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ABSTRACT 

Electron Spin Polarization in 

Low Energy Electron Diffraction 

by Maarten Kalisvaart 

Substantial electron spin polarization has been observed in low 

energy electron diffraction (LEED) from the (001) surface of tungsten. 

The electron polarization is determined by directing a fraction of the 

elastically diffracted electrons contained within a given LEED beam 

into a Mott analysis system. An overview of the theoretical background 

of LEED is given with emphasis on the formalisms developed to calculate 

the intensities of the beams. The theoretical predictions of electron 

spin polarization in LEED are reviewed. A short description is given 

of the experimental technique, and the results of both polarization 

and intensity measurements on the 00 beam are presented. Polarizations 

ranging from -35% to +37% have been observed and are shown to depend 

sensitively on both electron energy and angle of incidence. No 

similarity was found between the observed LEED polarizations and those 

predicted theoretically for elastic scattering from free tungsten 

atoms. 
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1 
INTRODUCTION 

Low-energy electron diffraction (LEED) is presently the major 

technique for the study of the atomic structure of crystal surfaces. 

Although the first LEED experiments were reported by Davisson and 

Germer in 1927, it was not until the development of the display-type 

screen (Scheibner et al., 1960) and of the necessary ultrahigh vacuum 

equipment that extensive use was made of LEED. 

Thus far, only two kinds of LEED experiments have been conducted 

on the elastically diffracted electrons: investigations of the 

periodicities of the beams and measurements of their variations in 

intensity with electron energy and angle of incidence. The directions 

of the diffracted beams give information on the periodicity of the 

crystal surface, while intensity measurements determine the locations 

of atoms within the surface unit cell. 

Theoretical understanding of both the regularity and the intensity 

variations of the beams is well-advanced. The theory is modeled on 

methods developed for X-ray diffraction analyses, with one important 

difference: that property of electrons which makes them so sensitive 

to the surface - their strong interactions with the atoms of the crystal 

also leads to strong multiple scattering. Early LEED calculations, 

termed "kinematic," ignored multiple scattering and, consequently, 

agreed rather poorly with experiment. More recent calculations, 

however, explicitly include all multiple scattering and give 

excellent agreement with experiment (Pendry, 1974). 

LEED experiments have, heretofore, ignored an important property 

of the electron - its spin. Although electron spin effects have been 
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extensively studied in atomic scattering (Kessler, 1969; Walker, 1971), 

only recently have theoretical calculations been made for spin effects 

in LEED (Feder, 1971; 1973 a, b; 1974 a, b; Jennings, 1970; 1971 b, c; 

Jennings and Sim, 1972). These calculations suggest that measurements 

of the spin polarization of the elastically diffracted electrons may 

provide information about the surface not obtainable from intensity 

studies alone. In particular, the calculations indicate that the 

degree of electron spin polarization is a sensitive probe both of 

the shape of the surface potential barrier and of the inelastic 

scattering processes occurring at and near the crystal surface. 

The first experimental investigations of electron spin polarization 

in LEED were reported by Davisson and Germer in 1929. No spin 

polarization was observed. The Rice LEED experiment is consequently 

the first to observe polarization of the diffracted beams. 

A conventional LEED-optics assembly was modified to allow any 

one of several LEED beams to be extracted for spin polarization 

analysis by Mott scattering. A tungsten (001) surface was used in 

the initial experiments. This surface was chosen for several reasons. 

First, tungsten has been extensively studied in LEED experiments, and 

procedures have been developed for obtaining an atomically clean 

surface (Joyner et al., 1973). Secondly, the major spin effect is 

a spin-orbit interaction. Tungsten, with its large atomic number 

(Z = 74), is therefore expected to produce large polarizations. Such 

polarizations are, in fact, predicted by theoretical calculations for 

atomic scattering (Gregory and Fink, 1974; Fink, 1975). Finally, 

both Feder and Jennings have applied their theoretical developments 
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of spin polarization in LEED to tungsten (001) (Feder, 1973 a; 1974 a, 

b; Jennings, 1971 b; Jennings and Sim, 1972). 

The experiment has measured electron spin polarization in the 

specularly diffracted 00 beam from tungsten (001) and polarizations 

ranging from -35% to +37% have been observed. The polarization is 

a strong function of both electron energy and angle of incidence. 
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I. THEORETICAL CONSIDERATIONS 

A. Electron Scattering at a Crystal Surface 

1. Energy Spectrum of the Scattered Electrons 

Information about the scattering experienced by electrons at 

a crystal surface can be obtained by measuring the energy spectrum 

of the scattered electrons. Figure 1 shows a typical spectrum 

produced when electrons with energy E0 are incident on a crystal 

(Chang, 1971). The three main regions of this spectrum will be 

discussed in turn. 

The narrow peak at E0 consists of elastically scattered electrons 

which, as will be shown in the next section, leave the crystal in 

discrete beams. Also included in this peak are electrons which have 

undergone phonon scattering but have lost energies too small to be 

resolved from true elastics. Only the electrons in this peak are used 

in LEED experiments. Immediately below the elastic peak are several 

smaller peaks corresponding to electrons that have experienced energy 

losses through excitation of bulk or surface plasmons. 

The large peak at low energies is created by primary electrons 

which have made several collisions inside the solid, creating 

energetic secondaries. These secondary electrons, in turn, create 

more secondaries, and a cascade of electrons with ever-decreasing 

energies is formed. The only reason that this peak does not rise 

to infinity at E = 0 is that electrons leaving the surface must 

overcome the work function. 

The third region is the long, relatively featureless section 
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Figure 1: A schematic diagram of the energy spectrum of electrons 

leaving a crystal surface. The energy of the primary 

beam is E0. (Chang, 1971) 
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between the two peaks. In this region are found the small distinct 

peaks due to interband transitions and Auger processes. 
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2. The Diffraction Pattern 

As a result of the wave-particle duality, all particles have a 

wavelength given by the de Broglie relation >•= h/p. For non- 

relativistic electrons, this relation can be expressed in the 

For typical LEED energies from 20 - 500 eV, the electron wavelengths 

are of the order of crystal interatomic spacings. 

Interference effects among the elastically scattered electrons 

give rise to the diffraction pattern. A simple treatment (Estrup 

and McRae, 1971) illustrates the formation by interference of discrete 

diffracted beams. Figure 2 shows a one-dimensional array of identical 

scattering centers with spacing a. A wave with wavevector k0, where 

| k0\ = 2TT/>., is incident at an angle % with respect to a normal 

to the array. Let the elastically scattered wave have wavevector 

kg and make an angle vjJ with the normal. By conservation of energy 

\k^| = Ik^l. Assuming a very long array of scattering centers, the 

scattered wave can leave the array only along directions for which 

constructive interference of waves from adjacent scattering centers 

occurs. This condition can be expressed by 

However, 2TT/a is just the unit reciprocal lattice distance for this 

convenient form 

a (sen V|/ - = nX 

where n is an integer. Multiplying by 2TT/aX: 

\ ko l senv^) - \ koI Ven Vÿ0 = t\ (1) 
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Figure 2: A one-dimensional array of identical scattering centers 

with spacing a_. A wave with wave vector k0 is incident 

on the array while the elastically scattered wave has 

wave vector k^. Constructive interference occurs if the 

two rays shown have path lengths differing by an integral 

number of wavelengths: 

r 

(Estrup and McRae, 1971). 



Figure 2 
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linear array, and any integral multiple n * 2tT/a is also a reciprocal 

lattice distance. Let g represent an arbitrary reciprocal lattice 

distance. Also, letting ^ k0^ = j kQ| sinvy0be the component of 

kQ parallel to the array, equation (1) can be written 

\K0\il ” l ^owl = ^ • (2) 

A surface with a simple square unit cell can be considered to 

consist of two sets of linear arrays perpendicular to each other. 

An equation of the form (2) must apply along each array, and writing 

both equations together in vector form, the condition diffracted 

beams must satisfy becomes 

ko\\ *“ ^>Ott ” ^ (3) 

where k^u is the component of kô parallel to the surface, and 

"g is a surface reciprocal lattice vector. Condition (3) shows that 

elastically scattered electrons leave the surface only along discrete 

beams whose components of momentum parallel to the surface differ from 

that of the incident momentum by a surface reciprocal lattice vector. 

The came result can be obtained more rigorously by an analysis due 

to Pendry (1974). 

The complete electronic wave function must everywhere satisfy 

Schrodinger's equation which, in atomic units, is: 

V.«r 
(4) 

^ _ . •• | fa where 'Vj.Lrl ~ 3, , with 7.E a \V.0| > is the incident wave and 

is the scattered wave. E is the electron energy, and 1? 
is a position vector with respect to an arbitrary origin. It is 

-*■ .x 
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desired to determine the form of outside the crystal and, 

in particular, to show that consists of discrete beams. 

