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" LOW ENERGY ELECTRON DIFFRACTION STUDIES OF INSULATING

SINGLE CRYSTAL SURFACES
Theodore M. French

‘Inorggnic Materials'RésearcthiVision, Lawrence Berkeley Laboratory,
and Department of Chemistry; University of California :

Berkeley, California
- ABSTRACT

-Sihgle crystal surfaceévof electrical insﬁlators; Al1-05, SiO», NaCl,
NaF, and LiF have been studied by low.enérgy electron diffraction. An
ordered surface phase has been found on ﬁhe (OOQl) face of aluminum
oxide above i25o°b that has a unit mesh (V31xy31) that is different
from the unit mesh of the low temperatu:e surf§ce structu;e (1x1).
Experimental evidence is‘présented to show'that the order-order phase
‘transformation [(Alz0s (0001)(1xl) - rotated'(J3l>cJ31)]'is accompanied
by a chanée in the chemical composition of the surface, i.e., the loss
of oxygen. The structural change is reversible and either surface struc-
ture can be obtained alternately by heat treatment of the samples in
oxygen (> 10™* torr) or in the presence of excess aluminum on the
surface.

Tﬁe intensitiésﬂaﬁd:the positions of ﬁhe diffraction peaks:ffom .
the (lOO){crystal faces of LiF'and-NaFuhavé been measured. It haS'ﬁeén
found that the single 8cat£éfing.(kinematic) model'explains'the observed
positions of the diffraétibn beams.j The,intensities‘of the varioﬁs dif-

fraction beams of TiF and in NaF are cdmpared.
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_ - specular

The temperature dependence of the diffracted/(00) beam has been
measured for Nar(1l00). A surface Debye temperature of 90°K can be
calculated from the measurements.

The rate of decdmposition of the NaF érystal surface in the
electron beam has been measured. The dependence of the fate of
decomposition on tempefature and_oh incident electron beam energy

has been studied.
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I. INTRODUCTION

Low energy electronbdiffraction\is a uniquely powerful technique
to study the structurevof single crystal surfaces; the changes of
surface:structureuas a function of chemical change, or changing
temperature at'the'surface. Most of’the'low_energy electron diffraction
(LEED) studies so far heve been carried outiusing“metal or_semi5
conductor single‘crystal surfaces; The purﬁose‘of the research which
is.described in this thesis is to.carry out low energy electron dif-
fraction studies on various 1nsulator surfaces These studies were.‘

and overcome

to be carried out to verify/the difficulties in obtaining surface
structural information on 1nsulating surfaces, to measure the inten-
sities‘of diffraction heams back-reflected from single crjstal surfaces
of insulators, and to study the surface chemistry of insulating
surfaces. These chemical studies involved monitoring the variation
of surface structure with temperature and the interaction of the
surface atoms and ions with the electron beam incident on the 51ngle
crystal-surface. For these studies we have selected the materials
- aluminum oxide (A1203), quartz (Si02), and alkali halides (LiF, NaF
and NaCl).

| The importance of'carrying out investigations by low energy
electron diffraction using insulator surfaces requires little justi-
fication. Most ofvthe organic,molecules and molecules of biological
interest areiinsulators, and"further surface studies using.these |
molecules require prior solv1ng of the experimental difficulties of
electron scattering studies from insulating surfaces. Alkali halides

- are prototypes of ionic compounds, and solution of the difficulties



of low energy electron diffraction studies usiﬁg thesévcrystal surfaces
would make‘an'important céntribution to surface structure analysis.

© Al203 and quarfz are importént materiais invsurféce.catalysis and
’thereforegare iikely candidates for surface étruéfural studies.

Firsﬁ, I shall review the status of sﬁrfacé structure analysis
using the:low energy electron beams. Thén the ?reparation of the
vérious insulator surfaces will be discuséed. "Next, the experimental
problemé that are involved in carrying out the‘low enefgy electron
diffraction experiments from glectrical insulator surfaces aré dis-
cussed:'>Then the experimentai data is given as obtained from the
structuial and surface chemical studies for each of the insulators

that has ‘been investigated. Finally, the interaction of the electron

beam with the various insulating surfaces is discussed.
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II. THE DIFFRACTION OF LOW ENERGY ELECTRONS FROM SINGLE CRYSTAL SURFACES

A méjbr obstacle QfASurface structural studies using low energy
éleétron_diffraction ié the lack of a simple theofy which can éxplain
thé scattéréd low enefgy electron beam intensities. The application
of such a theory in.model calculétions where the only important vari-
ables‘aré’the'étomicfpdsitionsvShoﬁld iead, just like the use of
kiﬁeméfic theofy and x-ray diffraction, to ¢§mple£e description of
the éﬁrfacé structure. It is hoped that'such a-theonywill become.
available in the vefy near fﬁture. Uptil-then, the assignment df
atamié‘ﬁbsitions of surface stiuctures sdlely on the basié of the
diffraction pattern is not unémbiguous. This eXpiains the different
interpretations which may be given to thé same diffraction pattern
and the concentration of studiéé on onl& simple monatomic or diatomic
sﬁrfaces; Frequently, hcwever, the available suppiemehtary chemical
information using other experimental techniques permits one to identify
the surface structure correctly and to eliminate most of the alterf
native modelé; a | _

In order to carry out afLEED_expeiiment one needs ultra high
vacuum, one face of a pure single crystal and a well-focused electron
beam in_the energy range of 1-500 eV. At the present state of
technoloéy such an.expefiment can be carriediout with relatife ease.
Mény offﬁhesunique characﬁeristics of LEED in the fangevof 1-500 eV
are due.fo the large scattering .cross-sections of low energy electrons.
Partiéuiarly, at very low electron energies (1-100 V) thése Ccross-
sections may be oh'the order of 1 &%, As a consequence,-there will be

substanﬁial amplitude scattered .into the non-forward directions and
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the prebabi_lity' that the electron will be found in the transmitted
beam will-be significantly less than unity; This results in a high
probability that an electron will be incapable of penetrating very
deeply.iﬁto the solid‘before it is scattered either eléstically or
inelasticelly out‘of the forward scattered beam. Therefore most of
the inﬁensityvthat is baekscatfered out of the crystal eomes from
either'thevsurfece or the neighborhood of the su:fece. This, of
course, mekes low energy'eiecﬁrdn diffraction an ideal tool for study-
ing tﬁe structure of surfaces. Uhfortunetely, the very aspect that"
makes LEED.valuable fof'surface structural analysis else complicates
this analysis. This is because the seattering'cfoss-sections are-
Vllarge; not.only will the electron be scattered predominantly from the
vicinity of the surface,‘but it will alse have a significant probability
of being scattered more than dnce. This'phenomenon is multiple
scattering, and at voltages where the cross section is high it vitiates
the applicability of %he kihematic theory of diffraction which has
been used so successfully in.the X-ray caee where only single Scat—
fering,or kinematic events are important; |

One of the most important parameters which enters inte all
calculations of surface structure.fram the intensities of the
‘diffracted low energy electron beams is the amplitude scattered by a
single atom from the crystal_shrface; The amplitude in any given
rdifffaction beam is dependent upon the probabilities that electrons‘
will be scattered out of the primary beam or other diffraetion beans,
into that beam from various points in the crystal.

