.i h? rﬁlg/Qm'where el is‘Plénéks
consfant diVided by 2m and m is the mass of the eiectron. Therefore,

the constraint that the scattering mst be elastié,may be written as
RIS L (6a)

Qr o _ | : ' | |

B2+ 1F1E - Rl - (60)

Rearranging Eq. 2b, gi may be determined as

R P R Pk o
Note that ?L.mgy be either positive or negétive;vcorresponding to a diffrac-
tion beém directed eifhef into or.out of the éryétal. Real values of
Kj_ corfe5pond to t’ravellingl'waves or alloved states in the crystal .wh‘ile">
complex or iméginary“valués corfespond to damﬁed or gvaneécent waves at

the surface and forbidden states in the bulk of the crystal.




There are actually an infinite number of solutions to Eq. Te
. . . . : 2412 <2
- First, there are those within the Ewald sphere where ]K ] > IKHI.
. o e A
The Ewald sphere is that surface in reciprocal space with a radius of !Kol.
‘When within this sphere, SL is real, at least when not in a band'gap
where it may assume complex values.l In the following, the states
characterizéd by real values of ;L will be referred to as "allowed" states.
' Secondly, there are those solutions that lie outside of the Ewald sphere

where I‘I?°'|2 < ]"ﬁl“lg X

For thése cases, SL is purely imaginary and. the

associated eigenfunctions are strongly dampéd.i Note that ii mayibe

either positive or negative, corresponding to diffraction beams directed

both into and out of the crystal (Fig. 5 ). As‘most low energy electron
" diffraction studies are made as a funttion of electron energy, it is of

value to inspect Egs.5 ,6 ‘and T for their energy dependence. Equation 6

states the ﬂecessity that the diffracted beam have a Wa&e vector of the

saﬁe magnitude as the incident beam for elastic scattering whereas Eq. D

states that the parallel component may cOntain'some reciprpcal lattice

vector. Tt may therefore be seen ﬁhatbet a low enoughjbeam voltage

these two equations may not be fulfilled simultaneously with real values

of'gi except for the mull parallel retiprocal-lattice Vector. In this region, only
the transmitted and the specularly reflected beams are allowed. All other | |
" beams will be forbidden, or evanescent. Upon going to higher. energies,
the-magnitude‘of the wave vector becemes large enough to accomodate‘the
smallest reciprocal lattice vector,_and the first order diffraction
beams‘will be allowed in addition to the transmitted and speculerly re-

flected beems.‘ At etill higher volfages, higher erder diffraction beamé‘

will come imto existence. When a diffraction beam first appears, the
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componeﬁtIOf its wave vector perpendicular to the surface will have zero
maénitude, and the emergent beam will lie in the‘surface. At a slightly
higher_energy; fgil will.have a fihite value and diffraction beanms difecfed
both into and oﬁt éf the surface will éppear. As.the energy is increased,
" the anglé_that theseinew beams will mdke'withbthe surface increases and
these beams'will aésymtotiéally approach fhe axis df the'iﬁcident or
specularly reflected beam. VieWing'oﬁly the tack Scattered beams, upon
increésing fhe electron energy one would first see new diffraction beams
v appear paraltel to the surface of theﬂcfystal and thenlrise up out Qf this
surface and sweep through”spaée towards thé spécﬁlarly reflected beanm.
Thesé:coﬂsideratiOns arise solely“from‘the symﬁgtry; that is, the two
dimensional periodicity parallél to the surface. VThey are cqmpletély
' iﬁdependent'of the nature of fhe surface other than its symmétryvand the
dimehsiéns_of its uﬁit cell parallel to the surface. |

Iﬁformation about dimensionélities ?érpendicular to the surfaée and
ébout ﬁhe'typé of scattering centers involved is, howevér,vcontained in a3
the intensities of these diffraction beams. To appreciate the possible
variations in thése beam intensitieé, let us consider two limiting cases.

A. Thé Two-Dimensional Diffraction Limit

The fifsf case iS'that_in which there are novperiodic modulations
in the potential in the direction perpendigulér to the surface thét.aie ¥
experiénced by the electron. This is essentially the two dimensiqnal
grating problem. -Here.if one monitored the intensities of the.béck-
diffracted beams as a function of electron energy, one would fine, at
best, a monotonic variation‘(Fig.6a ). Conceptually, this situation
could occur if the scattering‘cross sections were sufficiently large that

the electrons néver penetrated the first atomic layer of the surféce.
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B. The Three Dimensional Diffraction Limit .

The second ihniting case arises in the opposite limit where the
créss éections for back séattering are quite émall so that the electron
can peﬁetfate deeply into thé crystal before being scattered. Iﬂ this.
case, the effect of theISUrface_can be ignored and the eléctroh will be
diffracted'predominantly in an environment where it is subjected-to’the
full three-dimensional periodicity of the érystal. wa’the ﬁerpendicula?
component Qf the reciprocal lattice vector is no longer free to assumeva
cOntinuum of values but.is limited-ﬁo certain discrete values by this"
periodicity in the 2 direction. This constrainf onvEI may be.éxpressed
in a manner similar to Eq.5 as ‘ | _ -
-i'L = ‘kOL +.§L v | | (8)
Where7%£ is some reciprocal IAﬁtice veétor pgfpendicular t o the surface..
Note that the combination of Fgs.6 and 8 1is just the Bragg equation for
x-ray diffraction expressed in reciprocal épace.v This can be seen iﬁ |
the following manner. We may write [X'-K%| = 2K sin (6/2), ¥ = 21/n
and [G| = 2 n/dthere 6 is the angle between the initial and the final
direétionSFOf travel and d is the interplahar spacing perpendicular to
the scattering_Vectorla. Subsﬁituting these real spéée expressiohs into
the réciprocal sbace éxpression obtained by combining‘EQS.6? and8 ,
the élassicd_Braggbexpression -

n\ = .24 sin (6/2) (9)
is obtained.. |

. If one were to.look at_the intepsities of the'diffracted beams in

this'lhnit, it would be observed that they were zero except at those

points where Eqs.6 and 8 were met simultanéously (Fig.6b )
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C. Low Energy Electron Diffraction

We:now have two extreme cases, one where the intensity Varies smoothly
"~ with eléctron energy; and the other where_the inteﬂsity Vafies'abruptly
being zerd‘except at cerfain discrete eneréiés_andvpoints in space. N
Reality for’LEEb is; ofrcourse, éomewhere in between. In Fig. 7 fe

show the intensities of the different (hk) diffraction beams, I, as a
fﬁnctiéﬁ of electron energy, eV, which is obtained for the A1(100) sur-
face at hofmal incidence. There are modulations in the beam intensities,
some, Eﬁt not all, corwesponding tO'maxima prediéted by Eq. 8 . Further-
.more;>p$rticularly‘at low beams voltages, there.is usually finite ihten—
sity iﬁuthése diffractioﬁ beams at energieé thatAdo not correspond to

any diffraction condiﬁiono These obServationS ﬁay.ﬁe e%pléined by the '
fact th&t, even théugh the scattering crbss éectidhs‘are.rathér’large,
they dre-not éo large that the eléctron doés not.have a finite'prokability
cf penetrating the first and even several of theniop most atomic layérs
paraliel to the surface. Consequehtly, the electroh méy expefiende some
degree of:the: full thfee'dimensional periodicity of the cfystal.

‘HoweVer, thebébservation of intensity maxima at enefgies other,than
those predicted.frOm Eq,v8 indicaté that the situation ié not so simple.
as ouﬁlined a#ove. As meﬁtiéned béfore, the very fact that the scatter-
ihg croés sections are reasonably large can lead to multiplé scattering
evenfs. These may be thisioned in the.following manner. As the |
amplitudes of the-non—ﬁransmitted diffraction beams are substantial,_-
and a§ the cross sections éreblarge, the diffracted beémsithemselves

may act as primary beansbor electron sources. Consequently, we must
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consider diffraction conditions of the fofm of Eq. , but betﬁeen
diffracted beams rathér than only between the'primary,.of incident,
b eam andfévdiffrécﬁion.beam. |
| We therefore have the new condition ‘
X=X o+ 8y -  0)
R !

where bothff'i and-R"L are wave vector components . corresponding to

diffraction beams. Note that Eq.  may be considered as a special

case of EqJdO. The analogous condition for the parallel components
K'Yy = K'” G v v (11)
is always met. This is guaranteed by Eq. 6 .
. For sufficiently large cross sections,”still'more phenomena can
be obsefved. :For_example, when the condition expressed in Eg. 10 is met

between'two diffraétion beams, a subsidiary maximum may be observed in

. a third beam, even though no appropriate diffraction condition is net; :

This is because all of the beams are more or less coupled for sufficiently

large cross sections, and an increase in the intensity of one of them

méy result in an increaée in the intensity of another.

'Thé'actUal intensity maxima that are observed may be;arbitrarilyk
categprized intQ three different typeé on the basis of‘the associated
diffraction conditions. |

1) Kinematic or Single Diffraction: The first group ié comprised
of those maxima whose positions ére predicted by Eq;8@ "~ This ié the
kinematic or singleiscattering case, and peaks éhould appear.at these

positiéns even in the limit of negligible mutliple scattering.
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2) = Double Diffraction: In this case; wé have those peaks whose
ﬁositiOnS_are predicted by Eq.10 rather than Eq;8.,‘ This is'avsimple
-multiplévsééttering situation and may be,qalléd the double diffractiqn
ca se asvit necessitates only two successive scattering events. |

'5) Tertiary and High Ofder Scattering: This caee contains;all
intensity maxima not directly'prédicted by Eqs.S and 10, Observation
of these phenomena-shouid‘be liniited to those situations where multiple
scattering ié quite strong. One would expeét when inelastic 3cattering
waé impértant that maxima of this typé'would be»éxpérimentally observed
only with difficulty. '»

Althoﬁgh ﬁhe division of intensity maxima into these three different
caﬁegoriés pfesents a useful classiciatiﬁn séheme, it is rathér arti-
ficial as higher ordér séattering‘evehts-may cdntribute to the inten-
sities of maxima classified as either kinematic or dowble diffraction
even though ohly one or two events need bé considéred to predict their
positibﬁs..A |

How well the position (in electron energy) of fhe diffraction maximé
is predicted Just by‘taking single and double diffraction events info
abcoﬁnt is indicated from the work of(Farrell'and Somorjai.6 " They
have'méasured the intenéities,of.several diffraction beams [(00), (10),

(11), (20) and (22)] from the (100) surface of_se#exal face centered cubic

e

metals'asfa functionvéf electroﬁ energy at nprmal incidence. Under -
these cohdi£ions'the diffraction Eeams_with the same indices and the same *
sign of K's are degenefate. .This is one of the simplest conditions_

which facilitatés the analyéis of . the data Since‘the number of fAiffraction

beams to be considered is much less than under corditions of non-narmal
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electron béém incidence. First of all they.have found that when the
intensity dcta from the different (100) fcc surfaces which were availacle
in the literature were plotted on a "reduced" electron energy scale,
eVdecosee, . the peak positions for the different materiais seemvto féll
at the same corrected elccﬁron energies. This is shown for two different
beams in Figs.8a and 8b . By plotting the data on a "hormélized" energy
scéie (Ihk'vs. eVdgcosee) cne*can'compéhsaté*fﬁr:thb-variatibn31of£theav‘
lattice parameter among the metals. Thus, thesc results indicate that
the same diffracticn processes-arc operative in all of the metal sur-
faces with the same crystals structure and sﬁrface orientation. However,
the intensities of these peaks'Vavaccnsiderably frcm-matérialytovméterial
presumably reflecting vériations in the charactefistics of the atomic
potentials. |

Then Farrell and Somorjai6 calculated the peak positions which
could be'predicted by assuming that oniy Singie and double'diffnactioﬁ
takes place in the (100) surfaces and compared the calculated peak
positions with those found by expcriments:for six different metals
(s1, Pd, Sg, Su, Cu and Ni). |

Most of the experimental and calculated.vélues of peak positions
showed COincidence within the accuracy.of the measuremenﬁsf This’result
kseems tb'sﬁbstanfiétc'thaf single and double diffraction events are the
doﬁinant_scattering p:ocesses in lOW'enérgy electron diffraction from |
fee mctal surfaces.

Thé double diffraction condiﬁions; Ei;f‘='ﬁz appears to be particu?v
lgflj dominant in the electron energy region“justLébovegthecappearance éﬁéfgy

of the diffraction beam under consideration.i There also appeared to be:

a general tendency for diffraction conditions With,relativély small
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N o , .
magnitudes of G to dominate. As most atomic potentials would favor

forward scattering this is physically reasonable;




»
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IV. TIMPORTANT PARAMETERS OF THE LOW ENERGY ELECTRON.DIFFRACTION
EXPERIMENT AND OF THE SURFACE STRUCTURE CALCUILAT IONS

‘A, The Inner Potential

A crystalline solid is composéd of ordered.arrays of atoms which

are thémsélves made up of negative electrons and positive nuclei. These

create a symmetrical; but complex, potential which is na tirally quite
diffefent from that experienced by an incident .electron in_free.Space.
Consequently, when an incident electron strikesia'crystal,;thé chénge
in potential which it expefiénces‘brings‘about‘a COrrespdnding change
in the De Broglie Waveiength of the electron; :This increase in the
kinetic énergg’gf the electron upon entering the solid is commonly

ei. :
described as/duenfo the "inner potential"; The electron is accelerated
as it enters the solid since at interatomic diétances_the nuqlei ére
only imperfectly shielded by the core and valenée,electrohs. The

average inner potential experienced by a primary electron will be

dependent upon the energy of that electron as the degree of shielding

“of the positive nuclei will to some extent, be dependeﬁt upon the

electron-electron correlation.

If the potential of the crystal is expressed as a fourier expansion

- .
-1Ger

v(T) = %, Vge then the inner potential is well represented by the

first or static term, V _, in the expansion. This term is essentially
the matrix’element of the potential'taken between identical initial and

final eigenstates that represent the incident electron (that is,'

v, = <% |V(?)|X° >). As the energy of the incident electron changes,

its elgenstate will change causing a corresponding change in the value

of the matrix element that approximates the inner potential. This
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matrix eieﬁent'is'the‘diagonal term of the potential in the secular
determinent'thatbdescribes the interaction of the electron with fhe
crystal.' When the determinent is properly diagonalized, other;off-‘ ' ~
diagonal fermszill appear alohg tﬁe diagonal and will represent con-
tribuﬁione to the effective inmer potentiai.experienced by an:incident
}electrdn.' waever, as higher order Fourier coefficients are usually at
least an draer of magnitude,smaller than the zeroth order tezm, these
contributione may'be‘fegarded as refinemeﬁts dn a‘reasonable zeroth order
appfoXimefion. |

Peﬁdfy has_ﬁsed the pseudopotential approech to ca;culate'the average

"inmer potential" (i.e. the'diagohel'metfiX’elemenf of the potential)
for nldblum and nlckel.7 In these. calculatlons, the effects of ~screening,
correlatlon, surface dlpole, 1nelast1c and 1ncoherent processes have
been neglected on the grounds that at hlgher energles their contribut;qns
will bé‘iéss fhan aboﬁt é eV. In PEndry s calculatlons, the largest
contributlon to the 1nner potential came from the Hartree term which in-

. cludes the effect of the nuclear potentlals and an avergged core state
contributlon; ‘The Hartree contributlon, is 1ndependent of the primary
ehergy‘of the incident electrons and is'the'high energy limit of the
inmner potential, = For nickel,ePendry calculatedethis term to be about -
1k eV’end.fbr niobiﬁm, about 19 ev; Slmllar calculatlons gave a hlgh

»energ& llmlt of ‘about 12 eV for the inner potentlal of graphlte.

In the range of primary energies intermediate between the Fermi energy
and that region where the inner potential approaches bhe high enefgy limit
(between 50 and 100 eV), the calculated inner potentials for nickel and |
niobium:ehow considerable energy dependence (Fig,_9-5). Tﬁey both

exhibit a minimum in absolute value that is a consequence of

S




the partial‘cancellatiqn of an exchange term and a pséﬁdo—potential term

in Pendry's calculations. Although it is of electroStéticvorigin, the
exchangé term has no classical analogue. It exprésses the difference in.__
the coulomb interaction energy of systems where the electram spins are
parallel or énti;parallel and is a conseéuence of the Pauli exclusion'
principle.8 The pseudo-potential term expresses the deviations from a
planeAWave nature duevto nodes. at the atom centers‘in the eigenfﬁnétibn

of the electron. Both of these terms diminish in importanqe at highér
Qnergieé. It is‘tempting to extrapolafé from these calculations the expéc-‘
tation that all materials will have an energy dependent.inner potential of
minimum absolute value at some energy between the fermi‘énergy and the‘
high energy limit. It is to be hoped ﬁhat caléulationS'will be performed
in the héaf future for other materials. This informtion would greatly
simplify the interpretatioh,of low energy electron diffraétion‘data.

A lafge number of experimental estimafes have been made of the
effective inner potential experienced by an incidenf eléctron.b Oné éf,the
recent publications dealing‘wiﬁh thé problems involved invan accurate
experiméntél determination of imner potential is that by Sterﬁ and Gervais?
They observed for the (110) face of fungsten by howvmuch a diffraction
condition was shifted from its theorefical position calculated with
zefo inner‘potential, The difference betﬁeen the calculated and the observed
va lue wa:s assigned to an inner potenﬁiél corréétion;- They discuss the
'necessity of choosing a diffraction condition for which there are no
significént multiple reflections. When this condition is npt met, then
severai diffraction conditions my be strongly.éoupled making ﬁhe experiﬁental

extrication of an average inner potential a difficult and uncertain process.
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Further, they have shown that the experimental_’l_y deteimined a.vera,ge inner
potentlal has an effective angular dependence of l/s1n @ leading to large
corrections. at glancing angles of incidence, CareI"ul measurements far -
from norzhal incidence for diffraction conditions that did not excite
strong multlple scattering gave a value of 20 eV % 1 eV for W(110). As
all of;the; ‘measurements were made above 100 eV, this may be ta.ken as the |
‘highvener.g.y l_ixnit for the inner potential of.tnngsten. Note that this |

value is commensurate with that calculated for niobium in the high energy - -

limit, -

Seah has experunenta.’lly determlned a value of llL eV for the inner

potential of Ag(ll) films of mica in the high energy reglon.lo This may

’ be compared w,rth a value of 12 eV’ determlned by Segall — and ,a value of

10 eV at the Fermi ‘surface obtained by adding.the work function of silver

to.'its Fermi'energy. Other representative values for experimenta.lly-
determlned inner potential correctlons are 9 eV for graphlte ) l6 eV for‘

nlckel, 13 22 eV for nlckel,:LlL and ll-12 eV for llthlu.m fluorlde. 15 Other
17 ‘

values are 16 eV for tantalum,:L6 between 8-19 ev for vanadlum, and

18

B, The Atomlc Scatterlng Factor

" One of the’ most mportant parameters whlch enters into all calculations
of suri‘ace stricture from the intensities of the diffracted Low energy
electron beams is the amplitude' scattered by a single atom in the crystal
surface, - The scattered amplitude_, Va, is called the form factor or the :

atomic scattering factor. The amplitude in any given diffraction beam is

‘dependent upon the probabilities that electrons will be scattered out of

the primary beam (or other diffraction beams) into that beam from various

points 1n the crystal. These scattering probabilities -are.' dependent upon




2] =
the abomic puﬁyntim]. For single scottering events, the scattering amplitude
may be regarded in the first approximation as being'prOportional to the.
Fourier coefficient of the potential that is characterized by the séattering

Vector between the initial and the final state of the electrbn—-that is,

‘ fab~ <k V()R > = Va' (12)

whefe’a =‘§' —de is the scattering‘vector.. One of the simplest model.
potent ials usédin LEED calculations is the isétropic-s-wave scattering
potential, With this potential, scattering in allvdirections has the same
probability. Whiié this is a particuiarly convenient potenﬁial to apply
-in-éomputatioﬁs, it is rather unrealistic inrthat most experiments ihdicate
- that atomic potentials tend tq be forﬁard scattering. That is, on the
average, the probability that an electron will be: scattered into a new
direction that ié considerably different from the original direction willv
be significantly less than the probabiiify that the eiectron will either
continue'aiong‘its originai direction or be déflected through only relatively
smail scatteriﬁg angleé.

A somewhat more realistic atomic potential that-illustrates_this
forward scattering tendency is the shielded couldmbic potehtial. Here,
the positive,nuclear'charge is regardéd as being_uniféfmly”shiélded:by'the
surroﬁnding'élé¢£rons”and oné'méy'w;ite5? ,

| V(E) = B e [Ar] ()

where Zeé/f is ‘the nuclear goulombic potential and A is the "screening
length" of the core and valeﬁce elect?ons.' Uppn Foprier transformation

this potential gives form factors of the form

2 ' .
v o= g”e L - (1k)
a 2+ g |
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Note that whén the scatﬁering vector, 3; is very small.and'the électron has
only been Scattered through a small angle, that Vq,Will be‘largér than when
q isblarge and the electronvhas been back-sc@ttered away from the original
direction. As the electroﬁ amblitude in any given direction islproportional
to the corfespondihg form féctof;_it may be seen that forward_scaftering '
is more pfobaﬁle than back scattering for such a poﬁential._‘ |

Iﬁlis-worth noting that thé effectiVe screening length of the electron'
is dependenf upon the energy of the incidént‘electron and'actuallj decreases
- IWhen the veléciﬁy of-the scattered electron inéreases, This is because
the core aﬁd~valence.electrons are less éffeétiﬁe in shielding ﬁhé incidenﬁ
electron from the coﬁlombié nuclear charge at highef eﬁergies. It ﬁay be
Shéwn that,

L K - q2

._Hﬂegn" ; _f
e, |27 TEE

2k + g
2k

L (15)

>
{

where n is the average electron density, e is the chaigé of the. electron,
€p ié thé\Fefmi energy kf is ﬁhe Wéve vector.lgFér aluminum; X ision the
order of éZ below the Fermi surface. Note that the déérease in fhe scfeenf
ing length with the inéfeésevin electroh ehergy iﬁcredses the rélative
pnﬂxbiﬁﬂy Qf.forward scaftéring, This is reasonable as One‘wbuld;expéct
the moré.energetié electrons to be less gasily deflected than ﬁhoéé wiﬁh
relatively low velocity.

| Altﬁough the shielded coulombié potential leads to form fac£ors that
are an imprOVement o&er those obtaihed from an iéotropic poteﬁtia15 it is
still inadequate for anJaécurate description. of low energy electron diffrac-

tion. As the electrons in an atom are not arranged uniformly érdund-the

nucleus, ‘real form fattors will not have as simple a form as that in Eq.14 .-
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Further, those considerations such as exchange and corxélafion thdt contr ibute
to the vbltage dependence of the inner potentiél will also effect the off
diagonalmaﬁrix‘elements of the potential, i.e., the form factors. A detaiied
consideration of these effects leads to form factors that are not neééssarily
monotonic funétions of the scattering vector‘or-electron energy;_ Thé form
factors may_éctually become zero and cﬁange in sign under the proper cir-
dumsfances; | |

Few calculations have been performed that attempl to calculate the
actual form factors from a defailed consideration of the electronic stfﬁc:
turé of crystals. One of the more promising approaches, is by the psuedo--
potential method. 'Unfortunately, most availlable pseudo-potential form
factors-have beén.evéluated near the Fermi surface and the extension-of
these calculations/ﬁo the energy range of interest in LEED has only recently
been undertaken.

FigurelO shows the form factor, fqg for aluminum éalculated by Hine
and Animalu at the Fermi surféce by pseudd-potential method?oﬂﬂﬁs may be
compared with that calculated from an isotropic s-wave potentiai and with
that calculated from a simple screened coulombic potential. Note that the
pseudopoténtial'form factor varies markedly with the magnitude of.the_ l
scaftering véctor. However, - it still hasvits iargest absolute wvalue in

the forward scattering direction. =~ - R L I IR T

T

There is a body of experimental evidence that indicates that there

'is a considerable amount of structure in the form factor, or atomic. scatter-

ing factor, for the scattering of low energy electrons, If an electron

beam is scattered from a completely random arrangement of atoms, then, to a
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first approximation, the intensity.is proportional onl& to the number éf
scattering centers and to the square modulus of the atomic scattering
factor. The.spatial disorder of the atams would preclude any periodic

: modulatién of the intensity as discusséd_in Section VII, Therefore,»if

the intehSify'scattered by a perféétly disordered sﬁrfaée is measured,
e?ﬁerimental'information may be  obtained about the form factors. It is

'however, jery.difficﬁlt to prepare a solid surface which shows unéorrelated

disorder as éﬁomsvtend’to prefer to be at some average distance from one

v_another: fAtbmic.arraﬁgements;that.Show-no long raﬁge order may be obfained
using liquid surfaces or by'deposiﬁing.amorphous léyerS'of material on

foréignxsﬁbstrates.

Experimental Deteimination:of the Atomic:Scattéring Factor:: .

Gopdman and Somorjai have‘studiéd the backgrdund:inténsity from low:
energy éléqﬁrons scattered from liquid lead, tin aﬁd bismuth su%faces.nghey
have foﬁnd'that thefe,aré definite noh-monotonic intensify'variations o
with'both.énergy and scattering angle that cénnot be cbrrelated with . the
bulk radial disfribution.function due. to density fluctuaticns in the liquids.
~ These intéﬁsity vafiations are'most likély due primgrily to'ﬁariationé in
the ato@ic scattering factor. | o

tandéf'énd'Mérrison have studied the intensity baékscatfered'frém
‘disordereq layers depositéd.dn ordered substratés.g2 The possibility of B
orienting:influences and sqattering by the ordered substrate materials could
conceivﬁbly efféct.their results. Unquestionably, one of the greatest
present,neéds inAlow eﬂergY‘electron diffractipnvstructure calculations is

informatioh, both experimental and theoretical, on the nature of the atomic

scattering factors in the energy fegionIOf interest.
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~with LEED. The inelastic mechanism are also extremely important in the-
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C. Inelastic Scattering of Low-Energy Electrons

An electron may be subjected to several different types of'scattering‘
interactions in a crystal. These scattering mechanisms may be classifiéd
as being either elastic or inelastic depending upon whether or not the
aergy Qf the electron has been changed during the interaction. The

elastic mechanisms lead to the usual diffraction,pheﬁomena investigated

interpretatibn of low energy electron diffraction information as inelastic

‘processes are generally far more probable than elastic processes

in the energy range where most LEEb Studies are berformed (10 - 500 eV).

The inelastic scattering mechanisms may be further.subdivided into
two categories: vthoée involving energy loss througﬁ'coﬁpling into the
thermal motions of the atoms in the crystal;:ahd those involving eﬁergy
loss through electrohic excitétion of ﬁhe'core'and/or'the valence or con¢
ductioﬁ electrons in the crystal. The thermal effects, that is, those
involving energy exchange between the electrbn and the phoﬁoné in thé
crystal, lead to thermal diffuse scattering, the Débye—Waller'effect and
other reiated phenomena.19 .These will be discussed later. The electron-
electron interactions may be claséified.according to the types of electrons
in the crystal that are excited by tﬁe incident electron.

At éufficiently low energies, the incident électronsvare not-energetié
enougﬁ £o,éxcite the electrons in the core states-of the crystal. In this
rEgion;.the only elecbrénic précesses that are important are those involv-
ing the valence or the conductibn electrons. Here, energy may be lost
either.by the excitation of a vélence electfon to a higher state oﬁt of

the Erystal, or by the excitation of plasma oscillations. For incident
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electrons.withienergies less than the plasmon energy;'GulO~eV)sih-
elastic.proceSSes are relatively unimportant and the scattering is mostly
elastic. | | |
Armstrong finds between 10% and 50% of the'electronsvbackascattered:.

from tungsten are elastic in the range between 2 and about 16 eV incident.
beam energy ? Lander notes that the total elasticvreflectivity averages
about 20% for most materials in the region below 10 eV and then drops to
about 1% at_about 100 eV.25 ) This percentage will. be considerably less
for the llghter elements and more for the heavier elements. At'energies.
: above 100, eV there 1s,‘onvthe average, onLy a very slow decrease in. the
"fraction of elastically'scattered electrons. The percentage of elastically

scattered electrons as a function of electron energy is plotted for the

(100) face of platlnum 1n a typical LEED experiment in Fig 1L,

The very low energy region (< 5 eV) of,high elastic ref lectivity
is'not‘easily accessible with the conventional commerically available
apparatus; The bulk of the 1nvestigations of elastic scatterlng processes

vhave‘béen' carried out above 20 eV At thesevenergies, surface and bulk
plasmons may be excited. The energy associated with the surface plasmon
mode is”about l/*/2 that for thevbulk.mode?6  The probability that an
electron'will Loose energy through excitation of a plasmon mode-rises_
steeply‘at_energies jnst'above the excitation threshold~27 This prob—_
ability hasva,makima at several times the excitation energy and then
decreases slowly at higher energies;_- “

A convenient quantity for characterizing inelastic losses through‘
electron-electron collisions inva crystal is the "mean free path", A.