Let'S and ÎD be the primitive surface translation vectors. The 

symmetry of the surface then requires that V(r) = V(r + la + m£>) 

where 1 and m are integers. Replacing *r by *? + Ta + mft in Schrodinger's 

equation, and using the symmetry of V(r), it is easily shown that 

.(r + la + m^) +vVs(" + la + mb)^ satisfies the same equation 

as does ^i(r) + ys(f)] . But 

^ VV.OR*USVWN\O) 

+ Slol-v « ç, = \V;lr) e 

where k0uis ^e component of kQ parallel to the surface. Thus the 

incident wave at r + la + mb differs from that incident at r only by 

a phase factor. Since the scattered wave is proportional to the 

incident wave, it must be true that 

(.STa> mlo) 
r . (5) 

Although the scattered wave does not necessarily have the 

periodicity of the surface, it can be written in the Bloch form by 

defining by 
*OU 

e, -)U on 
*o\\ 

(6) 

where rw is the component of*r parallel to the surface. Substitution 

of this expression into (5) shows that ’TC-Ar) - . 
kow *©w 

Because of this periodicity, can be expressed as a Fourier 
*■011 

series over the surface reciprocal lattice vectors g (Kittel, 1971) 

S'"' Wr" 
*X.^Or) = 2^ €, 

(7) 
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where the surface is chosen as the x-y plane and z is chosen positive 

into the surface. The surface reciprocal lattice vectors "g have only 

x and y components and satisfy 

g * a = 2n x integer 

g • £ = x integer . (8) 

The solution of this pair of equations is ”g = hA + kB where 

^ ^ )~g _ ^ 

and h and k are arbitrary integers. 

Substituting the Fourier expansion (7) into the expression (6) 

for ")(.<• Or) , an expression for the scattered wave is obtained: 

5 
If this expression, in turn, is substituted into Schrodinger's 

equation (4) for the total wave function, the equation outside the 

crystal (V(r) = 0) becomes 

Ç[0- ÿ\ e o. 
The orthogonality of the exponentials in this expansion requires that 

each Fourier component itself vanishes. Thus 

<wLp llE • \ V.ow + | ) 

where b^- is a constant. For waves leaving the crystal the negative 

sign must be used. Defining 

KI * (.IE- } 

the scattered wave can be written 

;(.r) * TZ'ot 
(9) 
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The expansion (9) of the scattered wave shows that the periodicity 

of the surface requires that the elastically scattered electrons 

leave the crystal only in a set of discrete beams with components of 

momentum parallel to the surface given by equation (3). By convention, 

the hk beam has g = hA + kB (Wood, 1964). Expression (9), furthermore, 

shows that a finite number of beams reach the LEED screen. Only those 

beams for which 2E> |kOM + are propagating waves; the beams for 

which 2E<-|k0|| + ”g\2 decay exponentially in the-z direction and are 

consequently not observed. 

Working backwards, the directions of the diffracted beams give 

the surface reciprocal lattice vectors. The crystal translation 

vectors, in turn, can be calculated from these. However, it is 

obvious that the directions of the diffracted beams give no information 

about the locations of atoms within the surface unit cell. Such 

information has traditionally been obtained from studies of the 

intensities of the diffracted beams as functions of energy and angle 

of incidence. 

B. Intensity of the Diffracted Beams 

This section is concerned with the methods used in calculating 

intensities of the diffracted beams and follows closely the treatment 

given in Pendry (1974). In particular, two distinct methods, the 

"kinematic" and the "normal mode" will be discussed. The kinematic 

method completely ignores multiple scattering of the electron in the 

crystal and hence does not usually agree closely with experimental 

measurements. On the other hand, the normal mode method accounts 
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fully for multiple scattering and consequently agrees well with 

experiment if all surface parameters are known. 

1. Scattering from Ion-Cores in a Muffin Tin Potential 

LEED calculations almost invariably use the muffin-tin approximation 

for modeling the solid. This approximation treats the total potential 

inside the crystal as a sum of spherically symmetric ion-core poten¬ 

tials at the positions of the atoms with a constant potential between 

the spheres (Figure 3). The complicated ion-core potentials are often 

replaced by pseudopotentials. A surface potential barrier is included 

in most treatments. 

The crystal potential between the ion-core spheres is usually 

assumed to have both a real and an imaginary component, V = Vr + iV^. 

The real component Vr is identified with the "inner potential" and is 

the constant potential between the muffin tins with respect to the 

vacuum zero. It usually has a magnitude of about -15 eV. The 

imaginary component is included to represent all inelastic scattering 

occurring in the crystal. Because the energy-analyzing grids of the 

LEED optics allow only elastically-scattered electrons to reach the 

LEED screen, electrons inelastically-scattered may be considered 

to be absorbed by the crystal since they are never detected. The 

inelastic scattering in the crystal can be divided into two kinds - 

absorption by the atoms and the usually dominant absorption by the 

crystal lattice. Absorption by atoms occurs through electronic 

excitation while absorption by the lattice involves plasmon or 

phonon creation. Because the possible loss processes are functions 

of electron energy, V. is not constant. Instead, for energies below 



13 

Figure 3 (a): Cross-section of a crystal divided into muffin tins. 

(Pendry, 1974) 

(b): Cross-section of the crystal potential showing the 

ion-core potentials with a constant potential between 

ion-cores. The surface barrier is included. (Pendry, 

1974) 



Figure 3 



14 

15 eV, V.j K -1 eV, while for energies from 15 - 100 eV, V-j « -4 eV 

(Pendry, 1974). The jump at 15 eV is due to the onset of losses through 

plasmon creation. 

The scattering of a plane wave from a single-ion core is 

determined by solving Schrodinger's equation, usually in the Hartree- 

Fock approximation, both inside and outside the ion-core. Standard 

partial wave analysis gives the amplitude of the scattered wave 

(Merzbacher, 1970): co 

* -j- 7""* 17.9-vO e, * V*(xoS©) . 

“ is the scattering angle, and k is determined by the electron energy 

with respect to the constant potential between muffin tins, k^ = 2(E- Vr). 

The phase shifts $A(k) are determined by matching solutions inside 

and outside the ion-core. The total wave function after scattering is 

given by: 

VlKr) ^ 
t—400 

LVL? IV-r 

V S-ce.O 
and, hence, the differential scattering cross-section is 

The scattered wave amplitude f( 0 , k) is determined completely 

by the phase shifts S^(k). This observation is the basic idea 

behind pseudopotentials. Both in LEED and in other calculations, 

the electron wave function inside the ion-core is not of interest. 

For this reason, the calculations can often be simplified by replacing 

the actual ion-core potential by a simpler "pseudopotential." The 

pseudopotential, through the use of adjustable parameters, is chosen 
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to give the same scattering phase shifts as the actual potential, 

and consequently scattering will be the same for both potentials. 

2. Kinematic Theory 

Kinematic theory is the simplest LEED theory to explain variations 

in intensity of the diffracted beams. It is very similar to basic 

X-ray diffraction theory in that multiple scattering is completely 

ignored. As usual in LEED theory, the crystal is divided into identical 

layers of atoms parallel to the surface. Such division into layers 

allows the calculation scheme to be easily expanded to include layers 

of adsorbates. The total scattered wave leaving the crystal surface 

is calculated by first finding the wave scattered by each atom in 

the unit cell. The diffracted wave from each layer is then found 

by summing over all atoms in a unit cell and then adding the effects 

of all unit cells in the layer. Finally, the wave leaving the crystal 

surface is calculated by summing over all layers. 

Again, a simple argument can be used to explain intensity variations 

of a diffracted beam with changes in electron energy or angle of 

incidence. The argument used in Section I-A-2 to explain the origin 

of a set of discrete diffracted beams completely ignored penetration 

of electrons into the crystal and consequently ignored interference 

between waves scattered from different layers of atoms. A peak in 

intensity should occur when waves scattered from consecutive layers 

of atoms interfere constructively. As shown with the help of Figure 4, 

such constructive interference occurs when 

c ( cos vy0 4- cos vy ) = 

where m is an integer. This expression can be written 

^ ) • C - ZTTww . (10a) 
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Figure 4: In kinematic theory, intensity maxima occur through 

constructive interference between waves scattered from 

consecutive layers of atoms. A wave with wavevector 

kQ is incident on the crystal while the elastically 

scattered wave has wavevector kg. If "c is the relative 

displacement of the layers, constructive interference 

occurs if the two rays shown have path lengths differing 

by an integral number of wavelengths: 

cUos v cos^?) 5 WN'X . 



Figure 4 



Thus, kinematic theory predicts an intensity peak in a diffracted 

beam, called a Bragg peak of order m, whenever condition (10a) is 

satisfied. 
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A more rigorous derivation of a similar result - one which 

includes the important effects of absorption of the wave in the 

crystal - is given by Pendry (1974). Assume a wave of unit amplitude 
V Vc ^ 

e, ° , with tt.1 *1E, is incident on the crystal surface. If 

the reflection coefficient at the surface potential barrier is R(k0) 

while the transmission coefficient is T+(ï^), the wave actually 

striking the first atomic layer is given by 
^ v V* r* 

T Up) 
where \k|^ = 2(E - V) and kM = kou . If an imaginary component 

is included in V, the absorption of the wave in the crystal is included 

in the calculations. 

