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Compdéition and Surface Structure of the (0001) Face

of a-Alumina by Low Energy Electron Diffraction
T. M;:Frencﬁ and G. A. Somorjai:

- Inorganic Materials Research Division of the
Lawrence Radiation Laboratory, and the
Department of Chemistry of the
University of California
Berkeley, California 9L720

Abstract:

Théj(QOOl) Crystal'facé of-a—aluﬁina undergoes a change of surface
structufé_ﬁpon heat freafﬁént iﬁ‘vécuum ﬁbove 1250°C. vThis order-order
Aphase tranéfdrmation [(A1(0001) . (1 x 1) - rotated (QZKL xg3l)] is
accompahied by a change‘in the-cheﬁiéal composition 6f the suiface; i. e.
by the loss of oxygen. The structural change is reversible.and either
surface'structure can:be:obtéined alternately by heat ﬁreatmenﬁ of the
samples in‘éxygén (>10'u tbrr) or in the presence of exceés aluminum on
the surfacé.' The large unit cell which characterizes the high-tempefature
oxygen-deficient surface structure is indicati&e of.a marked mismatch-
between the surface iayerjahd the underlying (0001) crystal inentaﬁibn.
Evidencé-is presented ﬁb sﬁbw thaﬁ-ﬁhe éluminum éation-in the high |
temperature surface stfﬁctﬁre is in a reduced valence state'and that the
structure is compééed of a cubic overlayef on the hexagonalvd}aiumina
subétiafe-  It»appearé that compouﬂds wifh unusual oxidation states
Which wégld not be stable ih_the solid state may be stabilized iﬂfthé éurface :

environment.
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Introduction

‘Low energyeﬂectron'diffraction.(LEED)’studies have reveéléd that the
structure of single crjstal_surfaces'can bé correiated with the chemical
bonding properties which charaéterize the solid. Semiconductors (si, |
Ge, GaAs, InSB, diamond,.etc.) have surface sfructures which ére
characterized by unit mesh which are integral multiples of fhe bulk unit
cell.l These surface.structufes‘havé well-defined femperature ranges
of stability and can undergo order-order phase transformations as a function
of temperature. It has been suggested2 that the surface structuresvaiev
due to small, periodic displéceménts of atoms out of the surface plane
(éurface buckling) to optimize the overlap of localized electron orbitals
of the coValentiy bonded atoms. Metal-surfaces with some notable e#ceptions

(ao,3 w6, Bi®

and Sbs), largely appear to haye the same periodicity
at the surface which also characterized the bulk structure. ‘If there

is onl&ﬁécan@y e#pé?i@enta; information available on the struéturé‘qf“a'
few semiconductor and metal surfacés, large band gap insulators have
been investigated to even a lésser exfénta Only a-alumina, 13;1_203,6"7
8,9

and SOme of the alkali halideg have been the subject of loﬁ energy

'eleétron diffraction studies. It has been reported that different

crystal faces of a-alumina assume surface structures after heating to

high temperatures which are different from that predicted by'the bulk

6,7,10

unit cell. Alkali halides, on the other hand, maintain their bulk

structuré up to the surface although- the ffeshly»cleaved surféce maybbe
stabilized by halogen evolution (excess anion vacancies) or precipifation‘

of the alkali'metal (excess cation &acancies),ll
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We have studiéd thé (OOOl)"surfacé ofva~alumiﬁa under a'Variéty
of experimenﬁal conditions in the temperature rangé éf”25° - 17QO°C.>
It is the purpose of thiSvpaper'ﬁo show that_changeé of the strface _
structure aie aécompanied by chénges in the chemical compqsitionv
of the sUrféce. The ordered alumina surface transforms into a new
sﬁrface structure upon heating the solid, with simultaneous evolution
of oxygeh, The transition Between this oxygen-deficient,high-temperature

surface structure and the simple, low-temperature,bulk-like surface is

rgversible and depends on the oxygen pressure and/or the presence of excess

aluminum on the surface. Arguments will be presented to show that the
aluminum cation in the high temperature surface structure is in a

