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ABSTRACT 

Combined measurements in low-energy electron diffrac¬ 

tion of both intensity and electron spin polarization are 

described for Ni(001) and Ni(001)c(2x2)Te. Polarizations 

and intensities are determined in the energy ranges 20-100V 

and 25 to 200V, respectively. The 00 beam has been measured 

at angles of incidence in the range 10° to 18° for azimuthal 

angles $ = 0° and § = 45°. The 1/2 1/2 and 01 beams have 

been studied at normal incidence. Significant polarizations 

are observed, even for the low atomic number crystal Ni (001). 

Pronounced changes in the polarization profiles are induced 

by the addition of a tellurium overlayer. 
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INTRODUCTION 

Low Energy Electron Diffraction (LEED) has shown itself 

to be a useful tool in the investigation of crystalline sur¬ 

faces.^" Classical LEED analyzes the intensities and posi¬ 

tions of the diffracted beams as a function of energy to 

determine such structural information as the surface layer 

contraction, position and orientation of adsorbates."^" 

Recent investigations at Rice have shown that analysis of the 

spin polarizations in addition to intensities of the dif¬ 

fracted electron beams can yield complementary information 

to the intensity versus voltage (I-V) curves. ' Also, there 

is evidence that the inherent normalizability of polarization 

measurements (P-V) produces better laboratory-to-laboratory 
4 

reproducibility than classical LEED intensity measurements. 

Therefore, a combination of I-V and P-V curves should serve 

to determine surface parameters better than either spectros¬ 

copy alone. 

Previous measurements at Rice dealt with the study of 

high atomic number (Z) crystals (tungsten) with light adsor- 
e c 

bates (nitrogen and carbon monoxide) ' that form c(2x2) 

overlayers. This was chosen for the initial experiment since 

the tungsten surface has been studied extensively and the 

spin orbit coupling that causes polarization increases with 

atomic number. A high Z crystal was thought to be the best 

candidate for exhibiting sizeable polarization. Indeed, high 
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polarizations (80%) were observed with tungsten. Adsorbates 

influenced the polarization features but were not thought to 

cause the changes in polarization themselves. Rather they 

induced surface reconstruction which in turn caused signifi- 

. . 5 
cant polarization changes. 

This thesis describes a complementary experiment to the 

one described above, the study of a mirror system i.e. a 

light substrate with a heavy adsorbate. The experiment ex¬ 

amines two independent problems. First, it investigates 

whether significant spin polarization is present in the dif¬ 

fracted beams from light crystals. Secondly, the effect on 

the polarization of a heavy adsorbate is studied. To the 

extent that little polarization results from the clean sur¬ 

face in LEED, the possibility that the heavy adsorbate might 

be studied as a quasi two dimensional crystal is investi¬ 

gated. The system chosen for study was the Ni(001)c(2x2)Te 

surface. 

P-V and I-V curves were measured for the 00 and 01 beams 

at § = 0°, 0 = 10°, 12°, 14°, 16° and 18° on both a clean 

nickel (001) surface and the same surface with a tellurium 

C(2x2) overlayer. The 01 beam was measured at normal inci¬ 

dence under both conditions. At § = 45° I-V and P-V curves 

were recorded for the 00 beam at the same incidence angles; 

additionally the 1/2 1/2 beam was measured at normal inci¬ 

dence. Polarization measurements were recorded at intervals 

equal to or less than 2.5 volts in the energy range of 

20-120 eV. Polarization measurements were recorded every 



1.25 volts in regions of rapidly changing polarization. 

Complementary I-V curves were recorded continuously in the 

range of 20-200 volts using a spot photometer. 

Some interesting effects were found. The clean nickel 

crystal exhibited significant polarizations in the specular 

beam (20%). The addition of the tellurium adsorbate did not 

change the magnitudes of the polarization features, but it 

did influence the position of the polarization features as 

well as the intensities of the I-V curves. 



THEORY 

Upon striking a surface, low energy electrons interact 

strongly with the atoms in the first few atomic layers. 

This results in multiple scattering causing a broad spectrum 

of backscattered electrons to emerge from the surface with an 

energy distribution from OeV to the energy of the incoming 

beam. It is the characteristics of the elastically back- 

scattered beams that are of interest in LEED theory. 

Figure 1 shows a typical energy distribution for the 

backscattered electrons. The large, broad peak at low ener¬ 

gies (C) is the result of electrons undergoing multiple ine¬ 

lastic collisions that cause many secondary electrons to be 

produced, some of which escape from the crystal. 

At higher energies there is a relatively weak continu¬ 

ous (D) with a few well defined peaks (E). The peaks arise 

from Auger transitions following inner shell excitation of 

surface atoms by the incident beam, and are the basis of 

Auger Electron Spectroscopy used to determine surface clean¬ 

liness. Finally, there are a number of small peaks (B) near 

the energy E„ of the incident beam and the elastic beam it¬ 

self (A) at Ec. The small peaks (B) reflect the creation of 

surface and bulk plasmons. The large elastic peak at E0com¬ 

promises 1-10% of the backscattered beam. This is the part of 

the beam which is studied in Low Energy Electron Diffraction 

(LEED) . 

4 



Figure Is a schematic diagram of the energy spectrum of 

8 
electrons leaving a crystal surface. The energy of the 

primary peak is Eq. 
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I. LEED Theories 

It can be determined from the deBroglie relationship 

- [¥mt (1> 

that low energy electrons (~5-200 eV) have wavelengths of lJt 

to 5Â which, like X-rays, are on the order of the lattice 

spacings of most crystals. Therefore, low energy electrons 

elastically scattered from a single crystal should form dif¬ 

fraction patterns similar to those found in X-ray diffrac¬ 

tion. Unfortunately, the characteristics of the diffraction 

patterns are not the same, the difference arising because 

there is a strong interaction between the electrons and the 

crystal lattice. 

In general, Low Energy Electron Diffraction Theory 

assumes an incident plane wave with a given wavevector k 

incident on a single crystal surface which is ideally flat 

and infinite in extent. Thus the atomic structure of the 

surface is perfectly periodic in 2 dimensions, and the crys¬ 

tal is assumed to fill the half space behind the surface. 

The solution in vacuum half-space is a superposition of the 

incident wave with the diffracted waves including the 

effects of damping. A wave matching procedure uses a model 

of the transition region between the vacuum and the bulk 

crystal to connect the vacuum solution to the crystal solu¬ 

tion continuously. 
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Described below are the two most common methods used 

to predict the beam intensities and positions. The inter¬ 

action of the electrons with the lattice is the main theo¬ 

retical problem addressed in finding the intensities of the 

elastically backscattered waves. 

A. Kinematic Theory 

In kinematic LEED theory, electron diffraction is 

described in terms of a modified version of classical X-ray 

diffraction theory. When electrons or X-rays are incident 

on the crystal surface, the waves elastically scattered from 

the surface atoms interfere with each other forming a dif¬ 

fraction pattern. This is known as Bragg diffraction and 

9 
gives rise to the Laue equations that determine the ener¬ 

gies and directions for which elastic scattering occurs, 

a-Alc = 2TTh, - 2ma, c*AÎt = 2TTn (2) 

where a, b, c are the lattice basis vectors, Ak is the change 

of wave vector due to scattering, and h, m, n are integers. 

