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LOW ENERGY ELECTRON DIFFRACTION STUDIES OF INSULATING 

SINGLE CRYSTAL SURFACES 

Theodore M. French 

Inorganic :tvraterials Research Division, Lawrence Berkeley Laboratory, 

and Department of Chemistry; University of California 

Berkeley, California 

ABSTRACT 

Single crystal surfaces of electrical insulators, Al203 , Si02, NaCl, 

NaF, and LiF have been studied by low energy electron diffraction. An 

ordered surface phase has been found on the (0001) face of aluminum 

oxide above l250°C that ha.s a unit mesh (.f3lx.f31) that is different 

from the unit mesh of the low temperature surface structure (J~l). 

Experimental evidence is presented to show that the order-order phase 

transformation [ (Al203 ( 0001) ( lxl) -+ rotated (.J 31 x.f31) ] is accompanied 

by a change 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 (> 10-4 torr) or in the presence of excess aluminum on the 

surface. 

The intensities and the positions of the diffraction peaks ·from 

the (100) crystal faces of LiF and NaF have been measured. It has been 

found that the single scattering (kinematic) model explains the observed 

positions of the diffraction beams. The intensities of the various dif

fraction beams of LiF and in NaF are compared. 
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specular 
The temperature dependence of the diffracted/(00) beam has been 

measured for NaF(lOO). A surface Debye temperature of 90°K can be 

calculated from the measurements. 

The rate of decomposition of the NaF crystal surface in the 

electron beam has been measured. The dependence of the rate of 

decomposition on temperature and on incident electron beam energy 

has been studied. 
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I. INTRODUCTION 

Low energy electron diffraction' is a uniquely powerful technique 

to study the structure of single crystal surfaces, the changes of 

surface structure as a function of chemical change, or changing 

temperature at the surface. Most ofthe low energy electron diffraction 

(LEED) studies so far have been carried out using metal or semi-

conductor single crystal surfaces. The purpose of the research which 

is,described in this thesis is to carry out low energy electron dif-

fraction studies on va:dous insulator surfaces. These studies were 
and overcome 

to be carried out to verify/the difficulties in obtaining surface 

structural information on insulating surfaces, to measure the inten-

sities of diffraction beams back-reflected from single crystal 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 single 

crystal surface. For these studies we have selected the ~terials 

aluminum oxide (Al203), 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 of the organic molecules and molecules of biological 

interest are insulators, and further surface studies using these 

,._molecules require prior solving of the experimental difficulties of 

electron scattering studies from insulating surfaces. Alkali halides 

are prototypes of ionic carnpounds, and solution of the difficulties 



-2-

of low energy electron diffraction studies using these crystal surfaces 

would make an important contribution to surface structure analysis. 

Al203 and quartz are important materials in surface catalysis and 

therefore are likely candidates for surface structural studies. 

First, I shall review the status of surface structure analysis 

using the low energy electron beams. Then the preparation of the 

various insulator surfaces will be discussed. Next, the experimental 

problems that are involved in carrying out the low energy e~ectron 

diffraction experiments from electrical insulator surfaces are dis

cussed. Then the experimental data is given as obtained from the 

structural 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 major obstacle of surface structural s.tudies using low energy 

electron diffraction is the lack of a simple theory which can explain 

the scattered low energy electron beam intensities. The application 

of such a theory in model calculations where the only important vari

ables are the atomic positions should lead, just like the use of 

kinematic theory and x-r~y diffraction, to complete description of 

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

available in the very near future. Until then, the assignment of 

atomic positions of surface structures solely on the basis of the 

diffraction pattern is not unambiguous. This explains the different 

interpretations which may be given to the same diffract.ion pattern 

and the concentration of studies on only simple monatomic or diatomic 

surfaces. Frequently, however, the available supplementary chemical 

information using other experimental techniques permits one to identify 

the surface structure correctly and to eliminate most of the alter

native models. 

In order to carry out a-LEED experiment one needs ultra high 

vacuum, one face of a pure single crystal and a well-focused electron 

beam in the energy range of l-500 eV. At the present state of 

technology such an experiment can be carried out with relative ease. 

Many of the unique characteristics of LEED in the range of l-500 eV 

are due to the large scattering cross-sections of low energy electrons. 

Particularly, at very low electron energies (1-100 eV) these cross

sections may be on the order of l X2
• As a consequence, there will be 

substantial amplitude scattered into the non-forward directions and 
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the probability 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 into the solid before it is scattered either elastically or 

inelastically out of the forward scattered beam. Therefore most of 

the intensity that is backscattered out of the crystal comes from 

either the surface or the neighborhood of the surface. This, of 

course, makes low energy electron diffraction an ideal tool for study

ing the structure of surfaces. Unfortunately, the very aspect that 

makes L.EED valuable for surface structural analysis also complicates 

this analysis. This is because the scattering cross-sections are 

large; not.only will the electron be scattered predominantly from the 

vicinity of the surface, but it will also have a significant probability 

of being scattered more than once. This phenomenon is multiple 

scattering, and at voltages where the cross section is high it vitiates 

the applicability of the kinematic theory of diffraction which has 

been used so successfully in the x-ray case where only single scat

tering or kinematic events are important. 

One of the most important parameters which enters into all 

calculations of surface structure from the intensities of the 

diffracted low energy electron beams is the amplitude scattered by a 

single atom from the crystal surface. The amplitude in any given 

diffraction beam is dependent upon the probabilities that electrons 

will be scattered out of the primary beam or other diffraction beams, 

into that beam from various points in the crystal. 

These scattering probabilities are dependent upon the atomic 

potential. Recent studies indicate that Hartree-Fock-Slater atomic 
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potentials cari be used to obtain realistic scattering factors for 

low energy electron scattering. The atomic scattering process in 

the low energy range used in LEED experiments is complicated by the 

breakdown of the Born approximation. Atomic scattering factors 

must be obtained using atomic potentials by a phase shift analysis 

or from experimental differential cross-section measurements. 

Another parameter which is important in calculating intensities 

of diffracted low energy electron beams from single crystal surfaces 

is the inelastic scattering of low energy electrons. The elastic 

mechanisms lead to the usual diffraction phenomena investigated by 

LEED. The inelastic mechanism must be extremely important in the 

interpretation of LEED information as inelastic processes are 

generally far more probable than elastic processes in the energy 

range where most LEED studies are performed. The inelastic scattering 

has the effect of attenuating most of the multiple scattering inter-

actions between diffraction beams and of reducing the intensity of 

the back-diffracted electron beam. Recent studies by Duke and co

l workers have taken the inelastic damping of the scattered electron 

beam into account, and have aided the developn'J.ent of a realistic 

scattering model for surface structure calculations from the in

tensities of the back:..diffracted low energy electron diffraction 

beams. 