. ° 3 : .
Quinn has calculated that A is on the order of “1000A at 1 eV and falls

1y
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rapidly te'about lOOE at 3 eV for aluminum. The mean free path for plasmon
emission has been calculated to be about 102 aboﬁe about twice the exeita-
tionbenergy of the plasﬁon mode.27 Reeently,-Duke_and Tucker have perQ'
| formed calculations emplo&ing velues of 4 and 83 fer electronéelectren
mean free path lengths 28 ” |

Figure 12 shows the effect of damping the scattering amplitude with
an arbitrary inelastic loss factor of the form e d/x for several values
of A, If mey be seen that the penentration of eleeﬁroﬂs mere than severel
monolayers into'a crystal is severely Curtailedrby inelastic losses for
values‘of'x less than about 6& Though the employment of an 1ne1astlc

-a/N

loss factor of the form e 1s not mathematlcally rigorous, it does

_give some.physical insight into the constraint'plaeed"on the penetration

of an incident electron By inelastic collisions witﬁ:eonductlon electrons.
> Proceeding tovhighervenergies; the-primaiy electfons-eventﬁallyvbecome'

sufficiently energetic %o;exeite“the\boundfelectBOhéuinrthezcOre»states

of the atoms in the latfice into highef states. As with the plesmon modes,

the probablllty of exc1t1ng these core states rises steeply at energles'

Just above the excitation energy and then reaches a max1ma at several

times thevexcitation energy.29 lThe prdﬁability then decfeaseskvefy

gradﬁally'as the.primar& eﬁergy is increesed‘furthei. THe exact valﬁe'Of

the probablllty of exciting a- core state Wlll of ceurse, depend qﬁon

the materlal and the trans1t10n uhder.con51deratlon. Similarly, the

threshold value for excitation of core states_will also deﬁends upon

the éame'cbnsidefations, and will range.from several electron volts for

maﬁy‘elements with filled core‘states near the fermi‘Surfaee to severel

hundred.electron volte for elements like flourine with very low lying core

states.
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;Recapitulating,-a;study of elastically“scatteredplcw energygeleetron. -

from singlevcrystal surfaces necessitiates an understanding of the in-
elastic scattering mechanismxas well. At most electron energiee cf
yinterest,:it:is far_more‘probable that an electron will.be_ineiastically
scattered,rather than'eiastically ecattered.! The inelasticvscattering-
mechanlem nay be classified as belng thermal or electronlc as the incident
electron exchanges energy Wlth the 1att1ce phonons or w1th the lattice

_ electrons.' The electron-electron interactions nay-be further classified
into thcee proceeses involving excitation of plasmon modes (either sur;
dface,oribulk) and those_process involring'the‘excitaticn cf individnal
~lattice electronS'frcm-either the'che'or.the yalence states. The in-
elastic processes have the effect»of reducing‘the penetration depth of_

low energy'electronse

D. Temperature Dependence of the Intensity of the Low Energy
: Electron lefractlon Beams

S L. Surface DebyeJWaller Factor

Real crystal surfaces are neither cerfectly ordered nor 1deally flat
Real surfaées are highly irregular on an atomic scale with emerging dis-
locations,'eteps, pits, grain boundaries, vacancies afid regions where atcms
are"disordered._’The atcms in these surfaces are COnstantly nndergoing
thernai vibrations. This section is concerned with the effect of these
1attice vibrations on the scattered electrdn beam intensities;‘the next
sectiontwiliVCOver the'effect of surface disorder on electren beam inten-
sities..

The main effect of lattice vibrations ie to scatter a fraction of the

elastically back scattered electrons out of phase.. Thus the intensity of




the difffaétion beams decrease while the intensity of the background (back—
ground in'LEED is defined as all the back scattering excluding the diffrac-

tion beams) increases. Electrons of energies of about 100 eV, e.g., spend

17 o

. about 2x10 ' X £ seconds scattering (where £ = distance in A traversed;_

t = transit time = thﬁe/QeV:zCJlO'16/156xlO'12) where m_ ='mas$ of electron,

eV =_eieCtron energy) . Since.characterisfic vibrational fréquencies are
as "sloﬁ" as‘lo_l2 seconds, the electron "sees" a disordered "snépshotf

of the Laﬁtice. However, in tﬁe laboratory_framé we monitor intensities
for-times bfvone-tenth of a second or longér'and thus'obtain an_averagé

of a greaf number of "shapéhots," of the digordered'lattice.'»we can cal-
culate the'éffect of lattice vibrations on laborétofy mea surements of
intensity. Define an arbitfary atom position at O#K‘by a Vecfor ¥ as shOWn
in‘Fig. . At any finitevtemperature.éhe atom will be displaced.by an

- amount g(t), a timé—depehdent function. In thévkinematic'approximation |

the scattered intensity from an array of sﬁch scattering centers is

1= ()3 e [ BA) @ 27,0 ¢ R @ - )1 (16)
o ol CT ~d AR N 1 v
A - o o o . 30
- where we are summing over all pairs of scattering centers £, I'. Only

the first term in the ekponential would appear for a static lattice.

Without any loss of generaliﬁy we can expahd the dispLacements in a

canplete set of the normal lattice mode COordinates:Bl ‘
u,(t) = £ u .,a ,cos (@ T -"g%, - . 7o (17)
i ) S gy "9 W ad 2 wQJ) - .

‘where the summation is over all the lattice modes q and polarizations, j.
The qu are unit vectors in the direction of the phonon of wave vector,

of frequency ® _, ampiitudé a ., and arbitrary phase angle ¥ ..
8 - qJ qd’ , . \ aj
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FoiloWing the deriration‘given by James,BO for}r-ray'diffraction, the
effect of this "phonon" scattering on the sCattéring intensity can be
determined. The assumptions used in this calculation are: (1) the ergodic
hwpothesis, i.e. that the time auerage over all the thermal motions (what
.is actually observedvexperimentally) is equivalent to an esemble averaée.
'of tne tnermal motions.  (2) That thermal motions arevsymmetric,,i.e.,.
that the net (or average)imotion along any‘coordinate'is zero._-(B)‘ That

the thermal motions are small. The result of James' calculations is:

e oW 12 2 '
I = IF | ™" - x| W's 2 cos f@-(? -z, )} exp LAk (r-—r )
hkl , T ~. ~4
L | B | | (18)
where IFthI2 is the‘kinematic diffraction'intensity'for'a perfectly.ordered '

lattice, W is the so called Debye-Waller factor and is equal to
IA k‘u I where Ak is the scatterlng vector.‘
In the high temperature llmlt of the Debye model.gaiT > 6 ) the

mean square dlsplacement is glven by
2> WS T

RN - | , ‘. 19)

wheré N = Avogadro’s number, #i = Planck's constant divided by 2m, . k =

D

2
temperature. For the Specularly reflected beam, IAkI = k2 cos Y =

Boltzmann's constant, M= atomic mass in’ grams, T = K%, © ‘= Debye

Mﬁg/xe co 8 thus _

o 161 cos2¢(u2) _ 12Nh2 cos2¢ o7 -

—2W = : > - Mk ¢ 2 ¢ 2. : (20)
AT ' | SIS .

(by substitution of A =~ 150. h/eV and COllEChlng constants)

. o .
o KVT cos® @ _ -
explo (-EW) = exp,, 5 s = const. = 66.6

MHD, EFF

°K
mole eV

(21)
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where ¢ = angle of incidence, and 6 = effective Debye temperature.

D, EFF
' Equation(21)¢ombined with (18) suggests that at a given beam voltage
and angle of incidence the intensity of a'diffraction»feature decreases
as an expohenﬁial function of temperature. From thisvresult anveffecfive-
Debye teﬁpefature for the atans.involved in the‘scdttering can be deri&ed;
From reéults using LEEEpe’BB’y%he_value of>8D for the sprface.iayérs are
smaller'than for bulk layers. However, as indicated in_Section"VI.Eg, LEEb
samples an increasing amount of the bulk as fhe energj inéreéées, Thus
af different voltages, the beam penetratés a different ﬁﬁmbér»of”layers -
and the méasufed bebyé'temperature ﬁhicﬁ.we désignate aS 6D,ﬁfF is stme
average of the surface and bulk layers. Ih the iimitjof iowvvoitageé
QD,EFF _)GD’ sﬁrface_and aﬁ high voltages.HD’EFF _ieD,BUtK' .

QD EFF as a function of beam voltage provide a means of studying the sur-
) ‘ :

Studies of

face dynamics of.grystéls. However, onevmust be véry'cautious_in épplying
Eq. 21 . First, the uée of the Debye model may not be appropriate.to:des-
cribe thé surface mofions where anharmonic effeété could bé‘large.‘.Sécond,
the second.term'in Eq.18 s usually referred to as.the'thermal diffuse
vscattering, must be evaluated. For certain values of "2W" the effect

of the thermal diffuse scatterihg on the Debye—Walier results may be-
significant.. | R |

Maradudin55

has evaluated the cubic and quartic contributions o ;
anharmonic motion and their effect on the Débye4Waller factor. He
obtains the result:

l6'Tr2‘co's2 o) of T:

| L L B
oW . = e 2 5 . 1.861310 [1 +Q.OA83 ZT] (22)

o0
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 where aé = lattice parameter and 6 is a parameter determined independently
. a [ . .

in Maradudin's model. Using lead as an example, o = 4,954, 6 = lhB.h°K.'.
One may £it his value for 2W into the form of Eq.21 if a temperature

dependent 6 (T) is defined as

. . 2 ‘
- 21 = 5= o.6205‘><1o'LL [} +0,0483 52—] - (23)
-6 _7(T) Nh~ 6 - L Yoo ,
D co ‘
Using the values for Pb, this becomnes :
) T 715k (153.5) [1 * 0.0483 iﬂ?fﬂ"]' (2%)
% (T) f

which for T ~ 0_, givésv 6D~'Hm‘ Margdﬁdiﬁ's méael indicates that an-
harmoniceffects éhould be éxpected to‘iﬁcrease iinearly with temperature
-(being.about 9% anharmonic at 0°C and about 20%'at'the melting pointj_'

and.thaﬁ:£9 first order anharmdnicity only affeéts‘the magnitudé of the
HD but hot the form of the Debyg -Wallér fagtor. |

Another effect'whiéh is important in LEED stﬁdies‘of the Debye-~

Waller factor is'the‘sedond term in EQ. 18 calléd the thermal diffusev
scattering. Thermgl'diffuse scattering afiseS'frém the independence of
the'phonén modes from each other. Webb‘et al.3§ havé shown that the
thermalvdifque scattering intensity, the second term in Eq. 18 1is

(Let I, = second term):

. I fO] 2 -OW > ‘ ) | - ,.
I, = =——— e oW I (Bk £ 3) (25) |
o T o ‘=T 2 e
02 a2 BET-I o | |
where |I (&k)| +|®o]® = |F |5 i.e., I_ (8k) is referred to as the .
o T "hk 2] To o~
interferehce function and is non-zero only where the argument, Ak = g, '

a recipfbcal lattice vector. From Eq.25 ., I, has significant magnitude

o 36 : S
only where AE tgqg = G. Webbjshows that the thermal diffuse intensity

A~
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falls off in a manner inversely proportional to the distanee in reciprocal
space from the nearest reciprocal lattice rod. Studying the ratio R of
the thermal. diffuse intensity to the kinematic intensity Webb finds
R = ow/L (1+A\) where O is a small correction factof, less than unity,

: - 2, .21 .. - : - i
and of order ]gl / !g ] which decreases to zero for large lgl-

2. Effect of Multiple Scattering

We have; thus far, neglected multiple'5catteringbeffects; thoughjthqy
are definifély‘prominent, especiall& at low energies.v'Wbrk in this- |
:1aborat0ry6 ‘indicates that the double diffractiOn'mechaniéﬁ:is the .
most likely. - Figure 14 indicates a possible double diffraction‘prpcess}
An incident beam k_ making an angle ¢ with the nomal to the sﬁrfége'
may scatter in two ways: part of the beam is specularly reflected intp
the beam k, another part scatﬁers into vector El' The angle betWéeﬁ :

k and k. is 2. The k

K k, beam may then be reScatteréd into k

beam

1 2

(actually identical to k) where the angle between k, and k, is 2¢2.

1
From simple gedametrical considerations: Ak = 'Akl + AEQ‘ Physically,

the constrﬁctive»interference between 52 and 5 could contfibuté to a 
diffraction maxima. The Debye-Waller factor for the double scattered

case is: . _ E o o

Cyr cos?@r . co8 ¢1 . cos ¢ 2 S

_ : + + (26)
2M ] 2 - 2 .

. GD , UD QD : :
1 T2

W=

where Gb' refers to the‘effectiVe Débye temperature for thermal mptiohs'
n’ ‘ :

in the direction.Agn. Comparing Eq. 21 and Eq.26 , if

2, - 2. - :

cos ¢l -+ cos ¢2 cos @ 7).
2 2 = 2 o

9% %y %

1 )
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then the results interpreted in terms of kinematie'diffraction'would be

in agreeement with this dynamical result. Assuming '8 ’s'HD e='HD this
. : s I~
condition is met whenever ¢ = o°. However, for ¢ near 0° and HD ~»8D ~ HD s

the most usual case experlmentally, the results 1nterpreted in terms of

Iklnem.atlc dlffractlon do not s1gn1flcantly dlffer from the dynamlcal
I

i

result. But esPec1ally at lower.energles, where the dlfferences in

surface and bulk GD's are most 31gn1f1cant and at large angles of 1nc1dence,
the 1nterpretat10n of DebyeJWaller experlments not allOW1ng for multlple
scatterlng effects ‘could lead to dlscrepan01es,: The problem is tractable,
.however,;since dynaﬁical fheofy-QOeé'pfediet tﬁe.exact'mﬁltiple diffrae-
tion meéhenisms.epplicableiand by a fbrm qf i£e£a£i§e procedure the N 's
‘could be determined: | | n‘
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V. COMPUTATIONAL PROCEDURES TO EVALUATE THE SCATTERED LOW
- ENERGY ELECTRON BEAM INTENSITIES

From the precedinghodnsidérations, We.see'that‘the geometryiof"thefScat_
tered~beamshis uniquely.defined'by'the dimensionS'and two;dimensional.symmetry
of‘the_crystal surface, and by the energy and angle offincidenee of the:
'_primary‘beam. ‘Further, we now know that intensityhmaxima may appear:in
these diffraction beams when certain diffraction conditions'arevmet.‘ How—
eVer,'the relatiue magnitude of these intensity maxima and their preoise
relatlonshlp to the chemical nature and exact pos1tlons 0of the scatterlng
“ centers can only be determrned through a more quantltatlve.1nvest1gatlon
of the scatterlng phenomena. | |

There are a number of dlfferent approaches currently popular 1n
the llterature,‘but they all 1nvolve, either exp11c1t1y or 1mp11c1t1y
finding a solution in some degree of approxnmatlon, to the Schoedlnger
equation;' Tt should be emphasized thatvwhile many of these approaches
appear forma11s1tlcally different, they are all concerned with the same
phys1cal phenomena. They differ prlmarlly in thelr viewpoint and in. the
nature of their approx1matlons. The current llterature on theoretlcal
calculatlons of the intensity of LEED beams may be roughly subd1v1ded
into two parts on the basis of their starting points.

‘The first group begins.with'the_differential form of the Schroe-
dinger eQuation _ _ a
' @AY R - w@ v E D  (@8)
where.K_is'the magnitude of the wave vector, and u(f%his'2m/ﬁ2 times
the potential. In general, both the potentiai and the eigenfunotion are-

eXpanded in a Bloch or Fourier series and the resulting‘set-of linear
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inhomogeneous»equatioﬁs are theh Solﬁed for tﬁe coeffiCients'of fhekeigeﬁ_
functions. Frequently, these solutions are obtained‘fop the eigenfunctidns
Wiﬁhin the crystal and those in free space are determinéd-by matching‘ |
wC?;ﬁj éﬁd its first,derivative at the surface. 'Variations:on thié approach

mve been employed by Hirabayaski,and Takeishi;37

s Boudreaux apd~Héine;
Hoffmaﬁ and.Smith,58 Jepéen and Marcus;5_.' andthtsuk159b aﬁdng others. _ 
Historically, this method, has its roots in thé Wbrké of Betheho and Von |
Iaué.ul

The second basic apprpagh bégins with fﬁ e integral fOrm,Of:the'schroe_

dinger'equation

7 w(*f;fo' - <r,K> - 1fkm J o33 >u<**> wr,K) &
(29)

where ¥° (r,K) is the incident beam, G(r,r ) is a Greens functlon and u(r')
is the potentlal-deflned above. An excellent descrlptlon of_the trans-
.forﬁafion of the differential form of the'Schroedinger.equation to'its
integral fom is given b& Méfzbacher.uz The effect“of fhé infégralA.
‘operator, f & rt 6(%,7') u(F') on the eigenfunction w (r,X) may be -
.regarded as a progectlon or an evolutlon of this eigenfunction from a
p01nt 7', to another.p01nt T. As the solutlon appears also on the rlght
‘hand side ‘of Eq 29 under the 1ntegral sign, an 1terat1ve procedure is
‘often.followed. Alternatlvely, the quantltles imvolved in the integral
may be ekpanded_ in some appropriate basis set, such as partial waves,

the integfal soIved, and the fesulﬁing set of coupled linearlj dependenf
equatidns resolved as in the case of the differeﬂtial Schroedinger- equation =
approach. The:integral equation, or Greens' function,.apprOach has been

i 43 Lh ks L6 - . L
utilized by McRae, Kambe, and Beeby among others. Historically -
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it is similaf to the dynamicel theory of x-ray diffraction developed"
' Ey Darwin.u7 |

Regardlese of the starting point, there are_several basic essumptions
employed by‘most authors. The first is that thevincideetvor.primary beam
of electrons may be represented as a plane Wave. As the'actual{wave is
presumeﬁly ceherent'for hundred to thousands of Angstroms,5 this.is :
probably not a bad approximation. | -'v |

.The second assumption is that the crystal has perfect periodicity
vparallel fb the surface. The degree of perfection fequired perpendicular _
to the surface varies frem paper to paper. 'Iheeﬁeglecﬁ of the existence
of ledgee and other sﬁrface imperfeptions is notzimpoftent.inza qualitative
discussion though'there is‘some evidence tﬁat surface damage can change
the results in actual situationsi’

It.isifrequehtiy assumed that the electrone ﬁhat'are elastically
scattered into the region exterior to the crystal are’cqntaihed in av‘
number of discrete beams'whose wave vectofs are defined by Egs. 5 eﬁd Te
While this is.definitely true far‘avey’from a‘scattering center, itkis
‘not necessarily true in the immediate vicinitty thereof. However,

: L
calculations performed by McRae 5

for the case of iseﬁropic scatﬁerers

:indieeteifhat tdeviations from a plene[wéveenatﬁre may be negligible.
Further, the lattice is generally assumed to be static, This‘

aesumptien is not valid except pefhaps for those materials'having a

‘lafge atomic weight end.a high Debye temperature, . |

Tnelastic scattering is.usually either igﬁofed, or consideredéhe

simple a basis as possible. - Wheneconsidered, it is usuwally represented

" as atomic excitations and collective phenomena, such as plasma::resonances,
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are usuaily neglected. The lack of a detailed consideration of inelastic
scattering is somewhat damgerous, .pa'rtiéularlyas it is frequently the

25

domina_ht scattering mechanism. 7 _
Thé last va‘s;s:wnption is that the scattering is noh—relativistic.. |
- Thié is 'a_redsonabﬂy good gssumption for low energies".a,nd light a’.ccg.ms,
but fu—i%her investigativo'h 'inté ‘its validity_ ‘undex-'_o'ther situations is
neceséary.‘ From the first assumption, we may write the .incident beam as
| CPER - ST (30)
From the sec.ond: assumption, that of .pei'fecf two dimensional periodicity
bpara'lle’l'to the surface of the c'ry.st'al, we .may.expres_;s fhe pétentia.l '
_ofvth_'e _crystal as a Fourier expansion B | | |

u(¥) = =

R A e (51)
ol el o ,
where T}‘” is a reciprocal. lattive cector pa.ivallél to the surface and z is

the coordinate perpendicular to the surface. There are several é,lternate
éxpfessions for VGH (z)'which will be used below. The first is in the

limit of perfect three dimensional periodicity

vy (@) =%y v e L™

(32)
where E.L 1s some reciprocal lattice vector perpéndicular to the surface

_.a,n'd E = ,—G\“ '+—G1'.' This expansion will be used in the x-ray or kinematic

limit, and for the matching calculations.
The. second expansiori,of VG' (z) is an integral Fourier expansion
: I

TS
) Ao -l Ve
v. (z) = | dy Vv, T
G . ¢

- -\ )
where G =.~CA}“ + 7y and 7y) is sane continuocusly varying parameter in the z
direction. This expression is useful near the surface where the periodi-

city in the z idrection is weak or nqn—existanﬁ. - Further, when the
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potential'is-éxpressed as a sum of scattering centers

w#) = = w (r-R) (3
s : : ‘
where the summatlon is either over layers,. or atomlc 31tes, then
-1G-(rR) o _
W@ = 5 W, e s . (35)
G, s S _ : o
and ' +§a;§s I '
v, = szwS,G e T S (39)

where the summation over G can be taken to fOrmally include an integration -

over VY. This expan31on is 1mportant when there are two or more atoms per
—l - |

unit cell. Below, the structure factor terms,_e G.Rs, will usually-be

@rried implicitly in V., which may also contain the Debye-Weller factor.
Another result of the second assumption is that like the potential
the wave function may be expressed as a Fourier expansion

i (K +Gy)er

SRR

This is a result of Bloch's theorem for two dimensional periodicity. As

for VG”(Z), A (z) my be expressed as a discrete or continuous Fourier

Gl
expans1on ag the 31tuatlon warrents. Again G = G + ql or G = G” +y v

will be used, and Z will be taken to contain an 1mp11c1t summation

over qL or 1ntegratlon over Y as 1is approprlate to the circumstances.

With this is mind, we may'wrlte

Do Ay

N L

';it.is instrﬁctivéxté cpnsidéf the calculationmal procedures in the
limif of negligible mltiple écatteriﬁg. More extensive éalculations
mist. reduce to these solutions for very small cross sections and these
résult; serve as a basic frame of reference within which multiple
scattéring phenomena may be discussed. In addition, éeneral techniques

can be outlined with a minimum of detail.
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‘ Ih the kinematic 11m1t when multlple scatterrng is 1n31gn1flcant
1t may be ‘assumed. that the &lectron has a much greater probablllty of
being found in the prlmary, or transmiltted beam-than in any other. Ih
;.addltron it may be assumed that the electron penetrates deeply enouéh o - -;‘
~into the crystal,to experlence its full three dlmen31onal perlodlcuty,. |
'.and that surface effects are negllglble. We therefore mayvuse the |
'three dlmens1onal expan31on of the potentlal and wave- functlon.:”

Substltutlng Eqs 31 32 and 58 1nto the differential form of

the Schroedlngers equatlon, there results

o - : K+ x| o Gor oy
@By sa, R sy ST 59
7 h . - -AQI_A ) .

% -ZG"'ifG' © 1(K +_G)‘r

- which becomes

2 ae L w2y . A (R +G) s LAY
5 (& - rk +3%) 1, - S V G,_G, f }_e? - o (ko)

—
As the functlon e (‘ +G) r form a llnearly 1ndependent bas1s set we,

need only consider the set of equations

6 2 ¢ oL o : ' | | '

H - T = . ).Ll
[K*+GIT) £, - Zg Vo, oy = 0 (41)
In this'limit,'it is not necessary to solve simultaneously this total
set of equatlons in order to determrne the amplltudes, & as we have

made the assumptlon that ib >>.fé._ Therefore Eq.hl becomes - .

(K2 - fﬁ°¥8|2 - VO)‘fb - Vszb-= 0 ' (ue)-

or . ' . ’ : ’ v

. - . Y | | (u5)'
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This is essentiaily the x-ray result, that the amplitude of the various
diffraétion beams is pro?ortiohal tb a Fourier coéfficient‘in.thg expan-
siénfof the potentialv

' We obtain a similar result by using the 1ntegral equatlon approach
There, assumlng that fb >> f' is the same as maklng the flrst Born approxi-
matlon. That 1s, we may substltute w (r,K) for w C?, under the 1ntegral
ls1gn on the right hand s1de,ofvK. 29 . Maklng this approx1mation.and subf

stituting Eq.31 and 32 into Eq.29 we obtain

L R . ‘ - o i-R'r .(‘I’,_'_‘:E,f) o | - :A .AO .
YERE - | [ K S my T TS,
TR Tx” - IK“I- a g
| oo | | R (1)

where the Spectral form of the Greens functlon 1s used (see the following

sectlon) UtlllZlng the follow1ng two equations.

T O TE T - RN
T e ' ’
and . R
: 3 iK-r N (X" -G) v
J &’k - 5 (K',k2-G) = —OI — (46)
& EdN b ’ %2812 - R
we obtain. , _ ‘
' S v . 720 3y »
YEE) = = G et 0 (47)
! G 12 - o —y 2
- S ol I S ‘

whére,_by'a comparison with Eq.38 and43 = it may be seen that the
relative amplitudes are identical with those from the differential form
of the Schroedinger_équation{

1. Differential Equation Approach

One of the earliest non-kinematic LEED calculations was performed by

_ Hirabayashi and‘Takeishi,57. They used the differential equation approach

in ‘an extension of Von Laue's dynamical theory. An explicity accounting
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Of the tenminetion,of:theicrystal periddicity ét theisurface;waS'
 made by ut111z1ng the forms for the potentlal and wa ve function given
in Egs.31 and 37 . This set of coupled flrst order dlfferentlal equatlons
in fq'(i) conld eoncelvable be solved for the amplltudeseof the varlous
difffactien beems. However, Kirabayashi and‘Tekeishi did not attempt,
a completeiy self consistent.solution, but.rather made the apprbximationv
_.[_._fG(z) | >> [£.(2)] i.e. that the intensity of the incident beam is much
‘strongef than that of:any of the diffracted-beams;. NUmerical.calculatione
were performed fofttne specularly-reflected‘beem‘in the caee of graphitei
~and were‘cemperedvwithfeknerimental results. The agreementjis not bad'
in the regidn above‘lOOeV bUt becomes progressively worse. at lower‘
voltages. This is not unexpected as the approx1matlon ]f (z)| >» If ( )I
becomes less valid at lower energles. This paper is .of 51gn1f1cance e
as 1t was the flrst to attempt a dynamlcal treatment of IOWenergy electron
diffraction. Not only dld 1t illustrate that reasonable agreement Wlth |
experlmental data could be obtalned at higher energies by con31der1ng
only a llmlted number of beams, but it further underlined the fact that
the. amplltudes of the diffracted beams are not negllglble relative to thatbf
the" transmltted beam in the very 1ow energy region, ‘The cond-ltion ‘that |
f(z) ~ f'( ) is prec1sely that which is associated with multlple scatter-
ing, and 1t is this condition which necess1tates a more self consistent
treatment of the.problems. |

A related but‘more complete method has gained considerebly popularity
recently, particulariy amorng the solid state physcis. 'Thiskis the wave
matehing,approach_where-the wave equation is first solved within the per-

fectly infinite crystal and then.the'eigenfunctions outside of the crystal
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are determined by matching these wave functions and their normal derivatives
at the surface. 1In this approach, the primary_problem is identical with
that of'determining the energy band sfructure within the crystal,'but

only for that energy and that component of the wave Vectdr, K,Iparallel

' to the surface which characterize the incident beém; This method has

'the adﬁéntage that it may draw upon much of the knowledge accumulatedi 
about eneréy band calgulatiéns. It ie barticulariy applicablé to uncon-
taminated and unréconstructed surfades, and leads to a élear insight into
the relaﬁidnship between reflected intensities énd the baﬁd.struCture of
the solid;  fhe wave function inside the solid may be -expressed as a linear
combination of the.Bloch functions for the_pérfectrbulk cryétai, aé in
Eqx 38 .. The first phase of the problem within the framework of ‘this
approach is to solve the wave equation within the crystal; ‘ Ihserting
equations 31,32, and'38 into the differential form of tﬁé Shcroe -

dinger equation, there results

s A a3 i Pt N
D 2 3 . . iGN,
(V + K ) ZGfG ela‘i"."'G) s ZGn VGH‘ € * I‘
. o (‘1‘{_;", o . .
X Zn fG' eHETG ) r (48)

which, upon performing the indicated differentitation and then rearranging

becomes -
> = | kT
S, (K - |k-6|"-vE, - 2 £, e Y=o (W)
. . G'+G ' |
i(k+G) .r

or, as the traveling wave terms, e s are linearly independent

(€ - [eGl” -vory - 2 Ve, o f5, = 0 (50)
. ' G'$G

& has

solutions if and only if the secular determinent is equal to Zero, f.e. .

