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A Spin-Polarized He (2 S-j) Metastable Atom Source for Surface Research 

• by 

Marshall Onellion 

Abstract 

Surface science has a paucity of probes, particularly 
3 

for spin-dependent studies. This thesis describes a 2 

He probe, recently developed in this laboratory, that can 

be used for such investigations. There are three inter¬ 

action mechanisms such a probe can undergo: resonance ioni- 

zation/Auger neutralization, Auger deexcitation, or surface 

Penning ionization. All are discussed and compared. The 

important concepts introduced include electronic transi¬ 

tions, factors affecting the interactions, variation of 

atomic energy levels, and the convolution problem. After 

introducing these concepts, and describing the resulting 

physical phenomena, the experimental apparatus is examined. 

The thesis delineates the rationale for a multi-chamber de¬ 

sign and the problems encountered. One diagnostic, a Stern- 

Gerlach magnet used as a polarization analyzer, is particu¬ 

larly useful and is described in detail. By using the 

analyzer, we found the beam is approximately 50 percent 

polarized. Finally, several problems related to the first 

experiments are discussed. 
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INTRODUCTION 

Research on the physical properties of solid surfaces 

suffers from a paucity of probes and diagnostic devices. 

Most surface probes, such as Low Energy Electron Diffrac¬ 

tion (LEED) and photoemission, penetrate several atomic 

layers into the material to obtain information about geo¬ 

metric and electronic structure. These probes, while suc¬ 

cessful, are not ideal for studying properties that might 

vary from layer to layer. For instance, catalysis and 

reactions at surfaces depend primarily on top-layer proper¬ 

ties, as might the question of magnetism at the surface. 

To study well-defined, single crystal surfaces, perhaps the 

most surface specific probes are ions and atoms. Examples 

are the ion neutralization spectroscopy (INS), developed by 

Hagstrum, and metastable deexcitation spectroscopy (MDS). 

Unfortunately, these closely related probes suffer from in¬ 

complete understanding of the neutralization of deexcitation 

mechanisms and from data interpretation difficulties. This 
3 

thesis discusses the development of a spin-polarized He(2 S) 

beam that can be expected to extend the state-of-the art in 

MDS and, in particular, to serve as a new probe of surface 

magnetism. 
3 

This probe is a beam of metastable triplet (2 S^) He 

atoms with ls2s configuration and total spin s = 1. By a 

means which will be discussed later, we force a plurality 

of the atoms into one of the three M levels; such a beam s 
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is said to be spin-polarized. Upon interaction with the sur- 

face, a He (2 S^) atom decays to the ground state, releasing 

19.8 eV of energy. The decay mechanisms include tunneling 

of electrons from the surface to fill the He(Is) shell and 

the Auger effect. Both mechanisms are sensitive to the elec¬ 

tronic wave functions in the outermost atomic layerhence 

the probe is quite surface selective. By using the electron 
3 

spin label that is applied to the He (2 S) atomic beam via 

the polarization process, one can separately probe the spin 

up and spin down electrons at the surface, an essential 

feature for studying magnetism. 

The interaction with the surface produces ground state 

He atoms. The energy released leads to the ejection of 

electrons from the surface. The electrons ejected in the 

process, analyzed in terms of total number, energy distribu¬ 

tion, and spin polarization, furnish information about physi¬ 

cal questions such as the electronic density of states and 

surface magnetism. Section two discusses these topics, as 

well as the probe's disadvantages and what one might learn 

with it. Section three details the apparatus . design. 

This thesis also describes a Stern-Gerlach polarization 

analysis system that has proven useful in characterizing 

3 
the He (2 S) beam properties, e.g., purity and residual con¬ 

tamination, the degree of polarization, and the optimum source 

voltage settings. In a region with a magnetic field 

gradient, a force of magnitude | V (p.-B) | is exerted on par¬ 

ticles with magnetic moment |i, where f? is the magnetic 
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field. Thus, a He (2 S) atomic beam will be split into three 

beams, corresponding to the value of their magnetic quantum 

number. Section three includes the details of the Stern- 

Gerlach apparatus. Results are described in section four, 

while in the last section the first proposed experiment will 

be described in detail. In addition, other experiments will 

be discussed in somewhat less detail so as to more fully 

analyze the usefulness of this probe in surface studies. 



PHYSICAL PRINCIPLES 

I. The Probe 

This section discusses the interaction of polarized He 
3 

(2 S) metastable atoms with metallic surfaces and examines 

how such a probe of surfaces might be exploited. After 

illustrating the qualitative features of the atom-surface 

interaction, details of the electronic transitions that can 

occur in the interaction are examined. In particular, the 

three possible types of transitions are contrasted in terms 

of pertinent physical features, e.g., distance from the sur¬ 

face, atomic energy levels. The theory of ejection of 

electrons from the surface is developed, leading to the 

convolution problem, which is central to much of the analy¬ 

sis. The section ends with a discussion of what the probe 

does and does not measure. 

In the beginning there were assumptions? treatments of 
3 

the He(2 S)-surface interaction are based on the following: 

1. The surface is treated via the independent electron 

2 
model, something that is wrong in detail, but makes 

the problem less insoluble. 

2. The metastables do not excite quasi-particles, a reason¬ 

able assumption since their kinetic energy is approxi¬ 

mately 0.06 eV. 
3 

3. Dynamic effects resulting from the He (2 S) kinetic en¬ 

ergy are neglected, also reasonable since the atom is 

very slow. 
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4. The metal has a well-defined Fermi energy and is 

initially modeled as an electron gas. The Fermi energy 

is well defined since our temperatures are well below 
EF (—), where is the Boltzmann constant. The electron 
kB ® 
gas model is clearly inadequate and other possible 

models will be noted. Such a model is useful, however, 

for introducing the pertinent concepts. 

With these approximations, the surface-atom interaction 

mechanisms, as illustrated in Fig. 1, have several note¬ 

worthy features that will be developed in the following 

paragraphs: 

1. The interactions involve the electrons from the target 

material? thus, this probe obtains information regard¬ 

ing the electronic properties of the material. 

2. The energy for the interaction comes from the potential 

energy of the He 2s electron. 

3. The metastable can interact by three means. The first 

two, resonance ionization and Auger deexcitation, are 

pertinent to atomically clean surfaces. The last, sur¬ 

face Penning ionization, involves adsorbates on the 

surface. Another possibility, that the 2s He* electron 
3 

drops into the Is hole, is negligible for a 2 He 

atom. 

4. For resonance ionization to occur, the work function fi 

must be larger than the ionization energy of the 2s He 

atom. 
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Figure 1. The surface-He* interaction mechanisms 
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5. Auger deexcitation and Penning ionization can be dis¬ 

tinguished from resonance ionization followed by Auger 

neutralization. Essentially, the first two processes 

are quasi one-electron processes, whereas the last is a 
3 

two-electron process. As a result, the maximum kinetic 

energy of electrons ejected via the former processes is 

higher than via resonance ionization/Auger neutraliza¬ 

tion, and the energy distributions are different. 

Resonance Ionization/Auger Neutralization 

Let us investigate each mechanism separately, beginning 

with resonance ionization/Auger neutralization. The first 

step is a tunneling process whereby the excited electron of 

the He* atom is captured into an unoccupied level above the 

target Fermi level, leaving a He+ ion. Figure 2 provides a 

simple, qualitative illustration of the process. Unlike 

the actual problem, this idealization can be treated by an¬ 

alyzing the phase shift of the metallic wave function. The 

details are provided in Appendix 4, but the result is that, 

as expected, the He* loss rate by resonance ionization de¬ 

creases exponentially with the distance of the atom from the 
3 

surface. The model also predicts all He 2 S metastables are 

resonantly ionized? the latter prediction, however, should 

not be given much credence. This simple model fails to 

adequately address either the He+ + e” -* He* resonance neu¬ 

tralization channel, or the related question of what happens 

(and how fast) to the electron that enters the metal during 

resonance ionization. 



. Figure 2. Qualitative Resonance Ionization Model. Here gi 

is the target. Fermi energy, s is the surface- 

atom separation, a represents the diameter of the 

atom, and VQ represents the potential of the atom. 
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Following resonance ionization, the incoming He+ ion 

is Auger neutralized; the pertinent matrix element is: 

J J Hf*<n uf (z) £* u* (>) O 4r,4vz 

where u„ = wave function of excited electron, u_, = wave 
r CJ 

function of electron in ground state of the neutralized atom 

and u , u , = electrons in the conduction band of the metal, 
n n 

Clearly, neutralization to excited states is sometimes 
g 

possible, but for simplicity these alternate neutraliza¬ 

tion "channels" are ignored in this introductory treatment. 

It is clear from the matrix element that Auger neutraliza¬ 

tion occurs predominantly very near the surface; typical 

estimates dre 1-2JI.^#^ A point of controversy^'is whether 

the electrons from the metal involved in the interaction 

Come predominantly from .the first 1-2 layers of 

the metal, or. from the wave function extending into the 

vacuum.^- There is a juxtaposition of three factors that 

decide which electrons neutralize the ion. One, the overlap 

of a particular localized electron with the atom, favors the 

"vacuum tail" of the electronic wave function. The other - 

factors, favoring the metallic bulk, include the electronic 

density of states and, since this is a two-electron process, 

the overlap of metallic electron wave functions. 

Auger Deexcitation 

There are several reasons why the next mechanism. Auger 

deexcitation, is interesting. This process should dominate 

when the 2s electron energy is below the targot Fermi energy. 
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Under some conditions, viz. a low work function, clean sur¬ 

face, this is the only channel open. This mechanism pro¬ 

duces fully polarized free electrons if the incoming meta¬ 

stables are polarized. Obtaining information on the density 

of states is easier since this is a quasi-one-electron 

process. The pertinent matrix element iss 

Cf J «*<,•> «*«•> i.1 (<) %M %(3) 

where Uj, characterizes the electron in the metastable atomic 

state and the other functions are as previously defined. 