Another variable which enters into the low energy electron 

diffraction calculations is the surface Debye-Waller factor. Atoms 

in the surface are not rigidly held but are constantly undergoing 

therma:lvibrations. The main effect of lattice vibrations is to 

scatter a fraction of the elastically back-scattered electrons out 
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of phase. Thus the intensity of ~he diffraction ~eam decreases, 

while the intensity of the background increases with increasing 

temperature. From studies of the temperature dependence of the 

intensity of the back-diffracted electron beam, the mean square 

displacement of surface atoms can be calculated. These calculations 

and experiments have been carried out for alkali halide crystals 

and will be described in a later section. 

Finally, the inner potential is an additional variable in LEED 

calculations. When an1incident electron strikes the crystal, due 

to the change in potential which it experiences, there is a cor

responding change in the wavelength of the incident electron. This 

increase in the kinetic energy of the electron upon entering the 

solid is commonly described as being due to the inner potential. 

The electron is accelerated as it enters the solid since at inter

atomic distances the nuclei are only imperfectly shielded by the 

core and valence electrons. The average inner potential experienced 

by a primary electron will be dependent upon the energy of the 

electron as a degree of shielding of the positive nuclei will to 

some extent be dependent on the electron-electron correlation .... 

The usefulness of any theoretical analysis that is developed 

from various scattering models for low energy electrons depends 

on its reproducing the experimental results. Most of the experi

mental results are obtained by measuring the intensities of the 

back-diffracted electron beam as a function of electron energy. 

Thus such curves that are obtained experimentally,when available, 

should aid the development of theoretical analysis. For this 
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reason we have measured the intensities of back~diffracted electron 

beams as a function of electron energy fram various alkali halide 

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

1. Alumina (A~03) 

The Al203 crystals were the best grade available from the Union 

Carbide Corporation. A spectroscopic analysis showed the impurity 

levelsin ppm: Mg, < 2 ppm; Si, < 4 ppm; Fe, < 2 ppm; Ca, < 2 ppm; 

Ga, < 2 ppm; Cu, < .5 ppm. Samples cut to size 5x7xl mm, were 

supP,lied, already oriented to the (0001) face and polished. The 

crystals were chemically etched using potassium persulfate and boric 

acid mixed in equal parts by volume. The samples were heated in the 

etching mixture in an oven at 750°C in a gold-covered combustion · 

boat for about 30 minutes. Weak diffraction beams were often observed 

without further treatment once the samples were placed in the ultra-

high vacuum diffraction chamber. Another etch, concentrated phosphoric 

acid was also employed to prepare the surface of alumina. The crystal 
an oven 

was immersed in phosphoric acid for 6o minutes at 1 temperature of 

500°C. This treatment resulted in a-badly pitted crystal. Never-

theless the diffraction pattern was visible from the pitted surface 

after it was heated to about 1100°C. This etching treatment was, 

. however, abandoned in favor of chemical etching using the potassium 

persulfate-boric acid mixture. 

Crystal mounting and heat treatment. The alumina crystal sample 

was mounted in a star-shaped piece of 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 tungsten foil was spot-welded to tantalum supports which were 

attached to the crystal holder and manipulator. The crystal was 

··'i 
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heated by conduction from the resistively heated tungsten foil. 

The temperature was measured by an optical pyrometer focused on a 

tungsten film which had been vacuum evaporated on a small area in 

the back of the sample. The error in measuring.the sample tempera-

ture is difficult to estimate but should be less than ±l00°C. 

Vacuum evaporation by heating the crystal to high temperatures 

( ~ l500°C) was used most freq~ently to clean the alumina surface. 

Ion bombardlnent could also be used for surface cleaning. Ion 

bombardlnent using l-2 keV Ar 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, and 4 milliamp 

ionizing electron flux, ~ 4xl0- 6 ion current for 10 minutes. 

2. Alkali Halides 

A surface preparation of LiF, NaF, and NaCl samples was much easier 
than 
khat 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 5x7xl mm discs, were etched in absolute 

methanol and were placed into the diffraction chamber using a platinum 

holder with similar geometry to that used for mounting the aluminum 

oxide samples. We attempted to clean the alkali halides by 

ion .bombardlnent and subsequent heating. Even long ion bombardment 

at pressures of 4xl0- 5 torr of xenon for 6 hours on sodium fluoride 

using 13.5 eV ions, neither removed the pattern nor improved it. 
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It appears that ion bombardment introduces non-stoichiometry at the 

surface but there is no permanent surface damage due to the rapid 

annealing by vacancy diffusion of the surface structure. 

· High temperature heating of these"' samples was used to clean the 

surfaces by vaporization of the topmost layers of the alkali halide 

crystal samples. The temperature of the heat treatment was 8oooc 

for LiF, 850°C for NaF, and 4oo°C for NaCl for 15 minutes. Then 

the alkali halide was annealed for an additional hour at a temperature 

about 200° lower. Since the alkali halide surfaces interact with 

the incident electron beam the annealing for one hour at a lower 

temperature wa.s also used to regenerate the crystal surface to its 

original less-damaged state after the electron diffraction study. 

However the accumulated damage due to electron bombardment of the 

crystal surface for a long time was so great .that a longer annealing 

period was necessary at the same temperature. 

3· Silicon Dioxide (Quartz) 

The Si02 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 

crystal was etched using boiling concentrated aqueous HF in a Teflon 

beaker. A long period of time is necessary to produce significant 

etching. On the c face 1 hour of boiling was enough to get a dif

fraction pattern. Eight hours of boiling removed about 2 mils of 

material from eac~ face. Short heating (15 minutes) at about 1000°C 

was all the additional treatment necessary to get the diffraction 

pattern;. 

.., 

c 
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rl. ELIMINATION OF SURFACE CHARGE AT INSULATOR SURFACES 

DURING LEED STUDIES 

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

or alkali halide surfaces, a surface charge builds up rapidly so 

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 that are employed 

in LEED studies of metal surfaces, no diffraction pattern can be 

obtained from either aluminum oxide or alkali halide surfaces below 

a certain voltage, usually 50-100 eV. This negative surface charge 

build-up poses serious limitation to structural studies of insulator 

surfaces 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 fraction of the electrons penetrates 

below the surface and the backscattered 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 surface charge layer be removed from the studied surface. 