reduced,loWer oxidation state. ‘Such a change in the chemical surface

composition as é function of temperature may not be restricted to alumina

alone but could well be detectable for many compounds with similar

bonding characteristics as well.
wo Experimental = - e

The crystals were the best grade available from the Union Carbide
Corporation. An analysis by the supplier of typical boules showed
impurity levels of.-f(in ppm) Mg < 2, Si < L, Fe <‘2; Ca < é, Ga <2,
Cu < .5. ‘Thé samples which were cut the size 5 x 7T x 1 mm, were sppplied
already oriented to the (OOOl).facé and poiishéd. The crystals were:
chemicaily etched using_potéssium.persulfaté and boric”acid mixéd in'

equal parts by volume. ‘The crystals were heated in the etching mixture

- to approximately 750°C in a gold covered combustion boat for gbout 30

minubes. Using this procedurc, weak diffraction beams were often observed
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without further treatment. Varian LEED apparatus was used for all these
experiments.

‘The crvstal was mounted in a star shaped piece of 1 mil tungsten foil.

‘The points of the star were bent around the sample to nold it securely.

Theré was mihimum contact of the point° with the.front surface. The
tungsten foil was spot welded to tanualum supports Wthh were attached
to the crystal holder and manlnulator

The erystal was heated by radiation from the resiSfimelykheated
tungsten'fdil. The temperature was measured by‘én optical pyrometer
focused on the tungsten which had been vacuum evaporated on the‘back‘of
thé sample.

- Vacuum evaporation by héating the crystal to high temperaturés
(>1200°C) was used most frequently to clean the surface. Ton bombardment
could also be used for surface-cleaning. Ton bombardment using 1-2 kev
argon ions disordered the alﬁmina surface and eliminated the diffraction
features. Heating, above about 900°C after ion 5ombardnent,_would restore
the surface order. The_minimum conditions of ion bombard_ment to disorder
the diffraction pattern were 10_5 torr argon, 2 kev aécelerating )
potential, 4 ma ionizing electron flux for 10 minutes.

Bulk aluminum oxide has a hexagonalvgﬁmuctume. The hexagonal unit
cell has 6 layers of close packed oxygen as showm in Fig.(la). 1In
between these layers im the octéhedmal hoies

: 1 ' o »
are placed the aluminum atoms. 2 In each aluminum layer there are as

many sites as there are oxygen atoms. In order to malntaln the st01ch10maury

characterlstac of Al Os,only 2/3 of the alumlnum 51tes are fllled The

sites that COPE?Ln aluminum atoms are of two kinds as shown in Fig. (lb)o
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The octahedral holes are large enough so that fhe aluminum ioné can
occupy different positions. An octahedral site can either have aﬁ
aluminum in A' position or in B' position or the site can be empfy.
If only the aluminum sites are considered in the successive layers thére
is a progression of A, B;, empﬁyvsite, A', B', empty site, etc. Siﬁce
the oxygen iﬁné are hexagohally close packed, thé oxygén afoms in
successive layers occﬁpy alternating positions which may be labeled
A, B, A, B; Therefore ﬁhe successivé layers of the crystal could be
1sbeled A, A', B, B', A, empty, B, A', A, B', B empty, A, A', etc.  Hencé
-we have éix oxygen layers in the bulk unit cell. | |

The vapor pressure over a-alumina has been measured as a function

' of_temperature. The vapor of aluminum oxides cbnfains both Al0 and
A120 molecules in addition to aluminum and oxygen speciesrl3’lh

Figure (4) shows the vapor pressure curves as reported by Searcy and

and Brewer.13 The melting point of aluminum oxide is 2050°C.

When electrons in the energy iange S-lOO_eV strike the aiuﬁinum
,o#ide surface, a space charge builds up rapidly such_as‘to repel the
incident electron flﬁx before it canmpengtraﬁe the c?ystal-Or‘be'écattered
by the periodic atomip potential atAthe surface. Thus, uﬁder usuél.
"oberating conditioﬁs whichare-employed-iﬁ LEED studies of metal sdrfaces,
no diffraction Pattefn can be obtaiﬁea ffom.gn A1203 surface bgléw s
certain voltage, usually 100eV. This nég@tiye space charge build-up

poses serious limitation to structural studies of insuwlator surfaces

v
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since most of the experimental information about the surface struéture
is obtained in the electron energy range 30-120 QV;'_Above'thése energies
a larger fraction of the elecﬁrons_penetfate below the surfacézand the
back-scattered beam contains more inférmation about the bulk than about
the topmost gtomic layer. Therefore, in iEED,studies of insﬁlétor
surfaceé it is imperative‘that this negative space charge layer be
removed from the studied surface.