Kinematic LEED theory assumes that only the incident 

wave produces diffracted waves while the re-diffraction of 

diffracted waves (multiple scattering) is neglected. This 

restriction, in addition to the small penetration of elec¬ 

trons into the crystal, leads to a relaxation of the Laue 

equations. Both the small penetration depth of electrons 

and the lack of multiple scattering are accounted for in the 

theory by incorporating a large absorption term in the crys¬ 

tal potential. This absorption term effectively inhibits 
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multiple scattering by not letting the different layers in 

the lattice interact with each other. 

Assuming a and E are the basis vectors of the surface 

and c is the interlayer spacing (Figure 2), then the condi¬ 

tions a*A^ = 2nh and b*Ak = 2Tim hold strictly, defining the 

diffraction pattern. The third Laue condition C*A£ = 2rm 

does not hold strictly; therefore electrons emerge from the 

surface in discrete beams at all energies. The intensity as 

a function of energy of the diffracted electrons is differ¬ 

ent as compared to X-ray diffraction but, despite its re¬ 

laxation, the third Laue condition still determines where 

the intensity maxima occur in energy. The maxima in the dif¬ 

fracted beam intensities that exist when the third Laue con¬ 

dition holds are called Bragg peaks of order n. 

Although kinematic theory predicts spot locations 

accurately, it does not generally predict beam intensities 

well except in the few cases where there is very little mul¬ 

tiple scattering. The failure of this theory is caused by 

not taking into account multiple scattering which is respon¬ 

sible for most of the structure in the LEED intensities. 

B. Dynamical LEED Theory 

Most present LEED calculations are done in the frame¬ 

work of multiple scattering theory.^ LEED theories of this 

type are usually termed dynamical LEED theories. 

Multiple scattering theory in general,is a self- 

consistent calculation that determines the scattered wave 

from each scattering center. This is done in such a way 



Figure 2 s In kinematic theory, intensity maxima occur 

through constructive interference between waves scat¬ 

tered from consecutive layers of atoms. A wave with wave- 

vector kQ is incident on the crystal while the elasti¬ 

cally scattered wave has wavevector 1c'. If c is the 
o 

—♦ -4 

relative displacement of the layers and a and b are the 

lattice vectors of the surface, the Laue equations for 

constructive interference are: a*A& = 2trh, = 2Tim, 
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that the outgoing wave is proportional to the primary wave 

amplitude plus the sum over trajectories of multiply scat¬ 

tered wave amplitudes. This leads to a set of equations 

*is - ti<*(0) + .5. Gij *js> • (3> 

where i|ris the scattered wave from the i— atom. i|r ^ is 

the primary wave, t^ is the "t matrix" of the i— scatter¬ 

ing center representing its scattering amplitude and G^ is 

Green's function representing the propagation of the wave 

from scattering center j to scattering center i. 

Multiple scattering theory in LEED is essentially 

equivalent to Ewald's theory for dynamical X-ray diffrac- 

12 
tion. Ewald considered atoms to be point dipoles with a 

given polarizability and looked for a Bloch-type solution 

of the wave equation as a dynamical balance in the interac¬ 

tion between the electromagnetic wave-field and the polar¬ 

ization of atoms. This balance is reached as a result of 

multiple scattering of the waves in the system of scatter- 

ers, namely the dipoles. 

In order to get a realistic model, Ewald's theory is 

modified slightly. A muffin tin potential is used for the 

crystal potential where the atoms are regarded as soft 

spheres embedded in a constant potential field. Another 

modification from Ewald's original theory is the departure 

from the use of plane wave expansions using Bloch waves. 

Instead, the diffraction amplitudes are obtained directly 

from successive scattering processes between the atoms. 
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Dynamical calculations first consider the scattering by 

a single atom which, as a lowest approximation neglecting 

multiple scattering, is the kinematic LEED theory. Next, 

multiple scattering between atoms is taken into account. 

As outlined by Kambe,^ the calculation comprises three 

steps: (i) calculation of the "multiple scattering" inside 

a single atom? (ii) calculation of the multiple scattering 

inside an atomic layer; (iii) calculation of the multiple 

scattering between atomic layers. 

As stated above, calculation of the scattered phase 

shift 6 of the atoms involved is the first step. This is 
Jl 

done by integrating the radial Schrodinger equation thereby 

allowing the calculation of the exact values of the atomic 

scattering amplitudes f(0) by the standard partial wave 

method according to the formula with the Legendre Polyno- 

13 
mials P (cos0) 

Z 

f(0) = (2ik)-1 E (2J+1) [exp(2iô -UP, (cose) (4) 
l l Z 

where 0 is the scattering angle and k is determined by the 

electron energy with respect to the constant potential be¬ 

tween the muffin tins. In practice only 5 to 8 phase shifts 

are calculated but this is already an improvement over the 

kinematic LEED theory, in which the atomic scattering ampli¬ 

tudes are calculated within the first Born Approximation. 

Multiple scattering inside one atomic layer can be done 

by the self-consistent method expressed by Equation 3. The 
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major mathematical problem is the evaluation of the lattice- 

summation included in Equation 3. Usually the strong absorp¬ 

tion term for electrons present in the crystal potential 

gives rise to a good convergence of this sum. The method is 

parallel to the KKR (Korringa, Kohn and Rostoker) method 

14 
used in band theory but the lattice summation is carried 

out in two-dimensions instead of three. 

The result of this part of the calculation represents 

the scattering matrix of one subplane. This can be repre¬ 

sented either in the original partial-wave expansion (the 

L-representation, L standing for the angular quantum numbers 

l,m of the partial waves) or, taking advantage of the trans¬ 

lational periodicity, in a plane-wave expansion (the K- 

representation). 

The third and last step is the calculation of the mul¬ 

tiple scattering between atomic layers, a calculation that 

can be performed either in the L representation or K repre¬ 

sentation. Maintaining the L-representation, the multiple 

scattering is calculated in the same way as in the previous 

step. In fact, this step may be combined with the previous 

one into one large calculation. The whole system becomes 

effectively one layer. The relative positions of the sub¬ 

planes do not play a role, therefore the theory can be 

readily applied to complex systems in which different kinds 

of atoms are lying in the same layer. This method has the 

disadvantage that it uses a very large matrix in the calcu¬ 

lation. 
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In the K-representation the scattering property of a 

layer is represented by a matrix giving the ratio between 

the amplitudes of plane waves going into the layer and those 

coming out of it. This can be transformed to a "transfer 

matrix" which gives the ratio between the amplitudes of 

plane waves above the layer and those below the layer. If 

the subplanes are lying successively above one another, the 

scattering property of the whole system can be represented 

by a simple product of the transfer matrices. This is the 

advantage of the transfer matrices over the method described 

above. Unfortunately, in comparison to the L-representation, 

this method can only take into account a limited number of 

plane waves, thus introducing additional inaccuracy due to 

the limitation of the number of partial waves in the second 

step. 

The two dynamical theories outlined above are the 

general procedures used by most theoreticians to calculate 

LEED intensities. There have been many modifications to 

these theories^ but the procedure outlined above is still 

the basis of most modern LEED theories. 

II. Electron Spin Polarization 

The LEED theories described in the last section analyze 

the intensities of the diffracted beams but totally ignore an 

equally important quantity, the electron spin polarization. 