There are several methods for removing the negative space 

charge build-up on insulators in LEED experiments. These involve 

either conducting the surface charge away or using the secondary 

electron 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 (0001) 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 discharging the surface, while the usual LEED gun, 

operating in the range 10-~50 eV, was used t.o obtain the diffrac

tion pattern. This technique should be applicable for the elimina

tion of negative surface charge from all those insulator surfaces 

which, a} have a secondary electron emission flux above a given 

incident electron energy which is larger than the incident electron 

flux, and b) do not decompose or otherwise interact chemically with 

the high energy electron beam. It is well known that for many 

insulators the yield of secondary electrons which leave the solid 

during electron bombardment is greater than the incident electron 

flux above a certain threshold energy of the incident electron beam. 

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 

cross-over. By continuously spraying the insulator surface with 

electrons with energies above the ~econdary cross-over the surface 

can be discharged or a small positive surface charge may be established. 

Since this positive surface charge attracts electrons toward the 

crystal it does not affect the diffraction process, although it may 

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

secondary emission cross-over for the clean (0001) face of alumina 

which exhibits a (lxl) surface structure appears to be in the range 

S0-100 eV. The cross-over energy varied within this range from 

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

surface. Slight contamination, as detected by x-ray fluorescence, 

of the sample by tantalum which wa.s often used at first as a crystal 

holder, could increase the cross-over to over 200 eV. The secondary 

,, 
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emission cross-over may also depend on the chemical surface composi

tion. When the surface structure was changed to an ordered oxygen

deficient surface structure (to be discussed later) the cross-over 

energy decreased to approximately 50 eV. Since heat treatment was 

necessary to produce this new structure and the accompanying changes 

in surface composition, the possibility of unwanted impurities dif

fusing to the surface and aiding the reduction of the cross-over 

cannot be eliminated. It is likely, however, that the lowering of 

the secondary emission cross-over is caused by the change in the 

surface composition of the (0001) face of alumina. 

Since the electrons from the high e~ergy electron gun which is 

used to eliminate the negative surface charge are energe~ic enough 

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

the fluorescence screen, the background intensities increased. This, 

however, does not prevent the detection of diffraction spots from 

fairly ordered alumina surfaces to as low as 25 eV incident electron 

beam energy from the LE~D 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 fluorescence 

screen. Figure l gives the secondary emission cross-over for the 

~-alumina with a (lxl) surface structure as a function of the ratio 

of the current from the high-energy electron gun, i 2 , and the LEED 

electron gun, iLEED' for two different electron energies of the 

discharging gun. The cross -over decreases with increasing i,j iLEED 

ratio at first, but above i,)iLEED = 2 the ratio remains con~tant. 

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

energy in the range 1000-2000 eV. No studies have been made with 
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the discharging gun below this energy range. Although our technique, 

i.e., the. simultaneous use of two electron guns, is successful in 

removing the space charge, other techniques (vide iri.fra) might also be 

empioyed in studies of insulator surfaces to remove the unwanted surface 

charge. 

For alkaii halide crystals NaF, LiF, and NaCl samples that were 

used in this study, LEED studies can be carried out at elevated tem

peratures using thin samples in order to.increase .the. ionic conduc

tivity sufficiently. Also the secondary emission from the NaF crystals 

was sufficient:, for the experimental range of electron energies, to 

remove the surface space charge as soon as the sample was placed in 

the diffraction chamber. For the alkali· haiide samples the secondary 

emission was sufficient to discharge the surfaces until the crystal had 

been in the electron beam for 20 minutes. After 20 minutes the secondary 

emission crossover energy rises sufficiently to distrtib measurement of 

the diffraction beam intensitie~. As will be discussed later, electron 

beam impact dissociates the surface of alkali halides and such a result 

is very likely to be due to changes in surface chemical composition of 

these alkali halide single crystal samples. 
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V. THE IJJil ENERGY ELECTRON DIFFRACTION ~PERIMENT 

In the LEED experiments the electr.ons are obtained by thehnionic 

emission from a hot cathode. In these studies 

the cathode had an operating surface temperature of ~0°C. The 

energy.spread of the emitted electrons at this temperature is of the 

order of .2 eV. These electrons are then focused electrostatically 

and allowed to impinge' on the crystal surface which is held at ground 

potential. The electron beam is on the order of 1 mm in diameter • 

. For a· completely ordered' surface the coherence length of the electron 

to a large'extent is deteriDined by the size ~f the source of the 

electron beam. The. incoherence within the electron wave packet sets 

an upper limit to the number of atoms which can contribute to coherent 

'scattering. The coherence width of the eiectron beam in a typical 

low energy diffraction apparatus is about 500 .JL Thus, no area' larger 

than 500 lt2 -can contribute coherently to the diffraction patterns 

since no area larger than this received coherent radiation. The 

question of the minimal area necessary to give a coherent diffraction 

pattern has not been definitely answered experirilentally. However 

if one assumes that ordered areas of 25-100 atoms are sufficient to 

give coherent diffraction best agreement with present resUlts is 

obtained. · .. LEED experilnents 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-scattered elas'tically at 10 eV 

and about 1% at 100 eV and less at higher energies. The scheme of 

the electron optics is shown in Figure 2. The backscattered electrons 
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travel a field.free path to the first grid which is also held at 

ground potential,as is. the crystal. Energy analysis takes place at 
' . ; 

the second griP. which is held at cathode potential. This grid in 
. ' . ' .· 

principle repels all of the electrons which have lost energy in 
·' . . 

collision with the surface and.allows only the elastically scattered 
. . . . 

electrons to penetrate through. The elastic component which has 
.. . 

penetrated the grid system is then accelerated by the application of 

a large positive potential (5000-7000 eV) onto the fluorescence 

screen where, due to the radiative recombinations after excitation by 

the electron beam, light is emitted where the electron beam hits. 

The light intensity is proportional to the number of electrons hitting 

the screen. This post~acceleration technique is.an excellent means 

of instantaneously displaying the diffraction pattern. The solid 

angle subtended by the fluorescent. screen is 95° • 
. ' : '• . . . 

There are other detection techniques which are often used in 

LEED studies. A Faraday cup which can be rotated l8o 0 is frequently 

used .to monitor the low energy.electron beam intensity. While the 

fluorescence screen techniques allow one to measure relative 

intensities the Faraday cup detection allows absolute intensity 

measurements which are necessary for some experiments. 

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 intensities of the different diffraction· 

spots using densitameters of different types. 