Theee scattering prdbabilities are dependent upon the atomic

potential; 'Recent‘studies'indicate that Hartree-Fock-Slater atomic
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potentials can be ﬁsed to obtain realistic scatterihg factors for
lew_energy electron scattering. The atomic scattering process in
the low enefgy range used in LEED'experiments is coﬁplicated by the
breakdewn of the Born approiimatiqp. Atomic scattefing factors
mﬁst be obtained uSing atomic potentials by a phase shift analysis
or from experimental‘differentia; cross-sectioh measurements.
Anether parameter which is:important in calculating intensities
of diffracted low'energy electron beams'from single crystal surfaces
is tﬂelinelastic scattering of low energy electrons. The elastic
mechanisms lead to the usual diffraetion phehomeaa investigated by
LEED. The inelastic mechanism must.te eXtremely important in the
interpretation of LEED information as inelastic-proeesses are
generally far more probable than elastic processes in the energy
rangeAwheie most LEED studies are perfeimed. The inelastic scattering
has the‘effect of attenuating most of the multiple scattering inter-
actions between diffraCtion beams and ef reducing the inteasity of
the back-diffracted electron beam. Recent studies by Duke and co-
woi‘kersl have.taken the ineiastic demping of the scattered electron
beam ipto account, and have aided the development of a realistic
scattering model for sufface structure calculations from the in-
tensities of the back-diffracted low energy electron diffraction
beams.r | :

.,Another variable wﬁich enters:into-the.lew-energy electron
diffraetibn'calcuiations'is the surfaeefDebyefWaller factor. vAtoms
in the surface are not rigidiy held but are'constantly undergoing
therma;:vibrations.- The main effectvof lattice vibrations is to

scattéraa fraction of the elastically back-scattered electrons out
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of phaSe. Thus the intensity of the diffraction Beam decreases,

while the intensity of the background increases with increasing

-~

temperature. From sﬁudiés Qf the temperaturé depehdence ofvthe'
ihtensity of the back-diffracted electron beam, the mean square
displacément of surface atoms can be calculated. vThese calculétions
aﬁd experiments have been carried out for alkéli halide crystals
and will be”described'in_a later section. '

Finally, the inner potential is an additional variable in LEED
caicula;tio_ns.". When an\ihcident electron strikes: the cx_‘ysﬁ&l, due
to the change in potential which it éxpériences,.there is a cor-
.respohding change in the wavelength of the inéidént electron. 'This
increase in the kinetic enefgy ofiﬁhe electron upon entering the
solid is commonly described as being due to the inner potential.
The electfon is accelerated as.it enters thé solid since at inter-
atamic distances the nuclei are only‘imperfectly shielded by the
core.ahd falenée electrons.‘ The average inner potential expérienced
by a priméry electroh ﬁili‘be de?endent’ﬁpon the-énergy of the
electron as a degree of shielding of the positivé ﬁuclei ﬁill to
some extent be dependent on the electron-electron'corfelation. ~

The usefulness of any theoretical analysis that is developed
from various scattering modelé for low energy electrons depends
on itsireproduqing the experimental results. Most of the experi-
mental fesults are obtained by meaéuriﬁg the'intensities of the
back-diffracted electron beam as a function of electron energy.
Thus éuéh curves that are obtained experimentally,when available,

should aid ﬁhe‘development of theoretical analysis. For this
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reason we have measured the intensities of backfdiffracted electron
beams as a function of electron energy from various alkali halide

surfaces as well as from the (0001) face of a-alumina.
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IIT. PREPARATION OF SINGLE CRYSTAL SAMPLES FOR LEED STUDIES -

1. Alumina (Aln0s) -

| The_A1203 ?rystals ﬁere the best grade available from the Union
Carbide Corporation. A spectroscppic analysis showed the impﬁrity
levelsin‘ppm:' Mg,'<v2 ppm; Si, < 4 ppm; Fe,'{ o ppm; Ca, < 2 ppm;
‘Gé, <2 ppm;_Cu, < .5 ppm. Sampies cut to size 5i7xl'mm,vwere
supplied, already oriented to the (0001) faCe:and'poliéhed{ The
crystals were chemically etched using potassium persulfate and boric
.acid mixed‘in eqﬁal pérts by voiume. The.sampleé were heéted in the
etching'mixtufe in an oven at 750°C in a gold-covered éombustion‘
boat fdr‘abou; 30 minutes. Weﬁk diffract%on.béaﬁs were oftén observed
withou#‘fuither treatment once the samples ﬁefe placed in the ultra-
high Vacuum diffraction chamber. Another étch,‘concentrated phosphoric
acid was also employed to prepére the éurféce 6f alumina. The crystal

, , : , : . an oven
was immersed in phosphoric acid for 60 minutes at / temperature of
500°C. This treatment resulted in a badly pitted crystal. Never-
theleés the diffracﬁion pattern was visiblé.from the pittéd surfacg'
after it was heated to about 1100°C. This etching treatment was,

however, abandoned in favor of chemical etching using the potassium

persulfate-borié acid mixture.

‘Crystal mounting and heat treatment. The alumina crystal sample
was mounted'in a star-shaped.piecélof 1 mil tungsten foil. The
points_of'the star were bent around the sample:to hold‘it_securely.
There was’minimum contact of the points with the front surface.

The ﬁuhgsten'foil_was spot -welded to tantalﬁm supportsiwhich were

attached to the'crystal holder and manipulator. The crystal was
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heated byiconduction from the reéistively heafed tﬁngsten.fbil.
The temperature was measured by an opﬁical pyrdmeter'focuéed_onva
tungsten'film which had been vacuum evaporated on a smail area in
the back of the sample. The error in measuring.the sample tempera-
ture is difficult to estimate but should be less than £100°C.
Vaguum_evaporation by heating the crystai tovhigh temperatures>

( ~1500°C) was used most frequently to clean ﬁhé alﬁmina surface.
Ion bombardment could also be used for surface cleaning: Ion
bomberdment using 1-2 keV Ar ions disordered ﬁhe alumina surfé.ce
and eliminated the diffraction features. Heating above about 900°C
after ion‘bombardment would restore theléurface order. The minimum
conditions of ion bombardment to disorder the diffraction pattern
were'J.O'5 torr argon, 2 keV accelerating potential, and 4 milliamp

ionizing electron flux, ~ 4x10~° ion current for 10 minutes.

2. Alkali Halides

A éurface preparation of LiF,‘BwI; and Naci'éamples was much easier
Egii of alumina. surfaces. These alkali halide single»crystals were
purchased from HarShaw Chemical Corporation. They were cleaved by
" a razor blade to a size of 5x7x1 mm discs, were etched in abSOlute"
methanol and were placed iﬁto the diffraction chamber using a platinum
holder with similar geometry to that used for mounting fhe aluminum
oxide samples. We attempted to clean the alkali halides by
ionvbombardmeﬁt‘énd subsequent heating. Eveﬁ long ion bombardmént

at pressures of Lx107> torr of xenon for 6 hours on sodium fluoride

using 135 eV ions, neither removed the pattern nor improved it.
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It appears that ion bombaidment introduces non-sﬁoichiometry at the
surface but thére is no‘pérmanent surface damage due‘to.the rapid '
annealing by vacancy diffﬁsidh of the surfaéé struéture;
.High temperature héating of”these*sampleé'waé ﬁséd to clean the
surfaces‘b& QapofiZation of the tdpmost 1ayéré éf the alkali halide
crystal samples. The temperature of‘thé-heat treétment was 800°C
for TiF, 850°C for NaF, and 400°C for NaCl for 15 mimutes. Then
the alkali halide was annea%gd for an additional hour at_é temperature
‘about 200° lower. Since the alkali halide surfaces imteract with
the incident electron beam the annealing for one hour at a iower
temperature was also used to regenerate the crystai surface to its
original'less-damaged state after tﬁe electron diffraction sfudy.
However the accumulated damage due to eiectron bombardment of the
crystgl surface for é long time was so great that a longer annealing

period was necessary at the same temperature.

3. S8ilicon Dioxide (Quartz)

| The 5102 crystal was cut from a large crystal by means of a
diamond saw. The damage from sawing was removed by polishing down
to 1 micron diamond grit using an>impregnated aluminum wheel. The
cfystai’was-etched uSing boiling concentrated aqueous HF in a Teflon
beaker. A long periodjof time is necessary to produce significaﬁt
étchiﬁg;_ On the ¢ face 1 hour of boiling was enough to get & dif-
fraction pattern. Eight hours of boiling reﬁoved about 2 mils of

.maﬁefiél from each'face. Short heating (15 ﬁinutesj at about 1000°C
was'all the additionai treatment necessary ﬁo get the diffraction

pattern.

oy



'IV. ELIMINATION OF SURFACE CHARGE AT INSULATOR SURFACES

DURING LEED STUDIES

When electrbns in the range 5-100 eV strike the aluminum oxide
or alkali halide surfaces, a surface charge builds up rapidly so
aé to repel the incident electron flux before it can penetrate the
crys£ai'or be scattered by thé periodic atomic potential at the
surface. Thus, under\usual operating conditions thaf are employed
in LEED studies of.metal surfaces, no diffracﬁion pattern can be
obtained from either aluminum oxide or alkali'halide surfaces below
a certain voltage, usually SO—lOOleV. This negative surface charge
build-up poses serious limitation to structural studies of insulator
surfaces since most of the experimental information about ﬁhe
- surface structure is obfained in the electron energy range 30-120 eV.
Above these energies a larger fraction of the electréns peneﬁrates
below the surface and the backscattered beaﬁ contéins more information
about the bulk than about the topmost atomic layer. Theféfore in

LEED studies of insulator surfaces it is imperative that this

negative surface charge layer be removed ffom the studied surface.

