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Composition and Surface Structure of the (0001) -Face 

of.~-Alumina by Low Energy Electron Diffraction 

T. M. French 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 94720 

Abstract· 
~ 

The (0001) crystal face of ci-alumina undergoes. a change of surface 

structure upon heat treatment in vacuum above 1250°C. This order-order 

phase transformation [(Al(OOOl) - (1 x 1) _.,_rotated ( ~31 x ~ 31)] is 

accompanied by a change in the chemical composition of the surface, i. e. 

by the loss of oxygen. The structural change is reversible and either 

surface structure can be obtained alternately by heat treatment of the 

samples in oxygen (>lo-4 torr) or in the presence of excess aluminum on 

the surface. The large unit cell which characterizes the high-temperature 

oxygen-deficient surface structure is indicative of a marked mismatch 

between the surface layer and the underlying (0001) crystal orientation. 

Evidence is presented to s,how that the aluminum cation in the high 

temperature surface structure is in a reduced valence state and that the 

structure in composed of a cubic overlayer on the hexagonal ~~alumina 

substrate. It appears that compounds with unusual oxidation states 

which would not be stable in the solid state may be stabilized in the sur'face 

environment. 
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Introduction 

Low energyelectron diffraction (LEED) studies have revealed that the 

structure of single crystal surfaces can be correl~ted with the chemical 

bonding properties which characterize the solid. Semiconductors (Si, 

Ge, GaAs, InSb, diamond, etc.) have surface structures which are 

characterized by unit mesh whi<;:h are integral :multiples of the bu.lk unit 
1 

cell. These surface structures have well-defined temperature ranges 

of stability and can undergo order-order phase transformations as a fUnction 

of temperature. 2 It has been suggested that the surface structures are 

due to small, periodic displacements of atoms out of the surface plane 

(surface buckling) to optimize the overlap of localized electron orbitals 

of the covalently bonded atoms. Metal surfaces with some notable exceptions 

(Au, 3 Ft, 4 Bi5 and Sb5), largely appear to have the same periodicity 

at the surface which also characterized the bulk structure. If there 

is only scan~y experi:wental information available on the structure o_f..a 

few semiconductor and metal surfaces, large band gap insulators have 

- 6,7 been investigated to even a lesser extent. Only a-alumina, Al2o
3

, 

and some of the alkali halide~8 ' 9 have been the subject of lmr energy 
. ·"'· ... · 

electron 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 

t ll 6, 7, 10 Alk t uni ce • ali halides, on he other hand, maintain their buJ.k 

structure up to the surface although the freshly cleaved surface may be 

stabilized by halogen evolution (excess anion vacancies) or precipitation 

of the alkali"metal (excess cation vacancies). 11 
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We have studied the (0001) surface of a.-alumina under a variety 

of experimental conditions in the temperature range of 25° - 1700°C. 

It is the purpose of this pa~er to shmr that change~ of the surface 

structure ar·e accompanied by changes in the chemical composition 

of the surface. The ordered alumina surface transforms into a new 

surface structure upon heating the solid, with simultaneous evolution 

of oxygen. The transition between this oxygen-deficient,high-temperatuTe 

surface structure and the simpl~·low-temperature,bulk-like surface is 

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

aluminum on the surface. Arguments will be presented to shmr that the 

aluminum cation in the high temperature surface structure is in a 

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

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

alone but could well be detectable for many compounds with similar 

bonding characteristics as well. 

Experimental 
~ 

The crystals were the best grade available from the Union Carbide 

Corporation. An analysis by the supplier of typical boules showed 

impurity levels of --(in ppm) M~ < 2, Si < 4, Fe< 2, Ca < 2, Ga < 2, 

\1 : 
"' I 

Cu < ·5· The samples which were cut the size 5 x 7 x 1 mm, were sup~lied t' 

already oriented to the (0001) face and polished. The cry_et.a.l_p were 
v 

chemically etched using potassium persulfate and boric acid mixed in 

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

to approxi:rr.ately 750°C in a gold covered combustion boat for about 30 

mj_nutes. U:sing this :proced"LJrc, yeak diffraction bcarns '.:ere often observed 

!·'· 
l' 

i 
I 

i 
1. 
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without further treatment. Varian LEED apparatus was used for all these 

experiments • 

The c:cvstal was mounted in a star shaped piece of l 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 

tungsten foil was spot welded to tantalum supports which were attached 

to the crystal holder and manipu+ator. 