No one has made quantitatively accurate evaluations of this 

matrix element, but an evaluation under simplified condi- 
5 

tions has been performed. The surface is modeled by an 

electron gas at T = 0°K and the wave functions are taken to 

be hydrogenic. Simplifications of the angular integrations 

are made that neglect small effects due to non-spherical 

wave functions. The result is a function P(x), the proba¬ 

bility per unit distance of an Auger deexcitation occurring, 

A p A n 
which has the form P(x) = — exp - —r- exp(-bx)-bx , with A 

Î6 -1° n -1 
and B found to equal 9.6x10 sec and 7.3x10 m , 

respectively. With vQ, the velocity of the metastable, 
3 

nominally 2x10 m/sec, this implies all the atoms undergo 

Auger deexcitation as they approach the surface. In addi¬ 

tion, the average distance at which a deexcitation occurs 

is « lJL. 

The conclusions from these simple models include: 
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1. Resonance ionization occurs further from the surface, 

hence is more likely. Unfortunately, the idealized 

nature of the model used makes this an arguable point. 

Various experimental studies do imply resonance 

ionization/Auger neutralization is dominant when that 

channel is open. There is a simple physical reason for 

this: The resonance ionization process involves the 2s 

electron which, because of its greater spatial extent, 

interacts with the surface at a farther distance than 

does the Is orbital involved in the Auger deexcitation 

process. It should be emphasized, however, that Auger 

3 12 deexcitation is nonetheless observed ' in some experi¬ 

ments and the question of "the" dominant mechanism is 

not settled. 

2. Both mechanisms occur at or less than five Angstroms 

from the surface. Clearly, then, since the metallic 

wave functions extend into the vacuum, their exact form 

is important in a quantitative analysis. 

There is another significant weakness to the aforemen¬ 

tioned models. The implicit assumption is that metallic 

electrons of all energies below the Fermi energy have the 

same probability of escaping from the surface. Although 
3 

the details involved would take us too far afield, consider¬ 

ations of what influences escape probability lead to the 

result that both resonance ionization/Auger neutralization 

and Auger deexcitation tend to sample the electronic states 

nearest the Fermi energy. 
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The lack of quantitative, verifiable models of the sur¬ 

face prevents calculations from first principles. Failing 

this, there remain two valuable approaches: 

(a) Fit the experimental data to phenomenal models. H. D. 

Hagstrum has been particularly active in this regard. 

(b) Use the probe in situations that do not require a de¬ 

tailed surface model. The magnetism section of this 

thesis furnishes an example of the latter category. 

Surface Penning Ionization 

Up to this point, the discussion has implicitly 

assumed an atomically clean surface. When adsorbates are 

present, a third surface-atom interaction, surface Penning 

ionization, can occur. The name comes from atomic physics, 

wherein Penning ionization denotes interactions of the 

13 + — 
form : A* + B -» A + B + e. For surface Penning ioniza¬ 

tion, B is an adsorbed atom or molecule; in the interaction 

the electronic orbitals of the surface atoms are probed. 

The interaction is via the Auger deexcitation previously 

described; the new name serves to emphasize that surface 

Penning ionization involves adsorbates. When adsorbates are 

present (one or more monolayers), it has been experimentally 

. 14-19 determined that in some systems the electronic proper¬ 

ties of the substrate are shielded from the probe. Instead, 

the metastable atom probes the adsorbate valence electron 

13 20-22 levels. Theoretical papers ' have developed Penning 

ionization for atoms, which is comparatively easy, and 

applied it to the case of a simple (diatomic) molecular 
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adsorbate on a surface. In essence, the theoretical problem 

is to correctly account for the surface-adsorbate geometrical 

factors and attempt a Penning ionization calculation that is 

very similar to the atomic case. Since the present thesis 

concentrates on clean surfaces, a detailed introduction to 

the theoretical approach will not be presented. 

The simple pictures used heretofore obviously omit 

essential details. Since quantitative, first principles 

calculations of the mechanisms do not exist, a survey of the 

most common phenomenological approach is presented. The 
3 

He (2 S) probes the electronic density of states N(e) (e = 

26 electron energy). As illustrated in Fig. 3, there is, 

however, a fundamental difference between the way in which 

N(e) appears in Auger deexcitation as opposed to resonance 

ionization/Auger neutralization. In Auger deexcitation, 

which is a quasi-one-electron process, the probe directly 

measures the electron density of states. The measurement is 

complicated by the difficulty of calculating the escape proba¬ 

bility of the metallic electron as a function of energy, but 

the energy distribution of ejected electrons nevertheless 

provides direct information on N(e). 

By contrast, the resonance ionization/Auger neutraliza¬ 

tion channel is more complicated. Unlike Auger deexcitation, 

there is a set of paired initial states in the metal that 

can produce a free electron of energy E. The result, when 

escape probability considerations are included, is a two- 

c 
-c 

U(C+A)U(C“A)dA, 



ONE-ELECTRON TWO-ELECTRON 

Figure 3. Density of States in Interaction Channels. 

Illustrates difference between a one electron 

density of states p(C) and its convolution to 

yield u(C)* Also, note the class of energy 

levels that can participate in liberating an 
3 

electron in the two-electron process. 
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where U(£) is N(e) modified by the energy-dependent escape 

probability. Since U(£) corresponds most closely to the 

desired N(e), the convolution integral must be inverted. 

Such a convolution problem is mathematically treacherous; 

obtaining a physically realistic U(Ç) is both difficult and 

27 
open to criticism. 

In addition to the convolution problem, the matter of 

escape probability prevents a direct measurement of N(e). 

Matters are actually even more complicated, for cognizance 

must be taken of other factors, including variation of the 

atomic energy levels near the surface and energy broadening 

in the case of resonance ionization/Auger neutralization. 
3 

Our simple pictures assumed implicitly that the He(2 S) 

metastable energy levels are unaltered as it approaches the 
. 7 

surface. In point of fact, they do vary due to three 

factors : 

1. The van der Waals attraction resulting from the polar¬ 

izability of the metastable. 

2. The repulsion when the metastable electron wave function 

interpenetrates the metallic electron wave function. 

3. Possibly an exchange effect of the type leading to co¬ 

valent bonding. This last factor will not be considered 

here. 

The effect of these variations is small (s 0.2 eV) and attrac¬ 

tive until the metastable is 3-4i. from the surface, at which 

point it becomes repulsive and increases rapidly (« 2 eV in 

lJL) . Increasing the He 2s energy level near the surface will 
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tend to enhance the resonant ionizational Auger neutraliza¬ 

tion channel at the expense of Auger deexcitation. 

Energy broadening, the last topic in this introduction, 

is particularly interesting because it sets a fundamental 

limit on what can be observed via resonant ionization/ 

23 Auger neutralization at surfaces. Five sources of 

3 
energy broadening exist for Auger neutralization : 

1. Initial state lifetime. 

2. Final state lifetime. 

3. Atomic energy level shift. 

4. Variation of the distance from the surface at which 

Auger neutralization occurs. 

5. Non-adiabatic excitation of electrons in the solid. 

Of these, only (1) and (5) are significant. Since the He+ 

—14 
ion tends to be neutralized rapidly (~ 10 sec near the 

surface), the short He+ lifetime leads to significant ener¬ 

gy broadening. Since the electrons in the solid cannot 

remain in their ground states as the He+ ion approaches, 

23 
non-adiabatic excitations occur. Experimentally, it is 

found that energy broadening varies with the electron den¬ 

sity of states above the Fermi level. This observation may 

be due to non-adiabatic excitations, which should depend on 

the density of unoccupied states. 

As a result of energy broadening, there is an apparent 

limit of 0.1-0.3 eV to the energy resolution of the resonant 

ionization/Auger neutralization channel.^ This would 
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prevent resolving fine details of N(e), though the major 

features remain observable. 
3 

The question of what this probe measures has already 

been partially answered. The extreme surface sensitivity is 

useful, and the lack of depth perception can be alleviated 

by a complimentary probe, such as photoemission. Since the 

metastable is quite well localized, the results are sensi¬ 

tive to surface inhomogeneities, which can be useful or 

annoying, depending on context. 

The discussion of the convolution problem demonstrates 

that the resonant ionization/Auger neutralization channel 

requires two metallic electrons. As a result, electronic 

states such as a surface state band containing one electron 

per surface atom are difficult to detect with this probe. 

Finally, the method for extracting quantitative information 

is open to criticism, though it has produced interesting 

25 
results. This makes experiments in which the deconvolu¬ 

tion procedure is unnecessary all the more attractive. 

II. Surface Magnetism 

A brief introductory discussion of ferromagnetism is 

presented below in part A. With this foundation, the 

properties of ferromagnetic surfaces are developed in Part 
3 

B. Finally, part C evaluates the usefulness of the He(2 S) 

probe for revealing such properties. A pleasant discovery 

in part C is that, for some ferromagnetic features, the de- 

convolution problem does not arise. 
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A. Basic Magnetism 

Before discussing the major historical dichotomy in 

magnetism between the Heisenberg hamiltonian and itinerant 

exchange models, consider the simpler question: How does 

28 magnetism arise? The natural, but erroneous, expectation 

is that magnetic interactions arise' from the magnetic fields 

of discrete moments, either by magnetic dipole-dipole inter¬ 

actions or by spin-orbit coupling. In point of fact, how¬ 

ever, the ordinary electron-electron electrostatic inter¬ 

action is the main source of magnetism. Perhaps the simplest 

illustration of how a spin-independent Hamiltonian 30 can 

predict magnetic effects is a two-electron system, say, H_, 

in which , where m is the elec¬ 

tron mass, V (r^,^) is the potential term and r^ and are 

the two electron position vectors. By choosing the spin 

states as I — I and 

the singlet (s = 0) and three triplet (s = 1) states are 

formed, where s is the magnitude of the total spin vector. 

Symmetric solutions of Schrodinger1s equation will require 

singlet spin functions and antisymmetric will require trip¬ 

lets. It is natural to define E , E. as the lowest energy 

levels of the singlet and triplet solutions, respectively, 

and to then determine (E -E.). Let us first examine the 
S ti 

results where the electron-electron interaction is ignored. 

- £ _ w »- 

V(r. ,r0) then becomes ”tr—** . -1 # —3- , 12 K~?.l Kr**l 
■4 *4 • • 

where R^, R2 are taken to be the nuclei coordinates, pre¬ 

sumed fixed. As a result, the Hamiltonian is separable and 

- _S_ - 
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the two lowest energies solutions of the one-electron 

Schrodinger equation can be written i|rQ and i|r^, with corres¬ 

ponding energies EQ and For well-separated protons, the 

band theory tight-binding method is an excellent approxima¬ 

tion. The result, however, is unphysical, leading as it 

does to a singlet state which has a 50 percent probability 

of finding both electrons orbiting the same proton. This 

leads to the realization that band theory, which is based on 

the independent electron model, cannot be used to account 

for magnetism in insulating crystals. 