First, the wave scattered by each layer is calculated. Let the 

origin of the j**1 unit cell in a particular layer be denoted by 

Rj = 9a1 + mb with respect to some origin in the layer, and let us 

be the position of the sth atom with respect to its unit cell origin. 

The location of the s^ atom in the unit cell is then given by 

Rj + iTs with respect to the origin in the layer. (Note that 1J$ need 

not be parallel to the surface plane.) The wave incident on this 

atom is _ ik- (Rj TV*,) 
T (Ce) e. 

and hence the wave scattered by it is 

where oo _ , 
_ - .N ^ \ to 
X,Crl* llSvO, fcvVMP, , Jw.ftnfr.fou). 
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Summing over all atoms in the unit cell and then over all unit cells 

in the layer, the diffracted wave from the layer is 

"Mr). 
i* 

As was shown in Section I-A-2, the wave leaving the layer can 

also be represented as a sum over a discrete set of diffracted beams, 

namely those that satisfy - kw = "g where"g is a reciprocal lattice 

vector for the layer. Therefore, 

. ■=p' „ V.',*) 

with = -(2E - 2V-\k’|^)^. The negative sign is used because the 

the diffracted wave now travels back toward the surface. Since this 

last expression for <|)s is just a Fourier expansion, the coefficients 

can be easily found by integrating over the whole layer: 

^ J 
- — ».«.• r 

8^ « 

where is the number of unit cells, each of area A, in the layer. 

Substituting 

U » T*Cto) 17? J 
fv Ut-Du* r % .X-r' I [L e. jX*Cr')e, 

r* e r - • 

Since Ri = la" + mb, the first sum is just N2. The integral in the 
J 

second term can be evaluated to give an expression for 

where 5“* . c 
v^*Cs,

0 /£•£' \ 

" u^= KwWfc fell e 



TTrc 
is just ^\\£\ times the scattering amplitude of a unit cell. 

Therefore, the scattered wave from this layer can be written 

<h = T"(0 £ t-UC.tt e.' 
A. v.' 

Finally, the waves scattered by the different layers in the 

crystal need to be summed. Assume the layers are equally spaced 

with the top layer labeled 0 and the origin of the n**1 layer given 

by nc. The wave incident on the n 

of this layer is 

th layer with respect to the origin 

e T U.„) e. 

and the wave scattered by this layer is 
* -A. V1 ^ IV1* UU-\:)'C 

T L-f rAU e e 
t 

The total scattered wave incident on the surface potential barrier is 

found by summing over n: 

Assuming the surface barrier transmission coefficient is T~(k') and 

letting represent the vacuum momentum corresponding to k' (that is 

k\ = k^M ), the total wave leaving the crystal is 

’>(vorr~0£') ray.t) 7 
uï-fi-C re 

-«■ J 
Whenever 

Re,VC-Vc/Vc = Tïrw (m an integer), (10b) 

the denominator in the second term for has a minimum, and 

hence an intensity maximum in the diffracted beam - the Bragg peak - 

occurs. Condition (10b) for a Bragg peak is the same as that in 

equation (10a) derived using the simple interference argument. The 

I ^OM )^OM 



20 

presence of the real part in (10b) is required by the finite penetration 

of the electron into the crystal. 

It is the difference between conditions (10a) and (10b) that 

primarily distinguishes X-ray diffraction from electron diffraction. 

For both X-ray diffraction and LEED, the diffracted beams satisfy 

condition (3) for constructive interference between waves scattered 

from different atoms in a single layer. X-rays are not strongly 

scattered by the ion-cores and hence penetrate a large number of 

crystal layers. For this reason, X-ray diffraction beams occur only 

if both conditions (3) and (10a) are satisfied (Kittel, 1971). This 

can also be seen by noting that the expression for vy$(r) has a 

singularity when (10a) is satisfied. Electrons, on the other hand, 

interact so strongly with the ion-cores that they penetrate only very 

few crystal layers. Condition (3) is therefore dominant, and it 

alone determines the presence of diffracted beams. Condition (10b) 

is of only secondary importance and determines fluctuations in 

intensity. 

This effect can be illustrated using the Ewald sphere construction 

(Estrup and McRae, 1971; Kittel, 1971). The construction for the (001) 

surface of a simple cubic crystal of lattice parameter ja is shown 

in Figure 5. The reciprocal lattice for this crystal is also simple 

cubic with lattice parameter (the length of the unit reciprocal 

lattice vector) 2n/a. In LEED, scattering by a single layer 

determines the presence of diffracted beams through condition (3). 

This dominant scattering by a single layer can be modeled by increasing 

the distance between (001) planes until only a single plane remains. 



Figure 5: Ewald sphere diagram for electron diffraction from the 

(001) surface of a simple cubic crystal. A schematic 

intensity profile on the right shows schematically that 

the intensity of a diffracted beam is governed by the 

proximity of the termination point of kg to a reciprocal 

lattice point. (Adapted from Estrup and McRae, 1971). 
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As the distance between (001) planes is increased, the length of 

the corresponding unit reciprocal lattice vector decreases. When 

the (001) planes have moved infinitely far apart, these reciprocal 

lattice points have merged into a set of parallel rods. The wave- 
«■A* 

vector k0 of the incident beam is drawn terminating at the origin of 

the reciprocal lattice, and the Ewald sphere is drawn with k0 as a 

radius vector. The intersection points of the sphere with the lattice 

rods determine the possible wavevectors of diffracted beams (one 

such kô is included in Figure 5). It can be seen directly from the 

figure that all such diffracted beams satisfy condition (3). If 

interference between waves scattered from different layers is now 

taken into consideration, condition (10b) is interpreted in the 

Ewald sphere construction as stating that intensity maxima occur 

whenever the diffracted wavevectors terminate on a reciprocal lattice 

point. The proximity of the termination point of kg to a reciprocal 

lattice point strongly influences the intensity. This effect is 

illustrated by the schematic intensity diagram on the right in 

Figure 5. For X-ray diffraction, on the other hand, the equal 

importance of conditions (3) and (10a) requires that diffracted 

beams occur only when the Ewald sphere passes through a reciprocal 

lattice point. 

The predictions of kinematic theory usually do not agree well 

with experimental measurements. Good agreement is found only for 

crystals in which elastic scattering is inhibited by the fact that 

the wavefield is strongly attenuated between scattering events. It 

is found that this condition is satisfied best by crystals of inert 
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gases, whose experimental intensity versus energy (I-V) curves are 

in close agreement with kinematic theory (Ignatiev et al., 1971). 

In general, however, agreement between kinematic theory and experiment 

is not good. For example, the only feature predicted in Figure 22 is 

the third-order Bragg peak at 115 V. The reason for the failure 

of kinematic theory is obvious. For most crystals, electrons interact 

so strongly with the ion-cores that significant multiple scattering 

takes place, and any complete theory must, therefore, include multiple 

scattering. 

3. Normal Mode Theory 

The presence of secondary peaks in I-V curves has a simple 

explanation. Again, the crystal is assumed to be divided into layers. 

A wave incident on the first atomic layer is partially diffracted 

and hence not one, but several, beams travel further into the crystal. 

At each subsequent layer, each of these beams is diffracted. This 

profusion of beams causes a much more complicated I-V spectrum than 

results from single scattering. Several complete developments of 

this multiple scattering theory exist (McRae, 1968 a, b; McRae and 

Winkel, 1969; Jennings and McRae, 1970; Pendry, 1974). This overview 

will follow closely the clear exposition given by Pendry (1974). 

In the regions between ion-core layers, where the potential V 

is constant with respect to position, the solutions of Schrodinger's 

equation are plane waves. However, as was shown in Section I-A-2, 

the periodicity of the atomic layers allows only plane waves whose 

parallel component of momentum is given by ktt+ "g. The possible wave- 

vectors are therefore x/ 
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The total wave between the layers labeled n and n+1 (see Figure 6) 

can be expressed as a superposition of such waves: 

Z 
. ■£+ 

— 
e 

where r is measured from a plane midway between layers n and n+l. 

Note that in this expression, both propagating and evanescent waves 

occur because there are an infinite number of reciprocal lattice 

vectors "g. In typical LEED calculations, only a finite number N 

of forward-traveling beams is included - all propagating waves and 

those evanescent waves which still have significant amplitude at the 

adjacent layer - and an equal number of backward-traveling waves. 

Next, the condition relating the wavefield between layers n-1 

and n, and that between layers n and n+l is found. One component of 

forward-traveling waves between layers n-1 and n has a value 

* iKi- iA., 
«s-.* e, 

at layer n. This wave can be both forward and back diffracted 

at layer n. Let forward-diffraction into the "g'-beam have amplitude 
++ 

while back-diffraction into the g'-beam has 

ampl i tude tA • 

Similarly, one component of the backward-traveling wave between 

layers n and n+l has the value 

i ) 

« 

at layer n. This wave can also be both transmitted and reflected 
C   + — at layer n with amplitudes O-i- + TA and fA . 

J i “ Q q Q ; 

respectively. 
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Figure 6: The wavefield between layers of a crystal. A single 

atypical layer is shown above an ideal crystal substrate. 