The crystal was heated by radiation from the resistively heated 

tungsten· foil. The temperature was measured by an optical pyrometer 

focused on the tungsten which had been vacuum evaporated on the back of 

the sample. 

Vacuum evaporation by heating the crystal to high temperatures 

(>1200°C) was used most frequently to clean the surface. Ion bombardment 

could also be used for surface cleaning. Ion bombardment using 1-2 kev 

argon ions disordered the alumina surface and eliminated the diffraction 

features. Heating, above about 900°C after ion bombardment, would restore 

the surface order. The minimum conditions of ion bombardment to disorder 

the diffraction pattern were 10-5 torr argon, 2 kev accelerating 

potential, 4 rna ionizing electron flux for 10 minutes. 

Bulk aluminum oxide has a hexagonal structure. The hexagonal unit 

cell has 6 layers of close packed oxygen as shown in Fig.(la). In 

between these layers in the octahedral holes 

are placed the aluminum atoms.
12 

In each aluminum layer there are as 

many sites as there are oxygen atoms. In order to maintain the stoichiometry 

characteristic of Al2o
3

,only 2/3 of the aluminum sites are filled. The 

sites that contain aluminwn atoms are of tvro kinds as shovm in Fig. (lb). 



UCRL-19146 

-4-

The octahedral holes are large enough so that the aluminum ions can 

occupy different positions. An octahedral site can either have an 

aluminum in A' position or in B' positiun or the site can be empty. 

If only the aluminum sites are considered in the successive layers there 
v 

is a progression of A', B', empty site, A', B', empty site, etc. Since 

the oxygen ions are hexagonally close packed, the oxygen atoms in 

successive layers occupy alterna~ing positions which may be labeled 

A, B, A, B. Therefore the successive layers of the crystal could be 

labeled A, A', B, B', A, empty, B, A', A, B', B empty, A, At, etc. Hence 

we have six 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 contains both AlO and 

Al
2

0 molecu1es in addition to aluminum and . 13,14 oxygen specles. 