The basic theory of spin polarization in atomic scattering 

and how the spin polarization can be measured (Mott scattering) 
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will be discussed first. A discussion of polarization 

effects in LEED follows. 

A. Spin Polarization from Atomic Scattering 

The orientation of the electron spin can effect how an 

electron is scattered. This is illustrated in Figure 3, 

which shows electrons scattered to the left and right by a 

positive charge. In the rest frame of the electrons, the 

current that is represented by the moving charge produces 

*-* -4 

a magnetic field B = E x v/c which interacts with the mag¬ 

netic moment (jj) of the electron giving rise to a spin-orbit 

interaction ("ipL-S) term in the Hamiltonian. As a result, the 

scattering potential will be higher or lower for spin up (t) 

electrons or spin down (i) electrons depending on the rela¬ 

tive orientation of the magnetic field B to the electronic 

magnetic moment (Figure 4). The gradient of the scattering 

potential constitutes an additional force on the electron 

that changes the deflection of the electrons to that illus¬ 

trated by the dashed lines in Figure 3. For an unpolarized 

incident beam the number of spin down and spin up electrons 

scattered in a particular Q direction will therefore, in 

general, be different resulting in non-zero polarization in 

the scattered beam. Since the number of electrons scattered 

at angle 9 is proportional to the differential scattering 

cross-section, the polarization can be stated as 



Figure 3: The scattering of electrons in a central 

electric field illustrating the various effects that 

arise. 

Figure 4: An atomic potential. The dotted lines illus¬ 

trate how the potential is modified when spin-orbit 

16 
coupling is taken into account. 
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The differential cross sections used in Equation 5 can 

be found by solving the Dirac equation. This is done in 

analogy with non-relativistic scattering theory. The re- 

17 
suits have been derived in many texts therefore only the 

results will be presented here. 

The solutions to the Dirac equation, have the form: 

0 0 fg*-f*g 
do/dfi = (|f| +|g| ) (1+i  Ô (6) 

Il II |f|2+|g|2 o 

with 

f (6) 

g (e) 

2i^« 2ig . 
[ u+l) (e -1) +A (e * J--l)PA(cose) 

(7) 

2iô_.-i 2i§ 
(+e 1 -e ^JP.'tcose) (8) 

x> 

This can be rewritten 

do/dn = (| f | 2+|g|2) (1 + S(E,0)Po*n) (9) 

with PQ the initial polarization of the beam and the Sherman 

function S(E,9) defined as 

fg*-f*g 
S (E, 0) = i  ô 2 (10) 

1*1 +M 
For an initially unpolarized beam, the polarizations of the 

17 
scattered beam can be shown to be : 
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fg*-f*g 
(11) 

or 

P = S (E,6)n (12) 

with P = polarization of the scattered beam and n is the 

normal to the beam direction. 

B. Mott Scattering 

This experiment is primarily concerned with the measure¬ 

ment of the polarizations of the diffracted electrons. This 

is accomplished using an experimental technique called Mott 

. 17 
scattering. The theory described above gives the general 

framework for Mott scattering theory which is further de¬ 

veloped below. 

The component of the electron spin polarization trans¬ 

verse to the beam is measured by scattering from gold nuclei 

at high energy (~100 KeV). As above, for a polarized beam 

the spin-orbit interaction gives rise to a right-left scat¬ 

tering asymmetry from the gold target, and its measurement 

is used to determine beam polarization. The electron beam 

is accelerated to high energies in order to assure that the 

scattering is from the bare target nucleus, with negligible 

perturbation by the surrounding electron cloud. The method 

is based on theoretical predictions by Mott. 

To determine the polarization, Equation 9 is used. 

17 
The Sherman function S(E,0) may be accurately calculated, 

therefore the polarization is determined by measuring the 
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scattering asymmetry. Because n has opposite sign for the 

left detector and the right detector, Equation 9 can be re¬ 

written in terms of the scattering asymmetry 

V
N
R 

1 + SP 
  . O 
1 - SP^ 

o 
(13) 

thus lending to easy polarization determination from the 

measured scattering asymmetry. 

C. Polarized LEED 

LEED, as the name implies, uses low energy electrons 

as a probe. Since the electron energy is small (~100 eV), 

the spin-orbit coupling between the electrons and the crystal 

atoms is also relatively small. High Z crystals should have 

a better chance of exhibiting some polarization effects 

17 
since the spin-orbit term has a Z dependence but at the 

energies involved the spin-orbit term is still small. For¬ 

tunately, at low intensities small asymmetries in the scat¬ 

tering of different spins can still result in large polari¬ 

zations as is illustrated in Figure 5, which shows P vs. 0 

for 300 eV electrons scattered from atomic mercury. 

In atomic scattering, both the polarizations and in¬ 

tensities of the scattered electrons are determined ex¬ 

clusively by the atomic potential. This is not true for 

LEED. Multiple scattering, inelastic processes, and the 

crystal lattice itself can also affect both the intensity 

and polarization. In LEED the polarization is calculated in 

the same manner as atomic scattering (Equation 5). Therefore 



Figure 5 s Illustration of the relationship between the 

spin polarization and the cross sections for scattering 

of electrons with spins "up" and "down" with respect 

to the scattering plane. 
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2 terms, N and N need to be calculated in polarized LEED 
T i 

theory. 

The procedure for polarized LEED (P-V) calculations is 

very similar to the dynamical LEED calculations that were 

discussed previously. When both spin states of the elec¬ 

trons are taken into account, the matrix dimensions are 

doubled thus increasing the calculation time. For spin de¬ 

pendent calculations, the phase shifts used in the first part 

of the LEED calculation are determined by solving the Dirac 

equation instead of the Schrodinger equation. The rest of 

the calculation follows the dynamical LEED calculation. 

Polarization curves are obtained by using Equation 5. The 

I—V curves can be obtained by adding the N and N results. 
t i 



EXPERIMENTAL 

I. Apparatus 

The experimental apparatus has heen described in de¬ 

tail in the thesis by O'Neill.^ Also, both Riddle and 

2 3 
Kalisvaart ' have written detailed overviews in their 

respective theses. Therefore, only a brief description will 

be given here, emphasizing the modifications that have been 

made for this experiment. 

The experiment is performed in two differentially 

pumped Ultra High Vacuum (UHV) chambers that are connected 

by an apertured accelerating column. Low Energy Electron 

Diffraction (LEED) is performed in one chamber, with the 

other chamber being used to monitor the polarization of the 

diffracted beams via a Mott scattering technique. 

A. LEED System 

The LEED chamber, shown in Figure 6, contains a modi¬ 

fied commercial 180° 4 grid LEED optics assembly mounted 

from the bottom of the Leed Chamber on a coaxial rotary 

feedthrough. A nickel crystal, placed in the center of the 

LEED optics, can also be positioned to face the tellurium 

oven or ion gun by a rotary feedthrough mounted to the top of 

the chamber. The interior of the chamber is lined with u- 

metal for magnetic shielding. Additional shielding is 

accomplished by a u-metal can over the optics its.elf and 

electrostatic shields in front of the voltage and current 

21 



Figure 6î Schematic of the LEED chamber in a horizontal 

plane through the center of the chamber. The electron 

gun, screen, and grids are mounted from the chamber 

bottom and can be rotated about an axis perpendicular to 

the plane of the figure. The crystal is mounted from the 

chamber top on a manipulator which allows rotation on 

the same axis as that of the LEED optics. 
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feedthroughs. A movable flap mounted to the push rod of the 

LEED rotary manipulator can be positioned in front of the 

LEED assembly to protect it during sputtering and tellurium 

deposition. 