There are several methods for removing the negative space
~ charge build-up on insulators in LEED experiments. These involve
either conductingvthe surface charge away or using the‘secondarj
elecﬁron emission properties of the crystal to disperse the incident
electron flux by allowing it to be re-emitted. We have been successful
in removing the_negative surface charge layer from the (000l) face
of alumina by the simultaneous application of two electron guns.

One, operating at 1-2 keV at a grazing angle of incidence 15°, was
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continuously disqharging the surface, while_the.usual LEED gun;

operating in the range 10-350 eV, was used td obtain the diffrac-

tion pattern. This technigue should be applicable fbr.the elimina- v  %
tion of negative surface chargexfrom ail those insulator surfaces
which,,a):have a secoﬁdary electron emission flux above a given
incident electron energy which is lafger than the incident'glectron
flux,iahd b) dé not decompose or otherwise interact chémically with
the high energy_électron beam.'.It is well known that for many
insulatdrs.the yield of secondary eléctronsrwhiéh_leave fhé éolid
dﬁringrelectron bombardment is gregter than the incideﬁf electron
flux above a certain thfeshold énergy of the incident electron beam.
The incident electron energy at which the ratip of the secondary
eledtronﬁemission current and the incident electron beam current
becomes iargér than unity, is often called the secondary emission
cross-over. By continuously ;préying the insulator surface.with
electrons with energies above the secondary cross-over the surface
can be discharged or a Small pdsitive éurface charge may be established.
Since this positive surface chaige attracts eleétrons toﬁard the
crystal it does not affect the diffraction process, although it may
change ﬁhe energy of'theiincident elections to a small extent. The
secondary emission cross-over for the clean (0001) face of alumina
which exhibits a (1x1) surface structure appears fo be in the fange
80-100 ev. Thé cfoss;over energy varied ﬁithin this range from
sample ﬁo sample and was found to be dependént on the purity of thé
surfgce. Slight contamination, as detected by x-ray fluorescence,
of thé-sample:by.tantélum'which was ofteh used at first as a crystal

holder, could increase the cross-over to over 200 €V. ‘The secondary
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emission cross-over may also depend on the chemicalbsurface composi-
tion. When the surface structuré was changed to an ordered oxygen-
deficient surface structure (to be discussed latei) the cross-over
energy decreased té approximately 50 eV. Since heaﬁ treatment was
necessary to producevthis new strucfure and the agcompanying changes
in surface composition, the possibility of unwahted impurities dif-
fusing to the surface ahd aiding the\reduction of the cross-over
cannot be eliminated. It is likely, however, that the lowering of
the secondary emiésionVCfoss-ovei is causéd by the change in the
surface composition of the (0001) face of alumina.

Since the electrons from the'high energy electron gun which'is
used to eliminate the negative surface charge are energe%ié enough
to pass through thevgrid éystem of the electron optics and reach
the fluorescence screen, the background intensities increased. This,
. however, does‘not prevent the detection of difffaction spots from |
. fairly ordered alumina surfaces to as low as 25 eV incident electron
beam energy from fhe LEED electron gun. The high energy e;ectron
flux which is used to discharge the surface was cut back to a minimum
“in order to minimize the background intensity on the fluoreécence

screen. Figure 1 gives the secondary emission cross-over for the
a-alumina with a (1x1) surface strucﬁure as a function of the ratio
of the current from thg high-energy electron gun, 12, énd the LEED

electron gun, i for two different electron energies of the

LEED’

discharging gun.  The crbss-over decreases with increasing iE/iLEED

ratio at first, but above ié/i = 2 the ratio remains constant.

LEED
The cross-over appears to be independent of the discharging gun

energ&*in the.range 1000-2000 eV. No studies have been made with
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' the'discharging'gun below‘this'energy range;-iAlthoughbour techniQue,
| i. e., the s1multaneous use of two electron guns,'ls successful in
remov1ng the space charge, ‘other techniques (v1de 1nfra) might also be
employed 1n studles of 1nsulator surfaces to remove the unwanted surfaceb.
charge | | | |

E For alkall halide crystals NaF, LlF and NaCl samples that were
used in thls study, LEED studies can be carried out at elevated tem-
peratures using thln samples 1n order. to 1ncrease the ionic conduc—'
tivity sufficiently Also the secondary emission from the NaF crystals
was sufflclent for the experlmental range of electron energles, to
remove the . surface space charge as 'soon as the sample was pleced in
the diffraction chamb:er. For the alkali’. halide samples the secondary
emlssionvwas sufficient to discharge the.surfaces until the crystal had
been in the electron beamlforIQO.minutes.- After 20 minutes the secondary
emission crossover energy rises sufficiently to distruh_measurement”of
~ the diffraction beam intensities. As will be dlscussed later, electron'
beam 1mpact dlssoclates the surface of alkall halldes and such a result
is very llkely to be due to changes in surface chemical comp051tion of

these alkali halide single crystal samples.
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Y. THE LOW ENERGY ELECTRON DIFFRACTION EXPERIMENT

In the LEED experiments the electrons are obtained by thermionic

emission from a hot cathode. In these studies

the cathode had an operating surface temperature bf ~800°C. The
energy spread of the emitted electrons at this temperature is of the
order of .2 éV. These electrons are then focused electrostatically
énd‘allowed’té impinge on the crystal surfaCe'which is held at ground
Poténtial. ‘The electron beam is on the order of 1 mm in diameter.
jFor a completely ordefedhsﬁrfaée the'cbherence lengfh of the electron
to a large'exteﬁt is ‘determined by the size of the source of the
a electron'béaﬁQ The incoherence Withiﬂ‘thg electron wave packet sets
"‘an upper limit to the number of atoms which can contribute to éoherent
‘scattering. The coherence width of the eleétron'béam in a typical
low energy diffraction apparatus is abouf 500 A', Thﬁs; no area‘larger
than:SOO'Kg*can contribute coherently to the diffraction patterhs

" sinde no area larger than this recelved coherent radiation. The
" question of the minimal area neéessary to give a coherent diffraction
pattern has not been definitely answered experiméntally.‘_Howevér

if one assumes that ordered areas of 25-100 atoms are sufficient to
give cpherent"diffraction best agreement with présent results is
obtained. ‘LEED experiments indicate that the number of elastically
scattered electrons which are back-reflected from crystal surfaces
‘varies with the incident electron beam'energy markedly. About 20%

of the incident electrons are back-scatﬁered elastically at 10 eV
‘and about 1% at 100 eV apd less at higher energies. vThe scheme of.

the electron optics is shown in Figure 2. The backscattered electrons
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travel a fleld free path to the first grid which is also held at
ground potential,as is the crystal Energy analy31s takes place at _
the»second grid:which is_held at cathode"potential.i This_grid in’
-,princaﬁié“féﬁelS'all-of,thg electrdns'uhich aave'igst eneray in-
| collision w1th the surface and allows only the elastlcally scattered :
r‘electrons to penetrate through The elastic component which has
penetrated the grid system is then accelerated by the application of
a large pos1t1ve potential (SOOO 7000 eV) onto the fluorescence |
screen where, due to the radiative recomblnations after exc1tation by
Vthe electron beam, light is emitted where the electron beam hits.
The light 1ntens1ty is proportional to the number of electrons hlttlngv
N the screenap This post-acceleration technique 1s an excellent means
of 1nstantaneously displaying the diffraction pattern. The solid '
angle subtended by the fluorescent screen 1s 95 | \ B

' There are other detection techniques whlch are often used 1n
LEED studies. A Faraday cup which can be rotated l80° is frequently
-used to monitor the low energy electron beam inten81ty.. Whilevthe
fluorescence screen techniques allow one to measure relative
-intensities the Faraday cup detection- allows absolute 1nten51ty
.measurements which are necessary for some-experiments. m
. The fluorescent screen can be readily photographed and one
obtains a photographic display of the diffraction pattern which can
'also be used to analyze the inten81ties of the different diffraction

spots u51ng denSitometers of different types.'
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VI. INTENSITY DATA