(Pendry, 1974) 

Figure 7: Schematic representation of a surface resonance. (Pendry, 

1974) 
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The forward-traveling wave between layers n and n+1 can, therefore, 

be written as a superposition of forward-traveling waves between n-1 

and n transmitted through layer n and backward-traveling waves between 

n and n+1 reflected at layer n: 

€/ ■ / . \ Oil* + . a. e 

+ oT-, e, * 

- »- ** 
+ rAji* C<r\1 Q, -*> P, 

a.ji * 7H ex* * Q-,_l«o cx -* 
*** ^ ^ (ll) 

Similarly, the backward-traveling wave between layers n-1 and n 

can be written: 

yi __ _ 
<x^-« = 4-* ^Q'? + -e 

+• T'A ->» Cv\"i Q, e, 

.m 
°“»v-V *a ' S S Q-I-U1 OL — + Q’S'S^0' —‘ 

The Q equations (11) and (12) can be expressed in matrix form. 

+ I * . * O •+ Q c.*o 

— ■y- /^>SL — 
OLkM - Vil UïCL^ +- W <-»s\ CX^ (13) 
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Since N forward-traveling beams are included, as well as an equal 

number of backward-traveling beams, each Q-matrix has dimensions 

Combining the Q-matrices into a single large matrix, an expression 

relating the amplitudes of the plane waves on opposite sides of layer 

n can be obtained: 

McRae (1968 a) calls this 2N x 2N matrix the "transfer matrix" for 

scattering properties of the ion-cores making up each layer, complicated 

by the inclusion of intra-layer multiple scattering. A complete 

analysis of this mathematical problem can be found in Pendry (1974). 

As an illustration of the use of this technique, the formalism 

will be developed for calculating the waves diffracted from an ideal 

crystal with a single surface layer (n = 1) which scatters differently 

from all the other layers (Figure 6). This surface layer, for example, 

could be’ a monolayer of adsorbate or the surface potential barrier. 

Let the total wave in the vacuum above the surface (incident and 

An expression relating the diffracted wave amplitudes to the incident 

amplitudes is desired: 

N x N and each a~ vector dimensions N x 1. 

the n^ layer. The explicit form of the Q-matrices is given by the 

diffracted) have components 

where 

^\*. UE -1\l)H). 

or, in matrix form: 



R to) <XQ (14) 

Difficulty, however, is caused by the single atypical layer at the 

surface. This problem is handled by letting R(l) represent the 

reflection matrix for the perfect crystal: 

a,”* RCOa* 
and then using the Q-equations (13) to calculate the effect of the 

surface layer: 

o-'- Q1 w a, ♦ Q^tvi Q.7 

Q7 - Qmw a0
v v Q“woT • 

Solving the last three equations for a" in terms of a£: 

a0 
5 (Q W f Q*w Li - Rt\)Q\Ÿl RM ex© 

and R(0) is given by: 

Rio) - £QŒco -vQ totî-RwQ11wl RMQ'<.OJ (15) 

The reflection properties of the crystal are thus expressed 

in terms of the reflection and transmission matrices of the surface 

layer and the reflection matrix of the perfect bulk crystal. If 

desired, this process can be repeated to calculate R(l) and all 

subsequent reflection matrices in terms of the scattering properties 

of the layers. It is much more convenient, however, to calculate 

R(l) in terms of the normal modes of the perfect crystal. The normal 
wV'C . . modes are Bloch waves: = e, 

iN 

^ ^ t A 

where kw = kou and k2 is to be determined. The b“ (k) are each 

vectors with components corresponding to the different g. Substituti 

these Bloch waves into the Q-equations (13), the following eigenvalue 
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equation is obtained: 

...  .9;  
.-CoW Qt" ! tcPV’ti-Q'VÎ 

(The n-dependence of the Q-matrices has been dropped since all bulk 

crystal layers scatter identically.) The eigenvalues give the band 

structure of the crystal while the 2N eigenvectors give the 2N normal 

mode Bloch waves. Only N of these normal modes can be excited by the 

incident waves: the other N grow exponentially into the crystal or 

carry net flux out of the crystal. The waves incident on the perfect 

crystal can be expanded in terms of these N normal modes, designated 

by T: 

^ ^ • 

Letting the b+i^(ic) be the components of an N x N matrix 

l>lg(£) * Bjt, 

the amplitudes of the normal modes are 

) z E is 
5 • 

The reflected beam amplitudes are just, 

Ok.^i 
s E Mkl bj-i (k.) 

* E-* E» (£) IQ cx% 
and hence the components of the perfect crystal reflection matrix 

R(l) are: _ . » 

Rco.... * L, • 
^ «Ï c k* 

In conjunction with (14) and (15), this last expression completes 

the LEED problem. 
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The expansion of the incident waves in terms of the Bloch waves 

of the crystal reveals a close connection between LEED intensities and 

the band structure of the crystal. Namely, if the electron energy 

corresponds to a band gap, no Bloch waves can carry electron flux 

into the crystal. Instead, an intensity peak in the diffracted 

electrons occurs. 

4. Effect of Surface Potential Barrier; 

Surface State Resonances 

Explicit mention should be made of the effects on the diffracted 

LEED beams of the surface potential barrier (McRae, 1971; Jennings, 

1971a). The diffracted beams are refracted at the surface barrier and 

total internal reflection of some of the propagating beams can occur. 

The flux in this beam is then distributed among the other beams, 

enhancing their intensities. 

In some special cases, a further effect can occur after total 

internal reflection. If, at this energy, the substrate also reflects 

strongly, possibly because of the presence of a band gap, the beam 

can become trapped between the surface barrier and the substrate, 

and a large amplitude, called a resonance, will exist in the surface 

region (see Figure 7). Such resonances are closely correlated with 

the emergence of new diffracted beams. At energies just below the 

emergence energy of a new beam, the beam is incident on the inside 

of the surface barrier at a grazing angle and is strongly reflected, 

creating the possibility for a resonance. 

Since the electrons have positive energy, diffraction occurs 

at the substrate atoms. Flux is consequently lost from the surface 
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state as diffraction into beams that can escape from the crystal 

occurs, enhancing the intensity of these beams. 

Because of their localization at the surface, resonances are 

especially sensitive to the precise form of the surface potential 

barrier and to the presence of adsorbates. 

C. Spin Polarization in Atomic Scattering 

1. Introduction 

It is well-known that, as a result of a small spin-orbit inter¬ 

action, substantial electron spin polarization can result when electrons 

are scattered from free atoms of large atomic number (Kessler, 1969; 

Walker, 1971). Using the fact (to be proved in the next section) that 

a spin-orbit interaction does not change the electron spin if it is 

aligned perpendicular to the scattering plane, Kessler (1969) has 

given a simple argument to explain spin polarization in atomic 

scattering. The unpolarized incident beam can be considered to be 

made up equally of electrons with spins parallel and antiparai lei 

to the normal of the scattering plane. The spin-orbit interaction 

has opposite signs for electrons with spin up and with spin down and, 

hence, the effective radius R of the scattering potential is different 

for the two spins. Using a simple optical model, electrons with the 

two different spin orientations will be diffracted differently since 

the location of maxima and minima is determined by . The 

scattering cross-sections will also be affected by the small difference 

in the potentials themselves. The net result of these two effects 

is that the cross-sections for scattering into a certain angle will 
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(â<r\ fQ<r\ 

usually be different for the two spins. If V5h/anc*\Ofl/iJ
are the 

cross-sections for spin up and spin down, respectively, then the 

polarization of the scattered electrons is 

Figure 8 shows that, because the difference in scattering for the two 

spins is usually small, high polarizations will be observed only with 

low intensity, and vice versa. 

2. The Density Matrix Formalism of Spin-Dependent Scattering 

A more sophisticated treatment of spin polarization in scattering 

can be given by use of spinors and the density matrix. The formalism 

developed in this section can be used both to analyze the polarization 

produced in an unpolarized beam by a spin-orbit interaction, and to 

determine asymmetries, such as the Mott-asymmetry, when a polarized 

beam is scattered. 

Assume a monoenergetic, collimated beam of electrons is incident 

on a spherically symmetric scattering center. If the Hamiltonian 

contains a spin-orbit interaction term W(r)L-<r, spin-dependent 

scattering occurs. Following Merzbacher (1970), spin can be included 

in the formalism by writing the incident wave as 

The scattered wave will then be 

IV.* '-V.c 
s. Vvte.^v.') s  

r 
where Ue.q.'O is a two-component spinor. 
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Figure 8: Qualitative example illustrating the relationship between 

polarization and the cross-sections for scattering of the 

different spin polarizations. In this example, 300 eV 

electrons are scattering from mercury, (Kessler, 1969) 
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Since Schrodinger's equation is linear, the scattering can be 

completely described by finding solutions for two particular incident 

polarizationsand’K.,^ ^ , which are beams longitudinally 

polarized parallel and antiparallel to the direction of the incident 

momentum. Then 

i.V.% '•Wc 

~ e c*. + ^ 

' 06) 

Multiplying the first equation by c-j and the second by 03, superposition 

gives the general solution: 

Hence, the scattering problem is solved once the 2x2 scattering 

matrix S, with the elements dependent on 0, ^, and k, is determined. 

