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Introduction 

Any real solid is necessarily bounded by a surface. Hie mere ex¬ 

istence of tbe surface can modify tbe properties of tbe material and 

it is through the surface that the bulk solid interacts with the out¬ 

side world. In many processes the surface plays a particularly impor¬ 

tant role. A fundamental understanding of heterogeneous catalysis, 

corrosion, oxidation, adsorption, solid state electronic devices and 

biological systems depends on an understanding of basic surface 

phenomena. In addition to its technological importance, the surface 

is also scientifically interesting. The essentially two dimensional 

surface may be reasonably thought of as a distinguishable phase of 

matter. The reduced symmetry and coordination of the surface make its 

electronic and structural properties different from those in the bulk. 

In particular, cooperative effects like ferromagnetism will exhibit 

different behavior on the surface than in the bulk. The unique mag¬ 

netic properties of the surface have been actively studied in recent 

years. 

The increasing interest in surface magnetism may be attributed to 

the development of powerful new techniques for detecting electron spin 

polarization (ESP) at surfaces. Increasingly detailed information has 

been obtained from many new techniques and from spin polarized ver¬ 

sions of more established surface spectroscopies. Experimental probes 

of surface magnetism should be both spin sensitive and surface sensi¬ 

tive. Almost all of the existing probes possess the first feature, 

but most are not particularly surface specific. Information obtained 

1 
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from these probes* while extremely useful* often reflects the 

'average' behavior of the first few surface layers rather than the 

behavior of the topmost surface layer alone. Probes of surface magne¬ 

tism sensitive to the topmost layer are very useful because they yield 

new information and they complement the other existing probes. 

A new probe of surface magnetism with unparalleled surface speci¬ 

ficity has been developed in this laboratory and its first application 

is described in this thesis. This new probe is the spin polarized 

version of a technique called Metastable Atom De-excitation 

Spectroscopy (MDS)» MDS itself is a relatively new technique used to 

investigate the electronic properties of clean and adsorbate covered 

surfaces. In MDS* a low kinetic energy beam (~0.05eV) of atoms in an 

excited metastable state are directed at the surface under investiga¬ 

tion. Metastable helium atoms are typically used because they possess 

a large excitation energy (~20eV). Near the surface the atoms 

de-excite via a non-radiative Auger type electronic transition which 

may result in the simultaneous ejection of an electron. The kinetic 

energy distribution of the ejected electrons contains information 

about the electronic structure of the surface. It is important to 

realize that the metastable atoms do not penetrate the solid; the 

de-excitation occurs outside the surface. Therefore information con¬ 

tained in the electron energy distribution is characteristic of the 

external part of the surface* in fact* of the external extension of 

the surface electronic wavefunctions. The metastable atoms probe only 

the topmost surface layer. 
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In the spin polarized version of MDS a beam of metastable helium 

» 
atoms in the triplet state (He(2 S)) are used. Spin polarization of 

the beam is achieved by a technique called optical pumping. Optical 

pumping of the beam increases the relative population of atoms in the 

mjs+l(-l) magnetic sublevel thereby giving the beam a net spin com¬ 

ponent which is parallel (anti-parallel) to a quantization axis de¬ 

fined by the propagation direction of the pumping radiation. The spin 

polarized metastable atom probe allows exploration of magnetism and 

other spin dependent quantities with the extreme surface specificity 

unique to MDS. 

In the first section of this thesis the metastable atom- surface 

interaction is discussed. It is shown that polarization measurements 

can enhance the effectiveness of MDS and can lead to a better under¬ 

standing of the metastable atom-surface interaction. It is also shown 

that spin correlations between surface electrons, and surface magnetic 

properties, can be explored via spin polarized MDS. The second sec¬ 

tion of this thesis describes the physical principles behind the spin 

polarized metastable atom source. The apparatus used to study surface 

magnetism with this beam is also described. In the last section, the 

results of the first experiments performed with a spin polarized 

metastable atom beam are discussed. It is demonstrated in these ex¬ 

periments that, under the proper conditions, spin polarized MDS can be 

used to study surface magnetism. 
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Section I: Physical Principles and Theoretical Considerations 

In this section» metastable atom de-excitation spectroscopy (MDS) 

is reviewed. The closely related ion neutralization 

spectroscopy (INS) is also briefly reviewed. The advantages of MDS 

and the problems associated with it are discussed. It is shown that 

spin polarized MDS can be used to study spin dependent effects on the 

surface* including surface magnetism. 
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Part A: Uetastable Atom De-excitation Spectroscopy 

1. Overview 

The interaction between a solid surface and a metastable atom 

with thermal velocity or between a surface and a slow ion has been 

studied for many years. In 1924 Webb demonstrated that electron ejec¬ 

tion resulted when metastable mercury atoms bombarded a nickel 

l 
surface. Experimental and theoretical work dealing with this 

phenomena and the related phenomena of electron ejection from surfaces 

3 
by ions continued with studies by many workers. It was not, however, 

until 1954 that an overall picture of the interaction mechanisms tak- 

3 
ing place was developed from an analysis performed by Hagstrum 

(i.e. the mechanisms leading to either a neutralization of the ions or 

to a de-excitation of the excited atoms). Ibis model is used to in¬ 

terpret the experimental results obtained in both slow Ion Neutraliza¬ 

tion Spectroscopy (INS) and Uetastable atom De-excitation 

Spectroscopy (MDS). 

MDS and INS are emission electron spectroscopies, that is, elec¬ 

trons ejected by the interaction between the solid surface and the ex¬ 

ternal agent are examined to obtain information about the electronic 

structure of the surface. In MDS the external agent is an atom in a 

metastable (long-lived, excited) state moving with thermal kinetic 

energy (~0.05eV). In INS the agent is a positive ion with a kinetic 

energy typically less than 10 eV. In both spectroscopies noble gas 

atoms (ions) are used. This is because the metastable excitation 
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energies (neutralization energies) of the noble gas atoms (ions) are 

large and the noble gases are relatively inert and do not chemically 

react with the surface atoms. Also, as can be seen in Table 1, the 

metastable states of the noble gas atoms have long lifetimes which al¬ 

low them to be formed into a beam and travel long distances at thermal 

speed before decay. 

Table 1. Noble Gas Atoms: Facts Relevant to MDS and INS 

Atom Ionization Metastable Electron Excitation Radiative 
Potential State Configuration Energy Lifetime 

(eV)4 (eV)4 (sec)-[ref] 

Helium 24.588 21S# 1S2S 20.616 0.0197-[5»6] 
2*8* 19.818 9000-17] 

Neon 21.564 *Po 2P*3S 16.716 > 0.8-[8] 
16.619 

Argon 15.759 ,po 3P*4S 11.723 > 1.3-C8I 
*p* 11.548 

Krypton 13.999 *P* 4P*5S 10.562 > 1.0-[8] 
*Pa 9.915 

Xenon 12.130 *P« 5P*6S 9.447 
,p* 8.315 

Helium is used more often than the other noble gas atoms because it 

has a simple atomic structure and it carries the most potential energy 

as an ion or metastable atom. The large potential energy stored in 

the helium ion or metastable atom allows one to probe farthest below 

the Fermi level of the surface and thus obtain the broadest possible 

energy distribution of electrons ejected by the interaction. Because 

helium is usually the gas of choice for an MDS experiment, the ex¬ 

planations and discussions in this thesis will center about the use of 
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helium atoms or ions. 

In MDS and INS the atomic particles approach the solid surface 

slowly» hat carry appreciable amounts of potential energy. The energy 

is carried by virtue of the fact that the particles are ionized, ex¬ 

cited, or both. Electron release from the de-excitation or neutrali¬ 

zation of such particles has been termed ’potential ejection’ as 

opposed to ’kinetic ejection’ since the energy utilized is the poten- 

* 
tial rather than the kinetic energy of the incident particle. It is 

this feature which makes INS and MDS so useful and interesting. The 

potential ejection process occurs when the wavefunction of the in¬ 

cident particle begins to overlap the electronic wavefunctions of the 

surface atoms extending outside the solid. Unlike almost every other 

surface spectroscopy, the information obtained by INS and MDS 

originates exclusively from the outer part of the solid/vacuum inter- 

10 
face without significantly disturbing the interface itself. 

Hagstrum’s development of INS into an established and useful 

n 
spectroscopy has led to the more recent development of MDS. The low 

kinetic energy metastable atoms are thought to be less perturbative 

is 
than the higher kinetic energy (>4eV) ions used for INS. Early MDS 

studies demonstrated that electron production by metastable atom im- 

ia 
pact on surfaces is sensitive to the state of the surface. Sub¬ 

sequent, more careful investigations have shown that MDS is very 

closely related to INS, thus confirming the basic ideas in Hagstrum’s 

14 
original picture. The majority of the more recent MDS studies have 

focussed on the behavior of adsorbates (e.g. CO, NO, alkali atoms) on 

is 
metallic surfaces. Other studies have been performed on the surfaces 
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of organic and alkali halide films. In most of these experiments the 

ejected electron energy distribution obtained with metastable atoms 

have been compared to the electron energy distribution obtained with 

ultraviolet photons. Ultraviolet photoelectron spectroscopy (UPS) has 

been used extensively for many years to probe the electronic structure 

x? 
of many surfaces. These studies have shown that MDS is more surface 

sensitive than UPS and that BIDS can provide valuable information about 

the electronic properties of the outermost surface layer. 