This set of linearly dependent eQuations in the amplitudes, f



- N Y
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‘, 11! -~ Yo Gyp |
v ¥ :
v (K - |k-6,,1% -v)|=0 = (51)
G 22 0
21 ) /
The relative values of the ampliﬁudes.fG, may be determined as cofactors .

ofrthe éecular matrix,h8 apd'ﬁheir'abs<ﬂute values theh deﬁéfminéd from'
the normalization conditioh , _ v o .‘ _ ,
| 'ZG ]fG]2 - 1. o o (52) -
 Again, the abové»SOIﬁtion’is essentiallj identicélfwith_that_for an -
énergy bahd problem wi£h.ﬁhe'ekception tﬁat ﬁhose's¢lﬁti6n8'which étfeﬁuate
. or ére dampéd; are also considered. R

“ The second-phase of the,prébiem ié to match ﬁhe wave function and
iﬁsbfirst derivativé with reSpect-to-the‘surface_normai withih the
fcrystai té that wave function and its derivativé thatva;e e#terior'to
the crystal. 1In this;manner, the amplitﬁde:of the aiffracted beams

in free space may be determined. The matching equations are

V(3K = 9K); oz <o o (53a)

.¢(§;ﬁ) = wE(?;K); 2>z ' v (53b)

_%BC?;R)ngﬁ' i. = WE(?;ﬁ)I?sz v | | (5A)

S ’ IS . : h

and -
dzpB(?;k)/dzl;:—;S = @ (3,%) /azly | (55)

) ’ S . :

—_— o . <
‘ wai,K) is the wave function -in the bulk of the crystal, wE(r,K)
is that extériorAto the crystal, and?S is the coordinate of the crystal

surface.-
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The simplest case, the two beam case at normal incidence where

- only the transmitted and the Speéularly;reflécted beams are‘allqwed, has

been discussed in detail by Boudreaux and Heine. ' The development is as

follows. Within the crystal, the Bloch function is given by

ER) = e T e, A®E)E 0 (56)

) . R s s '
where K is given by Eq.51 . When K ='§L/2,vwe are at the end of a.

' Brillouin zone and consequently in an energy,gap. For the smallest G

this corresponds to the first Bragg feflectibn. Away‘ffom the gap, the,

- wave function Withih the cryStal‘islprédonﬁnantlyvthat of a traveling

wave direction into the crystal, and fo > fék'  The coefficient of the back
'qL,is given, t0~alfirSt~order,_by Eq.43 for the kinematic.
case.

However, within the band gap the waves are strongly. coupled and a

‘simple_perturbation approach is novlohger.valid. It may be shown that

within the gap, fo and.fék'have the same magnitude,”and differ~ at most

" only by a phase factor, 2¢, i.e.

[ & = gyl (57)

where ¢ varies from O to + W/E from one edge of the gap to the cther.

The sign of ¢ depends upon the sign of V. . Further, at energies inside

S/

of the gap, there are no corresponding real values of K. This is a. direct

conseQuence of Eq.51 " ahd'haé the physiégl significance that therélare
ho traveling'waves allowed within the crystal at these eﬁérgies. There.
aré, howéver, co@plex values.of K thaﬁ'aré allowed that éorfespond to.
evanéséeht or damped waves that are localized at the surfa¢e of the.

crystal. It follows then that



-52-

~a — . o o |
wheré_%M is the imaginary part of\i andeR is the real part. rERI is |
equal to réll within the gap aﬁd riﬁf is zero at the edges of the gap.

- Within the gap, the Bloch function inside of the crystal is-

a0 e 1O

R . ‘
RACHINENN | (592) -
g ' . <Kz iGp-z/2 Co
" e-1¢ o By e 17
Yglr,K) = 1?1 e - cos (Gl'2/2*¢) B O
The ane fﬁnction outside of the crystal is -
X7 ., il

PGEK) = e Tl e
By ﬁaﬁbhipgwavaﬁd‘¢E and their‘first derivatives atkfhe surface, the
value_of”ﬁgk,the‘aﬁpiitude of the specularly reflected beam may.bé deter- o
minéd. It is found that Iﬂgﬂ, thé magnitude Baék reflectéd ampliﬁﬁde,,
is equal to uhity. >Thi§ is hot unexpected as all of.the electrons_sﬁriking-
the crystal must bé back réflected at enérgiés Withiﬁ the band gap as
there are no allowed travelling'waves'within the crystal in this.region.
When iﬂelastig scattering is taken into account, 'féé of course.will be
less than gnity, As the'bénd gap is of width Vé, it follows that, to
a’firs£ apprbximation this'alsq will be the widﬁh of_the Bragg péak.
Similéfvarguéments hold_ét higher‘beam véltages and for other diffrac-
tion beaﬁs; COnsider the basé where a higher order diffraction beam chérc-
tefized by;ﬁ' =-%‘“ ¥”i‘l mets a diffraction conditiqn of the fbrm

) =ﬁl"_ | : .(§'1),
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The higher_orderudiffraction beam wili behaﬁe‘in a similar maﬁner to

the spécularly reflected beam discuséed above. . At this poiﬁt,_there.

is acband zap, and no traveling waves with K' are allowed.in.the crystai.
Consequently, the electron‘muét be either reflected»ouﬁ of the crysﬁal
or, alternatively, scattered into some Beam for Which there is an allowed
stéﬁe. 'Aétual calculations have been perfor med using variations on this

8 . ' ) .
5 have applied this approach

to the problem of calculating the intensities of the(00), (01) and (11)

diffraction beams from thei(lOO) face of aluminum at normal.inéidence.

Théy.used a 27 term Fourier éxpansiQn of thevpotential'with a 10 eV inner

potentiai correétion‘andva constant 2.5 volts imaginary part of the

potertial to simulate.inelastic scattering; In-additibn~to Bragg:peaks
predictéd'by kinematic theofy, they found seééndary peaks,associated
with'ﬁultiple ééattéring phenémena. While the agreement with experimental
data is.imperfect,_it does;iliustrate the:validity of this épproachifor
real broblems. | |

Model calcﬁlations using the:wave matchihg épproéch have‘beeﬁ per-
formed by Carpartu9- and by Marcus and Jepsen5 ’ fof sim;le'cuﬁic crystals.
Marcus and Jepsen effected the solution‘of the one-dimensioml linear .
differential equafions | |
matrix. -They uéed a potential of point iohsléf charge Z in é seaof
unifofm‘negative charge. The calculations were performed for ﬁon-nérm;l
incidence. Their published results show both the band structure and
the rgflécted intensities. The Strong correlation between the band

structuré and the intensities is quite obvious. The sevefal types of

multipie scattering phenomeha‘discussed above are well represented.
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Carpart has used a pure wave matching approach;i His'calCulations are
- particularly important as they'were performed for‘apcubic ensemble of
S-wave scatterers{ This same model potential was used by MZcRaeL6 in
the first self consistent dynamical LEED calculations using the integral
| equation approach The strong agreement between the results of these
two approaches substantiates their fundamental SLmilarities.' Itvis
of interest to note that while the S-wave scatterer potentlal is an
easy model in the 1ntegral equation approach, it is a particularly o
difficult model w1th1n the differential equation approach ThlSvlSv
because.all of the Fourier coeff1c1entsvhave the same.magnitude ana
consequently, a large number of terms must be carried; Consequently,
_the claim is made that the achieved agreement’constitutes rather Aime
portant evidence that the method can be used for real-situations. |
Carpart's work also includes a band structure_calculation and, again,r
: there is a definite relationshipvbetween:the band structure and the
beam 1ntens1ties. |
Recently, Pendry has used the pseudopotential method and the wave

matching'approach to calculate intensities for niobium and nickel that
‘show_a_fair agreement with the experimental data_.7 This is one of the
few calculations where‘a'realistic potential has been employed and»
promises to be one ofpthe more fruitful approaches.

'.The reader is_referred to a review article hy‘Boudreux, Perry and
Stern for a mbre_detailed discussion of the differential equation

50

approach. ~
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2. ‘Integral Equation Approach

While the differéntial form of the Schroédinger‘equation ha s been
employed in a number of different approaches that are related to the

determination of the band structure of solids, the.integral form is

- conceptually more concerned with the scattering mechanisms from a

number of different séattering centers. Further, the'brevious approach
is most easily handled when thevcrystal_has perfect thfee dimensional
symmétry‘right up to the surface, while the-follpWing mefhod initially
assumed nothing'abouf the periodicity of the syétéﬁ in the direction
normal t§~thé sﬁrface.

Assﬁming the potential to be formally éxpreSSible as a sum of
individual scattering centers as in Ec;jlL s ﬁhé~integralvform of the

Schroedinger equation becomes a sum_of_integral equations

—

YETD) - P EDAT S [ s v @R uE RS (@)
, s v - _ o
where, if all Of the éenters are identical, only one integral need Bé
evaluated. The formal sélutionvis now independent from the ﬁotal symme -
try or lack thereof, of the problem. Howevér, as most LEED problems do
have a two dimensional syﬁmetry paréilel to the surfaée, it is usefﬁl
to introduce this as 1t results in some simplification of the problem.

This symmetry is expliciteiy assumed when Eqg.35 and 38 for the potential

and the wavefunction are substituted into Eq. 62 which then‘becomes

WED) = PER A s [ GG, () e @'

R ST e g-g't |
< ryer IEE d5r'] | (63)
- e J |
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Here, g hag been ﬁsed’to indicété G” in order to aﬁbid confusion with
the Greeh“s function G(r,r'). The terms of the étrudture faétOr,
~have bgen”absorbed into Vs,g-g'(z)'. Thé Greeﬁs fungtion has several
diffefenf:dcceptable forms among others, it may:be,ﬁsed:as an expénsioﬁ'
of éﬁhériqal-harmonics or in its spectral.form

iK- (7-71)

L e
a(ryr') = | &K' w5 _ (64)
S T

Substituting this spectral form of the Greens function into Eq. - and

integrating over'E% these results

YER) =P ER s @V () f () |
I . ge'z 0 EE B - . ( 6“)

L SRo-(F3)y . iRw o L |

B e SO S =

: K d K |2 i l-Ko__"e e 5 (K “} K ” -.i-g)

: IK‘f
Using the_properties_of the'déltévfunction to first integrate over K'”

. - :
_ and then over k’z, one obtains,

) KLY J— -—3 -
I s D .efl(Ko“ +g+tk )T
¥Y(r,K) = ¢P°(r,K) - b E . : = £
SY-77:5NNN s
4, A Ag"(z')‘;elkgz az'| (66)

_Here, ] .kg] EJI?{OIQ - rf\<°”+'§IQ ‘,is the component of E' ,perp'end_icular
to the sﬁrface, - -

This formal solution illuStrafesvseveral points about the integral .
.équatién apprbéch. The use of symmetry and the éxpansion §f the potenfiai”
into a Sﬁm of individual potentialsﬁhavé been mentioned'above.” Further,
the solution may usually be éxpreksed as a sum of plane wave stafes-
characterized by the appropriate parallel reciprocal lattice vector.

The amplitudes in these states are, of course, dependent upon the nature
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of the potential and the geometry_of the crystal;. MoredVef, they ar§>
inversely proportional to the perpendicular component, rELI = ]Eé[ﬂof'
the diffracted wave vector. This id é direct consequence of the imposi—
tion of perfect two dimensional symmetry on the Greens function.

Kambgu+ hés'shown how to derive:a specific fofm-of the Greens
_function that is particulariy tailéred'to this problem as |

e L SR G

g 2i k | (e1)

: o .
In addition, he has given an excellent discussion of'the'rélationship’
between the Greens function and thé integral equation approach.

Kambe has alsofdevélopéd a solution to the'integral form of the
 Schroedingef equatién.us Key to the whole appfoachvis tﬁe’ﬁéfticular’
choice Qf‘the form of the potential, IASiin Eq.3% , it is assumed £hat
the potential can'be expressed as a sum of potentials centgred atvparti_
cular atoﬁic positions. Further it is assumedvthat these'poténtials aré
of the "muffin-tin" fype; specifically, that the totél pétential is
‘contained in a series of spherically symmetric.non-overlapping'globés
_énd that there is a constant potential between these spheres of.zero
Valué; As the wave function gnd its.first derivaﬁive mist both‘be
continﬁéﬁs, it follows th't at_ﬁhé.surfacé of these spheres, the wave
functionshthat are inside;ény giVen.éphere mist météh those that are
externaiito?jt;. MoreoVef;”because there is no potemtial between the
spheres, anyiéutgoing.wavé;that.leaves é sphere mﬁst travelvunpertu§bed,
at least untii:it enters another sphere, Therefdre, by knowing w(?;%)

at the sﬁrfacévof the sphere, its- value in free space my be calculated.

I3
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The first self-consistent dynamical theory of LEED to be published

vas that of E. G. McRae. 2

This paper was particularly eignificant not
only for the mathematical formalism, but also for the model.calcﬁlations
that itvcontained. These calculations‘quaiitativei& iiiﬁétraﬁed~many
of the 1mportant aspects of multlple scatterlng such as its dependence
upon Cross- -section, angle of incidénce, etc. ’

%n many'ways, McRae' s-derlvatlon of a solﬁtion'for the‘wave equation
ie siﬁilar to that of Kambe's. They both employ a Greens functlon approach
a muffln tln potentlal and both expand into spherlcal harmonics to
perform the ;ntegratlon. However,-MbRaes'.approach dlffers in that the
potentiai between fhe spheres is not. consprained to have a zero value.

In addltlon Greens theorem is not evoked and only volume-lntegrals are’

"used. Further GC) is_utilized in its real space expression rather

than'as an expansion of Bloch like functiens. | ”
pThe‘salientvfeeture of McRaes' theory is the:coneept of the effec-

| tive fieid '¢S(r,K); ‘The total fieid is considered to be composed of

the primary field, ¥°(r,K), and the fields emitted by all of the atoms,

2y ¢S<r,K). Within this_viewpoint; the effective field incident on any

vgiven atompie the sum of the primary field and all of the fields emitted

by eil of the other afons._ This is the basis of this self—consistent

epproach. The field emitted oy any atom is a function of all of the fielde

emitfed by all of the other atoms and; for sufficiently large cross-sections,

muitiple scatterihg of all orders is a logical conseduence'of this inter-

dependence. |

This formalism was used to cadlculate the.intensity of back diffracted

electron beams from the (100) face of a hypthetical simple cubic crystal.




.changes in the angle of incidence has been observed experimentally.
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A number -of different_intensity'maxima were observed in the_éalculated

plots,

McRae has studied the behavior of these intenSity’maxima, or peaks,

. . . J-I— . .
as a function of cross'sect‘ion.,5 He has found that as the cross section

. is reduced, those peaks which are non-kinematic in nature diminish in

intensity more rapidly than do those that are allowedvin the kinematic
limit. This is reasonable as thé non-kinematic peaks have theif origin

in multiple scattering. in éontrast to the single scattering kinetmatic

-

peaks. The smaller that one makes the cross sections, the more improbable

mulfiple scattering_will be relative to”single sCattering, all %hings

else being egﬁal. .fn:additioh to changeé in the rétios of peak héights,
McRae has found thaﬁlthe peak positions may move when the cross sections
are.reduced° In the limit of'smail cross sections, the positions approach

those predicted from the free electron model.-'This is to be expected as

reducing the cross sections is essentially the same as reducing the

interactions of the electron with the crystal. Therefore, the band gaps-

bécéme'more narroW;and’the,cbupling between different beams is difninishedf
B _Bo’th.McRa,e)'6 and Marcus and Jepsen’ 'have considered the effect
of_non-nofmal,inéidence on thebihtensityIVS'enefgy.Curves. jin general,
thoée’béams that.ére §trong1y coupled to other beams in a given energy
range de§eloped very pronounced fine structure whenr the degeneracy is
brdken by de&iating from hormal incideﬂce. This is' in sharp contrast
to the kinematic case where maxima would be expected to move, but would
noﬁ bé’expected to split and develop fine,structure when the angle ofb‘

incidence is varied. The development and variation of fine structure with
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McRae has also studied the effect of intfoducingvinelastic scatter-
‘ing by.gssigning a camplex value to the scattering phase Shift.MBIThe
effect wasrto change the shape and reduce the height-of'the peaks wifhout
chénging theif position or their base width; :In addition,'thefé is a
tendancyvfor inelaktic scéttering is considered in the form of individual
atomic exéitations. | | |
Ohtsuki has_alsé considéred'fhe_effect of.inelastic'séatteringaig He
has formally developed'a theéretical éppféach t§ the.LEED probiem in the
- limit of strong absorption,'ﬁhét is, when the diffractibn_potential is‘
smalivcompared Wifh_the inelastic potential. His_quélitafive conclusions
 §re siﬁildr to.thosé of MéRae.v Hié férﬁalism.is;sufficiéntly generai
to include bulk.pheﬁdména fﬁaf ére nof.ﬁellvréprééeﬁtéd‘by-individual
~atomic éXéitétions}: | |

ajbnes ahd'Strc;zierE5 have also cdnsidefed thé'effecf‘of inelastic
scattéfing on low energy eleétron diffraction;vA Thej ha§e performed
calculations thaf indicate thdtbthe inéluéioanf inelasfic effects
.leéd_tq low reflectivitiés, asymmetrié peak éhapes ahd; in contrast to
McRae, broad (10-20eV) peak widths. |

Duke and Tucker have derived a'éingle electron propagator formalism
tﬁaf inc¢ludes inélastiCxproce$ses%8 Their calculations indicate that
inelééfic eléctron-electron interactions in the.solid limit the benetraé :
tion of the incident elastic beam to a depth of lOR or iess for
elééfrons between 15 énd 150 eV incident-energj.

When a_surface.structure is.présent, fhat is, when the -surface ¢
_1ayér:is different from all of the underlying bulk layers, it is more

convenient to use a detailed scattering approach such as'the integral
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equation method rather than the differential equation, or band struc-

b3 b5

ture approach. The formalisms of McRae and Kambe

may be uséd to
affect a SOlution to this.problem.‘ In dddition, several‘authors.haﬁe
‘approached this problem through the.usé of a scéftefing of'transfer..
matrix.

Béeb&mi has dévélopedva method where the émpiitude of the diffracted
beam is expfessed as an infinite.summation. This form is particularly
interesting becéusebof,the physical interpretation of_his.result._ The"
fifst'ﬁerm in the summtion is the single scattefing term. It réprésents
the:electrbn being écattéred only once before iea&ing the crystal and
wbuld.bé.the dominent term in the kinématic 1imit.v-The second term is
a double scattering term._ The,éléctron is firvascéftéred'at a.-point
before leéving

r

1 2

.and is then éééttered again af a second point r
the crystal. vThejfollowing terms corréspond to_hiéher brder muzltiple
séattering events;' This‘approach is of‘éourse similar to an iterative
Born éxpansion. The step wise picturé'leads to a fairly direct inter-
pretation of thg physical signficance of the various terms.

McRae52 has considered‘the problem:in a similar manner. He has
apprpached the problem as a genefalizationAof Darwins theory of diffrac-

tioh‘.w Here, however, unlike Darwin, he has considered all beams to

be coupied and has allowed for tﬁe possibility thatvthe surface may
- differ from the bulk of the crystal. McRae 23 haé considéred, in pérfiéular
the case where only gingle and déuble diffraction are imporﬁant. Like

'Beeby, he has expressed the amplitude of the diffracted beam as a

summation , o
p-a + . . .
Lo &1 Tk (68)
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-where b
P |
[ "]

0 is a column vector whose components are the amplitudes. of the

plane wave components of the total wave field emitted by the:cfystal. The
termlgl_contains those contribﬁtions from single scattering events and
~ . . 8 . . v :

may be regarded as a modified kinematical expression for the diffraction

_corresponds toldouble diffraction events where the:

amplitude. The term_l:g2

eiectron‘has been scattered twice before leaving the crystai;
Thé physical.meaning of the various-tefmsuis'illustrated in Fig;3i5
The heaﬁy line indiééteé thé'unique.surface;?layef.: The bulk.layers that
. are chosen;aie-tdlbelbonsidered as representative tehns. | |
:Thi$ approachrhas been suggested by Bauer?hi amoﬁg others, and éhouLi
be usefui’whéreAmultipie SCQttering is weak,:but.nofiSOVQeakias.fo place
the pfobieﬁ in the kinematic limit. This>$ituation‘could_éoncei?ably_
arise Wheh_inelastic'séattéring is strbng, or whéﬁ the mmber of diffrac-
tion beams is'sufficiently large ﬁhét'theuamplitude in:aﬁy given-béam;is
émall..‘ | |
When the surface layer Has.a periddicity-tha£ bears an integral multiple
fealtioﬁéﬁip to the periodicity of the'bulk,tffactional order beams will
be diffracted back ffoﬁ the'crystal. The'oﬁly nonQVanishing contributions

from b, to the intensity of these fractional order beams will come from

1
the surface layer. This ¢¢ntribution will éontribufe little to the modula-
tion of the,intensity of these fractional order beams. .Therefore, the.
cantributions primafily frbm 52 Will'determine the structure of the inten-
sity curves. Furtherméfe, according to McRae55A the peak position should

resemble a superposition of intensity curves for the integral order beams.

Physcially,Honé‘may fegard this process in the fbllowing manner. The




diffraction beams that are formed withih the orystal‘have'large amplitodes

in the back direction in the neighborhoodvof'bandvgaps. As these large
amplitude 1ntegral order diffraction beams leave the crystals, they 1mp1nge
upon the surface layer. Part of thelr 1nten31ty 1s lost by scatterlng at .
the surface 1ayer into the fractiomal order beams. . Thus, the surface.

layer eerVes to mix the intensitiee of the various Beamef From these
considerations, it is to be expected that surface struCtures‘With the

same periodicity, but different chemical natures, should give‘rise to

peaks in the same positions. The intensities of theSe'peaks should of course
Be dependent upon the detailed nature of the scattering‘centers;

McRae and Winkler55

have cons1dered the case where a. gas is adsorbed
in regiéter on a crystal. They find that when the surface layer dlffers
significantly from'the bulk, that the secondary or frattional order Bragg"
peaks are damped relatlve to the klnematlcally allowed Bragg peaks This
result may be inteérpreted in terms of destructive 1nterference in the B
double diffraction terms.because cffthe dispariﬁy'between the surface and
the bulk. The step-wise diffraction picture fonnally developed by.MoRae53"
and Beeby.L%6 has been used earlier in a more intuitive form by Gafner756
He has carried out a‘multiple diffraction caldculation for several of the
‘diffraction beams fro@ the Ni(111) faoef The amplitﬁdee of the'wavee
which were formed afreach diffraotion event were adjusted to make their
sum equal the incideot amplitude‘multiplied by an adsorption faotor to
account for inelastic scattering. This is in contrast to ﬁhe usdal method
of normalizing through intensities rather than amplitudes.  The relative

scattering factor was assumed to be unity for all scattering aigles other

than zero where it was given the value of 9. The step wise scattering pro-
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cess was cénsidered invthe following mdhner. Tﬁe normally incident beam
Wés diffracted info the several allowed'difffaction béams at thé first
layer.' The béams scétﬁered into the crystal were ailowed to ﬁndergo
qscillatony diffréction betWeen the first and sécohd.layer until dll qf
the beams had amplitudeé less.than some'prescribed‘value, Thé beaﬁs that
wére scattered out of the érystal in this proéeés Were géthered‘up-with“
those scéttéred back outvof_ﬁhe incident‘beam. Theé beams that were scattefed
. forwafd in this process-Were‘combinea Véctoiially and'oscillaté:y diffrac-
tion betWeen-layers 2 and 5 was allowed fo‘procéed as'in the precédingv
case. This prOCesé‘was coﬁtihued until allﬂbeam-ampiitﬁdeé in the’crysfalb
had fallen below the prescribed limit. Despite the;appr'oxirﬁations and
_aésumétioné withinjthié médei'(ér, perhaps'Eécause.bf.thém),'fhe agreement
: Eetween the;calculaté& andvthe experimehtally observéd'intensityvqﬁTVes

ié quite ehgoufaging,

C;  Effect of Multiple Scattering on the Temperature
Dependence of the Diffraction Beam Intensities

‘Let ﬁs finally considef,.in general, the efféct.of miltiple scattering
.on the temperature dépendencé‘of the diffractioﬂ béam intensities. Using’
an approach similar to that of Beeby 6 and McRae55 , one may express
the total eigenfunction for a diffraction beam in a Born typé expansion as
. Y . L . Q=D . =
g GE = g @GR g G ER .. (69)
where v ' - . '
’ =Y v : Y . . > -
P (B0 = 1§ o®F) vE) ¥ FKePF. (T0)
R . | . | _ | R
Here wo(?,K) is the eigenfunction of the incident beam. The term wl(?,K)

cofresponds to that portion of the total eigenfunctionvthat has been
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kinematicaliy or singly scattered. Double scattering events wouldbbe
‘contained in ¢2(r,K) and higher order events»would be represented by the.

other terms in the expansion. =Tt may be shqwn-thgt’}njg*

-2 o i(K°+8).r CiGer. - R o
1 = oKy : 1la
wl("\r,‘K,) | bk L e | 3, e s Ve, (7. )
or v Y N T A ' )
. 3 . 1e] o s . . [ '_w .
¥, (r,x) = brxe SR g TG TSy ~(71b).

8 ' 5y

If one makes the assumption that all of the layérs arefidentical, then -

- e Ay o S
yGE) - oo, lET (1)
where _v o _ » » ' v v vaségg _
£, Sme™  EE 5 &0 (13

In a similar manner, it may be shown that the double diffraction temm ¢an

be written as

: : s L L
- i(K°4G) e . ° : -

¢2(?:K) _ ,ZGf:ﬂg_Gr:va el(¥ G)er . N (7&)

-In general, : : :
BN . ) TA..N:A.. B Z"f{o.-b. )
(I (K',r) = [Tr?_l (= £ g0ty T (73)
B G. i s :
' . yl .

The.intensities of the various beams characterized by G are given_by

I = Y (1K) Yp(FKR)
-, v, "GRG ERY 0 (8)
T AN A SRR ACEOR

where thé eigenfunctiohs ha ve been expanded in a Born type series. vOn.the :
basis of this expansion, the intensity sitself may be exprégsed as a serier:

-as | : I, =2 T, L o (77)



Here, the first term

1 = g (78)

is the kinematic term and would eohtribute to the intensity even in the
absence of multiple scattering. This term, of course, carried the kine-
matic temperature dependence as = _

L = Fpe - - (19)

where W‘is a. linear fnnction ofvtemperature in fhe Debye.approximation.

'Il arlses as the product of the ampiltudes for angle scattering events.

The eeeond term,-I2 is generated as the product of the amplitudes.

for sinéle scatteriﬁg events with the amplrtude for double scatterlng
’ereﬁts and may be ﬁritten es'

T

= 3 lfG fGG,f,. T (80)

Th1s term w1ll be referred to as the double dlffractlon contrlbutlon to.

2

~the total>1nten31ty. It has the temperature dependent form _ _
| I, =. 12° e'wl e'wle e’we - : . -'(‘8]___.)
where Wl is.pro.portional to I.C‘}l? Wle. to IE'AGI 2‘ and W2 to l_(}r'lg' in the
approxiﬁation that the crystal is isotropic and that all of the layers
-~ are identieal. . | |
'There_:_'will.bé two contributions to the third term in ‘the expansion
| of ﬁhe inﬁeﬁsity( The first will arise as.a prodﬁct of the_siﬁgle
scatterihglemﬁlitude and7the triple‘scattering ampli£ude. The second
term comes from a preduetvof the doublevseattering emplitudes. Conse-
quently;-ﬁhis intensity term. will have the form.
Ly =2 [I fd* “fd-Gr -G fé’ G 2' * |fG G, * fG-G T I] ‘ (8é).

GGl 1T 1T 2
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0

Its temperature dependence may be determined in a manner similar to that

for 12} Highér order scattering contributions to the intensity;willvhave

increasingly complex forms and will bring correspondingly more complicated

temperature dependent terms into the total inﬁensity. As £, must.-be =

G

less than or equal to unity, these higher order terms should be generally

' less important. However, there do exist cases where a term may be more

important than the preceding lower order terms. For example, there are

cbserved "secondary" Bragg peaks in the specularly reflected intensity

- that do not correspond to kinematic diffraction cqhditions. When mﬁltiple

scattering 1s reasonably strong, diffraction conditions'ofvthe form

00 bk - ‘ S
K0+ K =6, o (®)

Z

can lead to intensity maxima "in the (00) beém. Note that,-even.though

this condition is kinematic for the (h,k) beam, it must involve at least

double diffraction to produce an intensity maximum in the (00) beam.

- Consequently, the double diffraction cbntribution to the total intensify,

I., may be expected to be larger than the kinematic,contribution, I

2 1°

Higher ordercontributions may also be significant. Therefore, it may

“be expected that the experimentally determined quantity, Td'!nIidT;;willf

more closely resemble W, +W +‘W2 rather than the kinematic. 2W, assumed

1 "2 | |
in the‘éimple model. _As_one might expeqt terms like W, o+ Wlé + W2 to be
iarger than EW, it would seem.at first glance.that multiple scattefing‘
alone%éould lead to the appafent determination of lower'"effeétive"
Debyevfemperatures or:highervfeffective" r m s displacements for the
surface. This is however not necessarily true in éll ca ses. .Fbrvsimpli-
city, let us retain thenassumption that the-crystal_is isotropic and fHat

all of the layers are identical. 'We may then write



, 2r |G R
Wo= 3/2 % B Y5 T (&)
. o y z .
X :
as >y 2 . b. .‘ o
w = BJd , | - (85)
Within this approximation , '
o ’ . o . D . : R
20 = 2B réll ~ | | - (86)
and , . | |
: - 2 = g2 a2 : .
+ + - G : -
Wy TtV B(|G |7 + [G, 6,1 16,17 - (87)
It may easily be seen that three cases arise. When _
- B 2 :
- 88
|a | 6,6, < lGl] , (88)
then Wl + w12 +‘W2 will be less than EWl. Tn this casé the experimentally

determined effective Debye temperature derived from the simple model‘would
be less than the aetual effective Debye temperature. Alternatively, the
apparent r m s displacements would be greater than those actually contri-
buting to the temperature dependence of the intensity."