A better approximation is the Heitler-London theory, 

in which the singlet state is taken to be 

The triplet state is found to be 

ground state electronic wave function for a hydrogen atom 

whose proton is at R^. In the limit of large spatial 

separations, these wave functions i|r and i|f lead to 
S XI 

This matrix element involves two states differing only in 

the exchange of electronic coordinates and for that reason 

is denoted as an exchange interaction. Thus in a particu¬ 

larly simple case a spin-independent Hamiltonian predicts 

both approximations. Here 0^(r) is the 



a difference between singlet and triplet ground states. 

This example also demonstrates how naturally the 

Heisenberg Hamiltonian arises. When (E -E. ) is non-zero, 

but still small compared to other two-electron excitation 

energies, it is possible to concentrate on only the singlet 

and three triplet states and ignore higher energy states 

of the molecule. By making such an approximation, the 

Hamiltonian can be written as %s ^0^5+ 3 

The singlet and 3 triplet states have energies Es and Efc, 

respectively. By redefining "zero" energy, the Hamiltonian 

can be written as K = -j wliere J = ^Es“Et^ * Th^-S is 

referred to as the Heisenberg Hamiltonian. 

One way to visualize the Heisenberg Hamiltonian in a 

solid is to envisage a "small" magnet at each Bravais lat- 

tice site R with total angular momentum S (usually regarded 

as spin, not total, angular momentum). These spins interact 

via a soupling constant J(R-R') and yield the hamiltonian: 

where the sum is over all Bravais lattice sites, ^ is the 

Bohr magneton, and H is the local magnetic field acting on 

each lattice site. K. . can also be written in a more 
H6XS • 

useful form as: 
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A candidate for the ground state |0> of such a Hamil¬ 

tonian is one that is an eigenstate of Sz (R) for all R with 

eigenvalue S: S|5^ , 

When all J(R-R') are positive, |0) is the ground state of 

is. 
At T = 0, the magnetization density (magnetization 

Hg NS 
per unit volume) M = g ——— , where N = number of lattice 

sites and V = volume of sample. To find the low-lying ex¬ 

cited states of f consider a state |R> in which 

exactly one spin, at £, has a z-component of (s-1) : 

lib *.«*>!•>, where S^(R) = Sx ± i Sy are the raising 

(lowering) operators. JR) is an eigenstate of S, but not 

of S_(R')S+(R). The result is that K^g^g |R) is a linear 

combination of JR) and states with a single lowered spin. 

To find which linear combinations are eigenstates, let 

12>s^5JeiKR,*> • Then %*■»{*>* 

e„.- _ 
or, since J(R) = J(-S), then ER-E0 = g nB H + 2S E J(R) 

sin (% K«R) . Noting that the total spin of |K> il (NS-1), 

the lowered spin has equal probability of residing at any 

lattice site, and that each spin has a small transverse 

2s 
component of size jj- , this analysis leading to the pic¬ 

ture of a spin wave as illustrated in Fig. 4. 

A simplifying approximation is to assume spin waves obey 

the superposition principle. Although they do not, rigor¬ 

ously, the approximation yields interesting results. By 

thinking of several spin-wave eigenstates as consisting of 
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(a) 

Schematic Portrayal of Spin Waves 2 Figure 4. 
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..., kn and energies spin waves with wave vectors kQ, k^, k2, 

e (1c) = EJ^-Eq, the excitation energies of the low-lying ferro¬ 

magnetic excited states are Z £(K ) , where (hw) C 

fe>p(6(i?)/KgTVl} , kg = Boltzmann constant, and T = 

temperature. 

Now, the total spin is reduced by one unit per spin- 

wave, so M(T) = M(0) [1 - 2 (njç)] = ft[(o) I* ~ « 

Ç , {exp(€rf)^T)-«r 
\>\si «•«.. (Zir> 

1 r ^ T 
In the absence of a magnetic field, 6(10** R 3. / 

R 
For T -* 0, only spin-waves with small wave vectors will con¬ 

tribute to the integral, so êrf)» I £ («•*) 
R 

can be used in the integral. Similarly, the integration 

volume over the first Brillouin zone can be extended to all 

of k = space. As a result, rt<T)* ^ <K*T^ 

3/2 
the famous Bloch T ' law. 

Thus the Heisenberg Hamiltonian predicts both spin waves 

and the T^^ decrease in magnetization. It also predicts 

other features, such as the Curie law for high temperature 

susceptibility. With all these advantages, it is most un¬ 

fortunate that the Heisenberg Hamiltonian is inadequate, in 

the sense that it cannot predict several important quali¬ 

tative features of ferromagnetism. The Heisenberg hamil- 

tonian encounters great difficulty as soon as a metal is 

considered, for in contrast to an insulator a metal has a 
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conduction band. The following difficulties are particularly 

29 
intractable : 

1. The magnetic moments/per atom are non-integral, e.g., 

0.6 for Ni and 2.2 JJB for Fe, a disconcerting ex¬ 

perimental result. 

2. Electronic specific heat measurements indicate some of 

the electrons contributing to the specific heat of the 

ion series metals come from the 3d shells. 

3. There are ferromagnetic alloys of non-magnetic metals 

in which only itinerant electrons are involved in the 

ferromagnetism.^ 

4. The 3d electrons in the iron transition series metals 

are conduction electrons but carry the ferromagnetism. 

Since a localized model of ferromagnetism is not cor¬ 

rect, what is? The answer is not presently known? indeed 
3 

this is a major problem in solid state physics. Instead, 

let us consider what the answer must include. First, as 

noted above, the independent electron approximation must be 

discarded. Band theory, based upon this approximation, 

is also inadequate. Trying to introduce electron-electron 

interactions into band theory via self-consistent fields is 

likewise insufficient, for it cannot describe both electron 

spin correlations and electronic transport properties. 

As an example of the complexity of the problem, con¬ 

sider magnetism in a free electron gas. The free electron 

28 29 31 gas is clearly inadequate * ' but does demonstrate how 

both localized and itinerant aspects of exchange must be 
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incorporated into a complete theory* As first noted by 

32 
F. Bloch, the Hartree-Fock approximation of electrons 

interacting only through the Coulomb interaction predicts 

ferromagnetism 
.x 

Recall that the Hartree-Fock equations are: 

-L u£L /r*' 
-A V2V-rr) + tf (?) + IftfO 
7.vn A 1 w 

- j f^v -s! ^ ^ 

where is the one-electron wave function, 

11-TV»-*•£**., 
i* «<.«-upie4 (eve U 

R = location of nucleus For a free electron gas, the 

periodic potential is constant, and the equations have solu- 
i£*r 

tions \|r. (r) = — x (spin function). Since U* + U*2*1 = 0, 
JV -takX dLt* r/ K \ 

the energy levels JL-. ~ Kp kp / • where Kp = 

wave vector corresponding to occupied state of highest 

, rex) - x T 4JT •*,r‘ ||-xjL This leads to the total energy 

system: C- AT . ***7 fit I —"|7 

KTK, 
31
» V KW * «K, 1 U 

energy 

E of the 

f” A if ^ X ? Changing the^suçs to integrals, A»£ 'g- 1+ —— J 

where e„ = —s  . This is more conveniently written as 
IT X ^ 7 2 

= ^ where fi£ = 1 Rydberg. 

The derivation of || assumes the electrons are placed, two 

per energy level, from the lowest level upward, that is, no 

magnetism. Should the maximum wave vector be spin dependent, 

the result is s ~ ? 
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E* = A/*f *Y- 

Clearly £*£.+£,,, - "jJ.?** - *++*’ = Kg’ 

Consider the extreme of a fully magnetized gas, where 

N = N and N =0. Then E = E and K = 2^^ Kp, which 

implies r |"’ç’ 3 (KpO This (^) is lower 

than the unmagnetized energy per particle when Kp ^ 
c* I 
- ,y . So for a sufficiently low electron 
IT O(/3 

density ferromagnetism is predicted. As already noted, 

this model is wrong, and it is not believed the free elec- 

28—9 
tron gas leads to ferromagnetism at any density. The 

model illustrates how ferromagnetism is predicted by simple, 

but erroneous, ideas and, hence, how intractable is the 

actual physics. 

B. Surface Magnetism 

Difficult as the bulk ferromagnetic problem is, the 

corresponding problem at the surface is more difficult yet. 

There are two fundamental reasons for this. The change 

33 
in translational symmetry leads to surface states whose 

34 
effect on magnetic properties is difficult to assess. 

The other difficulty, discussed in more detail later, is the 

dearth of diagnostic probes suitable for experimental study 

of surface magnetism. . 
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On first glance, we might think of treating a ferromag¬ 

netic surface having a two-dimensional isotropic Heisenberg 

35 
model. However, it has been rigorously shown that one- and 

two-dimensional isotropic Heisenberg models with interactions 

of finite range can be neither ferromagnetic nor antiferro¬ 

magnetic at nonzero temperatures. 

Instead, the most common approach taken is the mean 

36 28 
field theory. Referring to the Heisenberg Hamiltonian, 

•4 -4 -4 

consider a site R and isolate those terms containing S(R): 

s(t)-n j<**>**)+,ft*7 The mean field 
f{ £ R 

approximation replaces the bracketed term with the mean ther- 

mal value of an effective external field H+ A M 

where X* ^ » , and -£ 

is the magnetization density. By noting that X M 
H. 

when H = 0 and defining x = 
EFF 

the two equations M' must 

satisfy are written: 

«m- >ag) 

a , v I .I *SH „.i .41 4. 
where $5(3)C»»n AS C°Th is the 

Brillouin function. These two equations can be solved 

graphically or numerically and imply a critical temperature 

Tc for nonzero spontaneous magnetization; 
*v s(s+»)3; 

3 KB 
A slightly different case occurs if H is allowed to vary 

from site to site.^ In this case, < Se ($)>* 

s h< qga* <s* 
, _ • r , - , » . . • • j , « 

where R is for the moment well inside the crystal and 2 is 
6 

over the nearest neighbors. By introducing parameters 
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*>- ^ _ 
this can be rewritten as *(«)= Bs ( ' 

Consider the case where h(R) is slowly varying on the scale 

V* 

of a lattice constant and T is close to T In this case, 

g.00 ~ j (*+'){X - fy C*(«+<)+i] X*+ •" J Z * 
L n(ê)+ <R>) * 

where L is the number of nearest neighbors and aQ is the 

lattice constant. This leads to 

v vx(K)sr Bs( 
"♦ 2 

Upon retaining only first order terms in h(R) and v n, the 

equation becomes: 

c 

where 
L* C Sfî+0 + î) 
3te (S+O1 

Now consider the same E at the surface z = 0, with the 
6 

crystal occupying the half-plane z > 0. Because the exchange 

between spins may be different from the bulk value, define 

a parameter A = _ AI J Then, for a simple cubic crystal 

(L - 6) : JT >>(£*+ S ) ~ C S’ h * ¥“4*1 + Z* j-j? Ml * 

5 
3. 
o 

1. 

