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ABSTRACT 

Effects of Adsorbates and Temperature on 

Electron Spin Polarization in 

Low Energy Electron Diffraction 

from Tungsten (001) 

by Thomas Wayne Riddle 

The electron spin polarization and intensity of 

the specularly reflected (00) low energy electron dif¬ 

fraction (LEED) beam at an angle of incidence © - 13° 

have been measured as a function of up to about 1 Lang¬ 

muir of exposure to O2 and CO* Data have been acquired 

in the energy range 26-141 eV at 5 volt intervals except 

near sharp features in the polarization versus energy 

profilef where smaller intervals were used. Data are 

presented in the form of polarization versus energy and 

intensity versus energy profiles for four selected ex¬ 

posures in the range measured. 

The sensitivity of polarization to exposure to the 

gases CO and 0£ is comparable to the sensitivity of in¬ 

tensity. Polarization was found particularly sensitive 

to exposure in one small energy interval. The polari¬ 

zation v as the intensity» was found not to always mono- 

tonically decrease in magnitude with increasing exposure» 

but may show more interesting behavior. A tendency for 



the complementary measurement to remain constant at ener¬ 

gies where the other varies rapidly with exposure was ob¬ 

served. Differences for both polarization and intensity 

for the two gases are noticeable but not dramatic. 

The temperature dependence of electron spin polari¬ 

zation and intensity was also measured for this same 

clean surface over the range 1000-300°C in the energy in¬ 

terval 50-110 ev, which includes the polarization versus 

energy profile. The effect of temperature on polari¬ 

zation was found to be greatest at energies for which the 

intensity is low and the polarization, and rate of change 

of polarization with energy, is large. The results may 

be Interpreted in terns of a shift of polarization fea¬ 

tures toward lower energies as a result of thermal ex¬ 

pansion when the crystal is heated. 
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INTRODUCTION 

Measurements of the periodicities and intensities 

of the discrete beams of scattered electrons produced in 

low energy electron diffraction (LEED) have been widely 

used to investigate the properties of crystal surfaces. 

Recently» studies of the degree of electron spin polar¬ 

ization of these beams have also been undertaken in an 

attempt to obtain further insight into surface parameters.* 

A Rice LEED experiment was the first to observe 
2 

the electron spin polarization of LEED beams and a 

comprehensive study of both the electron spin polari¬ 

zation and the intensity of LEED beams from the clean 

W(001) surface has recently been completed at Rice. 

Preliminary investigation into the effect of ad¬ 

sorbates on polarization as compared to intensity was 

included in this recent study. Though the subject of 

surfaces with foreign atoms adsorbed has been widely 

investigated in recent years using a variety of tech¬ 

niques» the understanding of such systems is at best 

incomplete with such things as the precise location and 

orientation of the adsorbed atoms yet unknown in many 

cases. Since calculations for the clean surface have 

shown that measurements of electron spin polarization 

in LEED may yield information not obtainable from in¬ 

tensity studies alone» the preliminary adsorbate studies 
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of this laboratory were extended and the results are re¬ 

ported here. 

The aim in making these experimental measurements is 

to get an idea for the potential use of such measurements 

for surface structure determinations by investigation of 

the detailed sensitivity of spin polarization to surface 

coverage. This will also serve to determine whether po¬ 

larization can be used as a sensitive monitor of surface 

cleanliness. Further» such measurements will qualify 

measurements previously made on the clean surface by in¬ 

dicating just how clean that surface needed to be in or¬ 

der to yield accurate determinations. 

The measurements reported here are of the polari¬ 

zation and intensity of the specularly reflected (00) 

spot from tf(OOl) at an angle of incidence 0 * 13° as a 

function of up to about 1 Langmuir (10"** Torr-second) 

of surface exposure to and CO. Data have been ac¬ 

quired in the energy range 26-141 ev at 5 volt inter¬ 

vals except near sharp features in the polarization ver¬ 

sus energy profile» where smaller intervals were used. 

Further measurements reported here follow a recent 

4 
suggestion that electron spin polarization in LEED may» 

in certain circumstances» be particularly sensitive to 

the temperature of the surface. In order to permit the 

identification of possible temperature effects in past 

and future polarization studies» the polarization has 

been measured as a function of temperature. 
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Previous measurements of the temperature dependence 

of the electron spin polarization for the (00) beam from 

a V(001) surface at an angle of incidence 0 * 47.5° and 

azimuthal angle 4 - 50° have been reported.^ No temp¬ 

erature dependence was observed» but only a small temp¬ 

erature range» 350-125°C» was studied. Additionally» 

because the maximum polarization observed was only »25%» 

small fractional changes in polarization would be diffi¬ 

cult to detect. 

Consequently» the present work investigates the 

electron spin polarization and intensity as a function 

of temperature in the range 1000-300°C near a large po¬ 

larization feature from W(001) at © ** 13°, 4 ■ 0°. The 

temperature dependence of the polarization was found to 

be very significant» making this experiment the first to 

observe such an effect. 
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THEORETICAL CONSIDERATIONS 

I. Low Energy Electron Scattering at a Crystal Surface 

Low energy electrons (20-500 ev) incident upon a 

crystalline solid interact strongly with the atoms forming 

the solid. The result is that such electrons undergo 

scattering at or near the crystal surface and thus anal¬ 

ysis of the backscattered electrons yields information 

about the crystal surface. 

The backseattering from a crystal surface may be 

divided into two categories--elastic and inelastic. The 

inelastic electrons include those which have lost energy 

in creating bulk or surface plasmons, energetic secondary 

electrons* or in exciting surface atoms. Also included 

in the inelastics are electrons ejected from excited sur¬ 

face atoms in Auger processes. These are particularly 

useful in the identification of foreign atoms present 

near the crystal surface. Electrons having undergone in¬ 

elastic phonon scattering are usually considered as quasi¬ 

elastics since the energies involved in such processes 

are typically «.1 ev, too small to be resolved from the 

true elastics in most experiments. 

The elastic electrons, roughly 1-10% of the inci¬ 

dent beam, are the ones used in LEED experiments. These 

are the electrons which are to be considered in the re¬ 

maining portion of this thesis. 
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II. Diffraction at the Crystal Surface 

Due to the regular periodicity of the crystal and 

the fact that low energy electrons have a wavelength 

typical of the crystal interatomic spacings fa^oOeV * 

1.2&), elastic scattering near the crystal surface re¬ 

sults in diffraction--the electrons leave the crystal 

as beams in discrete directions. This may be under¬ 

stood to arise just as in x-ray diffraction.^ In x-ray 

diffraction the periodicity of the crystal and the re¬ 

sulting interference of the scattering from the separate 

atoms of the crystal gives rise» according to the Bragg 

diffraction law» to the familiar Laue equations which 

determine the energies and directions for which elastic 

scattering may occur» 

a-^k=2TTh t>*A,k«2iTra <:*Ak*2im (1) 
-k -k —V -V 

where a» b» c, * the lattice basis vectors, ûk. » the 

change of wavevector due to scattering, and h, m, n, « 

integers. 

LEED is not identical to x-ray diffraction, however, 

because unlike x-rays the electrons interact very 

strongly with the crystal and do not penetrate beyond 

the first few surface layers of the crystal. In LEED, 

if a and b are the basis vectors of a layer of atoms 

and c is the interlayer spacing of the layers which are 

assembled to make the crystal, then the conditions 
—A a —* 

a-Ak«2uh, b*Àk«2irm hold strictly » but the condition 
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c*Ak*2im does not. This means that the diffracted elec¬ 

trons* as in x-ray diffraction, leave the crystal as beams 

in the discrete directions which are determined by the 

first two Laue conditions, but that unlike x-ray dif¬ 

fraction there is some diffracted beam intensity for any 

electron energy. The calculation of the diffracted in¬ 

tensity as a function of incident electron energy and 

angle is the object of the LEED intensity theory dis¬ 

cussed in the next section. 

One reason the third condition may not hold strictly 

is that a limited number of layers of the crystal parti¬ 

cipate in the scattering, weakening the interference bet¬ 

ween them. Assuming this to be the only reason, the ex¬ 

tent to which the third Laue condition holds then deter- 

mines the intensity variations with energy» if c*Ak*2im 

is satisfied, a maximum in the diffracted intensity 

exists, called a Bragg peak of order n. 

The detailed calculation of beam intensities based 

on this principle is known as kinematic LEED intensity 

theory. As in x-ray diffraction it assumes weak scat¬ 

tering, that is, single scattering of the electrons--the 

fact that electrons interact strongly with the crystal 

and cannot penetrate far into the crystal is taken into 

account by a strong absorption part of the crystal 

potential. 

However, there is another reason that the third Laue 

condition may not hold in LEED, and it is the same reason 
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that kinematic LEED intensity calculations are usually a 

rather poor approximation.^ This is the fact that for 

most crystals the strong interactions of the electrons 

with the crystal result in strong» or multiple scattering 

of the electrons. Calculations of LEED intensities which 

take this into account are known as dynamic LEED theories. 