Electrons, emitted from a thin (0.5 mm) hairpin thori- 

ated iridium filament in the electron sun, are focused by 

three lenses to a size of one millimeter where they strike 

the nickel crystal. The diffracted electrons are collected 

and focused on a phosphorescent screen by the LEED optics. 

Inelastic electrons are eliminated by biasing the second and 

third grids to approximately five volts positive of the 

filament potential. A field free region is established 

around the crystal by maintaining the first grid at the 

crystal potential. Finally, the fourth grid is kept at 

ground potential to insure proper focusing of the LEED beams 

on the phosphor coated collector. The diffracted electrons 

are accelerated from the fourth grid to the collector by a 

2.5 KeV potential difference. When electrons strike the 

phosphor coating, light is emitted, thus displaying the LEED 

pattern. The spot size is 1-2 mm. 

B. Crystal Manipulator 

The crystal manipulator, shown in Figure 7, was de¬ 

signed specifically for this experiment. The rotary manipula 

tor is composed of a hollow stainless steel rod descending 

through two teflon seals with a tantalum can mounted to the 

end. The crystal is attached to one end of the can. Rotary 
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motion is accomplished by turning the rod on the two teflon 

seals. The area between the seals is differentially pumped 

through the Mott chamber. Crystal temperature was controlled 

by using a tungsten filament inside of the can for heating, 

and flowing water through the hollow rod for cooling. 

This design was chosen since the crystal must be 

heated for long periods of time during the cleaning process, 

then cooled rapidly. Degasing is kept to a minimum by the 

water cooled rod, which also provides fairly rapid cooling 

when the filament is turned off. Typically, about 45 sec¬ 

onds are required for the crystal to cool to one half of its 

initial temperature above ambient. 

Overall the rotary manipulator performed very well. 

The teflon seals did not contribute significantly to the gas 

load as was first feared. Only very slight pressure bursts 

of less than lxlO-^ Torr are seen on rotation, which does 

not affect the surface cleanliness. The only disadvantage 

is that it provides rotational freedom in only the 0 direc¬ 

tion (Figure 7). Changing § requires bringing the system to 

atmosphere and rotating the crystal manually. 

The rotary assembly is attached on a commercial X-Y-Z- 

Tilt drive system which is used to position the crystal in 

the center of the LEED optics and correct for minor § mis¬ 

alignments of the crystal. The 180 degree LEED optics pre¬ 

vents the 0 rotation axis of the crystal from being on the 

same line as that of the LEED optics. Therefore, a small 

correction to the X-Y position of the crystal had to be made 



Figure 7: The crystal manipulator. 
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everytime the crystal was rotated. The drive system proved 

to be invaluable for this purpose. 

C. Mott Chamber 

A chosen LEED beam is directed through the slit in the 

LEED screen and into the entrance aperture of an einzel lens 

where it is focused and steered into the accelerating column 

leading to the Mott chamber (Figure 8). The beam is accel¬ 

erated to 100 KeV, passes through three collimating aper¬ 

tures, then strikes a thin (100Â) gold foil. The forward 

scattered part of the beam is collected in a Faraday cup at 

the end of the chamber, providing a rough measure of the 

beam intensity. The back scattered electrons are used to 

determine the polarization. 

Two silicon surface barrier detectors placed symmet¬ 

rically at an angle of 120 degrees relative to the incident 

beam are used to measure the beam polarization. The de¬ 

tectors are placed in the scattering plane of the electrons 

and are therefore sensitive to only that component of the 

transverse polarization that is perpendicular to the scatter¬ 

ing plane. The 120° angle is determined by three collimating 

apertures in front of the detectors. When an electron strikes 

the detector a charge proportional to the electron energy is 

produced. This charge is converted to a pulse height, 

amplified, then pulse height analyzed to eliminate inelastic 

electrons. The elastic electron counts are then transmitted 

to ground potential via optical couplers where they are 

counted. The count ratio of the two detector channels 



Figure 8: An overview of the experimental apparatus. 
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determines the polarization, once a correction is made for 

possible systematic instrumental asymmetries. 

For instrumental asymmetry corrections Mott scattering 

is also performed on an aluminum foil. Because aluminum is 

light (Z = 13) it has a Sherman function near zero, there¬ 

fore any difference in count rate can be attributed to an 

instrumental asymmetry. This fact can be used to eliminate 

the instrumental asymmetries. Both the aluminum and gold 

foils are attached to an aluminum vane and mounted to a 

rotary manipulator so they can be easily positioned in front 

of the beam. 

D. Vacuum 

To perform experiments on atomically clean surfaces 

-9 
pressures of at least 1x10 Torr are usually required. At 

this pressure a monolayer of contaminants is formed in about 

19 
1000 seconds which is adequate time to accumulate data for 

many surface physics experiments. Unfortunately, in this 

experiment, the data for a polarization vs. energy curve 

comprising approximately 45 points take from 6 to 8 hours to 

-9 
collect. Therefore, a pressure of much less than 1x10 Torr 

is necessary to assure surface cleanliness while a complete 

data set is taken. 

To achieve adequate pressures standard UHV techniques 

are employed. The apparatus is constructed primarily of UHV 

materials. The Mott chamber is pumped by a 400 1/s Differ¬ 

ential Ion (DI) pump and the LEED chamber with a 500 1/s DI 

pump and a titanium sublimation pump with cryoshroud. After 
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-11 -9 
bakeout, base pressures of 3x10 Torr and 1x10 Torr were 

established in the LEED and Mott chambers respectively. The 

discrepancy in pressures between the two chambers is attrib¬ 

utable to the fact that the Mott chamber cannot be baked out 

since the surface barrier detectors mounted there cannot be 

heated above 35°C. 

The pressure of the system can be determined in three 

ways. First, since the ion pump works by ionizing gas, the 

ion current can be read directly from the ion pump power 

supply and converted to a pressure by the calibration curve 

provided by the manufacturer. This method is used when the 

other gauges are turned off but it is not very accurate since 

leakage currents in the pump can cause erroneous pressure 

readings. A nude Bayard-Alpert ionization gauge in the main 

chamber is most often used to measure the chamber pressure. 

It is the most accurate gauge and is nearest to the crystal. 

Finally, the partial pressure analyzer (PPA) can be used to 

measure the total pressure as well as the fractions of gases 

that make up the background. Although the ion pump pressures 

do not always agree with the other two gauges, the PPA and 

the nude ion gauge are always within a few percent of each 

other. The nude ion gauge pressures are the ones reported. 

E. LEED-Auger Controller 

A new-LEED-Auger controller was designed that allowed 

rapid changeover between the LEED and Auger modes of the LEED 

optics (Figures 9,10). Motivation for this project was two¬ 

fold. Foremost, rapid change between LEED and Auger was 



Figure 9. Electronic schematic of the LEED optics 

in the LEED mode. 





Figure 10. Electronic schematic of the LEED optics 

in the Auger mode. 
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needed to apply tellurium to the nickel surface. During 

application, the half order spots of the LEED pattern should 

be monitored to determine if the tellurium is going on the 

surface properly, and the tellurium Auger peak height should 

be monitored to determine when enough tellurium has been 

applied. The original system required 5 to 10 minutes to 

changeover and involved connections and disconnecting many 

cables. Further, the original system was electronically 

noisy due to ground loops and the sweep method employed. 