4. » * JO) } 

where r7 1- ^ ^ 
^ + 57 

This leads to the boundary condition 

1 

% 
1 

( i+t>4) n + a/vn nj = <i / 

* TW 
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which, since n varies slowly over a distance as, can he 

simplified to: 

Note that A is positive if the exchange in the surface is 

less than in the hulk. These equations can he solved 

Curie temperature is predicted to he lower (higher) than 

the.hulk Curie temperature as the surface exchange constant 

is smaller (sufficiently larger) than in the hulk. 

The conclusion from the above discussion is that quali 

tatively different magnetic behavior may he anticipated at 

the surface vis-a-vis the bulk of a ferromagnetic crystal. 

Let us now turn to the question of probing this behavior. 

C. Probing Ferromagnetic Surfaces 

Several different probes have been used to investigate 

36 40-44 104-7 
ferromagnetic surfaces. '*u Study of the micro- 

42 
wave resonance absorption by magnetic thin films has re¬ 

vealed surface spin waves. Low energy electrons have been 

used to observe the onset of antiferromagnetic order at the 

surface of NiO. The difficulty is that only inferences 

approximately for T near TQ and yield^' 38«W<E-T) 

vVt 
in contradistinction to <S>*fcrT) for a three dimen- 

36 39 sional mean field theory. In addition, ' the surface 

could be made of the temperature variation of the sublattice 

magnetization near the surface. The europium chalcogenides 
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41 44 
have been probed by polarized photoemission, ' with result 

that the surface layers may act as a Heisenberg paramagnet 

at temperatures below the bulk critical temperature. Once 

36 
again, however, detailed information is difficult to obtain. 

Polarized photoemission has also been used to study 

106-107 . . 
nickel. The critical results are the observation of 

spin-polarized photoelectrons near threshold, confirming 

that nickel has exchange splitting, and that ab initio, 

self-consistent calculations of the observed electronic 

structure are contradicted by experiment. 

In addition to the observations mentioned above, low en- 

104 
ergy electrons have been used to observe the temperature 

dependence of the magnetization of the top several layers 

of Ni (110) (in the range 0.5 T £ T £ 0.8 T ), since the 
w w 

diffraction intensities are slightly spin-dependent. The 

. 3/2 magnetization does not seem to have a T ' temperature de¬ 

pendence. Calculations have been made based on a mean-field 

theory; the calculations suffer from possessing only quali¬ 

tative agreement with experiment. This is not surprising 

since a mean field theory, as previously discussed, entails 

quite radical simplifications. 

The ideal probe would probe only the surface, distinguish 

spin states of surface electrons, and observe collective 
3 

excitations (magnons). The He (2 S) probe has the first two 

traits, but, in the author's opinion, lacks the capability 

to observe collective excitations. The first quality is the 
3 

strong point of the He(2 S) probe. To rigorously demonstrate 
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that surface electron spin states can be distinguished would 

require a detailed model of the surface-atom interactions 

which, as previously noted, does not exist. Why, then, the 

confidence in this probe? It will interact more with the 

electrons nearest the fermi energy? these will be of one 

spin state in Ni, which has an exchange splitting of 

46—7 » 0.5 eV. Furthermore, both resonance ionization/Auger 

neutralization and Auger deexcitation are used as interac- 

tion channels, ’ thus assuring that the total yield has 

a spin dependence. Finally, if energy analysis is included, 

the exchange splitting gives assurance of distinguishing 

spin states. Indeed, identical energy distributions would 

itself be a remarkable result. 
3 

As noted, it does not seem the He(2 S) probe can observe 

collective excitations. The physical reason is that the 2s 

electron is localized near the atom. This makes any type 

of collective excitation difficult. Since magnons, for 

instance, are typically 1-10 meV, their wave length is much 

larger than a 2s orbital. As a result, this probe cannot be 

used to observe such excitations. Even with this deficiency, 
3 

the He(2 S) atomic beam offers the greatest surface selec¬ 

tivity currently available and should be useful in extracting 

details of a ferromagnetic surface. 



EXPERIMENTAL APPARATUS 

The experiment must be performed in ultra-high vacuum, 

at pressures around 10-10 torx. The probe produces a sig¬ 

nificant gas load and must be polarized. These conflicting 

criteria resulted in an apparatus consisting of three stages 

source, optical pumping, and experiment. The source chamber 
3 

produces an unpolarized He(2 S) beam and purifies it. The 

beam is polarized by optical pumping in a second chamber, 

which also serves as a differential pumping stage to moder¬ 

ate the He partial pressure in the experimental chamber. 

In the following sections, the physical operation and design 

details of each chamber are discussed. 

I. Source Chamber 

48 The source, illustrated in Fig. 4, produces the un¬ 

polarized beam. He gas enters through a needle valve to a 

multichannel array. The multichannel array has an active 

2 -2 
area of 1.6 mm with capillaries of 5x10 mm inside diame- 

49 
ter and 0.5 mm length. A fraction of the atoms is excited 

to metastable states by the impact of a coaxial electron 

beanf*^? Appendix 4 discusses how this method was selected. 

Both electrostatic and magnetic focusing are used to con¬ 

strain the electrons to travel coaxially with the helium 

beam. The source of the electrons is a 0.2 mm diameter 

heated tungsten filament wound around the neutral beam axis 

in a double turn of about 6 mm diameter. To confine the 
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electrons to the source region, the filament is operated at 

a positive potential. By applying a potential to the ex¬ 

traction optics, the electrons are accelerated from the 

filament into a three element Einzel lens. The lens forms 

a coaxial electron beam. Originally there was a skimmer 

between the multichannel array and extraction optics. This 

was removed when it was found to cause a local He pressure 

increase, leading to a glow discharge. The total emission 

current from the filament is of the order of a few milli¬ 

ampères. The optimum filament current is 3.6-4.0 amperes. 

Less than 3.6 amperes produces a lower metastable production, 

while space charge limiting begins at 4.0 amperes. In 

addition to the Einzel lens system, an axial magnetic field 

further confines the electrons to travel coaxially. The 

solenoids are placed outside the vacuum system? they produce 

a larger field in the Einzel lens region than near the fila¬ 

ment. As a result, magnetic focusing causes the electrons 

to merge with the neutral beam. It was found that the con¬ 

fining magnetic field enhances the metastable production by 

at least a factor of 10. Also, the exact location of the 

solenoids significantly affected metastable production. The 

typical operating parameters are: 

axial magnetic field: 200-300 gauss 

filament to anode: 100 volts 

extraction optics: 205 volts 

Einzel lens outer element: Ov 
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Einzel lens center element: 200 volts 

Einzel lens inner element: 143 volts 

The metastable atom flux was determined by lowering a 

chemically cleaned stainless steel surface into the beam and 

measuring secondary electron emission. Assuming a yield 

51 14 
coefficient y = 0.5, a metastable flux of about 2x10 

sec-'*’ Ar ^ was obtained by operating the source chamber at 

-5 
a He partial pressure of about 10 torr. For higher source 

chamber pressures , the He partial pressure in the 

experimental chamber is unacceptably high. 

When the beam is produced, it contains contaminants, 

including 2 He atoms, long-lived He Rydberg states, He+ 

ions, fast neutrals, and ions. The 2 atoms were deexci- 

ted via transitions of the type 2 “* n ^P -» 1 by 

illuminating the metastable beam with light from a DC ex¬ 

cited flowing helium glow discharge lamp wound coaxially 

around the beam. The 2 quench lamp was operated at a 

pressure of a few torr and a discharge current of approxi¬ 

mately 50 ma. The only experimental problem was the ten¬ 

dency of the glow discharge to light in the supporting arms 

of the lamp rather than in the spiral. Placing ceramic 

beads in the arms to increase their dielectric constant 

52 ameliorated this problem. Ions were removed by using a 

transverse electric field, which also served to ionize any 

long-lived Rydberg atoms in the beam. ^ Photons cannot be 

removed as such, but the apertures between chambers allow 
- -5 

only a fraction ^ 10 of the photons through. The Results 
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section includes a discussion of the lack of contamination 

by photons or fast neutrals. 

—5 
The most economical way to exhaust the high («10 torr) 

He gas load is via an oil diffusion pump. A ten inch, 900 

A/sec pump was used and was backed by a 10 X/sec mechanical 

pump. A water-cooled baffle minimized oil contamination in 

the chamber. The unbaked aluminum chamber had a base pres- 

—8 sure of about 2x10 torr, as measured by an ion gauge. 
_9 

After baking, the pressure was 8-9x10 torr. 

II. Optical Pumping Chamber 

An optical pumping technique, illustrated in Fig. 6, 

produces a polarized beam. An external magnetic field 

parallel to the pumping radiation provides a unique quantiza¬ 

tion axis. Right-hand circularly polarized (rhcp) resonance 

3 3 radiation stimulates 2 S -» 2 P transitions with selection 

rule Am, = +1. As a result of subsequent spontaneous emis- 

sion, with selection rule Am, =0, ±1 (m_ = 0 / m, = 0 for 

AJ = 0), the nij = +1 sublevel is preferentially populated. 