One approach to dynamic LEED intensity theory is the sub¬ 

ject of the next section. 

111. Dynamic LEED Intensity Theory 

A. One Dimensional Dynamic Theory 

As stated» kinematic LEED calculations assume that 

scattering is weak» that is» only single scattering 

exists. For most crystals» and noteably tungsten» this 

is a very poor approximation. For materials such as 

tungsten the scattering is relatively strong and multiple 

scattering must be included in any accurate calculations. 

In order» therefore» to Introduce the principles 

and formalism of so called dynamical LEED calculations» a 

one-dimensional multiple scattering theory will be devel- 

8 
oped here» following Pendry » but with some changes. The 

generalization to the three-dimensional LEED theory used 

for real calculations will then be straightforward. 

First» the one dimensional crystal and coordinate 

system to be used is introduced in Figure 1 in terms of 

the potential it presents to an incident electron. The 
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-» 
z 

Figure 1--The one dimensional crystal 

potential and coordinate system. 
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scattering centers» or atoms of the one-dimensional cry¬ 

stal» are regularly spaced a distance c apart with the 

first being %c from the vacuum» or surface of the crystal. 

Each scattering center» the analogue of a whole layer in 

three dimensions» is represented as being symmetric about 

its center and the potential between the scattering cen¬ 

ters is taken to be uniform» VQ. The generalization of 

this type of potential in three dimensions is the "muffin 

tin potential" and is not a necessary assumption to the 

present treatment. The transition from the vacuum to 

the crystal is shown to be an abrupt step which is un¬ 

realistic. How the effect of this "surface barrier po¬ 

tential" is taken into account will be discussed later 

so its precise form is irrelevant for the moment. 

Now the electron wave function» 4* in the crystal 

between the scattering centers obeys the Schrodinger 

equation (in atomic units)i 

,I£| + Vo<<.E)< 

The solution to this equation between the nth and (n-fl)th 

scattering center may be expressed as 

K - «n .U(z'nc) + «; e*ilc<l-ne> (2) 

2 
where k «2E-2VQ. Note here that the first term repre¬ 

sents a forward traveling plane wave and the second a 



10 

backward traveling plane wave* The phases were chosen 

to simplify the following equations as much as possible* 

Further statements about these forward and backward 

traveling waves may be made. If t is the forward scat¬ 

tering amplitude of each identical scattering center and 

r is the reflection amplltude( then at z-(n-%)c 

a+ eik(-%c) . t a+ elk<*0) + r a! e-
lk(-*c> n n-l n 

i.e., the forward traveling wave between layers n and n+1 

arises from the forward traveling wave between layers n 

and n-l transmitted at the nth layer and the backward tra¬ 

veling wave between layers n and n+1 which is reflected 

at the nth layer. The factors t and r will be taken as 

given in this section. Methods for obtaining them in 

the three dimensional case are discussed in section C 

following. 

Thus* 

ike 
ln-l 

.ike - 
an 

and similarly 

a: , - r elkc at , + t elk0 a! n-1 n»i n 

or, defining Qt and Qr 

4 - Qt 4-1 + Qr an 

an-l “ Qr 4-1 + Qt an 

(3) 

(4) 
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In kinematic theory r»0, t»l» so that in the present 

case multiple scattering is specifically taken into ac- 
2 

count by letting t and r be anything just so long as |tj 
2 

+ |rl * 1, that is» the scattering centers do not absorb 

any electron flux. 

The object of the LEED calculation is to solve these 

equations» particularly to find a" in terms of a*. This 

may be done by what is known as the "normal mode" method. 

In this method the assumption is made that the wave 

function between the (n-l)th and nth layers can differ 

only by a constant multiplicative factors 

att - P «Î-1 an “ P an-l (5) 

This is then used to set up an eigenvalue equation for 

the a+'s. The eigenvector solutions to this equation 

are the normal modes for the LEED problem. Thus» sub¬ 

stituting the above equations 

P an-l " an-l + ^r an 

p an “ Qr 
an-l + ^r an 

After rearranging this gives» in matrix form 

«t ^r an-l an-l 

-«r an 

- p 
an 
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The significance of this form is that it allows the 

application of standard numerical methods for matrix equa¬ 

tions to find the eigenvalues and eigenvectors. While 

this may seem trivial for this one dimensional theory it 

is of great practical importance in the three dimensional 

case. 

The explicit solution of this equation will be dis¬ 

cussed later. For now it is enough to note that it may 

be solved for ^ and the ratio of the eigenvector compo¬ 

nents, so that for n - 1 

aî 
— » const. 
ao 

and since a^ » pa^» 

a _ ^ -I 
— = a~ ; const. =R(0) 
fit ' o 

Hence a~ has been expressed in terms of the incident wave 

amplitude a+ by R(0), the reflectivity of the whole cry- . 

stal. 

Now the effect of the surface barrier potential will 

be taken into account. This is done by regarding it 

merely as the first scattering center (n=*l) of the cry¬ 

stal, but with a transmission and reflectivity differing 

from those of the bulk. The formalism which allows doing 

this will also allow taking into account any number of 
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atypical adlayers» which might be a contracted first 

layer or a layer of adsorbed species. 

So then the object is to find R(0), the reflec¬ 

tivity of the whole crystal» including the surface bar¬ 

rier, in terms of Q* and Q* describing the transmission 
i* JU 

and reflection of the surface barrier and R(l), the re¬ 

flectivity of the bulk. Thus, 

aj » R(l) a^ 

at a Q a+ + Q a-. 1 xt o ^r 1 

a" ■ Q' a+ + Q* aT o xr o ^t 1 

This yields 

a 

R(0) 

+ Q£R(1) 

l-Q'rR(l) 
a + o 

Q'c
2 R(D 

l-Q^RCU 

Here the first term in the brackets is reflection from 

the first layer alone, and the second terra is reflection 

arising from the rest of the crystal. R(l) may be found 

by the normal mode method outlined previously. So clearly 

if the scattering properties of the regular bulk crystal 

are calculated by the normal mode method, any number of 

odd layers including the surface barrier may be taken 

into account by repeated application of the above method. 

Hence by this method, given any incident wave on the 
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crystal» say a plane wave of unit amplitude (a+=l), the 

LEED problem may be solved, the reflected wave being given 

as 

aQ - R(0) & 1 

B. Generalization to Three Dimensions 

In this section the formalism of the previous sec¬ 

tion will be applied to the real LEED problem. Most of 

the generalizations are quite straightforward and using 

the one dimensional theory as a guide many formidable 

looking equations are readily grasped. 

Figure 2 shows the three dimensional crystal schema¬ 

tically. Each scattering center of the previous one¬ 

dimensional model is represented as a layer of atoms, the 

layers being spaced a distance c apart. Forward and back¬ 

ward scattered electron waves are designated between each 

layer. In reality the space between the layers may as 

well be taken as infinitesimal. 

To completely describe the scattering of each layer 

a knowledge of the three dimensional analogs of t and r 

is required. This will be discussed later and for now 

they will be assumed given. The periodicity of the po¬ 

tential of each layer, however, has a very significant 
q 

effect on the scattering and this will now be described. 
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Figure 2--The three dimensional crystal 

composed of layers of atoms a distance 

c apart and the forward and backward 

travelling electron plane waves between 

each layer. 
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The total wavefield which may be viewed as consisting 

of the incident electron wave function plus the scattered, 

TC?) - + y/s (r), must satisfy the Schrodinger equa¬ 

tion. Thus, -hV2V(r) + V(?W(r) * E ^(r ). Now each layer 

of the crystal must have two dimensional periodicity, and 

if the lattice vectors are a and b then V(r) * V(r + la 

+ mS), 1 and m integers. The result of this is that 

Ÿ(r + la + mb) obeys the same Schrodinger equation as 

n r). Supposing to be a plane wave elieo*r (E » h 
[tQ| 2), gives ^(r + la + mb) - eito^ + nS

> - 

y^(r) e^
ko’^a + mb)t This means, then, that also 

y^(r + la + mb) = ^(r) e*-ko*(la 
+ mb)# if then, ^ is of 

the form (r) » e^0* *r ^e(r) C II denotes the parallel s s 

component to the surface) substituting this in the pre¬ 

vious equation yields X~ (r + la + mb) * 3C(r). The sig- s s 

nificance of this is that Xa(r) may be written as a Four- s 

rier expansion with the reciprocal lattice vectors, g, 

of the surfacei %_(r) ■ e*-g*rlO inserting in 

the Schrodinger equation between the layers, where V =» 

V0 
38 constant, the total wavefunction + f^g'z' 

ei(g + £o )*r gu(z) a const»exp t i(2E-2V - 

2 h |kQ + g| )^ z . Therefore, according to this, the 

waves scattered from each layer emerge in discrete 

directions, or beams, given by KÎ » t(lc + g) , (& + g) , 
8 o x o y 

t(2E-2VQ-|kQ + g|
2)^] and each direction is characterized 

From this 

o • o 

by a particular reciprocal lattice vector, g 
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it is seen that diffraction results purely from the peri¬ 

odicity of each layer, which completely defines the di¬ 

rections of the diffracted beams. This result is in fact 

identical to that of the first two Laue conditions of 

kinematic LEED theory (Equation (1)). The intensity of 

the beams is found when all the layers are considered 

together. From this it then follows that the generali¬ 

zation of Equation (2) to three dimensions is 

Z 
8 

,iK*.(r-nc) 
n 6 

a“ e
iKg*(r-nc) an g e 6 (7) 

That is, the solution to the Schrodinger equation between 

the nth and (n+l)th layers is expressed as a sum over 

discrete forward and backward traveling plane wave beams. 