The general form of S can be deduced from some simple invariance 

arguments, although the exact dependence on ©and k is governed by the 

form of the scattering potential and can only be derived by a detailed 

phase shift analysis. Since the scattering potential is assumed 

spherically symmetric, the Hamiltonian H is invariant under rotations. 

The incident waves in equation (16) are eigenstates of Jz with 

eigenvalues +^/2 and -^72, respectively. The fact that Jz is a 
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constant of the motion requires that and v\)x must also be 

eigenfunctions of Jz: 

k lr V • 
Substituting the explicit expressions for v^, and shows that 

Si -J and S22 are independent of ^ , while the off-diagonal elements 

of S have the form 

Si2 = e • function of © 

S21 = ev'^ • function of 0 

Furthermore, H is invariant under reflection with respect to 

any coordinate plane. Under a reflection in the yz plane, 
IV.* vA-* *vV-c 
^ ^  * g, \p while 2L remains invariant. Applying this 

reflection to the first wavefunction in (16) results in the second 

wavefunction and hence 

%„« ‘3,, = 

-V.) - . 

S must therefore have the form 

v i*”'0. 

*U9*V.) 
or 

r X v c^V©xV.) } 

where o' are the Pauli matrices. But n = (-sin ^ , cos<$| , 0) is 

the normal of the plane of scattering. Therefore 

* ^-(.0*0 X “ n (17) 
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It is evident from expression (17) that a spin-orbit interaction 

does not change the spin if it is aligned parallel to n. This result 

is a consequence of the fact that for the spin parallel to n, no 

torques are exerted on the spin. 

The intensity and polarization of the scattered beam can be 

evaluated in terms of f( © , k) and g(© , k). The differential 

scattering cross-section is given by 

Ô 

If the density matrix ç for a definite spinor state"X. is defined 

by çs'X'X and, for an ensemble of N spinors, by ç * Æ'XiX; • 

then, in both cases, the expectation value of an operator A is given 

by = trace (o A). Hence . « *. \ -=W«A^t<=> s). 
Writing X (X ♦ P0*çr) » where P0 is the polarization of 

the incident beam, and using the form (17) for S: 

££= tu\\.\<»f)li v H*- p,-k^ 
/ <,8> 

The polarization P of the scattered beam can be calculated from the 

P - *lr<xc-e' ^ ) 
expression 

(19) 

where Çse is the density matrix of the scattered beam 

. 
If the incident beam is assumed unpolarized, then (19) shows that 

the scattered beam has polarization 

p = -*«&* A 
V\ 

(20) 
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The polarization is perpendicular to the scattering plane. The 

Sherman function % is defined by %z ^ ^^ and, hence, 

the scattered intensity can be written: 

a<r~ _ 

asi~ 
+ %P0-Z.) . 

(21) 

Expression (21) is basic to the technique of polarization 

analysis by Mott scattering. In this technique, electrons scattered 

in the plane perpendicular to their polarization vector are recorded 

by symmetrically placed detectors. Because n points in opposite 

directions for scattering into the left and right detectors, the 

ratio of counts in the detectors is 

Nt a W&P» 
- 9>P„ (22) 

Explicit expressions for f( © , k) and g( ©, k) can be obtained 

by solving the relativistic Dirac equation (Mott and Massey, 1965): 

v]jP^s9) 

. _ , \ _ \ f 1.1% ^ *Ià$AO7 « 
-e. jp* u*e). (23) 

For any scattering potential, the phase shifts can be determined, 

and the polarization calculated from (20). As shown in Figure 9, 

excellent agreement exists between theoretically predicted and 

experimentally measured polarizations. The calculations have been 

extended to many elements, including tungsten (Fink and Yates, 1970; 

Fink and Ingram, 1972; Gregory and Fink, 1974). 
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Figure 9: Energy dependence of the polarization for electrons 

scattered through 90° from mercury atoms. The solid 

circles are experimental values with their statistical 

errors while the dashed line is given by theory. The 

pseudologarithmic energy scale is defined by 

log(l + E(eV)/100eV). (Kessler, 1969) 



ro 
O 
x 
in 

ro 
O 

CVI o 

o 

E
N

E
R

G
Y
 

(e
V

) 
F

ig
ur

e 
9 



39 

D. Spin Polarization in LEED 

1. Introduction 

Since the diffracted beams in LEED result from interactions 

between the electrons and the atoms at the surface, spin polarization 

is expected for crystals with atoms of high atomic number. In scat¬ 

tering from free atoms, both polarization and intensity are determined 

solely by the nature of the atomic potential. In LEED, however, the 

scattering process is also influenced by several other factors: the 

periodicity of the crystal lattice through the Bragg conditions, 

modifications in the electronic wave function at the surface, multiple 

scattering, the surface potential barrier, and the inelastic processes. 

Because of these differences between atomic and LEED scattering, 

the correlation between high polarization and low intensity found 

in atomic scattering may not carry over to LEED. 

Two theoreticians, Jennings and Feder, have made extensive 

calculations of spin polarization in LEED, using different modifications 

of the normal mode method. The calculations predict strong polarization 

features. Both Jennings and Feder suggest that strong polarizations 

are associated with surface barrier resonances, and consequently 

polarization measurements should be a sensitive probe of the near¬ 

surface regions. Their results also indicate that spin polarization 

should be strongly dependent on the type of inelastic scattering 

occurring in the crystal and, unlike intensity measurements, should 

be able to distinguish between electronic excitation of the atoms 

and plasmon or phonon creation. Finally, polarization and intensity 

measurements are dependent on different properties of the crystal 
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and should provide independent tests of the validity of any proposed 

surface structure. 

2. Jennings' Calculations 

Jennings has predicted spin polarization in LEED by modifying 

the normal mode method to include spin effects (Jennings, 1970; 

1971 b, c; Jennings and Sim, 1972). He starts by expressing the 

incident beam as a spinor 

The inclusion of spin in the plane wave basis doubles the dimensions 

of all vectors and matrices in Section I-B-3. In particular, the 

basis vectors in the crystal are now of the form 

; • 'f 

L ct. 

—* + 

and 

The effect on the final reflection matrix R(0) is to replace each 

single matrix element R^O) by four: 

R-.,- to)  > 

to) 

R w101 

where, for examples the amplitude that an incoming wave 
•V.|. A 

with spin c*. and wavevector leaves the crystal with spin ^ and 

wavevector Kl.. 
9 

The full R(0) will thus have its dimensions doubled by inclusion 

of spin, and can be divided into 2x2 matrices, each representing a 

scattering matrix S^ describing the transformation of the incident 

beam into the hk diffracted beam. For example, the diffraction into 
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the 00 beam will be described by a matrix 

which can be used to calculate the polarization and intensity of the 

00 beam by the methods described in Section I-C- 2. Namely, for an 

unpolarized incident beam, the density matrix of the 00 beam is 

T , I R„R*VUX\ ?oo= l j 
and the intensity is 

- trace* l : ^ \^a\ + ) • 

The polarization is expressed by 

P - *• -V 
00 'tca.c.e ^OO 

which gives, for example, 

*oo 

as might have been expected. 

Jennings and Sim (1972) emphasize the use of spin in determining 

the kinds of inelastic scattering occurring in the crystal. They 

point out that inelastic scattering by electronic excitation of the 

atomic cores is accounted for in the calculations by an imaginary 

component in the atomic scattering phase shifts. But, from equations 

(23) for f(0 , k) and g(0 , k), such an imaginary component will 

introduce an exponential damping factor in g while affecting f less 

strongly. The difference between g and f will significantly influence 

the polarization given by (20). Phonon and plasmon losses between 
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Figure 10: The effect of absorption by electronic excitation within 

ion-cores on both polarization and intensity. The primary 

beam was incident on a W(001) surface at 10° to the 

surface normal along the 10 azimuth. An inner potential 

correction of 1.09 rydberg was applied. Inelastic scat¬ 

tering was introduced by use of complex phase shifts 

determined from an inelastic potential. The solid curve 

refers to weak absorption (V^ = 0.04 rydberg) and the 

dotted curve to strong absorption (V-j = 0.4 rydberg). 

(Jennings and Sim, 1972) 

Figure 11: A surface state resonance in the 00 beam from Cu (001) 

associated with the emergence of the 10 and 01 beams at 

1.90 rydberg. The angle of incidence was 5° to the 

surface normal along the 11 direction. A square barrier 

of height 0.9 rydberg was included at a distance of 1.85 

atomic units above the first layer of copper atoms. 

(Jennings, 1971 c) 
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the ion cores, on the other hand, have little effect on either f or g 

and hence should not greatly affect polarization. Measurements of 

polarization should therefore give information on the relative strengths 

of these two processes. The effect of electronic excitation on spin 

polarization is illustrated in Figure 10 where intensity and polariza¬ 

tion of the 00 beam are shown for both very weak and very strong 

absorption by electronic excitation of the atom cores. 