Appendix two presents a quantitative treatment of the opti¬ 

cal pumping process. For present purposes, only two points 

need be noted. For spin-one particles, it is necessary to 

specify two polarization parameters, namely P = <S > = z z n -n_ 2 
 ; ;  , the beam polarization, and P =3<S ) - 2 = 
n,+n +n * zz ' z + o — 

(n++nJ-2nQ 

n++no+n- 
, the beam alignment. Both parameters are 

determined by the results obtained. Also, the polarization 



Figure 6. Optical Pumping. Note how the difference in 

selection rules for absorption (Anij = +1) and 

spontaneous emission (Anij = 0, ±1, nij = 0 / nij 

for AJ = 0) preferentially populates one level. 
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is roughly proportional to the radiation intensity up to the 

50 percent achieved. High polarization could be achieved by 

an appropriate narrow band laser. Such a laser, although 

under development, is not yet available, so a RF excited 

flowing helium lamp provides the radiation. As illustrated 

in Fig. 7 , the lamp is excited by an rf oscillator oper¬ 

ated at a frequency of about 140 MHz and an input power of 

400 watts, coupled both capacitively and inductively to the 

helium discharge contained in a quartz tube of about 8.0 mm 

inside diameter and 13 cm length. The lamp was operated at 

a pressure of a few torr. The required 1.08 micron pumping 

radiation is isolated and circularly polarized by a combina¬ 

tion plastic filter and linear polarizer, followed by a 

quarter wave plate. Appendix 5 discusses the degree of cir¬ 

cular polarization, which is about 96%. The metastable 

polarization is readily reversed by rotating the quarter 

wave plate 90°. A copper mirror located below the meta¬ 

stable beam collects and refocuses the pumping radiation 

back through the metastable beam, resulting in a two-to-three- 

fold increase in polarization. In practice, we can oscillate 

the polarization and use phase sensitive or counting tech¬ 

niques to look for small signals. An oscillating polariza¬ 

tion can be achieved either by mechanically rotating the 

quarter wave plate or by an oscillating magnetic field. The 

latter method was chosen and the circuit in Fig. 7 was used 

to oscillate the current drawn by the magnetic coil wrapped 

around the optical pumping chamber. 



900 V, 400 mA 

Figure 7. RF Excited Helium Lamp 
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A 1500 1/sec turbo molecular pump evacuates the type 

304 stainless steel chamber. This pump combines cleanli¬ 

ness (no oil contamination) and a high pumping speed. The 

turbo-pump is backed by a four inch oil diffusion pump, and 

in turn by the same mechanical pump that backs the source 

chamber diffusion pump. The diffusion pump was installed 

to lower the turbo's exhaust pressure at the turbo, thus re¬ 

ducing the chamber's base pressure of the chamber. Before 

baking, the base pressure in the optical pumping chamber is 

—8 
about 10 torry after baking for three-four days at 140°C, 

the pressure drops to about 3xl0~^ torr. The chamber is 

sealed by a combination of double viton 0-rings and confiât 

copper gaskets. The top of the chamber is a 5/8" thick 

circular quartz plate especially selected for high trans- 

55 missivity of 1.08 micron radiation. 

III. Experimental Chamber 

Figure 9 shows a schematic view of the experimental 

chamber. The chamber includes several noteworthy features, 

among them the following: 

1. Methods for measuring pressure 

2. Ability to analyze chamber contaminants 

3. Cleaning the crystal 

4. Characterizing the surfaces of the sample 

5. The sample holder 

6. Defining apertures and grids 

7. The pumping system 
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I 

Figure 9. Experimental Chamber Region 
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The chamber contains a nude Bayard-Alpert gauge, suitable 

56 
for measuring pressures as low as 1-3x10 torr. In 

addition, the differential ion pump is in effect a large 

56 
cold cathode gauge and draws a current which is propor¬ 

tional to pressure, down to lxlO-^® torr.^ The charts pro¬ 

vided with the pump permit independent confirmation of the 

pressure. Finally, one can use the partial pressure analyzer, 

which is basically a mass spectrometer. However, this 

instrument is used primarily to determine the types and 

relative amounts of chamber contaminants. 

The details of cleaning nickel, a non-trivial task, are 

relegated to Appendix 6. Briefly, we plan to sputter the 

surface with Ar+ ions from a 2 keV ion bombardment gun. 

Since the bombardment embeds some argon in the crystal, it 

must then be heated to drive out that contaminant. The 

major difficulty in this procedure is the migration of car¬ 

bon to the surface when the crystal is heated. 

Heating the crystal is only one capability the sample 

holder must possess. Others include electrically isolating 

the crystal, cooling the crystal rapidly, magnetizing the 

crystal to saturation, measuring the crystal temperature, 

and measuring the current provided to the crystal. A sample 

holder design that should accomplish all this is illustrated 

in Fig. 10. The nickel sample functions as a keeper for the 

C-shaped magnet shown, and is therefore magnetized parallel 

to its long axis. The sample is electrically isolated by 

.005" sapphire spacers. The spacers are sufficiently thin 
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to permit adequate heat removal. The filament used to heat 

the crystal is designed to supply a maximum of 70 watts. 

Water flowing through the cooling coils carries heat from 

the front of the oxygen-free, high conductivity (OFHC) cop¬ 

per carriage. Calculations suggest that the sample can 

be heated from 20°C to 700°C in 1-2 minutes and cooled to 

30°C in 30-45 seconds. A thermocouple, connected to a .001" 

Ta strip located under the crystal, measures the temperature 

of the crystal. A wire attached to the same strip supplies 

current to the crystal. 

Two features of the surface, crystallographic struc¬ 

ture and contamination, must be characterized. The probes 

used are, respectively, LEED and Auger electron spectros¬ 

copy. The details of how these probes work are discussed 

in the references^' and in Appendix 1. Basically, LEED 

is the electron analogy to X-ray scattering. Since the elec¬ 

trons scatter from the nuclei, a LEED pattern can be inter¬ 

preted to yield the surface geometric structure, as X-ray 

scattering yields the bulk crystallographic structure. One 

limitation to this probe is that the surface must not have 

too much contamination or the LEED pattern will be obscured. 

The degree of contamination and the species involved 

can be obtained from Auger electron spectroscopy. The basic 

mechanism is illustrated in Fig. 11. An atomic core vacancy 

results from the impact of a high energy (1-5 keV) electron; 

it is filled by one outer atomic electron with the simultane¬ 

ous ejection of a second (Auger) atomic electron. Since the 
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Figure 11. Auger Electron Spectroscopy Mechanism 
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energy of the Auger electron is distinctive to each species, 

a relative measure of contaminating species can be obtained 

by scanning the distribution of ejected electron energies. 

The experimental chamber is made of type 304 stainless 

steel, the interior of which has been electropolished to 

reduce surface area. Its pumping system consists of two 

—8 stages. A pressure of '«10 t is reached by evacuating 

through a 2 mm size aperture connecting the experimental and 

optical pumping chambers. The experimental chamber is also 

equipped with a titanium sublimation pump and a 400 A/sec 

differential ion pump. With this combination, a base pres¬ 

sure of 3xlo""^ t is anticipated. 

IV. Stern-Gerlach Polarization Analyzer 

The analyzer is portrayed schematically in Fig. 14 . 

The heart of the device is the magnet pole face region. 

The magnet was designed to simulate the magnetic field con¬ 

figuration produced by two parallel wires. Figure TZ 

illustrates the results, which are: 

where B is the magnitude of the magnetic field and the other 

symbols are defined in the figure. What are the criteria 

for the magnetic field? One is to have as uniform a field 
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gradient, and hence force, as possible across the gap between 

61 
pole faces. To determine this, refer to Fig. 13, which is 

—♦ 
a graph of l^l/ ~ vs* x/a f°r various values of Z/a; the 

a 
optimum Z/a values 1.2-1.4 are the best. 

A magnet whose pole faces follow the two wire equipo- 

tential surfaces simulates the two wire system. Such a mag- 

was designed for — = 1.2 and works 
cl 

net, shown in Fig. 14» 

z z 
well for a range of — values. A value of — = 1.4 was 

cl n 

selected so that the beam is equidistant between the pole 

faces. Since ~ 
r2 ~ 

2 2 
a +Z , the field strength and 

field gradient can be calculated; the results are: 

. = (S 
A IS 

where I is the number of ampere fums, for reasons that will 

be discussed later, the magnet was. designed with 

a = 4.0xl0-3 m. 

In determining the pole face separation, it is desirable 

for the reluctance of the pole faces to exceed that of the 

rest of the magnetic circuit. Referring to Fig. 14, the 

6 2 
various parts of the magnetic circuit have reluctances : 

T „ L „ ~ 2 1 
RS SLX 

1 RI u SL. 
. R = — 

' G 5 - H-.L-i 
, where 

v-3 
o —l “   1 ^o 1 

T = thickness of stainless steel tube = 1.6x10^ m 

_2 
S = thickness of iron = 2.5x10 m 

L = length of loop through iron 
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Figure 13. B Field Gradient vs. Horizontal Distance. 

I is the current through each wire of the two 

wire system, and a is their separation. When 

considering the corresponding magnet pole 

faces, x and z are the distances as illustrated. 
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= length of magnet = 10 
-1 m 

~ , «3 
ji = permeability of iron = 10 |i( 

The results ares 

RS = 1-3X106 

Rj - 2.8X10
4 

R_ = 4.2x10** amP»,turn so the criterion is satisfied. G weDer 

Since RTOTRL = Rs + Rr + RG and B = |^ - ^ . where 

dA = SL^ = 2.5xl0-2 m2, one concludes that B » 1, where B is 

in gauss and X is in ampere turns. This is the maximum value 

of B one could expect for the magnet's reluctance. From (1), 

With (3), one knows the ampere 

turns required and hence the wire size. A current of 2-3 

amperes was decided upon, so AWG 22 wire was used. Approxi¬ 

mately 2000 turns were wound on each side of the magnet. 

After construction, the magnet was tested. The field 

strength at the two pole faces was measured, albeit crudely 

since the gaussmeter probe thickness is half the distance 

between pole faces. Table 1. lists the results, which show 

the magnitude of the field gradient as approximately 

3600 ^f.^SS ± 25% when the coil current is three amperes. 

with r2 =2.96 a2, B = j (3) 

As discussed in the Results section, the value of in¬ 

ferred from polarization data is 4500 gauss/cm. Another 

check made was whether the magnet iron saturated. Since 

the field strength was found to be linear with current up to 

four amperes, the iron does not saturate at the three ampere 

operating point. 