. :, )' 
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VI. INTENSITY DATA 

The most easily obtainable diffraction beam that can be studied 

by LEED is that of the specularly reflected (00) beam. Usually 

in LEED experim~nts the intensity of the diffraction beams is 

monitored as a function of electron beam energy. The intensity of 

the (00) spot may be obtained without moving the measuring device 

(spotphotometer, for example) since the scattering vector for that 
/ 

particular 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 (00) 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 drift, i.e., change of apparent electron energy during 

the measurement which is due to the build-up ?f the surface charge , 

was especially serious for Al203. For alkali halides the voltage 

measurements were reproducible 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 beams. As the crystal 

becomes more and more disordered the intensities of the diffraction 
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beams change at the different energies. Such a surface dissociation 

effect made measurements of the intensities from alkali halide 

surfaces very difficult to carry out. In order to alleviate this 

problem the decomposition rate of the alkali halide surfaces in 

the electron beam was studied separately and will be discussed in a 

later chapter. 

In order to avoid the difficulties of surface decomposition. 

during electron scattering from alkali-halide surfaces, a rapid 

beam voltage scan technique for surface intensity measurements was 

developed. The intensity vs. beam voltage plot for alkali halide 

surfaces using the (00) beam was made by using a 300-volt/amp 

generator which allowed to sweep the beam voltages within a second 

from 0-300 volts and this way the r00 vs. eV curves on alkali 

halide surfaces could be obtained during times much shorter than 

the times necessary to change the intensities detectably due to the 

decomposition rate of the surfaces at roam temperature. The r00 

plots as a function of electron energy for alkali halides showed 

a fairly good consistency. The surface could always be annealed 

before or after the measurements by repeated vaporization of the 

surface, which improved the surface stoichiometry. The intensity 

vs. beam voltage curve for two alkali halide surfaces, NaF and LiF 

using the (00) diffraction beams are given in Figure 3. Table l 
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 variables that should define the diffraction beam 

properties: the angle of scattering with respect to the surface 

normal, e; the incident energy; and the intensity. The intensities 

of .the various diffraction beams from NaF and LiF single crystal (lOO) 
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surfaces are plotted on a three dimensional plot which displays the 

intensities, the angle of scattering and energy, in Figures 5 and 6. 

There are two types of diffraction 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 are proportional to the square of the 

sum of the scattering factors of each type of ion. The intensities 

of the odd Miller index diffraction beams are proportional to the 

square of the difference of the scattering factors, assuming a single 

scattering model. Based on thi.s model the ratio of the intensities 

of I dd/ I can be written as o even 

. 
' ' Iod/Ieven = 

(l-r) 2 

( l+r )2 

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 single scattering model. 

The intensity of the (00) diffraction beam as a function of 

electron energy under conditions of near normal incidence are also 

plotted for the (0001) face of Al203, and this is shown in Figure 7. 

Of course the diffraction experiment gives one no information 

about which of the two scattering centers scatters the more strongly. 

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

The scattering factors of Na+ and F- are approximately the same. 
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This follows from the data since the odd spots are so weak as to be 

almost invisible. One might therefore conclude that isoelectronic 

ions have approximately the same electron cross section, at least in 

the regions covered by the experiment. By analogy with the x-ray 

case then -- since the above is also true for the x-ray case--one might 

expect the scattering to be related to or even proportional to the 

number of electrons for x-rays or to the depth of the potential 

well for electrons. One would therefore expect that the scattering 

from the small Li+ ion would be much less than the scattering from 

the F- ion. It is more difficult to determine whether Na+ or F- is 

the strongest scattering center -- it is pleasing to assume that the 

valence electrons ~e the" same (roughly) in both these ions and that 

the scattering is dominated by the contribution of the potential wells. 

The Na+ would scatter more if this tenuous assumption were true since 

it has a higher nuclear charge and a deeper 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 DEPENDENCE OF DIFFRACTION BEAM INTENSITIES 

It is of importance to measure the temperature dependence of the 

diffraction 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 material 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 temperature 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 

securely attaching the thermocouple to the studied crystal are not 

usually feasible. Attaching the thermocouple to the crystal holder 

would result in an erroneous temperature measurement since. the 

holder, in 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. The rate of 

cooling of insulator crystals in our experiments was slow, taking 

about 10 minutes or more to approach 300°K from 600 or 800°K since 

the crystal was not in good thermal contact with the holder. 

Charging of the crystal surface, of course, would also make the 

monitoring of the intensities of the diffraction beams difficult 

to carry out. In addition, the possibility of the chemical decompo

sition of the surface under electron beam incidence carmot be over

looked. We were able to carry out the temperature dependence 

measurements of the diffraction beam intensities under slow cooliilg 
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conditions using a special technique. The beam of electrons was de

flected from the crystal except for short periods of time when the 

measurements were made. 

The intensity of scattered electrons, neglecting :ilru.ltiple 

scattering events, is given by 

(l) 

where the exponential term is the Debye-Waller fact9r, A. ~s the 

electron wavelength, ¢ is the angle of incidence with respect to 

the surface normal, and IFhk£1 2 is the scattered intensity by the 

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

high temperature limit, the mean square displacement is given by 

(2) 

where ero is the Debye temperature at the high temperature limit, M 

and T are the atomic weight and the temperature of the solid, 

respectively, N is Avogadro's number and k and h are the Boltzmann 

and Planck constants. .Combining these two equations we have 

The logarithm of the intensity of the (00) diffraction beam plotted 

as a function of temperature T gives a straight line. From the 

slope, the root mean pquare displacement in the direction perpendicular 

to the surface plane, u
1 

can be calculated. Of course, this can only 

be obtained if the (00) diffraction beam is used to monitor the 

temperature dependence of the intensity of back-scattered eJ.ectrons. 

In order to obtain 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-halide crystals, 

just as in the case for metal surfaces, the measured values of the 

Debye temperatures were strong:cy dependent on the electron beam 

energy. It is apparent that with increasing electron energy a 

larger fraction of electrons scatter from atomic planes which lie 

below the surface plane. Thus, at higher electron energies the 

experimentally determined Debye temperature approaches the bulk 

Debye temperature value. The Debye temperature which is charac

teristic of the surface atoms can be obtained from data taken using 

a very low energy electron beam. 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 temperature calculated from the log I vs. T curves, 

using Eq. 3, is plotted as a function of beam voltage for the (100) 

face of NaF. This is shown in Figure 8. It is apparent that the 

surface Debye temperature is much smaller than that of the bulk value. 