The new system eliminated these problems. Most of 

the electronics is located in one box which has a single 

grounding point. Switching from LEED to Auger takes less 

than 1 minute and involves turning only one switch and re¬ 

connecting only one cable. 

II. Crystal Preparation 

The polished nickel crystal used in this experiment was 

prepared in the Materials Science Center at Cornell Univer¬ 

sity. Crystal orientation was determined by a Laue camera. 

Once the crystal was in vacuum, various cleaning methods 

and diagnostics were employed to obtain an atomically clean 

surface before data acquisition. 

A. Auger Analysis 

Surface contamination can be easily detected by Auger 

20 
Electron Spectroscopy (AES). Auger electrons are emitted 

in a two step radiationless process. High energy electrons 

(2-5 KeV) incident on an atom eject inner-shell electrons. 
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The resulting vacancies are filled by decay of outer-shell 

electrons with the energy released in the transition going 

to a second (Auger) electron ejected from the ion. The ener¬ 

gies of these Auger electrons are characteristic of the ex¬ 

cited atom and therefore, can be used for elemental identi- 

... . 21 
fxcatxon. 

AES is a commonly used diagnostic for detection of 

contaminants in LEED experiments because the LEED optics can 

be easily modified to work in the Auger mode (Figure 9). 

Also, Auger electrons come from about the same depth in the 

crystal as the LEED beams, therefore the contaminants found 

are ones that influence LEED. 

The LEED electron gun provides a primary beam of about 

2 KeV. Two retarding grids of the LEED optics are used to 

energy analyze the secondary electrons ejected from the 

crystal. Electrons passing through the grids strike the 

collector which is biased to +300 volts, insuring collection 

of all electrons. This current is then converted to a vol¬ 

tage and measured. With a voltage V on the retarding grid, 

the current i(V) striking the collector is given by 

with EQ the primary electron energy, N(E) the back scattered 

secondary electron spectrum, and a the normalization constant 

including the solid angle and transmissivity of the LEED 

screens. It is difficult to detect a small Auger electron 

E 
o 
N(E)dE (14) 
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peak using this technique since the feature is superimposed 

on a large background of electrons with energies between V 

and E . 
o 

The Auger peaks are "enhanced" by electronically taking 

the second derivative of the backscattered current. A small 

modulation voltage of approximately four volts peak to peak 

is superimposed on the linear sweep applied to the retarding 

grids and the second harmonic of the signal is phase sensi¬ 

tively measured. The change in collector current associated 

with the modulation AV superimposed on the retarding voltage 

VQ can be found from a Taylor Series expansion 

i(VQ+AV) - i(VQ) L av 
AV + 

.d-V) 

v=v r^P] 
- dV JV=V_ 

làYL 

+ (15) 

Substituting the expression for i(V) from Equation 14 yields 

i(V0+AV) = i(VQ) + aN(V0)AV +^(V)-(AV)
2
 + ... (16) 

If VQ is an AC signal, Av = K sin (wt), then 

i(Vc+AV) = i(VQ) + aN(V0)Ksin(wt) - ^p(VQ)K
2 [cos (2wt) -1] ... 

(17) 

The term N' (V) of the secondary electron spectrum is propor¬ 

tional to the coefficient of the second harmonic of the modu¬ 

lation frequency. Since the voltage is sinusoidal, lock-in 

techniques can be used in measurement. The signal can be 

further enhanced by the use of a narrow band pre-amplifier be¬ 

tween the collector and the lock-in amplifier. 
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B. Diffraction Peaks 

Along with the Auger peaks, in the region of 100-400 eV 

are other peaks which look like Auger transitions but cannot 

be identified with any elements. These peaks at 121, 140, 

172, 204, 241, and 290 eV, were subsequently identified as 

22 
diffraction peaks (Figure 11). 

A plausible explanation for the phenomenon of diffrac- 

23 
tion peaks has been given by Becker and Hagstrum. As ex¬ 

plained earlier, when monoenergetic electrons strike a crys¬ 

talline surface, secondary electrons of all energies from 0 

eV to the energy of the primary beam are produced. Multiple 

inelastic collisions that take place in the crystal produce 

a wide range of energies and directions of electrons from 

any scattering center within the penetration depth of the 

incident beam. At certain discrete energies, determined by 

a diffraction effect characterized by the lattice spacing, 

an excess of reflected electrons emerge from the crystal. 

The diffraction process results in a greater mean-free-path 

for electrons of certain energies and directions of momentum 

in the crystal. Inelastically back scattered electrons of 

these energies and directions can escape from a greater 

depth in the solid, thus accounting for the greater number 

of electrons at these energies reaching the collector. 

This model fits a number of observable facts. First, 

if the entrance aperture of the collector is modified to 

accept a smaller solid angle, the number of diffraction peaks 

24 
diminishes. Also the diffraction peaks are relatively 



Figure 11: Auger spectrum of a clean Nickel crystal. 

Diffraction peaks at 143, 173, 204, 241, and 290 are 

indicated with arrows. 
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invariant to the crystal face being studied. This was demon¬ 

strated in this experiment when a Ni(110) crystal, mistakenly 

inserted in the chamber, exhibited the same diffraction peaks 

as the Ni(001) crystal. 

C. Crystal Cleaning 

Unfortunately, obtaining an atomically clean surface is 

not an exact science. Because every research group has dif¬ 

ferent experimental constraints, it seems as though each has 

its own unique cleaning method. In this section I have 

attempted to describe the various methods we employed in 

cleaning the crystal and the reasons for the failure or suc¬ 

cess of each. 

Contaminants are removed from the nickel crystal by 

argon ion sputtering. Preparation for sputtering is as fol¬ 

lows. First, the crystal is rotated in front of the ion gun 

(Figure 5) and flaps are raised in front of the LEED optics 

and windows to protect them from ions and sputtered mater¬ 

ials. The titanium sublimation pump is then flashed. Since 

titanium does not pump argon but does pump most other gases, 

it serves to keep the chamber clean during sputtering. Both 

the Mott and LEED chamber ion pumps are turned off, and 

5xl0-^ Torr of argon is admitted into the LEED chamber 

through a variable leak valve. At this pressure of argon, 

using 2 KeV ions, a beam density of approximately 100 

p. amperes/square centimeter is realized. The ion beam is 

rastered across the crystal to sputter the surface uniformly. 
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After sputtering, the argon is pumped out with the roughing 

ion pump, and the main ion pumps are turned on. 

When the chamber is first evacuated. Auger analysis 

shows that the nickel surface is almost entirely covered 

with two contaminants sulfur and carbon. Sputtering for 

two hours removes this overlayer so the carbon and sulfur 

characteristic of the bulk nickel can be seen by AES. The 

more difficult process of removing the bulk concentration 

of carbon and sulfur is described next. 

Carbon is by far the most difficult contaminant to re¬ 

move from the (001) surface of nickel. When heated above a 

certain temperature the surface carbon dissolves uniformly 

in the bulk nickel, except for a small fraction which is 

bound carbidically in the four-fold hollows on the surface 

of the crystal. Auger spectra of the nickel crystal at 

these temperatures (above 600°C) show a fiarly clean surface. 