In the secoml case, rﬁel - Gl G2 1 10

greater than 2Wl. 'Hefe, the experimentally detefmined value for the rtm:s

‘< l@hlg and.w W +W, is
R _ 2 T

. displacements onl& be less than the real vaiue.

In the third c 6] - % B o= |81® ana W, +W. tW. is
nothe third case ikl =yt b T RS R P I~
‘equal to 2W,. In this case, the use of the simple kinematic model to

determine the effeetive Debye'temperature and the.atomic displacements
would lead to the same results as the use of a more complicated multiple
- scattering model.
At_normal incidehbe,‘double diffraction contributions to the spe cu-.
larly reflected.beam'fallrin the-last»case.b Thus, if one neglects any.
_possibie esymmetry of the surface, one would expect that thejeontributions

from this type of mechanism would give results that were experimentally

o
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indistinguishable from those arising from kinemétic.scattering._ Away

from normal'incidencé, double diffraction contribufiohs will.nb lohger

fall info the third cése,vbut will give rise to contributions'of.ﬁoth'ther,
first and the second ty?e. Whether the experimentally detenﬂinéd r ms
displacemeﬁﬁs’will-be greater than or smaller than the_actual diéplacements,
will depend upon thé detéiled nature of the SEatterihg'potentiai. ‘FQr.,

simple forward scattering potentials, such as the screened CoulbmbicA lf.

-potentials, oné would expect those terms giving smaller apparent r ms

displacements to dominate.

Higher order séattering events can also lead %o apparent'displacemehts

- that are either greater than or less than the réal displacements. In the .

limit df an isotropic crystal with identicai layers, the rélationship
between Ziwi and 2W may be detérmined in a‘manner similar to that

for the double diffraction situation. Again, one would expect that those

,~vterms leading to smaller apparent r m-s displacements would dominate when

theISCatteringuﬁotential was of a smooth, forward scattering type. Similar

'arguements may be made concerning the effect of multiple scattering on

the temperature dependence of the intensity of the highervordex*diffraction
beams,
The.assumption thét.all of the iayers of the“crystal are identicai
is unrealiétic, parficularly in the pfesénce of a surface structure.
Let us then consider the case where the first layer is different
from all of the other layers. TFor Simpliqity, the factors VG/"K'Z will
be taken to be unity. The kinematic contributiop to the eigenfunction'foff

a given diffraction beam may then be written as



-7o_v

. L 7o . s '
w(ak) - SO 5 0T e (e
_ S,1 : .
or _ -
N T .'Jv '—A.A" aw ° AT '
-¢1(§,K') - elK r elG ro4 . W s [elG'r]S—l ) (89b)

s=2

where Wdfis the Debye-Waller factor for the first layeér, W is the Debye

Waller factor for all of the other layers,

-3 0 . c . R
.rl ig the coordinate of the

surface and R is the translational -vector between layers. Making the

definitions that o= e-wo,.ﬁ-: eJN; by = eiG:fi' and ¢ia;§;_it may
be shown that | B H ‘;‘ I o

W E) = T ey - ee/s)]  (90)
- The corfeépohding éinéie séatﬁerihg-céntribution fo'the'intensity,mayb

be written as

I - '@O 10 ' : " : (9;)
when allvof'thé interplahar spacings are eqﬁivaleht, this feduqes‘to»-_
2 | B | | -
= - + . : 2).
L =@ -%Y S¥oos @H R

This, of course;,is.esSehtially Darwin's result with the inclusion of the
Debye-Waller factor previously considered by Lyon and Somorjai.5 =l
Proceeding to higher order scattering events, the double scatterin

contribution to the total eigenfunction may be written as

Bh - HERF p ACTF gy TR My (93)
or s i(K°4) T Bo, . Bo®,
wg(r;K) = el T (al_' —ijaz—') (ag - —ijag— ) (9&). )

where it has been assumed that all of the interplanar spacings are equiva-
lent and o, and B have been defined in a manner similar to that for the

kinematic”case. The double diffraction conmtribution to the total intensity
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partakes of the form o -

: 1 . 2
o= Moo 55 (opy ) (a8, 520l (99)

where & and B correspond to the singly scattered amplitude and the'ai and
Bi correspond to the doubly scattered amplitude. This term has a particularly

intéresting form when applied to fractiomal order beam arising fram the

presence of a surface structure. These beams are forbidden in the bulk"

of the érystal. One may therefore make the simplifying assumption- that
scattering into these beams can only occur at the surface. When this is

the case,'I2 reduces to -

o,
I, = Jaa,p —:jz—_l R ' (96) .

The terms & and a2 correspond‘to‘scattering events at the surface layer

where the'electron is diffracted into back scattered fractional ordér

‘beams. The term (Bl ¢l/l-¢) corresponds to scattering-events that can

I

occur in the buik of the crystalvbétween the'inéident and.some,intermediate
integral order beam. It may be seen that if the.suffacé species is loosely
bonded relative to the bulk species, then the intensities of the fractional 7
order beams should exhibit a strohger temperature_dependenée when double
diffradtioh occurs than would be observed for the inﬁegral order beams;
This of couise, is also true for the kinematic COntribution where
- o= o® | (9T

Tt may be shown that higher ordér contributioﬁs to the total'intén-

sity wili be of the form |

T, = Imly (o -8y "“"'1-¢i~>" - (98)
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VI. THE LOW ENERGY ELECTRON DIFFRACTION EXPERIMENT

In»order tojcarry out surface studies by low energy electron
- diffraction one needs (2) a well defined electron beam (v) a single
crystal eurface‘and (¢) ultra high vacuum in order to keep the surface
under conditions desired in the ekperlment. We shall now discuss these
three enperimental parameters in some detail, | |

A. Electron Optics

1. Thermal Spread and Coherence Length .

. The electrons are obtained by thermionic emiséion‘from a hot cathode.A
For a barlum ox1de cathode the operatlng surface temperature 1s about
.800?C. If the cathode material is a refractory metal such as tungsten
'Whichlmay be coated with lanthanum hexaboride, the surfa ce temperature
of the cathode is of the order of 2000°C. For cathodes made out of barium
eilicates in,operatlng surface temperature ofvthe.order ot 1200°c is used,..
The temperature of the cathode determines the initial thermal energy spread
.of the:electron beam. Assuming a'PBXWelliana distribntion of electroni
ve1001t1es, the average thermal energy of the electrons is 3/2 kT. If
we con31der the energy sPread AE equal to 5/2 kT, approx1mately 95% of
.the electron beam is contalned in the‘thermal energy spread of 2AF = 3kT.
Thus)'the energy spread at 800°C is of the'order'of .2 eV while at 2000°C
it is of the order of 6 eV, These electrons are then focused electro—_:
statlcally/Z?%OWed to 1mp1nge on the crystal surface which is held at-
ground potentlal. The electron beam is on the order of one mllllmeter in

diameter. TFor a campletely ordered surface, the coherence length of the

electron to large extent, is determined by the size of the source of the




electron_beam. Incoherence within the electron Wavé pécket sets the upper
limit to the number of atoms which can contribute to coherent scatteriné;
This incoherence arises from fhe finite size of the eleétron source and
the incdhefence due tQ the spreading of the wave pockets over the distance
bgtWeen fwo scattering centers. This latter distance is usually referred
fo as>the Ffeshel zone. If r = width of Fresnei.zone = (RX/Q)I/E,Ywhere
"R - distance frqm scattering centgr to deﬁector, and A = wavelength of the
incident wave, then‘using the appropriate values for LEED: R¥ Tx108 K;
gives r = éXlO K. However, because of the need for high intensities‘in

' LEED, the instrumental incoherence inﬁroduced by the use of a large
electron source- is much more signifiéant. _The.céherence width of the

electron beam at the scattering_object,.
A

AX = ms- o ‘ (9.9)
where BS = half angle ihdeterminacy in’the angle of inéidence for an
incident eleetron due tp_the size of the électron‘sburce,‘AE = thermal .
spread'éf eléctron_beam, and E é energy ofvthe eleétron béam. _In LEED,

B, ~ -001 radians, N = 1.Z. (for E = 150 eV), AE ~ ;2 eV. These values
give~a cbherence width of about 5ooz,vi.e.-much smaller than the width
of:tﬁekFresnel zone. Thus, in LEED; no - -area lafger than ~(AX)2 can
coﬁfribute coherently‘to the diffraction pattern sinée no afea largér

than this receives coherent radiation.

| Tﬁe question of what is the minimum area hécessary to give a coherent
diffracﬁion pattern has not been definitely ans&ered experimentaliy.
wae&er, if one assumes that ordered arrays of 25-100 atoms are sufficient

to give coherent diffraction best agreement with present results.is obtained.
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Thus, consildering all of these factors, we can charaéterizevcoherence

in LEED by the following description: _minimum order‘necessary to give a

coherent diffraction‘beam consists of ordered patches on about 10% of the

crystal surface. As the surface is further ordered, the intensity of

the diffraction spots should increase, and the sharpness of the spots improve

until the- surface cons1sts almost entirely of regions of ordered arrays of

about l0,000.atoms. Beyond this degree of ordering, the. eXperimental

factors prevent any improvement in the'pattern;‘the macroscopic beam width

(about 1 mm)ﬂlimiting the sharpness of the,spots, and the source incoherence
. /

limiting the 1ntens1ty.

2. Penetration of the Low Energy. Electron Beam and Energy Analysis
of the Bulk- Scattered Electrons

In order to obtain experimental 1nformation about the structure of
the surface we would like to have most.of the lou-energy.electrcns which
are elastically scattered and thus, contain diffraction information to ’
scatter from the topmost layer of atoms at the surface without_any further
penetration into the bulk of the crystal As erpected the‘actual penetra-
tion depth depends on the energy of the low energy electron beam. The
penetration depth of the electron beam has been probed experimentally by
depos1t1ng an epitaXial layer of one metal over another metal, detecting
the amount depos1ted as a function of time and correlating the result w1th -
the gradual disappearance of the diffraction features from the underlying | -
substrate. Tt was concluded that an reasonable eStimate for the pene-
tration of low energy electrons is 2 to 5 atomic layers in the energy range
5 to 100 eV. "Studies of the deposition of amorphous silicon on silicon
singlev.crystal surfaces by_Jona have also indicated that the intensity of

the diffraction spots of the underlying substrate could be reduced by over
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" 95% upon the deposition of ﬁwo monolayers‘of-amorphous métefial?8An.
empirical correlation'between the.penetration depth and the eneréy'of
elecﬁrons‘is-given by Heidenreich.5 |

The equation, L,(penetration depth ) = 2 + (eV/liO)e, gives a
reééonable:estimate'of the electron beam'penetration.

LEEb'eXperiments indicate that the mmber vaelastically
scattered electrons which'are.back reflected'from cry;tal surfaces varies
with the incident electron beam energy. About.EO%fof‘the'iﬁcident electfons
are backescattered elastically at 10 eV and.aboutjl% at 100 eV and less at.
higher eﬁefgies.gsFigure 11 shows the.representative reéult obtained for
scattering.from‘a'number\of'face centered metal (lOO)-surfaceé, Although
the in elastically scattered electrons contain much'valuable‘infofmation .
about fhé structure and compbsition af'sﬁrfaées which h@véw beenvbrought‘
to light by‘reqent‘advances in'Auger spectfoscépy ih a'diffraction,experi—
ﬁeht the elastic and inelaétic componeﬁts of ah eieCtron beam have to bé
. separated as the primary diffraction informatiOn'ié contained'only in the
elastic component. Since the elasfic.fraction is-a small partbof the
total scattered electron beém_the energy separation éf theSeItWO compo-
nents.is a prerequisite Qf a successfullow energy electron diffraction
éxperiment. This éeparation can be carriéd out inja mumber of different
ways. Perhaps the most popular and the most prdminent at the present is
the so-called pdstvacceleratibn technique. The scheme of the electron
optics is shoﬁh in Fig. 16 the back-scéttered electrons travel a field
ffee‘path to ﬁhe first grid which is élso‘held at ground potential as is
the crysﬁal. Energy analyéis takes place at fhe second grid which,is.held |

at cathode potential. This grid, in principle, repells all of the electrons
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which have'lostAehergy inAthe collisionfwith the surface end allows oﬁly :
the elastically ecaﬁtered electrens to penetrate throﬁgh; The eiasticv
eomponent which has penetrated the grid system is thenaaccelerated'by o
the application of a large positive potential;'5,000-7;OOO_eVeon to a fluo- s
rescent screen Where,:due.to radiative reeombinations after excitaﬁioﬁ by |

'fhe electron beam, light is emitted where the electrbn hits. The lighf,

intensity is proportionel'to‘the number ef elecfroné hitting the screeh.

This poet~aece1eration techhiduevis an excellent means ef inetahtaneously
'dispiaying.the difffaction pattern: In order fo'improve the energy

selectieﬁ.of the rebelling gfidwdften“tWO'gfids"iﬁétead of one are uséd'

for rejecting the ineiastically scattered electrons. vThe cut-off characte-
ristics ef e three grid system are shown in Fig.‘17v. If the siﬁgle cry -

stai surface is.ﬁlaced at the center of cﬁrvature of theiﬁhree grids and

the fluorescent scfeen, one should obtain an%undistorted low eherg& elee-'

tron difffaétion patternsg The solid angle subtended by the fluerescent_

sereen is ~95°. There are other detection technglives whieh are eften.

used in iew energy electron diffractien studies. A Faraday cup which can

be rotated518d° is frequently ﬁsed.to moﬁitor the low energy electren

beam intensity. _'While the fluerescent screen intensities allow one te_
measure”feiative-intensities ﬁhe, faraday eup detecfion allows absolute

intensit& meesuremenﬁe'Wﬁich are necessary in some exﬁeriments. An other - .
experimental geometry for low energy-electron diffraction studies which |
has beeﬁ developed used avmaghetically deflected low energy electron beam "
An advantage of this;geemetry is that the (00) or séeéular beam v

is not shadowed by the electron gun under conditions of normal electron -
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beam incidénce - as it is with the,fpost acceleration” technique or the
Faraday cup detection technique.

B. Crystal Preparation

The ﬁreparation of well-ordered, diean’single.crystal surfaces is
o a very impértant phase of ‘the lcw.energy electrén.diffractioﬁ experimént.
| The crysfals are oriented by the Laue x-fay diffractioﬁ techﬁiQue ﬁsing.
a precision goniometer, to within a il? of the desired'crystalvfacé. Tﬁe
bcrystals ére then cut fova convenieht shape.and ére poliShed'aﬁd etchéd
with suitable chemical or electricdl-chemical teéhniques. 'For‘soff
single cryétals such-as lead or bismuth, spark éutting rather éhan mechanical
cutting.should be used to prepare the sample. Fﬁrthérmbfeffor these
cfystéls; mechanical polishing éhouid‘be minimized'because of the exten-
sive damagé such a ‘mechanical treatmen£ might introduce in the surface
order. -For harder metals such as silver, gold, nickel and piatinum,
spark cutting can also be used fo? prebaratioh’follo&ed by mechénicai
vpolishing with diambnd or carbides powder of successivély finer'ﬁesh.
Mechanical polishing can easily correct the émall deviafions‘fran.thé
 desired crystal orientation which are due ﬁo erroneoﬁs orientation of
the original single crystal sample. The chemical etching or electro-
chemical-pblishiﬁg treatmenﬁ serves to femdve the damage introduéed by‘.
the_mechanigal polishing treatment of the crystal surface which can

of ten EéZAS deep*as 1 micron. The chemical etching which are used vary
from crysﬁal tb crystal. The etchants used for sevefal;metal and semi-
'uomductér‘uurfaces are published in the literature. Theﬁ the samples
are mounted'on‘holder aésembly and placed‘into the diffraction chamber.

The chamber is closed, pumped down, and baked at a tempefature of roughly
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250°Crin order to obtain ultfa high wvacuum conditiohs,‘ Fﬁrther; cleaning
of the crystal surfaces is then carried out'by in situ ion bombardment
“and heating cyclés until‘repréducibl& clean, ordered, single.crysﬁal
airfaces are_obtained. An ion bombardment gun is-an essentiai part of
an.low energy electron diffraction apparatué. Suitdblé ambient condiﬁions-

for ion bombardment are 1-lIx10~"

torr gas (argon-and xenon are used work
frequentl&),.ion accelerating potential in the range 140 to 350 volts and
ion currents in the:rahge of 1 to 2_microamps per squéré'cm.' Such an ion
bonmardmént treatment rgméves'traces of contamination introducea by the
etching prbce&ure and:by exposure to the ambient during the mounting-bf
the crystal. After iQn1bombardment thevsingle Cryétai is heated to anneal |
out the surfaCe-disorder introducéd by the.ion-bombardménf tréatmént and
the crystal face may then exhibit én.excelleht-diffractiéh pattern. If
not, the bombardment - annealing éycle is'repeated until a diffraction
~ pattern of thé.desirédjquality is OEtained. |

Since ﬁhe coherence length of the electron is of the order of‘5QOZ
a sharp difffaction pattern‘could.be formed from microscppicélly fough
surfaées, .Thé diffraction patterh would be due to ordered domains which
vawere approximately 5OOK or 1afger in diameter and the intensity of the
diffraction spéts would depend upon the nuﬁber'of these domains which all
coﬁtribute independently to the total Scattered elastié'amplitude. In
several experiments Where the vaporization of surfaces have been studied
by low energy electronvdiffraétion, extremely rough surfaces have given
excelleht diffractibn pattefns. One-question which may cpnfinually be
asked in low energy electronvdiffr@ction stﬁdies is that what_fraction

o the surface has to be ordered to obtain a diffraction pattern. A partial




79~

answer to this questionjwas provided by the:experiment in whiqh amorphous
silicon was deposited on a silicon single Crystal surface. It was found
that asithe.deposition of the amorphous material continﬁed, the intensityg
is reduced“to about 50% of the initiai intensity.withsﬁhe'deposition of
one-half of”a monolayer. The feduced heights of selected speqularr
intehsityﬁmkimum ‘as a function of the-aepositéd amorphous siliqoh_ié-'
shown in Fig. 18, Thus, we find that evén though.the surface m@y be
covered by 5 to 10% of amorphdus matéfial‘or disordérea atoms - the diffrac-
tion pdtterns would not be very senéiti&e to the pfééence of this surface
concentfatidn. |

Another difficulty in low energy electron diffraction eXperﬁnents is
to ascertain the cleanliness of the‘surfaqe. . Although the low energy 
electron diffrgction patterns may change or thé intensity of the diffrac-.
tion spots may reflect tﬁe presenée of Ordered“ﬁnpuritiés by the
appearance of ne& diffraction.features, the preﬁence of amorphous impuritiés
even in.concentrations as high as 10% of'the total numbéf Qf Sﬁrface atoms
(that is of*thé order of 10 to 1k étdns per square centiﬁeter)'may not
be easily detectible by low energy electron diffraction; For example,
the decomposition of hydrocarbons caﬁ lead to the deposition of amoréhous
éafbbn oh the sﬁrface which_méy go undetected. 1In certain experiments;
the deposition of amorphous impurities can be ascertained. In these situa- '
. tions; it_is usually nééessary to resdrt'to auxiliary eXperimenﬁal techni-’.
ques Which in chbination wi£h low energy electron diffraction cah be
used to give detailed information &bout the concentration of impurities
and the nature of impurities on the surface. Recent advances in Auger

_ spectroscopy which analysis the energy distribution of inelastically
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scattered electrons,frequently allow one to detect impufity concentrations
on the sufface of less than'ﬁ% of the total number of surface atomé. The

detection and identification of impurities remains one of the éontinual'

. problems in low energy electron diffraction studies.

C. Ultra High Vacuum |

The ldw energy electrqn difffaction exbé;imeﬁt in pfinciplercould
be cdrfiedvout up to presSures of 10;3 torr in thegdifffaction chamber.»
At this pressﬁre thé mean free'patﬁ of thé ¢lectr§ns is Still.large enough
on the order of the dimension of the appafatus for'detectiOn after |
scatteringvfrbm the surface. The limiting factor, However})is-not_the: 
_mean.free path of the électf§ns in'the diffractiop chamber but the adsorption
_Of impuritiés on the surface which rendér thé detectidn‘and the'analyéisn-
of tﬁé surface structﬁre imbbssible. Adsorbed gases may‘forvardéred
surface stfuctufes'of their éwn‘or'may be adsorbed amofphéusiy,' In any
case, thé diffractiénlféatures'of the substrate may become undeteétabie':
upon adsorption of Sevéralf monolayer -or morévof gés,‘ Thefefore, low-r |
_energy éieétron diffractioﬁvexperiment have tb bé carried ouf in ultra
hiéh vacuum.<i.e. ab preséures below 10-8 torr at‘which the rate of inci-
_denCe Qf ambient gas atans onto the single crysfal surfaée.still allow
adequate exﬁerimental time to detect the diffr§c£ién features of the clean -
surfacé. .Assuming'a sticking probability of unity a surface becomes coveréd -
with a monolayer of.adsorbéd gas in one secord at an ambient pressure.of

9

1070 torr. Thus, at 10~ torr experimental times of the or der of 1,000

'

seconds are available to caryy out low energy electron experiments on a

clean surface. Continuous pumping of the vacuum chamber and the maintenance )
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of lofg,torr vacuum, permits one to study_theAproperties of a clean sur-
face Wiﬁh‘minimal interference from undesired gases during the experimgﬁt,
‘Whén it is.necessary to open the'diffraction chamber, the.apparatus -
shoﬁld be bréught up to-atmospheric pressure with dry'nitrbgeﬁ”Or‘some
oﬁher relatively inert gas rather than air in order to avoid tké adsdrption
of urwanted gasés wifh large éurface binding-énérgies suchvasfoxygen or
water on the walls of fhe chamber. . In order to maintain oil free cohdiﬁions,
mechanical pumps are not generally used_to evacuate the system. Generally,
the pressure is reduced to lO_3 torr‘withlfhe use.of adsorption pumps
that employ a large surface area zepolite cooled tb;liquid.nitrogen
teﬁpefatUre. The further feduction bf the pfessure to about 10_7'; 10_8
torr is'accomplished by the use of a vacuum iOnization'puhp and/or
~an ion sgblimation.pump. At that point the chamber is baked at 250°C
to obtdin ultra high vacuum conditions.. Baking'is'hecessary since it
facilitates and aécélerates-tﬁe desqrption of gaseé frbm the surfaces of
of the stainless steel_diffraction chamber. Afﬁer'this baking process,
‘a vacuum of the order of 10—9 torr and below can easily be’obtained in
a leak~-free vacuum system. Modern vacuum technology makes the attain-

ment and maintenance of ultra high vacuum very easy dufing a low energy

electron diffractionveXperiment.
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VII. LOW ENERGY ELECTRON DIFFRACTION STUDIES
: OF DISORDERED SURFACES

"A. Effect of Surface Dlsorder on the lefracted Beam .
Intensities

The surfaces of a crystal are for from being perfectly ordered ‘and
ciear. A real surface is heterogeneous, there are atoms in different
crystal positions Wthh are distinguishable by thelr_dlfferent numbers
of nearest nelghbors and thus by variations of their blndlng‘energles.

There are surface atoms in (l) steps or at ledges. There are/?ésovacancies
_and 1mpur1ty rates, (3) dislocations, (h) mosaic structures, low angle grain
boundarles, (5) llquld like reglons or dlsorder due to surface preparatlon,
meltlng,‘vaporlzatlon, or_adsorptlon_of forelgn substances. The-effeot'

of these defects on the scaftered.intensity is discussed in this section.

.if:Né is defined as the total'number of scattering centers in-an
'array using_the simplest kinematiCal,mod§l‘the intensity is given by,

T Il [N'T B E s (D), ?m,;}] ()
If thé'array of atoms form a perfect‘three dimensional arrangement, then
the summations collapse to the barticularl& simple form of N(N-1) for
(ﬁ“ﬁ?)frnm edual to some integralvnultiple of Qn. Under these ¢ ircum-
stances,hI :h|ﬁ1§2 N?_and the intensity is propOrtional to,the square.of
the fumber of scattering.centers.

If, on the other hand, there is a random relationship between ?h
and ;m’ the array of atoms.is completely disordered, then the terms in
the summations tend to'be.out.of phase and cancel so that I =,'ﬁil

that is, the intensity Varies linearly with the number of scattering

c enters.-\Therefore, to a first approximation, the intensify for electrons




long‘as the spacingfof the defects is of the order of the coherence lengthk
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scattered fron a completely disorderéd surface is proportional to the

numher‘of scattering atoms and gives-rise to a relatively_featureless

diffuse background while the intensity from a perfectly ordéréd surface

is proportional to N2 and is characterized by sharp and discrete diffrac—
new

tion spots where the condition (k?k,)'rﬁm = nem is met / In LEED on real

surfaces (assuming the utility of the‘kinematic_models)'we are mostly

concerned with situations between the two_extreme_cases-of complete order

and complete loss of periodicity (disorder). An interesting study of the

influence of disordercon LEED instensitieslisnprovided by-the‘results

of"Jona:58 plotted in Fig 18 ‘ The dotted line in Fig. l8 ‘orresponds

to the expectation if 90% of the coherent intensity was from the top

three layers and Eq.lOO was accurate. While the it is not perfect, the

results indicate that qualitatively the effect of disorder on LEED diffrac-

tion intenSities (in the figure the Circles, squares,‘and triangles refer

to intensities at diffraction maXima at the indicated beam voltages) can.

be described by a Simple kinematic (Single scattering) model.

An interesting effect frequently noted in LEED studies is that random

: e \
surface irregularities on a macroscopic scale-(lO A or larger) do not,

v any apparent way, affect the. intenSity or the SlZe of the diffraction spots.

Goodman6 has shown that sharp high intenSity diffraction features may
be obtained from surfaces having a great concentration of pits,'ledges,
grain boundaries, etc..of about 1 to 10u in size. These results support
the basic consideration discussed earlier concerning coherence; That is, if
the surface is ordered in patches of perhaps 1000 atoms, then the intensity
is unaffected as long as all the patbhes are oriented with respect to one
another, Macroscopic steps, pits, ledges, dislocations,'grain boundaries,

etc, have virtually no effect on either spot size or intensity in LEED as




~8ha
of'fhé ;iectrbn Beam oivlarger. Hbﬁever, surface‘iﬁperfections closer to
each other than the coherence length will contribute to an 1nten51ty decrease.
in the diffraction features.
Jon bomtardment of © - single cxystal surfaces usingvhigh energy

noble gas ions broadens the diffraction spots and similtaneously reduces
the:spot inﬁensities. ‘Such ion bombardment damage is detectable-ih all
‘singlel¢ryétal surfaces.whéfé surface diffusion ratés are negligible at
the’tembérature at which the ion bombardment is carried out. Annealing. B e
4‘the‘9rystél by heating fhe surface to higher temperature increases the
difffdcfion spot;infensity and reduces the spot sizé..‘ Clearly, ion-
bombérdmen£ has reduced the size of the ordered d§maihs to below the
coherence lehgth of the 1aﬂ'energy electrons. .Anngaling increases the
ofder'and increases the sizes of these'domainé above that of the limi ting
éize gi&en by the coherence length; The main result of éxperiments on
disbrdered'surﬁaces is that the presence of disorder in concentrations of up
to 10% Qf?the availab1e>3urface atomé have only limited or no detectable
effect on fhe diffraction pattern. .On the other hand, if impurities,
: vacéhcies or other crystal iﬁperfeétiohsvéré érfanged in ordered or periodicv

array_bn the crystal surface; the LEED patterns are greatly effected, new
| diffragﬁioﬁ features appéar immediately. Linear disorder occurs whenever
atomic.spacings along one crystalograéhié direction are disturbed while
order is‘maintained in the others. A good example is provided by the work‘
of Ellis.on uraﬁium dioxide6l in which delibefately_cufting & crystal faee off
axes at a small angle introduces very hlgh step densities in the surface - -~ ' ,f
and streaklng in the_dlffractlon‘pattern. Such streaking is very frequently
obser&ed in iow energy eiectron diffraction patterns during the formation
of ordered surface structures of adsqrbed gases or during surface phase

transformation from one ordered surface structure to another ordered
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surface structure. Linear disorder often reveals that the process by which
a new periodicity characteristic of the newvsurface structure eppears is
surface diffusion. Monitoring'intensity changes during a trahsformation
which proceeds via linear disorder should.be useful in obtaining infprma-
tion abqﬁt kinetics offsurface phase transfqrmations‘whieh are surface
diffusionbcontrolled. Impurities often give rise to eurfacefstructures
which are characterized by rotational disorder. Rotational disorder ean’
be defined‘es dieorder in which within one.domainAthe surface atoms are
ordered but where there is no preferred orientation of the:demaihS'with
 respect. to each other. The result is that the diffraction pattern showe
circular symmetry about the speeular reflectioﬁ;-vCarbon appears to give
such a‘diffrection pattern on several metal surfebee. then_amorphous
carbon on the surfaces of gold,;platinum;silVex‘ ahd ether metals is

heated to higher temperature, diffraction rings appear first in segmented
form and then finally as a complete eircle523_6536h
like diffraction features indicate the reordering'of amorphous,carben on
the surface in a graphitie form which is characteriéed by rotational :
disorder. Nevertheless it is ordered parallel to the crystal face. A
diffraetion pattern of such rings chareeterietic of carbon on platinum
surfacee on shown in Fig.19 . Firally Wevshould consider the ccnplete'
lose of long range'order, this is referred to as amerphous or liquid-
like disorder. iGuinier separates disordered structures into two
classes: (1) Correleted disorder which refers to disorder in which the
atoms are displaced from equilibrium sites a small amount relative to
equilibrium'intermolecular separations and the average positions of |

65

all atoms is equivalent to that in the perfect lattice. The most obvious

(Fie. 19&)b9:_5These ring ;,“
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examplé‘of this is the disorder introduced by therﬁal motiéﬁs. On the
other hand (2) uncorrelated disorder exist whén displaceménts from equilib-
rium positions may be large and the microscopié‘atomic density may differ
from that of the ordered lattice. A gobd example'is.a &oluﬁe containing
a monatomic gas:at low pressﬁreo 'prevér, most'arrangementé of‘atomé in
Condenééd.phaSes do tend to haVe somé of thé characteristics of correlated
diéordef‘under all'éonditions.of fhé.low'energy éleéﬁron_diffraction :
experiments.