The most easily dbtéinable diffraction beam tﬁat can be studied
by LEED is that of the specularly reflected (00) beam. Usually
in LEED experiménts the intensity of the diffraction beams is
monitored as a function of electron beam energy. The intensity of
the (00) s?of may be obtained without moving the measuring device
(spotphotometer, for example) since the scattering vector for that
particuiér reflection is always perpendicular to the surface plane.
Thus, the angle at which the (00) diffraction spot appears does not
change with.variation of the electron energy. Unfortunately, moving
of the KOO) spot caused by space charge that builds up at the
insulator surface negates all these advantages. The diffraction spot
may wander because of stray electrostatic or magnetic fields. One
can compensate for this by using a wide enough aperture on the spot-
photometer that was used to measure the intensity of the (00) spot
as a function of beam voltage. In this study the aperture of the
spotphotometer was about 20 minutes'at approximately 2 meter distance
and a balancing magnet to block out external magnetic fields was
also used. |

The zero dfift, i.e., change of apparent electron energy during
the measurement which is due to the build-up of the surféce charge ,
was especiallyvserious for Al1203. For alkali halides the voltage |
measurements werevreproducible within +5 volts except at very low
beam voltages (below 70 v). The state of order at the surface can
" also affect the intensities of the diffraction'béams. .As the crystal

becomes more and more disordered the intensities of the diffraction
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beams change at the different energies. Such}é surface dissociation
effect madé measurements of the intensities fibm alkali halide
surfaces very difficult to carry out. In order to alleviate this
problem the decompositidnvrate bf the.alkali hélide surfaces in
the electron beam was studied,separat;ly and will be discﬁssed in a
later:chapterf |
| In_brdér to avoid the difficﬁlties'of surfacé decomposition .
durihé'electron scattering from alkali-halide=5urfaces,va.rapid
beam voltage scan technique for surface intensity measurements was
deVélopéd. The intensity vs. beam voltage plot for alkali halide
surfdées using the (OO) beam was made by using a 300—Qolt/amp
generator which allowed to sweep the beam voltages within a éecond
from 0-300 volts and this way the IOo vs. eV curves op alkali
halide surfaces could be obtalned during times much shorter than
~ the times necessary to changé the intensities detectably due to the
decoﬁpbsition rate of the surfaces at'réom temberature; The IOO
plots as a function of electron energy for alkali halides showed.
a fairly good cansistency. The surface could always be annealed
i _befoievor after the measurements‘by repeated vaﬁorizaﬁion of the
surfacé, »whiéh improved the surface sfoichiometry. The_intensity
vs. beam voltage curve for two alkall halide surfaces,ngF and LiF.:
using the (OO) diffraction beams are given in Figure 3. Table 1
shows the observed position of the different diffraction beams.
Also Fig. 4 shows the observed positions of the beams against the
predicted positions.

There are three varlables that should define the diffraction beam

properties; the angle of scattering with respect to the surface

normal, 6 ; the incident enefgy; dnd the intensity. The intensities

of the various diffraction beams from NaF and LiF single crystal (100)

»
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surfaéesAare plotted on a three dimensional plot which_displays the
intensities, the angle of scattering and energy, iﬁ Figures 5 and 6.
There are two types of diffractioﬁ beams distinguishable, those which
are characterized by odd values of Miller indices, and those which
are characterized by even values of the Miller indices. Since for
the alkali—halide compounds there are two ions per unit cell, the
intensities of the even spots ére proportional to ﬁhe square of the
sum of the scattering factors of each type of ion. The intensities
of the odd Miller index.diffraction beams are perortional to the
square of the difference of the scattering factors, assuming a single
scattering model. Based on this model the fatio of the intensities

o) can be written as

£ Iodd/Ieven

2 .
I aq ™ (£1-f2)

. ; re=fte/fi ;3 I /I e
T e (£14£2)2 ’ = e/ oo odd’ “even ~  (1tr)2

even

It can be seen from Figures 5 and 6 that the diffraction beams
characterized by odd Miller indices have much lower intensities
than the diffraction beams that are characterized by even Miller
indices, as expected from the singie scattering model.

: Thevintensity of the (00) diffraction beam as a function of
electron energ& under conditions of near normal incidence aré also
plotted for the (0001) face of Alz03, and this is shown in Figure 7.

of coufse the diffraction’exﬁeriment gives one no information _
about which of the two scattering centers scatters the more strongly. .

There ié, however, a simple analogy which will allow a guess at this.

The scattering factors of Nat and F~ are approximately the same.
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This foilows from the data s§ince the odd spotévaré so weak as to be
almost invisible. One might thergforé conclude that isoelectronic
ions have approximately £he same electron cross sectidn, at least in
the regions covered by the experiment. ﬁy analbgy with the X-ray

case thén -- since the gbove is also true for the x;ray case--one might
expect'the scattering td be felated to br even proportional to the
number'of electrons for x-rays or £o fhe depth of the poténtial

well fof electrons. One would therefore expect that'the scattering
from the small Li* ion Woﬁld be much less than the scattering from

the F~ ioh. It is more difficult to determine whether Nat* or F~ is
the strongest scattering center -- it is pleaSing to assume‘that the
valence_électrons are the same (roughly) in both these ions and that
the scattering is dominated by the contributiog of the potential wells.
The Na® would scatter more if this tenuous assumption‘were true since
it hés a highér nuclear charge and a deéﬁer potential well. The
numerical value ratio of the scattering factors as a function of eV

and angle may be estimated from the interpolated values of odd and

even intensities.
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VII. TEMPERATURE DEFPENDENCE OF DIFFRACTION BEAM INTENSITIES

It.is of importance to measure the temperature dépendence of the
diffrgcﬁion beam intensities back-scattered from the single crystal
surfaces_since thesedata could be used to calculate the mean square
'displacement of atoms in the surface or the surface Debye temperature
of the ﬁateriél that is being studied. Several problems‘arise in
measuring the temperature dependence of insulators that do not arise
in the same experiments on metal surfaces. The temperaturé of the

alkali halide crystal must be measured by means of a thermocouple

/that is sandwiched between the slides of the same material. This is

necessary because‘with insulators spot welding or other methods of
secureiy attaching the thermocouple to the studied crystal are not
usually feasible. Attéching the thermocouple to the crystal holder
would result.in an erroneous temperature meésureﬁent since_the |
holder, ih general, is not in good thermal contact with the single
crystal. The rate of cooling of metal crystals could be fast, due
to the excellent‘heat conduction through the holder. Thé rate of
cooling of insulator crysta;s in our experiments was slow, taking
about 10 minutes or more to approach'300°K from 600 or 800°K since
the crystal was nqt in good thermal contact with the holder.
Charging of the crystal surface,.of course, would also make the
monitoringiof the intensities of the diffréctioh beams diffictlt

to carry out. In addition,-the possibility -of the chemical decompo- -
sition of the éurface under electron beam inéidence cannot be over-
looked. We were ablé to carry out the temperature dependence

measurements of the diffraction beam intensities under slow cooling
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condiﬁioﬁs using a special technique.v Thé beamvof_electrons was de-

flected from the cryétal except for short peribds of time when the

measuréménts were made. | | |
The.intensity of scattered electrons, neglecting multiple

scattering events, is glven by

T

Ly = !Fhkzlg expl-(16 7® cos®g/2%) <u®>] | (1)

where the exponential term is the‘Debye-Waller-factqr, A is the

electrpn wavelength, ¢ is the angle of incidence with respect to
hkzlz is the scattered"inténsity by the

rigid lattice. Using the Debye model of lattice vibrations in the

the surface normal, and |F

high temperature limif; the mean équare displacement is given by
<u®> = (3m%/Mx)(T/(6=)%] (2)

where 6o is the Debye temperature at the high'temperatﬁre limit, M
and T are the atomic weight and the temperature §f the solid,
respéctively, N is Avogadro‘é number and k and h aré the Boltzmann
and Plahgk constants. \Combinihg these two equations we have

Lug = |Fhkz\2 exp {f(lQNha/Mk)(cos ¢/2)2LT/(ew)2]} (3)

~The logarithm of the intensity of the (OQ) diffraction beam plotted

‘as a function Qf tempefature T gives a straight line. From the‘ |
slope, the root mean square displacement in the direction ﬁerpendicular
to the surface plane, u, can be calculated; of cburse, this can only

. be obtained if the (00) diffraction beam is used to monitor the
tem?efature dependence of the intensity of back-scattered electrons.