However when the crystal is cooled, the carbon is precipi¬ 

tated to the surface, thus leaving an overlayer at room tem¬ 

peratures. The surface carbon can be removed by sputtering 

but subsequent annealing to remove the damage caused by 

sputtering brings back the carbon. 

An estimate of the bulk concentration of carbon can be 

found using the solubility curve of carbon in nickel, a 

plot of the bulk concentration of carbon as a function of 

the temperature. The surface precipitation temperature for 

carbon is found by taking a clean, hot crystal and cooling 

it slowly, measuring the carbon Auger peak height as a 
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function of temperature. When the data are plotted (Figure 

12), two sharp changes in Auger peak height are evident. The 

higher is the temperature where a monolayer of carbon segre¬ 

gates to the surface and the lower where bulk carbon precipi¬ 

tates on the surface. The crystal used in this experiment 

had a segregation temperature of 410°C and a precipitation 

temperature of 250°C. This corresponds to a bulk concentra- 

26 
tion of 25 ppm carbon. 

To remove carbon, the first method attempted was to 

cycle the crystal temperature to bring the bulk carbon to 

the surface, then sputter the carbon away. This process was 

to be repeated until no more carbon remained in the bulk. 

Carbon can be removed from the surface in 5 minutes with 2 

KeV Argon ions and the crystal temperature can be cycled to 

600 C every 15 minutes. Therefore, 100 cycles per day can 

be performed. Assuming .20 monolayers of carbon are brought 

to the surface with each cycle and remembering that the 

bulk concentration of carbon is 40 ppm, a simple calculation 

shows that the crystal should be carbon free in about two 

weeks using this procedure. Unfortunately, this procedure 

was not successful. Cycling reduced the carbon (273) to 

nickel (848) Auger peak ratio to about one to four in a week 

but little reduction in peak height was noticed thereafter. 

The most plausible explanation for not being able to 

clean the crystal using the method described is methane con¬ 

tamination. When the ion pumps are turned off prior to 

sputtering, methane desorbs from the titanium in the pumps. 



Figure 12: Cooling curve of a nickel crystal. The 

height of the carbon Auger peak is plotted as a funo 

tion of crystal temperature as the crystal is slowly 

cooled. The arrows indicate the segregation and 

precipitation temperatures. 
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Methane is also formed in the sputtering process, whereby 

argon ions desorb carbon from the walls which then combines 

with hydrogen in the steel. During the first week after 

bakeout, methane is present at pressures on the order of 

_7 
3x10 Torr during sputtering, which means a monolayer of 

methane can deposit on the crystal every 10 seconds. 

27 
Usually, methane does not react strongly with nickel but 

the ion beam can crack the surface methane, thus creating 

more carbon on the surface during sputtering. After about 

two weeks the methane problem lessened because most of the 

carbon had desorbed from the walls and was buried in the 

titanium of the ion pump where it could not escape. Even¬ 

tually the partial pressures of methane remained below 

—8 
3x10 during sputtering. This was low enough to allow the 

crystal to be cleaned by one of the methods described below. 

A cleaning method successful in many laboratories is 

to rapidly cool the nickel crystal from an initially high 

temperature. When the crystal is heated above the segrega¬ 

tion temperature, carbon is uniformly dissolved throughout 

the crystal and the surface appears clean. With rapid cool¬ 

ing, the carbon does not have enough time to migrate to the 

surface before it is frozen in place, hence the crystal 

remains clean at room temperature. This method was attempted 

but the crystal did not cool rapidly enough. A reduction in 

the carbon peak height was noticed as compared to slow cool¬ 

ing but the surface was still too carbon contaminated at 

room temperature to obtain good LEED measurements. 
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The successful cleaning method finally adopted is con¬ 

ceptually very simple in retrospect. The crystal is first 

cleaned by argon ion bombardment, then annealed below—rather 

than above—the segregation temperature. When the crystal 

cools, carbon does not segregate to the surface. To reduce 

surface damage the argon ion energy is reduced to 1 KeV. 

This increases the sputtering time to remove one monolayer 

of carbon to one half hour. The crystal is further sputtered 

at the annealing temperature of 400 C immediately before 

annealing to remove any carbon that comes to the surface 

during heating. Annealing time was increased to one half 

hour to make up for the lower temperatures used. As a result 

of this method, less than 2% carbon coverage and 5% argon 

coverage is measured at the start of measurements. The argon 

coverage, although high, was not thought to influence the 

measurements because of its random distribution in the 

lattice. 

Sulfur was the only other contaminant initially seen on 

the nickel crystal. It proved much easier to remove than 

carbon. When the crystal is heated, sulfur boils to the 

surface and remains there even after the crystal is cooled. 

A simple cleaning procedure is to heat the crystal to 600°C 

and sputter until no more sulfur remains. Since sulfur is 

sputtered faster than it boils to the surface it was de¬ 

cided to cycle the temperature. This process removed the 

carbon and sulfur simultaneously resulting in a more effi¬ 

cient removal of contaminants. After one week, no more 

sulfur remained in the crystal. 
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D. Formation of the Tellurium Overlayer 

The tellurium oven was provided hy Professor Alex 

Ignatiev of the University of Houston. A sealed glass vial 

with a nickel ribbon wrapped around it held the tellurium. 

The seal of the vial, when broken, formed a nozzle to direct 

the tellurium. A six inch confiât flange held the vial 

along with a wiggler arm with a flap attached to the end 

(Figure 13) . The oven assembly was mounted to one of the 

six inch ports of the LEED chamber, facing the crystal. 

After bakeout, the flap is used to break off the end 

of the seal. Tellurium adsorption can be controlled by 

placing the flap in front of the nozzle. 

Tellurium is deposited directly onto a clean crystal 

at room temperature. Initially, the flap is lowered in 

front of the vial and the temperature of the metal is slowly 

raised by passing a current through the nickel ribbon. At 

530°C the vapor pressure of tellurium is 5 Torr, resulting 

in a beam of tellurium emanating from the vial. When the 

flap is raised, tellurium sprays on the crystal surface 

forming a C(2x2) pattern. The amount of tellurium adsorbed 

is periodically checked by rotating the crystal in front of 

the LEED optics and measuring the Te(472) to Ni (848) Auger 

peak ratio. Tellurium is deposited until a ratio of .93 is 

obtained (Figure 14). This ratio corresponds to approxi¬ 

mately 1/2 monolayer of tellurium and was found to produce 

the sharpest LEED spots with the correct C(2x2) pattern and 

I.V. curves. 



Figure 13: Diagram of the Tellurium oven. 
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TELLURIUM OVEN 



Figure 14: Auger spectra of a Ni(001)c(2x2)Te 

surface. 
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After the proper amount of tellurium is absorbed on 

the surface, the tellurium heater is turned off and polari¬ 

zation measurement can begin. The tellurium can be removed 

by the same sputtering procedure used to prepare a clean 

surface. 