T * stainless steel tube, thickness = I.6xl0‘3m 

S * ^ôxIO^m 

L(* IxIO-'m 

L - 4,5 xIO*1 m 
_3 

T = stainless steel tube thickness = 1.6x10 m 

S = 2.5xl0~2 m 

= 0.1 m 

L2 * 0.45 m 

Figure 14. The Stem-Gerlach Magnet with pertinent 

dimensions 



TABLE 1 

Magnetic field of Stern-Gerlach magnet versus 

current through magnet coil windings 

Current through coils 

of Stern-Gerlach magnet 

(amperes) 

|B| of lower 

pole face 

(aauss) 

1 1 |B| of upper 

pole face 

(qauss) 

0 0 0 

0.5 750 950 

1.0 1300 1750 

1.5 1900 2550 

2.0 2700 3500 

2.5 3400 4300 

3.0 3800 5000 

3.5 4400 5700 

4.0 5000 6500 
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The actual magnet dimensions were based on several cri¬ 

teria as listed below. 

a. The combination of field gradient magnitude and pole 

face length should be small enough so only a small fraction 

of the mT = ±1 triplets hit the pole face. 
U 

b. The magnet must clearly separate the magnetic sub- 

levels . 

c. The detector moves about a pivot point as illustrated 

in Fig. 15 . The micrometer moving the detector measures 

z = r tan 0, whereas one wants a linear scale z = rjtf, where 

r = distance from pivot point to detector and fi is defined 

in Fig. 13. Therefore, one should make the maximum angle 

subtended small. 

d. As a consequence of b, the beam divergence must be 

smaller than the spatial separation of the irij = 1 and 0 peaks. 

e. There is a slit in front of the detector. It must 

be wide enough to obtain an acceptable count rate and small 

enough to distinguish the spatial features. 

These considerations resulted in the following choices: 

a. The two slits in front of the pole faces are 10 cm 

_3 
apart and 0.1 mm wide, so the diverging half angle is » 10 

b. The distance from downstream slit to detector is 

50 cm, so the beam spreads to ±0.6 mm about beam center. As 

a result, the slit in front of the detector must be smaller 

than 1.2 mm; 0.8 mm was used. 

c. Referring to Fig. 16, the transverse distance'a 
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Figure 16. Mj = ±1 Particle Flight Path 
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mj = ±1 particle moves while between pole faces is 

- X . .H\ ^ 

Z 
2 P 1 2 ^ at = %(—) (~) t where m = mass of the He atom, P = 

force on atom, = length of the pole pieces = 10 cm, and 

v = velocity of atom. If |—| Z 4.5x10^ , then 

F Z 8x10 -17 eRG cm 
-14 The mean kinetic energy is « 8x10 eRG, 

so Zx « mm* The pole faces are Z 3 mm apart (due to se¬ 

lecting a = 4.0 mm), so less than two percent of the atoms 
go 

will hit the pole faces. This is illustrated in Fig. 17, 

which also demonstrates the maximum velocity for which an 

He* atom, initially traveling along the beam axis^ can hit 

the pole faces. 

d. The same particle will move a total distance 

*r = p2 i +■ v™«* fr| - rw 
SR +(*■$&) 
~ ^ i ti + (4") 

Since ZT « if 1*2 » L^, and one wants as much separation 

as possible, a value of L2 =40 cm was selected. The maxi¬ 

mum distance, (Z_)„ . corresponds to an atom just missing a 
X UlaX 

. 1 2 -14 pole face. This v . value corresponds to h mv = 1.3x10 mm 

eRG, which implies (ZT)max = 1.3 cm. Since tan (^p-) = 

to better than 0.1%, the distance scale is linear. 

e. For an initially on-axis, nij = ±1, atom having the 

mean kinetic energy, ZT = 2.0 mm, well beyond the beam diver¬ 

gence. To insure beam divergence did not wash out the peaks, 

a simple calculation was made. Assume the intensity over the 



Figure i7. Distribution of metastable velocities. f(x) is 

distribution function (arbitrary units). x = 1.6 

corresponds to thermal mean velocity. Shaded 

area is fraction expected to hit pole faces. 
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diverging half-angle is constant (empirically this is 

true). Take the velocity distribution to be Maxwellian. 
2 2 

(In point of fact, it is between a v e-mv and v e”mv 

type, but since the difference was not significant, only 

the Maxwellian form is discussed.) Using the velocity dis¬ 

tribution function f(v) = ^ (jç—^)3//2 v2 exp (-im^/^KgT) 
B 

where Kg = Boltzmann constant, T = ambient temperature, the 

fraction of atoms between velocities v^ and v2 is 

— C ^ y2 e”^ ^2 dy, where x = v. The magnet moves 
n ^X. c1 

FLi r
Li L2n Sr S' + T-\ ■ 

By a m_ = ±1 triplet a distance D = 
(h K-T x ) 

neglecting beam divergence. Fig. 18A Is obtained as the pre¬ 

dicted spatial distribution of nij = ±1 triplets. If beam 

divergence is incorporated, the result is Fig. 18B. These 

figures can be compared to Fig. 19 in Section four, which 

shows the results of actual measurements. The peaks occur 

at the predicted location. There are also "wings'* extending 

several millimeters, as predicted. 

There was one noteworthy experimental problem. Because 

the slit openings are ~ .004", it was not easy to align the 

analyzer relative to the He metastable beam. To align the 

analyzer, one places a cross hair at the multi-channel array 

chamber location. By using a cathotometer, one sites along 

the beamline and insures the front aperture is centered and 

horizontal. To position the rear aperture, site from the 

rear to insure it is horizontal. To insure they are verti¬ 

cally colinear, adjust the magnet's vertical supporting rods 

The process, though tedious, works. 
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Figure 18. Predicted Metastable Spatial Distribution 



RESULTS 

The polarization analyzer just discussed does more than 

measure the percentage polarization. It also allows deter- 

1 3 
mination of the relative production of 2 S and 2 S, the 

3 
beam purity, and the optimum settings in the source for 2 S 

production, which settings are not optimum for 2 ^S pro-i- 

duction. Figure 19A shows the count rate versus position of 

the channel electron multiplier for the total metastable 

beam, in the absence of 2 ^S quench or optical pumping, and 

with no analyzing magnetic field. As predicted in Section 

three, the beam spreads to £ 0.6 mm. This figure provides 

a measure of the resolution of the analyzer. After turning 

on the magnet, Fig. 19B is obtained. Three well resolved 

peaks are evident. When the 2 ^S quench lamp is turned on, 

the result is illustrated by Fig. 17C. The area of the 

central peak as a function of quench lamp power was measured 

and demonstrated the lamp could remove all 2 ^S He atoms from 

the beam. If one assumes the channeltron detects 2 ^S and 
3 

2 S He atoms with equal efficiency, the unquenched beam 

. 1 3 from the source contains a 2 S : 2 S ratio of approximately 

43 : 57. 

The areas of the three nij peaks in Fig. 19C are equal 

to within ±2%. Therefore, the beam is not significantly con- 

70 
taminated with fast neutrals or photons, which would rein¬ 

force the central peak. A gas cell was introduced into the 

beam as a further test for photon contamination. The current 
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48 
Figure 19. Measured Metastable Spatial Distribution 
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of secondary electrons ejected from a target surface was 

measured as a function of the pressure of Ct^ or Ar intro¬ 

duced into the gas cell. A single exponential decay in beam 

intensity with pressure was noted, indicating that the beam 

contained only a single species. The data are in Table 2. 

When optical pumping was introduced, the changes in the nij 

sublevels produced by rhcp and lhcp radiation are illus¬ 

trated in Fig. 20. The degree of polarization is determined 

as follows: Measure the area under each wing and in the 

central peak. Denote these by n+, n_, and n , respectively. 
n+-n_ 

The polarization P„ is obtained by P„ = ' ^ , and the 
Z — n. Til Til 

2n0 + o — 
beam alignment Pzz by Pzz = — '+~n"+n— * wül slightly 

u+ x o — 
underestimate the polarization, since there will be m_ = ±1 

U 

atoms in the central peak. Using this formula, one finds 

Pz = 0.47. 



C
H

A
N

N
E

L
T

R
O

N
 

C
O

U
N

T
 R

A
T

E
 

(a
rb

it
ra

ry
 u

n
it

s
) 

-0.75 -0.5 -0.25 0 *0.25 +0.5 +0.75 

CHANNELTRON POSITION (cm) 

Figure 20. Effect of Optical Pumping on Metastable 

48 
Population 



TABLE 2 

He* current versus gas cell pressure. The He* current, as 

illustrated by a semilog plot, decays by a single exponential 

as the pressure increases. 

Pressure of CC^ (10-^ t) 
-12 

Metastable Current (3x10 amp) 

(measured by electrometer) 

24 2.1 

10 8.4 

4 17 

1 23 



POTENTIAL EXPERIMENTS 

I. Measurement Techniques and Data Acquisition 

The measurable quantities include the total current 

supplied to the crystal, fraction of metastables reflected 

as ions or metastables, and energy or polarization analysis 

of ejected electrons. The analysis of ejected electrons is 

complicated and will not be discussed here. Instead, the 

first topic is the simplest experiment, viz., measuring the 

total current. In such an experiment, the goal is to ob¬ 

serve a current that depends on the metastable polarization 

and compare the magnitude thereof with the polarization- 

independent current. The resulting current ratio provides 

additional insight to the surface-atom interaction mecha¬ 

nisms. As portrayed schematically in Fig. 21 , the meta¬ 

stable beam polarization is rotated and the corresponding 

oscillation in the total current measured. The total cur¬ 

rent signal goes to a lock-in amplifier where phase sensitive 

techniques are used to extract the modulated signal. As a 

result of this approach, one can modulate the polarization 

and look for small changes in the total yield. The design 

criteria included the ability to detect a modulated current 

—14 as small as 10 amperes. The precautions necessary to 

fulfill this criterion are discussed in Appendix three. As 

a result, we expect to detect a polarization-dependent signal 

which is ~ 0.1% of the total yield. The circuit used to 

produce an oscillation in the metastable polarization has 

been described in Fig. 8. 