In theory this sura includes an infinite number of g, but 

in practice the beams with large g are evanescent and so 

are neglected. 

The development now proceeds in analogy to the one 

dimensional treatment. Equations (3) and (4) become 

a + 
n 8 

i -* * E C Q- -, 
n-! g | S 6 

a„ -., + n g' lt V 

an g’] 

an-l g3 

where Q|-», for example, is the amplitude for the g' th 
OO 

wave being transmitted into a g wave. 

Again these equations are solved by the normal mode 

method, 
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an+l f * P an g 

an+l g P an g 

which yields the eigenvalue equation corresponding to 

equation (6) 

Q* Qr 

< -Q*)_1ïJrQt (Qt)*1(I-QrQt) 

where, for example, Qc is the matrix whose elements are 

the Qi-*, for non-evanescent waves and at i is now a vector 
86 n-1 

with components specified by 8* 

Therefore, given the experimentally defined incident 

beam direction, energy and amplitude, i.e., given 

n-1 

Lan -J 

‘n-1 

n . 

(8) 

a+ -» e^o o*r 

o o 
a 
o o •XP l(ko||x. ko||y 

the above matrix equation may be numerically solved by 

computer yielding the a~£, the amplitudes for the dif- 

fracted beams. A surface barrier potential, contracted 

first layer, or adsorbed layer may be taken into account 

just as in the 1-d case. Thus the directions and inten¬ 

sities of LEED may be calculated by these methods* 

C. Determination of the Transmission and Reflection 

Matrices 

Conspicuously absent thus far has been a discussion 

of how the reflection and the transmission matrices, Q** 



19 

and Qr are obtained. A detailed treatment of the form¬ 

alism will not be given here but the procedure will be 

briefly discussed. 

Essentially the problem is one of atomic scattering 

theory. Each layer of an ideal crystal is composed of 

a periodic array of atoms. Once a model for the potential 

of each of these atoms has been chosen» the scattering 

properties of any one of them may be calculated by so¬ 

lution or numerical integration of the Schrodinger equa- 

12 
tion and given in terms of a set of atomic phase shifts. 

All that remains then is to assemble an aggregate of these 

atoms into a layer and calculate the net scattering pro¬ 

perties . 

The procedure for this» given the phase shifts of 

each scattering center» is as follows. First» the plane 

wave incident on the layer of atoms is expressed in 

terms of spherical partial wave expansion about some atom 

in the layer. The scattering effect of the atomic po¬ 

tential is then expressed as a phase shift of the out¬ 

going partial waves. Neglecting multiple scattering ef¬ 

fects within the layer then one simply adds the spherical 

waves from all the atoms of the layer and then a trans¬ 

formation from spherical waves back to plane waves is 

made. Then by comparison of the incident and forward 

and backward scattered plane waves the transmission and 

reflection matrices Q*" and Qr are determined. 
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If multiple scattering within the layer is signifi¬ 

cant the situation is a little more complicated. In this 

case the total wave incident on any atom of the layer is 

the sum of the scattering from all the other atoms of the 

layer plus the plane wave incident on the whole layer. 

Since the former 6f these quantities depends itself on 

the sum* a self consistent calculation must be done. 

13 
Details of this are given by Pendry. 

D. General Properties of LEED Solutions 

In this section attention will be focused on the so¬ 

lution of Equation (6) which determines the nature of the 

LEED normal modes. The solutions in one dimension are 

simple* yet analysis of LEED intensities in terms of nor¬ 

mal modes for one dimension is very similar to that in 

three dimensions. 

So then it follows from Equations (5) and (6)» the 

definition of Qr and Qt» and r^ + t^ - 1 that 

21kc) + (l+e’21kc)2 4e"2ikc t2 

and 

*lko - pt 

a, 
n 

r 
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This solution allows the definition of K such that 

P» e^c. In this form it is clear that the LEED normal 

modes are Bloch waves and K (E»K/2) gives the band 

structure. 

In order to see how the reflected beam intensity in 

LEED depends on energy» the normal modes and band struc- , 

ture must be analyzed in detail. Talcing the case of r > 

O, ■ 0 (no absorption) yields 

eiKc m t“l £ coskc + i yt^-cos2kc] » (t^ > cos^kc) 

■ t"1 £ coskc + ycos2kc-t^ ] » (t^ < cos^kc) 

From these two explicit forms two distinct cases 

arise. In case 1 (t > cos^kc)» |e*-Kc | ■ 1 and so K is 

real for both eigenvalues. Further» one normal mode has 

|ao| > |aô I an<* the other h*8 laol < lao|* The latter 

these is unphysical and must be discarded because it would 

mean that more electron flux were leaving the crystal 

than entered it. 

For case 2 (t^ < cos^kc), e^c is real and e^c t 1. 
Therefore in this energy range it must be true that K 

is not real and Re(k) - (tr/c)x integer. Also» both nor- 

mal modes have |a^| ■ |ao| * Again» however» one mode 

must be discarded because the imaginary part of K would 

in its case give rise to a wave function exponentially 

increasing into the crystal. 
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Thus it is seen that although there are two normal 

modes only one mode may be excited. At energies such that 

K is real this mode predicts a reflected LEED beam inten¬ 

sity somewhat reduced from the incident beam intensity 

( a^ < a* )• At energies where K is complex and Re(K) 

is fixed at (tr/c) x integer, that is in the energy gaps 

of the band structure, the normal mode gives rise to unit 

reflectivity. Thus, there is a peak in the intensity 

versus energy profile when the condition Re(K)•c « tr • 

integer is met. This is the generalization of the Bragg 

condition to the strong scattering case. 

The intensity versus energy profile which arises for 

the present case is seen in Figure 3. From this it may 

be seen that the structure differs from what is expected 

in analog with x-ray diffraction in that the peaks, which 

correspond exactly with gaps in the band structure, are 

of finite width and in that the intensity or reflec¬ 

tivity between peaks is not quite zero. 

Now what happens if the present case is made more 

realistic by the inclusion of absorption (VQ^ t 0) ? In 

this case k is complex and the distinctions formerly made 

between energy regions of real and complex K no longer 

hold strictly. Thus Re(K) » (tr/c).* integer holds but 

loosely as a condition for a maximum in reflectivity. 

Instead, the band gaps disappear and the reflectivity 

approaches one when crossings of different branches of 
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Figure 3--The reflected intensity of a one 

dimensional crystal for multiple scattering 

in the case V *0. o 
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Re(K) occur. With absorption included peak reflectivities 

are lowered from unity, the reflectivity between peaks is 

increased, and the peak reflectivity occurs at single 

energies instead of over the entire range of a band gap. 

The analysis of the LEED intensity problem for three 

dimensions proceeds along the same lines as for one di¬ 

mension. Inclusion of N interlayer diffracted beams 

gives rise to 2N normal modes, of which half must be 

discarded. Peaks in the diffracted intensities of the 

various beams are found to correspond to crossings in 

the band structure. 

There are, however, important effects which arise 

in three dimensions which have not been discussed in the 

one dimensional case. One of these is obviousi it is 

the existence of secondary peaks in the diffracted in¬ 

tensities, a manifestation of multiple scattering. Where¬ 

as in one dimension only one LEED beam is involved and 

peaks in the reflectivity arise only when Re(K)»(tr/c)* 

integer, in three dimensions the beam incident on the 

first layer is diffracted into several beams propagating 

into the crystal. Any one of the secondary beams may 

undergo subsequent diffraction and because it is tra¬ 

veling in an entirely different direction from the pri¬ 

mary beam it may give rise to an intensity peak in vio¬ 

lation of the Bragg condition for the primary. 
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Another effect which may arise is that of surface 

state resonances giving rise to peaks in the diffracted 

intensities. This may be viewed according to the fol¬ 

lowing model. Suppose the surface barrier potential 

refracts a LEED beam attempting to leave the crystal 

such that it experiences total internal reflection. Addi¬ 

tionally» suppose the substrate strongly reflects this 

beam» trapping it between the surface barrier and sub¬ 

strate. The resulting concentration of electron flux in 

this region is then known as a surface state resonance. 

An intensity peak due to a surface state may then appear 

if diffraction into a beam able to escape the surface 

occurs. 