We have been successful‘in'removing the negative space charge
layer from the (0001) face of alumina‘by the simultanéous aéplicqtion
of two electron guns; one, operating at 1-2 kvolis at grazing anglé'éf
incidencé ( 15°) was cohtinuoﬁsly discharging the surface while the.
usual ILEED gun, operating.in the range 10 - 350 eV, was used fo‘bbtain
the diffraction pattern. ' |

This technique should be applicable for the élimination'qf'negative
space charge from all those insulator surfaces which a) haﬁé a seéondary
’elédtrbn'EmiSSibn'flui'ébové'afgivéﬁ“ihéideﬁﬁ-eléétron:ené%gyiwhich"is‘
larger than the incident electron flux and which b) do notvdecompose or

otherwise interact chemically with the high energy electron beam. . It is

fwéll known that for many insulators the yield of secondary electrons

whizh leé&e the solid during electron bombardment is greater tﬁan the

incident electron flux, above a certain threshold energy of the

15

incident electron bean. The incident electron energy at which thé

ratic of the secondary electron emission current and the incident

.electron beam current becomes larger'thén unity is often called the

"secondary emission crossover." By continuously spraying the insulator

surface with electrons with energies above the secondary crossover the
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surface can be discherged or a smali positive spece charge may be
established. ‘Since this positive space charge attracts electronsntowerd v
the crystal it does not effect the dlffrectlon process although it may
'chaqge the energy of the 1nc1dent electrons to a small extent
"~ The secondary emission crossover for the clean (0001) face of . .
alumina_which'exhibits a (1x1) surface structure appearsvto be in -
the range 80 - 100 eV. vThe crOsscver energy varied within this ranée'
" from sample to sample and Qas foﬁnd t0 be dependent onvthe purity of
the surface.. Slight'contaminetionvof the surface by tantalumrwhiChv
was often used at first as a crystal holder could increase the crosSorer'
to over 200 eV. ) |
The secondary emission crossover may.also depend on the chemical
surface composition. When the surface structure was changed.to an. -
ordered, oxygen-def1c1ent surface structure (to Dbe dlscussed later) the
crossover energy decreased to approx1mately 50 eV Slnce.heat
treatments were necessary to produce thls new structure and the accompanying
chacges?inasﬁrrace:cémﬁcsition, the possibility of unwanted impurities
' diffﬁsingvto the surface and aiding reduction of the crosscver:cannct be
eliminated. Auger spectroscopy experiments have not revealedvthe presence
- of impurities however. It is likely therefore that the lowering of the
secondary emisslon crosscver is ceused by the cpange in the surfece'
composition of the (0001)- face of alumina. - | =
~Since the electrons from the high energy electron gun whwch
is used to ellmlnate the negative space charge are energetlc engugh to
'pass through the grld system of tThe electron optics and reach the )

fluorescent screen, the background 1nben51ty is increased. Thls however,

does not prevent the detection of diffraction spots from a feirly

Vi
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ordered alumina surface to as low eé at 25 eV incident electron beam
energy from the LEED elecfron gun. The high enefgy'electron flux whichv
is used to:discharge the surface was cut back to a minimum in order.to
minimize’the background'intensity on.fhe fluorescent screen. Figure(3)
gives the secondary electron emiss1on crossover as a functlon of the ratio
of the current from the high energy gun (I ) and the IEED electron gun
) for two dlfferent electron energles of the dlscharglng gun. The
crossover decreases with increasing 12/1 ratlo at first but above

LEED

IE/ILEED)éQ’the ratio remains constant. The crossovef»appears to be
independent of the discharging gun energy in the range 1000-2000 eV.
No studies have been made with the discnarging gun‘belowlthis energy’
range. | | |