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

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

~£f~,9~~~~ 
During LEED Studies 
~~~ 

When electrons in the energy range 5-100 eV strike the aluminum 

oxide surface, a space charge builds up rapidly such as to repel the 

incident electron flux before it can penetrate the crystal or be scattered ~, 

by the periodic atomic potential at the surface. Thus, under usual 

operating conditions whichare employed in LEED studies of metal surfaces, 

no diffraction pattern can be obtained from an Al20
3 

surface below a 

certain voltage, usually lOOeV. This negatiye space charge build-up 

poses serious limitation to structural -s~ud,ies of insulator surfaces 

v 
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since most of the experimental information about the surface structure 

is obtained in the electron energy range 30-120 eV. Above these energies 

a larger i:action of the electrons penetrate below the surface and the 

back-scattered beam contains more information about the bulk than about 

the topmost atomic layer. Therefore, in LEED studies of insulator 

surfaces 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 simultaneous application 

of two electron guns; one, operating at 1-2 kvolts at grazing aP~le of 

incidence ( 15°) was continuously discharging the surface while the 

usual LEED gun, operating in the range 10 - 350 eV, was used to obtain 

the diffraction pattern. 

This technique should be applicable for the elimination of negative 

space charge from all those insulator surfaces which a) have a secondary 

·electron emissio'n· flux above· a· giv-en.· incident ~el:ee-tr.o;a ene-rgy ·which "J..s; 

larger than the incident electron flux and which b) do not decompose or 

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

·""well known t:Qa"!;. for many insulators the yield of secondary electrons 

~lii~h le~~e the solid during electron bombardment is greater than the 

incident electron flux, above a certain threshold energy of the 

incident electron beam. 15 The incident electron energy at which the 

ratio/of the secondary electron emission current and the incident 

electron beam current becomes larger than unity is often called the 

!!secondary emission crossover." By continuously spraying the insulator 

surface -vrith electrons with energies above the secondary crossover the 
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surface can be discharged or a small positive space charge may be 

established. Since this positive space charge attracts electrons tmvard 

the crystal it does not effect .the diffraction process although it .may 

change the energy of the incident electrons to a small extent. 

The secondary emission· crossover for the clean (0001) face of 

alumina which exhibits a (1 xl) surface structure appears to be in 

the range 8o - 100 eV. The crossover energy varied within this range 

from sample to sample and was found to be dependent on the purity of 

the surface. Slight contamination of the surface by tantalum which 

was often used at first as a crystal holder could increase the crossover 

to over 200 eV. 

The secondary emission crossover may also depend on the chemical 

surface composition. When the surface structure was changed to an 
I 

ordered, oxygen-deficient s~rface structure (to be discussed later) the 

crossover energy decreased to approximately 50 eV. Since .heat 

treatments were necessa_ry. to P+o.du~.e this new structure and the accompanying 

chang.esin ""s~fac~ ·composition, the possibility of unwanted impurities 

diffusing to the surface and aiding reduction of the crossover cannot be 

eliminated. Auger spectroscopy experiments have riot revealed the presence 

of impurities however. It is likely therefore that the lowering of the 

secondary emission crossover is caused by the change in the ~urface 

composition of the (0001)- f~ce of alumina. 

Since the electrons from the high energy electron gun whic.h 
l-·· 

is used to eliminate the negative space charge are energetic eno;ugh to 
· .. 
,;. 

pass through the grid system of the electron optics and reach the 

fluorescent screen, the backeround intensity is increased. This, however, 

does not prevent the detection of diffraction spots from a fairly 

v: 
I 

,, 

,I 
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ordered alumina surface to as low as at 25 eV incident electron beam 

energy from the LEED electron gun. The high energy electron flux which 

is used to discharge the surface was cut back to a minimum in order to 

minimize the .background intensity on the fluorescent screen. Figure(3) 

gives the secondary electron emission crossover as a function of the ratio 

of the current from the high energy gun (I2) and the I.EED electron gun 

(ILEED) for two different electr~n energies of the discharging gun. The 

crossover decreases with increasing I~ILEED ratio at first but above 

I~ILEED =2,the ratio remains constant. The crossover appears to be 

independent of the discharging gun energy in the range 1000-2000 eV. 

No studies have been made with the discharging gun below this energy 

range. 