Jennings (1971 c) has also investigated the effect of surface 

state resonances on polarization. Figure 11 shows his calculations 

for polarization and intensity of the 00 beam from copper (001). A 

square barrier of height 0.9 rydberg and distance 1.85 a.u. above the 

first layer of copper atoms was included in the calculations. The 

electrons were incident along the 11 direction in the surface. Jennings 

associates the polarization feature at 1.88 rydberg with a surface 

resonance just below the emergence energy of the 10 and 01 beams. 

3. Feder's Calculations 

Feder's calculations (Feder, 1971; 1972; 1973 a, b; 1974 a, b) 

for spin polarization in LEED also show large polarization features. 

His calculations use the normal mode method, but they differ from 

those of Jennings in that a completely relativistic four-vector 

formalism is used instead of spinors. The ion-cores are approximated 

by S -shell pseudopotentials. 

Feder also differs from Jennings in his treatment of inelastic 

scattering. The surface potential contains both a square barrier and 

a complex S -function potential to represent excitation of surface 

plasmons. A complex component Vj is included in the crystal potential 

to account for bulk inelastic scattering. Feder then adjusts the 
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parameters in his calculations to give agreement between his calculated 

intensities and those observed in experiment, and then uses these 

same parameters to calculate polarizations. 

The effects of the square barrier and complex $ -function 

potentials at the surface can be seen by comparison of graphs in 

Figure 12. Both give intensity and spin polarization of the 01 

beam at normal incidence on tungsten (001). However, Figure 12(a) 

includes neither the square barrier nor the complex % -function at 

the surface while 12(b) includes both. The intensity curves, although 

slightly displaced, have changed little, but spin polarization is 

completely different, again demonstrating the surface sensitivity 

of polarization. 

Figure 13 shows Feder's results for both intensity and polarization 

in the 00 beam from tungsten (001) at an angle of incidence of 53°. 

Feder attributes the sharp polarization feature at 4 eV to a surface 

resonance associated with the emergence of the 10 beam. 

Finally, Feder (1973 b) has investigated spin polarization from 

iron. For a ferromagnetic material, the exchange interaction between 

the incoming electrons and the unpaired electrons of the solid must 

be taken into account. Figure 14 shows the polarization of both the 

00 beam and the 10 beam for normal incidence on Fe(001). Large 

polarization features are seen, and Feder points out that the largest 

features, at 13 and 19 eV, are both associated with intensity maxima. 
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Figures 12: 

(a): 

(b): 

Figure 13: 

Figure 14: 

The effect of a square barrier and complex $ -function 

potential at the surface on the spin polarization and 

intensity of the 01 beam from W(001) at normal incidence. 

Neither surface potential included. 

Dotted line: relativistic intensity. 

Dashed line: non-relativistic intensity. 

Solid line: polarization. (Feder, 1973 a) 

Both surface potentials included. 

Dashed line: relativistic intensity. 

Solid line: polarization. (Feder, 1974 a) 

A surface state resonance at 4 eV in the 00 beam from 

W(001) associated with the emergence of the 10 beam. 

The angle of incidence is 53° to the surface normal. 

(Feder, 1974 a) 

The effect of exchange interactions is shown by the 

spin polarization for the 00 beam ( ) and the 10 

beam ( ) from Fe (001) at normal incidence. 

(Feder, 1973 b) 
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II. EXPERIMENTAL TECHNIQUE 

A. Experimental Apparatus 

Since O'Neill (1975) has given a very thorough description of 

the experimental apparatus, only a brief overview will be included 

here. 

The experimental apparatus is contained within two stainless 

steel ultrahigh vacuum chambers which are connected by an accelerating 

column. LEED is performed in the first chamber while the second 

chamber is used for Mott polarization analysis (Figure 15). 

1. The Vacuum System 

Ultrahigh vacuum is required for experimental work on atomically 

clean surfaces. This is demonstrated by the fact that an initially 

clean metal surface at atmospheric pressure is covered with a mono- 
_g 

layer of adsorbates in about 10 seconds. The pressure required to 

maintain a well-defined surface for experimental work is easily 

calculated. The number <}> of gas molecules striking a unit area of 

the surface per unit time is given by (Reif, 1965): 
. _ P 

JlvmV.T' 
If less than one monolayer of adsorbates is desired for 2000 seconds 

and if every gas molecule that strikes the surface sticks to it, then 
-9 the required pressure is calculated to be 10 torr. 

Such a pressure is in the ultrahigh vacuum (UHV) region, and 

hence the vacuum system was designed using exclusively UHV techniques. 

The UHV requirements were met by constructing the vacuum chambers from 

No. 304 low carbon stainless steel, by sealing all flanges with 
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Figure 15: Overview of the experimental apparatus. 
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gaskets fabricated from oxygen-free high conductivity (OFHC) copper, 

and by using only valves and pumps specially designed for UHV work. 

The complete LEED chamber was designed so that it could be baked 

to 200°C to outgas impurities from the chamber walls. 

The LEED chamber is evacuated by using a combination of three 

liquid nitrogen sorption pumps for the initial pumping from atmospheric 

pressure to about 5 x 10"^ torr, a 100 1/sec differential ion (D-I) 

pump for reducing the pressures further to approximately 10”^ torr, 

and finally two 400 1/sec D-I pumps, one on the LEED chamber and the 

other on the Mott chamber. The ultimate pressures are about 10"^® torr 

in the LEED chamber and about 10"® torr in the Mott chamber. The 

difference in final pressure in the two chambers has a simple explanation 

it was not possible to bake the Mott chamber since the surface 

barrier detectors in this chamber are destroyed at temperatures 

above 35°C. 

The pressure in the LEED chamber can be independently monitored 

by three different gauges. First, the D-I pumps are essentially 

large Penning-type cold cathode gauges (Tom and James, 1969; Tom, 

1972). Since the current from the pump cathode is caused by gas 

ions incident on it, the cathode current is pressure-dependent and 

calibration curves are provided by the pump manufacturer. Secondly, 

a nude Bayard-Alpert type gauge is mounted in the LEED chamber. Finally, 

a partial pressure analyzer, which is essentially a small mass spectro¬ 

meter, can be used both to analyze the gas components and to estimate 

the total pressure in the LEED chamber. 
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The pressure readings of the three gauges do not agree exactly. 

If the pressure measured by the 400 1/sec D-I pump is 2 x 10"^ torr, 

the Bayard-Alpert gauge reads 5 x 10-10 torr while the partial pressure 
_q 

analyzer indicates 1 x 10 torr. 

The Mott chamber has its own 400 1/sec D-I pump, and the pressure 

in this chamber is monitored using the cathode current. This current 

indicates a pressure of about 1 x 10"^ torr. 

2. The LEED System 

The LEED chamber contains a conventional commercial LEED optics 

assembly and electron gun (Figure 16). A narrow horizontal slit 

was cut in the phosphor screen to enable the extraction of a single 

LEED beam. The entire LEED optics-electron gun assembly is mounted 

so that it can be rotated about a vertical axis. The tungsten crystal 

is positioned at the center of the LEED optics using a manipulator 

developed for the purpose. This manipulator allows independent 

rotation of the crystal about two mutually perpendicular axes and, 

in conjunction with the movable LEED optics, enables any one of 

several LEED beams to be directed through the slit in the phosphor 

screen and into the fixed entrance aperture of the accelerating 

column. 

In the electron gun, electrons are emitted at a resistance- 

heated thoriated iridium filament biased negatively to the desired 

energy of the electron beam. Three anodes draw electrons from the 

filament, focus, and then direct the electron beam at the grounded 

tungsten crystal at the center of the hemispherical LEED optics. 

The crystal is mounted on a UHV manipulator (O'Neill and Dunning, 
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Figure 16: The LEED optics assembly and electron gun. 
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1974). This manipulator allows both the angle between the axis of 

the analysis system and the normal to the crystal surface, and the 

azimuthal angle between a fixed axis in the plane of the surface 

and the scattering plane, to be varied independently. 

Elastically diffracted electrons leave the tungsten surface 

in discrete beams while those inelastically scattered leave in all 

directions. The four wire grids on the LEED optics are used to 

prevent the inelastics from reaching the phosphor screen. The 

outermost grid is grounded to maintain a field-free region in which 

the electrons travel. The two middle grids are operated near 

filament potential to discriminate against the inelastically scattered 

electrons. During this experiment, electrons that had lost more 

than 15 eV were prevented from reaching the collector. The fourth 

grid is grounded to shield the discriminating grids from the collector. 

The phosphor-coated collector is biased several kilovolt positive 

to provide sufficient energy for the electrons to excite the phosphor. 

Two viewports in the LEED chamber allow viewing of the LEED 

pattern formed by the elastically diffracted electrons. 

3. Preparation and Cleaning of the Crystal 

The tungsten crystals used in this experiment were grown at the 

Materials Science Center of Cornell University using zone refining 

in the melt. When obtained by the Rice LEED group, the tungsten 

blanks were oriented ^0.5° on the (001) face and were rectangular 

slices V x V x .020". Both sides of the crystals were polished by 

hand using instructions provided by C. Brucker of Cornell until the 

crystal thickness was .005" and both sides had a mirror finish: no 
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irregularities could be detected under the microscope. The final 

orientation of the crystal face was checked using a Laue back-reflection 

camera and showed a (001) face accurate to better than 1°. 