The surface Debye temperature for NaF is about 90°K, a value that is 

about • 22 times the bulk value ( Sbulk ~ 410° K) • 

It would have been useful to measure the surface Debye 

temperature at electron energies nearer to zero electron energy. 

This was not possible in our experiment due to the charging of the 

crystal. Thus the lowest electron energy at which measurements 

could reliably be made was 50 eV. 

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

metals is about .5 times that of the bulk value. Values for the ratio 
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of the surface Debye temperature to the bulk Debye temperature, 

for various materials is given in Table 2. This ratio 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 these two types of compounds should be responsible for the large 

differences in the observed surface ~o -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 intensities of diffraction beams 

back-scattered from NaF, LiF and NaCl surfaces have decreased as 

a function of time at 300°K. Similar observations were made by 

Gallon, et a1.,
2 

and ;y Palmberg and Rhodin, 3 indicating that the 

deterioration of the pattern is due to the interaction between the 

surface ions and the electron beam. These same writers have also 

observed the evolution of halogen gas atoms and molecules from 

the alkali-halide crystal surfaces during electron bombardment using 

a mass spectrometer. Since our purpose was to measure the intensity 

vs. eV curve for several diffraction beams accurately for the alkali-

halide surfaces, we have to determine the effect of the electron 

beam on,the structure of the crystal surface. For this reason we 

undertook a study of the kinetics of the surface decomposition of 

NaF by low energy electrons. A constant electron flux about 10-3 

amp cm2 was 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 measured as a function of 

time t. Sets of I vs. t curves at different temperatures were taken 

at different. electron energies in the range 90-225 eV. The decrease 

of the diffraction beam intensity is due to the removal of the 

surface ions from the ordered domain that are responsible for the 

diffraction. This is by same disordering process or by decomposition 

of the surface structure due to a chemical surface reaction that 

takes place upon the interaction of the electron beam and the surface 
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ions. Since independent evidence
2

' 3 indicates that the surface de-

composes readily upon electron impact, we shall assume that chemical 

decomposition is the dominant process. Let N be the concentration of 

ordered surface sites in units of cm-2 Since the intensity of the 

back-diffracted electron beam, I, is proportional to the concentration 

of ordered ions on the surface, i.e. , I = kjJ, the rate of decomposition 

was taken to be proportional to the intensity change as a function of 

time. 

We have found that increasing the temperature causes a decrease 

in the decomposition rates under electron impact. A t'ypical set of 

curves taken at different temperatures is shown in Figure 9· Changing 

the energy 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 only to a significant extent at about 225 eV, 

1. • 
the highest electron energy at which the decamposLtion rates were 

studied. Since increases in the surface temperature decrease the rate 

Of decomposition as measured by the time dependent decrease of the 

diffraction beam intensity, it appears that surface damage that is 

created by the impinging electron bea.m is being 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 

able to eliminate the time dependent deterioration of the ·diffraction 

be~ intensities altogether by 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 Na.F. 
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Let us now analyze the kinetics of decomposition asstm1ing the 

following model for the decomposition. This model gives good qualita-

tive fit to the experimental data and allows the evaluation of the 

activation energy for the process that removes the damage. Some 

assumptions have been made in this model. 1) The damage due to inter-

action of the surface ion with the electron beam that decreases the 

diffraction beam intensity decreases exponentially with distance from 

the surface of the crystal. Let the form be given by e-~x, ~ having 

units of cm- 1
• This is likely because the intensity of the electron 

4 beam dies off exponentially from the surface. 2) The process for 

removing the damage from the surface can be assumed to be ion or 

vacancy diffusion. In steady state it should obey Fick's first law, 

J(x) =-DT dpjdx, where J is the flux of diffusible materials, ions 

or vacancies, in units of sites/cm2 sec, DT is the diffusivity in 

units of cm2 /sec, and p is the concentration of tbe damaged sites in 

units of sites/cm3
• 

Under the experimental conditions the crystal starts out with 

same initial damage density in it. This initial surface condition 

of the crystal was reproduced for each run as nearly as possible. Let 
surface is Po 

us say that the initial damage density at the/ (in sites/cm3
). Then, 

p(x) = p0e~x using assumption (1). Using Fick's law, J(x) = ~DTp0e~x, 
and at the surface, J(O) = ~DTp0 • The escaping damage flux at the 

surface is the rate of annealing. 
damage 

sites/ cm2 in .. the abs~nce 
/cm2 

If N
0 

is the total number of ordered 

of/then N
0

-N is the total number of damaged 

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 

crystal. Hence: 
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. 00 

N - N = [ p(x)dx ' 
( 5) 

0 

N - N = pja. (6) 
0 

Po = a.(N - N) (7) 
0 

The observed rate of change in the crystal is equal to the damage 

done by the bewm less the rate of annealing. The rate at which damage 

is done is proportional to the concentration of undamaged surface sites 

N and to the incident electron current i • The rate of annealing is cur 

equal to the flux of da.ma.ged sites escaping at the surface. Thus, 

dN/dt = -~i N + J(O) (8) 
cur 

dN/dt = -k i N + a.Drr!' (9) 2 cur o 

dN/dt = -k i N + a.2DT(N - N) (10) 
2 cur o / 

dN/dt -k i N -2cur a2DTN.+ a.2DTNo (ll) 

All these quantities have units of flux. 

The experimental points in Figure l2 which showsthe rate of 

decomposition vs. temperature, were obtained from intensity vs. time 

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

log paper in Figure 11. The slopes of the resulting curves were ob

tained with a strong bias given toward the first few points. This was 

done since the first points have the best signal-to-noise ratio and 

because the method of initial slopes is used in their interpretation. 

The slopes of the curves in Figure 11 give the rate constant for 

decomposition. These slopes were then replotted in Figure 12, with 

one point in Figure l2 for each line in a plot of the type shown in 
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Figure ll. Each plotted slope was normalized by dividing by the 

initial intensity. 