Experimental information about the electronic structure of the 

xt 
outermost layer of metal surfaces has so far been rather limited, 

since with photoelectron spectroscopy* emission from the surface is 

X» 
usually overlaid by contributions from the bulk. A similar situation 

arises in the study of adsorbates on surfaces. With UPS* electrons 

are not only ejected from the adsorbate system* but also from atoms 

beneath the surface layers* providing a large unwanted background. 

Since the UPS spectrum of the adsorbate system is the small'difference 

between the spectrum of the covered and that of the clean surface* 

many small features produced by the adsorbate system may be lost* 

especially if they overlap with strong emission features produced by 

the clean surface. A further complication is introduced by the fact 

that the electronic structure of the clean surface itself is modified 

by the presence of the adsorbate. Therefore* the UPS difference spec¬ 

ie 
trum is not exactly attributable to the adsorbed species. 

The extrema surface specificity of MDS allows the above difficul¬ 

ties to be avoided. In particular* the above mentioned MDS adsorbate 

studies have demonstrated that* under certain conditions* a 
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'photoelectron spectrum' which originates entirely from the adsorbate 

system can be obtained. The surface specificity and the 

non-destructive nature of MDS coupled with the fact that it does not 

alter the chemical state of the surface makes it a potentially power¬ 

ful complement to other surface spectroscopies which probe the deeper 

si 
surface layers. The full potential of MDS, however» has yet to be 

realized» for there are difficulties associated with MDS which have 

slowed its development and prevented its widespread use. There are» 

of course, experimental difficulties unique to an MDS experiment, but 

the principle difficulty with MDS involves the interpretation of the 

obtained spectra. It is widely believed that the metastable atom 

de—excitation process usually occurs in one of two ways at the sur¬ 

face. It is difficult to know, under many conditions, which of the 

two processes is operative. Naturally, this complicates the data 

analysis. In addition, with one of the processes, there are mathemat¬ 

ical difficulties in extracting information from the experimental 

spectra. It will be shown later, however, that future work using a 

new variation of MDS developed in this laboratory (and used for the 

experiments described in this thesis), may help resolve the above dif¬ 

ficulties. 

In this new variation of MDS the metastable atom beam is spin po¬ 

larized. To briefly understand what this means, recall that the 

helium metastable atom has one electron in the IS orbital and one 

electron in the 2S orbital and hence can exist in a singlet or triplet 

state. In the singlet state, (denoted as 2*S) the spins of the two 

electrons are anti-parallel giving the atom a total angular momentum. 
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J, equal to zero. In the triplet state, (denoted as 2 S) the spins of 

the two electrons are parallel yielding J=1 with three possible pro- 
a 

jection states denoted by mj=-l,0,+l. Under normal conditions, a beam 

of triplet state atoms will contain an almost equal number of metast¬ 

able atoms in each of the three m^ states. Because of the difference 

in excitation energy between the singlet and triplet states (see Table 

1), usually an effort is made to obtain a beam consisting of * only 

singlet or triplet state atoms. In past MDS experiments, when a tri¬ 

plet state helium atom beam has been used, nothing has been done to 

alter the population distribution of the triplet state atoms among the 

nij states. It will be shown later, however, that a technique called 

optical pumping can be used to markedly increase the relative popula¬ 

tion of atoms in the m^+l or ~1 magnetic sublevel. Under such condi¬ 

tions the metastable atom beam is said to be spin polarized. Since 

only the triplet state atoms can be spin polarized, the singlet state 

atoms are removed from the metastable atom beam before optical pumping 

is performed. 

The capabilities of MDS are greatly enhanced by the addition of 

spin polarization. With spin polarized MDS, the polarization depen¬ 

dences in the metastable atom-surface interaction can be studied. As 

indicated earlier, this polarization information may help resolve the 

difficulties which have stifled the growth of MDS vto date. In addi¬ 

tion, experimental results presented in this thesis and published 

ss 
elsewhere, demonstrate that this new surface spectroscopy lends it¬ 

self to the study of surface magnetism. The extreme surface 

specificity offered by this probe makes it an interesting and 
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attractive complement to the other, less surface sensitive probes of 

surface magnetism. 
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2, Hagstrum's Model of the Metastable Atom-Surface Interaction 

2* 
In this section the model proposed by H.D, Hagstrran of Bell La¬ 

boratories to describe the de—excitation of metastable atoms near a 

surface will be discussed. Before describing the model it is useful 

to first examine the nature of the collision between a thermal energy 

me tastable atom and a surface. The diameter (~0.6nm) and kinetic 

energy (~0.05eV) of the metastable atom make it too big and too slow 

to penetrate the solid surface (Fig. 1). 

Figure 1. Solid/vacuum interface region 
in which the interaction occurs. 

As a result of this, kinetic processes, such as those leading to the 

ejection of electrons from the surface or the excitation of 

quasi-particles on the surface, are not relevant. This is not to say 

that the kinetic energy of the incident atom is irrelevant. When ac¬ 

count is taken of energy level shifts near the surface, it becomes 

possible for some kinetic energy to be involved by first being 

transformed into potential energy in the interaction field near the 

25 
surface. On the other hand, the metastable atom can scatter from the 

surface without any transfer of kinetic energy. The elastic reflec¬ 

tion of a metastable atom from the surface is possible, but recent 
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experimental studies on this interesting, purely quantum mechanical 

2« 
effect have shown that almost all the incident metastable atoms 

IT 
leave the collision in the ground state with electron emission often 

it 
occurring in the process. 

With these considerations in mind, it becomes apparent that elec¬ 

tronic transitions which occur farther from the surface and involve 

mostly the potential energy of the incident atom must be examined to 

understand the collision. Electronic transitions in which an excited 

atom near a metal surface could conceivably become involved are of the 

resonance, Auger, and radiative types. A radiative transition is pos¬ 

sible if the metastable level of the atom is broadened enough by its 

interaction with the surface to allow de-excitation of the atom by 

%» 
photon emission. The probability for such a radiative process to oc¬ 

cur, however, is very low because the lifetime against radiative decay 

(—10 sec) is very long compared to the time a thermal particle spends 

.11 
within a few angstroms from the surface (-10 sec). A metastable 

atom near but not in intimate contact with a metal surface must ther- 

fore undergo electronic changes in resonance or Auger-type 

s o 
processes. 

The relevant electronic processes are more easily understood by 

reference to a surface-atom energy level diagram. Figure 2 represents 

the energy level diagram of a metastable helium atom and a surface 

separated by an infinite distance. 
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Figure 2. Energy level diagram of the He(2*S)-surface system. 

The vertical axis represents energy and the horizontal axis represents 

distance. All energies are shown relative to the vacuum level 

represented by the horizontal line above the two potential wells. For 

simplicity» it is assumed that the metastable atom interacts with a 

smooth and structureless simple metal surface. Indicated are the 

filled electron levels in the surface conduction band» the energy to 

the bottom of the conduction bond» e0» the work function» tf, and the 

energy of an electron in the conduction band, denoted by a or p. At 

an infinite distance from the surface the helium atom has an ioniza— 

tion energy, E., and the metastable helium atom has an excitation 

energy» E^. Therefore» the ionization energy of the metastable atom 

is Ej-E^. As the atom approaches the surface these energy levels will 

shift» yielding an effective ionization and excitation energy denoted 

by E( and E^ respectively (see Fig. 3). 

A metastable helium atom in close proximity to a surface forms a 

quasi—molecule with the solid, as illustrated by the combined 

atom-surface electron potential well in Fig. 3. 
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Figure 3. Metastable belium atom in 
close proximity to a surface. 

This quasi-molecule po se s se s a 'deep' hole due to the vacancy in the 

IS level of the atom. Since the metastable atom comes away from the 

surface in the ground state, an electron must fill this deep hole dur¬ 

ing the interaction. The energy accquired by this electron must be 

recovered; electron emission is therefore observed. The origin of the 

ejected electrons, the mechanism of their ejection and the information 

they carry, depend essentially on the overlap between the wavefunc- 

tions of the metastable helium atom 2S level and the electronic levels 

of the surface. Depending on the overlap, two de-excitation processes 

are possible; one is a two step process and the other a one step pro¬ 

cess. Each process will now be described, followed by a discussion of 

several important points. In the next few figures, electronic transi¬ 

tions are indicated by arrows, intially unfilled levels by open cir¬ 

cles and intially filled electronic levels by solid circles. 
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a) Two step de-excitation process 

If* as the metastable atom approaches the surface, there is an 

overlapping between the wavefunction of the helium 2S orbital and the 

unoccupied levels of the surface, a two step de-excitation process is 

most probable. In the first step of this process (Fig. 4a), the 2S 

electron of the metastable helium atom, in energy resonance with an 

empty level of the surface, tunnels into an empty surface state. 

Figure 4a. Resonance ionization of 
the metastable helium atom. 