B. ILow Energy Electron Scattering from Liquid Surfaces

Liéuids posses unique éharaéteri;tiqs,';iké all condensed phéses
they'posseSS‘somé elements of correlated disdfder..fThe distribution of
atoms in liquids. can be fest‘described by;a radiéi:aistriﬁutioh_func#ion,.
P(r). FF'igﬂure: 20 shows a‘t;‘ypical radial d'istrizbyutionv'function which was
taken_from Kaplows x-ray.data_qn liquid lead.66 LThe.curve'labeled Po
‘ represenfs the average'value.from the_density.of>£hé li@uid,} The main
points tQ.observe,are (pa-po) goes to %éro fpffsmall diéténées due to
repulsiﬁe intéractions»and that it hés é.strdng.méximum.heér the nearést :
-neighbér-distancé of thé,solid while at large_disténces (pa—po) abproaches
Zero again. ‘For difffaétion from an afray satisfying such a distribution
fupétion, Guinier derives thé'interference fungtion65
 ‘I(s); 1 e'éw 4Wfr2 [sé(v) - sé] .Eig;é%ﬂfil dr (lOl)

where

- hrsind

'Figure 21 gives the x-ray intensities obtained from liquid lead at
327,4°C as a function of the scatﬁering angle, (sin G/X); It should
be noted that the peak intensities are, at best, twice the background

intensity. Similar results were obtained from liquid metals from high

energy electron diffraction studies.
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Elastically seattered electrons:or x_rays;diffracted’from;liquidﬂsurfaces

should show a distribufion which reflects tWobscattering mechaniéms;
(1) uncorrelatéd-scattering'frpm individual.atéms in the liquid_énd
(2) séattéring which is moduiated_by‘the density fiuctuationé in the
‘liquid; ‘Thé former directly giveé the atomic écattéring faetorg‘f.b This
parameter enters into cdlculations of sﬁrfacé étructurg from ihe diffrac-
tion beém'intensitiesvand its eXperimental determiﬁationvié of great
value.. The latter scattering mechéniém gives fise tovintensity fluctua-
tionS'which can be used fo obtain the radial distribution function and
thus the average ihteratomic distance and thé_goordination numbér at
the surface of liquid.

| In studies of low energy electron diffraction (LEED), the electfons
incideht on the single crystal sufface'are scattefed predominantly by
the surface layer‘or>the first few atomic layeié.v Just'as it‘is useful
to determine thevsﬁructure of.solid suifaceg low energy eléction
diffraction might alsc be employed to-oﬁtéin informafion about.the sfruc-
ture of liquid surfaces. Therefore, the intensities éf elastically
scatfered low energy electrons from liquid 1lead, bismuth and tin surfaces
- were measuréd as a function of scattering angle and electrm energy.21
The sgﬁpiéS'were supported ih crucible méteriéls which appeéred to shdw_,
no chemical ‘reaction Witﬁ the.solid or the molten phases. |

. When the cfystgl was compietely melted and the temperafure was

abbut 5° above fhe'bulk melting point the experiment was commenced.
Photégrabhic an&/or visual observations were made of thevdiffraction
screén; then “a- telephotometer was focused on the diffraction screen.

The three-grid energy analyzer systemvhad been adjusted to minimize the
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through penetration of the inelastically scattered electrons in order to

reduce_the inelastic contribution to‘the tofal scattered intensity
detectable on the fluorescent screen. The output of the telephotémeter _
was plotted oﬁ the ordinate of an x-y recorder while the elecfron energy
was plottéd 6n the abscissa. This way, the ﬁlot of - screen intensity as

a function of beam voltage could be obtained as.the voltage was:scanned.

The visual and photographic evidence indicaﬁed that the intensity fluctua-

tion}had radiai symmetry ébout the electron guh axis.
, Thé cleanliness of the molten'éurface_ﬁés cﬁéckedfby
cooliﬁg thevcrystal‘beiow its freezing point and obSérving the resultant
»diffraction patfern of the'crysfal suriace.: The_recrystalized.surféces
always displayed sharp diffraction patﬁerns énd;thus, the liquid surfaces
-were coﬁsidered to.ﬁe cléan, o | |
The experimeﬁﬁal results obtained from fhe véltaée scans at diffe-

T ent'Scattefing angles were normalized to cqnstént electron emission

in order to eliminate one of the experiméﬁfal variables.froﬁ the experi-
mental cﬁfves. The most convéniént presentation of the meaéured inteﬁsify
at different scattéring angles and beam voltages from liquid surfaces is
in the fofm of'contour maps; The ordinate is taken aé fhe screen angle,
0] ﬁith-reépeét'to the électron gun Which is in the center of the screen
(surfacé.ﬁormal).. Thevabscissa is £he beam voltage qnd the con@éurs.are
normaiizéd intensities in arbitrary units. Figures 22a, 22b:and 22¢ show
results from molten lead, bismuth and tin surfaces respéctiveiy. The
intensity contours comnnect those scatpering angle and beam voltage values

which are characterized by uniform intensity. To convert the screen angle,

¢. to a more usual angular variable let the séattering,ahgle, ¢, be equal
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b0 6 = 180° - [0} Where ¢ = O'refers to the exact baék-scatterihg or 180o
scattefiﬁg} ‘The intensity units, even though arbitrary, are directly
comparable on all three contour maps (Figs.22a-c .);, Figufe 23' is an
intensity map calculated.from x-ray data by Kapléw66 on -liguid lead.
Similar resﬁlts were obtained by Richter,>ét al.67 usihg high ehergy

" electron diffraction. Their data was éxtrapolafed té our region inlcw
energies; the dotted line connects the points whére the firsf max i mum
should éppeaf; Tt is readily appafeﬁt.that none of‘the experimenﬁal éuives
show'featurestOmparable with this’calcu1afed curve. Thﬁs, the intensify
fluctuations whiéh-ﬁe_have’detected cannof be usedvﬁb caléuiate-the
radial distribution function from.liquid surfaces. | | |

Pérhaps the most significant result of‘»oﬁr LEED étﬁdiés of_iiquid
surféces woﬁld bé.if we could aésociate the observed inténSity distribufién
as beingjsolelyldué tO“aTSingie'atomﬂscatteiing méchanism.. In.that case
the'détabdireétly gives“the:atdmic:scatteringjfactor,:fo

Let us consider additional scatterings méchanisms'which could con-
tribute to the intensities observed by scattering of_low energy.electrons :
from liquid surfacés.,.(a) Inelasfic'electroné which lost small energy
( <2 ev) méy penetrate the repelling grids and comtribute uniformly

vto the béckground intensity.thereby.diminishing the magﬁitude of the inten-
sity fluctuation, (b) ‘litiple scattering effects which are due to further
interactions between the scattered electron beams and (c) thermal diffuse
scattering:which attenuates the intensiéies of the diffraction features.
from»iiquid surfaces.due to inéreased vibrﬁtions of atoms in the disordered

surface.
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Inelasﬁic contributions tothe scattered inteﬁsity would uniformly
increase the background aﬁd-may mask small intensity flﬁctuations. 'Thus,
this term‘Would not be expécted to change‘the inténsity‘distributions=markedlyo
The effect of multiplé scattefihg is diffiCultlto assess. 1t might
iﬁtréduce.additioﬁal inﬁensity fluctuations_ﬁhiéh Woﬁld be suberposed on -
the single-scattering diStribution.éo that single and mﬁltiple scéttering '
contributions could not be separated. Therml dif fuse SCéétéring has been

bby Webb ét‘al; in some détail. - Sihée’this term 1is proﬁortional
to the atomic scétterihg factor.ana to the DebyeAWalier factbr; it also should :
not change the iﬁtenéity distributidn markedly.
.+ Therefore, it my be concluded-thaﬁ thé intensity distribution of
the low enérgy éléctfons scattered by iéad;_bismuth and tinfliquid sur-
. Taces gives'ué diféctly the low energy electfoﬁ,atomic scattering facfor_
for which single and multiple'scattering contributions are'inseparablé;

Althoﬁgh it is somewhat'disappointing'that.intensity fluctuations due
to the radial distribution:function.in the liquid'surfacé could not be
detected by loﬁ energy'electroh diffraction (LEED)A(in view of the easy
detectabilityvof this efféct in the bulk‘liquid by'high energy electron
diffraction (HEED), x-ray and neutron éiffractién)’fhe»absence of these
‘features can easily be rationalized. All three effecﬁs, (a), (b),.and (c),i
Whiéh were menpioned above-would be instrumental in reducing the intensity
changes‘by;increasing appreciably the background intensity. It should
be remembéred that the‘peak'inténsities are nevé; more than‘a factor of
two highef”than.thé'backgrpund intensity in all of these experiments with
tutle Ligquida near the melting point. There‘may be an additional reason

for masking the scattering due to the liquid "surface structure" (i.e.
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. 26 | | . . |
correlated disorders).5 Due to the low penetration depth of the electron
beam in LEED experiments the number of atoms which contribute to coherent

~scattering is at least two orders of magnitude smaller than in LEED

experiments.
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VIII. THE MEAN SQUARE DISPIACEMENT OF SURFACE ATOMS

A, The Mean Square Displacement of Surface
Atoms Perpendicular to the Crystal Surface

In_one of the preCeding sections (N)'the,theor&“describingcthe thermal
effects inﬂLEED’was discusSEdrfﬁiperimentallyj‘the procédUIexfor:determining the
surfacée Debye temperature is quite simple: at room temperature an'inten;
sity scan is made and a maximum in the I, (eV) curve is determined. | The
-telephotometer is focused on the.OO-spot at the voltage corresponding to
ithe maximum intensity. The crystal is heated (e;g._for Pa to about 650°C)
and the power is tnrned_off, The telephotometer ontput signal (monitoring
tne'spot;intensity)'is plotted:as ordinate; the thermoconple reading as
absciSSa, producing a curve as shown in Fig EM‘ uinkthis'Way there is
no 1nterference from fields caused by the heater current Generallfvit
takes l 5 minutes for a crystal to cool to below lOO c. The.lOWer
(essentially horizontal) curve in Fig 2& is obtained by rotating the
.OO-spot 1nto the center of the screen and recording the intensity of the
"background'" at the same.voltage as the previous intensity curve. To
obtain the effective Debye temperatures, the intensity.of the diffraction
spot is read off the curve at different temperatures; the background |
value is substracted from this value and the loglO(I -I ) calculated.

00 BKGRD

Figure 25 is a plot of loglO (IOO_IBKGRD) vs T (1°K) obtained from Fig.2k.

The effective Debye temperatures which were obtained at the lowest
electron energies were taken as values characteristic of tne surface

atoms, & In some cases where extrapolation to zero electron

D,surf’

volt could be carried out with some confidence the extrapolated value

was taken as U .  Then the root-mean-square displacenent, of' surface

D, surf
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atoms perpendicular to the surface plane was calculated from the equation

5 1/2 '
(u >1/2 _ (51\&1 ) ‘2 T _ - (102)

surf Mk

D, surf .
where M'end T are the atomic weight ‘and the temperature.of the solid,
respectively, N is Avogadro'svnumber andvk‘and h are_thetBoltzmenn and
' Planck:constants. o

As an example, the effective Debye temperature'for,twe cfyétéi faces
of lead and palladium are pletted ih Figs26a end26b'es a function of -
the electroh energy. The surface Debye temperatures ere aboﬁt e factor
of 158—2 times smaller than the_correeponding bulk Qelues. Cenverseiy‘
the reot'mean square di°plaeement of surface‘atems éerpehdicular to the
surface plane {(u )Sé;f, is roughly 1&0%—200% larger.thanvthe bulk value.
Tn Table I we list all of the data from different crystal surfaces which
- have been determined so far by experiments. We 1ist the.surface and bulk

the surface and bulk

Debye temperatures and/root mean square dlsplacement ratlos for <comparison,

For all of the materials which have been studied so_far the surface root
meen sQuare displacement perpendicular te the eurfece is much larger than
the bulk value of the root mean sqQuare dis@lacement.. Conversely, the
surface‘Debye temperature is much,émeller than the Debey temperature
characteristic of‘the'bulkﬁatoms.. There seems to bevlittlevdifference in
the mean.equare‘displaeemehts of surfece etome ih different low index
planesiwith respect to the large difference between the bulk end surface
values. This is in agreement'with previous experimental and theoretical
predictions within‘the experimental accuracies. - In celculating the roet

mean squaré‘displacements we have not corrected the electron energy for

the presence of the inmer potential° The attractive potential that the’
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electron experiences at the surface adds an energy incremenﬁ,to the elee-
tron energy which is of the order of 5-25 eV. Such a correction’would‘
have a little effect on the effective mean displacement which are calcu-
lated from the DebyeAWaller factor determined at 1ower electron energies.
A root mean square dlsplacement can be cerrected for the presence of the
inner potentlal by using the formula (u ) 1/2 (corrected)— {u )l/ (uncorrected )
(ev+ip/ev ). For. example at ev = 50 eV and for 1p = 20 eV (u )1/2 i

.86 {(u ) /éuncorrected Since the inner potentlal value has not been deter-
mine accurately, all of the_data are given without inner poﬁential'correc—
‘tion. An inner'pOtential cofrection will ﬁeﬁdvto_deCfease somewﬁat the
calculated mean surface vibrational amplitudes. 'jb

B. Meah Sguare Displacement of Atems Parallel to Crystal.Surfaces

_Figure 27 represents the general LEED;situation-useful for.calculatiné
the Debye-Waller factor for the parallel'cbmpohent’of the'mean displacement
o surface atoms. 2¢ is the angle between theielecfron éun which ie‘the
source of the incident electrons and.thef(OO)—spote(Specularbreflectionj
on the fluorescent screen;~2(9-¢) is the ahgle»subtended by the diffraction
spot,.(h,k) and the electron gun. From Fig.27 we obtain that:

AR - WRIP cos® (60) - IA1T 4 lagl® o (0)
where lA%Ll = |Ak" cos 8 and IAkHI = IAk'] sian. For any -isotropic
surfaee [i.e. (200) or (111), but not (110) for fcc crystals] we can
write | | .

rite smr = @ gumr * O svre (104)
which can be substituted into Eq, 20 to give |
op - o[ (2)

= exp- []agiJg <gl ) [Ak”|2 (u“ ] (105) |




for the Debye-Waller factor. Substituting Eq./03 into J S and letting
kO = 2m/A gives v - |
' ' - 2 . _ 2 :
exp "-[_-QW'] = exp h(%lj cos® (o-¢) cos2o (uf) + h(%?) cose(a-(b)
| | 2 2
sin"® (u” ) , (106)

simplifying,

exp[-2W'] = exp -: 16m === (6-9) [(uf) cos® 6 + (u||2)sin 25]} (107)

A

Using Eq. 19 and changing to LEED variables as in Eq.'él,’Eq; 109 becomes

I>. [_2 '] o= ; KVT 2(8— ) cosge sinEH : 8
SXP1ot = expy | ~KVT cos (6-¢ 2 PR (108)
SR o] Dl

where C is the same constant as in as in Eq. 21 éndebl;.is the ‘effective Debye

temperature describing thermal motions normal to the surface; QDH is

,thebeffeCtiVe Debye temperature for thermal motions in the plane of the

surface.‘.GDLis the quantity determined fram the‘previou51y,de36fibéd
measurements on the specﬁlar reflection. The extension to ndn—iébtropic
surfaces would require the definition of an aximuthal angle and the -
splittinglof (u“) into- components along the main surface coordinates.
This will not be'discussed‘here as the extension of the above méthod

to this situation is obvious.

The most cbcious characteristic to observe about Eq. 108 is that GDH

- can only be determined by the difference in two experimental determina—

tionsg of IOglC(Ihk) vs T. Further, since in conventional back-reflection
LEED,systéms, '@ cannot exceed 24° or ¢ exceed U8°, the two experimental

slopes (Dlog Ihk-Ir/AT) will be of ccomparable magnitude. In practice
N P
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‘it has been found that an uncertainty in either experimental determination

of slope propagates in determining a value for 6_, about ten—fold,'so

_ D
tkﬁt an upqertainty in-@DL of 5% produces a 50%.uncertainty in:GD” making ,
extrapokxﬁibns of GDH (eV) curves-diffiéult; 'Exﬁe?iments using grazing
anglé .incidence low energy electron beams are_thérefore necéssary to
determiﬁé.the parallel components of the,méan sQﬁare*diSplacement wit}1v
any degreefof'certainty. Suffacé DébyeJWailer1fa¢tbr méasufements under

these cohditions.have been carried out for the Ni(lio) face by MacRae?
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IX. THE STRUCTURE AND PHASE TRANSFORMATIONS CF CLEAN
: ORDERED SURFACES -

A. Sources of Surface Impurities

We have discussed in‘some.detail how the low energy electron diffrac-
tion pattern is sensitive to the appearahce of ordered structures Qr'ordered .
impuritieS'in very small coneentrations.t'On the other hend it 'is insensi-
tive in the presence of disordered. impurities in concentfations asrhigh
as 5-10%»of‘the total number of surface atoms . Therefofe, one neeas
additional experiment techniques which mirht be.used iﬁ eohbination
witﬁ low energy electron diffraction-tovaécertain the cleanliness of the sur.-
face. AppropriétertechniqueS"are Auger Spectroscopy; fleshjdesorption experi-
mehts’using mss Spectrometry, and ellisopmetrj. Although no definitive
experimental criteria for cleanliness for each materialvisrpessible,
if these additional‘experimental.techniques.aﬁd the'ioﬁ‘ehefqy electron
diffraction'results do not suggest the‘presence of éurface impurities and
the surface structures which have been detected»afe reproaucible in severai
laboratories it.could then be assumed that the obserﬁed surface structure
is characteristic of a clean‘surface.. The presence of impurities below

the detection limit of any of these presently available technidues cannot

‘be excluded. These impurit ies may still act catalyticdlly favoring or

inhibiting certain struetural transformations though the impurities them-

selves do not participate hecessarily in forming the?neﬁ-surface structure.
The impurity concentration at surfaces could change during an experi-

ment and in many ways may influence the experimental results. Therefoxe

it is essential that we cohsider theidifferentbspurces ofVSurface impufities

during a low energy electron diffraction experiment.‘ One of the most probable



-98-

source of surface impurities is the adsorption of»reaétive gases on the
.surface. In ultra high vacuum systems which are.used presently carbon
monoxidelénd'water-vapor are those reactive molecﬁles Whiqh are present in
large conqentrations. Thése ﬁoiecules could react wiﬁh the.studiéd crystal
surfaces. 'Adéorption of these molecules could start chemical surface
feactions Which can alter the hature of the solid sufface. In any given
experiﬁent'after extehded periods of.éxperimentaﬁién they may:induée irre-
versible ¢hemical or crystallographic changés_iﬁ ﬁhé surface. Their |
interaction with thekelectroh~beam can resultvin'tﬁe deposifion of unwanted
surface species such as carbon on the surfacél ’The qustal‘bulk is an-

other source of impurities. .Bulk impurities.may migraté to the surfaée
and.segfegate out while the crystal is being_heafed pq elevated temperatures.
Although this is an excellent method to free the cfysfal'bulk fram impurities
which éré removed to the surface, surface contamination may:be unavoid- |
able especially in the beginning of fhe expefiment{ Once these impufities
reaéh.thé surface they may be remoﬁed by ion Eombafdment or éome chemical
reaction éuch as oxidation. One of the ffequently detectable bulk'impuritiés
of this type is sulfurtwhichfﬁés'¢6mmonly beenvobséfved'to’difquE“tO“4“

the surface of different metals§9 Carbon is another contaminant Which”

.has beén found.to mové:from the bulk to the surface and segregate out.
Nevertheless, thése coﬁld bé removed>from the crystél surface’after

caréful chemical treatments, repeated ion bombardment‘and annealing of

the single crystal samples. Perhaps the most ﬁenaéious impurities.are
those which are in the bulk of the éingle crystal samples and have

diffusion rates similar to the self-diffusion rate of the host lattice

itself. These impufities will not diffuse to the surface and Will not ‘fegre- - |

gate out easily and therefore they ére permanently embedded in the single

-
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~of nlobium single crystals
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crystal samples. Such impurity is for example tantalum in niobium where the
tantalumvhas similar diffusion rates to that ofvthe.self-diffusion rate

71

In theSe cases several s1ngle crystal samples

. Should be used in the hope that the level of 1mpur1t1es are different
in the different‘samples. Inherent irreproducibility of surface

'structural-features'could be a sign of impurity controlled surface pro-

perties. The third source of unwanted, impuritieS'at'tne surface could

be due to the interaction of the electron beam w1th adsorbed gases or the

_host lattice itself. It wasvfound that 1on1c.crystals, mostly alkali

halldes, 1nteract chemically with the a@lectron beam which.leads to the

e o . . SR e o
- decomposition of the surface? Halogen evolution and the precipitation

of alkali metal in_an amorphous3form at'the crystal surface is-commonly
observed in studies of different alkali'halides'byflow energy electron
diffraction. Tri order to avoid excessive decompositionvwhicb m0uld-effect
the diffraction spot 1ntens1t1es and other surface parameters one may
heat the crystal to a temperature at which the damage Antroduced by low
energy electron beam could be removed by the annihilation of defects at
the surface. Finally, it is found that'certain adsorbed molecules, such
as'carbon monoxide, may desorb from_metal surfaces due to electron impact
by low energy eleCtrons. ~Although the exact mechanism of the electron
beam.excitation of the adsorbed species has not been investigated it is
particularly interesting that carbon monoxide interacts strongly.with

the electron beam while other gases with weaker surface binding energies
such as xenon or the olefins do not seem desorb from metal surfaces at a

detectable rate.
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B. Order—Order Surface Phase Transformations

Most‘of thé surfaces which have been studied by low»energy electron
diffraction so far were high density, low index érystal faces of monatomic
vbr diatémi; solids. Without exception, all of these faces exhibited
ordered sfructures‘on an atomic scale. These ordergd surfaces may be
divided in two élasses; (1) Those which have unit éeils which are
identical to the projection of the bulk unit cell to the‘surface.and
(2) those which are characterized by unit ceils Which are largez*than the
unit cell dhﬁensibns in the bulk,lb The>501ids'which belong to the.first
class have diffraction patterns which arévcharacteristic of>a (1x1) sur-
ﬂlce‘structure.. The different ¢rystal faces of fungsten [(110), (100),
(221)] nickel and alumiﬁum [(lll),and (100) 1] fof example, seem to belong
to.this ciass;v Most semiconductors and:somé.of.thevmetal éurfacés
which have been studied so far, belong to the second class; These ;ur—
faces ekhibit diffracfion pattérné with‘extfa'diffractiop features which’
are superimposed on the difffaction patfern of thé substrate unit mesh
(predicted by the bulk unit cell). TIn Tables 2 and 3 we list some of the solid
surfaces which exhibit these surface rearrangements.

The surface structures on semiconductor surfaces appear to have well-
defined_temperature rangeé of stability. At thmperatures abpve and beiow
this range the surface undergoes a transformation into another ordered
surface structure. For ekample, the (111) face of silicon_hés'a (7XT7)
surface structure [Si(111)-(77)] which forms upon heaﬁihg‘the cryétal

P
to about-?OO°C?2a§ﬁ¢ diffraction patterh corresponding to this structure

is shown in Fig. 28 . Above 800°C this surface structure transforms into
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into-a (2X2>'structure which below 700°C the (lxij_sﬁrface net predomi- -
nates. The (111) surfaces of semiconductors wifh the diamond structure -
seem to fofm (2x2) surface structures.

What is thé mechanism of surfdce rearrangements?  There ére several

possible mechanisms which are still under investigation.

L. Relaxation of Surface_Atoms

| The surfacebstructure is formed by a périodic diSplacement.of surface
atoms ouf of the sﬁrfaée‘plane. The surféce.thus, éxhibits a.périodié
"buckling" which gives rise.fo néw, characteristic diffraction features.
This meéhanism may‘best be illustrated.by'considériﬁé'what happends Wiﬁh,
atoms in a $olid in the neighborhbod of a‘vaéancy,’i.e;lvacant lattice
positibn. If we remove én atom from its equilibfium position'in the bulkv'
to the gés phase, the atoms surrdunding the:néwvvvacant site "relax", i.e.
will be aisplaced slightly toward thebvacahcy.,.They are no longer restralned
from largef displaéement in the direction of tﬁé émpty‘site;by the étréng,
repulsivé atomic potential. vTherefdré, the ffee‘energy of removing.an
atom froﬁ its buik, equilibrium posifion to the gas.phase is partially
offset by the énergy of lattice "relaxation'" about the vacancy. The
frée enérgy éf vacancy formation from a rigid lattice which is not allowed‘
to rela% cah be approXimated by the cdheéive energy, the energy necessary
to break a solid into.singié atoms infinitely separated from each other.
We find th;t the freeﬁenergy of forming vacancies is'alﬁays appreciably
smaller.than the cohesive energy for most solids where these quantities have
been measured. For example, for silicon, the cohesive‘energy is 81.0 kcal/
méle,'while’the ffee energy of vacancy formation is 52.2_kcal/mole?h'This

leaves over 48 kcal/mole, a very large relaxation energy.
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éurfece atoms are in an anisotropic environment as though they were

surrounded by atomsvon one side and by vacancies on the other. The atoms
can "relex" out of plane, perpendicular to the surface which is not
allqwedfferithe bulk atoms. Depending on the bonding propertiesvof the
SOlid, etCms may be displaced out of plane inba periodic manner. .This
way there is an increased overlap of localized electronic orbitals.
Calculations indicate 5’86that the formation of some of these buckled suf-v
faees_cen be energetically favored over the formation of flat surfaces
in temperature ranges below the melting_point of the solid.

| - The appearance
- of any new surface ﬁeriodicity will be reflected in the charactefistic
of the LEED diffrection pattern. It is likely that surface‘structural
reerrangements in germanium, silieon and other semiconductor surfaces .
"~ are by this mechanism.

It should be noted that the periedic outfof;plane-surface'felaxation
shouid be very seﬁsitive to the presence of impﬁrities or to certain typee
of lattice defetts emerglng at the surface (dlslocatlons, vacancies).

4 These could cause the collapse of surface structures by changing the
*chemlcal env1ronment about the surface atoms or, in some cases, could also

catalyze their formation.

2{ Surface Phase Transformation ‘ _ o
Some of the metal surfaces were also found to undergo at aiic rearrange-

76,87 . . 88~

ments~(see TableIIl). TFor example, the (100) surfaces of gold and platinum
e xhibit a diffraction pattern which is shown in Fig.29 . The presence
of the n/5-order diffraction spots indicate the appearance of a new

eriodicity which is five times =zs large along one principal axis and the
. ‘ P




. v(5Xl) surface structure and surface structures on other metal surfaces
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same as that in the bulk unit cell along the other. The patternvis a

‘result of the superposition of dcmains of two structures of this type

-rotated_9Q°'to one another. These surface structures may be designated

as Au(100)-(5%x1), and Pt(lOO)x(5x1). The diffraction patterns can be
interpreted -as indicating the presence of a hexagonal arrangement -of

scattering centers superlmposed on the underlylng square (100) substrate

- The 1nteratom1c spacing in the hexagonal surface layer is 5/6 tkat of the

substrate along one pr1nc1pal_ax1s ‘and the same along the other. Thus,
:the atcms in the hexagonal surface are coincident.with every 5th substrate
atoms and this could generate the observed flve—fold surface perlod1c1ty
A small compression ( ~5%) in the hexagonal layer would allow six rows of

88.

the surface layer to .fit onto the five rows of the sQuare‘substrate.87’

The chemical propertles of this surface structure [1ts sens1t1v1ty

gas

adseeStion (1><l)] make it llkel;y tiat the

to' chemisorbed gases[(le)
surface structure 1s again the result of perlodlc "buckling" of the
gurface plane. In this case, however, the surface.relaxation resulted
in the_formation of a hexagonal surface structure, i.e. tnere is a change
of rotational multiplicity (from 4-fold to 6—foid). For semiconductors»

the surface structure maintained the rotational symmetry of. the bulk

unit cell even though the surface net became enlarged. Furthermore, the

75, 76

almdst
are sbab1e from 300°K up to/éhe melting point of the.solid. It appears tlat

ﬂnese surfaces have undergone a phase transformation from a face centered
cubic to a-hexagonal close packed surface structure while no corresponding

transformation has occurred in the‘bulk,of the solid.
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The crystal structure which a solid will take up has been: shown
to depend'primarily on the number bf unpaired s and p valenée électrons
per atom which are available fér binding.a9 For example, atoms which.have
one unpaired s or p electrons have body centered'cubic érystal structﬁré
when condensed to solid (like Na, W). Atoms with two unpaized_s and /or
D electfbnS-will crystalliée in the'¢lose;packed he#agohalistructure .
(Zn,:Os);'.three uﬁpaired valence electrons Wiil givé.faée ceﬂtéred '
cubic~(Pt,Ag),-and four‘ghpaired valencekelectrons givé.diamond.crystal
struétures (Gé,C); A theory based on thisAconcepﬁz When'ektended to in-
clude the.contribution offunpaired‘g'eléctrons to the’binding can explain
- and pfedict fhe structure and stabilityfrangé»of'mdst alloys?o’gln

| Surface atoms,:in addiﬁion to béihg'in ah aasymétrierenvironment,

have fGWef‘neighbors than atoms in thé'bulk.bf‘the'sélid. .Tﬁereforé,
their electron density distribution should be different from trat in the
bulk, they méyvhave more or;iess.valence‘éleétronsvaﬁaildblé fér binding
than the bulk aﬁoms. Thus, théy.may undéfgo-phase'tfansfcmnations in the
surfade plane with respect to their crystal éﬁfucﬁure in the bulk. Tt
appears that on the (100) face of gold and platinum a face centered
cubic élose packed hexagonal surface phése.transformation has occurred.