If all the runs were started at the same initial concentration 

of damage ( N - N') then we have: 
0 

( dN/dt )N=N' = -k i N' + a 2 D (N - N') 
2 cur T o 

(12) 

Every attempt was made to make sure the initial condition was the same 

from run to run; deviations from the sa.me initial condition account 

for the spread in the data. Dividing by the initial concentration of 

damage N': 

- . -k i + a.2 DT(N
0 

~ N' )/N' 2Cur (~3) 

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

f,(di'/dt), we apply the equation I= kN to get: 

(14) 

Hence the observed normalized rate of decomposition is 

{a 2DT(I - I;)/I'}- k i ; this quantity is the real rate of decomposition o 2 cur · 

plus k i subtracted from the rate for annealing, a 2DT(I - I')/I'. 2Cur 0 

At 300°K the decrease of intensity of the diffraction beams is 

rapid. At this temperature the rate of annealing (the second term 

of the right hand side of Eq. i4) must be at least an order of mag-

nitude smaller than the actual rate of decomposition (the first term 

on the right side of Eq. 14) • As long as· there is a sufficient number 

of ordered surface sites N, the decomposition can be considered 

constant. (temperature independent) since the electronic excitation that 

leads to decomposition may take place at any temperature. This is 
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clearly shown by the experimental data in Figure 12. Thus we obtain 

the rate of annealing that is strongly temperature dependent 

by subtracting the constant rate of decomposition, k i , from the 2cur 

observed rate. This is accomplished when the data in Figure 12 is re-

plotted in Figure 13. From every point of the curve fitted to the 

experimental points is subtracted the quantity .05 sec-l which cor-

responds to the real rate for decomposition, k i • 2cur 

/ 

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

ACT) --A e'""E/RT. T bt . th t• t• t 
0 

o o a~n e ac ~va ~on energy of he annealing 

process the fitted curve of Figure 12 is replotted in Figure 13 

as log A(T) vs. 1/T. The slope of this line is the quantity 

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 fluorine tracer nuclei. It is 

probabl , however, that the values of fluorine diffusion and fluoride 

ion vacancy diffusion are near the values o~ that for chloride ion 

diffusion in NaCl. These values are 53 kcal for Cl ion diffusion 

in NaC1, 5 and 20 kcal for chloride ion vacancy diffusion in NaC1.
6 

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

we believe. It is, however, in the right range for surface vacancy 

diffusion since the surface diffusion of the species that are also 

diffusing in the bulk that have face centered cubic crystal structures 

have in general activation energies roughlY ~ that of the bulk dif-

fUsion activation energies. This is due to the change of mechanism 

of surface diffusion with respect to bulk diffusion due to the 

lbwer number of neighboring ions at the surface that lower the 

binding energy of the diffusing species at a given surface site. 

,, 
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IX. 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 crystal 

surfaces. The (0001) crystal face exhibits its (lxl) bulk-like 

structure up to 1250°C under vacuum. It rearranges, however, above 

this temperature to give a weak (~3x~3) rotated 30° surface 

structure. Upon further heating at the same temperature, the 

(~3lx ~3l)R±9° surface structure, which is stable to the highest 

studied temperature of 1700° is formed. Schematic representations 

of the resultant diffraction patterns are shown in Figure 11. 

It is customary to designate the complex surface structures by 

the coefficients of the transformation matrix which generates the 

structures with the two unit cell vectors of the bulk-like substrate, 

vectors of equal length, 4.76 A and 60° apart. This is given for 

the rotated (~3lx ~31) pattern by 

A = 
(

. 11/2 

-/3/2 

. J3/2) 

11/2 

B 
(

11/2 

J3/2 

-.[3/2\ 

11/2) 

These matrices generate the basis vectors for two domains, A and 

B, which must be present on the surface simultaneously in order 
I 

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 unit vectors by a factor of"31 

and by rotating them ±9°. We shall show evidence that the alumina 

surface which exhibits the rotated (~3lx"31) surface structure is 

oxygen deficient. The other two crystal faces which have been studied, 

the (l012) and the (1123) orientations, have (2xl) and (4x5) 

surface structures, respectively, 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 Charig9'
12 

and Chang. 7'
8 

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 he.ating on the ·samples in our 

experiments to avoid difficulties in interpreting our results, which 

are due to the well-documented interaction of the high energy electron 

beam with the crystal surface. 

Properties of the rotated ("3lx "31) surface structure. Heating 

by radiation the freshly etched (0001) alumina surface which exhibits 

the (lxl) surface structure under vacuum above 1250°C readily pro

duces the rotated ("3lx "31) surface structure. During its forma-

tion, oxygen evolution is detectable by mass spectrometry. Oxygen 

evolution was also! ci~tected by Charig9 during the formation of the 
.-.:~,/· .. ; 

rotated ("3lx"31). :~~Ui.face. structure by electron bombardment . . 
heating above 900°C. Ion bombardment using high energy (2 keV) Ar 

ions disorders the surface structure. The (~31 x"31) surface 

structure is readily regenerated, however, by annealing the surface 

at approximately 8o0°C. Ion bombardment appears to disorder the 
I 

surface without changing the ratio of aluminum to oxygen iri the 
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topmost layers. Thus, once it forms upon heat treatment at high 

temperat'Ul'es, the surface structure is extremely stable and re-

producible under various experimental conditions. Its stability 

temperature range is clearly shown by the silicon deposition studies 

which have been made to investigate the epitaxy of silicon on the 
\ 

(oooi) alumina surface. Silicon is known to etch the alumina surface 

by removing both aluminum and oxygen acccording to the overall 

reaction 3Si(g) + Al20.3 = 3Si0(g) + 2Al(g). Chang has detected all 

of the gaseous species in their proper atomic ratios by mass 

8 spectrometry. Charig, by heating the alumina surface above 1000° 

after deposition of silicon at lower temperatures, either on the 

(lxl) or on the rotated (.{31x.f31) _surface of alumina has regenerated 

the rotated (.{31 J31) surface structure.9 Heating the (0001) face 

below 900°C after silicon deposition yields (lxl) bulk-like surface 

structure. 

In order to establish that the stable high temperature rotated 

(.f3lx.f31) surface structure has a chemical composition which is 

different from that of the low temperature (lxl) surface structure 

and to establish its stoichiometry we have heated the (0001) face 

in excess oxygen and aluminum vapor. When the rotated (.[31x.f31) 

surface structure is heated in oxygen at pressures larger than 

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

vacuum LEED studies) at l200°C the (lxl) surface structure was 

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

temperat'Ul'e (l250°C 6r higher) under vacuum caused the reappearance 

of the rotated (.[3lx.f3l) surface structure. This -reversible phase 

transformation could be induced at willupon introduction or removal 

I' 
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of oxygen. The reproducible reversible behavior of the trans-

formation makes contamination, for example by WO, where the 

interaction with tungsten is due to the fact that tungsten is the 

sample holder material, unlikely as a mechanism for the transforma

tion. Pressures lower than 10-4 torr of oxygen did not induce 

detectable changes in the high temperature surface structure during 

the usual heat treatment time (15 minutes). When aluminum metal 

was condensed on the· (0001) alumina surface which exhibits the (lxl) 

surface structure, the rotated (-!31 x.f3l) surface structure was 

f~rmed by heating to about 8o0°C. In the absence of excess aluminum 

on the surface, the (lxl) surface structure would have formed at 

this temperature. 