In order to Cbtain‘the Debye-Waller factor from the experimental
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intensity curve, the background intensity has to be subtracted.
This way the contribution of thermal diffuse scattering to the total
intensity is removed. We have found that for alkali-hélide crysﬁals,
Just as in the case for metal surfaces, the measured values of the
Debye temperatures were strongly dependent on the electron beam
energy. It is apparent that with'incfeasing electron energy a
largér'fraction of eléctrons scatter from atomic planes which lie‘
below the.surface plane. Thus, at higher electron energies the
experiﬁentally determined Debye temperature approaches the bulk
Debye temPerature value. fhe Debye temperature ﬁhich is charac-
teristic of the surface atoms can be obtained ffbm data taken using
a very low energy electron beém. At such low energies the largest
fraction of the impinging electrons backscatter from the surface
atoms without penetrating deeply into the crystal lattice. The
effective Debye tempefature calculatéd from the‘log I vs. T curves,
using Eq. 3, is plotted as a function of beam vbitage for the (100)
face of NaF. This is shown in Figure 8. 'Iﬁ is apparent that the
surface Debye temperature is much‘smaller than that of the_bulk value.
The surface Debye temperatuie for NaF is about 90°K, a value that is
about .22 times the bulk value (abulk = 410°K). |

It would have been useful to measure the surface Debye
temperature at eiectron energies nearer to zero electroh energy.
This was not possible in our experiment due to the charging of the
crystal. Thus the lowestvelectron energy at which measureménts |
could reliably be made was 50 eV.

The typical value for the surface Debye temperature on.f.c.c.

metalé'is about .5 times that of the bulk value. Values for the ratio
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of the surface Debye teinpera‘bure to the bulk Debye temperature,
for various materials is given in Table 2. Thls ratié appears to
be significantly smaller for NaF than for the studied f.c.c. metal
surfaces._ It appears that the differences in the chemical properties
of thes'e two types of compounds should be responsible for ithe large

differences in the observed surface 4o -bulk Debye temperature ratio.
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VIII. THE DECOMPOSITION OF ALKALI-HALIDE CRYSTAL SURFACES

IN THE ELECTRON BEAM

We have observed that the intensitiesvof_diffraétion beams
back-scattered from NaF, LiF and NaCl surfaceé.havebdecreased as
a function of time at 300°K. Simiiar observations werekmade by
Gallon, et al.,” and by Palmberg and Rhodin,> indicating that the
deterioration of the pattern is due to the inferaction between the
.surface ions and the electron beam. Thesé same writers have also
obserﬁéd the evolution of halogen gas atoﬁs and molecules from
the alkali-halide crystal surfaces during electron bombardment using
a mass spectroﬁeter. Since 6ur purpose‘was tq measure the intensity
vs. eV ¢urve for several diffraction beams accurately forvthe alkali-
halide surfaces, we have to detérmine the effeét of the electron
'beam on .the structure of the.crystal surface. be this reason we
undertook a study of the kinetics of ﬁhe surface deéomposition of
lNaF by low energy'electréns. A constant electron flux about 10'3
émp cmglwas incident near normal on the crystal surface at a given
temperature T in the range 300-450°K and at a given energy. The
intensity of the Specular (00) beam was measurédvas a function of
time t}. Sets of T vs. t curves at different temperatures were taken
at differentzelectron-enérgies in the range 90-225 eV. The decréase
‘of the diffraction beam inténsity is due to the removal of the
surface‘ions from the ordered domain that are responsible for the
vdiffractidn.v This is'by same disordering proceés or by decompqsition
of the sﬁrfacé structure due to é chemicél surface reaction thatv

takes place upon the interaction of the electron beam and the surface
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ion&.‘ Since independent evidenceg’3 indicateé‘that the surface de;
composes -readily upén electron impact, we shall assume that chemical
decompositionvis the domihant‘procéss. Let N Be fhé concentration of
ordered surface sites in units of cm~Z. Since the intensity of the
back-diffracted electron beam, I, is proportional fo the concentration
of ordefed ions on the surfacg, i.e., I = gy, the rate of decamposition
was taken to be proportional to the intensity change as a function of
time. | |

We have found that increasing‘the tempgratuie causes a decrease
in the deccmpoéition fates'under electron impact. A t&pical set bf
curves taken at different temperatures is shown in Figure 9. Changing
the energ& of the incident electron beam seems to have little effect,
within experimental accuracy, on the decomposition rate except at the
highest voltages used (see Figure 10). The rate of decomposition in-
creased with voltage, but dnly tb a significantbextent at about 225 eV, -
the hiéheét electron energy at which the decoﬁposition raﬁes were
studied: Since increases in the surface temperature decrease the rate
of decomposition as measured by the time dependent decrease of the
diffractlon beam inten81ty, it appears that surface damage that is
created by the 1mp1ng1ng electron beam is belng removed by annealing,
i.e., temperature induced diffusion or annihilation of defects that
were created by the electron beam at the surface. In fact, we were
'ablé.t§ eliminate the time dependent deterioration of the diffraction
beam 1ntensities altogetherlby heating the crystal to a high enough

temperature so that the defect removal rate equaled the decomposition

rate. - This occurred at about 450°K for NaF.
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Lét us now analyzé the kinetics of decomposition aésuming the
folléwipg médel fdr the decompositidn. This model gives good qualita-
tive fit to the expefimental data and allows the evaluation of the’
activation energy for the process that removes the damage. Some
assumptioﬁs have been made in this model. 1) The damage due to inter-
aétion of the surface ion with the electron beam that decreases'the
diffraction beam intensity decreases exponentially with distance from
thé surface of the crystai. Let ﬁhe‘form be given by e_ax’ o having
units of cm~'. This is likely because the intensii:& of the electron
beam dies off exponentially ffom the surface.u' 2) The process for
removing the damage'frqm the surfacé can.be assuméd to be ion dr
vacancy diffusion. In steady state it should obey Fick's first law,
J(x) =-DT dp/dx, where J is the flux of diffusible materials, ions
. or Va¢5ncies, in units of sites/cm® sec, Dy is thé diffusivity in
units of cmg/sec, and p is the concentration of thebdamaged sites in
units df'éites/cmz. | .

'Under the experiméntal condiiions the crystalvstarts out with
“some initial damage density in it. This initialvsurface condition
of the crystal was reproduced for each run as nearly as possible. Let

surface is pg 5
us say that the initial damage density at the / (in sites/ecm”). Then,

=X

p(x) = poed-OLX using assumption (1). Using Fick's law, J(x) = aDpP €

and at the surface, J(0) = aDyp . The escaping damage flux at the.

o
surface is the rate of amnealing. If N is the total number of ordered
: D ‘ demage S '
sites/cm2.in the absence of/then'No—N is the total number of damaged
- Jem? ' ' | - -
sites/ ‘The total amount of damage in the crystal per unit area is the

damage density times unit area integrated from the surface into the

crysfal. Hence:



N - N = [ px)ax , (5)
N, - N = po/a (6)
N (7

;‘The observed'rate of change in the crystal is equal to the damage
done by the beam less the rate of annedling. The'rate at which damage
is done is proportional to the concentration of undamagéd surféce sites
N and tolfhe incident electron current icﬁr' The rate of angealing_is

equal to the flux of damaged sites escaping at'fhe surface. Thus,

dN/dp = ;kgicurN + J(0) . | (8)
an/at = -k i N+ abrp | o - (9)
av/at = ki N+ aZDT(NO"- N) (10)
av/at = -k i N -'l a“D N + a®D N_ . - (11)

All these quantities have units of flux.
_The experimental points in Figure 12 which showsthe rate of
decomposition vs. ﬁempefature, were obtainéd from intensity vs. time

data. The intensity vs. time data of Figure 9 were replotted on semi-

log paper in-Figuré 11. The siopes of the resulting curves were ob- ;

tained with a Stréng bias given towardvthe first few points. This was
done éince the first points héve the best signal-to-noise ratio and
because the method of inifial slopes is used in tﬁeir interpretation.
".The sloﬁes of the curves in Figure 11 give fhé rate constant for
deqdmposition. _These_slopes were then replotted in Figure 12, with

one point in Figure 12 for.eagh line in a plot of the type shown in
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Figure 11. Each plotted slope was normelized by dividing by'the
initial intensity.
If all the runs were started at the same initial concentration
of damage (No.~ N') then we have:
. . t 2. - t
(dN/d’c)NzN. ki LN+ DT(NO N*) (12)

Every attempt was made to meke sure the initial condition was the same
from run to run; deviations from the same initial condition account
for the spread in_the data. DiViding by the initial concentration of

damage N':

1 — s 2 . vy /e . \
ﬁ,_.(dm [8) g = K i * O DT(NO - N')/N (13)

Since the measured experimental quantity, the slope in Figure 11, is

L (dI'/at), we apply the equation I = kN to get:
I t . .