This is called resonance ionization (RI) of the atom, and from this 

simple picture it can only occur if. 

E( - < 4. (1.1) 

In the second step of this process (Fig. 4b), an electron from an oc¬ 

cupied state of the surface tunnels into the atomic well and drops in 

energy to the ground state, thus neutralizing the ion created earlier. 

As the neutralizing electron undergoes this transition, a second elec¬ 

tron is simultaneously excited from another occupied state of the 
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surface. The 'down* and ’up' electrons lose and gain, respectively, 

the same amount of energy in this radiationless Auger process. 

11 I 
Ek(e;)« 

Figure 4b. Auger neutralization of 
the helium ion. 

This second step is called Auger neutralization (AN) of the ion. The 

electron excited by the AN process may appear outside the solid and be 

detected if it possesses enough momentum normal to the surface to sur-* 

mount the surface potential barrier. 

b) One step de—excitation process 

If the wavefunction of the helium 2S orbital overlaps with the 

occupied levels of the surface, or perhaps fails to overlap suffi¬ 

ciently with the unoccupied levels of the surface, a one step 

de-excitation process becomes most probable. In the former case there 

are no empty levels for the 2S orbital to be resonant with because 

E' - E; 1 rf. (1.2) 
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In either ca seethe RI proeess is blocked and the at can remains in 

its excited state. The excited atom will most likely decay by a pro¬ 

cess called Anger de-excitation (AD) which can occnr in one of two 

ways. The first of the two ways, known as the AD exchange process, is 

illustrated in Fig. 5a. 

Figure 5. Auger de-excitation of the metastable helium atom. 

An electron from an occupied state of the surface tunnels into the 

atomic well and drops in energy to the ground state. As this transi¬ 

tion to the ground state occurs, the electron in the helium 2S orbital 

is simultaneously excited and thus may appear outside the solid if it 

possesses enough energy and is properly directed. The second of the 

two ways, known as the AD Coulomb process is illustrated in Fig. 5b. 

In this case the electron in the helium 2S orbital drops down to the 
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helium IS orbital simultaneously exciting, and possibly ejecting, an 

electron from the surface. Both mechanisms are radiationless Anger 

processes which lead to the same final energy state, and hence are in¬ 

distinguishable on the basis of energy balance. 

c) Some important notes abont the de—excitation process 

i) The transition probability associated with resonance ionization 

—15 —1 ti 
(—10 sec ) is much greater than the transition rate associated 

—It —1 51 
with Auger de-excitation (-10 sec ). Correspondingly, the RI+AN 

mechanism will dominate as long as the RI process is possible. When 

the RI process is suppressed the AD mechanism becomes possible. It is 

believed that, when the AD mechanism is operative, it almost always 

5 5 
occurs by the exchange process. The Coulomb mechanism is thought to 

be unlikely for incident metastable helium atoms in the singlet state 

and is thought to be virtually impossible for the same incident atoms 

in the triplet state. Because the two AD processes are indistinguish¬ 

able on the basis of energy balance this has not been confirmed ex¬ 

perimentally, since in all the MDS experiments to date, only the 

energies (and sometimes the angles) of the ejected electrons have been 

examined. This belief stems primarily from experimental and theoreti¬ 

cal studies of low energy collisions between metastable helium atoms 

and other atoms like argon or mercury. Studies of this gas phase ana¬ 

log to MDS indicate that, indeed, the exchange mechanism is generally 

54 
the dominant mode of Auger de-excitation. It should be noted that 

this conclusion is also supported by a simple theoretical analysis of 

the interaction between a metastable helium atom and a surface covered 
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by an adsorbed gas. 

ii) Information about the electronic structure of tie surface is ob¬ 

tained by measuring the energy distribution of tbe ejected electrons, 

denoted by N(E^). To allow direct comparisons between theory and ex¬ 

periment. one would like to obtain an experimental measure of 

p(Ç): the electronic surface density of states (SDOS) as a function of 

electron binding energy with respect to tbe Fermi level (i.e. from 

Fig. 4 Ç=0-d or Ç=a-d) • Unfortunately, tbe SDOS can not be obtained 

immediately from tbe measured electron energy distribution. Tbe 

number of electrons detected with a given energy depends on many other 

quantities, not just p(()* For example, tbe probability for an elec¬ 

tron from tbe surface to participate in tbe de-excitation process, and 

tbe escape probability of tbe excited electron, both depend on energy 

t< 
and hence influence tbe shape of tbe measured energy distribution. 

Consequently. N(E^) actually measures a quantity called tbe effective 

transition density, denoted by U(Ç). It represents tbe SDOS weighted 

by tbe other factors which govern tbe transition probability for tbe 

de-excitation process. In general, tbe relationship between p(Ç) and 

U(Ç) is too complex to allow tbe determination of p(Ç). Ibis is a 

problem which arises in all emission electron spectroscopies, it is 

*7 
not unique to MDS. Nonetheless, valuable and unique information 

about tbe electronic structure of a surface can be obtained from tbe 

examination of U(Ç) (or even N(E^)) alone.** 

With MDS, however» tbe ease of obtaining U(£) depends heavily on 

which de—excitation mechanism is operative. Suppose first that 
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conditions on the surface inhibit the R1 process, thereby allowing the 

AD process to occnr. In this situation the initial energy of the ex¬ 

cited electron is directly proportional to the initial energy of the 

single surface electron involved in the AD process (see Fig* 5 or 

Eq. 1.5). 'Therefore, a one-to-one correspondence exists between the 

measured electron energy distribution and the effective tranistion 

density. This allows U(Ç) to be obtained from N(E^) in a mathema¬ 

tically straightforward manner. Figure 6a schematically illustrates 

this situation. Note that N(E.) and p(Ç) are shown with different 
» * 

shapes to illustrate the effect of the weighting factors in the effec¬ 

tive transition density. 

Figure 6. Energy distributions produced by each de-excitation process. 

Now suppose conditions on the surface allow the RI process to 

occur; the incident metastable atoms becomes an ion which is promptly 

Auger neutralized. In contrast to the AD process, the two electrons 

which participate in the de-excitation both come from the surface. 



22 

The resulting energy distribution, denoted by N'(E^), is fundamentally 

different from the distribution formed by the AD process and much more 

difficult to analyze. As indicated in Fig. 6b, there is an infinite 

set of paired initial levels that can give rise to ejected electrons 

with the same final energy. The paired intial states are symmetri¬ 

cally disposed about the mean binding energy (with respect to the 

Fermi level) of the two participating electrons. This characteristic 

of the AN process destroys the simple correspondence between the meas¬ 

ured electron energy distribution and the effective transition density 

for a single electron. Instead, the simple correspondence now exists 

between N'(E^) and a function G(Ç), called the two-electron transition 

density. The function G(Ç) represents the convolution product (V*W) 

of the two effective transition denisities V(Ç) and W(Ç) of the parti¬ 

cipating electrons. Each tranistion density is the product of 

intial-state-density and transition probability factors which, in 

general, could be different for the two electrons. Since G(£)~V*W, it 

is impossible to determine V and V, which contain the desired informa¬ 

tion, given G(Ç) alone. This mathematical difficulty has hampered the 

* > 
widespread development and use of MDS (and INS). 

The analysis of N'(E^) can proceed only if G(Ç) can be reduced to 

40 
an expression which can be deconvolved. Hagstrnm has argued that 

the physical nature of the SDOS limits V(Ç) and W(Ç) to a class of 

functions which allow G(£) to be replaced by a function F(Ç) given by 

F(Ç) * U(Ç+A)ü(Ç-A)dA = U*U. 
-ç 

(1.3) 



23 

In tills expression U(Ç) is an average of the individual 'one-electron* 

effective transition densities V(Ç) and W(£). It is therefore assumed 

that a simple correspondence exists between N'(E^) and F(Ç), and since 

the one-electron transition density is the function depending most 

directly on the SDOS, it is neccesary to invert the self-convolution 

integral (1.3). This inversion is difficult because it can not -be 

properly performed without some a priori knowledge of the result. 

41 
Nonetheless, Hagstrum and others have developed a procedure for the 

inversion based on a number of physically reasonable assumptions about 

the nature of U(Ç), V(Ç), and W(Ç)* In spite of all the assumptions 

to this point, this procedure has been sucessfully used in a number of 

experiments to analyze N'(E^,) and obtain a variety of interesting and 

41 
useful results. 

iii) It is clear from the preceding discussion that data resulting 

from the two different modes of de-excitation require a different form 

of analysis. To correctly analyze and interpret the measured electron 

energy distribution, it is necessary to know the relative contribution 

of each de-excitation mode to the measured spectra. The range and 

shape of the measured energy distribution itself can be often used to 

indicate the dominant mode of de-excitation. Figures 4 and 5 show 

that each ejection mechanisms gives rise to a different range of 

ejected electron energies. The intial kinetic energy of a representa¬ 

tive electron ejected RI+AN process is given by 

E^(e ) » E(-a-p (1.4) 
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As can be seen from Fig. 4. From that simple picture, the energy 

range of the ejected electrons is given by 

E'-2ep i Ej. i E£-2d. (1.5) 

The maximum energy results when both electrons originate at the Fermi 
t 

level. Similarly for the AD process shown in Fig. 5, 

Ek(e") - E'-p (1.6) 

and 

E'-sp i Ej^ i E^-d. (1.7) 

The minimum energy, of course, is taken to be zero if E(<2ep or E^<sp 

in equations (1.5) or (1.7) respectively. The difference in shape 

between the energy distributions produced by each mechanism is also 

used to indicate which process is occuring. The spectra produced by 

the AD mechanism of MDS often resembles the spectra produced by ultra¬ 

violet photoelectrons (hc/X=21.2eV) used in UPS. Both processes in¬ 

volve only one electron from the target and both produce ejected 

electrons over an almost identical energy range. 