IV. Electron Spin Polarization 

A. Basic Theory 

The object of this experiment is not primarily to 

measure LEED intensities» but rather to measure the elec¬ 

tron spin polarization arising in LEED. In order to under¬ 

stand» therefore» the origin and calculation of both how 

spin polarization arises in LEED and how this spin is mea¬ 

sured» this section considers the scattering of electrons» 

spin included» in a central (electric) field. Then, in 

the case of LEED, the individual central field scatterers 

may be assembled into a crystalline aggregate to give the 

spin dependence of the diffracted beams. In the case of 

polarization measurement the results may be specialized 
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to the coulomb potential» hence describing the Mott 

analysis technique. 

Figure 4 shows schematically the scattering of 

electrons in a central field and illustrates the origin 

14 
of the spin dependence of the scattering. The deflec¬ 

tion of electrons passing above and below the scattering 

center which is due to the electric field» E, is indi¬ 

cated by the solid» curved lines. Now in the rest frame 
i 

of the electrons there is effectively a moving positive 

charge giving rise to a magnetic field of order § » (v/c) 

x E at the site of the electron. This causes the polar¬ 

ization vector» P, of the electrons to precess about the 

magnetic field direction during the scattering. In gen¬ 

eral» then» the spin of an electron or the polarization 

of an electron beam will change during such scattering. 

Besides the force due to the electric field» and 

the spin precession due to the magnetic field» there is 

also an additional force on the electrons due to the mag¬ 

netic field. This arises because of the M*B or spin or¬ 

bit interaction of the magnetic moment of the electron 

with the magnetic field and is simply due to the M'Ê 

gradient as indicated in Figure 4. This alters the de¬ 

flection of the electrons to that of the dashed lines. 

It is therefore evident that the differential scattering 

cross section for this process depends on the direction 

of electron spin. This means that an initially unpolar- 
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Figure 4--The scattering of electrons 

in a central (electric) field illus- 

14 
trating the various effects which arise. 
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ized beam will no longer be unpolarized after scattering 

and that the scattering of an initially polarized beam 

will be asymmetric with respect to the initial beam di¬ 

rection. The former of these facts gives rise to spin 

polarization in LEED and the latter is the basis of the 

Mott scattering technique of spin polarization measure¬ 

ment. 

In view of these considerations the theoretical 

analysis of the problem at hand proceeds by the use of 

the Dirac equation which includes spin and spin orbit ef- 

15 
fects. The most important things to remember here about 

the Dirac equation are that the Dirac equation is really 

four coupled partial differential equations and that the 

solution to the Dirac equation may be regarded as a wave 

vector having four components. 

The general approach to be taken in attacking the 

scattering problem is to solve the Dirac equation for the 

scattering potential of Interest and match the solution 

to the appropriate asymptotic forms. For potentials fal¬ 

ling off faster than 1/r (the Coulomb potential will be 

considered later)( then a solution will be sought of which 

the four components have the asymptotic form 

r 
9 (A m 1f2»3|4) 
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Figure 5 shows the initial and final directions of the 

scattered electron and the scattering angles G and 4. 

The general definition of the cross section and the 

fact that the current density may be written as pv » 

ŸŸv yields 

dCT 
dll 

(G.rf) 

2 

From the plane wave solutions to the Dirac equation it 

may be seen that the a^ are not all independent. They 

are related by 

I «al , jfâi , gPz 

I «il l«2l E+mc2 

Similarly* since the outgoing spherical wave can be ex¬ 

pressed as a linear combination of plane waves* the a^ 's 

bear the same relation to one another. Hence the small 

components of the wave vector may be totally eliminated 

leaving an essentially two component theory in which 

dCr 
dll 

(e.rf) 
2 

2 

Of course* a two component theory is just what is needed 

to describe spin dependent processes. 
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Figure 5--The Initial and final directions 

of electrons undergoing scattering and the 

scattering angles. 
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Now, the problem is to determine how an incident 

plane wave with arbitrary spin direction scatters. In 

order to determine this the problem must actually be 

solved twice--once for each basis function necessary to 

describe an arbitrary incident spin direction. By co¬ 

herent superposition of this basis sets the scattering 

of an incident plane wave with arbitrary spin direction 

can be found. Also, the scattering of an unpolarized 

beam can be obtained by incoherent superposition of the 

two basis functions. 

The most convenient and simplest set of Incident 

basis states to pick, which asymptotically have the form 

of plane waves propagating in the z-direction is 

l' l°\ 
0 ikz 1 
X x 

,x( # \x/ 

These will be recognized as the standard spin up and spin 

down states. The small components, it may be recalled, 

do not affect the cross section so they have been x-ed 

out above. In the following they will be altogether 

dropped. 

The most general asymptotic form for the outgoing 

or post-scattering waves which correspond to the incident 

spin up state is 
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’V 
K 

/elkz + f, (•8.«i)eikr\ 

_ « 
r—* « 

\0 + ^(©.^>6 

r 

ikr 

This shows the initially spin up state as having evolved 

into a state having a spin down component--by inclusion 

of gf(0»4) the possibility of a spin flip has been ac¬ 

counted for. Hence g^ is called the "spin flip ampli¬ 

tude. " 

Similarlyt to the initially spin down state cor¬ 

responds the outgoing wave asymptotic form 

% 

« 

+ 8l(».«e
lkrA 

* r 

IT —• oo 
i ,elkz + f,<e.iS)elkr 

Now if ft, g^, f^t g^ are found the scattering 

problem is solved. Darwin^ has done this and gives 

the solutions* corresponding to the spin up incident 

wave 

% 

(1+1) G;(r) P; (cos0)> 

i-Gi(r) P?(cos0)ei'^ 

(9a) 

and 
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G^-;l(r) Pj (cosQ) \ 

P|(cos9)e1^ 

(9b) 

Here Gj is not a Green function» but solves the simul¬ 

taneous ordinary differential equations 

These ordinary differential equations arise from the 

standard separation of variables technique applied to 

the coupled Dirac equations. 

The fact that two solutions appear can be expected 

to result because of the spin-orbit coupling. The operator 

for spin-orbit coupling involves l.s»%(j -1 -sz). When 

the operator is applied to a wave function it yields» in 

the case of spin two different results depending on 

whether j*l+% or j*l-%. This results in a different dif¬ 

ferential equation for each case and hence there are two 

solutions. 

The appearance of the 4 dependence in the solution is 

also to be expected. Total angular momentum must be con¬ 

served and so must its z-component. This means that if a 

spin flips during the scattering 1_ must also change in 

G^^ solves the same equations with -|-1 in place of/. 
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order to keep 1„ the same. Now 1 and so if 1_ is 

ever to have a non-zero expectation the solution must con¬ 

tain some 6 dependence. 

Now by elimination of F| from the Equations (10) and 

by the substitution 

Gj « ((l/Jfic)(E +eV + mc^))^ J&t 
r 

one may show that Gj has the asymptotic form 

Gf (sin(kr -jfiî/2 - Vj )) (kr)”1 (11) 

This then allows the construct ion f by combination of the 

solutions (9), of an asymptotic solution of the desired 

form—if they are combined to give 

- J^Cf+^e1^ Gi + G-Jf-1)i* Pj (cos©) 

(12) 

Hi m S^-e1^ G* + P|1(cos©)e1^ 

one need only pick 

ft(e.rf) - ? «mX.21*-1) + (e2l,‘-’'1 -D) p, (cose) 

8t(e.« - ^ £(..21* + «217-1-1) pi(cose) mi4 
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Thus the problem is reduced to that of finding the phase 

shifts, which can be done In a fashion similar to that 

of Schrodinger theory. 

A similar treatment for the spin down Incident wave 

yields f^«fj and gf*-g^e"* . This may also be deduced 

18 
from symmetry arguments. 

Thus the definitions» f(0)«f^-f^and g(0)“g^e"i^“ 

According to all this» then» an arbitrary incident 

spin wave is 

Defining S(E,9), the Sherman function 

SE,e) - i 

|f|2+|el2 

then, 

- <|fl2 + |S|2)(1 + S(E,9)"^B*gt^-t - ) 
K|A|2+|B|2) 

dO“ 
dll 
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Thus two important goals have been achieved--the expres¬ 

sion of the scattered electron wave function and the dif¬ 

ferential cross section. The former is useful in calcu¬ 

lating spin polarization effects in LEED by assembling 

many scattering centers together to form a crystal. The 

latter is useful in showing how the Mott scattering tech¬ 

nique can be used to measure the spin of an electron beam. 

The explicit form above for the differential scat¬ 

tering cross section also shows» as discussed in reference 

to Figure 4» how the diffracted electrons in LEED may be 

spin polarized. Equation (13) shows that an incident 
/A\ 

wave represented by[glscatters into 

then, 

r= sx 
For an incident beam of unpolarized electrons, the den- 

19 
sity matrix formalism may be utilized. The density 

matrix is 

F-* j• Pi-*1*1* 
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where N ■ the number of electrons In the beam. Then 

it can easily be shown that the density matrix for the 

scattered beam is given by 

p* - $fSt - $<Ml + P 

where P is the polarization of the incident beam( zero 

for this case. Thus the polarization of the scattered 

beam is 

|ï . tr(f*th „ tr(kfS'ir) 

tr(p') tr (%$$*) 

fs* - f*g 

If 12 + |s|2 
A 
n S(Ete) n 

where n ® the unit normal to the scattering plane. Thus 

an unpolarized incident beam after scattering is polar- 
«a 

ized normal to the scattering plane with |P| » S(E,9). 