Although our technique, i.e. the simultaneous use of two electron 

guns, wassuccessful 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 out at elevated temperatures using thin samples 
the ionic conductivity. 

in order to sufficiently increaseA. I<,or crystals which exhibit photo-

conductivity, illumination by light of suitable wavelength might be 

employed to increase the surface conductance and thereby eliminate. the 

surface space charge. Pulsing-the grazing angle electron gun and the 

grids at a well-chosen frequency-and energies could also be considered. 

This would minimize tbe high background intensity common in experiment;J 

with the continuous application of a discharging electron gun. 

· .. ~ ., 
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It is well known that the structure of alumina surfaces is 

different from that which is expected by proj.ection of the bulk unit 

cell to the various crystal surfaces. 7'
10 

The (0001) crystal fa~e 

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

It rearranges above this temperature to give a weak ( \}3 x \}3)-(rotated 30°) 

surface str~cture, and upon further heatirig to the final rotated 

( \} 31 x \)31) surface structure which is stable to the highest studied 

temperature of l700°C. Schematic representations of the resultant 

diffraction patterns are shown in Fig. ( 4) 

It is customary to designate the complex surface structures by the 

coefficients of its transformation matrix which generate the structures 

with the unit cell vectors of the bulk-like substrate. 3 This is given, 

for the rotated ( --J 31 x \)31) pattern by 

~3/2) 
ll/2 (

11/2 

B = ~3/2 
- ~3/2) I 

. 11/2 

These matrices generate the two domains which must be present on the 

surface simultaneously in order to generate the observed diffraction 

pattern. Tr1ese domains are formed from the original unit mesh by 

expanding the unit vectors by a factor of V31 and by rotating them 

~either + 9° or - 9°· We shall show evidence that the alumina surface 

which exhibits the rotated ( \}31 x\)31) surface structure is oxygen 

deficient. 
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The other two crystal faces, the (1012) and (1123) orientations 

which have been.studied, give (2 x 1) and(4 x 5) surface structures, 

respective~y at high temperatures (> 900°C).
10 

We have been able to confirm the presence of the surface structures 

on the (0001)-face of ~-alumina which have also been reported by Charig 

6 10 
and Chang. ' Due to the reproducibility of these surface characteristics 

there can be little doubt that these structures are the property of the 

clean alumina. We have.not employed electron bombardment heating of the 

samples in otir experiments to avoid difficulties in interpreting our 

results which are due to the well-documented interaction 
6 

of the high energy electron beam with the crystal surface. 

Heating, by radiation, the freshly etched (0001) alumina surface 

which exhibits the (1 x l) surface structure in vacuum, above 1250°G, 

readily produces the rotated ( V 31 x "31) 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 ( V31 x ~31) surface structure by electron bombardment 

heating al)ove 900°C.
10 

Ion bombardment using high energy (2 ke;v) argon 

ions disorders the surface structure. It is readily regenerated, however, 

by anneali!".g the surface at approximately 8o0°C. Thus, once it forms 

upon heat treatment at high temperatures this surface structure is 

extremely stable and reproducible under various experimental conditions. 



-10.;. 

Its stability is clearly shown by the silicon deposition studies 

which have been made to investigate the epitaxy of silicon on the ( 0001) 

alumina surf~ce. Silicon is known to etch the alumina surface by 

removing both aluminum and oxygen according to the overall reaction7: 

3Si(g) + Al2o
3 

= 3SiO(g) + 2Al(g) 

Chang 'has detectE;!d all of the gaseous species in their proper 

atomic ratios by mass-spectrometer. 7'
16 

Heating the alumina surface 

above 900°C, after deposition of silicon at lower temperatures either 

on the (1 x 1) or rotateci·(~31 x-,J3i) s~face of alumina, has regenerated 

the rotated ( '\] 31 x ~ 31) .surface structure.· Heating the (0001) face 

below 900°C after silicon deposition, yields the (1 x 1) bulk-like surface 

structure. 

In order to establish that the stable high temperature rotated 

( ~ 31 x ~ 31) surface structure has a chemical composition which is different 

from that of the low temperature (1 x 1) surface structure and to 

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

and aluminum vapor. 

When the rotated ("31 x~31) surface structure is heated in oxygen 

at pressures > 10-4 torr (these pressures considered to be high in ultra 

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

i 
!. 

i 
(j :·.·. 

i. 

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

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

("31 x"31) surface structure. This reversible phase transformation 

could be induced at will upon introduction or removal of oxygen. 
. I 
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-4 Pressures lmrer than 10 torr did not induce detectable changes in the 