Ittéhould be noted again, jusﬁ_like in the caseAéfvsurface relaxa-
tién, iméurify atoms with.different numbers of unpaired-valenCe.electrons
‘per atom may cause or accelerate surfacé'phase transformation of this type
or transition metal éurfaces, or conversely may inhibit it."For'example,
.carbon (4 unpaired valence electrons per atom) stabilizeé‘the (1x1l) sur-

. 92

face structure on the platinum and gold (100) surfaces: On the other

" hand there appears to be evidence that alkali metal atams (Na,K) on these
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noble metal surfaces, which have less valence eiéétréns pef atom than the
plaﬁinum and/or gold surface atoms can stabilize the.hexagonél éurface
stfucfure (3X1)§2 l

This mechanism would also predict the formation,of surface allbjs
with a variety of structures and other intérsecting physical chemical
properties. These may be prepared by the deposition of other éuifable_.
metal atons with different number of unpairedvvalehéefeléctrons.‘ Theré
is evidence that tungsten’surféces undergo structural;rgarrangements
dﬁring carbon diffusion which indicates a 6 ccb—>ﬁcp surface phasé
transitibn long»before hexagonal WéC precipiﬁaﬁes oﬁt at the éurface.
For éxémple‘the W(100) surface develops é (fxl) strﬁcfure first ﬁhich is

followed by the formation of the carbide strucﬁure.

- 3. Faceting

Some of the more open, lower atomic density surface planés appear

to be unstable upon heat treatments. At teﬁperatures where surface
atoms have enough mdbility to diffuse.the suiface undergbes'rearrange-
ment. New, high dens ity crystal plahnes form with the simultaneous dis-
integration_of the more open crystal féce.' Thié procéss is frequently

called faceting. LEED studies on'the (110) faces of silver for example,

lave indicated that faceting begins at low temperatures (< lAOOC);-8

B
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b, Stfuctﬁral Changes Due to Variation of Surféce Chemical Composition.
As notéd aboye, the structure of metai sﬁrféées appear to be very
sensifive.to.the electron density at the surface. FUrthefmore, the
presence ofrimpurities have_been'shown to be wvery impértaht iﬁ initiating
or stabilizing surfaéé'transfbrmations. There ié,'tﬁerefore,-strong |
evidenée-t@ét the structure éf a surface»shéﬁld’bé.véry sensitive té
slight variations in chemical coméositiqn. _Thesé cénéideratibns should
be particularly important in studies of diatomic'ana polyatomic cfyétals
where ﬁon-stéichipmetry may eaéily bé induced.in_thebsurface by héating”‘
in_Vacﬁﬁm: As - yet, thisvarea'has rebeived;feiétively3little attention.
Tﬁe foilowiﬂg study méy;be»taken;as:én‘éxaﬁplefof the importance of
these c§néide?ations;> | |
The structufe bf alumina surfaces ié differen#lfrom thgt:which_is
expected by‘préjection of the'bulk'uﬁit‘éell'to ﬁhe vari§us“;rystai
surfaces. 22 995 99 96 The_(OOOl) crystalvface exhibits its (1x1)
bulk;like,strﬁcfurebup to ¥125Q°C in,vécuum. ’It rearranges above.this
'temperafuré to give a weak Qf5x~f5) - (rotated SOO) surfécé structure,
and updn further heating to the final rotated GJle'le) surface structure
which is stable to the highest Studied'temperature ofv1700°C.‘ The

:diffraction patterns are shown in Fig; 30a-b.
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It is customary to designate the complex surfaée.structureé by the
coefficients of its transformation matrix which génerate thevstruétures
with the hhit cell vectors of the bulk-like subétfate.97 This is given,
for the rotated BIXJBI) pattern by - | |

11/2 3/2 112 .'-~/3/2

-3/ 112 ? N3/ o 11/

These matrices generate the two domains ﬁhich must be present 6n the‘
surfaée simulatenously in ofdef to generate'the observed diffraction
patterh.-:These démains are formed from thé criginal unit mésh by
expandiﬁg ﬁhé unit>vectors-by a factor.of'Jﬁl andvby rotafing them either
+9° or —904. Wé shall show évidence that the alumina éuffa§é which exhibits s
vthe.rotéted GJBlXjJﬁl) surface structure is oxygen deficienf;- |
The other two crystal faces, the (1012) and (llEE),orientafions
which have been studied,'éiVE.(EXl) and (hX5) surface structures, respec-
‘tively at high temperatures (> 9OO°C).96 o
Heéting, by radiation, the freshly etched (0001) alumina surface

which exhibits the (1x1) surface structure in vacuum, above 1250°C,

readily produces the rotated W3Ix ~N31) surfaces structure (Fig. ).

' During its formation oxygen evolution is detectable by mass spectrometer.

In order to establish that the stable high temperature rotated

( Vﬁlx'JBl) surface structure has a chemical compositioh which is. different
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from that of the low temperature (1X1) surface étfucture and té esfablish
its>stoichiometry the (0001) face wés heated in excess oxygen and
aluminum vapor. ‘ |

Whenrthe rotated QJflx'JBl):surface sfructure is heated in oxygen
at pfessures > 10_u torr (these pressures considered to be high in ultra
high vacuum LEED studies) at 1200°C the (IX1) surféce.structure Wasb |
bbtained. Remqval of tﬁe oxygen and heating %tovslighﬁly highef
temperature‘(125o°c or higher) in vacuum caused the reappearan ce of the
rotated (:J51X;J5})-sﬁrface structure. This re&ersiblévﬁhase transforma;
tion could be. induced at will upon intrbductipn or removal of_oxygen.

When aluminum metal was condensed oﬁ the (0001) aiumina'sﬁrface
which exhibits the (1X1) surface structure, the rotated W 31x N31)
surface struétﬁre is formed With heating to 800°C.. in.the absence of
excess aluminum on the surface, the (lxl):surface s@rﬁcture would have
been stable. Thus, the structural changes which occur in va cuum (mass
spectrometric detection of oxygen while the roﬁéted GJle‘JBi) structure
forms ), in oxygen (the (IX1) surface structure is regenerated in a tempera-
.hlre7range, ~‘12'0000, where the rotated QJBlX*JBl) structure is sfable),
and with aluminum (thé rotated (W31x ¥31) structure is fomed in a tempera-
ture rangé, ~800°C where the (1xi) éurfaée strucfuré is stable) iﬁdicate_
‘ ﬁhat'the (0001) face ofvalumina undergoes a surface phase transformation
from a (lxl) surface structure to an oxygen-deficient, rotated (W31x N31)
surface structure which is stable at high temperatures.

It is difficult to explain the appearance of large surface unit
wells which;are also rotated with respect to the bulk unit cell without

invoking'signif_icant ‘chemical rearrangements in the surface layer. The
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rotateds(Jilx‘JBl) unit mesh signifies marked mismetch between'the newly |
formed surfaee structure.and the underlying'hexagonal.substrate
It appears that if the high temperature oxygen def1c1ent rotated
(J)lX/JSl) surface structure has a ccmposltlon which corresponds to Al 0
(or AlO) 1t would be likely to form a cubic overlayer in which the catlon
is apprec1ably larger than in the underlylng hexagonal- (OOOl) substrate.
Strong_mlsmatch due to the differences-in structure_and 1on.s1zesv1n the.
two layersbshould be expected. ' ‘ |
One can generate the roteted W31x N31) surfaCe'structure by blacing
a cubic overlayer*inwhich the interatomic distance uas increased to.ad—
just_forvthe'inoreased_cation radius.on top of'thev(OOOi)'subStrate.
There ere_several cubic structures which can.generate the‘rotated. |
(J31x1J51)>unit'meSh by coincidence'with (OOQl)usubstrate.‘ One of these
surface:structures are given in Fig.i . - |
A It the reduced oxides of eluminum, Algb or AiO,.are stable in the.

a—alumiha surfaoe at elevated temperatures, it is likely that the other

g roup III-oxides of the MEO type might also be stable in the surface
environment. Investigation of ‘the surface structures of Ga205 and In 05'
would be of interest. It is also likely that ox1des of other metals
(Mgo, EaO for erample) may have unusual ox1dat10n states which are
sstabilired in the surface env1ronment. It should be noted that

‘vanadium pentoxide, VE 5 has been reported recently98 to uhdergo a
”change of surface compos1t10n (accompanied by loss of oxygen) upon

heatlng_rn vacuum with a corresponding order-order transfomation of

its surface structure.
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C. The Structure of Vaporizing Surfaces

Experimenté in which the evaporation rate of metals into.vacuum

was méasuréd as a function of fenperature indicated that the vacuum
vapdrizatiOn'ratéé are equal to the ideal‘maximum fates of'vaporizatidn,
and indépendeht of cfystalographic orientatioﬁ. Itlis,appafeﬁt from.
thesevresults that every atdm on the surfacé has edudl probability of
véporizing} This is surprising_since‘the surface is heﬁefogenéoﬁs..
Therelérc several surface sﬁés in which aﬁéﬁs havé différent numﬁers,of
vfeceht neighbors.and‘Which are distinguishabie by ﬁhéir different binding
~energies.It is’ therefore not to be ‘expected that ailg o‘f‘:-thé_se ‘surface sites
.Qaﬁ éqﬁally participate invthe vaporization prcceés; bIn order to expléin
such a-high vacuum vaporizatibn rate it Wés pro?oéed.that the Qaporizing
surfécevmay be‘iiquid.like; The concéntfatioﬁ of.diSOrdered atomé was
_propoéed'to be:equal'to the fotal-numbef of.sﬁrface atomé and these
atdms;vhéVihg high surface mébility,'can'wandérvaround bn'the éurface
’ aha'vaporize when sufficient enérgy is impafted tothem so"that théy
- can leave the surfaée. - In order to‘éﬁudy tﬂé:stfucture of the vapqrizing
surfacesthe.diffraction patterﬁ of several metal surfaces (silvef, :
chromium and nickel), have been ménitbred, While these surfaces vaporize
intobthe'vaéuuméo These ﬁétals were heaﬁéd to a fem§eratﬁre at which.the j.'
vapor flux away from the surfaces was appreciable,of ﬁhe ordef of
>IOO—lQOOE_per second.. It was found thaﬁ dufing vaporization the sur-

face remains ordered and.it was characterized by'sharp diffraction_featuieé.
Eiectron microscopic pictufes of similar vaporizing surfaces indicate a
large degreé of'heterogeneity and extreme r@ughness'on a scale of

o Q . .
about 10,000A to 200,000A. Nevertheless, on an atomic scale the surface
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However,
appeared to be ordered durlng Vaporlzatlon / ‘the low energy electron diffrac-

tion pattern is not partlcularly sensitive to the presence of disordered
surfacelatens up to concentrations te 8% ef the totel number of surface
atoms. ‘Therefore it is possible that such a concentration of disordered
atoms'might be present on the surface'during vaporization. Nevertheless
ﬁmst ef the surface atoms appear to be in their ezdered, eQuiIibrium

position at the vaporizing surface during the vaporization process.

D. TLow Energy Electron Diffraction Studies of Surface
. Melting of Lead, Bismuth and Tin Surfaces

v Studies of the mean square displacement of surfaee atqms by measur-
iﬁg the_temperature dependence of thé low energy eleetron diffraction
beam intensity'( the surface Debye Waller factor)ehdve shown that for
several monatomic”face centered cubic metals-#he meén squareidisplace_
‘ment ef”etoms in the surfacetis appreciably larger than the mean sQuare
displacement of atoms in tﬁe bulk; There is”attleast'one medel of
melting which 1ndlcates that the mean square dlsplaeement plays an

99, 100
important role in determining the melting temperature. Therefore the

results would indicate that the ‘surface may disorder, that is loses its "=
long range order at temperatures below the bulk melting p01nt In order
to explore the 1mportance of surfaces in the melting process and to '
investigate whether the surfaces premelt (that is melt at a temperature
below.the'buik_melting peint); iow energy electron diffraction sttdies
have been carried out tovmonitor‘the surface.strﬁcture upto the melting
p01nt and the order-dlsorder phenomona on the surface at the meltlng

polnt. 2L The surface structures of the (lll) (110) and,(lOO)ncrystal

faces of lead, the (0001) and (01I2) faces of bismuth;vand the (110)
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faces of tin single crystal weremonitored up to the-melting temperature
~and during melting. These metals are particularly suitable fof low energy
électron diffraétion studiés, which haﬁe tb.be carried out in ultra high

. vacuum, sinée they have very low vapor preséure-— less fhan 10_8 torr.at
theirbrespective melting points. There afe,howgven importaht differenées
in many physical-chemical properties of these ﬁateriéls; 'They have
different crystal structures. Lead and fin, like most'sdlids,:exéahd
upon meiting_ Bismuth however,.undérgoesva-negative voiﬁme change on
1mel£ing it édntracts. Thus we canvstudy.the effect it ényvof these‘prb-
pérﬁiesfdn the melting and'frgezing'kineticé;. The'diffraction spot in-
tensities deéreasé monatomicaliy‘aCCOrding to the teﬁberature dependence
predicted'by the Debye Waller‘féctﬁr bﬁt.weré dlways deteétéble until

the bulk meltingvpoiht.was reached._ In Fig. Ei N the bbéerved diffraction
pafterns‘beloﬁ and above the buik melting‘poinﬁ'aréfgiven.“ In every
experiment.the diffraction pattern remained intact ﬁnﬁil atlthe.bulk
melting point the molten interface reaches thaf regioﬁ éf’the suiface
where thé electfon‘beam was focused and-the.diffraction spbts disappear.
In one experiméht usiné a 1arge’lead-disc, the temperatur¢ gradient was
introducéd along-the surfaée.such that meltiﬁg‘comménCed near oné edge of
the disc and the ﬁelting front procéedéd across the surface.véry slowly.
By suitable maﬁipulation of the winning magnets, the electron'beam was
focused near the hottest part of.thelérystal and as the pattern from this
area disapbeared dué ﬁo meltihg~£he beam was moved to an adjacent still
solid potrtion a,diffraction patfern was agdin obtained'until that region
melted andvsvon. -In some experiments with bismuth, heating'Was performed

from the bottom. Since the solid is less dense -thah the liquid the surface
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.solid remained intact and floated on the1noltéhbismuth'beneath.‘ As the
crystal melted campletely the last.éolid’pprtion_wQuld,float around on the
liguid and the diffraction spot would move correspondihgly. The melting
of‘tﬁe lead (110) surface was studied with-particular care since it is‘the
lowest deﬁsify and the highest surface free'ehergy sﬁrface of the three .
lead crystal surfaces studied. In fact, énce melted the (110) orientation

néver'appeared on the recrystallized lead'éamples;: Neverthéless, the
(110) ‘surface proﬁed to be orderea and stable to the:bﬁik mélting point of lead
‘just‘as 6bsérved with the (lii)’and (100) érystal~fqées{l'The surféée.melting
expefimént with the tin (110) sﬁrféces wéfe moré.difficult to'perform;
In evefy case a surface structure had forméd.on this féée. Tﬁis structure
agrees_with-the (3xX1) surface structure fepofted by’Jacksoh.and.Hkaer
for Sloy_epitaxical deposition of tin oﬁ hiobium (llO)>Surfaces%QlSﬁrface
contaminé%ion pfbblems were ceftainly.serious'in:the mélting étudies
with the (110) surfaces of tin. N

© In summry ;. : three crystals fices of lead (111) (100) and (110),

and two different.crystai faces of bismuth (Odbl) aﬁd (Qlié)Wére studied‘
and showed no premelting, theybfemained stable to the bulk melting point
and the& méltedvspontaneouSly at that point. Coﬁtamination of lead and
'bismuthvéﬁrfaces éouid be coﬁbletely avbided.‘ Fofmétign bfwédéurfécé |
‘strﬁctﬁre and.contamiﬁation problems make the melting studies Wiﬁh tin
 (110) surfaces ciiffi.cult to perform. The expérimeﬁt cri"te'rion' used to
ascertain'melting‘was the loss of the diffraction features (i.e. the dis-
: appéaranée of the diffraction spots Which.are¢ duevto long fange order in
the crystal surfaces(Fig..31la«b).If the surface remains ordered, the

_diffraction spots should be visible up to the temperature at which the



-11h-.

loss of'long‘range Qrder occurs. It should Be notéd.howe?er again, that
the concentration of disordered surface shows could be as high as. 5-10% of
the totai sﬁrfaces concentration before there is an experimehtélly detec-
table decrease in the. LEED spot intensities. |
Low énefgy electron diffracﬁion Sfudies of the.melting of loﬁ index.

lead, bismuth and tin single crystal surfaéeé'in_which the disappearance -
“of the’@iffractioh;pattérn charaéterisfic of longvréhge_qrder was taken

as a signtof melting indicated no surface pfémeiting,. The-diffefent surf
. faces seem to disbrder dt.theirArespectivéibulk mélting temperature. Al-
though'bismuth undérgoés négative‘volume‘change.uppn méltihg and has a
crystallstructure different from that'ofilead'the melfiﬁg'behavior of
its surfaces are similar to that. of léad'sufféces.'.Tthlow energy
ielectroh'diffractipn.;attern'is insensitiVe’tQ the.présence of disordered
_atomé on‘thevsurfaces asvlong és their»coﬁcéntrafidn is only é.few bercent
of the total surfacé concentfafion,' Thus the'pfeéence éf a LEED>pattern from
the different surfaces which suggesfs a dominanée:of long’rahge order on
the surface up té the bulk melting point does hnot fule out the preSenée '
of disordered atoms in a few atoms percent sufface concehtration.

Thére are several addiﬁional experimental observations accumulated
in recént_years'ﬁhich gives us indications of the mechanism of meltihg.

‘Turnbull, et al. showed that bulk quartz and P,O_ crystals could be super-

25
heated by BOQ°C and 50°C,respectively due fo the slow propagation of Ehe
viscous < molten interfaCe into fhe solids%qglMelting was found to nucleate
always heterogeneously at emerging diélocations or‘imperféctions énd thén
move into the bulk, Ih order to avoid nucleating of the melt at the sur-

: 103 C
face, Cass and Magun heated the iniide of a ice single crystal while
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kéepingfthexéurface beldw the bulk melting ppint.‘ This'way fhey,wére
successful'in obéerVing superheating. Similar results were 6btained by
other.inQeéfigators using gallium cryétalsgﬁﬂ%everal experiments shows
that ;n thé'presence of small temperatufe gradients'the meltihg rate

varies along different crystallographic orientations.. These observations

»

‘indicate that melting has tbibe nucleatéd and thatfthe crystal surfaces

appear to provide nucleation centers most efficiently. Thus when.melting

occurs in the presence of a surface,‘a'condifibh almost always melt in
ﬁeltingbexperiments, superheating cannof'be obsér?éd due‘tokthe large
concentration of surfaée nucleation éités., Although most of'the surface
remains ozﬁered ﬁp to the bulk melting poinﬁ, iﬁ i$ likely'that the
nucieation~sites‘afe’alfeady present before meltingvcommences. Aé soon

as the iiquid phase becomes thefquynamically'stable the sﬁlid-melt inter—
face may propagate along the surface or into the_bulk’from_thesé nuclea -
tion centers equall& well. A meltiné thebfy‘to be.sﬁccéssful’shoﬁldj"'

have to.explain the kinetic, thermodynamic ana statistical properties of

the melting phase transformation. These are_a)low index surfaces of single

monatomic solids_femain chiefly ordered up to the bulk.melting point.

b) Supérheating of solids occurs oniy in the_absencé.of nucleation sités
or'becaﬁse,bf the slow ﬁropagafién of thé-melt infefaée. c)  Nucleation

of meltinglpccurs mOSt.eaSily af the surface and.the'melt propagates into
thé buik from these selected surface nucleation sites. 4) X-ray, neutrqn,
and high energy election'diffractidn expéfiments"indic@te that melting occufs
with the loss of long rangé‘order;  And, e) melting is a‘first order phase
transition with well defined‘thermédYnamic parameters. So far‘none'of the

melting models which have been proposed have been able to account'for all
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of these properties. It 1s/hoped that in the near future a Jud1c1ous syn-
theses of the favorable features of some of these proposed models, which
will be briefly numerated below, will produce a melting model which
allows quantitative prediction of the melting characteristics_of different
solids."

Therexare several melting models which explain the:kinétic properties
of melting uncovered by recent experiments. Turnhull_has' proposed a
melting model'uhich allows the computation of the propagation velocity of .
the molten interface in the temperature gradient which is provided by
superheating}o5Agreement between that theory and‘experiments could be
_'reached only if it was assumed that melting occurs only at some fraction
of the surface sites at the solid melt 1nterface; What is the nature
of those surface sites where melting may‘he nucleated? None of the
experimental melting studies so far have been'able to identify these
centers. They may be vacancies and vacancy aggregates or6d1sordered regions
around dislocations which emerge at the,surface,..Stark?gas proposed
that thetvacahcy concentration of the surface'builds up faster than in.
the bulk. When a critical concehtration of vacancies is reached melting v
is nucleated at'the surface;’.Stranski has viewed melting as the
E diSsolution'of‘a solid in‘its own meltlo7He has observed that certain
crystal surfaces (high 1ndex) are wetted by their own melt while other
faces (low index) remain stable and are not wetted by their own melt
even at_temperatures very near the melting point. Thus,~Stransk1 postulates
that melting is initiated on high index‘surfaces. The low index crystal
faces“being stable at all tenperatures up to the melting point. These

melting'models recognize the importance of surfaces in nucleating melting.
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There are ééVeral other melting models‘which déséribe either the thermo-
dynamic.qr the statistical properties of,melting'without éonsideration

of the impOrtanCe of the crystal surface in nucleéfing and.initiating
melting. Perhaps the most noteable andzsuécessful is/gii;osed by Lennard-
Jones and Dévonshire%O8They adopted the BfaggJWilliams model of one-dimen-
sional'brdéf-disorder transition in which_the firét»order trénsitioh is
geheratéd with thevhelp of a disofder parémeter. Bbrhlﬁzs considered the
_majorvdifferénce)between the solid and liQuid phase is the lack of resist-
ance of iiquids to low frequeﬁcy shearing étreéses; ﬁSing.the elastic
continuum model he predicts that as'melting»commences and the:sheaf modulus
of_the.cfystal, Chhé vanishes.. Sound velocity méasﬁreméhﬁs in different
crystals howéver did not bear out this predictioﬁ and thé model was later
retractéd. Kuhlman—Wilsdorfligs propoSéd-a'modei in which-a free energy

of férmation of a disiocation.is takenvas positivé_in solids and is negé-
vtive for liguids. The’meltiﬁg_temperaturevis prfulatéd to be the tem-

perature .at which the free energy is zero. The liquids are thus,tréated-

as infinitély'dislocated solids.,

E. Stﬂdiés_of'the'freeziﬁg‘of_Mditén ﬁéad and'Bismuth
by LEED :
Tﬁése‘inVésﬁigations were carried out to discover the experimental
parametérs which influenced the surfaece stru%fure of recrystalized metéls
and their kinetics of_freéZing»and grthh?l’SELdies'of the surfacestructﬁre
vbffmétal crystals during sOlidificatidn:sﬁbuldfproﬁide‘é great deal
of infOrmaﬁion on the ﬁechanism of crysﬁal gfowth_from the melt. The
molteﬂ'léad and bismuth éamples were coolediusing'cooling rates in the

range of 2°c per sec to .02°C per sec. It was found that during freezing

more than one crystalite formed, These crystalites were nucleated at the
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helder ﬁalis, as expected. .Although the size dfsthese crystalites véried;
most sftthem were large eﬁoﬁgh to show sharp difffection features allowing
us to monitor their orientation and surface_structure. Their orientation
was checked by locating the specular~(OO)_spot for each prominent crystal-.
lite. 'In:discussing-the effect of cooling rates on surface orientation
one mayvtdke the coolinglrate of .5 C_per second es.the dividing liﬁe,
between’rapid and slow freezing rates. .Rapid freezing rates.(larger
~than .5C ﬁefvsec) favored the'greWth ef'the (lOO),Suffaces.of lead while
sloﬁ eooling rates'(less than‘fSC per_sec) feforeﬂ the formation of the
_leed (111) surfaces. For bismnth surfeées the‘dppoSite results were: .-
.thaiﬁéd rapid‘coeling rates favbred the appearenee”of crystallites oriented
with the (OOOl) or hexagonal axis perpendlcular to the crystal surface
and slow free21ng rates favored crystallltes w1th the [0112] axis (whlch
is a psuedo cubic [lOO]ax1s) oriented - perpendlcular to the crystal sur-
faces. Undercooling offllquld lead of the ordervof 8° were_frequently
observed during studies Of'the feprysteilizatiohfbf lead.’ ﬁdwever, Bismuth
did het‘show undercodling in any of the'crystai gfowth experiments.
It.was fouﬁd'sldw:freezing rates yield a'dominantly.(lll) surface
orlentatlon for lead and the (0112) orlentatlon wh:ch ‘is the pseudo-cubic
:(lOO) for blsmuth crystallltes. Conversely, rapid coollng rates produce
“the (1oo) orientation for lead and the (0001) or pseudo -cubic (111)
surface for bismuth, We mlght argue that near equlllbrlum lead which has
_ to contract upon freezing should prefer to bulld its lattlce from surfaoes
which show the densest batking of atoms [(lll)-face]. Bisnuth, which
expands@uppn freezihg should ppefer,a ﬁote oben sﬁrface which still has

low surface free energy. The result that growth conditions far from
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equilibrium (fast_cooling rates) produce opposite surface orientations
of.the'twoisOlids shoﬁld have to be faken into account in future

theoretical studies of crystal growth kinetics.

" F. Low Energy Electron Diffraction Studies of Ma gnetic
C Surface Structures '

- In several magnetic transitioné the nagnetic;strﬁcturévahich férnr

are chafacteriZed by a unit cell which is not ﬁhé_same as the éﬁonic
unitbéell; For example, niqkel oxide'is:anti—ferromagnetjc; it has
‘3, traﬁéition femperature of 505°C , Along,the‘(lOQ)‘surface is should have’
a (2%1) magnetic unit cell. Tt was fouﬁd that upon heatingv_ the sufface
near-ﬁhe NeEitempérature, new diffrécﬁion spots appeared Which correspond
to ﬁhe'appearance of a new surfaces pefiodicity%ll This could be associated
with maghetic ordering in the crystaif 'Thus'it éppears'that magnetics
ordering; in addition to neutron diffraction,VCan also - be studied_by low
energy electroﬁ diffraction, 'Some of these studieé have been carfied'
out in aadition to nickel .oxide sﬁrfaées, on éhromium surféces as well,llg
One of the difficulties in theSe experiments is that the surfaces Debye-
Waller féctor being large it decreases the intensity of the diffraction
spots dué to magnetic ordering near the magnegic transition temperafuré
'ahd Qﬁe_has to usé low electron beam energigs and Well,ofdered surféces

to bé-éﬁle tb detect the onset of magﬁetic ordering. Nevertheless low
energy electron diffraéf}bn,studies"prOmiSe to be an important tool
~in the_studies éf magnetic structure éhd magnetic phase transitions

at surfaces.
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X. 'LEED STUDIES OF THE ADSORPTICN' OF
GASES ON SINGLE CRYSTAL SURFACES

,Adsérption étudies may be divided arbitrarily into twé classes physi-
cal adsorption ahd chemisorption. Physiéal adsorptionfinvolves.gases which
have heaté'of adsorptién less than gbout 10 kcal per mole. | |
Chemisbrption however ‘inidicates stfoﬁg,AmoStly;éléctrostatic interactions_'
betweeﬁ.tﬁé*adsorbed gas and the solid’sUffacé'with heats of.édsorption
in exceéss of 15 kecal per mole. R

A. Physical Adsorption .

Due'to,the-low heats’of ddsofptiqn Cf'£h¢se géses; physical adsorp-
tionlstudiés.haVe t§ be carried out at low temﬁerétufes (below room
temperature). Only a few systems ﬁave been Stuaiéd so far., Low energy
electrOn'diffréctiéh studies.of the phyéical adsbrption of - xenon and bromine
én graphite'single-crystal surfaces showed that well;defined surface struc-
tufes ﬁay form at low tempefatures?lBa%Eeée’étudies seém to provide the |
first evidence that physical adsorption‘takes pléce via’the fdrnation
éf ordered surfacé stfuétures-even for noble éaé adsQrbates_for which the
bondiné between adsorbed atoms. is weak, The-tﬁo-dimensional condensation
of aaSOrbed bromine to the liguid state could élsp be monitored by low
| energyjélectron diffractibn.» Physical adsorptioﬁ studies éf'several ga.ses
on silver-single cfystal surfaces however,. indicates that the adsifption
takes place without the fdrmation of ordered surfa¢e structumés}J-These
étudies have been varried_out‘in combination with éliipsometry measuréments.
Thé adsorption isotherms of several gases have,been measured and the

heats of adsorption as a function of surface coverage have been computed.