B. Mott Scattering 

In the Mott scattering technique an electron beam of 

which the electron spin polarization is to be determined 

is accelerated to a high velocity in order to make the 

interaction of appreciable magnitude. The beam is 

then scattered in the field of atoms with large atomic 

number. In practice the velocities used are large enough 

to ensure that significant deflections can only occur if 

the electrons of the beam come very close to the nuclei 
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of the target atoms» but small enough so that nuclear pene¬ 

tration is negligible. Thus the scattering potential for 

all but the smallest scattering angles is taken to be the 
2 

Coulomb potential, V(r) ■ -Ze /r. 

For the Coulomb potential some of the details of the 

preceding section are altered, though the principle as¬ 

pects remain the same. The chief difference is that after 

Equations (10) are solved for the G^ they must be matched, 

in order to determine the phase shifts, to the asymptotic 

form 

if2 

ÿikz + injtwk(r-z) + ^ ei(kr * ni*2kr) 

— « r-»«> 
+ ge

1^ e*-(kr " ni«i2kr) 

2 2 
where n » (mZe1 )/()& k). This particular form is neces- 

20 
sitated by the infinite range of the force. 

21 
The details of this process are not important here. 

The significant thing is that the Sherman function, 

S(E,9) may be accurately calculated and used in Mott scat¬ 

tering to determine the spin polarization of a beam. It 

may be easily seen by writing Equation (14) in the form 

^ - (|f|2 + |e|2)d + S(E,G) P.Ô) 

where P « the polarization of the beam, n - the normal to 

the scattering plane, that the scattering of the beam is 

asymmetric with respect to the initial beam direction. 
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By measuring this asymmetry in the plane perpendicular to 

P by symmetrically placed electron detectors the polariza¬ 

tion may be determined by the ratio of the counts in the 

left and right detectors, which, according to the equa¬ 

tion above is given by 

N 

N 
L 

R 

1 + SP 
Ï  (18) 
1 - SP 

C. Spin Polarization in Low Energy Scattering 

In Mott scattering the electrons are accelerated to 

kinetic energies of 100 kev to a few Mev so that the spin 

orbit interaction is appreciable. In LEED, however, a 

typical electron energy is only about 100 ev and so be¬ 

cause the resulting spin orbit interaction is small it 

may be difficult to see offhand how significant polar¬ 

ization of the electron beams scattered at this energy 

can result. 

A simple consideration, however, may explain why 

significant polarization effects still occur at low ener¬ 

gies. An unpolarized beam incident on an atomic target 

may be considered as being composed of equal numbers of 

spin up and spin down electrons (with respect to the nor¬ 

mal to the scattering plane). Due to the small spin or¬ 

bit interaction the differential scattering cross section 

for the spin up electrons (dcr/dn)^ will differ slightly 



from that of the spin down (d<r/dl\)^. Since this dif¬ 

ference is small, the polarization* defined by 

40 

P 

d<r 
dit 4 

+ < 
d <r 
dCL H 

will normally be small. However if at a certain scat¬ 

tering angle the total scattered intensity is small, then 

the fractional difference in the spin up and down cross 

sections may become appreciable, as illustrated in Figure 

6. This means that high polarizations must be associated 

with low intensities, a correlation which has been ob¬ 

served to hold roughly in LEED as well as in atomic scat¬ 

tering. 

D. Polarization in LEED 

It will now be shown how polarization effects, which 

may be significant even at low energies, may be incor¬ 

porated into the dynamical LEED intensity theory developed 

earlier. 

The formalism of the previous LEED intensity discus¬ 

sion can be taken over into the present discussion by 

making every plane wave a spinor, i.e., 

e 
ik*r ik*r 

e 
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Figure 6--The spin up and spin down cross 

sections and the resulting spin polarization 

for a case of low energy electron scattering. 
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Then, for example, Equation (7) reads 

- S(a+ t .»*&• <*-«£)„ + a* * .i*|-(?-nc)p n - n g n g 

an g el8i-(?-nï)o( + a* | elgt,(?-n^p) 

where Ol and 0 are the spin up and spin down basis func¬ 

tions* This has the effect of doubling the dimensions of 

all matrices previously introduced which now must have el¬ 

ements corresponding to each separate spin state. For ex¬ 

ample, the reflectivity matrix of the whole crystal be¬ 

comes a 4Nx4N (N » the number of LEED beams included) 

whose elements may be expressed as * the 

tude for a plane wave incident on the crystal with spin 0( 

and wave vector leaving with spin p and wave vector 
O 

Kg.. 

With this in mind, the steps leading to the deter¬ 

mination of R(0) will be outlined. The first step is to 

determine the relativistic phase shifts of Equation (12) 

for the potential of each of the atoms which will be as¬ 

sembled into a crystal. This is done by finding numer¬ 

ically the solutions of Equations (10) and matching to 

the appropriate asymptotic forms (see Equation (11)). 

Next, a layer of atoms must be assembled and the trans¬ 

mission and reflection matrices of the layer, Qgtpga and 

must be calculated as outlined in Section III-C 

above. Then, the electron spin altered version of Equation 
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(8) may be written, the eigenvalue problem solved and the 

LEED normal modes determined. 

Finally, the reflection matrix R(0) of the perfect 

crystal with the surface barrier potential and perhaps a 

contracted top layer or adsorbate layer may be written 

using the formalism of Equations (15) to (17). This com¬ 

pletes the scattering problem since the intensity and po¬ 

larization of any diffracted LEED beam may be easily cal¬ 

culated from the elements of R(0). For example for the 

(00) diffracted beam 

Roo<°> 

(ROOlO«t 

Ro(joo( 

Rodop 

Ro0op ) 
The diffracted intensity is from this given by 

Ioo ■ trace(S*oo(0)Roo<°)î) 

and the polarization is 

trace(%Roo(0)Roo(0)
f cr) 

trace(^R^(0)R^o(0)
t ) 

Calculations Along these lines have been done by Feder and 

22 
Jennings. Comparisons of theory and experiment for the 

electron spin polarization from clean W(001) have been 

the subject of a recently completed thesis at Rice.^3 
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V. The Effect of Temperature 

The preceding sections have tacitly assumed a per¬ 

fectly rigid crystal lattice. This is rather far from 

the actual case for most LEED experiments which are per¬ 

formed at or above room temperature. As the temperature 

of the crystal increases the entire crystal expands and 

the atoms oscillate more violently about their equili¬ 

brium positions. Both of these have an effect on the LEED 

intensities but their effect on polarization in the case 

of multiple scattering is still a subject of speculation. 

The major effect of the thermal vibrations of the 

atoms of a crystal is generally to decrease the intensity 

of the diffracted beams. In kinematic» or single scat- 
^ / 

tering this effect is easily calculated. The procedure 

is just as in the case of x-ray diffraction and results 

in an attenuation of the zero temperature intensities by 

“2M 
the Debye-Waller factor» e , where 

M « 3-iAkL-X 
2mkg 

and Ak ■ the change in electron wave vector upon scat¬ 

tering» 6 - the Debye temperature of the crystal» and the 

other symbols have their usual meanings. It should be 

noted here that this attenuation is of the perfectly elas¬ 

tically scattered electrons—the remaining fraction» 

(l-e ), of the T ■ 0 intensity is included in electrons 

having undergone inelastic phonon scattering. 
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It is true that kinematic scattering is a rather poor 

approximation to reality but the simple Debye-Waller law, 

surprisingly, is rather well obeyed in many cases of mul¬ 

tiple scattering and gives a general feeling for the be¬ 

havior which may be expected in most experiments. 

Lattice vibrations have also been taken into account 

25 
in multiple scattering calculations of the intensity. 

Briefly, it is possible by a sort of averaging of the 

atomic scattering amplitudes over a Debye spectrum, to 

include the effect of temperature in the phase shifts des¬ 

cribing the scattering of each atom composing the crystal. 

Once these temperature dependent phase shifts have been 

found the formalism already described for the calculation 

of LEED intensities is fully applicable. Thus the effect 

of temperature in the multiple scattering situation is 

fully accounted for. 

The effect of lattice expansion on LEED intensities 

is simply to shift the entire intensity versus energy pro¬ 

file towards lower energies. This can be seen quite 

easily by considering the third Laue condition (see Equa¬ 

tion (1)) which gives the peak energies in the single 

scattering cases c*Ak « 2WL. Thus, together with |k| 

■ V2E - 2VQ inside the crystal, and K■ (1/c)* dc/dT, the 

coefficient of expansion, this yields 

dl ■ '2(E-V0) « 
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For tungsten» with A »5xlO"*V°C and VQ«-15 ev, this amounts 

to about a 1 ev energy shift for a 1000°C temperature 

change at E ■ 85 ev. 