The fact that in oxygen the (lxl) structure is regenerated in 

the temperature range of l200°C where the rotated (..{'31 x.f'3l) structure 

is stable and with aluminum the rotated (.f'3lx.f'3l) structure is 

formed in the temperature range 8o0°C where the (lxl) structure is 

stable, indicates that the (0001) face of alumina undergoes a surface 

phase transformation from a (lxl) surface structure to an oxygen

deficient 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 are summarized in Fig. 16. 

The following statements summarize the results of our experiments, 

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

face of ~-alumina. 

4 .. 
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l) Upon heating the (0001) face of alumina which exhibits a 
\ 

(lxl) surface structure, in vacuum at temperatures larger than 

8o0°C, a new ordered surface structure which can be characterized 

as (~3 x~3) rotated 30° appears. Subsequent heating to even higher 

temperatures produces the ordered rotated (~3lx~3l) 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 (f3lx~3l) surface 

structure in oxygen at pressures > 10-4 torr at l000-l200°C restores 

the low temperature (lxl) surface structure. Excess aluminum on the 

(0001) surface, on the other hand, catalyzes the reverse order-order 

transformation. These results would indicate that the ordered 

surface structures which appear at high temperatures are oxygen 

deficient with respect to the bulk structure of alumina. The transient 

(~3 x~3) surface structure can be explained to form by removal of 

oxygen atoms or by the addition of aluminum atoms to the (0001) 

surface. A possible model of the rearranged surface which would give 

rise to the observed diffraction pattern is shown in Figure 17 • 

other explanations are also possible. In all of the proposed models, 

however, the substrate serves as a template for the arrangement of 

the surface atoms. 

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 ordered diffraction beams and they 

indicate the appearance of the new surface periodicity which is an 
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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 as a result of partial occupation of the available surface 

' 
sites. The surface structure thus formed retains the synnnetry of 

the underlying substrate and there is little reason to postulate any 

marked change in the chemical bonding of the 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 rearrangement of the surface layer. The rotated (-f3lx-f3l) 

unit mesh signifies mismatch between 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 the 

symmetry of the substrate and the observed diffraction 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 in chemical composition 

the aluminum cation, Al3 + is reduced in the oxygen deficient surface 

+ 2+ layer to the Al or Al oxygen state. The ionic radius would be 

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

+ the ionic radius of Al ion. This ion may be more stable than the 

Al~+ ion because it has a pair.of s electrons in the outer.shell. 

It can be assumed that the radii of isoelectronic atoms and ions 

. 10 
are inversely proportional to the effective nuclear charges. 

Using this rule and using the interatomic distance of Mg and Na in 

the solid, we have .8 A for the radius of Al+ and .7 A for Al2 +. 

It is clear that ions of this size will be unable to pack the same 
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way as the small • 5 A Al3+ 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 cation is reduced in the aluminum rich surface layer whose 

chemical composition is closer to Al20 or AlO than to Al203, what 

kind of surface structure would be expected to form? 

It is instructive to compare several oxides of the M2 03 type 

which have the same st_,ructure as Al203, such as V203, Fe203 and 

Ti203. These cations form stable oxides in their 2+ oxidation 

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

however, have face-centered cubic structures. The ratio of the 

ionic radii ~+a02- are very similar for all the compounds to that 

which is found for Al203 and which is expected for AlQ. Both.Al20 

(vapor) and AlO (vapor) are stable and are detected in the vapor 

composition over a.-alumina in equilibrium and also during vaporization 

into vacuum. The other G:roup III elements are also known to form 

stable oxides in their higher 3+ oxidation states, Ga203, In.=03, 

Tl203, while their vapors .contain the monovalent oxides, Ga20, I~O 

and Tl20 in large concentrations. The monovalent oxides in Group 

III of the periodic table, M20, appear to be much more stable than 

the divalent oxide of the MO type (Tl20 is a stable solid whose 

thermodynamic properties have been measured, although only an x-r~ 

powder pattern is reported). other stable monovalent oxides such 

as Li20 and Na20 which should have smaller ion ratios as in Al20 

form cubic structures of the fluorite type. 

Thus it· appears that if the high temperature oxygen deficient 

rotated (-f3l x-f3l) surface structure has a composition which 



corresponds to Al20 or AlO, it would be likely to form a cubic 

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 the two layers should be 

expected. 

We have been able to generate the rotated (.[31 x.[31) slirface 

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 structures 

which can generate the rotated (.[31x.f31) unit mesh by coincidence 

with the (0001) substrate. One. of these surface structures is given 

in Fig. 17. 

Additional evidence· that the (.[31x.[31) structure is due to 

reduced aluminum oxide overlayer comes from studies of the epitaxial 

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

etch the ~-alumina surfaces efficiently. Silicon, however, is also 

a reducing agent which could remove oxygen from the surface by the 

postulated reaction Al203 + 2Si(vapor) = Al20 + SiO(vapor) in 

addition to the reaction proposed by Chang.
8 

It should be noted 

that the reduced oxides Al20, AlO and 0 and Al are all among the 

products of the dissociative vaporization of alumina. It was found 

that silicon causes the formation of the rotated (.[31 y,.{31) surface 

structure above 900°C at temperatures too low for this phase trans-

formation 'in vacuum. Additional evidence that the rotated (.[31 x.f31) 

surface structure is composed of a cubic layer on the hexagonal (0001) 

substrate comes from studies of aluminum oxide structures which are 

formed on the aluminum metal surface. The oxide has a cubic 

structure in this aluminum rich environment. 
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So far we have considered the rotated (J"3l xJ"3l) structure as 

a two-dimensional surface structure which forms due to the composi-

tion chrcmge in the topmost atomic layers at the ( OOOl) face of 

CL-a.lumina. The possibility that these structural changes are not 

restricted to the surface layer but are propagated into the bulk of 

the solid cannot be overlooked. It is unlikely, however, that the 

oxygen deficient structure could be present in more than a few 

atomic layers in the bulk. Since oxygen.has to be removed to affect 

the surface rearrangement this would make the rate of bulk re-

arrangement oxygen diffusion limit.ed. Thus this process would be 

markedly decelerated as the thickness of the oxygen deficient layer 

increases. If the reduced oxides of aluminum, Al20 and AlO, are 

stable in the CL-alumina surface at elevated temperatures, it is 

likely .that the other Group III oxides of the M20 type might also 

be stable in the surface environment. Investigation of the surface 

structures of Ga203 and ID203 would be of interest. It is also 

likely that oxides of other metals,MgO and BaO, for example, may 

have unusual oxidation states which are stabilized in the surface 

environment. It should be noted that vanadium pentoxide V205 has 

been reported recently to undergo a change of surface composition 

.accompanied by loss of oxygen upon heating in vacuum with a cor-

responding order-order transformation of its surface structure. 
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X. THE SURFACE CHEMISTRY OF Si02 (QUARTZ) 