The tungsten crystal was then electron beam welded to the two 

.04" diameter tungsten support rods of the manipulator. The cross- 

section of the support rods was chosen equal to that of the crystal 

to provide for uniform heating of the whole assembly during flashing. 

Thus, stress caused by differential heating of support rods and crystal 

is avoided. 

The tungsten crystal was then mounted in the LEED chamber where 

an atomically clean surface was prepared using standard techniques 

(Joyner et al., 1973). The crystal was resistively heated to 1500°K 

from 2 to 5 minutes in an oxygen atmosphere of 1 x 10”^ torr. 

Subsequently, the oxygen was pumped from the chamber and the crystal 

was flashed once to 2300°K. All temperatures were measured using an 

optical pyrometer. Cleanliness was monitored using the LEED optics 

for Auger electron analysis (O'Neill, 1975; Chang, 1971). The 

cleaning cycle was repeated until only a small carbon Auger peak 

was observed after flashing. 

The LEED pattern observed was that characteristic of a clean 

tungsten (001) surface. 

Finally, to ensure a clean surface during the half-hour required 

for each polarization measurement run, the crystal was flashed to 

2300°K just before the start of each run. 

4. Electron Lens and Accelerating Column 

Electrons enter the electron lens system and accelerating column 
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by being directed through the narrow horizontal slit cut in the phosphor 

LEED screen and into the fixed 2mm entrance aperture of the first 

cylindrical lens element V-j which is at 1900 V (Figure 17). The 

next three elements, V2, V3, and V4, form an Einzel lens system. 

During this experiment, both V£ and V4 were biased to 3900 V while 

V3 was at 940 V. Steering of the beam is also possible because, 
« 

instead of being completely cylindrical, V2 is actually divided into 

four quadrants. A steering potential of up to 250 V can be applied 

to the upper and lower quadrants for steering in the vertical plane. 

Similarly, the left and right quadrants can be used for horizontal 

steering. The exit angle from V4 is defined by a 2mm aperture. 

V4 is followed by a final cylindrical lens element V5, again consisting 

of four steering quadrants. V5 is normally biased at 3800 V, 100 V 

less than V4 to prevent low-energy secondaries emitted at the exit 

aperture of V4 from passing into the Mott chamber. 

V5 is followed immediately by the accelerating column, which 

consists of ten equally-spaced electrodes in the shape of frustums 

of cones with vertices pointing toward the Mott chamber. A corona 

ring outside the vacuum wall is attached to every other electrode. 

The electrodes are biased through a cascade of resistors (150 Mi^-10%) 

in equal steps from 10 kV to 100 kV. Although the column was rated 

at only 75 kV, it has worked well at 100 kV with mylar sheets between 

the corona rings to prevent sparking. The last accelerating electrode 

(at 100 kV) ends immediately in front of the first collimator leading 

into the Mott chamber. 



Figure 17: The lens system. 
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5. Mott Scattering System 

The spin polarization of the electrons is measured in the Mott 

chamber (Figure 18). Electrons entering the chamber first pass through 

a series of three collimating apertures to produce a well-defined 

beam. This beam is then incident on a thin gold foil (190 pig/ar£). 

The beam current passing through the foil is monitored by a Faraday 

cup. Two symmetrically placed silicon surface barrier detectors 

count electrons scattered through angles of 120° in the same plane 

as the LEED scattering plane (and hence perpendicular to the polarization 

direction expected from expression (20) for atomic scattering). The 

scattering angles are accurately defined by a series of three 

collimators in front of each detector. The detectors are mounted 

on an aluminum cylinder almost completely enclosing the scattering 

foil. The purpose of the cylinder is to prevent multiply scattered 

electrons from reaching the detectors, and aluminum was used because 

of its large forward-scattering cross-section. 

The detectors produce pulses proportional to the energy of the 

electrons striking them. The pulses from the two detectors are 

analyzed in two separate channels, one for each detector. The signals 

are amplified and pulse-height-analyzed to eliminate inelastically 

scattered electrons, and the pulses from elastically scattered 

electrons are counted on scalers. The polarization of the electron 

beam can be deduced from the small Mott asymmetry in the scattering. 

Whenever small asymmetries are being measured, care must be 

taken to eliminate the effect of instrumental asymmetries. Instrumental 

asymmetries are measured by replacing the gold foil by an aluminum 
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Figure 18: The Mott chamber. 
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foil which exhibits only a very small known Mott scattering asymmetry 

because of its low atomic number (Sherman, 1956). Both foils are 

positioned on a movable foil vane which can be controlled from outside 

the chamber. The true scattering asymmetry, and hence the incident 

electron polarization, can be deduced from consecutive measurements 

of the scattering asymmetry at the gold and aluminum foils. 

Since the accelerating column, Mott scattering chamber, Mott 

D-I pump, and the associated electronics are all at high voltage 

(most at 100 kV), they are all completely enclosed in a grounded 

wire screen. 

B. Measurement Technique 

1. Polarization 

The polarization of the electrons was measured using standard 

Mott scattering techniques (van Klinken, 1966). The electrons 

scattered by the gold foil into the two detectors were recorded for 

a period ranging from 30 seconds to 1 minute. The number of counts 

during this time averaged about 20,000 per detector. The aluminum 

foil was then rotated into the beam and counts taken for about the 

same period of time. Because aluminum scatters less efficiently 

than gold, the number of counts per detector was usually about 

one-tenth as great as with the gold. A single polarization run 

generally consisted of twelve such gold-aluminum pairs. 

The polarization of the electrons was then calculated. For 

each foil, expression (22) gives the Mott asymmetry. Including an 

instrumental asymmetry & , the ratio of counts in the two detectors 
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is given by 

NL - i ' » _ 

\ \ - a, Po /s 

where P0 is the spin polarization of the beam and is the Sherman 

function for the foil used. Assuming remains constant, and letting 

the ratio of counts for the aluminum foil be denoted by A, while 

that for the gold foil is G, a quadratic equation is obtained which 

can be solved to give /—      

-1*»-Aa>»y<»-^ 
p°' 

Only the negative square root gives the correct sign for the electron 

polarization. The following values for the Sherman function were 

used (McCusker, 1967): — .0*2. 

* -.OYS^.OO* 
was then calculated from (1 Q o\ 

S = Or V ^ 'o ) 

(\ * S>*Po) 
Both the polarization and instrumental asymmetry were computed 

for each gold-aluminum pair. The value reported is the mean for a 

run consisting of twelve such pairs with error bars denoting the 

standard deviation of the mean. 

2. Intensity 

Intensity measurements on the diffracted beams were made by 

using a spot photometer to monitor the light emitted by the phosphor 

on the LEED screen. The 00 spot, however, was buried in the reflected 

light from the electron gun filament. Since the PI phosphor used on 

the screen has an emission peak at 5250 filters were used in 
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front of the spot photometer to allow only light in the range 

5000 5500 & to be recorded. 

3. Sources of Error 

Several possible sources of error, both statistical and systematic, 

are present in this experiment. The major source of statistical error 

is in the Mott scattering measurement. Systematic errors that could 

be present are instrumental asymmetries in the Mott detector, incorrect 

angular measurements because of the presence of magnetic fields, and 

unidentified contaminants on the crystal surface. 

The possible errors in Mott scattering are discussed by McCusker 

(1967). In this experiment, almost every polarization measurement 

had a standard deviation of the mean of less than 3%. Furthermore, 

the results were regularly repeatable to within this limit. Hence, 

it is believed that the statistical errors in polarizations are at 

most 3%. 

Instrumental asymmetries could be checked by measuring the 

polarization of electrons scattered from a crystal that had not 

been cleaned by flashing over a period of days. No polarization 

would be expected from a thick adsorbate layer consisting primarily 

of hydrogen, carbon, and oxygen. Theoretical calculations (Fink and 

Yates, 1970; Fink and Ingram, 1972) show that, because of their 

low atomic numbers, polarizations of much less than 1% are expected 

for atomic scattering from these elements. Furthermore, because of 

the random ordering of the adsorbed atoms, it is not possible for a 

small polarization to be enhanced by surface state resonances. 

Consequently, no significant polarization would be expected from 
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such contaminants, and, in fact, polarizations were always measured 

to be within 3% of zero. 

The presence of a small magnetic field in the LEED chamber caused 

the electron beam to strike the crystal at an angle different from 

that measured from the geometry of the crystal and electron gun. 

However, the magnetic field was determined, and a correction of about 

1° was applied to all measurements (the correction depended on electron 

energy). It is this magnetic field which restricted data to electron 

energies above 50 eV. The angles reported are estimated to be 

accurate to -1°. 

Finally, the problem of crystal cleanliness must be investigated. 