4 3 
In the MDS experiments mentioned earlier, the range and shape 

of the resulting electron energy distribution has been examined under 

a variety of conditions. Such qualitative observations have shown 

that, in many cases, the simple picture discussed earlier is 

44 
correct. That is, on a clean surface with a large work function the 

two step RI+AN process dominates, while on surfaces with a reduced 

work function the AD mechanism takes over (see Eqs. 1.1 and 1.2). The 

work function of a clean metal surface, which is typically about 5 eV, 
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can be reduced to about 2 eV by depositing alkali atoms on the sur¬ 

face. These studies have also shown that the AD process often 

dominates when a metal surface is geometrically shielded by an ad¬ 

sorbed gas. In this case the RI process is inhibited, not by the 

change of work function (which, in fact, often increases with the 

4* 
presence of adsorbates ). but rather by the lack of wavefunction 

overlap between the metal and the metastable atom. The partition 

between the two de-excitation mechanisms is much more difficult to 

resolve if. for example, the surface is not completely clean or com- 

4 f 
pletely covered. In general, both de-excitation modes contribute to 

the energy distribution and the relative contribution of each mode can 

not be determined from the energy distribution alone. It may be pos¬ 

sible. however, to obtain a more direct measurement of the partition 

between the two modes by introducing spin polarization into the MDS 

experiment. This possibility is discussed in the following pages. 

iv) It should be noted that this discussion of MDS has been greatly 

simplified by ignoring the dynamics of the atom-surface interaction. 

47 
Such dynamical effects include: 

i) The broadening of the intial and final energy states due 
primarily to the finite lifetime of the intial state and 
noo-adiabiatic excitation of electrons from the filled levels in 
the surface. 

ii) The variation of E( and as a function of distance from the 
surface due to factors such as the Coulomb image force attraction 
for ions, the attraction due to screening effects including the 
Van der Waals attraction resulting from the polarizability of the 
incident particle, and the repulsion resulting from interpenetra¬ 
tion of electron clouds and the Pauli principle. 

iii) The variation of the transition probability for the RI, AN, and 
AD processes as a function of distance from the surface. 
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These and other factors are» of course» all interelated and difficult 

to explore quantitatively. Nonetheless» such effects are observed in 

the measured energy distributions and are important in understanding 

the atom/ion-surface interaction. 
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3. MDS with Electron Spin Polarization Me a snr estent s 

In a conventional MDS experiment» information about the elec¬ 

tronic structure of the surface and the atom/ion-surface interaction 

is obtained from measurements of the ejected electron energy distribu¬ 

tion. As noted previously, there are a number of difficulties asso¬ 

ciated with extracting the desired information from such measurements. 

It may be possible, however, to overcome some of these difficulties by 

introducing electron spin polarization (ESP) measurements to the con¬ 

ventional MDS experiment. In addition, ESP measurements offer addi¬ 

tional information about the surface not obtainable from the energy 

distribution. To understand the role of ESP measurements in an MDS 

experiment, consider the interaction between a surface and a com¬ 

pletely polarized beam of metastable helium atoms. (That is, a beam 

> 
of He(2 S) atoms with all the electron spins aligned parallel to the 

same quantization axis.) 

Suppose, first, that the metastable atom de-excites via the two 

step RI+AN mechanism. In Fig. 7, spin labels have been applied to the 

electrons involved in this process. 
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The incident polarized metastable atom is shown with two 'spin-op' 

electrons. Doe to the Paoli ezclosion principle» the resolting ion 

most be neotralized by a 'spin-down' electron. That is» the spin 

orientation of the neaotralizing electron is determined by the polari¬ 

zation direction of the metastable atom beam. Therefore» by measnring 

the spin polarization of the ejected electrons» spin-correlation ef¬ 

fects between the two sorface electrons can be observed. Soch meas- 

orements may provide a deeper onderstanding of the Anger 

neotralization process snd the natnre of the electron-electron inter¬ 

action on the sorface. 

Now soppose that the metastable atom de-ezcites via the one step 

AD exchange mechanism. As shown in Fig. 8» the electrons ejected by 

this process will be spin polarized» and their ESP direction will 

'follow' the polarization direction of the incident metastable atom 

beam. 

Fignre 8. AD process with spin labels. 

Unless there are very unusual spin correlation effects on the sorface 

(which woold be very interesting), the ESP of the electrons resolting 

from the AN process woold not behave in this way. Therefore, it 

shonld be possible to distingoish between the RI+AN and the AD 
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mechanisms by measuring the ESP of the electrons ejected by spin po¬ 

larized metastable atoms. Snch measurements would help determine the 

partition between the two mechanisms and hence allow a more accurate 

analysis of the ejected electron energy distribution. 

The measurements described above will soon be attempted in this 

laboratory. A special polarimeter utilizing the Mott scattering asym- 

4 • 
me try for elastically scattered relativistic electrons has been 

4 » 
designed, constructed and tested for this purpose. This polarimeter 

employs relatively low accelerating voltages (~20-40 kV) and is 

simpler, more compact and more efficient than earlier designs. It is 

suitable for use with electron beams having currents as low as 

-u 
10 Amps (metastable atom impact at the target surface typically 

-il 
results in ejected electron currents of —10 Amps). It has also been 

constructed to be compatible with the ultra high vacuum environment 

necessary for a surface physics experiment. This polarimeter is 

presently being interfaced to the existing apparatus used for polar¬ 

ized MDS experiments. 
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4. Ion Neutralization Spectroscopy 

Much of what is presently known about the metastable atom-surface 

interaction has come from the earlier development of Ion Neutraliza¬ 

tion Spectroscopy (INS). It is therefore appropiate to briefly 

describe the ion-surface interaction and show its relationship to the 

interaction between the metastable atom and the surface. In INS. the 

role of the metastable atom is assumed by a low energy noble gas ion 

(typically He+ with a kinetic energy of -10 eV). As the ion 

approaches the surface, it becomes a neutralized ground state atom, 

resulting in the ejection of an electron. As with MDS. there are two 

dominant interaction mechanisms between the incident particle and the 

surface, and again, one is a two step process and the other is a 

one-step process. The competition between the two neutralization 

modes depends on the overlap between the wavefunction of the elec¬ 

tronic levels in the surface and the vacant 2S level of the incident 

helium ion. The two neutralization processes are now described. 

a) Two step process 

If. as the ion approaches the surface, there is an overlapping 

between an occupied level of the surface and the vacant 2S level of 

the helium ion, a two step process is most probable. In the first 

step of this process (Fig. 9), an electron in an occupied level of the 

surface, in energy resonance with the empty 2S orbital, tunnels into 

the helium 2S state. This is called the resonance neutralization (RN) 

of the ion and it can occur if 
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E' - 1 i (1.8) 

where is the energy level of the helium 2S orbital during the BN 

process. 

The helium ion has become a helium metastable atom in close proximity 

to the surface. Since condition (1.8) led to this situation, the 

metastable atom will decay to the ground state by the Auger 

de-excitation process described earlier and shown in Fig. 5. Again, 

the AD exchange mechanism shown in Fig. 5a is the most likely to oc¬ 

cur. 

b) One step process 

\ 

In this case there is insufficient wavefunction overlap between 

the occupied levels of the surface and the vacant 2S level of the ion. 

which can result if. 

VL 

Figure 9. Resonance neutralization of 

an incident helium ion. 

x i 

(1.9) 
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In this situation, neutralization of the ion will proceed via the 'two 

electron' Auger neutralization process described earlier and shown in 

Fig, 4b. 

It is apparent that the interaction processes for the ion are 

very similar to those for the metastable atom. These processes can be 

summarized and related by arranging them in a schematic 'triangle' 

shown in Fig. 10. 

RESONANCE 

X% ne; m 
NEUTRALIZATION 

RESONANCE X*♦(n-De^ Figure 10. Electronic transi¬ 
tion processes involving an 
atom in its ionic, excited, 
and ground states outside a 
metal surface. 