As for the effect of temperature on polarizations it 

is clear in the single scattering case that the polariza¬ 

tion should simply be described by the Sherman function, 

P * S(E,9)n as in Section 1V-A, independent of temperature. 

In the case of multiple scattering Unertl* has given ar¬ 

guments which show that the polarization should be temp¬ 

erature dependent if inelastic phonon scatterings are 

taken into account, as they should be since LEED exper¬ 

iments generally do not have the energy resolution to des- 

criminate against energy losses due to phonons. In mul¬ 

tiple scattering the change of electron polarization for 

each scattering is still determined by the Sherman func¬ 

tion, but.the scattering sequences, which determine the 

final polarization, are affected by temperature. This is 

because zero, one and multi-phonon scatterings on the 

average each result in slightly different scattering di¬ 

rections for the electrons. Thus, since the relative con¬ 

tributions of each of these processes is obviously temp¬ 

erature dependent, the polarization in LEED is expected 

to be temperature dependent. 

Feder, in calculations of polarization in LEED from 

Au(110), thought it necessary to include the effects of 

27 
temperature. This he did by the method of temperature 
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dependent scattering phase shifts, as described earlier. 

It should be emphasized that this method totally ignores 

inelastic phonon processes. 

There has thus far been no published thought on the 

effect of lattice expansion on polarization. This effect, 

however, as opposed to all the others is the basis of a 

possible model to explain the temperature data of this 

thesis. 
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EXPERIMENTAL 

I. Apparatus 

A very detailed description of the experimental 

28 
apparatus has been given in a thesis by O'Neill» and 

29 
Kalisvaart has also given very adequate overviews» 

Therefore» only a rather abbreviated description will be 

given here. 

The experiment is performed in two bakeable stain¬ 

less steel ultrahigh vacuum (UHV) chambers connected by 

an accelerating column shown in Figure 7. LEED is per¬ 

formed in one chamber and the LEED electrons of this 

chamber are accelerated via the accelerating column into 

the second chamber where Mott spin polarization analysis 

is performed. 

A. The LEED Chamber 

The LEED chamber» shown in Figure 8» contains a mod¬ 

ified conventional commercial LEED optics assembly and 

electron gun and the tungsten (001) crystal on which these 

experiments were performed. The region between the LEED 

screen and the crystal is shielded from stray magnetic 

and electric fields by the u-metal and electrostatic 

shielding indicated. Figure 9 shows an electronic sche¬ 

matic of the hemispherical LEED optics» electron gun» and 

crystal sample. Electrons emitted from the filament of 



Figure 7 - Schematic of the experimental 

apparatus. 
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Figure 8 - The LEED Chamber 
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the electron gun are accelerated to the desired energy 

(«100 ev) and focused so that they strike the crystal In 

a small beam («1 mm diameter). The crystal is grounded 

and maintained in a field free region by the outermost 

hemispherical grid. Both the elastically and inelas- 

tically scattered electrons are scattered from the cry¬ 

stal toward the hemispherical LEED screen. The remaining 

grids serve to filter out the inelastically scattered 

electrons and then to accelerate the elastically scat¬ 

tered electrons so that they strike the hemispherical 

phosphor coated LEED screen* creating a glowing spot on 

the screen corresponding to each LEED beam. 

Both the LEED optics and tungsten crystal are mounted 

on manipulators which permit any one of the several LEED 

beams to be directed through a slit cut in the phosphor 

LEED screen and into the fixed entrance aperture of an 

electron lens system. The area surrounding this aper¬ 

ture is also phosphor coated in order to allow centering 

the beam on the aperture and to allow optical measurement 

of the beam intensity. 

The fact that the LEED optics and crystal may be mani¬ 

pulated are actually irrelevant to the present experiment 

because all measurements were done on the specularly re¬ 

flected (00) LEED beam at a fixed angle between the inci¬ 

dent electron beam and axis of the accelerating column 

(20 - 26°). 
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A base pressure of 1-2x10*^ Torr was maintained in 

the LEED chamber throughout this work by a 400 litre/ 

second differential ion pump. The actual operating pres¬ 

sure» because of the gas and heat used in the crystal 

cleaning procedure (see section C following)» was closer 

to 1x10"^ Torr, at which pressure a clean surface will be 

covered with a monolayer of adsorbates in about a half 

hour. 

The pressure could be measured in the LEED chamber 

in three ways. First, since the ion pump works by ion¬ 

izing gasses which enter the pump, this ion current can 

be read, giving the pressure in the pump from calibration 

curves provided by the manufacturer. Second, a nude 

Bayard-Alpert gauge near the crystal could be used. 

Finally, a partial pressure analyzer, really a small 

mass spectrometer, could be used to measure the fractions 

of the LEED chamber background pressure as well as to 

check the purity of gasses purposely admitted. 

B. The Gas Handling and Roughing System 

The gas handling and roughing systems, Figure 10, 

are each connected to the LEED chamber via UHV valves 

and are also connected to each other. The three sorption 

pumps and 100 litre/second ion pump are used to evacuate 

the LEED chamber during the initial pump-down from at¬ 

mosphere and bake-out. One of the sorption pumps and the 
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Figure 10 - The gas handling and roughing system 
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ion pump are also used to evacuate the gas handling 

system. 

The gas handling system Is a completely bakeable» 

UHV system used to admit ultra pure gasses Into the LEED 

chamber. Gasses were needed for cleaning of the tungsten 

crystal and for the adsorbate studies of this work. The 

research grade gasses were contained In 1 litre glass 

flasks at 1 atmosphere of pressure» attached to glass 

to metal transition tubes and sealed below the valves 

(1) In Figure 10. After the handling line had been eva- 

•8 
cuated to < 10 Torr by the roughing Ion pump» valves 

(2) and (3) of Figure 10 were closed. Then valve (1) 

was opened and Immediately closed» charging the space 

between valves (1) and (2) with the desired gas. Valve 

(2) was then cracked to admit about 10"* Torr of gas to 

the space behind the UHV leak valve. This pressure was 

measured with a thermocouple (TC) gauge. The UHV leak 

valve was then used to bring the LEED chamber to the de- 

-9 -7 
sired partial pressure of gas» «5x10 to 5x10 Torr. 

C. Cleaning of the Tungsten Crystal 

It Is absolutely essential to begin any experiment 

with a clean surface. In the case of the tungsten crys¬ 

tal In this experiment the standard technique of resis¬ 

tive heating In O2 and flashings in vacuum were followed. 

The heating in O2 took place at about 1200°C for 3 minutes 
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tn UT7 Torr and the flashings at 2400°C in less than 
.9 

10 Torr for four seconds. 

The standard technique of Auger electron spectros¬ 

copy (AES) was used to ascertain a clean surface and 

identify contaminants. AES was conveniently performed 

by bombarding the tungsten surface with 2 kev electrons 

from the electron gun and energy analyzing the secondary 

Auger electrons emitted with the hemispherical grids of 

the LEED optics. Electrons emitted in Auger processes 

have energies characteristic of the atomic species from 

which they have been emitted thus allowing identification 

of foreign species on the tungsten surface. 

The surface cleaned according to the above steps 

and analyzed with AES showed no signs of any foreign spe¬ 

cies» including carbon» ordinarily the major contaminant. 

The crystal could be satisfactorily recleaned for about 

two hours following each O2 treatment by simply flashing 

approximately every five minutes. It was not actually 

necessary to constantly be performing AES to be confident 

of the surface cleanliness because it was found that the 

large polarization value (over -70%) measured at 76 ev in¬ 

cident electron energy was at least as sensitive to the 

surface cleanliness as AES. It was much more convenient 

in practice to monitor the surface cleanliness by measure¬ 

ment of the polarization at this energy because this could 

be done in a matter of a few seconds as opposed to several 

minutes for AES. 
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D. The Mott Chamber 

After the chosen LEED beam is directed into the elec¬ 

tron lens system it is focused and steered into the accel¬ 

erating column. There it is accelerated through a poten¬ 

tial of lOOkv after which it passes through three col¬ 

limating aperatures and enters the second UHV (Mott) cham¬ 

ber where, incident on a thin («1000&) gold foil, Mott 

scattering takes place and the polarization of the beam 

is determined. Most of the beam passes through the thin 

gold foil and enters a Faraday cup at the end of the Mott 

chamber which monitors the beam intensity. Symmetrically 

placed silicon surface barrier detectors count the elec¬ 

trons backscattered from Gold nuclei in the foil at scat¬ 

tering angles near 120°, defined by three collimators in 

front of each detector. An inner aluminum cylinder in the 

Mott chamber prevents multiply scattered electrons from 

entering the detectors. 

The pulses from the two electron detectors, pro¬ 

portional to the energy of the electrons striking them, 

are amplified and pulse-height analyzed in two separate 

channels in order to discriminate against the inelastically 

scattered electrons. Small differences in the counts of 

the two channels allow determination of the polarization. 

Mott scattering was also performed using a thin alu¬ 

minum foil in place of the gold. Because aluminum has a 

smaller nuclear charge than gold its Mott asymmetry is 
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much lower than that for gold. Hence the use of the alu¬ 

minum foil enables measurement of any difference in the 

counts of the left and right channels due to instrumental 

asymmetries alone. 