III. Data Acquisition Techniques 

A. Polarization Curves 

1. Determination of the Polarization 

The polarization measurement, done by standard Mott 

scattering techniques, consists of two steps. First, the 

instrumental asymmetry of the Mott system is determined by 

measuring the scattering asymmetry of the electron beam 

from an aluminum foil. The scattering asymmetry from a 

polarized beam should be very small since the Sherman func¬ 

tion of aluminum is small. Therefore any scattering asym¬ 

metry present, from the aluminum foil, can be associated 

with an instrumental asymmetry. Next, a gold foil is 

rotated in place of the aluminum foil and a second scat¬ 

tering asymmetry is measured. From the ratio of counts 

using the gold foil and the instrumental asymmetry deter¬ 

mined from the aluminum foil, the polarization can be 

calculated. 

The data acquisition procedure adopted is a compromise 

between two limiting factors. The crystal remains clean for 

only a limited amount of time; therefore the data should be 

taken in a short amount of time. Also, the polarizations 
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measured in this experiment are relatively small (~20%); 

therefore the gold and aluminum asymmetries must be deter¬ 

mined precisely in order to obtain an accurate polarization 

measurement. 

The method used that best satisfies both of the require 

ments is described below. At each energy six or more gold, 

than six or more aluminum asymmetries are measured and the 

means of these numbers are used to calculate the polariza¬ 

tion. Since more than one measurement is taken, the stan¬ 

dard deviations of the measurements can be used to assign a 

statistical error to the calculations. Since gold is much 

more dense than aluminum, there are more backscattered elec¬ 

trons, with the result that the counting rates for gold are 

approximately 10 times higher than for aluminum. To maxi¬ 

mize counting efficiency (i.e. the best statistics in the 

least amount of time), the number of counts accumulated 

using the gold foil is three times larger than for aluminum. 

For most of the data, six sets of 10-30k counts are accumu¬ 

lated for aluminum and six sets of 30-100k counts are 

counted for gold at each energy. The data acquisition times 

varied for different intensities but a complete P.V. curve 

of 40 points with less than a 2% statistical error could be 

taken in one six-to-eight hour period. To insure that the 

crystal remains clean during data acquisition, Auger spectra 

are taken at the beginning and end of each run. 

Using Equation 13 and including the instrumental asym¬ 

metry, (ô), the left-right asymmetry is given by 
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1+S P 
NT /N„ = T—0

X_°' 6 ; x = gold or aluminum 
L R 1_SxPo 

(18) 

Assuming ô remains constant, and letting the ratio of counts 

for aluminum foil be denoted by A, and the gold ratio by G, 

a quadratic equation is obtained which can be solved to give 

(19) 
(SQ-SA) (A+G) +[ (S„-Sa ) 2 (A+G) 2+4S„Sa (G-A) 2] ** 

P = - 
o 

G A G A 

2S
G
S
A <g‘a> 

where SG = the Gold Sherman function = .25 ± .02, and SA = 

the Aluminum Sherman function = -.015 ± .05, according to 

29 
McCusker. These values of the Sherman function were deter¬ 

mined experimentally and differ from the values calculated 

theoretically because of multiple scattering in the foils. 

2. Beam Alignment 

Since the beam studied must be directed into the Mott 

optics, crystal orientation is important in angle determina¬ 

tion. The 00 (specular) beam direction does not change with 

energy; therefore once the angle between the LEED gun and 

the Mott optics is determined, the crystal is placed in the 

center of the LEED optics at the appropriate half angle. No 

further adjustments are needed. 

The 01 and 1/2 1/2 beams are more difficult since their 

emergence angles are energy dependent. The crystal is kept 

normal to the LEED gun at all energies. After each data 

point is taken and the beam energy changed, both the LEED 

optics and the crystal must be moved simultaneously to re¬ 

direct the beam back into the Mott optics. The Faraday cup 
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in the Mott chamber is used to assist in this procedure. The 

current is monitored when both the crystal and the LEED op¬ 

tics are rotated. The beam is aligned when a maximum current 

is seen in the Mott chamber. 

3. Sources of Error 

Statistical errors are assigned to the calculations in 

two ways. Assuming the counts from the detectors have a 

Poisson distribution a standard deviation can be assigned 

to the mean number of counts by knowing the total number of 

counts and the number of data sets. This error in the 

counts is used to calculate a "theoretical error" using a 

standard error propagation formula. 

Remembering that 

Nl/M 
_ 1+SxP 

R “ 1-SXP 
(18) 

and assuming that the Sherman function of aluminum is zero, 

then the aluminum asymmetry is 6. It is relatively easy to 

show that the error in P is given by 

(APC)2 
2 4 

SQ (G+Ô)
4 

r 2 2 2 2, 
[6 ffG 

+ G aô 1 (19) 

An "experimental error" can also be assigned to the polariza¬ 

tion by calculating the actual standard deviation of the 

measurements and using these numbers in the equation above. 

All calculations are performed on a TI 59 programmable cal¬ 

culator . 
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Two errors are calculated to insure confidence in the 

data point. If the experimental error is found to be much 

larger than the theoretical error, then that point may be 

bad and should be retaken. The statistical errors reported 

in the results are the larger of the two errors calculated. 

The possibility of systematic errors in the polariza¬ 

tions lies in the uncertainties of the values used for the 

Sherman functions of gold and aluminum in the polarization 

calculations. Since the Sherman function of aluminum is 

small, its large relative uncertainty does not affect the 

polarization values significantly. This is not the case 

for gold. A Sherman function for gold which differs from 

the one used in the calculations by 2% causes all polariza- 

2 
tions to be changed by about 5% of their stated values. 

These changes affect only the polarization magnitudes not 

their relative values. 

The angles of incidence reported are determined by 

reading the degree scale on the LEED system rotary manipu¬ 

lator. Because of uncertainties in setting up an initial 

angle for the rotary manipulator, a systematic offset of 

± 0.5° in all angles is possible. The repeatability of the 

measurements should be much better, ±0.2 degrees. 

The LEED electrons are emitted from a hot Thoria 

coated Iridium filament. Therefore there is an inherent 

energy spread in the beam energy of 0.5 eV because of ther¬ 

mal effects. This affects the resolution of the polariza¬ 

tion measurements by washing out narrow polarization 
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features. The absolute energy scale of the measurements is 

not known to better than one electron volt because of work 

function errors. 

B. Intensity Measurements 

I-V profiles of the diffracted beams are obtained by 

using a spot photometer to measure the light emitted as the 

diffracted electron beam strikes the phosphor coated collec¬ 

tor in the LEED optics. The absolute intensities of the 

beams are not measured in this experiment. Relative normal¬ 

ization is attained using the Mott chamber current as a 

standard. For the 01 beam, the position of the beams is 

tracked by the spot photometer as the energy is changed. 

I-V curves are easier to take for the 00 beam since 

it does not move with energy. The 00 beam is positioned on 

the phosphor coated lens element of the Mott optics. At 

maximum intensity the photometer is focused on the beam, 

then the total I-V curve is recorded. 