high temperature surface structure during the usual heat treatment times 

(15 minute~). 

'tlilben aluminUm metal was condensed on the ( 0001) alumina surface vrhich 

exhibits the (1 X 1) surface structure, the rotated ( "31 X "\/31) 

surface structure is formed with heating to 8o0°C. In the absence 

of excess aluminum 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 ( "31 x " 31) 

structure forms), in oxygen (the (1 x 1) surface structure is regenerated 

inatemperattire range,"' 1200°C, where the rotated·(~31 X ~31) structure 

is stable), and with aluminum (the rotated ( ~31 x~31) structure is 

formed in a temperature range, rv 8o0°C, where the (1 X 1) SUrface 

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

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

oxygen-deficien~ rotated ( ~ 31 x ~ 31) ·surface structure which is stable 

at high temperatures. This phase transformation can be made reversible 

by variation of the chemical surface composition using excess oxygen or 

aluminum. The transformations which have been found to occur under the 

various experimental conditions may be SUI!h'Ilarized by the following diagra.rn: 

> 1250°C vacuum l . 
Al2o

3 
(0001) - (1 x 1) Al2o

3 
(0001) - (~31 x~31~ 

~~---------------------~ 
1000°, - 1200°C, >lo:-4 torr oxygen 

~-----·-· ·~ _ .. __ _ -----------------------
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The following statements summarize those results of our experiments 

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

1. Upon heating the (0001) face of alumina, which exhibits a 

(1 x 1) surface structure, in vacuum ( >8o0°C) new ordered surface 

structure which can be characterized as ~ 3 x ~3 rotated 30° appears. 

Subsequent heating to even high temperatures produces the ordered 

rotated ( ~ 31 x ~ 31) surface structure. Simultaneously, there is oxygen · 

evolution from the surface. This surface structure, once formed, is 

extremely stable under a variety of experimental conditions. 

2. Heating the high temperature rotated ( ~ 31 x ~31) surface 

-'+ . structure in oxygen at pressures greater than 10 torr at 1000 - 1200°C, 

restores the iow temperature (:1 x 1) s-urface structure 

[( ~ 31 x~31) ~ (l x l) ]. Excess alum:i..num on the (0001) face on the 

other hand, catalyzes the reverse [(l x l)~ (~31 x~3l)] order-order 

transformation at ~ 8o0°C. 

These results would indicate that the ordered surface structures 

which appear at high temperature are oxygen deficie'nt with respect to 

the bulk structure of alumina. :The transient ( ~ 3 x. ~3) surface strucbJ.re 

can be explained to form by the removal of oxygen atoms or by the 

·- ·- addition of aluminum atoms to the (0001) surface. A possible model of 

the rearranged surface vrhich wouJ.d give rise to the obsel~ved diffraction 

pattern is shovm in Figtrce 5. other explanations are also possible: 

in all of the proposed models hm;ever, the· substrate serves as a template 

for the arrangement of the surface atoms. 

r, 

u 

v 

I 
. i 
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Many of the diffraction patterns which exhibit fractional order 

diffraction beams can be rationalized in a straightforward manner. The 

extra spots appear at positions which are some fraction of the distance 

between the integral order diffraction beams and they indicate. the appearance 

of a new surface periodicity which is integral multiple of, and is parallel 

to the bulk unit cell. Such a surface structure can be generated by . 

periodic buckling of the surface or by the result of partial occupation 

of the available surface sites. The surface structure thus formed retains 

the symmetry of the underlying substrate and there is little reason to 

postulate any marked change in the chemical bondiP~ of surface atoms with 

respect to the atoms in the bulk. 

It is however, difficult to explain the appearance of large surface 

unit cells which are also rotated with respect to the bulk unit cell without 

invoking significant chemical rearrangements in the surface layer. The 

rotated (~31 x~31 ) unit mesh signifies marked mismatch between the 

newly formed surface structure and the underlying hexagonal subst.rate. 

The surface atoms which are built into the new structure can no longer . 

adjust to the symmetry of the substrate, and the observed diffractio~ 

pattern is likely to be due to the coincidence of lattice sites between 

the rearranged surface layer and the hexagonal substrate. 

Let us assume that, along with the change of chemical composition, 

the alumin\illl cation, Al
3
+, is reduced in the oxygen-deficient surface 

+ 2+ layer to the Al (or Al ) oxidation state. The ionic radius would be 

expected to increase as the valency is decreased. Let us estimate the 

. . ·d.. f Al+l . Th" . b .._ bl th th Al+2 . ~on~c ra lUS o lon. · ~s lOn may e more s~a e an e. lon 

because it has a pair of s electrons in the outer ~,;hell. It can be 

assumed that the radii of isoelectronic atoms ·~t,:-.1 ions are inversely 
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17 proportional to the effective nuclear charges. Using this rule and 