Auger analysis indicated the presence of a small amount of carbon 

on the tungsten surface. There is evidence from two sources that the 

amount of carbon was not large. First, the LEED pattern observed was 

that characteristic of a clean tungsten surface. Second, while I-V 

curves are sensitive to the presence of adsorbates, the I-V curves 

taken in this experiment agree well with those reported for clean 

tungsten by other workers (Wei, 1970). However, it is possible that 

even a small amount of adsorbed carbon might significantly affect 

polarization, perhaps by changing the surface potential barrier and 

hence influencing surface state resonances. To investigate this 

possibility, studies are required of the effect on polarization of 

known small quantities of adsorbates. At this stage, however, it 

is believed that residual carbon had little influence on the measured 

polarizations. If polarization were very sensitive to residual carbon, 

then it would be expected that even a small increase in the level of 
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surface contaminants would result in sudden changes in polarization. 

As discussed in Section III-D, no such effect was observed. Hence, it 

is believed that any contaminants must have been present in quantities 

too small to significantly affect the polarization results reported. 
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III. RESULTS AND DISCUSSION 

The electron spin polarization of the specularly reflected 

00 beam from tungsten (001) has been studied as a function of 

several variables: the electron energy, the angle of incidence of 

the primary electron beam on the crystal surface, and the elapsed 

time after the crystal was cleaned by flashing. A comparison has 

been made between the 00 beam polarization and that predicted 

theoretically for scattering from free tungsten atoms. The relation¬ 

ship between the intensity and the polarization of the 00 beam was 

also investigated. 

A. Polarization as a Function of Energy 

Measurements were made to determine the dependence of 00 beam 

spin polarization on energy. The results for two different angles 

of incidence, 11° and 14°, of the primary electron beam are shown in 

Figure 19. Significant polarizations were observed for both angles 

of incidence with the polarization a strong function of both the electron 

energy and the incidence angle. As reported in O'Neill (1975), 

preliminary measurements on the 01 beam at normal incidence has also 

shown spin polarization: values ranging from -14% to +11% have been 

observed for electron energies from 45 - 140 eV. 

B. Polarization as a Function of Angle of Incidence; 

Comparison to Atomic Calculations 

The spin polarization was also determined for the 00 beam as 

a function of the angle of incidence at fixed electron energy. The 
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results are presented in Figure 20. These data may be compared with 

the polarizations predicted theoretically for scattering through the 

same total angle from free tungsten atoms (Gregory and Fink, 1974). 

Care must be taken, however, in comparing atomic scattering results 

with LEED to include in the latter an inner potential correction of 

about 15 eV (Wei, 1970). Thus, the 82 eV LEED data should be compared 

to the atomic scattering predictions at 100 eV, and these are included 

in Figure 20. The precise inner potential correction, however, is 

not crucial since the general features of the results derived from 

atomic scattering theory are not very sensitive to energy in this 

range. In fact, for energies from 70 eV to 125 eV, the only changes 

in the atomic scattering results are small fluctuations in the 

height of the peak at ©= 16° (Fink, 1975). Obviously there is 

little agreement between the predictions of atomic scattering theory 

and the observed LEED polarizations. 

One explanation that might be proposed for this lack of agree¬ 

ment is the random multiple scattering present in LEED. It can be 

shown, however, that random multiple scattering alone does not result 

in different polarization features. Kessler (1969), in his studies of 

spin polarization for electrons elastically scattered from mercury 

vapor, investigated the effect on polarization of variations in vapor 

density. For a vapor so dense that significant multiple scattering 

occurred, the angular dependence of the polarizations was found to 

be similar in form to that observed for electrons singly-scattered 

in a tenuous vapor. The magnitudes of the polarizations, however, 

were significantly reduced by multiple scattering. The same behavior 
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is evident in Figure 21, which shows Kessler's (1969) results for the 

polarization observed when 900 eV electrons were elastically scattered 

from an amorphous mercury surface. Also shown are the polarizations 

for atomic scattering of 900 eV electrons from mercury vapor. Again, 

random multiple scattering changes only the magnitudes of the 

polarization features. Random multiple scattering alone, therefore, 

cannot explain the LEED polarization features, and consequently the 

crystal structure must be influencing the polarization. Although the 

manner in which crystal structure affects polarization is not known, 

two possibilities are surface state resonances and forward diffracted 

beams in the crystal. 

A preliminary investigation was made of the dependence of 

polarization on changes in the azimuthal angle between a fixed axis 

in the plane of the crystal surface and the scattering plane. The 

polarization was not sensitive to variations in this angle. 

C. Comparison of Polarization and Intensity 

A futher test of the influence of the surface on the scattering 

process is possible. As shown in Section I-C-l and Figure 8, a strong 

correlation between polarization maxima and scattered intensity minima 

exists for electrons scattered from free atoms. The polarization and 

intensity of the 00 beam were therefore measured at an angle of 

incidence of 11° for energies from 45 - 190 eV. The results are 

presented in Figure 22. The data suggest that polarization maxima 

are not always correlated with intensity minima, but further measurements 

are required before any definite conclusions can be drawn. 
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D. Polarization as a Function of Elapsed 

Time after Cleaning the Crystal 

Measurements of the polarization in the 00 beam were taken 

continuously over a period of six hours after cleaning the crystal 

by flashing. The polarization was observed to decrease with time 

but the exact dependence on time could not be determined. The time 

required for the polarization to decrease to half its original value 

was about three hours. During this same period, the LEED pattern 

gradually faded until it disappeared completely after about the same 

time. 

Although the exact form of the polarization decrease is not 

understood, the reason for such a decrease is apparent. As time 

progresses, the initially clean tungsten surface becomes progressively 

more contaminated, primarily with hydrogen, carbon, and oxygen, and 

thus the polarization observed should approach that of the contaminant 

atoms, as shown by the following argument. Theoretical calculations 

(Fink and Yates, 1970; Fink and Ingram, 1972) show that the polarizations 

expected for atoms with such low atomic numbers as hydrogen, carbon, 

and oxygen are significantly less than 1%. Moreover, since the 

adsorbates form an amorphous layer on the tungsten surface, it is 

not possible for small polarizations to be enhanced through surface 

state resonances. In fact, after 24 hours without flashing, the 

polarizations were always measured to be between -3% and +3%. 
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Figure 19: Spin polarization of the 00 beam as a function of energy 

E for two angles of incidence: ^ - 11° and ^ - 14°. 

Figure 20: Spin polarization of the 00 beam as a function of angle 

of incidence © for two values of the incident electron 

energy: ^ - 69 eV and ^ - 82 eV. The W(001) surface 

was rotated with respect to an axis along the [oi] direction 

of the surface net. The calculated polarization (Gregory 

and Fink, 1974) for scattering of 100 eV electrons from 

free tungsten atoms is also included: • 

Figure 21: The effect of multiple scattering on polarization. The 

measured polarizations are those for the scattering of 

900 eV electrons from an amorphous solid mercury surface. 

The dashed line is the scattering from mercury vapor. 

(Kessler, 1969) 

Figure 22: Electron spin polarization - O and intensity - O of 

the 00 beam as a function of electron energy E for an 

angle of incidence of 11°. 
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IV. CONCLUSIONS 

Large electron spin polarization features have been observed 

in the 00 LEED beam from tungsten (001). These polarization features 

differ greatly from those calculated for atomic scattering, and 

consequently the crystal surface must be influencing the polarization. 

Because of problems with magnetic fields, polarization measurements 

have not been possible for energies below 50 eV. All the theoretical 

calculations by Jennings and by Feder, however, have considered only 

energies in this region. For this reason, there is no direct comparison 

between the polarizations predicted by theory and those measured in 

this experiment. 

The next phase of the experiment will begin with several changes 

in the apparatus. First, magnetic shielding will be installed in 

the LEED chamber to enable polarization measurements down to energies 

of about 20 eV. The theoretical treatments of Jennings and Feder can 

then be tested by measurements on those beams and angles for which 

they have made predictions. A second change, suggested by O'Neill 

(1975), is to apply phosphor to the cap containing the entrance 

aperture of the first electron lens V^. In this way, the beam being 

measured could be more carefully steered into the spin analysis 

system, and, moreover, variation in polarization across a single 

LEED beam could be detected. 

Several other experiments could be performed using the tungsten 

(001) surface. For example, the intensity of a LEED beam is known 

to decrease exponentially with increasing temperature of the crystal. 
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The influence of temperature on polarization could be studied. Also, 

information about the mechanism controlling the decrease in polarization 

with time might be obtained by depositing known quantities of adsor¬ 

bates, such as hydrogen, carbon, or oxygen on the crystal, and measuring 

the corresponding changes in polarization. 

Finally, measurements of polarization in LEED from several other 

crystals would be of interest. One such crystal would be iron. 

Feder (1973 b) has made preliminary calculations for spin polarization 

from iron (001) for which exchange interactions between the incoming 

electron and the unpaired electrons in the crystal must be taken into 

consideration. Another experiment would be to apply successive 

monolayers of a high-Z element on top of a low-Z substrate. Since all 

polarization features would presumably come from the adsorbate, the 

effects on polarization on different numbers of scattering layers 

could be closely monitored. 
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