In this figure the symbols X , X , and e^, represent an ion, a metast¬ 

able atom, and an electron in the metal, respectively. The prefixes 

to e indicate the number of electrons in the metal. Note that the m 

horizontal arrows involve no change in the total number of electrons 

in the atom-metal system, while arrows with a vertical component 

represent processes in which an electron, indicated by e~ is ejected 

into the vacuum. It should be remembered that even though the final 

state of the AN and AD processes are the same as far as resultant 

particles are concerned, the energetics of each process differ 

markedly. 
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Part B: Surface Magnetism 

1. Brief Overview 

In the past decade there has been a surge of interest in the stir- 

face magnetic properties of the transition metals. The changes in 

electronic structure at the surface make the magnetic properties of 

the surface qualitatively different from those of the bulk. New and 

powerful experimental techniques have been developed to explore the 

magnetic order and the spin dependent electronic structure of the sur¬ 

face. There has also been rapid theoretical progress in developing 

accurate methods for the calculation of spin-polarized surface band 

s o 
structures. In addition to being scientifically interesting, the 

surface magnetic properties of metals such as Ni, Fe, Co, and Cr are 

technologically important. These materials are widely used as ca¬ 

talysts in the industrial production of many fuels and petrochemicals. 

The catalytic behavior of these metals is drastically influenced by 

changes in their magnetic structure caused by undesired surface reac¬ 

ts 
tions occuring at the topmost atomic layer alone. 

Many interesting questions are associated with the study of sur¬ 

face magnetism. For example, does ferromagnetic order exist at sur¬ 

faces of bulk-ferro, antiferro, or paramagnetic materials? Does 

ferromagnetic order on the surface exist above the bulk Curie 

temperature? What changes at the Curie or Neel temperature? How do 

adsorbed gases affect the magnetic properties of the surface? How do 

the magnetic properties of a bulk surface differ from those of a thin 
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film made of the same material? Such questions have been actively 

discussed in recent years. Theoretical studies have shown that the 

magnetic structure of surfaces depends not only on the assumptions 

about the surface (lattice structure, relaxation, and reconstruction) 

but also drastically on the models of magnetism which are applied. 

Theoretical studies are primarily carried out for simple ordered 

structures, such as single crystalline surfaces. Therefore, it is 

highly desirable to perform experiments also at well-defined and 

atomically clean surfaces of single crystals under ultra-high vacuum 

conditions. In general, bulk electronic properties of crystalline 

solids, which can be described by band-structure calculations, exhibit 

a crystallographic dependence caused by symmetry effects. For that 

reason surface electronic properties, likewise, exhibit a crystallo¬ 

graphic dependence which, in principle, can be investigated by meas- 

s% 
urements using surfaces of single crystals. 

Much of the experimental information about the magnetic proper¬ 

ties of the transition metal surface has come from measuring the 

energy, intensity, and spin polarization of electrons either scat¬ 

tered, ejected, or captured from the surface. Conventional surface 

S1 
spectroscopies such as those involving photoemission , low energy 

*4 SS S4 
electron diffraction , Auger electrons , field emission , 

si st 
tunneling , and secondary electron emission have been modified to 

examine either spin dependent intensity effects or the electron spin 

polarization (ESP) of the scattered or ejected electrons.5* The ESP of 

electrons captured by ions in glancing collisions with the surface are 

examined in a newer probe of surface magnetism called electron capture 
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spectroscopy* Another new probe utilizes a polarized beam of low 

energy positrons* With, this probe* the polarization of electrons on 

the surface is determined from the asymmetry in triplet positronium 

«i 
formation at the surface. 

Measurements from techniques like those above, performed under a 

variety of surface conditions provide a background of data to chal¬ 

lenge theoretical models of surface magnetism. For example, the 

dépendance of ESP on temperature provides a sensitive way to check the 

applicability of a given model. The possible existence of ferromag¬ 

netic order beyond the bulk Curie temperature must be addressed by any 

model of surface magnetism. Models of chemisorption on magnetic sur¬ 

faces can be tested by measuring the ESP with impurity atoms adsorbed 

on an otherwise clean surface. Models of magnetism in thin films can 

be tested by measuring the ESP from surfaces of oligatomic epitaxial 

layers. Models of substrate influence in such layers and of magneti¬ 

zation variation with film thickness can also be tested from these 

measurements 
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2. Surface Magnetism and Polarized MDS 

An obvions application of polarized MDS, ignored previously» in¬ 

volves the study of surface magnetism. The extreme surface specifi¬ 

city offered by the metastable atom probe permits exploration of 

magnetic behavior on exclusively the topmost surface layer. Other 

probes of surface magnetism, with the possible exception of electron 

capture spectroscopy, lack this characteristic. An understanding of 

surface magnetism is impossible without information about the magnetic 

properties of the topmost surface layer. 

Unlike the polarized MDS measurements discussed earlier, surface 

magnetism can be studied via polarized MDS without measuring the elec¬ 

tron spin polarization of the ejected electrons. (The ability» 

however» to measure the ESP of the ejected electrons is certainly pre¬ 

ferred and will soon be possible.) Magnetic effects from the surface 

can be observed by simply reversing the polarization direction of the 

incident metastable atom beam and noting the changes in the ejected 

electron current. The difference in the number of electrons ejected 

by 'spin-up' and 'spin-down* metastable atoms will be called the asym¬ 

metry of the ejected electrons. To understand the possible origin of 

this asymmetry, consider a beam of polarized metastable helium atoms 

incident upon an atomically clean surface of a magnetized, single 

crystal of Ni(110). Ejected electron energy distributions from MDS 

studies of Ni(110) indicate that» on the clean surface, the two step 

<3 
RI+AN process dominates. 
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A polarization dependence in the ejected electron yield can arise 

if the minority and majority spin hands are split in energy on the 

surface as they are in the hulk. Figure 11 shows the calculated den¬ 

sity of states for the minority-and majority-spin electrons on the top 

layer of the Ni(110) surface modeled as a five-layer slab. 

DENSITY OF STATES (states/eVatom spfi) 

Figure 11. Calculated density of states for the Ni(110) surface. 

This ground state (T>0) calculation was recently performed by 

«* 
Krakauer* Freeman* and Vimmer. Note that the spin bands are split in 

energy and that there is a predominance of minority spin *d-like' 

electrons near the Fermi level. As shown in Fig. 12» polarized 

metastable helium atoms which approach this clean surface become po¬ 

larized helinm ions. The neutralization of the resulting polarized 

ion involves electrons from either the majority or minority spin 

bands» depending as to whether the intial metastable atom polarization 

is parallel or antiparallel» respectively* to the surface magnetism. 
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Figure 12. The He(2*S) interaction with a clean nickel surface. 

Figure 12 also shows that the electrons ejected with the highest 

kinetic energy result from Auger neutralization processes in which the 

two electrons both originate near the Fermi level. Since the popula¬ 

tion difference between minority and majority spins is greatest at the 

Fermi level, electrons ejected with the largest kinetic energies 

should exhibit the largest asymmetry. Also, since there are fewer ma¬ 

jority spins near the Fermi level, the number of electrons ejected 

with large energies should be greatest when the incident metastable 

atoms are polarized anti-parallel to the bulk magnetization. Elec¬ 

trons ejected with the largest kinetic energies can be experimentally 

observed by simply utilizing a retarding grid energy analyzer/detector 

with the appropriate retarding voltage. 

ÏVo final points should be made. First, the majority band popu¬ 

lation at the Fermi level consists largely of 'nonrmagnetic s—like' 
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electrons. These electrons contribute a spin independent background 

to botb spin bands and bence can dilute tbe possible spin asymmetry. 

Second, by definition, there are more majority spin electrons. There¬ 

fore. if all the electrons from both spin bands are equally sampled, 

the asymmetry will be opposite in sign to the asymmetry observed for 

the large kinetic energy electrons alone. 
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Section II: Experimental Apparatus and Method 

In this section, the apparatus used to study the interaction of 

spin-polarized metastable helium atoms with the surface of a ferromag¬ 

netic sample is described. This section also describes the experimen¬ 

tal technique used to obtain the measured quantities. Part A 

describes the source used to obtain a beam of pure spin polarized 

metastable (2 S) helium atoms. This part also describes Stern-Gerlach 

analyzer which is used to examine the beam composition and polariza¬ 

tion. Part B of this section describes the apparatus specifically 

used to characterize and study the surface of the ferromagnetic sample 

under investigation. Finally, Part C describes how the measurements 
\ 

were obtained and the relevant experimental considerations. 
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Part A: Spin Polarized Metastable He(2 S) Atom Source 

and Stern-Gerlach Analyzer 

1. Overview 

For the surface physics experiments described in this thesis» the 

source of spin polarized He(2 S) atoms should: 

i) Produce a thermal, collimated, high flux beam of triplet state 
helium atoms with few impurities. Impurities for the experiments 
considered are singlet state helium atoms (He(2*S)), ground state 
helium atoms with large kinetic energy called fast neutrals, pho¬ 
tons, ions, long lived helium rydberg atoms, and electrons. 

ii) Produce a beam with a high degree of spin polarization. Ideally, 
the He(2*S) beam should only contain atoms in either the m=+l or 
m^=-l state. J 

iii) Allow one to easily and quickly reverse the direction of beam po¬ 
larization without changing the other beam conditions. 

iv) Produce a gas load of helium which does not destroy the necessary 
vacuum conditions. 