Although onr technique, i.e. the simultaneous usevof two electron
guns, was successful in removing the space charge, other techniques might
also be employed in studies of insulator surfaces. For alkali halide
crystals which are known to interact with the electron beam LEED surface
studies may be carried_but~atielevated temperatures ueing thin samples

: the ionic conductivity.

in order to sufficiently increase/\cFor crystals which exhibit photo-
conductivity, illumination by light of suitable wavelength might be
empioyea to increase the surface-conductance and thereby eliminate the
surface space chargee. Puising'the grazing engle electron gun and the.
grids at a well—chosen freéuencyﬁand energieSYCOuld alsc be considered.

ThlS would minimize the high background 1ntens1ty common in experlment'

w1th the continuous appllcatlon of a dlscharglng electron gun
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Surface Structures Qg Alumins -
It is well known that the structure of alumina surfaces is
different from that which is expected by projection of the bulk unit
o ) 7.0 , .

‘cell to the various crystal surfaces. The (0001) crystal face

exhibits ‘its (1 x 1) bulk-like structure up to ~ 1250°C in vacuum.

Tt rearranges above this temperature to give a weak (\/3 x?d3)-(rotated 30°)

surface structure, and upon further heating to the flnal rotated
(\/ 31 x\[3l) surface structure which is stable to the hlghest studled
temperature Qf 1700°C. Schematic representatlons of the resultant
diffractionipatterns are-shown in Fig. (&) | | |

It is eustomary to designate:the eompiex surfaCe structures'by the
coeff1c1ents of its transformatlon matrlx which generate the structures

3

with the unit cell vectors of the. bulk-llke substrate. Thls is g;ven,

for the rotated (\J3l.xyj3l) pattern by

1_1/2 J3/2 - f1f2 . J3/2
\/3/2 11/2 : J3/2 .11/2

Thesetmatrices.generate the two domains whieh_must be present on‘the
surface simultaneously in order to generate the'ebserved diffraction
pattern. These domains are formed from the original unit mesh by
expanding the unit vectors by a factor of \J3l and by rotating them
;eitherﬁ+9° or -9% We shall show evidence that the'alﬁmina surface
whieh exhibitsvthe rotated (\/31 x\J3l)_surfaee.structure is bxygen.

deficient.

i

I
&
¥
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The other two crystal faces, the (1012) and.(ll§3) orientations
which have been studied, give (2 x 1) and(h x 5) surface structures,
respectlverv at high temperatures (> 900 C)

We have been able to confirm the presence of the surface structures
on the (0001)-face of a-alumina which have also been reported by Charig

6 »
»10 “Due to the reproducibility of these surface characteristics

and‘Chang,
there can be little doubt that these structuree are the property of the
clean alumina. We have not employed electron bombardment heating of the
samples in our experlments to av01d difficulties in 1nterpret1ng our
results which are due to the well-documented interaction

6

of the high energy electron beam with the crystal surface.

Properties of the Rotated (\lédig\l3l) Surface Structure

Heating, by radiation, the freshly etched (0001l) alumina surface
which exhibits the (l x 1) surface structure in‘vacuum, above 1250°¢,
readily produces the ‘rotated (*\/31 xd3l) surfaces structure(Fig 5) During
its formation oxygen‘evolution is detectable by mass spectrometer.

Oxygen evolution was also detected by Charig during the formation of

the rotated (\J3l:m\J3l) surface structure by electron bombardment
heating above 9QO°C.1Q Ion bombardment using nigh energy (2 kev) argon
jons disorders the surface structure. Tt is readlly regenerated, however,
by anneallrg the surface at approx1mately 8o0° C. ' Thus, once. 1t forms
upon heat treatment at hlgh temperatures this surface structure is

extremely stable and reproducible under various experimental conditions.,
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Ité'stabiliﬁy ié clearly showﬁ by the silich'dé§osition studies
which héve been.made to investigateithe epitaxy of silicon on ﬁhé (0001)
alumina surface. Silicon is known %o etch the aiﬁmina’surface by

removing both aluminum and oxygen éccording to the overall reaction7:

"Chang has'détected all of the gaseous species in their proper

7,16 Heating-ﬂhe alumina surface

atomic ratios by mass-sﬁectrometer.
above 900°C, after deposition of silicon at lower tgmperatures either

on the (1 x.l) or rptated"(\l3l x\J3i) surface of alumina, has regeﬁerated
the rotated (\/31 x \J3i);surfage-structure;' Heating fhe (0001) face
below_9bO°C after silicon deposition, yields the (1 x 1) bulk-like surface
: structure-' | | | o

In order to establish that the stable high témperatuie rotated

(\J31_x2\[3l) surface'structpre has a chemical composition which is different

from ﬁhaf of the low témperature.(l_x 1) surface structure and to

. establish its stoichiometry we have heated the (0001) face in excess oxygen

and aluminum vapor. ' . ' ' .
| When the rotated (\J3l,x\J3l) surface.strﬁétﬁre:iS'heated in.oxygen:

at-préssﬁres > lofh'torr (these pressurés considefed to be high in ulﬁra

high vacuum LEED studies) at 1200°C the (1 x 1) surface structure was

obtained. Removal of . the oxygen and heating to a slightly higher temperature vl

(1250°C or higher) in vacuum caused the reappearance of the rotated

(\J3l:wa3l) surface structure. This reversible phase tranéformationA

-

could be induced at will;upon’introductioh or removal of oxygen.

J

.l
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Pressures lower than 1o'h torrhdid notvinduce.detectable chahges_in-the
high’temperature surface structure dcring the usual heat treatment-fimes
(15 minufes).

| Wheﬁ eiumiﬁdm metal was condensed on the (0001) alumina surface‘which
exﬁibits the (l x 1) surface structure, the rotated (\JBlIX\J3lj
surface Structure”iS'formed.witﬁ heating'to 800°C. In the absence
of excess alumlnum on the surface, the (1 X 1) surface structure would
have been stable. Thus, “the structural changes which occur in vacuum
(mass spectrometric detection of oxygen while the rotated (\Jﬁl xv\/3l)
structure forms), in oxygen (the (1 x 1) surface structure is regenerated
1nettemperature range, ~ 11200° C where the rotated’ (1#31 b4 QJ31) structure
is stable), and w1th_elum1num (the rotated_(gg3l xﬁ!31) structure is
formed in a temperature range, ~ 800°C, where the (1 x 1) surface V

structure is stable) indicate that the (0001) face of alumina undergoes

a surface phase transformation from a (l x 1) surface structure to-an

oxygen-deficient, rotated (§J3l X g!31) surface structure which 1s stable
at high temperatures. This phase transformation can be made reversible
by variation.ofvthe cheﬁical surface composiﬁion using excessvcxygen or
aluminum. ' The transformations which have been found to occur under the

various_experimental conditions may be summarized by the following diagram:

~ 800°C excess Al

_ ' _E > 1250°C vacuum @ _
51) - Y e _ > . (e \
A;203> (0001) - (1 z‘l) A1,0, (0001) - (3J3l XQJBl,

B

1000° - 1200°C, >10~% torr oxygen

>900°C excess Si

<900°C excess Si
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Discussion = S ' ” {

The following statements summarize those results of our experiments

which can be used to interpret the surface structures of a-alumina. e

1. Upon heating the (0001) face of alumina, which exhibits a
(2 x 1) surface structure, in vacuun ( >Boo°C) uewvorderedvsurface
structure which can be characterized as QJ3:XQJ3 rotated 30é'a§§ears.
Subsequentaheaﬁing to even high teméeratures uroduces the'ordered
rotated (%/31 x d?)l) surface structure. Slmultaneously, there is oxygen -
evolution from the surface. Thls surface structure, once formed, is

extremely stable underva varlety of experimental cpndltlons.