SOURCE 
CHAMBER 

He* 

Figure 21. Schematic of First Experiment 
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To measure the relative metastable reflection coef¬ 

ficient, position a channel electron multiplier, appropri¬ 

ately biased against stray electrons, between the metastable 

and ion final apertures (see Fig. 9 ). By counting individ¬ 

ual metastables striking the channeltron, standard counting 

electronics can be used to determine whether the reflection 

coefficient depends on the polarization. Measuring the 

absolute metastable reflection coefficient is a far more 

difficult problem and the author does not anticipate making 

such a measurement. There is no need to do so since the de¬ 

pendence of the reflection coefficient on metastable polar¬ 

ization will be used as confirmation of the total yield 

measurement. Finally, although the reflection coefficient 

cannot be determined, a lower bound to it can be assigned. 

This information would aid in resolving a long-standing 

question, viz., are metastables ionized on their inward tra- 

3 5 12 65 67 jectory and hence equivalent to slow-moving ions? » » » “ 

Further information on this question comes from two other 

measurements. One is the relative number of He ions re¬ 

sulting from the metastable-surface interaction. In addi- 

+ . . 44 
tion, a He beam under development in this laboratory can 

be used to directly compare with the metastable beam results. 

A discussion of data acquisition would be incomplete 

without explaining how long the experiment takes, a matter 

of particular importance in surface work. The author anti¬ 

cipates an operating pressure of 5x10 ^-lxlO-^ torr. Such 

a pressure allows 5-10 minutes per experimental run before 
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0.01 monolayer of adsorbate has formed. With our apparatus, 

cooling the crystal takes more time than any other process. 

As previously noted, the cooling rate leaves sufficient time 

to acquire data. 

II. Nickel 

Nickel will be the first crystal investigated. The 

sample is a [100] face with the [11]J direction along the long 

axis, thereby facilitating saturation magnetization. The 

total yield of electron current supplied to the electrically 

isolated crystal (see Fig. 9) will be measured with a lock- 

in amplifier to observe any polarization dependence thereof. 

If the signal is observed, its strength as a function of 

the magnetic field applied to the crystal temperature, and 

degree of metastable polarization will be examined. The 

magnetic field will be varied, in conjunction with a magneto¬ 

optics measurement, to insure the crystal is magnetically 

saturated. The variation with temperature is to investigate 

the mean field prediction already discussed. When the degree 

of polarization is varied, a linear variation in signal will 

confirm the source of the signal and establish a lower bound 

on the sensitivity of our apparatus. 

III. Other Experiments 

Once the first experiment has been performed and the 

variation of signal with various parameters observed, there 

is a plethora of observations to be made. Without further 

equipment, non-magnetic adsorbates can be deposited to 
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examine the surface Penning ionization mechanism. The pur¬ 

pose would be to determine how the adsorbate shields the 

sample's magnetism. Conversely, by depositing fractions of 

a magnetic monolayer (e.g.. Ni, Fe) on a non-magnetic sub¬ 

strate, a surface version of the Heisenberg Hamiltonian 

ideal could be created and investigated. Several attempts 

71 to create "literally two-dimensional magnets" have been 

made. The approaches generally use neutrons as the probe, 

though electrons have been used for structure determination. 

The objectives include investigating three-to-two-dimensional 

magnetic transitions, questioning the Heisenberg Hamiltonian 

model, and observing two-dimensional ordering and melting. 

This probe should be useful in elucidating the answers to 

some of these questions. 

A crude version of energy analysis could be accomplished 

by using the LEED system as a retarding grid analyzer. As 

already noted, the energy analysis is beset with the decon¬ 

volution problems but holds promise of revealing the details 

of surface electronic properties. To obtain an energy reso¬ 

lution of 0.2 eV-0.3 eV would require a special apparatus 
3 

but is technologically feasible. Current thinking indicates 

a finer energy resolution is unnecessary due to the energy 

broadening sources. 

In summary, by investigating low-temperature regimes, 

adsorbates, and analyzing the energy of the ejected electrons, 

this probe holds promise of providing answers to several in¬ 

teresting problems. 
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APPENDIX 1 

An Auger Primer 

This constitutes an introduction to Auger electron 

spectroscopy as it applies to surface chemical analysis? 

more complete treatments are to be found in references 59 

and 60 . Bombardment by electrons that, typically, have 

incident energies of several keV produces inner shell vacan¬ 

cies in both substrate and adsorbate atoms. The vacancy 

thus produced is filled by decay from a less tightly bound 

electron, with the simultaneous ejection of a second 

(Auger) electrons to conserve the total energy. The char¬ 

acteristic energy of the Auger electron serves as a signa¬ 

ture that permits identification of the parent atom. In 

practice, with reference to Fig. 11, Auger electrons emitted 

from the surface are collected by the LEED screen, using the 

two retarding grids of the LEED system for energy analysis. 

The result is a current I(v) striking the collector, where 
E 

I (v) = e ^ N(E)dE? v = retarding voltage of grids, EQ = 

incident eïectron's energy, N(E) = back-scattered secondary 

electron spectrum. To see the peaks due to different con¬ 

taminants, one applies a small modulation voltage on the 

linear retarding sweep that is applied to the retarding 

grids. This implies I(V+AV) = I (v) + eN (v) AV + |jylv(Av)2 

+ ... . Let Av = K sin ujt. Then: 
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This means is proportional to the coefficient of the 

second harmonic of the modulation frequency, which can be 

obtained by using a phase-sensitive detector. One looks at 

and uses it to identify the contamination species. 
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APPENDIX 2 

Optical Pumping 

The quantitative analysis of the optical pumping process 
68" 

is straightforward, since, in a beam, there is no colli- 

sional relaxation or mixing among the magnetic sublevels. 

. 3 
Letting n+, nQ, and n_ denote the population of the 2 S 

mT = +1, 0, and -1 states, respectively, their rate equations 
U 

ares 

3 
where j denotes the various 2 P magnetic sublevels, p (v) is 

the radiation density at frequency v# and the A's and B's 

are the Einstein A and B coefficients. Since the pumping 

radiation intensity is so low enough that stimulated emission 

is negligible compared to spontaneous emission. 

p(v±i) 3 
n- = S n. (7. > J— B. . , where i represents the initial 2 S D i lAj;TOT 3 

states and (A^)TQT represents the total spontaneous emission 

th •■•I 
rate from the j— state: ^Aj^TOT = ^ Aji * implies 

-*Ze(*rt S'fa. 
i j * 

As illustrated in Pig.22 the ratio of intensities of the 

DQ:D^:D2 lines is K:l:l. 
D]_îD2 aPProxima^ely lsl because 

their wavelengths are very close; by coi 

68 
be 0.4. The resulting equations are: 

& 

their wavelengths are very close; by contrast, K is found to 

The resulting equations are: 

Hut = ^ + "-F{ - *T * ~ 



D0 • Di • 
IW R/,TI

° K : l ; i- 

Figure 22. Ratio of Optical Pumping Frequencies 
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'V — Wo P ^ ft- F 
= T L 

Çr -n~ P C '^3) 

where F is the 

equations have 

Vu 

n- 

radiation intensity of the line. These 

eigenvalues 0, - h., and -(.42), and eigen- 

[?],[-;]■“ [‘CJ , respectively. 
-Ftffi 1 

+ Cî C -»«*/ - c. 

So 

N With initial conditions n+(0) = nQ(0) = n_(0) = 2 

simplifies to 

this 

h. 

A/ + t 
-p*/3 37V - ^ 

( 
- (3W .*Fi,a+ 5LV , 

3 e 

n+-n_ 
By definition, the percent polarization P =  ; 7— , so z n,+n +n _ 1 . 13 -Ft/2 49 -4Ft/9 .. . ... 0 “ . . Pz = 1 + e ' -^r e ' , thus yielding an analytic 

function for P in terms of (Ft). z 
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APPENDIX 3 

. -14 
Measuring 10 Amperes 

This appendix could be subtitled: How to be very care¬ 

ful. One of the design criteria is to observe a 10”^ change 

in total current supplied to the crystal as a function of 

He(2 S) beam polarization. To meet this criterion, two 

problems must be examined: 

1. Determine and, insofar as possible, minimize the sources 

of electronic noise. 

2. Insure the least possible loss of signal via stray 

capacitance, offset currents, or other system loss 

mechanisms. 

To begin with, what are the major sources of noise? 

Within the apparatus, the major source of noise is micro- 

phonic. This should not be a major problem as low (< 5 Hz) 

frequencies are avoided, but if it is the placing of a large 

63 lead weight on the top of the chamber has been suggested. 

To minimize noise, and provide greater flexibility, a float- 

ing shield feedthrough is used as a "guard." This also 

helps prevent ground loops. Another source of noise is 

environmental. This category includes stray capacitance, 

cable pickup, and, especially 60 Hz (and harmonics thereof) 

noise. To minimize the effect of 60 Hz noise, an operating 

frequency range of 30-35 Hz is used. The lock-in amplifier 

will be used with a narrow (< 5 Hz) bandwidth to attenuate 

60 Hz. (Another reason for the frequency range is discussed 



later.) To avoid cable pickup and minimize stray capaci¬ 

tance, the operational amplifier is mounted on the vacuum 

chamber. 

53 

Within the electronic devices, the primary sources of 

noise are thermal (Johnson) noixe, due to thermal agitation, 

and shot noise, due to the fact that charge is quantized. 

64 
The thermal noise, measured in volts (rms), is —— , where 

s 
B = bandwidth of the lock-in amplifier, iR = noise current 

of the operational amplifier in Ampere (Hz) 2, and i = s 
—9 operational amplifier sensitivity = 10 Ampere/volt. This 

noise is important in that it must not exceed the dynamic 

range of the lock-in amplifier. This voltage noise, 50-150 

microvolts, is easily within the dynamic range. 

Shot noise will produce a current i = ^elAf , where 

I = total current through the operational amplifier, e = 

electron charge, and Af = operational amplifier bandwidth. 

If I = 10**^ amperes and Af = 40 Hz, then i = 8xl0~^ 

amperes. So the shot noise current is comparable to the 

current we wish to observe, and thus will not prevent the 

measurement. 