Requirements (i) and (ii) are necessary for a good signal to noise 

ratio and good counting statistics in an experiment. Due to its low 

kinetic energy, a thermal velocity beam will not physically alter the 

structure of a surface under study. Requirement (iii) is essential 

for a polarization based experiment because the information is mostly 

drawn from the relative difference or 'asymmetry* of the counting 

«4 
rates obtained with the opposite polarizations P and -P. The last 

requirement seems obvious, but there is a conflict between producing 

an intense beam and maintaining a good vacuum. There is a practical 

limit to the helium pumping speed one can achieve. 



42 

The source used in the surface experiments described meets the 

above requirements quite veil. It vas designed and constructed 

primarily by Dr. F.B. Dunning and Dr. T.V. Riddle. It produces a veil 

collimated beam of He(2*S) metastable atoms with a mean thermal energy 

<s 
of about 0.05 eV. The beam flux is on the order of 

as -a a 
10 sec sr vhich is large compared to similar sources discussed in 

«VI» 
the literature. Careful measurements indicate that the impurity 

o < 

level is only 2 or 3%. Therefore a pure and intense beam of He(2 S) 

atoms is produced. In addition, the helium gas load produced by the 

source is not excessive and the necessary vacuum conditions can be 

maintained vithout an extraordinary vacuum system. By optically pump¬ 

ing the beam vith circularly polarized light from a helium discharge 

lamp, polarizations of ~40% are routinely achieved. The direction of 

beam polarization is reversed by changing the sense of circular polar¬ 

ization of the light from the lamp. This simple procedure can be per¬ 

formed quickly vithout disturbing the beam conditions. A polarization 

of 40% is sufficient for many experiments; hovever. the polarization 

TO 
can be greatly improved by replacing the lamp vith a laser. Unfor¬ 

tunately. there are some problems associated vith laser optical pump¬ 

ing in this apparatus, and so the lamp vas used during these 

experiments. Discussions about using lasers to optically pump noble 

T 1—71 
gas atom beams in this apparatus are contained elsevhere. The 

optical pumping process and the definition of beam polarization is 

discussed later 
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Figure 13. Schematic diagram of the apparatus. 

A schematic diagram of the source included in Fig 13. First, a 

beam of ground state helinm atoms is formed by effusion of helium gas 

through an array of thin capillary tubes. A fraction of this beam is 

i > 
excited to the 2 S and 2 S metastable states by coaxial electron im¬ 

pact excitation. Helium ions and long lived helium xydbergs are also 

l 
created in this process. Then the 2 S metastable atoms are converted 

to ground state helinm atoms by illumination with light from a DC ex¬ 

cited flowing helium discharge lamp wound coaxially around the beam. 

Helium ions and rydbergs are then removed by use of a transverse elec¬ 

tric field. The remaining 2*S metastable helium atoms are spin polar¬ 

ized by optical pumping. The light used for the optical pumping is 

generated by a SF-excited flowing helium discharge lamp. The 
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polarized metastable atom beam then enters the experimental chamber. 

If a surface to be studied is not in the beamline, the beam goes into 

a Stern-Gerlach spin state analyzer. The Stern-Gerlach analyzer can 

measure the beam polarization and monitor the beam purity and is 

therefore used toNoptimize the source performance. 

In the following pages each component of the source will be 

described. The principles governing each componet will be explained 

along with a general description of how the principles are experimen¬ 

tally realized. There will be little discussion of possible alterna¬ 

tives to the present design, and the construction details of the 

source will be omitted. No attempt will be made to describe how each 

source parameter influences the overall source performance. A 

thorough discussion of the source, its design concept, construction, 

and performance is contained in an excellent Ph.D. thesis by T.W. 

14 
Riddle 
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2. Vacuum System fox the Spin Polarized Metastable Helium Atom Source 

The source vacuum system consists of two vacuum chambers*, each 

with its own pomp* linked by ape ratures just large enough to allow 

passage of the metastable helium atom beam. In the first chamber* 

called the source chamber* the metastable atom beam is formed. In the 

second chamber* called the optical pumping chamber* the metastable 

atom beam is spin polarized by optical pumping. These two chambers 

are connected* again by a small aperature* to what is called the final 

chamber which contains the sample to be studied. 

In the source chamber a large gas load of helium 

(M).3 Torr- 1/sec) is introduced to produce a high flux beam of metast¬ 

able atoms. The pressure* however* must be kept low enough to avoid 

significant collisional scatter of the metastable atom beam with the 

i $ 

background gas. The mean free path of the atoms goes as (1/no) * 

where n is the number density of atoms and o in this case is the total 

scattering cross section for all but very small angle elastic scatter¬ 

ing for metastable He(2 S) on ground state helium. We can take o 

14 IT* 
roughly equal to 1x10 cm . Taking 25 cm as the smallest acceptable 

mean free path* we obtain an allowable number density of 

is a 
4x10 atoms/cm . This corresponds to a room temperature pressure of 

-4 
1.2x10 Torr. Therefore* to avoid severe beam attenuation* helium 

must be pumped out of the source chamber with a minimum speed of 

(0.3 Torr-l/sec)/(1.2xl0"*4 Torr) * 2500 1/sec. This is accomplished 

with a 5300 1/sec diffusion pump with a water cooled oil baffle. It 

—* 
creates a base pressure of 2x10 Torr in the source chamber and is 

about the largest easily managable diffusion pump available. During 
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an experiment* the pressure of helium in the source chamber is usually 

about 5x10 Torr. 

The optical pumping chamber serves as the location for spin po¬ 

larizing the metastable helium atom beam. It has a 16 mm thick quartz 

window for a top which allows the pumping radiation to reach the beam 

largely unattenuated. The chamber diameter is also large enough to 

permit sufficient interaction between the light and the metastable 

atom beam* a point which will be discussed later. The chamber is also 

important to the overall vacuum system because it serves as a vacuum 

buffer between the source and final chambers. 

For reasons discussed later* the final chamber must be kept at 
—xo 

ultra high vacuum (ÜHV) conditions (base pressure —2x10 Torr) dur¬ 

ing a surface experiment. Since the operating pressure in the source 

chamber is typically 10 Torr* a buffer chamber with its own pump 

reduces the potential helium gas load on the final chamber. A buffer 

chamber also helps prevent oil from the source chamber pump from 

reaching the final chamber. To maintain the necessary pumping speed 

the source chamber diffusion pump is not equipped with a liquid ni¬ 

trogen cooled oil trap. Out gassing from diffusion pump oil or other 

organic substances can prevent one from reaching or maintaining UHV 

conditions. 

For the optical pumping chamber to serve as a good buffer 

chamber* its pump must have a good helium pumping speed without intro¬ 

ducing organic contaminants. This is accomplished by the use of a 

2400 1/sec diffusion pump with a water cooled oil trap and a 

o 
refrigerated oil trap maintained at 50 K. The chamber is made of 
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stainless steel and its ports are sealed with, greaseless differen¬ 

tially pumped double viton o-ring seals or metal seals where possible. 

Because of these precautions, this chamber reaches a base pressure 

—» 
1x10 Torr and to date has not introduced measureable organic con¬ 

tamination to the final chamber. 

One final note should be made about the vacuum system. To obtain 

the largest possible flux of metastable atoms incident on the surface 

under study, the distance the beam travels through the source and opt¬ 

ical pumping chambers must be kept as small as possible. In this 

source, the beam travels 72 cm before it enters the final chamber. It 

would be difficult to reduce this distance without sacrificing the 

overall source performance. 
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3. Formation of a Ground State Helium Beam 

11 
There are three ways in which a neutral gas beam may he formed. 

i) Effusion of gas through an aperature. 
ii) Effusion of gas through an array of thin capillary tubes, 

iii) Use of a supersonic nozzle and skimmer. 

All three methods produce a spray of helium atoms emerging from the 

source point. A portion of the atoms in the spray have velocities 

which allow them to pass through all the collimating aperatures in the 

apparatus. Only atoms in the spray which emerge within a solid angle 

it 
of 0.01 radians about the centerline form the usable beam. There-* 

fore, to maximize the usable beam flux the spray should have a large 

atom intensity directed along the beam centerline. 

The spray produced by each of the above methods is illustrated in 

Fig. 14. 

Figure 14. The output of gas beam sources. 

Method (iii) produces an intense beam highly directed along the cen¬ 

terline but has two severe drawbacks. First, to keep the source pres- 

—4 
sure below 10 . Torr, a large additional vacuum pump is needed to 

remove excess gas between the nozzle and skimmer. Second, the atoms 

in the supersonic beam have faster than thermal speeds which makes 

optical pumping more difficult. Requirements for optical pumping are 

discussed later in this section. Method (i) creates an acceptable gas 
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load and this method is simple to execute. However, it produces a 

poorly directed beam which means a lower usable beam flux. Method 

(ii) is chosen because it generates a directional thermal beam with a 

managable pumping system and is simple to execute. 