1 . ’ \ . | = . | .2 ' t \
-I—,(dI /dt)Izl, = -ki ot g,‘DT(Io -,; )/ 1 (W)

‘Hence the observed normalized‘rate of decomposition is
{aZD (1 - I;)/I'}— ki j tﬁis quantity is_the.real rate of decomposition
T o 2 cur
plus k1 . subtracted from the rate for annealing, a?DT(Io - IY)/1.
At 300°K the decrease of intensity of the diffraction beems is
| rapid. At this temperature the rate of annealing (the sécond term
of the right ﬁand side of Eq. 1k) mﬁst.be at least.an order of mag-
nitﬁdeISmaller'than thevacfual raté of decomposition (the>first térm
on the right side of Eq. 14). As long as there is a sufficient number
| of ordoréd sufféce sites N, thé decomposition can be cohsidered
constanﬁ.(tempefaturevindependenf) since the electronic excitgtion that
» leads»to:decomposition may take plaoerat ahy temperature. This is

e
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clearly*shown by the experimental data in Figu:eblé. Thus we obtain
the rate of anﬁealing that is.strong;y.temperature dependent -
by subtracting the cohétant rate of-decdmpdsition, keicur’ from the
dbser#ed.réte. This is accomplished when the data in'Figure 12 is re-
plotted iﬁ Figuré'l3. From every point of the curve fitted to the
experimentél pOints is subtracted the quéntity ;05 sec_‘l which cor-~
responds to the real rate for deCOmpoSitibn, kzicur‘

The temperature'dependence of the rate of annealing is of the form

/ . To obtain the activation energy of the annealing

A(T)  =_ A e
process the fitted curve of Figure 12 is :eplotted in Figure 13

as- log A(T) vs. 1/T. The slope of this line is the quahtity |
1/2.30(E/R). A value for E of about 7.8 kcal is obtained from this
plot} “ |

' Values for fluoride ion diffusion are not easily obtained due

to the lack of readily available fluorinevtrécerﬁnuclei. It is
probabl ; however, that the values of fluorine diffusion and fluoride
ion vacancy difquion.are near the values'oﬁ that for chloride ion
diffusion'in NaCl. These values are 53 kcal for Cl ion diffusion

in Né.Cl,5 and 20 kcal for chloride ion vacancy diffusion in NaCl.

The value 7.8 kcal would be véry low for fluoride ion diffusion,

.we believe. It is, however, in the right range‘for surface_vacancy
diffusion since the surface diffusidn.of the species that are also
diffﬁsiﬁgzin:the bulk that have face centered cubic crystal structures
have in general.;ctivation energies roughly é that of the bulk dif-
fusion acﬁivafion energies. This ié due to the change of mechanism
of surface diffusion with respect to bulk diffusion due to the

ldwe? number of neighboring iéns at the surfacé that lower the

binding energy of the'diffusing species at a given surface site.
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TX. SURFACE CHEMISTRY OF ALUMINA

The structure of alumina is different from-that which is expected
by the projection of the bulk unit cell to the various crystai
surfaces.. The (0001) crystal face exhibits its (1x1) bulk-like
’structure up to 1250°C under vacuum. It_rearranges, however, above
fhis‘temperature to give a ﬁeak (3% J3) rotated 30° surface
structure. .Upon further heating at the same_temperature, the
(J31x /31)Rt9° surface structure, which is stable to the highest
studied temperature of 1700° is formed. Schematic representations
of the resultant diffrection patterns are shown in Figure li.

It is customary to designate the complex surface structures by

the coefficients of the transformation matrix which generetes the
structures with the two unit cell vectors of the bulk-like substrate,
vectors of equal length, 4,76 8 ana 60° apart. This is given for

the'rptated Gf31x~f31)‘pattern.by

/e J3/2 S 11/2 ~J3/2

~3/2 12 J3/2 11/2

These matrices generate the basis vectors for two domains, A and
B, which must be present on the surface simultaneously in order

( . . . .

to generate the opposite diffraction pattern. This diffraction

pattern:is shown in Fig. 15 . These domains are formed from the
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original unit mesh be expanding the uni£ vectofS'by a factor of~f31
and by rotating them $9°. We shall Show evidence that the ‘alumins
surface which exhibits the rotated Qf31x~f31) surface structure is
oxygen deflclent. The other two crystal faces which have been studled
the (iOlQ) and the (1183) crlentatlons, “have (Qxl) and (4x5)
surface.structures, respectively, at high temperatures (>900°C).

We have been able to confirm - the presence of the surface
sﬁructures on the (0001) face of a-alumina, which'have.also been

) 12 o8
reported by Charig9’ " and Chang.7’

Due tc‘thelreproducibility
of_thesevsurface characteristics there can be little doubt that

these stfuctures ere the property of the clean aiumina. We ﬁave

not employed electron bombardment heating on the samples in our

~ experiments to avoid difficulties in interpreting our results, which
are dﬁe fo the-well-docuiented interaction of the high energy electron

 beam with the crystal surface.

Properties of the rotated Gf3lx~f3;) surface structure. Heaﬁing

by radiaticn the freshly etched (0001) alumina:surface which exhibits
the (lxl) surface structure under.vacuum'above:l250°C readily pro-
duces the rotated Gfslx-fél) surface structure;_ Duiing its forma-
tion, oxygen eVoluﬁion is detectable by mass spectrometry. Oxygen

evolution was also: detected by Char1g9

during the formation of the -
rotated (f 31x.31) surfa.ce ‘structure by electron bombardment - |

heatlng above 900°C. Ion bombardment using high energy (2 keV) Ar o
ions:disorders the surface structure. The GfBl}ofél) surface

structure is readil& regenerated, however, by annealing the surface

at approximately §OO°C. Ton bombardment appears to disorder the

surface without changing the ratio of aluminum to oxygen in the

L A e
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topmoét iayers. Thus,vonce it forms upon heat ﬁréatment at high
tempeiatures, the surface structure is extremely Stable-and re-
producible under various experimental conditions. Its stability
témperature range is cleafly Shdwn by‘the siiicdﬁ depositioh studies
whichihavé been made to inveétigate thevepitaxj of silicon on the.
(0001) alumina surface. Silicon is known to eféh the alumina surface

by remdving both aluﬁinum and oxygen acécording tbvthe overall

reaction 3S8i(g) + Al203 = 35i0(g) + 2A1(g). 'Chang.has detected all

of the gaseous species in their proper atomic ratios by mass
specﬁrometry.E3 Charig, by heating the alﬁmina,surfgce above lOOO°
after deposition of silicon at lower tgmperatures, éither on the
(1x1) or on the rotated (/31 xN 31) surface of.alﬁmina. has revgene;rated
the rotated (/31 %/31) surface structure. Heating the (0001) face
belcw'900°c after silicon deposition yields (1x1) bulk-like surface
structure.

| Ih.order td estdblish that the stable high temperature rotated:
QfBl;ofBl) sﬁrface structure has a cheﬁical composition which'is
different‘from that of the low temperature (ixl)-éurface structure
and to establish its stoichiometry we have heated the (0001) facé
in ex@ess oxygeﬁ.and aluminum vapor. When the rotated Qf31xnf31)
surface structure is heated in oxygén at pressures larger:than
10™* torr, (ﬁhese pfesSuies cOnsidefed to be high‘in ultra high
VAcﬁum LEED studies) at 1200°C the (lxl)vsuifacé‘strﬁcture was
dbtained. Removal of the oxygen and-heatihg to»a slightly'higher
‘temperature (1250°C ér highef) undér vacuum caused the reappearahce
of the;rotated Qf3lx\f31) surface structure; This reversible phase

transfqrmatioh could be induced at willvupon introduction or removal
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of oxygen. The reproducible reversible behavior of the trans-
formatién makes contamination, for example by WO,.where the
interaction_with tungsten is due to.the fact. that tungsten is the
samplé holder matérial, unlikély as a mechanism for the transforha;
- tion. Eressures lower Fhan 10-* tqrr of oxygen did nof induce
defectable‘changes in the high temperature sufface structure during
the usual heat treatment time (15 minutés). When aluﬁinum metal
’ waé condensed on the (0001) alumins surface which exhibits the (1x1)
surface structure, the rotated (/31 =/31) surfacéIStructure was
formed by heating to about 800°C. In the dbsence of excess‘aluminum
on the surface, the (1x1l) surface structure would have formed at
this ﬁempérature. v

The fact that in oxygeﬁ the (1x1) structure is regeﬁerated in
the temperature range of 1200°C where the rotated (/31x./31) structure
is stable and with alumimm the rotated (/31xv31) structure is
formed in the temperatuie range 800°C wherelthe (lxl) structure is
stable, indicates that the (0001) face of alumina undergoes a surface
phase transformation from a (1xl) surface structure to an oxygen—
deficieht rotated (/31 x/31) surface structure which is stable at
high temperatures. This phase transformation can be made reverSiblev
by variation of the chemical surface composition using excess oxygen
or aluﬁinum. The transformsations which have:been found to bccur
undef thé various experimental conditions are summarized in Fig. 16.