The pressure in the Mott chamber was maintained! as 

in the LEED chamber! by a 400 litre/second differential 

ion pump. Due to the presence of the two silicon surface 

barrier detectors the Mott chamber could not be baked 

after installation of the detectors! so the base pressure 
.9 

of the Mott chamber is only 5x10 Torr. 

11. Techniques of Measurement and Data Acquisition 

A. Adsorbate Studies 

These studies consisted of measuring the polariza¬ 

tion and intensity of the specularly reflected (00) spot 

at an angle of incidence 0 « 13° as a function of up to 

about 1 Langmuir of exposure to O2 and CO at fixed inci¬ 

dent electron energies in the range 26-141 ev. Contin¬ 

uous energy versus intensity scans were also made in this 

energy range at fixed gas exposures. Three measurements 

are central in this procedure-* polarization! intensity! 

and pressure. These will be described briefly and then 

the data acquisition procedure will be outlined. 

The measurement of the polarization by the standard 

Mott scattering technique consists of two steps. First! 
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the Instrumental asymmetry of the scattering/measuring sy¬ 

stem is determined by measuring the backscattering of the 

accelerated LEED beam from an aluminum foil» which due to 

its very small Sherman function* should give nearly equal 

counts in the two detectors» Normally this measurement 

was performed for 200-600 seconds at 50-100 counts per 

second with a resulting asymmetry* A* of approximately 

1.06. Next* a gold foil is substituted for the aluminum 

and the polarization is determined by the ratio of the 

counts recorded in the two detectors. This ratio is 

given by 

Ü 
N R 

1 * V f 
i - SGP 

according to Equation (18)* with 6 , the instrumental 

asymmetry* included. This gives the polarization as 

P - -(SG - Sa)(A + NL/Nr) - V(SG - SA)
Z + 4SGSA(NL/NR - A)T 

2WNLNR ' A) 

where SQ - the Gold Sherman function ■ -.25 + .02, and 

S^ ■ the Aluminum Sherman function ■ -.015 + .005, ac- 
30 

hording to McCusker. Counting rates were about 10 

times that for Aluminum and polarization counts typically 

were taken for about 10-20 seconds. 

The intensity of a LEED beam could be monitored at 

the same time as polarization measurements were taken by 

the use of the Faraday cup in the Mott chamber. Complete 
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intensity versus energy curves were taken» however, by 

use of a spot photometer which recorded the intensity of 

the light emitted by the phosphor screen LEED optics 

assembly. These measurements are not absolute and are 

reported in arbitrary units. All reported intensities 

had to be normalized by dividing by the current incident 

on the crystal which varied with energy. Intensities 

measured by use of the Faraday cup and spot photometer 

were in very good agreement. 

The pressure in this experiment was measured using 

the current in the ion pump attached to the LEED chamber. 

Because this pump was somewhat distant from the crystal 

sample, however, and because the pressure calibration 

curves from the pump manufacturer could not be implicitly 

trusted, this ion pump current was calibrated by use of 

the nude Bayard-Alpert type ion gauge near the crystal. 

This method determined the and 00 exposure rates in 

this experiment to be .24 L/minute and .18 L/minute 

respectively (1 L ■ 10“** Torr-second). 

The data for the determination of the dependence of 

the polarization on gas exposure at a fixed energy was 

gathered by measuring the polarization as a function of 

time as the clean surface was exposed to a constant pres¬ 

sure of or CO. Prior to each data run the aluminum 

asymmetry was measured. Then, five seconds after a clean¬ 

ing flash, during which time the crystal cools to about 
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1000°C» the gas was admitted into the vacuum chamber 

using the UHV leak valve. The desired pressure could 

be reached within 2 seconds and held essentially constant 

throughout the experiment. The gold asymmetry yielding 

the polarization was then measured over time intervals 

of 15 seconds until a total gas exposure of about 1 Lang¬ 

muir had been reached. The intensity was also monitored 

during the exposure with the Faraday cup. 

After all the polarization data was taken» the angle 

between the electron gun and accelerating column was en¬ 

larged so that at 6 ■ 13° the (00) LEED spot struck the 

phosphor coated area to the left of the entrance aperture 

to the electron lens system. The continuous intensity 

versus energy profiles were then measured at fixed sur¬ 

face exposures using the spot photometer. In each case 

the clean crystal was exposed to a constant pressure of 

gas until the desired exposure had been reached. The 

gas was then cut off and the intensity profile measured. 

B. Temperature Studies 

These studies consisted of measuring the polarization 

of the specularly reflected (00) spot at an angle of 

9 - 13° at seven temperatures in the range 1000°C to 

300°C* Figure 11 shows the polarization and intensity 

profiles for this beam for the atomically clean surface 

at 300°C. 
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After determination of the instrumental asymmetry 

the temperature dependence of the polarization was deter¬ 

mined as the crystal cooled following flashing to 2400°C. 

The time dependence of the cooling crystal temperature 

was monitored by an infrared telephotometer and a typical 

result is shown in Figure 12. The vertical and horizon¬ 

tal bars of Figure 12 indicate the temperature and cor¬ 

responding time intervals for which separate spin polar¬ 

ization measurements were undertaken. The counting 

electronics were turned on and off manually at the be¬ 

ginning and end of each interval as measured by the in¬ 

frared pyrometer. Because of the rapid cooling of the 

crystal at first it was necessary to measure the gold 

asymmetry in such a manner several times in order to gain 

the statistics desired for an accurate polarization 

determination. 

The crystal could also be maintained at a constant 

temperature during the polarization measurements by half 

wave rectification of the 60 Hz current used to heat the 

crystal during O2 treatments and flashings. In this 

method the half of the A.C. cycle during which current 

flowed allowed heating of the crystal but the LEED pat¬ 

tern was destroyed. During the half of the A.C. cycle 

in which no current flowed» the LEED pattern returned 

and polarization counts were gathered. This technique 

could not be used for the data acquisition» however» 
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Figure 12--Typical crystal cooling curve. 
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intervals over which polarization data were 

recorded. 
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because it slightly degraded the polarization. It was 

useful, though, for diagnostics, as will be described 

later. 

111. Results and Discussion 

A. Adsorbate Studies 

Figure 13 shows an example of the data as it was 

taken--polarization and Faraday cup current as a function 

of time during exposure to a constant gas pressure. Such 

data were taken at 5 ev intervals except where the polar¬ 

ization varied rapidly with energy where additional data 

were taken in approximately 1 ev intervals. 

Figures 14 and 15 show polarization and intensity ver¬ 

sus energy profiles for selected exposures of the clean 

surface to 00 and The polarization curves were drawn 

through data points taken from the raw polarization data 

like Figure 13 but the intensity profiles are continuous 

scans with the spot photometer as previously described. 

At first glance it appears from both figures that 

both polarization and intensity show approximately equal 

degrees of sensitivity to exposure. Also the degree of 

sensitivity is about the same for each of the gasses. 

Upon closer inspection, however, a particularly sensitive 

polarization region may be seen to occur near the large 

peak at 76 ev. Here the polarization, for example at 76 

ev goes from -75% to zero with a surface exposure of 
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Figure 14--Polarization and intensity versus 

energy profiles for selected exposures to CO 
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Figure 15--Polarization and intensity versus 

energy profiles for selected exposures to 
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less than .5 L. The decay is larger than at first appears 

because of the shift of the peak to the right. It is be¬ 

lieved that polarization is a useful monitor of surface 

cleanliness near this energy and has been so used in this 

laboratory» as previously described. Such sensitive po¬ 

larization energy regions as this indicate the need for 

strict cleanliness for accurate measurements of the clean 

surface. 

Another general characteristic of the measurements 

appears from noticing that though there are energies where 

polarization is very sensitive to exposure and energies 

where the intensity is sensitive» usually where the one 

varies much the other varies little. For example in 

Figure 14 the polarization curve varies rapidly with ex¬ 

posure at 76 ev whereas the intensity remains almost con¬ 

stant. The intensity near 50 ev on the other hand changes 

by a factor of ten upon exposure to .90 L while the po¬ 

larization decreases only a little. An important excep¬ 

tion to this behavior can be noted in Figure 15 near 75 ev 

where the polarization varies rapidly with exposure. Here 

the absolute intensity change is still small» but the 

fractional change is quite considerable. These obser¬ 

vations emphasize the complementarity of polarization mea¬ 

surements and intensity measurements» which has been pre- 

31 
viously noted. 

Another thing to notice for both intensity and po¬ 

larization is that the changes undergone with increasing 
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gas exposure need not be monotonie. The most striking 

example of this in the case of polarization is near 74 

ev where the polarization becomes quite positive before 

falling back to zero. This type of behavior is not at all 

unusual and has been observed in this laboratory at other 

angles of incidence, emphasizing that polarizations need 

not in general simply decay to zero with increasing sur¬ 

face coverage. 