2, Heatlng the high temperature rotated (QJ31 X %/31) surface
structure in oxygen at pressures greater than 10° torr at lOOO - 1200 C,
restores the low temperature (1 x 1) surface structure |
[(gsl x %/31) (1 x 1)].  Excess alumimm on the (0001) facé ’on'the
other hand, catalyzes the reverse [(l x l)———q» (%J3l x€J3l)] order-order -
transformatlon at ~ 800°C. N '

These results would indicate that the ~ordered surface strucﬁures

B 4

which appear at hlgh uemperature are oxygen def1c1ent w1th respect to

the bulk struCuure of alumlna The tran51ent ({3 X‘JB) surface structure (v

can be explalned to form by -the removal of oxygen atoms or by the

addition of aluminum atoms to the (0001) surface. A possible medelvof

the rearranéed surface which would give rise to the observed éiffraction o : |
pattern is shown in Figure 5. Other explanations are also possibie:v

in all qf_the-prdposed models houeVGr; thé‘substrate serves as;a template i

for the arrangement of the surface atoms.
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Many of the diffraction patterns which exhibit fractioﬁal ordér.
difffaétibn beams can be ratiocnalized in a straightforward manner. The
extra spoﬁs sppear at positions which are some fraction of the distance
between the ihtegral order diffraction beéms and theY-indicate,the appearance
of 2 new surface periodicity which is integral multiple of, and is parallel
to thé bulk unit cell. Such a surface structure can be'generated by -

_ periOdié bucklihg of the surface br by the result of partial oCcupatidn
of the afailable surface sites. The surface strugture thus formed retains
tﬁe-symmetry of the underlying substrate and thérg is little reaéén to
postulate any marked change ih the chemical bonding of suffacé atoms with
respect to the atoms in the bulk. |

It is however, ifficult to explain the appearance of large surfaée'
unit cells which are also rotated with'respect to the 5ulk unit cell without
invoking significant chemical'fearrangements in the surface léyer. The
rotated (_g?;l x#3l ) unit mesh signifies marked mismatch betwéen the
newly formed surface structure and the underlying hexagonal substrate.
The'surface atoms which are built into the new structure can no longer 
adjust to tﬁe syrmmetry of the substrate, and the observed diffraétidn
pattern is likely to be due to the coincidence of lattice_siteé between
the fearrénged surfacg layer and the hexagonal substrate.

Let us assume that, along with the change of chemical com?osition,
the aluminum cation, A13+, is reduced in the oxygen-deficient surface
layer to the Alf (or A12+) oxidationvstate. The ionic radius would be
expected to increase as the Valency isvdecreased. Let us estimate the
" ionic radius of Al+1 ion. . This ion may be more stable than the Al+2vion
becausé it has a pailr of s electrons in the outer chell. 4t can be

assumed that the radii of isoelectronic atoms and ions are inversely
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proportional to the effective nuclear charges. Using this rule and
uéing the interatomic distance of Mg and Na in the SOlid, we have ~ 0.8 A
for the radius of Al l, and ~ 0.7 A for the Al+2 radius. It is clear that

ions of this size will be unable to pack the same way as the small

3

o
: +3. ;
(.5 A) A1~ ions pack in the c-alumina. It seems unlikely that the

larger ions will be able to fit in the "holes" in a close packed oxygen
lattice at all. If the véléncy of the aluminum cation is reduced in the
aluminum;rich surface layer whose chemical composition should be closer

to AlEO or Al0 than to A1203 what kind of surface structure would be

expected to'form? It is instructive to compare several oxides of thé

M203 type which have the same structure as A1203 such as V203, a --Fe203

and Ti203-l'2 These cations form stable oxides in their +2 oxidation states
o 18 e |

‘as well (VO, FeO and TiO). The oxides of the MO type however, have

face centered cubic structure. The ratio of the ionic radii'M3+/02f and.

+, 2= : -
M2 /02 are very similar for all these compounds to that which is found

for A1203 and is expected for Al0.

Both, Aleo (vapor) and AlO(vapor) are stable, were detected in the
vapor composition'over a=-alumina in eguilibrium and also'during
vaporization into vacuum. The other group III elements are also known

to form stable oxides in their higher (3+) oxidation states (Ga203, In203,

"T1203) while their vapors'cdntain the monovalent oxides (Ga, 0 In20 and

2 5
14,20 ”

T120) in large concentrations. The monovalent oxides in group IIT

of the periodic table,fMQO, appear tp be much more stable* than the divalent

* TlQO is a stable solid whose ﬁhermodynamic properties have been measured

although only an X-ray rowder pattern is reported.