It was found that the adsorbaté—adsorbate interaction was just as strong
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at low coverages as the interaction between the adsorbate and the metai
éurface. Consequently, most of. the adsorbed atoms are situated in patéhes
on th§ silyer surface. At present there are only. few experimental resulté
~which méke'it somewhat difficult to assess the role of ordering in physi-
.cal adsorption processes. It.appears that larger'heats of adsorption are
neceséary to localize‘the adsorbed atoms on the surface. Otherwise,
éurfaée'diffﬁsion(which might require only'low‘actiﬁétion energies)will
,tend_tb‘disorder the adsorbed surface layer. fThe formation of ordered.
surfaée.sﬁruétures should be preferred with decreaéing temperature and
with the adsorption of gases with increasing heats pf adsorption.

B. . Chemisorption

('Chemisorption has beén sfudied extengively'in.several laboratories in’
the ﬁast few years primarily on monatomic and diatomicfsolidé of different
crystal structure. In Table IV we have suﬁmariZed the experimental in-
formations which are available by listing the solid surfaces which were
étudied, the adsorbed gas . and the surface structures wﬁich‘were found
under a variety of experimental conditions Of,sufface density of adsofbed
atoms, and = sﬁrface temperéture.;"It is apparent from the available -
\experimental datavthat ordering of adsorbed atoms into surface structures
of diffefent kind is an essentiél part of thé éhemiéorption process.
Although iﬁ some cases disordered adsorbed structures have been detécted,

“in moét ekperimenta1 Situations’ordering is preferred overvdisordered
adsorption. It is possiblevto élaséify the different chemisorbed
strucﬁpres into a fewvwell—défined typeé.which:éré already apparent

from the éxperiméntal data.’
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1. Chemisorption.on Top

Gases may chemisorb on the surface and arrange themsleves in diffe-
rent surfaée structures. The arrangemerm of atoms depends on the crystallo-
graphic orientation of the substrate, the atomic dens1ty of the adsor-
bate and the particular temperature at which the experiment is taking
place. By_adsorption 'on top" we mean that‘the reactants Which'adsorbs
on the surface or, if they dissociate;‘the products‘of'dissociation will
stay on‘tne surface and will not subsequently diffuse.into the bulk to
?articifate‘in bulk chemicai processes . Thedstructure'which-forms'is a
two- dimens1onal arrangemest in Which the part1c1pat1ng atoms are those of the
adsorbed gas and does /njnclude substrate atoms to any large extent The
adsorption'of olefins on platinum surfaces provides a good example for
this type of chemisorption. Ehtylene, propjlene,uputenes,.and butadiene
'can'adsQrbiqn both (100) and (111) faces of platinum single erystals.
While these gases form ordered structures'[(222)'surface-structures]
on the (111) crystal face they appear to'adsorb.in a disordered manner
on the.(lOO} face of platinum (witn the exception of C,H)- and C2H2). One
. common characteristic of adsorbed gases is clearly apparent from these
studies the adsorbed atoms or molecules if available in sufficientiy
large concentration, seem to form structures which give rise to the
highest possible surface corerages. If ordered structures'fonn, this
means tnat unit cell of tne surfaceistructure'is'as small as the closest
packing of the molecules allows: ~ :Adsorbed. atoms offall.types may form
ordered structures proVided that they are fa'r apart. In most cases
however, disordered adSOrption is preferred over the formation of large

unit cell surface structures. The,underlying symmetryvand gsize of the-
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substrate unit cell to a large extent, determines thé structure of the
adsorbedogos layer. in the case of large polyatomic molecules on the
surfaceltheré subgtrate struoture detérmines weather they can order on
the surface or not. There can be several sidevreoctions which may-into?—
fere with the ohemisorption. Often the adsorbed moiecules in thertwo-
’dimensional surface structures may undergo chemical décomposition. “In
the case ofyolefin ddsorption it was found that cracking of the molecules,
upon heating thé sutface to temperatures in‘exceés.of QOO°C, may occur.
The deposition_of carbon could bo monitored from the ap?éaranco of new
diffraction features. Careful cleaning of the surface prior to adsorption
studies-must always be carried cut. Adsorption of olefins on graphitic |
surfaces which may cover platinum is different thao on pure platinum
surfaces. 'Adsorption of_saturated hydrocarbons (ethaﬁe for'example)
have been studied successfully on nickel surface;?fglt was found that
ordered structures form and again, the structﬁreg have the smallest:
possiblé unit celivwhioh indicatés cloée paoking'of these»oréanic mole -
cules on the surface. The adsorption»of saturated'hydrocarbons on platinum
surface however could not be studied oeoausevof fhe competition for adsorp-
tion sites on the éurfaces between carbon monoxide which is one of the
major constituents of tho ambieot and the hydrocarbon ﬁolecules. The carbon
moﬁoxide,‘adsorbing preferentiall&, have prevented the study of thé adsorp-
tion of saturatéd‘hydrocarbons at the low pfeosﬁres which are used in
most of'ﬁhe low energy electron diffractioo experiments.

Most of the adsorption studies used ambient‘pressures betwéen lO“9

A , |
and 10 - torr. Above these pressures the vacuum pumps may not be able

to remove the gases effectively which were introduced into the systenm.
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Dué to the low pfessures; which.werévemployed in LEED experimentg some
of‘the regulfs of low ehergy electron diffraction studies may not be
directly correlated with studies of surface adsorpﬁion or surface'reactions
which were carried out at high'pressuresfi When.adsorptidn or reactions
which ﬁere.garried out at high pressufesf When adsorptiﬁn or reaction

bof diatOmié molecules 1is accoﬁpanied bj the dissoéi;tioh'of thé molecule,
the'pressure-dependent diésociation might prevent‘éertain chemical reac-
tions Qr_adsorption to occﬁr while these processeé are clearly detectable
at high préésures. In thé future;'considerable'efort should be'made to
establish-a pressure region Whérérthe low aﬁd hiéh pfessure.sﬁudieslwould
overlap sé.ohe could extrapolate the results ofvlow_pressﬁre low energy
electron diffraction experiments.with confidence‘to high'pressures.as well.,
Low enefg& electron diffraction studies should be extended to as high

pressures as experimentally feasible. .

- 2. Rééohstruction
Iﬁ has been reported from seVeral studies thatva strpngly exothernié
surfacé-reaétion{ sﬁch as the chemiéorption of o§jgen_on nickel or on
other metél surfaces, can dislodge the substrate atoms from their equilibrium
pqsitions.and céuée réarrangement ofvthe surface structure which 48 commohly
o _ 25,117 ' . _ : : _
called reconstruction. The reconstructed surface structures is-composed
of bofh metal and chemisorbed étqms in periodic arrays. bAlthough changes
in the-diffraction pattern during chemisorption'caﬁ be-analyzed in
several different ways, COmplimentary‘experiméntal evidences seem to
indicate that reconstruction is the mostvlikely interpretation of the

structural changes observed during the oxidation of many metal surfaces.

Reconstruction of the surface may be looked upon as a precursor for
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oxidation réactions or other chemical reactions which proceed into the
bulk i.é;vcafbidevformation.via carbon diffusion or nitridation &ia
nitrogen diffusion into the bulk via a diffﬁsionicontrlled mechahism..
Since récéhstructibn displaces and rearranges.metal atoms on the’surfaée,
- these sthctures may be stable to much higher tempefatureé than two-
dimensional surface structures which are solely due to adsorbed géses._
The type of_sﬁrfacé_structure which forms depend on the structure of the
substrafe and on the surface density of adsorbed atams. For example;
during ﬁhe‘initial stages of chemisorption ofJoxygen on the nickel (110)
surfacei(ZXl).and (3x1) surface‘structuréé ére forméd%l7Hegtingvthese
surface_strucﬁures in vgcuUm”casues their digappearaﬁcé‘whidﬁ indicaté§

: that-diffusion_éf oxygen from fhese.sﬁrfécevstru¢tufés:into the bulk has
occurred. Further oxygen dosing of surféces~at high temperéfﬁre’re-form
these sﬁrface structures which_appear to be éurfaCe-inﬁermediates during
the diésolution of oxygen in the bulk nickel léttige. The dissplution

of -oxygen via thé oxygen sﬁrface.Structureé.continues'until the solubility
1imit of_oxygen in the metal crystal is reached. 'At that point the metal
oxide may precipitéte out as a second phase. The férnation of a second
phase is accompanied by the appearance of streaking in the surface
diffracfion patterns and then the gradual appeafénce of néw‘diffraction
features which can be attributed to the'newlyfformed oxide. Althéugh_
reconstructed surfaces may persist to higher tempefafureé thanvthoée

due to adsgrbed gases only on top of the‘surfacé,bthey can often be-removed
by Well-choseﬁ surface éhemical reactions. Oxide structures or structures
due to’chemisorbed oxygen could be-remgﬁed by heaﬁing in hydrogéﬁ. Ton

bombardment or high temperatureIheat‘treatment in vacuum which causes the
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vaporizationwof the top most atomic layers can alsé-be’ﬁsed to réstore'

the surface tovitsloriginal unreconstructed staté.‘ |
Suffaée‘reconstruction processes which have beeﬁ disco&éred by LEED

studies éives us a new view of the mechanism of chemisorption. Reconstructed

surfaces may well be thé active surface stfuctures‘in many-exothermic_

catalytic surface reactions.

3, Co-Adsorbed Structures

Low enérgy electron diffractioh_stﬁdieé ffurtﬁef shoWed that the
surface étructures_ére formed during the simultaneous adsorption-(co-
adsorpfién) Qf two gésés whicﬁ'would nét form intﬁhe presencé of only
foné'bf'thé.bther gas_com?onent. The formation ofithesé,mixed surface
sfructﬁresiséems to be a genefal pfOperty ofgadsofbed gas layers m
fungsteh‘éUffaces. It wa.s shown that the simultaheousvadsorption of
nitrogen and carbon monoxide on the (lOQ) surfacéfof‘tungsten gives a
.seriéé of surface structures not all éf which,can“be forméd by the
,individual»gases%l88imilar results Were'obtéined byvthe co-adsorption Of‘
'oxygén'énd carbon monoxide on tungsten (110) fécéilgrvhydrcgenband carbon
monoxide on the (100) surfaces of platinum;95The appéarance of such sur-
face structures indicate'thaf there is a strong interaction within the_
adsorbéd.layers between the different moléculeS'whiCh érrénge’themselves
in a mixéd structure where both molecules appear to participate in the
primitive unit cell. These structures form most frequently when both
'gases»which are being adsorbed have approximatel& equal probability‘ofr -
: adsOr@tiona~fIf oné gas adsofbs.much;more str0ngly‘thénfthg other, (fdrg
examp;é5.during the cow=adsorption of xenon and>¢arbon monoxide?) then
one finds that the' more tenecious speéies"(éafbon.monoki&e) will.-

replace and displace the other species {xenon) adsorbed on the surface.




e

In this cese the co-edsorbed structures are unlikeiy to form. The
observatlon of such co-adsorptlon phenomena 1nd1cates that in many . cheml-
cal reaction studles it is important how the dlfferent reactive gases are
introduced into the chemical reaction. When one gas is pre—adsorbed

on the_suiface and the other gas is allowed to reaet with the adsorbed'

| speciee_one might find different chemical reaction fates and reaction
producteft Then if the two gases are introduced as a mikture simultaneocusly

onto the surface.

L, Amofphous Surface Structures

It haS‘Beenfound ouring studies of the adsorption of oxygen on some
metal surfeces that chemisorption takes place via the formtion of a
disordered layer. For example, the chemisorption of oxygeh on a luminum

: , 120,121° -

surfaces takes place in such a manner. The adsorption of carbon monoxide
von the (100) faces of tentalum is another example of this type of adsorp-
tion.lE%hen the chemisorbed disordered oxygen layer is heated. ~Oxygen .
from the aluminumsurface diffuses imbo the bulk and the surface
returns to its original clean, ordéred metallic state. Further dosing
with oxygen at high temperatures increases the concentration of oxygen
in the bulk of the metal but the surface structure remains that of clean |
aluminum. This is in contrast with the behavior by oxygen ontﬂickel or
.on tungsten surfaces. Once the bulk of the aluminum‘crystal is saturated
‘with oxygen the surface finally loses its ordered aluminum structure and
forms a disordered oxide thch now can no 1onger be removed byvheat |
treatment Under ‘high temperature heat treatment, in some cases, there
is a degree of ovderlng whlch may be taking place on the surface. However

at room temperature
the oxide which. appears on the surface of alumlnum/ls characterized by
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the 1@ck of ordering. Bedaire, Hoffman and Smit}}El have observed the
partialiy brdered growth of AlgO5 when the disoidered oxide oﬁ the (100)
face of‘aluminum was heated in oxygen at about BOOOC. Although the
éxperimental information which is presently available is.scahty it appears
_that those oxide layers which form nonpofus resistant sufface films form
disordered surface structures. The lack‘of cryétai impﬁrity of thé'

Surface étructureé mdy Ee correlated.ﬁifh the degree‘éf non pofosity of
thevdeﬁpsiféd oxides in fﬁture studies.' In'some:cases, heatingithe adsorbed
disorderéd_Structure may result in partial or complete ordering. .For
examplé, ammonia adsorbs odu;?e (loo)lsuffaée offtpﬁgsten.in a disordered
nannéf'at room temperatufe.' Upon heating to elévdféd:temperatures,

a(}@xz) sdfface structure.forms with the evolutiondbf'hydrogen indicating
'that thié Structure consists of NH2 groups adsorbed Qn'the tungsten_surface.
Upon furfher'heatiﬁg, the sﬁructﬁie is rearrariged intodé (ivl)-NHg.'
surfacedstpucture. Carbon mdnoxide‘seéms to dhémisorb atITOOm.temperaturé
on several‘crystal surfaces in an disordered ménner}22’125 HEating incredses
the surface order and aids the formation of brdéred surface structdres.

It seems that the fbrmation Qf these surface structures requires sdrface
diffusion %o occur;. Therefore, it is important that in chemisorption
_étudies.Sufficiéntddﬁtention is given fd the therml history and the
thermaltreatﬁent.which is being carfied odt aftér_adsorpmion has.taken
place._

5. Three-Dimensional Structures

' We have already discussed that_during the chemisorpﬁion of gases
which may induce_eXothermic chemical reactions at the surfaces, reconstruc-

tion of the solid surface may bccur. This reconstruction may be followed
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by‘furthér chemical reactiohs'which ﬁakg place ih ﬁhe bulk of the solid.
As the surface species diffuse‘intb the bulk the chemical reaction is no
longer two dimensional.but actually involves thé speciés which are below
the surface. In the final stages ofoxidatiqn when the second phaée

(for examplé nickel oxidé) is beginning to precipitate other surface
structures may appear which are characteristic of thafiof the bulk oxide
or some,mixture of the metal and the oxide struétureé;‘7Thrég—dimensional
structures'@iso form durﬁng the carburizétibn of tungsten.LaMethane
decompoSitionvyields a layer of carbon on tungsten suffaces which sub-
.sequenfly.diffuses.into the bulk..Theré are ordered structures at the
surface.dufiﬁg this process in.which'the'suiface unit\célls are of éome
integral multiple of the.bulkﬂtungéten unit celi...That'is the body centered
'cubic‘tungsten structure appéaré tblbé maintained»during the'carbon.
diffusion process, The surface structufe$>change from one Qrde?ed
structufé to another during carbon.diffusion. Finaily a structure
indicating the precipitation and formtion of tungsten carbide vwec

appears at the surface. Alth@ugh.LEED.studies gives us informationv.
about the structure of the surface or maybe structﬁres which are a few
‘atomicllayers deep at theisurface there is little déubt that these oxide
or cafbidé structures are threefdimehsional; The condénsétion of the
»éecond:ﬁhasés can convénientlyiye followed by low energy electron diffrac-
tion due to the.streaking of the diffraction patfern by “the strain intro-
duced in the phase—transformatiOn. Such studies provide us with

new information about the formation of bulk phases or bulk phase trans-

format ion.
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Ta0(111) has been observed by Boggio and Farnswoz%ﬂ}27 to .grow
expitaxially on the (110) face of tantalum when the Ta(110)-(5x1)
structurezwas'exposed to oxygen at room temperature and higher tempera-
tures. The rate of oxidation was found to increase with femperaﬁure and
an activation energy for oxidation of 0.24 eV wa.s obtained. The six
fold symmetry-of the oXide,diffraction pattern indicated the existéncevof
two typés'of dpmains which were rotated throﬁgh 180° with réspect»to
one andther. The [112] direction of the oxide was found to céincidé
with thé [ilo]'direction of the tantalum substrafe; ‘There is about an
>8% differénce inlﬁhe nearestvneighbor spacing bétﬁeenvthe atoms'present,
in the Ta(110) face and thofse' in the Ta0(111) orienté.t'ic.;ri.

'.Pigﬁdccé and Pellisier héve étudied“the ebitaXial growth of thin
films of iron oxide on a clean Fe(ilo)'éurface; Whenfthe ironvsurfaée
Qas exposed to oxygen at fbém’temperaturé; sevefal suffébe structure s
were formed and then the development ofva discrete thih filﬁ éf FeO(lll)
was observed. As with Ta0(111) on Ta'(‘lvlo), the “_ori.el.’ltation of‘the‘expitaxial
| silm was reiated to thaﬁ of thé substrate and.%he hexagonalvsymmetry of
the diffréction pattern indicated that two types éf domains:were present
in the oxide structuré. | - |

'MacRae has observed the epifaxial growth of NiO when the (100}, (llo)
andv(lll) faces of nickel were oXidizéd.in 10-6 téfr of‘oxygeh at‘arbund
5oo°c.12 8,-1ri all three cases, the'.(lOO) face of the oxide (rock salt
struétﬁfé} was the exposed surface. Particulérly on the (110) nickel
surfacé, there were strong indications that‘thé oxlde was nucleated at
separate sites and that the crystallités then grev until the éntire sur-

face was covered. The orientations of the oxide films were related to

thosé'of thé‘substrates.
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C. Correlation of Properties of Adébrbed'
Gas Surface Structures

It is apparent from inspection of Table IV that chemisorption
yields:ordgred surface structures of adsorbed gases for most systems
which hévevbeeh studied so far. The structure of_adsorbed gases to a

very large'extent is determined by the symmetry; the unit cell size and

the chemistry'éf the underlying substrate. It is not surprising that a

chemisorbéd.gas forms the same strucfures on different sdlid surfaces
which éxhiﬁit similar electronie structﬁre, the same crystai structure
and surfaqé orientation. In fact, the structu;al»éhaﬂges’which are
a_funﬁtién'Of surfé¢e conceﬁtratién of adsofbéd.atoms are also similar
in manyrsqrfaces. Because of the large'body of infofmatibn'which has
béen accumulated in»the:last several years, several tentétivévcoffela-

tions may be established which, . if used judiciously,'will allow one

to predict what types of surface structures.mightifonn‘on different

solid surfaces which have not been studied so far by low energy electron

diffraction; It appearslfhat (l):ordering of_adéorbed molecules on the
surfacé'fequires heats of adsorption in'excess of_lO>RT. The lack of
ordering in the few cases ﬁhere physical adsorpti§n of molecules were |
studied indicatévthatvheatsfof adSorptioh of certain magnitude may be
necessary to localize . the atoms on the surface (2) adsorbed atans

form ordered structures which correspond to their clbsest packing

-arrangement on the surface. .The chemisorption in most cases is exothermic

although there might be some activwation energy in the.adsorption of
diatomic molecules. An increase in the surface density.of the surface

molecules decreases the free énergy of the substrate-adsorbéte system.
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Adsorbate—adsorbate interactions may also be attractive as weli until
critical packing density is attained. [These factors lead to a condition
Where the adsorbed molecules should prefer a close nacking arrangenent

on the Surface. (5) Two dimensional ordering isemore likely on‘surfaces
of high“rotational symmetry. . The fact that unsaturated hydzocarbons-

. form ordered surface structures on the (111) face ofcplatinun While
'adsorbed 1n a dlsordered manner on the (lOO) faces of platlnum is an
1nd1catlon that the multiplicity of the rotatlon ax1s may play an important
role in ordcrlng durlng chemlsorptloi%5(h) On surfaces with unequal
unit cell:vectors (such as the (110) face-for.the‘faCe-centered»cubic
crystals)ichemiSOrbed gases are’likely to form'(nxm) tyne ordered
structures‘where n¥m. It should be noted that the (nx1) type'domain

surface structures where n = 2, 5, -~ is frequently observed presumably

because 1ts formation leeds to greater packing: den31t1es

D. The Interaction'of the Electron Beam with Surfaces

The electron beam used in'LEED studies hasc.energies of the order of

5 to'SOO eV. These energies are’ﬁuch larger than tne.binding energies
which hold the adsorbed atoms at the surface or hoid the substrate atoms
together%?gThus it is not unlil‘{ely:t_hat_ the ellec_tronbeam ma;} interact

: with the Substrate-or with the adsorbed gas and induce desorption or

' chemiCal.reactions.' Fortunately;,the efficiency of the interaction of
the electron beam with the surface 1s very low., In most cases the elec;
tron beam desorbes surface atoms ‘with .an efflclency of < lO -5 (that is

5

one incident electron out of lO may be effective in desorbing a surface

atom).»The desorption efficienciesvof the electron beam for carbon monoxide,
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C. Correlation of Properties of Adsorbed -
Gas Surface Structures

It is apparent from inspection of Table IV that chemisorption
yields}érdgred surface structures of'adsorbed gases for most'sysﬁemé
which hévc}beenlstudied 50 far; The structure‘of:adsorbed ga ses td‘é
very_léréé'extent is determined by the‘symmetry; the unit cell size and
the chémistry éf the undeflying sﬁbstrate. It iS"ndt su?prising that a
éhemisorbed.gas forms thevsame strucfures on different solid surfaces

:Which éxhiBit similar electronicvstructure; the:same crystalustructure
and sﬁrface orientation. .In faét,-the structurai_éhangeS'which are
a_fﬁnétion'Of'surfaCe conceﬁtrétiqn of adsorﬁéd a£oms are aiso simildr
‘iﬁ manyvsgrfaces. Because of the large body ofiinfdfmation whiéh has
béen 30cumulated in the-laét several years, severél tentative correla-
tions. may be establishéd which, . if used judiciouély,.will alléw one

to predict what types of surface structures might\fonn"on different

solid surfaces which have not been stﬁdied S0 faf‘by low enéfgy electron
difffaction; It_appeazé»that (l):ordering of adsorbed molecules on the |
surfacé:fequirés heats of adsorption in'excess of 10 RT. The lack of
ordering in the few cases where physical adsorption of molecules were
studied indicate that heats of.adéorpfion of'certaiﬁ magnitude mayﬁbe
necessary to localize . the atamns on the surface (Ektadsorbed at ans
formvérdered struétﬁres which correspbnd to their closest packing
arréngémént on the surface. .The chemisdrption in most cases is exothermic
althpugﬁlthere might be some,détiv?tion ehergyAin thé:adsorptiOn'of'
diatémié molecules. -An increase in the surface‘density-ofvthe surface

‘molécules‘decreases“the free énergy of the substrate¥adsorbate system.
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Adsorbate-adsorbate interactions may also be attractive as well until
criticai packing density is attained. These factors lead t§ a condition
where thé adsorbed molecules should prefer é ciose bécking arrangement
on:thevsurface. (3) Two dimensionai ordering is more likely on surfa ces
of high rététional symmetry._ The fact that unsaturated'hydrocarbons
form ordered surface structurés on thé (111) fdcé ofjplatinum while-
.adsorbedfihya disordered manner on the (100) faces 6f'platinum is an
indication.that the‘multiplicity of the rotétion axis may play‘an important
role in_brderiﬁg'during‘chemisorpfioi?5(h): On surfages‘with unequél._
unit cell &ectoré (such as fhé.(llO) face for the féce—centered cubic
crystals) chemisorbed gases are likeiy to form'(nxm) type ordered
structufes'where ném. It should be noted that the’CﬁXl)‘type doma in
surfaée structures where n = 2,15, == is freqﬁently obSerVed presumablyv

because its formation leeds to greater packing-denSitiés.

. D. The Intemction of the Flectron Beam with Surfaces

The électron beam used in IEED studies haéf‘ehergies of ﬁhe order of

5 to 500 QV.. These energies are much larger thah.the‘binding energies
which hold the adsorbed atoms at'thé surface or hold thé substrate atoms
together%ggThus‘it is not unlikel&‘that the'eiectron_beam may interact»

- with the SUbstraté-or With the édsorbed gas and inddceVdesorption or

- chemical reactions. vFortunately; the efficiency of the interaction of
the electron beam with the surfage is very low. Ih most cases the elec~
ﬁron beam desérbes surface atbméiwith an gffigiency of < 10—5 (that is
one incidént électron out of lOSiﬁay bé effecﬁivé in desorbing a sqrface

: atom).-Thé desorption efficiencies of the electron beam for carbon monoXide;
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. ’ , : 130
hydrogen and oxygen on tungsten surfaces have been studied. Carbon
monoxide from certain binding states appears to desorb rather rapidly
during electron bombardment vwhile oxygen desorbs sldwly. Carbon monoxide

. ' ' : 2,131,132
is rapidly desorbed by the electron beam from other metal surfaces9 215 ’;5 as

well. “Ammonia desorbs from the (100) face of tungsten by electron impact.;§5
The electron beam appears to excite the adsofbed’étoms and the atoms then
desorb . from this repulsive excited states. De;éxciﬁation proéesses
~are effecﬁi&e in removing the excitation energj in»mbSt cases before
.desorption can take place. It was found that the eleqtron beam may -
cause'reéfrangengnt of the surface sfructure into new étructures or it
,convefts:atomé adsorbed in one binding state fo_aﬁomé adsorbed in a diffe;
rent state. These studies have beén carried‘dut uSing tungééen surfaces
where ‘the conversidn of CC and nitrogen from oﬁe adsorﬁtiOn state to

anothér Wés foundleM- |

Theré is one groﬁp of materials, the alkali halides, which appear to

intefact.chemiéally with the elegﬁron beam}BSEIéctron bombardmént‘seem
té diséociate the alkali‘halides surface and leéds to halogen evolution
and/or the precipitationbofvthe alkali metal atoms. vHeat treatment removes
the alkalivmetal atoms either by vaporization or bj diffusion via a_vaéancy
mechanism inﬁé ﬁhe bulk of the crystgis.. Such an interactidn mékes |
intensity'measureneﬁts on élkali'halide surfécés difficult to¥%érform

since the éurface structure’déteriorates.as a function of timgbin a
. broad temperature rangé during low energy electron diffracfibn studies.

In most of the low energy electron diffraction ekberimentg the electron

beamldensity is low enough such that heating of the surface by the elect=
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tron beam can be neglected. However, under conditions of electron bom-
bardmentxheating, where high energies and high electrpn densities are

used, chemical changes can occur.
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XI. LEED STUDIES OF THE STRUCTURE OF
CONDENSIBLE VAPORS (EPITAXY)

Thln f11m> grown on a single crystal substrate are frequently
crystallographlcally oriented relative to that Qubstrate Thls orderly
growth is;known as epitaxy. The sensitivity of low energy electron
' diffraction'to ordering makes it an ideal tool for studying the épitaxial
develépment of such films. »Many different systems havé been studied.
| They may be arbitrarily categorized as metal on metal, metal on iﬁsulator,
‘insulatof'on insulator, and insulator on metai, dépending upon the
nature‘of. the substrate material and that of the thi'nvfilm._

One of the earliest IEED studles of epltaxy was that by Farnsworth
of 51lver on the (lOO) face of gold gozn ep1tax1al film of silver was
grown in reglster with the (lOO) face of the gold substrate The 1ntensi£y
of the dlffracted beams from the fllm were 31m11ar to those from bulk
silver 1nd1cat1ng that the s1lver film on the gold had the same struc-
ture as the top layers of a pure bulk silver crystal. The mlsmatch ’
in lattice parameters between gold and silver is less than one percént.
More.fecently, Fafnsworth and Haque have studied the éarefuily controlled

: 206 : .
grewth of a nickel monolayer on copper.  Gradman has concluded that

this nickel monolayer must be pséudomorphic Qitﬁ the copper.substrate. 207
That is, the first nickei_layer must be constrained to take on the intér=
atomic-spacing of - the copper while subsequent»layers,will relax back to
the nickel interatomic distanées. .The mismatch‘betwgenxthe iattice
paramgteré for nickel and COpper is 2.5%.