Differences in the two gasses are noticeable in both 

the intensity and polarization curves, but in neither 

case are the differences dramatic. The major difference 

in the case of polarization is near 74 ev where the large 

positive excursion appears in CO but not 02» The dif¬ 

ferences for the intensities are mainly near 76 ev where 

the intensity increases in Figure 15 but not Figure 14, 

between 55-60 ev where Figure 14 shows a shoulder on the 

peak, and about 115 ev where Figure 15 shows a little more 

change than Figure 14. Overall the intensity curves 

shown here are remarkably similar. 

It is not possible at this point to give more than 

as empirical discussion of the data. In principle, po¬ 

larization calculations could be made using the formalism 

described earlier. This has not been done as of yet and 

at least awaits more accurate calculations for the clean 

surface. It is hoped that as advances are made in the cal¬ 

culation of polarization effects in LEED that the present 

data may be useful for comparisons. 



71 

B. Temperature Studies 

Of the energies indicated in Figure 11» where the de¬ 

pendence of the polarization and intensity on temperature 

was measured» a significant variation of the polarization 

was observed only at electron energies for which the in¬ 

tensity is low and the polarization» and rate of change 

of polarization with energy» is larges that is to say 

near the peak of the large polarization feature centered 

at 76 ev. In Figure 16 is shown the measured behavior of 

the polarization for electron energies in the range 71- 

81 ev. The largest change in polarization was observed 

at 74 ev, the polarization changing from -45% to -5% as 

the crystal cooled from 1000°C to 300°C. It is evident 

that at electron energies on the low energy side of the 

polarization peak the magnitude of the polarization de¬ 

creases with decreasing crystal temperature» whereas for 

electron energies on the high energy side of this peak 

the magnitude of the polarization decreases with de¬ 

creasing crystal temperature, whereas for electron ener¬ 

gies on the high energy side of this peak the magnitude 

of the polarization increases with decreasing temperature. 

It is also interesting to note that high polarizations 

are observed even at elevated crystal temperatures. The 

intensities, on the other hand, were observed to increase 

monotonically as the crystal cooled for all the electron 

energies investigated, and to be typically more sensitive 
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to temperature than the polarization. The measured frac- 

tional changes were largest for energies well removed from 

intensity minima. 

The results presented in Figure 16 may be explained 

in terms of a small shift» «1 ev, of the polarization fea¬ 

ture centered at 76 ev toward lower electron energies 

when the crystal is heated to 1000°C. This energy shift 

would explain why large changes in polarization with temp¬ 

erature are only observed in regions where the rate of 

change of the polarization with energy is large. In ad¬ 

dition» the fact that the rate of change of the polar¬ 

ization with energy is of opposite sign on the high and 

low energy sides of the feature at 76 ev would account for 

the markedly different temperature dependences of the po¬ 

larizations observed in these two regions. 

Shifts of similar magnitude in the positions of in¬ 

tensity peaks with increasing surface temperature» as dis¬ 

cussed previously» have been observed and result from 

32 
thermal expansion of the lattice. It has been empir¬ 

ically observed in this laboratory that polarization max¬ 

ima in LEED generally occur at energies of intensity 

33 
minima as discussed earlier for low energy electron 

scattering from single atoms. If the Intensity minimum 

at 76 ev» then» gives rise to the polarization maxima at 

this energy» a shift of this peak with the shift of the 

intensity profile may be expected. 
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C. Possible Sources of Error 

There are several significant sources of possible er¬ 

ror in this experiment. Statistical errors arise in the 

Mott polarization analysis. Possible systematic errors 

also arise in the Mott system» in the measurement of the 

electron energy» the surface angle» the pressure in the 

LEED chamber» and the crystal temperature. Possible in¬ 

terferences include the changing crystal temperature and 

the background pressure of the LEED chamber in the adsor¬ 

bate study and surface contamination in the temperature 

study. 

The statistical errors arising in the polarization 

measurement are due to the limited number of electron 

counts recorded in the two channels of the Mott analyzer. 

Kessler gives the approximate resulting error in the po- 

34 
larization as 

where N ■ the total number of counts observed in the left 

and right channels. And S ■ .25 is the Sherman function 

for gold used in this experiment. This formula was used 

to assign the error bars seen in Figure 16» typically 

less than 5%. The statistical errors of the 15 second 

polarization measurements in the adsorbate studies» as 

seen in the scatter of Figure 13, were also typically 

less than 5%. 
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A systematic error also arises in the Mott system due 

to instrumental asymmetries. As previously discussed care 

is taken to eliminate this error by scattering from an 

aluminum as well as a gold foil. This technique works 

well but is imperfect due to different resolutions for 

gold and aluminum of the backscattered 100 kev elastic 

peaks. Measurements of the polarization of electrons 

thermionically emitted from a filament in the LEED chamber 

which are necessarily unpolarized consistently yielded 

about -.025% in this work. 

Errors in the Sherman functions used» especially 

that of gold would result in systematic errors in the po¬ 

larization. An error of 8% in the Sherman function of 

gold» as reported here» would result in a change of about 

5% of the polarizations measured. Both this error and the 

one of the preceding paragraph» however» can not change 

the shape of the polarization features measured and can 

in no way alter the conclusions of the present work. 

35 
It should be noted here that Kalisvaart has esti¬ 

mated a systematic uncertainty in the incident electron 

energy of up to 1 ev. Also» the energy spread of the in¬ 

cident electron beam is about h ev because it is produced 

by a hot filament. 

A systematic offset of the angle of incidence» 6» of 

up to k° has also been estimated. Incidence angles may 

be reproducibly set» however, to within .2°. This was of 
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no consequence in the adsorbate study because 9 remained 

fixed during all the polarization measurements but was im¬ 

portant in the temperature study since 9 was moved midway 

through the work. 

An obvious source of possible error in the adsorbate 

lies in the measurement of the pressures of CO and O2 to 

which the surface was exposed. Precise pressure measure¬ 

ments are difficult at such low pressures. A large part 

of this fact results from uncertainties in the sensitivity 

of the ion gauge to the gasses measured. The error in the 

measurement of the CO pressure from this source alone may 

be as much as 20% » but is only about 5% for the Û2* 

In the temperature study a possible systematic error 

could result from miscalibration of the pyrometer used to 

measure the crystal temperature. Such an error» however» 

would be of minor consequence because it was actually re¬ 

quired only to reproducibly measure changes in the temp¬ 

erature . 

A possible source of interference in the adsorbate 

study which must be considered is the cooling of the cry¬ 

stal from a cleaning flash during the data acquisition. 

The temperature study reported here» however* found no 

change of the polarization due to cooling except near the 

large negative polarization peak at 76 ev. Near this 

large peak where temperature dependences of the polar¬ 

ization were observed» two tests served to confirm the 
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overall validity of the data. First, since the crystal 

does most of its cooling very quickly after flashing (see 

Figure 11), the admission of the appropriate gas and com¬ 

mencement of data acquisition were simply delayed for up 

to 30 seconds after the cleaning flash. This resulted in 

no significant change in the polarization measured as a 

function of gas exposure. Second, the crystal was reheated 

to over 1000°C several times during the standard data run 

and this resulted, again, in no significant change from 

what is ordinarily observed. Therefore the direct effect 

of temperature on the polarization in this work must be 

regarded as negligible. 

Another source of interference in the adsorbate study 

is the residual background pressure of the LEED chamber. 

All polarizations except those near the large polarization 

peak at 76 ev, however, were found to be stable under the 

influence of this background pressure for a length of time 

at least as great as that required to complete the present 

measurements. Near 76 ev some small effects were found 

within this time. In the case of CO, however, a partial 

pressure analysis showed that the majority of the back¬ 

ground pressure is due to CO. In the case of 0£ the back¬ 

ground pressure was less than 20% of that used during data 

taking. Additionally, O2 data taking runs at different 

exposure rates resulted in identical polarization changes 

corresponding to given total exposures. The interference 
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due to background gas is believed, therefore« not to play 

a significant role in the present work. 

The effect of the residual background pressure must 

also be considered in the temperature study» even though 

the majority of the data was recorded within 1 minute of 

flashing the crystal. In order to test for the presence 

of any effects due to surface contamination the crystal 

was reheated immediately following the initial cooling run 

to < 1200°C, a temperature insufficient to reclean the 

crystal had it become contaminated during the course of 

the initial cooling run» and the polarization measurements 

were repeated as the crystal subsequently cooled. Dif¬ 

ferences in the two sets of data would indicate the pre¬ 

sence of effects due to surface contamination. In addition 

polarization measurements were undertaken as the crystal 

cooled in the presence of increased background gas pres¬ 

sures» obtained by admitting CO or to the system, 

thereby determining the sensitivity of the polarizations 

to surface contamination by background gasses. Such mea¬ 

surements showed that surface contamination did not pro¬ 

vide a significant contribution to the observed changes 

in polarization. This conclusion was confirmed by use of 

the half wave rectification technique described earlier. 

In this technique the crystal was maintained at a fixed 

temperature while the polarization was monitored in order 

to identify directly the effects of crystal contamination. 
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