The following stateﬁents summarize the results of our experiments,

which can be used to interpret these surface structures of the (0001)

face of a-alumina.
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1) Upon hesting the (0001) face of alumina which exhibits a
'(lxl)\sﬁrfacé structure, in vacuum at temperatures larger than
.300°C, é new ordered sﬁrface structure which caﬁ be charécterized

as GfébeB)-rotated 30° appears. Subsequent heéﬁiné to even higher
temperatures produces the ordered rotated CfSl}nj3l) surface structure.
Simultaneously, there is oxygenievolution from the surface. This
’surféce.struCture,‘once forméd, is extfemély stable under a variety

“of exberimental conditions. .'

2) Heating the high temperature rotatéd'QJBlnbfél) surféce
structure in oxygen at pressures > 10-* torr aﬁleOO-l200°C restores
the low temperature (1x1) surface structure. Fxcess alumimm on the
(0001) surface; on the other hand, catalyzes the reverse order-order
transformation. These results would iﬁdicate that the ordered
surfaée_structures ﬁhich appear at high temperatures are oxygen
deficienf with respect ﬁo the bulk structure of alumina. The transient
Cf3;bf3) surface structure can'be eXpléined to form by reﬁoval of
oxygen atoms or by the addition of aluminum atoms to the (0001)
surféce. A.pOSSible ﬁbdeliof thevrearranged surface Which would give
risg to the observed diffraction pattern is shown in Figure 17.

Other explanations are élso possible. In all_of'the proposed models,
_however,,the substrate serves as a template for the arrangement of
the sﬁrface atoms. ’

| vMany éf the diffractipn patterns which exhibit fractionai order
diffraction beams éan be rationalized in a sﬁraightforward manner.
. The éxtra spots appear at positions which aré Some fraction of the
distance between the integral ordered diffraction beams and they

indicaﬁe the appearance of the new surface periodicity which is an
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integral'multiple of, and is parallel to, the bﬁlk ﬁnit cell. Such
a surface structure can be generated by periodic:buckling of the
surfage or as a fesult:of partial occupation df the available surfaéé
siﬁeé.” Thé éurfacé structure thus forhéd.retains the symmetry of
theiunderlying substrate ‘and there is littlé reasonito postulaté any
vmarked change in the chemlcal bonding of the surface atoms with
4respect to the atcms in the bulk It»ls,however difficult to explain
the appearance of large surface unit cells which éré'alsé rotated
with respect to the bulk unit cell without invoking significant
chemical réarrangemeﬁt of’thé surface layer} The rotated Gf3lxgﬁﬂJ
unit mesh signifies mismatch between the newly'formed surface
structuie and thekunderlying hexagonél.sﬁbstrate. The surface atoms
which dfe buiit into the new structure can no longer adjust to thé
symmétry of the substrate and the observed diffraction patterﬁ is
likely té be due to the coincidence of lattice sites between the
rearféngéd surface layer and the hexagonal subétrate.

| Let us assume that along with the change'in chemical ccmpdsition
the alumlnum catlon, A1’ is reduced.in the ox&gén deficient surface
layer to the Al or Al oxygen state. The ionic radius would be
expected to-increase as the valency is decreaéed. Let us estimate
the ionic radiﬁs-of At ion. This-idn may be more stable than thél

a®t

ibn'bgcause if has a pair bf s éleqtrqns in the outer'sheil.
It can be assﬁmed that thé radii of‘isoeléctronic atoms and ioﬁs
are inverSeiy'proportional to the effective nuclear charges.lo
Usiné this rule and using the interatomié distance of Mg and Na in
the sélid, we have .8 & for the radius ovai+ énd T A‘for A1%*

It is clear that ions of this size will be unable to pack the same
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wey'as_the small .5>K A13+ ions pack in the a-alumina. It seems
unlikely that the larger ions will be able to fit into the holes
in-the‘close-packed oxygen'lattice at all. If the valency of the
aluminum cetion is reduced in the aluminum ricn en:face leyer whose
chenical composition.is closer:to Al20 or AlO then.to Al-03, what
kind of surface structure wonld be expected to form?

Tt is.instructive to compare seﬁeral okides of the M203 type
anich have the same st?ncture as Al-03, such as VgO3,:Fe203 and
Tiz03. These cations-form stable oxides:in'their 2+ oxidation
states as v}ell (vo, FeO and Ti0). The oxides of the MO type,
howevef;_nave face-centered cubic structures. The ratio of the
ionic radii’M;+:02- are very similar forvall the compounds to that
which is found for Als03 and which is expected for AlQ. Both AL20
(vapor) and A1O (vapor) are staole and are detected in the vapor
composition over g-alumina in equilibrium and also during vaporization
intb“vecuum. The other Gronp iIi elements are also known to form
stable oxides in'their higher 3+ oxidation states, Gaz0s3, In;Oz)
T1203, while their vapors,contain the monoielent oXideS, Gaz0, In20
- and TléO in large concentrations. The'monovalent oxides in Group
III of the periodic table, M=20, appear to be much more stable than
the dlvalent oxide of the MO type (Tlgo is a stable SOlld whose
| thermodynamic propertles have-been measured, although only an x-ray
powdef pattern is neported), 'Other.etable monovalent oxideé such
as Liz0 and Nagovwhich"should have Smallef ion ratios as in Al20
form cubic'structures of the fluorite'type.

Thus it appears that if the hlgh temperature oxygen deflclent

rotated GfBl}hfél) surface structure has a comp081tlon which
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corresponds to Alz0 or AlQ, it would be likely to form a eubic
overlayer in.-which the cetion is appreciably larger than in the
_underlying hexagenal (OOOl) substrafe. Strong mismatch due to the
differences in structure and ien sizes in'the two leyers should be
expected. ‘ :

We heVe been able to generete the rotated'6f3ligf3l) surface
struetﬁre by plaeing a cubie overlayer in which the interatomic
distance was increaeed to adjust for the increased cation_radius_
oﬁ'top'of'the (OOOl) substrate. There are several cubie s£ructures
which can generate the roteted Qf3lx\f3l)'unit‘mesh by coincidence
with the (0001) substrate. One of these surface structures is given
in Fig. 17.
| Additional evidence that the Qfélibfél) structure is due to
‘reduced aluminum oxide overlayer comes from studies of the epitaxial
depoéition of silicon oh the.(OOOl) face. Silicon was found to
etch theva-alumina surfaces efficientiy. Silicon, however, is also
a reducing agent which ceﬁld remove oxygen from fhe surface by the
postulated reaction Al-0s + 28i(vapor) = Algo\¥ Sio(vapor) in
“addition to the reaction proposed by Cheng.8 It should be noted
that the reduced oxides Al=0, A10 and O and Al are all among the
producﬁs of_ﬁherdissociafive vaporization of alumine. It was found
that silicon eauses the formeﬁion of the rotated W31 =/31) surface
structure above 900°C at temperatures too low for this phase trans-
formation in vacuum. 'Additional evidence that the rotated (/31 x/31)
surfece structure is composed of a cubic lajer on the hexagonel (0001)
substrete cemes from studies of aluminum oxide'structﬁres which are
Aformed'en the aluminum metal surface. The oxide'ﬁas a eQbrc

structure in this aluminum rich environment.
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So far we have considered the rotated (/31xJ31) structure as
a two-dimensional surface structure which forms due to the composi-
tion change in the tophost atomic layeré at the (0001) face of
a;alumina. The poséibility fhat these struéturél'changes are not
reétrictéd to the surface layér.but are propagated.inﬁo_the bulk of
the solid cannot be.overlooked. It is unlikely, hoﬁever; that the
oXygen deficient structure could be présent in moré thaﬁ a few
atomic léyers in the buik. Siﬁce oxygen has to be rémoved to affect
the suiface rearrangémenf this would make the réte of bulk re-
arrangément oxygen diffﬁsion limited. Thus ﬁhis.érocess would be
markedly decelerated as the thickness of the oxygen deficient layer
increases. If the.reduced oxides of aluminum, Al20 and AlO, are‘v
stable in the.a-alumina surface at élevated'tempefatures, it is
likely \{:hat the other Group IIT oxides of the Mz0 type might also
be stable in the surface environment. Invest_igation of the surface
»structuies of Gaz03 and In-03 would be of interest. It is also
likely that oxides ofbother metals,MgO and BaO, for example, may
have unusual oxidation states which are stabilized in the surface
enviromment. It should be noted that vanadium pentoxide V20s has .
been reported recentiy to undergo a change of surface composition
,acéd@panied by loss of oxygen upon heating in vacuum with a cor-

responding ofder-drder transformation of its surface structure.