0 

using the interatomic distance of Mg and Na in the solid, we have ~ 0.8 A 

+l 0 +2 
for the radius of Al , and "'0.7 A for the Al radius. It is clear that 

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

(.5 ~) Al+3 ions pack in the a-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 valency of the aluminum cation is reduced in the 

aluminu_m-rich surface layer whose chemical composition shou_ld be closer 

to Al20 or AlO than to A12o
3 

what kind of surface structure would be 

expected to form? It is instructive to compare several oxides of the 

M2o
3 

type which have the same structure as Al2o3 
such as v2o

3
, a - Fe

2
o

3 

and Ti20
3

. 12 
These cations form stable oxides in their +2 oxidation states 

. . 18 
·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+;o2- and 

2+/ 2-M 0 are very similar for all these compounds to that which is found 

for Al20
3 

and is expected for AlO. 

Both, A1
2

0 (vapor) and AlO(vapor) are stable, were detected in the 

vapor composition over a-alumina in equilibrium and also during 

vaporization into vacuum. The other group III elements are also· kno-vm 

to form stable oxides in their higher (3+) oxidation states (Ga2o3
, In2o

3
, 

Tl20
3

) while their vapors contain the monovalent oxides (Ga2o, In20 and 

Tl20) in large concentrations. 14' 20 The monovalent oxides in group III 

of the periodic table,. 1-~0, appear to be much more stable.J<· than the divalent 

* Tl20 is a stable solid -v.rhose thermodynamic properties have been measured 

although only an X-ray pm:rder pattern is reported. 19 

I, ,_I 

v 



u 

UCRL-19146 

-15-

oxides of the MO type. Other stable monovalent oxides such as Li20 and 

Na
2
0 which should have similar ion ratios as in Al20 form cubic structl.lres 

of. the fluorite (caF
2

) type. 

Thus, it appears that if the high tem:per.ature oxygen deficient rotated 

("31 x ~ 31) surface structure has a composition which corresponds to 

Al2o (or AlO) it would be likely to form a cubic overlayer in l'rhich the 

cation is appreciablY larger th~ in the underlying hexagonal (0001) 

substrate. Strong mismatch due to the differences in structure and ion 

sizes in the two laye'rs should be expected. 

We have been able to generate the rotated ( ~31 x ~ 31) surface 

structure by :placing a cubic overlayer in which the interatomic distance 

was increased to adjust for the increased cation radius on top of the (0001) 

substrate. There are several cubic structu.Tes vlhich can generate the 

rotated ( ~31 x ~ 31) unit mesh by coincidence with the (0001) substrate. 

One of these surface structures are given in Figure (6). 

Additional evidence that the (~31 x ~31) structure is due to a 

reduced aluminum oxide overlayer comes from studies of the epitaxial 

deposition of silicon on the ( 0001) face. Silicon was found to etch 

the a-alumina surfaces efficiently. Silicon however, is also a reducing 

agent which can ·remove oxygen from the surface by the reaction;-0 

A1
2
o

3 
+ 2Si(vapor)~Al20 + SiO(vapor). It was found that silicon 

catalyzes the formation of the rotated ( ~ 31 x ~ 31) surface structure 

at 8o0°C, a temperature too low for this phase transformation in vacuum.
6 

Ad~i tional evidence that the rotated ( ~ 31 x ~ 31) surface structure 

is composed of a cubic overlayer on the hexagonal (0001) substrate comes 
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from studies of aluminum oxide structures which are formed on the 

aluminum metal surface. The oxide has a cubic structure in this aluwinum 

. 21 
rich enviro~ment. 

If the reduced oxides of aluminum, AJ..20.or AJ..O, are stable in 

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

the other group III oxides of the M
2
0 type mi~ht also be stable in the 

surface environment. Investigation of the surface structures_of Ga2o
3 

and In
2
o

3 
wou_ld be of interest. It is also likely that oxides of other 

metals (MgO, BaO for example) may have unusual oxidation states which 

are stabilized in the surface environment. It should be noted that 

22 
vanadiu~ pentoxide, v2o

5 
has been reported recently to undergo a change 

of s~~face composition (accompanied by loss of oxygen) upon heating in 

vacuU.m with a corresponding order-order transformation of its surface 

structure; 
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XBL 701-2 ' 

Fig. lb. Top view of the a:-Al2o
3 

structure from the direction of 

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

layer. 
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Fig. 4. Schematic representation of ';~hree aluminum oxide diffraction 
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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 
togeth~ genera.te the (c) unit cell corresponding to the rot­
ated (.J31 X ../31) by coincidence. 
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The diffraction patterns which correspond to the ( a ) 
(lXl) and to the high temperature (b) rotated (~31xf31 ) 
surface structures . 
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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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