As illustrated by Fig. 23, the circuit design must in¬ 

sure virtually all the current reaches the amplifier. The 

necessary condition on the source is that: Rs, (~~) », Rp/A, 
s 

where A = operational amplifier open loop gain and the other 

symbols are defined in Fig. 21. Based on the geometry of 

the sample holder, C s 5 pf. Since R > 10^ 0 for all s s 
62 temperatures of interest, the condition reduces to 



Is » CURRENT OF SOURCE 

C$ * CAPACITANCE (INCLUDING STRAY 
CAPACITANCE) OF SOURCE 

Rs > RESISTANCE OF SAPPHIRE INSULATORS 

Rp * OP. AMP. FEEDBACK RESISTOR * I09 Û 

Figure 23. Circuit Equivalent of Source 
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1 4  » — . For the operational amplifier used, A Z 2x10 , 
A n 

s 10 r 5 
Rp ~ 10 n, so — Z 5x10 , thus allowing frequencies up to 

100 Hz with more than 99.9% of the current reaching the oper¬ 

ational amplifier. This also implies it is desirable to have 

the lowest possible Rp value, in contrast to Johnson noise, 

where the largest possible Rp value is desirable. The other 

side of the coin involves the operational amplifier bias 

current. An easy way to picture the source current is that 

it must first provide the bias current. Whatever is left 

over goes to the feedback resistor. In our case, the bias 

-14 
current is Z 7.5x10 amperes, versus an anticipated total 

current of 10-^ amperes. Thus less than 1% of the current 

is lost because of the operational amplifier bias current. 
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APPENDIX 4 

Metastable Production 

3 
The production of He(2 S) metastables devolved to two 

separate problems: 

1. How to make an intense, well collimated He ground state 

beam. 

2. What is the best way to make metastables? 

The major ways to produce a ground state beam are via a 

multichannel array or a supersonic nozzle. The multichannel 

array has been described already, and a supersonic nozzle 

can be viewed as a means by which a high pressure of gas 

is squirted through a small opening, much as restricting 

the opening of a water hose enhances the velocity. On the 

74 basis of an article by Anderson, Andres, and Fenn, it seems 

evident the maximum flux of the two methods is comparable. 

Since the supersonic nozzle is more expensive, requiring as 

it does a large vacuum pump, the multichannel array was 

selected. 

The second question, on making metastables, has a 

standard answer: electron bombardment. There are recent 

alternatives, but the standard method was chosen. This 

limits the question, since now it is merely a matter of 

whether the electron beam should be longitudinal or trans- 

77—81 verse to the He beam. The literature indicated that 

exciting longitudinally is better on the basis of excitation 

efficiency and recoil velocity distribution, so this was the 

approach used. 



There remained only the question of how to put the 

pieces together most efficiently. The two criteria were 

56 

to maximize electron emission and achieve the best control 

82 
over their focusing. An article by Brewer provided the 

necessary information, and as a result a Pierce type of 

electrode using an Einzel lens and magnetic confinement 

focusing system was designed. 
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APPENDIX 5 

Measuring Degree of Circular Polarization 
69 

To measure the degree of circular polarization, one 

rotates a linear polarizer placed between the circular polar¬ 

izer and the detector. Unless the circular polarization is 

perfect, there will be maximum and minimum transmission axes; 

call these x and y. Denote an arbitrary electric field by 
A « ^ , A | Â 

E = A (X„1^) + A (x~ -Y') . By so defining, the results are 
HH 2 “ 2     

that j E | 
max .ï.i./«&*•* 

1 

' lEfmin J" (A+-A-Y 
V1- 

and the polarization = -- —■ - 

/ -,*• ,ï|* ' + - 
3 ^ IEIMAV |ClrtW 

Kr-M 
The quantity 

7ÏT 

iA+r+iA_r 
is equal to the polarization, so one 

. The actual 
( lift* * i nf T 7““ "» 
can express the polarization = rtV 

(X^rtx t TM»») 

results are shown in Fig. 20 and have P = 0.96 - 0.98. 



Figure 24. Degree of Circular Polarization. Displays the 

current (in arbitrary units) from the pbS 

photodetector used, with filter for 1.08 micron 

radiation, as a function of time. The period 

of oscillation matches that of the rotating 

linear polarizer. 
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APPENDIX 6 

Cleaning Nickel 

In spite of widespread discussion in the literal 

83JJ3L 
ture, there is no agreement on "the" way to clean nickel. 

The optimum procedure depends on the crystal face used, 

sample condition, and other, less well understood, factors. 

This discussion emphasizes the pertinent matters and ex¬ 

plains how the author intends to clean the sample. 

The contaminants to remove from the nickel surface are 

predominantly sulfur and carbon. Their differing mobility 

characteristics exacerbates the cleaning problem. When the 

nickel sample is heated, sulfur moves from the bulk to the 

surface via an endothermic reaction, and thus remains at 

the surface after cooling the sample. By contrast, carbon 

moves from the surface to the bulk when the sample is heated, 

but returns to the surface upon cooling if the sample is 

cooled slowly. 

To remove sulfur, the crystal is heated to 750°C for 

one minute and the sulfur at the surface is then removed by 

Ar ion bombardment. This sequel is repeated until Auger 

electron spectroscopy indicates the sulfur has been removed. 

Although more sulfur per cycle is removed as the temperature 

-9 
is increased, the Ni vapor pressure (3x10 t at 900°C) 

places an upper limit on the maximum temperature used. 

As previously noted, removal of carbon via a heating/ 

sputtering/cooling cycle will only work if the cooling is 
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rapid (app. 50°C/sec). Without such a cooling rate, the 

amount of carbon removed per cycle is unacceptable. Three 

possibilities will be noted, including an intermediate 

temperature, rapid colling, and laser annealing. 

83-101 . 
The literature includes observations that by main¬ 

taining the sample at an elevated temperature, the cleaning 

problem is greatly ameliorated. The ideal temperature is 

high enough so the mobility of the carbon brings some of it 

to the surface, but low enough to retain most carbon in the 

bulk. The temperature has been variously estimated to lie 

between 300-550°C. This will be investigated, however, only 

if the approach discussed below fails to work, for it is 

highly empirical. 

The sample holder will be tested with the intent of 

cooling fast enough to avoid the carbon reappearing at the 

surface. However, should this not suffice, a ruby laser 

83 84 
will be used to clean by laser annealing. ' In this 

process, the crystal face is melted to a depth of several 

hundred Angstroms. The vapor pressure of contaminants in 

the melted material, including carbon, is very high, lead¬ 

ing to a reduced presence of contaminants upon solidifica¬ 

tion. Thus several laser shots with sputtering between 

each shot, should suffice to eliminate contaminants. The 

melted portion of the crystal solidifies at such a rate that 

bulk contaminants do not reappear at the surface in sig- 

102 
nificant amounts. Such a method has been used locally 

and does lead to lower contamination levels. Although 
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variations in beam intensity across the crystal face pre¬ 

vented a complete evaluation of this method, such variations 

102 
are thought to have been eliminated. The author hopes to 

test the efficacy of the method within a few weeks. 
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APPENDIX 7 

Qualitative Model for Resonance Ionization 

The model takes a time-independent, one-dimensional 

potential: 

Vot) = 

<j> X £* 
0 o<XiS 
V© 5 <■* 
0 S4tc<% 

where VQ represents the atom's potential well (nominally 

25.4 eV), s is the distance between the surface and the He 

nucleus, and.a is the mean diameter of the He 2s electron 

in the absence of 

the atom the metal wave function isr 1 

72 73 
(nominally 6A) . As is well known, ” 

«here (*-*,)]* f. 
a ranges smoothly between and 0 as |E| ranges between 0 

and si. The simple potential V (x) also leads to an exact 

wave function: 

4’<’0 
». -P* 

:+ e ? + c_ t f 

A 

X to 

o 

S 4X £ S-N, 

S+<t*»X 

where 

ir- (Vo 



The boundary conditions lead to a set of six equations: 

- A, /iwv «< r C + £- 

k A, - ( ct " C-) 

c+ <■ t c-c “ . \ [...-•...-ip 
A 4^ (T^*) * A* e 

zi,y c^(y(5M +*>= 

-fi(S-hL) 

These in turn lead to • 4 

,±\ , ill!-) 
fauw * = ' l £ / V, c+ - c_ ; 

C + 4C- ^ ft-U* 0^+*) <LoskgS- f* 

û+-d- y fsa,^ c Y-S -t* 
^ y 

^ (ys + x+y«-) * p 

fan (ife+*+&•> & 

By using the identi^: fa-* ( Y* + ^ ~ ^ + A t V*c) fan lk 

C+ + C- -[siUp»+ f^jr^l cos Uhl L I - r W* I J 
i J6 Z 1 C+-d_ 

ic-sVt + 

so fan ■* s 
fc 

p 

I + (5 K«. Yu 
 y 
\ - r+VV-Y*. 

p 

st^Kfs t 
-i+e>wY* - 

r 
I — )f "to.Y> YA. 

- T“ J 

Cwh^s j 

i + ^+OA_V<^ 
y 

\ _ T 'Kt* YA. 
e> 

^ivih 
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As 

El 

expected, 

decreases 

in the limit s -* », this reduces to — . When 
P 

from jt, Y and k increase and p decreases. At 

r,+ ftWYa. ”1 
some point, the | 1 "y— | term is negative and of de- 

11 - tfaMpl 
creasing magnitude, so the denominator approaches 0 and tan a 

diverges. As |E| continues to decrease, a point is reached 

where the numerator approach 0, so tan a = o. The conclu¬ 

sion is that a resonance exists, the exact energy of which 

depends on s, a, and VQ. Also, note that as |E| "* 0, 

tan (X “* ks. For s » k \ the result for no atom is repro¬ 

duced, but from smaller values of s a does not reach . 

This, however, seems to be an artifact, without physical 

significance. Figure 25 illustrates the resonance. Curve 

(a) is a = tan[y^j— 1]^. Curve (b) is coincident with 

curve (a) until the resonance takes place. As the inserts 

demonstrate, the energy half-width AE, and hence lifetime 

-r=- , depends quite sensitively on s, varying as it does over 

two orders of magnitude as s changes from 5k to 10X. The 

resonance occurs at the jE| value corresponding to the first 

square well energy level. The second square well energy 

level does not have a resonance because its |E| value is 

greater than P. This simple model thus provides an easy 

way to visualize resonance ionization. 
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Figure 25. Resonance Feature 
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