Several metal-metal systems with larger mismatches have been studiled.

Taylor has investigated the epiﬁaxial deposition of CoppegQ8 onto & Bingle
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cf&stal (110) face of tungsten under uitra hiéﬁ vacuaﬁ conditions. He
concluded_fhat evaboratioh onto a clean tungsten surface at room teﬁpena—
ture.resulted'in partial alloying and theh theffonnation of weil'oriehted,
uniformly thin, copper (111) surface. The copper (111) plane is parallel
“to the W(llO) -with the copper [1I2] dlrectlon parallel to the [110] tungs -
ten dlrectlon.v The lattice mlsmatch in the W[110] dlrectlon is 1% while
that.in the [001] direction is 19%. Thus, the primary diffraction spots
-for the tungsten and the copper essentially coincide in the W[ilO]'direc-
tion but not in the [001] direction leading to a fairly complicated
diffraotioh pattern. 'Moss and Blott have also‘studied the'epitaxial-_
growth of‘coéper on a Wfllo]faee}gogTheirrobeervations.are similar to
those of‘Taylor. However, their conclusions are_slightly different.
’ In‘their interpretation, alioy formation isonotviﬁvolved, fathervthey
conciﬁded thatthe first monolayer'ie deposited‘in a strained configunationv
and further deposition leads to the groﬁth'of a fiim with a periodicity
characﬁefistic of bulk Cu(11l). Heatihg_abo&e 600°K led to fhe formation
of large three dimensional copper islands on the_surface. Further
heating to above'lO50°K_resulted in theeevaporationvofAthese islands
g 1eaviog ooly fhe first, strained monolayeerf copber;'

' Taylor has- also studied the effect of oxygen on the ep1tax1al
growth of copper»oneWIIIOJ.go%e found that even half a monolayer of
chemisorbed oxygen‘severlyAinhibited epitaxy'even after the deposition
ovaO layers‘of copper. However, if some physisorbed oXygen was present
in addition to the chemiscorbed; there was a marked improvement in the
epitaxy'eﬁen though it was still.consiaerably worse than that on clean

tungsten.
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- Alloying ‘has been observed when Nb,Sn was grown on niobium.

. >
Jaekson and Hooker have'evaporated tin onto clean Nb(110) nnder a Variety
- of conditiens.lOl Amorphous films of tim were deposited at high evapora—
tion rates while slow deposition rates resulted in:a diffraction pattern
which was interpreted as being due, in part, to the presence of Sn(llO)._
Both, thetordered and the disordered tin films Qn.nlobium preduced Nbsn5
(110) when heated between 500°C and 950°C depending upon the history of

the film;_ At temperatures below the formation temperature of Nb_Sn, a

3
_hexagonal:pattern was observed that was interpreted as resulting from
an attempt by the tin to match the substrate.. Heating to temperatures
above the NbBSn format ion temperature, regenerated the Nb(llO) dlffrac—
tion pattern. | | | ;
Pollard and_Danforth have studled the dep051tlon of . thorlum on to
the (100) face of a tantalum substrate held at 950 C. 116 At coverages
below a monolayer, they observed the formatlon qf.C(EXQ)‘snrface
structure.which reverted to a (Ix1) upen-furtner coverage. This (lxl)
pattern was still observed even after l5 monolayers had been depos1ted.

A careful 1nvest1gatlon of the 1ntens1ty of the specularly reflected

beams as a function of coverage and auxilliary studies with an optical
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microscope'and electron micrographs lead them to conolude that the thorium
clustersiinto islands about 5003 high and several-thousand angstromsbin
length whose principle crystallographic directions'are aligned with
those oftthe substrate. It appears poss1ble for thorium to form a
monolayer in registry with the tantalum because of the partially ionic
nature of the thorium—tantalum bond. However, further thorium cannot
go 1nto>reg1stry and therefore migrates to nucleation centers where three
dimensional thorium.crystals are formed. The Th Ta(lOO) system may be
contrasted.Withthe ThJW(lCO) system where, after‘the fonnation;of the
C(2X2)3surface structure, a hexagonal structure:that is similar to the
(lll)'plane of bulk thorium is formed.o 0

The (llO) face of tantalum has also been used as ‘a substrate for
the ep1tax1al growth of aluminum thin films. Jackson, Hooker, and.Haas,
have found that A1(111) forms on “the Ta(llO) face in two orient ations
With the proper substrate temperature.El%hebobservation of two or more
orientations in an epitaxially grown'film is_quite common. Individual
Al(lll) and Ta(110) planes have hexagonal_symmetry; However, there'are
two possible ways_of; for example,'superimposing a second Al(lll)llayer
» on the\first. The resultingvensembles have trigonal symmetry. A priory;
both orientations are equally probable and the deuelopment of an epitaxial
growth containing twoitypes of domains frequently results. An A1(111)
c(2x2) ‘structure and an Al(lOO) (EXE) structure have also been
cbserved on a Ta(ll0) substrate. Further, all of these aluminum films
have been observed to be somewhat unreactive:to oxygen_and carbon monoxide.,

This behavior may be contrasted with that of copper on tungsten where

the presence of oxygeninhibited epitaxial growth.
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‘The‘high degree of order found in these metal-metal systems is not
alWays Qbsérved.’ Gerlach aﬁd Rhodin has.stﬁdied alkali metal adsorption
on seVeral singie crystal nickel surfaces.212 Theyjhave.found that at
coverages leéé than one monolayer, the alkali metal atoms appear £o
reéel eaghvot hér.with thé result that.these atoﬁé'are uniformly spaced
over thé substrafe.surface. The diffraction pétterns indicate that there
was a defiﬁite anisotropy in the adatom.distribution,on the (110) face
but not on the (100) or the (111) faéés; At highér'coverages,'the adat oms
form ihcoﬁgrent hexagonal structures pfesumably tb;maXimize the péckingl

Thé'deposition of several monolayers lead to the disappearance of the

‘nickel diffraction spots, implying that at least the outer layers of

the film are disordered.

Wébef and Peria haVé used LEED to study thé,alkali metéls;vsqdium,
potassium and cesium, on the (160) and the (111) fdces of silicon and
germanium.213 The diffraction pattérntobserved for deposition on thé:

(111) faces were not character ized by well ordered surface structures.

However, those for the K and Cs covered (100) surfaces were characteristic

" of a well ordered overlayer. Supplementafy mea surements of the retarding
field'characteristics indicated that the alkali atoms were ndt nucleated

. in clusters but wére uhiformly distribﬁtion over the surface. Ag with the

nickel substrate, it is possible:thatithe repulsive adatom forces due to

the partial ionization of the electropositive alkali metal atoms is more

 important in detemining the epitaxial geometry than the adatom--substrate

forces for the (111) germanium and silicon faces.
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- Jona has investigated the "amorphous" deposition of ‘silicon onto

the (111) face of a silicon substrate at low tempefatures.58However, |
ordered epiﬁaxial growth can occuf at higher temperafures. Joyée,
Neave and W§tts'have also studied the autoepitaxy of siliédn by decom-
posing a molecular beam of-silane on a heated silicon subsﬁrate in aﬁ
ﬁltra hiéh'vacuum system;glh They‘found that d fraction of a MOholayer
of carﬁbn or a4 carbon campound changes the growth mechanism fronlén
‘appérenf step movement process to one of discrete three dimensional
_nucleation; The'amount_of impurity'involved.vaé too small to.effect. the
Si(lll> ;:(Tx7) LEED pattern, but could be detected by Auger:spectréscopy.

Sii{con has béen a very popular substrate material for many studies
of metéi~insulator systeﬁs. AmOng others, aluminum, lead,Atin, calcium
barium;jCesium, indium énd gold héve been depbsited‘on silicon surfa ces
and.studied with IEED. At least fi&é alumiﬁum phéses'have been observed
on the‘(llij‘facé of éilicon at dovéfageé befWéeﬁ i/3 aﬁd abfull mono-
layer. When aluminﬁm is evapofaﬁed onto tﬁe B—Si(ill) - N3 - A1
structufe, a nearly perfectlyvoriented Al(lll) epitéxial film is forméd '
afterIthé-deposition-of-abéut j.to.lo monolayers.2;5’The mismatch in the
unit mesh is about 25 per cent. .Aé in marny cases, the rotationai.symmetry
" has been'presefved even when the translational symmetry bétween the film
jand'fhetsubstrate.has been diScarded. Ultra high vacuﬁm corditions
Were:néceséary for ﬁhé development of thislepitaxial film." When aeposited
on a 8i(111) féce, indium also exhibits a'caﬁplicated set of surface
‘structures fhat in part resemblévthose formed_ﬁy aluminim. However,
the development bf.an epltaxial film;was not observed. Estrup and Moiriscn

216

have studied the deposition of lead and tin on the (111) face of silicon.
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They fouﬁd fhat epitaxial lead films could be grown, but that heating
resultedvin.the elnstering;of the lead atoms into. islands separated
by‘dfees ef the silicon surfaee covered with ordered fractional monolayer
lead structures. Tin could not be epitaxied, poss1bly due to clusterlng
or to 1nh1b1t10n by contamlnants. The reader is referred to an excellent
25

review_by Lander on the usages of silicon as a substrate material.

Epitaxial studies where silicon has been employed as the condensate

“rather than the substrate have been performed by C. C. ChangE%SSeveral

different faces of a-A1205 were used as substfates for the deposition

~of silicoh films. The objective of the study.ﬁés'to detemine whether

any'bfdperties of the epitaxial films could be related to ﬁhe-supefstruc-
tures,vor surfsee structures‘present on the Oé—.AlgO5 faces. An interesting
correlaﬁion was found for (lll)-silicon‘filmS’grqwn on the Q-Al O3
(.J51XfJBi) suiface structure. This JBl.surfaee'structﬁre has double
domains~rotated by i9 relative to the prlnc1ple crystallographlc
dlrectlons of Oé-.AlEO5 When this substrate was held in a very narrow
temperature range near 850°C, the epitaxial $1(111) films also grew
in double domeins rotated by about i9° indicafing that the orientation

of "the film was determined by that of the surface structure rather than

that of the substrate. The sensitivity of this process to substrate

. temperatures was shown by the observation that silicon films grown on

an a-Al O ( Jle'JBl) substrate at lower temperatures Were-indistinguish-

able from those grown on an a—Al 0, - (lxl) substrate and were in

273
register with the [112] s111con direction parallel to the [1010] direc-
tion of the substrate. As in-other studies,.these films had hexagonal

symmetry indicating the existence of considerable twinning. - Several
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other metai;iﬁsulator.systems that have been studied are silver on mica
and siiver and gold on»potassium chloride. Seah has prepared clean
substrate by cleaving micain ultra high'vacuum.loThe mica was then
heated to 300°C and silver was deposited at a rate of Severel'moholayers o
per minute in an overage ambient‘pfessurevof less than 1.5 lO_-lO torr.
The resujting films showed aihigh degree 6f peffeetion and some evldence
of twiuniug. The epitaxial growth of teliturium 'Qri.the (111) face of
coppef'hadﬂbeen studied by Andersson, Mefklund and Martinson.217As
observed in other systems, the growth of the ep1tax1al silm was preceeded
by several well: charater17ed surface’ structures at partlal monolayer
' coverages; A Cu(111) —_(Q‘JBXE JB)BO Te surface structure was observed
at room temperature after about a fwelfth monoiayer coverage. A third
monolayer coverage gave a cu(111)- N3x ~3) 130°-Te structure when
heated to about BOO°C. Further depOSition of fellurium then resulted
in the epitaxial growth of a Te(OOOl) film. |
Another semlconductor, -CdSe has been epltax1ed on the YMnO (OOOl)
face by Aberdam, Bouchet and Ducros.?l8 ‘The dlffractlon patterns
1nd1cated that the degree of orlentatlon of the fllms was greatest for
low depos;tlon rates, about'BA per .second at 210°C. They observed that
the Casel1010] direction was parallel .to the. [1120] 'direc’_cio_n in the
| YMnOs - Here, the mismatch in lattice parameterebis about 17%. ' ’ E
Thevpreceding enumeration of’ebitaxial systems that have been
studied by low energy electrou diffreetion'isvby no means an exhaustive
compilatjen but is designeéd solely as aﬁ illustration of the unigque
applicabiiity of LEED in'studying suchesystems, The very nature of lou

energy electron diffraction, such as the low penetration depths involved
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and the Sensitivity to order and disorder, makes it an ideal tool for

investigating such important questions as whether the condensed film

is ordered or amorphous, what the crystallographic orientation of such

a film is, and what is the relationship between the film and substrate
orientation. Frequently, these questions can be answered simply by the

observation of the geometry of the diffraction pattern. TIn more compli-

~cated cases, an analysis of the intensitiesof the diffraction features

may be helpful if and when such analysis can be performed on a routine
basis;; Auxilliary techniques such as Auger spectroscopy, electron micro-
scopy,'éonductivity ahd work functionvmeasurements ére frequently very
useful in supplying compiementary information, such.ds that about the
presence of impurities and macroécopié'sfructuring, ﬁhat is not readily .
extracted{from low enérgy electron diffractién data.

‘From £he éxisting studies, a number of generalizations may be made,
ﬁhough‘it should be born in mind that thesevméyvbe frequentiy violated.
It hds‘often been observed thaﬁ where more fhan one physicélly equivalent

orientatibn is possible, the diffraction pattern may have a higher symme-

try thaﬁ that of the filng indicafing that twinning has cccurred:. The

orientation of many if not most ordered films bears some relation to that

of the substrate and the rotational orientation is usually preserved

-even_when the ﬁranslational symmetry is violated. The pseudomorphic

growh£ of a film_may necessitate a small lattice_m;ématch between

the film and the substrate while clustering may occuf when the mismatch
is 1afg¢. The state of the sﬁrface, sucﬁ as the presence of surface
sgructures; the presence of cbntaminanfs, etc. my frequently effect
the natUre_of the film growth. Subétrafe temperatﬁres depositipn rates

and ambient pressures also have been shown to be very important in many-

systems.
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- TABLE CAPTIONS
Table 1. The sﬁrface.and bulk root-mean—sQuare-aiéplaCement-rétios
and Debye temperatures for several métals.
Table 2. 'Sﬁrface structures found on clean semiconductor surfaces.
- Table 3. Surface structureé found on cleah metai surfacés.

‘Table L. Structures of’adsorbéd gases.




CIr (100)*

<UJ=> (SurfGCe) (surface) : @(bU“()

. Table T.

1.63

| | | <u > (bulk) | (°K) (° K), _.
“Pb (110), (m)BQ © 243(1.84) 37490 90
Bi (000N, 0T2° 242 48 e
CPAOI0OL (I 1.95 142 273
| Ag(iO'O)(llO)'(lll)5§682 16(148)  104(152) 225
CPt(00)L(IO),(ID T 202 10 234
'__Ni_(HOP“_' - LT 20 390
175 285

=G



‘Material - Surface Structure

 Table I

CsitmEl (100)-(4x4), (11)-(7x7)

25,78

 Ge

(100) - (4x4), (111)-(8x8), (110)-(2x2)
CGaAs™T L (D-(ex2)

- GaSb™” (m) (2x2)

Tnsbee | (100)- (2x2), (111)- “ox2)

cas® | i _(000'*’-?'(2)(2)

= | (oon-(2x )

-QGT~
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~ Table III

Surface Structues | e E o
PH(I00)-(5xI) |  25°-1300°C
Au(l00)- (5x1)®™” | 25°- 500°C
aulllo-2x)™ | -
Ir(100)-(5x1)" 25° - 1500°C

| Pd(100)-C(2x2)™ | 550°- 850°C
Bi (1T20)-(2x10)™|  25° - melting point
Sb(1T20)-(6x3)" |  25°- 250°C

_4 .



Table 4

Face Centered Cubié Structures

Surface

Adéofbed Gas
Ni (111) -0y
oo

~ dissociates to

f._Q + CO,y

A
co.

VdiSSOCiateS in

electron beam to
Colly,
‘C2H6

Ni (100) 0]

. Nickel

Surface Structure

(2 x2) -0

'NExJ@Rm%o 

(2 x 2) = ¢O

(16 43 x 16 J3)R 30°=C + .

(2 xJ3)- C_02
(lx 1) ~-H
disordered

not adsorbed
(2 x 2) - co,

(2 x3) - co,

(16 73 x 16 J3)=C +

W3 xy3)R307 = 0

(2.x2) = CoHy
(2 g‘e)-f C He
(2 xﬂl)‘f C3Hg |

W7 xJT) R 19° - ¢

(2 x 2) -_0' 

c2x2)-0

c(2 x2)-cco .

disordered

not adsorbed

-160-

" Reference

L 117, 136, 137

117, 138
136
138

136
139
171

138

138
116

116

.116

1k, 1h5, 146, 1MT

116

117, 1h1, 1k2o, 143+*
117, 148, ihg,,lso
ih?, 148, 151

139

139

k2, 1ks5, 152




Nickel o -161-

surface ‘Adsorbed Gas Surface Structure '. Reference
i (110) 0, ' (2x1)-0 136,117,150,153,15&
| (3x 1) -0 117,139,1L3,155
(‘5 x2) -0 117
(5x1)-0 117
Cco ' (L x1)-¢cO | | 117, 156
Hy D : (Lx2) -1 . . 139, 156, 157, 158
HLO0, (2 x 1) - ﬁgo - ' 157
c c(é x2) ~C - | 157
Ni (210) o 12‘ facet to Ni(5%0) o 159
Platinun
Pt (111) 0, o (2x2)-0 | 131, 160, 161, 162
Hy + 0, | W3 xJ3)R 30° 137
co d(u x 2) = CO . 92
- CoH, (2-; 1) - C,H, 92
': C My, | (2 x 1)v- CoH), 92
g (2x1) - o SR
-(cis and trans)duH8(2;butene) _ (2 x 2),- CuHé- | o 92
04H6(butadiené) e x2)- CHs g2

| GyHg(isobutylene) (/T xJ3)R 13.9° 92



160«

“Platinum

gurface Adsorbed Gas .  Surface Structures 3 Reference

1 Pt(lOO)-(le): 0,

(1x1)-0 o 160
CH, N (@ x2)-H B . 88, 163
cé - ok x 2) - 88,.92; 162, 164
(342 x J2)R b5°
| (2 xJ5)R b5° 88, 163
"102H2 : Coc(2x2) -Gy 88, 92
‘v{i CHy o2 x 2) - Col - 88, %
e H6 . -disordefed | ‘. g IR 92
:(Cis and trané>v04H8t2-butene) ,disoféered R
: ,f::ChHB(isbbutylene) disordeged. - f 92
" éuﬁ6(butediéne)' _diéérdegéa" L 92
Cwem, o@x2) (00 ) e
Pt (llO)~..:.‘ o, o axe) | R 161
exy) 161
Palladium

Pd  m_ ~.co . ~ disordered . o 165
ok x 2) = co - 165

compressed ' 165
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Copper
’ Suffééé ‘ AdsOrbed‘Gas ' Surface Structure . Reference
Cu (111) - 0, | (11 x 5) R 5 -0 166
cu (100) o, ¢ x 2) - 0 ' 167
(Lx1) -0 v 167
(x1)-0 . 167
| Né‘ - . (1x1) -y O 1n
cu (110) - 0, (2x1) -0 S 166, 167
| ‘C(6_x 2) -0 - 166
cu (035) 0y (Lx1) -0 - 167
Cu (01k) o 0, o | (Lx1) -0 | » 167
Aluminum
Al (100) 0, disordered . - | 120, 121, 129
thodium
“Rh (100) ,‘ 0, - o (2-8)-0 . 168
o © (kx1)-co0 S . 168
Rh (110) , 0, : c(é x u)v-*o | N | , 169, 170
c(2x6)=-0
c(2x 8) -0
(2 x2)-0.

o

,(2 x}3) ]



"gurface

U0, (111)

Adsbrbed Gas

Uranium Dioxide

Sufface Structure

(3x3)-0

(23 x23) R 30° - 0

-164-
Reference
1ko -

1ko




surface

w(lid)

W(111)

w(211)

‘Body Centered Cubic Structures

Adsorbed Gas

02

02+CO coadsorption

co

. NH, thermal .

3
- breakup

co i

Tungsten

Surface Structure

(2 x1) -0

- C(lxT7) -0

c(2L x 7) - 0

,'0(48 x 16) - 0

c(2x2) -0
(2 x2) -
(Lx1)-0
c(11 x 5) - co'+ C
disordered
| c(9 x5) - c¢O
(15 x 3) - C

(15 x 12) - ¢C

to (211) facets

(6 x6)~C

(2 x 1)
(& x 3)

(1 x 2)

(Lxn) - On=1,2,3,b4,

c(h x 2) - NH,

12 % stretch

c(6 x k) ; co
(2 x1) ] CQ

ok x 2) - O

2.

- -165-

Eeference
150, 172, 173

173
173
173

119 .

17U

126

175

126

175

176, 177

- 178

179 .



Surface.

. w(;oo)

Ta(110)

Adsorbed Gas f"

O

co

~166-

A.Surfaée Structurév' 

(hx1) -0
(é-x i).— 0
c(2 x2) - co
c(2 x 2) - N
(5x1)~-cC
disordered
c(2 x 2) - NH,
(1x1) - Mg,
(4 x 1) - (CQ + Né)
c2x2) -1
(2 x 5).-'H:

(b x1)-H
‘Tanfalum '

(3 x i) -0

(3 x 2).Rli8°v16}';o

oxides
not adsorbed @

(Lx1) -H

" disordered

-decomposition to

C.+.CO2

Reference

123

123, 180

118, 123
126

12k

1ok

12k

118
181, 182
182

182

183

122

122

122

122




Surface

- Ta(ll2)

M (110)

v (100)

v (110)

cr (100)

1

Adéoibed Gas -

O

co

o

- co

N

=167~

Surface Structure

(x1-0

oxides

nitride form epitaxially
on (113) planes

(Lx1)-H

disordered

decomp. to C + CO

© Niobium

(3x1) -0

(3 x2)R 18°16' - 0

(Lx1) -H

Vanadium

(1x1)-0

(2 x2)-0

disordered

disordered

‘Chromium

(2x2)-0

(2.x2) - O

(2 x2)=-N

Reference

122 -

122

122

122

122

184

185

17

7

18k

158



Surface

a Fe(llO)

Mo (110)

Mo (100)

AdSorbed Gas -

co

€O

Iron

Surface.structure‘v

C(2Ix 2) -0

c(3x1) -0

c(Lx5)-0

(2 x 8).— 0

FeO (111) (éubic)x:

-168-
' Reference

- 18, 219

18
18

219

T'Fe203 (fpinel)

. Molybdenum

'(252’2) -0

(2 x1) g'ov
(1x1)-0

c(2x2) =0
(1x1)-co

c(2x2)-c0

adsorbed (no structure

given)
diéordered

(4 x 2) Q ﬁ

'(l x1l) ~H
disordered
c(2 x 2) -0

(Lx1) -0

J5(1 x 1)R £ 26°3k' 0

(2x2)~-0

1'(1 x1) =N

(1’#,1) -'col

219

186, 187, 188

187, 188
188

186, 188
156

186

1156

189

190
-187,188,190

190
188, 190

190
188

188




#

" ¢(diamond )(100) O

surface Adsorbed Gas

S1(111)-(1 x 1) 0,

(TxT7)

si(100) 0

¢(diamond)(111l) O

¢(graphite )(0001) O

- 2

2

o

Diamond Structures.

-8ilicon

‘Surface Structure

(1 x1)
disordered

(2x2)=-8
not adsorbed

(2 x 2) - se
(1 x 1)
(8x8)-n
(6U3 x 643) = P

(1x1)-P

(2y3x2J3) - P

(1 x 1)

(111) facets

Diamond

ordered ?

2

nb£ adsorbed
not adsorbed
not adsofbed
not adsorbed
ndt‘adsorbed

disordered

ordered

-169-

Reference

191, 192

193

193

194

195

195
195
191, 192, 196, 197

198

199

200

199



Surface

Ge(111)

Ge(100)

Ge(110)

Adsorbed Gas

=170~

- Germanium.

Surface Structure

(L x1)

'disordered

(L x1)

(L x1)

disordered

(3 x.3)

(L x1)

disordered

Reference

191, 197

201

201
191, 197
201

191, 197




Surface

- T1(0001)

Re(0001)

'Be(0001)

cas(oooL)

Adsorbed Gas -

2

o

Nelo)

-1T1-

Hexagonal Structures

Titanium

Surface Structure

(1 xvl)

(Lx1)

(2 x 2) - 0 (co)
(L x 1) -0 (co)

(2 x 2) - CO

disordered

disordered

not adsorbed

not adsorbed

Cadmium Sulfide

disordered

Reference
197

197

202

202

203

203

203

203

20k
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i"’IGURE CAPTIONS
Fig. 1 ‘fTheffive twd-dimensional Bravais lattiées.
Fig. 2 a—j ‘ Unit céll vectors {a-g) of the primitive tWo-dimensional:. : .
unitice11=énd inaécés_éh-j):for.the three densest f;d;ck.and bgé.c.
crystal-faées.
Fig. 3 _,Thé_a) ﬁriﬁitive_Lwo;dimensional unit cell and the D) x-raj
unit cell projec£ion. O’; atoms in surface, @ - atoms in seqond layef}
Fig. h‘gfc-l Schematic diagfam-of éurface strucﬁures én the (lOO),.(llO)
and (lll):cfystal faces.of a face centered cubic crystal. ’
Fig; 5 Wéve vectors for the incident beam and tﬁo aiffraction‘beaﬁs
showing their components parallel énd perpendicuiar to. the sﬁfface.‘
Fig. 6& énd 6b. intensity of the (00) - beam as a function of electron .
energyvinvthe puré a) two—dimensionai diffraction iiﬁif and in the pure
b) three dimensionai'diffraction limit. _. | |
-Fig. T Intensity of the_iow index difffaction'beams as a function of
electrén .-._énergy, ev; from the (100) face of aluminum.
Fig. 8:; az}d 8b The inﬁeris'ities of the a.) (10) and b) (11) diffraction
beams as a fpnction of normalized eléctrén'energy fof_the (lCO) faces of
aluminum,'cépper,-nickei, pallaaium, silver and goid at normal incidence,
Fig‘. 9A a-.bi 'Inner»p'otential’ as a funcfionl of .the enérgy of‘ithe incident
electron béém for_niékgl‘and for niobiuﬁ.
Fig..lO Atomic §Eatteﬁiné factor, fq;bcalcuiéted for aluminum using a
pseudopotential. | | |
Fig. 11 Fraction of elastically scattered electrons ;s é functioﬁ of -

electron ehergy for the (lOO) face of platinum.




~173=

| Fig. 12.': Damping of the ccattering amplitude by an inelastic loss
factor, é-d/x as a fﬁnction of distance, 4, from the surfacc.
Fig. 13' Definition of u(t), r, k, and k for the scattering process;
Fig. W Vector diagram for double diffraction mechanism.
Fig. 15i"tSchematic reprcsentation of several simple scattering
' processesbinvolving the surface layer of atoms and/or bulk atomic‘la&crsj-
Fig. 16}' ‘Scheme of the iow energy electron diffraction apparatus of the
/poct-acceieration typc.' |
Fig. 17 Cut-off characteristics of the 3;grid system with varying
repellcr”gfia pctential with respect to the cathode potential.
'Fig. 18 Intensity of the (00) beam as a function of dcposited
amorphonclsilicon. |
Fig. 19 a-b Diffraction rings due to.graphitic,carton on the Pt(100)
surface. | | o
Fig.vQO - Radial density function‘fon quuid-leadbfrom x-ray diffraction
studies.. | |
;Fig. 21  X-ray intensities obtained from liquia lead at 327.4°C as a
function‘of.ﬁ%== sin 8/xn.
Fié. 22 a-c Equi-intensity contoursias a fnnction of electron energy for
“scattering of low enefgy électrons'fiom‘lead, bismuth‘and tin moltcn
surfaces. |
- Fig. 23 Intensity contours calculated from x-ray data.cy Kaplow.
Fig. 2&_" Intensity of the (00) beam as a function of témperaturé and
- the backgrcnnd intcnsity . -

'Fig. 25 The log(I ) vs. T°K plot for the data in Fig. 2k.
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Fig. 26 é-b.‘ Effective Debye temperatures as a function of electroq'A
en;rgy for differeﬁt crysta#ﬂfaces of lead and paliadium.
Fig. 27 _Determinafion of scattering vectors for non-specular (hk)
. :aﬁd speéulaf.(bo) diffraction beams. - | |
Fig. 28 : biffraétionvpatterns of the a) S8i(111) - (1x1) and the b)
sﬂlru'-(%ﬂ)étnxmue.'- - , -
Fig. 291.‘ Diffraction pattern of the Pt(iOO)‘-‘(5xl)vstructur¢.

(0001) - (1x1) aﬁa

X

Fig. 30 a-b Diffraction patterns of the a) A].2

~b) AL0_(0001) - /3L x V31)R9° structures.
Fig. 31 a-b Diffractioﬁ,patterns of the (111) face of lead below and

above the melting point (327°C).
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

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

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, ''person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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