An array of thin capillary tubes is experimentally realized by 

use of a multichannel array (MCA). The MCA is a glass disc with a 

number of small holes uniformly spaced in the center region of the 

disc. The region of disc with the small holes is called the active 

area. The MCA is a commercial item available from Galileo Electroop¬ 

tics, Sturbridge, Massachusetts. The disc is 25 mm in diameter with 

an active area 2 mm in diameter. The disc is 0.5 mm thick and the 

holes are 0.01 mm in diameter. The active area of the MCA has a trait* 

sparency of about 0.5, which means half the active area is covered 

with holes. The MCA is mounted on a gimball which allows fine adjust¬ 

ment of the beam direction. 

r* 
MCA performance has been extensively discussed and its basic 

• o 
gas flow characteristics can be easily calculated. The maximum 

1» 
helium gas output of the MCA used is about 10 atoms/ 

second (0.3 Torr- 1/sec), and the maximum beam flux about the center- 

i« 
line is approximately 5x10 atoms/sec-sr. Measurements using the MCA 

• l 
discussed above indicate agreement with the above valves. Other 

measurements indicate that the MCA creates a beam which has a thermal 

* ss 
velocity distribution with a mean thermal velocity of 1.5x10*cm/sec. 

This value fits the other requirements of the experiment. 
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4. Excitation of the Ground State Helium Beam 

To obtain a beam of helium metastable atoms* energy must be sup¬ 

plied to the ground state beam formed by the MCA, A simple way to ex¬ 

cite the neutral helium beam is by electron impact. Many workers use 

an electron beam transverse to the ground state atom beam to excite 

• s 
the atoms. An intense electron beam can be produced which will cross 

the atom beam over an appreciable portion of its path. This results 

in converting a fraction of the atoms in the beam to metastable atoms. 

However* transverse electron impact alters the velocity direction of 

• 4 
the atoms* resulting in a less directed beam. Tight collimation of 

the less directed beam subsequent to excitation results in a low in- 

tensity beam at the target. To avoid this problem* excitation of the 

metastable atom beam is accomplished by using an electron beam coaxial 

with the ground state beam. 

The electron energy range needed for excitation of the beam 

should be considered. The aim is to maximize the production of tri¬ 

plet state metastable helium atoms and minimize impurities. The im¬ 

purities were listed at the beginning of this section and will be 

discussed later in more detail. A pertinent consideration is the 

cross section for production of He(2 S) atoms by electron impact. Ex¬ 

perimental and theoretical studies show this cross section peaks for 

electron energies near 20 eV at a value of about 4x10 1*cm*.*5 

However* a number of other important factors which depend on the elec¬ 

tron energy influence the intensity and purity of the beam. These 

include the cross sections for production of beam impurities and the 

density of the electron beam available from the electron source. 
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Unfortunately, the lack of information about these factors make it 

difficult to determine the optimal electron energy needed. 

Figure 15 shows a side view of the system used for the excitation 

of neutral helium by coaxial electron impact. 

SOLENOID 

GAS 

INLET 

EXTRACTION 
OPTICS 

EINZEL LENS 

FILAMENT NEUTRAL BEAM 
AXIS 

5 cm 

Figure 15. The electron gun/lens system. 

Ihe system is composed of an electron gun which produces a dense beam 

of electrons about the helium beam and a magnetic and electrostatic 

lens arrangement to keep electrons from the gun long the beamline. 

The spatial relation of the MCA to the gun and lens is also shown. 

Note that the entire length of MCA, gun, and lens system is only about 

15 cm. 

The electron gun consists of a filament surrounded by extraction 

optics. The filament is a single loop, 0.178 mm diameter tungsten 

wire wound about the beamline. The diameter of the loop is 

approximately 4 mm. A current of 3.5 Amperes is run through the 
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filament which raises the temperature of the tungsten wire to about 

o •< 
2400 K. At this temperature tungsten is a good thermionic emitter 

and the filament has a long life since the melting point of tungsten 

. o » 7 
is considerably higher (-3700 K). The extraction optics surrounding 

the filament employ a Pierce-type electrode geometry. This geometry 

allows one to produce a high current, well focussed beam at low 

• s 
voltages. 

The three elements shown in Fig. 15 which make up the Pierce 

electrode are operated at a potential of +120 V. The filament inside 

the electrodes operates at a floating voltage of +30 V. With these 

values, and a current of 3.5 A through the filament, the measured em¬ 

ission current of the filament is about 25 mA. This configuration, 

with the filament floating at a lower positive voltage than the elec¬ 

trodes which surround it, prevents electrons from reaching grounded 

aperatures further down the beamline. Note that the voltages above, 

which are about the settings which produce an optimized beam, yield 

electrons with an energy of about 90 eV. This is larger than the 

energy which gives the peak cross section for He(2*S) atom production 

by electron bombardment. This occurs, in part, for the following rea¬ 

son. 

To produce a large metastable atom flux, the gun must produce a 

large flux of electrons. According to the Langmuir formula, when the 

gun is operated under space charge limited conditions, the electron 

flux produced by the gun varies with electron energy to the 3/2 

## 
power. Therefore, to optimize the metastable atom flux, one must 

optimize the product of the cross section and the electron flux with 



53 

respect to electron energy. Since the cross-*section does not vary 

>o 
rapidly with electron energy, one finds the optimal metastable atom 

flux occurs at an electron energy above the peak excitation 

cross-section energy. 

The space charge limited condition mentioned above means that the 

number of thermionic electrons emitted by the filament is larger than 

the number of electrons collected by the surrounding electrode. Under 

this condition the gun produces a dense cloud of electrons which are 

focussed and accelerated down the beam line. This condition is neces¬ 

sary to produce a large flux of me ta stable atoms. The gun is space 

charge limited when an increase in the filament current (which causes 

a much larger emission current) fails to increase the number of 

metastable atoms produced. The operating values of the gun stated 

above produce the desired space charge limited condition. 

Immediately beyond the electron gun there is a three element 

electrostatic lens. The intended purpose of the lens was to focus 

electrons along the beamline to engage in collisions with the helium 

atoms. In operation, however, the optimal beam conditions are ob¬ 

tained with all three elements operating at about 90 V. Therefore the 

three electrostatic elements do not act as a lens; they simply provide 

a equipotential region for the electrons to drift along the beamline. 

The electrons in the gun and the three element field are focussed 

and confined along the beamline by a solenoidal magnetic field. The 

solenoid is outside the vacuum chamber and surrounds an aluminum 

cylinder which contains the MCA, the gun, and the three electrostatic 

elements. The solenoid is 5 cm long with an inner diameter of 11.5 cm 
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and an outer diameter of 12.75 cm. In operation, a current of 

8 Amperes passes through the windings producing a field of ~100 Gauss 

along the beamline. A 90 eV electron in this field has a cyclotron 

radius of about 3 mm and has a cyclotron frequency which allows it to 

make at least 5 spirals while traversing the assumed 10 cm interaction 

length. Hence, the magnetic field not only focusses and confines the 

electrons along the beam axis; it also increases the probability that 

an electron will interact with a helium atom. 
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5. Sternr-Gerlach Analyzer 

Before the beam passes into the Stern-Gerlach analyzer, beam im¬ 

purities have been removed and the beam has been spin polarized by 

optical pumping. However, before disenssing.impurity removal or opti¬ 

cal pumping the Stern-Gerlach analyzer should be discussed. This is 

because information about the beam purity and polarization is directly 

obtained by profiles generated by the Stern-Gerlach analyzer. 

As is well known from the famous Stern-Gerlach experiment, an 

atom which passes through an inhomogenous magnetic field is deflected 

by a force which is proportional to the product of the field gradient 

and the z component of the atom's total angular momentum. The z 

direction here is defined by the direction of the magnetic field 

s 
gradient. A helium atom in the 2 S state has angular momentum of J=1 

and therefore has three components m^ » +1,0,-1. Therefore a beam of 

i 
2 S helium atoms passing through the gradient will separate into three 

beams of equal intensity. Atoms with m^ = 0 pass through undeflected, 

and atoms with m^ » +1 deflect in opposite directions about the tmde¬ 

flected beam. The Stern-Gerlach analyzer employed in this apparatus 

is used to compare the number of atoms that are deflected relative to 

the number of atoms which are not deflected. 

A schematic view of the Stern-Gerlach analyzer is shown in 

Fig. 15. As the beam enters the device, two slits 10 cm apart and 

0.1 mm wide collimate the beam very tightly to a diverging half angle 

of about 0.001 radians. The beam then travels into an inhomogenous 

magnetic field region. The magnet is designed to simulate the 
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magnetic field configuration produced by two parallel current carrying 

*1 
wires. This is accomplished by machining the iron magnet pole face 

in the shape of a two wire equi potential surface. This design 

provides a uniform field gradient of about 4500 Gauss/cm over an 8 cm 

length of the beam path. 

Figure 16. The Stern-Gerlach analyzer. 

The region of a uniform magnetic field gradient is followed by a 

50 cm flight tube which allows the components of the beam to separate 

enough to be resolved by the detector. The detector is a collimated 

bell-mounted channel electron multiplier operated in a saturated, 

pulse counting mode (the multiplier and its operating mode are dis¬ 

cussed later). This detector can be moved above and below the beam¬ 

line to measure separately the intensity of each of the components of 

the original beam. The flight paths of the three components for a 2 S 

helium beam are illustrated schematically in Fig. 17. 

Figure 17» Flight paths for the He(2*S) beam. 
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A profile for an almost pure 2 S Helium beam provided by the 

Stern-Gerlach apparatus is shown in Fig. 18. 