%
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oxides ofvthe MO type. Other stable’monovalent oxides such as LiQQ and
Naeo whiCh should haue similar ion ratios as in}Aled’formkcubic!struCturesi_
of the fluorite (CaF ) type.
Thus, 1t appears that if the high temperature oxygen de?1c1ent rotated

(Qg3l xl% 31) surface structure has a compos1tlon which corresponds to

-AJ. 0 (or Alo) it would be likely to form a cublc overlayer in which the

cation is appreciably larger than in the Underlying hexagonal (0001)
substrate. Strong mismatch due to the differences in structure and-ion
sizes in tne two layers should be expected ”

We have been able to generate the rotated (%’31 x %/31) su_rface
structure by placlng a cubic overlayer in whlch-the interatomic distance
was increased to adjust for thelincreased cation radius on top of_the'(OOOl)
substrate. There are several cubic structures which can generate.the
rotated (v#?)l x %/31) unit mesh by coincidence with the (OOOi) subvstrate.
One of these surface structures are given inFigure (6). | |

Addltlonal ev1dence that the G€3l xu@%l) structure is due to a
reduced alumlnum oxide overlayer comes from studies of the epltax1al
deposition,of silicon on the (0001) face. Silicon was found'to etch
the a-alumina surfaces efficiently. Silicon however, iSvalso a reducing
agent which can'reuove oxygen from the surfacebby the reection%o

A1 O + 2Si(vapor)—sAl O + SiO(vapor). It was found that silicon

23 2
catalyzes the formation of the rotated (Q?ﬂ..x #31) surface structure
at 800 C, a tenperature too low for thls phase transformatlon in vacuum

Addlttonal ev1dence that the rotated (QJ31 b'4 g?;l) surface structure

is composed of a cubic overlayer on the hexagonal (0001) substrate comes
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from studies of aluminum oXide-Strﬁcturés which are formed on the
aluminum metal surface. The oxide has a cubic stfucfure-in this aluminum
rich envirénment-2l
If the reduced oxides'of.aluminum, AlEO’or Alo; are stable in

the a~alumina surface at elevated temperatures, it is likely that

the other group III oxides of the MQO type mightbalso be stable in the

surface envifonment. Investigatiqn of the surface structures of Ga, 0

2’3

‘and In203 would be of interest. It is also likely that oxides of other

metals (Mg0, BaO for example) may have unusual oxidation states which
are stabilized in the surface environment. It should be noted that

vanadivm pentoxide, VEO has been reported recentlye2 to undergO'a'chahge

5
of surface composition (accompanied by loss of oxygen) upon heating in

vacuun with a corresponding order-order transformation of its surface

structure:
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C-Qxis

XBL 701-1

Fig. la. Bulk structure of 0-Al;0; as viewed along the c-axis.
Large balls are oxygen ions and the small balls, show

the position of the alumirfum ions.

.
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XBL 701-2

- Fig. 1b. Top view of the Oé-AlEO5 structure from the direction of

the c-face. The dotted balls are underneath the oxygen
layer. .

U
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Flg 2. The vapor composition over alumnium _oxide.
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The secondary emission crossover as a function of the gun

current ratio, IQ/I scaled by an arbitrary factor, for
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two different electron energies of the second gun.
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Fig. L4. Schematic representation of thiee aluminum oxide diffraction .
patterns which are due to the appearance of different surface
structures on the (0001) crystal face. :
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"One of ‘the possible unit cells to generate the rotated (W3 x/3).
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~ Fig. 6. (a) the hexagonal unit cell of the (0001) substrate and the
- (b)) square unit cell of the oxygen deficient overlayer which
together generate the (c) unit cell corresponding to the rot-

ated (VW31 ><~/_51) by coincidence.
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XBB 6910-7008

Fig. 7. The diffraction patterns which correspond to the (a)
(1X1) and to the high temperature (b) rotated G/lejzl)
surface structures.
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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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