-4o-

X. THE SURFACE CHEMISTRY OF SiOz (QUARTZ)

5i0z is an unusual material because.of the number of phase
transformations it undergoes as a function of teﬁperatureibelow
its-melting point. Fach silicon atoﬁ is normaliy bound to k4
oxygeﬁ atoms in the S5iOz structure.. However, the tetrahedfa‘so
formed can point in different directions with litt;e ehange in the
energy of the structure. It is thus not surﬁrisigg that a number
of sﬁecificvphases-may exist es a fﬁnction of temperature.' The
mostvimportant phase is the ohe which is stable at foom temperature,
o~quartz. Another pha.se, the B-quartz, which differs little in
structuie from the a-phase becomes stable.abeve 573°C; The change
from d-quartz to B-quartz ie.very rabid at.the transgition temperature.
If the B-phase is.heated to'a high temperature of 1400°C a slow
transition occurs into a glassy phase. The rate of this transi-
tion is a strong function of temperature. A»LEED pattern has been
vdbtained from the hexagonal (0001) face of quartz. This is shown
in Figure 18. I. Janossy and M. Menyhardl; have also observed
a diffractioh pattern on this face. If the‘crystal is cycled
through the trensition temperature of 573°C where.the a- transitioh
occuis, ﬁo apparent change occurs in the diffraction pattern. The
crjstal, howevef,'often cracks during this heat treatment. This
appears to be dﬁe te the volume change which accempanies the a-p
transition. If the crystal is heated to high temperatures (ebove
1000°C) the diffraction:pattern slowly disappears, presumably due
to the formation of the disordered glassy structure at_the‘surface.

Janossy and Menyhard found that the diffraction pattern disappeafs

at a lower temperature (500°C), however.
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 XI.  THE SURFACE CHEMISTRY OF NaF, LiF, AND NaCl (100) FACE

A1l three alkali halides, NaF, LiF, and NaCl, show no chcngc
ih diffraction~pattern as they are heated to'the highest studiedv
temperature, ~ 800°C for LiF, ~ 850°C for NaF, and L00°C for NaCl,
.that‘is sufficient to evaporafe microscopic amouhts cf material
onto a nuea‘.rby metal surface with the eicperimental times of 10-30
minutes. The crystals wefe in general prepafed by c;eaving them
Jjust before placing.ﬁhem intc the vacuum systcm.: Ehe‘diffraction
pattern was visible'and aftcr this'tréatment exhibited the usual
‘ (lxl) surface structure. The pattern imfroved gféatly; however,
as fhe crystals were heated to within 200°C of the temperature
indicaﬁed aone, where evaporation became rapid-(a_monolayer/sec;
'approiimately). This is most likely due to tﬁe cleaning of the
surface by vaporization that removed.the surface contaminants
that afe volatile at this higher temperature. It appears that the
(100). surfaces of these alkali halides maintain a surface structure
that is characterisite of the bulk unit ccll_at higher temperatures
as“wel; as lower tempefatures. Unlike -alumina and quartz,'alkali
halides do nct undergo surface phasé transformations or changes of

surface composition. -
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 XII.  THE EFFEQT_, OF THE INCIDENT ELECTRON BEAM

"ON THE SURFACE STRUCTURE OF o-ALUMINA

It was shown that alkali halides decompose in the 1ncident
1electron beam, and 51nce the decomp031t10n is rapid, results in
a detected decrease of the 1nten81ty of the diffraction beams
back-scattered from the s1ngle crystal surfaces Aluminum oxide,
':on the other hand, dld not' seem to decompose v181b1y in the
'electron beam even when the low energy electron beam was allowed
'to impinge on the crystal for long periods of ‘time: (hours) The
only 1ndicat10n that the surface chemical compos:.tion might change
under electron bombardment 1s when ‘the crystal developed a Gf3lx\f3l)
”surface structure after several hours of electron bombardment u51ng
8 high_current high voltage'electron‘gun (lOO uamp at 2000 eV)‘
focused.to a small l'mm spot on the crystal surface. Charig12 | o ‘ .?
has also found that the Qf3l:af3l) surface structure forms at | »
rather low temperatures (900°C) in the presence of the electron
beam The differences in the decomposition rates of the surfaces

between alkali halides and alumina arise from differences in their

chemistry. "In alkali-halides the diffus1on of ions and defects 1s . f
rather rapid as indicated by the rapid annealing-of'the surface r
damage When the alkali halide crystals are heated to moderate

temperatures, In alumina surfaces, however,/the diffus1on of either
‘ theigluminum or axygen or lattice defects appears “to bevvery slow '

at the temperatures used in this study (up to 1200°C).
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Table 1.

NaF Data |

Spot Spot. - Intensity Date : Average Average
Angle  Index #1 #2 #3 #4 /Intensity Voltage

9° 00 standard (set at 1.00) 1.00 86

20° 00 A7 31 ke o g2
25° 00 .30 .14 .34 ‘ .26 8
30° 00 .13 0 .1k .21 6 91
9° 00 .82 .8 .60 .76 .76 SR
20° 00 .22 .39 .19 - .26 148
e5° 00 - .13 .08 .16 } .09 160
30° 00 .17 .09 .06 . ..10 158

T 9° _oo7 66 ko .35 BT 216
20° - 00 S 19 .7 .13 .16 225
32° 11, .17 .10 .21 .19 .17 101
ak° 11 .10 .10 .13 .12 B 1 164
Lo 20 .10 12 .27 .24 .18 16
37° 20 .02 .08 .07 .11 .07 176
o 22 .08 .06 .11 .08 177
20° - 10 04 04 .06 - | .05 113
21° . 10 .03 . .0k .ok, 121
1° 10, .ok .06 .06 .05 16
26° 21 .02 .03 .0k .03 - 146

13° 21 .02 <.oh <.ob . ~.03 205

L4o° 32 .03 <..04 < .ok . ~.03 185
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Table 1 (continued)

LiF Data
Spot - Spot Intensity Da.fa Average | Aversge
Angle Index #1 #e #3 #h4 . Intensity Voltage
10° 00 - standard (set at 1.00) 1.00 125
10° . 00 Lo L1 .28 .36 .36 210
10° 00 .38 A Lu6 .46 308
15° 00 46 s 1.08 : 5 123
15° 00 .20 .33 .16 - .25 206
20° 00 L6 .65 .48 53 12
20° 00 .24 .18 kb .17 - .18 202
33° 11 .27 .23 Lee .29 .25 132
27° . 11 .19 .15 .17 220
35° 10 .13 .19 .33 o o .e2 . 8
23 10 .6 .31 .53 W3 158
 Lee 21 .89 | .51 L2 .36 Wb 180

Note: The angle is the angle of the ray forming the spot to the
surface normal. The notation used for th index is LEED
‘notation. 1In this notation 00, 11, 20, 22 are all even

indices; 10, 21, 32 are odd indices.
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Table 2.

 Ratio .of surface Debye temperature to bulk Debye
temperature for several elements. :

Pb .47 Reference 13
. Pd. .52 o
Bi = .41 "

Ag 69 - T
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Schematic representation of three aluminum oxide diffraction
patterns which are due to the appearance of different surface
structures on the (0001) crystal face.
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Fig, (15)

({31 x J31 ) diffraction pattern from the 1\.120:3
(0001) surface
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XBB T18-373k4

Fig. (18)

SiO2 diffraction pattern 150 eV top;

212 eV bottom
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