Si02 is an unusual material because of the number of phase 

transformations it undergoes as a function of temperature below 

its melting point. Each silicon atom is normally bound to 4 

oxygen atoms in the Si02 structure. However, the tetrahedra so 

formed can point in different directions with little change in the 

energy of the structure. It is thus not surprising that a number 

of specific phases may exist as a function of temperature. The 

most important phase is the one which is stable at room temperature, 

~-quartz. Another phase, the ~-quartz, which differs little in 

structure from the ~-phase becomes stable above 5i3°C. The change 

from ~-quartz to ~-quartz is very rapid at the transition temperature. 

If the ~-phase is heated to a high temperature of l4o0°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 

obtained from the hexagonal (0001) face of quartz. This is shown 

in Figure 18 • ll I. Janossy and M. Menyhard have also observed 

a diffraction pattern on this face. If the crystal is cycled 

through the transition temperature of 573°C where the ~-~ transition 

occurs, no apparent change occurs in the diffraction pattern. The 

crystal, however, often cracks during this heat treatment. This 

appears to be due to the volume change which accompanies the ~-~ 

transition. If the crystal is heated to high temperatures (above 

l000°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 disappears 

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

All three alkali halides, NaF, LiF, and NaCl, show no change 

in diffraction pattern as they are heated to the highest studied 

temperature, ~ 8oooc for LiF, ~ 850°C for NaF, and 400°C for NaCl, 

that is sufficient to evaporate microscopic amounts of material 

onto a nearby metal surface with the experimental times of 10-30 

minutes. The crystals were in general prepared by cleaving them 

just before placing them into the vacuum system. The diffract~on 

pattern was visible and after this treatment exhibited the usual 

(lxl) surface structure. The pattern improved greatly, however, 

as the crystals were heated to within 200°C of the temperature 

indicated above, where evaporation became rapid (a monolayer/sec, 

approximately). This is most likely due to the cleaning of the 

surface by vaporization that removed the surface contaminants 

that are volatile at this higher temperature. It appears that the 

(100) surfaces of these alkali halides maintain a surface struct;ure 

that is characterisitc of the bulk unit cell at higher temperatures 

as well as lower temperatures. Unlike alumina and quartz, alkali 

halides do not undergo surface phase transformations or changes of 

surface composition. 
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XII. THE EFFECT OF THE INCIDENT ELECTRON BEAM 
. . 

ON THE SURFACE STRUCTURE OF ~-ALUMINA . . . 

It was shown that alkali..;halides decompose in the incident 

electron beam, and since the decomposition is rapid, results in 

a detected decrease of the intensity of the diffractionbeams 

back-scattered from the single crystal surfaces. Aluminum oxide, 

on the other hand, did not seem to decompose visibly in the 
. . 

electron be&lll even when the low energy el~ctron beam was alloWed 

to impinge on the crystal for long periods of time (hours). The 

only indication that the surface chemical composition might change 

under eiectron b~mbardment is when the crystal developed a (.f3lx .f31) 

surface structure after several hours of electron bombardment using 

a high current high voltage electron gun (100 ~amp at 2000 eV) 

focused to a small 1 mm2 spot on the crystal .sur.f'ace. Charig12 

has also found that the (.[31 x.f31) 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 diffusion of ions and defects is 

rather rapid as indicated by the rapid annealing of the surface 

damage when the alkali halide crystals are heated to moderate 

temperatures. In alumina surfaces, however, -the diffusion of either 

the ~luminum or oxygen or lattice defects appears to be very slow 

at the temperatures used in this study (up to l200°C) • 

'' 

. .. 
'. 

,.. ' 
,.!'.:'";,'t 
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Table 1. 

NaF rata 

SIJOt spot. Intensity Data Average Average 
Angle Index #1 #2 #3 #4 .Intensity Voltage 

90 00 standard (set at 1.00) 1.00 86 
20° 00 .47 .31 .42 .4o 82 

25° 00 .30 .14 .34 .26 84 

30° 00 .13 .14 .21 .16 91 

90 00 .82 .86 .60 • 76 • 76 141 

20° 00 .22 .39 .19 .26 148 

25° 00 .13 .08 .16 .09 160 

30° 00 .17 .09 .o6 .10 158 

90 00 .66 .4o . 35 .47 216 

20° 00 .19 .17 .13 .16 225 

32° 11. .17 .10 .21 .19 .17 101 

24° 11 .10 .10 .13 .12 .14 164 

44° 20 .10 .12 .27 .24 .18 116 

37° 20 .02 .o8 .07 .11 .07 176 

24° 22 .o8 .06 .11 .o8 177 

20° . 10 .o4 .04 .06 .05 113 

21° 10 .03 .04 .04' 121 

11° 10 .o4 .o6 .06 .05 116 

26° 21 .02 .03 .04 .03 146 

13° 21 .02 < .04 <.04 "-.03 205 

42° 32 .03 < .. 04 < .04 "-.03 185 

',' ' 
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Table 1 (continued) 

LiF Data 

Spot Spot Intensity Data Average Aver~e 
,,, 

Angle Index #1 #2 #3 #4 Intensity Voltage 

10° 00 standard (set at 1.00) 1.00 125 

10° 00 .40 .41 .28 .36 .36 210 

10° 00 .38 .44 .46 .46 308 

15° 00 .46 .74 1.08 • 75 123 

15° 00 .20 .33 .16 .25 206 

20° 00 .46 .65 .48 .53 122 

20° 00 .24 .18 .14 .17 .18 202 

33° -11 .27 .23 .22 .29 .25 132 

27° 11 .19 .15 .17 220 

35° 10 .13 .19 .33 .22 82 

23° 10 .46 .31 .53 .43 158 

42° 21 .89 .51 .42 .36 .42 18o 

Note: The angle is the angle of the ray forming the spot to the 

sur-face normal. The notation used for th index is LEED 

notation. In 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 It 

Bi .41 It 

Ag .69 " 
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