IV. Experimental Results and Discussion 

Polarizations and intensities of the 00 beam vs. en¬ 

ergy for Ni (001) and Ni(001)c(2x2)Te are shown in Figures 

15 to 24 for $ = 0° and § = 45°, for five angles of inci¬ 

dence 0. The 1/2 1/2 beam and 01 beam data at normal inci¬ 

dence are shown in Figures 25 and 26 respectively. Angles 

and beam indices are defined following the rules of Zanazzi 

31 et al. § = 0° corresponds to the [110] direction. The 

present I-V curves are in good agreement with those pub¬ 

lished previously.^ 



Figures 15-26: Polarizations and intensities of the 

00 beam vs* energy for the Ni(001) and Ni(001)c(2x2)Te 

are shown for $=0°,0 = 10°,12°,14°,16°, and 18° and for 

$=45°, 9 = 10° , 12° , 14° , 16°, and 18° in Figures 15 to 

24 respectively. The 01 and 1/2 1/2 beam data at 

normal incidence are shown in Figures 25 and 26 re¬ 

spectively. 
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Both exchange scattering and spin-orbit coupling may 

contribute to the polarization of the LEED beams from a 

ferromagnetic sample. To insure that exchange scattering is 

not important in the present work, a number of tests were 

made using an unmagnetized sample. If the magnetic domain 

size is much less than the diameter of the incident electron 

beam, effects of the exchange scattering from the randomly 

oriented domains should cancel. In an unrelated experiment 

conducted in this group, magneto-optic Kerr effect measure¬ 

ments were performed on a Ni (110) face magnetized along the 

direction of easy magnetization ([111]). The characteristic 

dimensions of the domains were found to be smaller than 1mm 

for an unmagnetized sample. Since the Ni (001) face does not 

contain the [111] direction, the domains are expected to be 

smaller than those of the (110) face. Further, at each 

cleaning, the sample is annealed above the nickel Curie tem¬ 

perature resulting in a different domain structure. As an 

additional test, polarization curves were taken on different 

areas of the crystal. Identical P-V profiles were obtained. 

As mentioned in the theory section, the polarization P 

of the diffracted beams is defined by P = (I -1^ J/fl^+I^) , 

where It and 1^ are the currents of the spin "up" and spin 

"down" electrons, respectively. Particularly large polar¬ 

izations occur when the spin "up" ("down") current is much 

larger than the spin "down" (“up") current at a given inci¬ 

dence angle and energy. Since the spin-orbit interaction 

energy is small, minima of both currents appear at closely 
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spaced energies. Therefore, a correlation between low inten¬ 

sity and high polarization is expected since large current 

ratios are only obtained in the vicinity of an intensity 

minimum (Figure 5). This correlation can readily be seen in 

Figures 15-26. Peaks in the intensity curves are expected 

34 
to grow broader at higher energies, leading to higher in¬ 

tensity minima. Thus the largest polarizations are expected 

at low energies as is evident in Figures 15-26. 

Deposition of the c(2x2)Te adlayer results in major 

changes in the P-V profiles. The size of the polarization 

maxima obtained for the Ni-Te surface is of the same order 

of magnitude as the clean Ni surface with the energy struc¬ 

ture quite different. The largest polarizations observed 

for Ni (001) and Ni (001)c(2x2)Te are -27% (Figure 24) and 

+28% (Figure 20). The effect of the c(2x2)Te adlayer is 

less pronounced in the I-V curves. The majority of peaks 

remain at the same energy but their intensities change, e.g. 

Figure 15. Occasionally; a new intensity peak appears, as 

in Figure 16 on the Ni(001)c(2x2)Te I-V curve at 60V. The 

fractional order beams clearly have new features in the 

diffracted intensities and have been used previously as the 

major input for determination of the atomic structure of 

33 
the surface. Both the fractional and integral beam inten¬ 

sities measured in this study are in very good agreement with 

those previously published and hence the previously deter¬ 

mined surface structure for Ni(001)c (2x2) is not only valid 
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but is the basis for the further theoretical study of the 

polarization features observed for this system. 

The Ni(001)c (2x2)Te I-V curves are sensitive to slight 

changes in the tellurium coverage in the area of optimum 

coverage. With slight undercoverage or overcoverage from the 

perfect c(2x2) coverage, part of the beam intensity is di¬ 

verted to diffuse scattering, affecting mainly the I-V peak 

intensities but not the I-V curve shape. The polarization 

curves, however are relatively insensitive to these slightly 

different coverages because polarization is the result of a 

ratio measurement. 

Polarization curves are very angle sensitive. Even 

with the statistical error shown in the figures, a change 

of the incident beam angle 0 by 0.5° will produce readily 

observable changes in the P-V profiles. The intensity curves 

show a similar sensitivity. Both I-V and P-V curves show 

families of peaks at a given angle §, growing and diminish¬ 

ing when going to the next incidence angle. Both sets of 

curves change significantly between $ = 0° and $ = 45°. 

The similar magnitudes of the polarization features of 

the Ni (001) and Ni(001)c(2x2)Te curves is interesting. Par¬ 

ticularly the 1/2 1/2 beam, does not show higher polariza¬ 

tions even though it is present as a result the tellurium 

adlayer. These facts may be explained by examining the 

spin-orbit term that causes these polarizations. The spin- 

orbit interaction energy E is proportional to 
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E_ _ ce 1/r (dV/dr)s*E (20) 
s « U # 

where V is the scattering potential, L the electron's orbital 

momentum as it scatters, and s the electron spin. With hy- 

drogenic wave functions and a Coulomb potential Ze/r, E is 

35 
proportional to Z, where Z is the atomic number. In that 

crude model, scattering from high Z atoms should yield much 

higher polarization features. This is not what is observed in 

that polarization features from Ni and Ni-Te are of similar 

strength. The LEED electrons have insufficient energy to 

deeply penetrate the electron clouds associated with the 

scattering centers, so that the scattering potential is more 

complex. The electrons will see a nucleus shielded by a 

cloud of electrons, with an "effective" Z much lower than the 

35 .... 
atomic number. The similarity m strength of polarization 

features in this experiment suggests the importance of such 

nuclear screening in polarized LEED. In contrast, the situ¬ 

ation in Mott scattering is quite different. The short wave¬ 

length of the accelerated electron makes the penetration of 

the electron cloud and interaction with the bare nucleus 

possible, resulting in a strong Z dependence in the spin- 

orbit term. This explains the large difference between the 

experimental Sherman function values of the Mott detector 

26 
gold (-0.25) and aluminum (-0.015) foils. 

Two additional mechanisms may modify the contribution 

of the c(2x2)Te adlayer to the polarization profiles from 

what was initially expected. First, the inelastic mean free 
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path of electrons at LEED energies is short but encompasses 

more than one layer. The multiple scattering between layers 

of atoms is as important as the scattering inside a single 

layer. Therefore many of the forward scattered beams from 

the adlayer will interact with the Ni (001) substrate. 

The second mechanism is related to the substrate- 

adsorbate electrostatic interaction. If a c(2x2)Te adlayer 

is deposited onto a Ni(001) substrate, there will be a re¬ 

organization of the electrostatic charges in the c(2x2)Te 

adlayer and in the Ni(001) substrate, particularly of the 

outer electrons. This may change the effective Z, thus 

inducing a change in the polarization. 



CONCLUSIONS 

Simultaneous measurement of intensity and electron spin 

polarization in LEED experiments is a valuable tool in sur¬ 

face physics, allowing more complete comparison between 

theoretical models and experiment. Ni(001), a low atomic 

number crystal, showed sizeable polarizations, which could 

be investigated with a Mott detector, despite its inherent 

low efficiency. 

Beam polarizations of the Ni(001) and Ni(001)c (2x2)Te 

surfaces are of the same order of magnitude, showing that 

P-V curves cannot be discussed only in terms of atomic 

number dependence. It is suggested that at the relatively 

low electron energies of LEED, shielding of the nuclear po¬ 

tential is important. 
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