Figure 18. Stern-Gerlach pro¬ 
file of an almost pure He(2sS) 
beam. 

Three well resolved peaks appear: the two side peaks result from the 

nij = +1 components of the triplet state helium atom, the central peak 

results from the * 0 component and anything else in the beam which 

is not deflected by the field gradient. For a pure beam, the area 

under each of the three peaks will be the same since the beam contains 

an equal population of each m^ component. Therefore, beam impurities 

which are not deflected in the field gradient can be detected by com¬ 

paring the areas of the central and side peaks. The side peaks are 

more spread out than the central peak for the following reason. When 

the atoms enter the magnetic field they have a thermal velocity dis¬ 

tribution. Slower atoms are in the field gradient for a longer time 

and hence undergo a larger deflection than the faster atoms. Atoms 

which make up the central peak undergo no deflection and therefore do 

not exhibit this broadening. The width of the central peak and an ad¬ 

ditional broadening of the side peaks is due to the atoms which enter 

the field gradient at a small angle with respect to the beam axis. 
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6. Removal of Impurities from the (2*S) Hetastable Helium Atom Beam 

la the context of this section an impurity includes anything 

which can cause the ejection of electrons from the surface under 

study. Electrons ejected by impurities lower the signal to noise 

ratio in an experiment. Since the observed signals are small» it is 

essential to produce a beam with few impurities. The impurities are 

singlet state helium atoms (He(2 S))» fast neutrals, ions, photons, 

electrons, and long lived helium rydberg atoms. Ground state helium 

atoms with thermal velocity are not considered to be impurities even 

though they compose the largest fraction of the beam. The helium 

atoms are relatively inert and do not cause secondary electron ejec¬ 

tion from the surface. The electron bombardment of the ground state 

helium atoms in the source produces many excited states of helium, 

_7 —S 
most of which have a lifetime of about 10 -10 seconds against spon¬ 

taneous decay by electric dipole radiation. With a beam velocity of 

1.5x10 cm/sec, these atoms travel only a fraction of a millimeter be¬ 

fore decaying. 

It is important to note that the impurities in the beam (except, 

perhaps some long lived rydberg atoms) will pass through the 

SternrGerlach magnet undeflected. So as stated before, by comparing 

the areas of the three peaks produced by the Stern-Gerlach apparatus, 

one can determine the fraction of the beam which consists of impuri¬ 

ties. The bottom line is that the source can be routinely operated to 

yield a high flux He(2 S) atom beam with a 2-3% impurity content. The 

methods used to obtain a high purity beam are discussed below. 
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Without such methods the beam will consist of almost nothing bnt im¬ 

purities. 

Photons from the source filament, from discharge lamps in the ap¬ 

paratus. or from emission of excited state atoms are potentially a 

problem because they can't be removed from the beam. Photons from 

these sources, however, are not a problem because they lack the direc¬ 

tionality to contribute significantly to the tightly collimated 

metastable helium atom beam. In addition, only photons with energies 

larger than the work functions of the surfaces under study can cause 

secondary electron emission from the sample. For the surfaces in 

these experiments, this means the photon energy must be at least 4 eV 

(X~310nm). 

When producing metastable helium atoms in the triplet state. 

metastable helium atoms in the singlet state are produced with even 

#* 
greater efficiency for the 90 eV bombarding electrons used. The 

singlet state atom (J=0) can not be spin polarized. It has a lifetime 

»* *4 
of almost 20 msec and an excitation energy of 20.5 eV. With this 

x 
lifetime, a 2 S helium atom with the mean beam velocity can travel 

3000 cm before decay. Therefore these unpolarized atoms can reach the 

sample, and with their large excitation energy, can eject electrons 

from the surface and dilute the signal. The singlet state atom is 

metastable because an electric dipole transition between the 2S and IS 

levels is prohibited by the dipole selection rules since the initial 

2S and final IS states each have J=0. A lower P state, to which a 

transition could occur, does not exist. With the electric dipole 

transition blocked, and with a very low probability for a magnetic 
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dipole transition, the singlet state decays by the simultaneous emis- 

9 $ 
sion of two electric dipole photons. 

The helium 2*S metastable atoms can be removed from the beam by 

illuminating the beam with light from a helium discharge lamp. This 

»« 
is a proven method which is very effective and easy to implement. 

i i s i 
Photons arising from the transitions, n P to 2 S and n P to 2 S (n£2) 

in the helium discharge excite the metastable atoms in the beam to the 

it t s 
n P and n P states. All atoms excited from the 2 S state to the n P 

a 
states decay back to the 2 S state for it is the lowest energy triplet 

state in helium. The exclusion principle does not allow these atoms 

a. 
to decay to the true helium ground state. Atoms excited from the 2 S 

x 
state to the n P states, however, preferentially decay to the helium 

s 
ground state, not back to the 2 S state. The branching ratio for the 

. 1 v IX 91 
He(2 P) to the lower lying 2 S and 1 S states is given by 

It 

If 
T = 910. 

Where: lx/It - Branching ratio of the transition 2
XP to 1*S to the 

transition 2*P to 2*S. 
A1#Aa - Einstein transition probabilities of spontaneous 

emission for the respective transitions.’* 

This large branching ratio accounts for the success of the technique. 

x 
Of course, the 2 S state may also be populated by transitions from 

l 
other excited n P states; nonetheless, the number of atoms decaying to 

i 
the 2 S state is once again only a small fraction of those decaying to 

the ground state. 

The lamp is a DC excited flowing helium discharge which follows a 

path through five turns of quartz glass tubing wound coaxially about 
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the beam axis. The windings allow a compact design which insnres suf¬ 

ficient interaction between the discharge radiation and the beam. The 

windings are shown in the schematic illustration of the apparatus 

(Fig. 13). Large surface area tantalum electrodes with a potential of 

4000 V between them generate a 50 mA current across the discharge 

which is held at a pressure of 200 millitorr. Under these operating 

conditions, the Stern-Gerlach profiles show that at least 98% of the 

singlets are removed from the beam. 

Charged particles in the beam are also contaminants. Ions are 

. * ** 
excited quite efficiently (relative to metastables) by the source, 

100 
and can easily cause electron emission from the sample. As men¬ 

tioned earlier, the source is designed to prevent electrons from get¬ 

ting to the sample. Nonetheless, some electrons remain in the beam 

and obviously must be removed. The most energetic charged particles 

in the beam have a kinetic energy less than 250 eV since no element in 

the source is operated at a voltage greater than 120 V. Charged 

particles deflected only a few millimeters will not remain in the 

tightly collimated beam. An electric field with a strength of only 

5 V/cm, applied along a 10 cm length, will remove even the most ener¬ 

getic charged particles from the beamline. Therefore, the charged 

particles are easily removed from the beam by applying a small voltage 

between parallel deflection plates. 

Helium rydberg atoms can also be created by the electron impact 

10 1 
excitation of helium. However, only those rydberg states with life¬ 

times of approximately 0.5 msec can reach the sample before decaying. 

As the principle quantum number, n, of a rydberg atom increases so 
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does its lifetime. Rydberg atoms can be easily ionized in an electric 

J 

field* and as n increases the field strength necessary to ionize the 

rydberg state decreases» Also* the electron impact excitation rate of 

-I 10 2 
rydberg production goes approximately as n • Therefore, it is 

desirable to know the smallest n value rydberg atom with a lifetime 

long enough to reach the sample. From this we can estimate the frac¬ 

tion of rydbergs in the beam and the field strength necessary to 

destroy them. 

For a helium rydberg atom with a given n* those with large 1 

value (l=n-l,n-2) have the longest lifetimes. A rydberg atom with 

l*n-l and a lifetime of 0.5 msec has the smallest n value of any ryd¬ 

berg atom which can reach the sample. A simple calculation, utilizing 

5 
the fact that the lifetime scales as n for large 1 rydberg atoms, 

10 2 
shows that such an atom would have n=22. An electric field with a 

strength of 3 kV/cm, applied between parallel plates over a 10 cm 

204 
length is sufficient to ionize these n?=22 rydberg atoms. It is im¬ 

portant to note that rydberg atoms with large n are not efficiently 

produced by the electron impact source. The n * factor above tells us 

that the production rate for n?=22 atoms is about 8000 times less than 

the rate for, say, n=3 atoms. This factor does not account for large 

1 state production, and consideration of this would lower the relative 

production rate even more. 

Contamination of a metastable helium atom beam with fast neutral 

helium atoms can be a severe problem under certain operating 

20 5 
conditions. Fast neutrals are ground state helium atoms with much 
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greater than thermal speeds. These atoms obtain their higher kinetic 

energy from what is called a charge exchange collision: 

He+ (high EE) + He(low EE) -> He(high EE) + He+(low EE). 

This charge exchange is resonant and occnrs in collisions with large 

so « 
impact parameter with a large cross-*section. It should be noted 

that charge exchange with excitation of the type: 

He+ + He -> He* + He+ 

is also possible, but has a far smaller cross section because it re¬ 

quires a collision with a small impact parameter. Also, it has an 

energy threshold, which is not the case for the resonant charge 

10 7 
exchange. 

Fast neutrals, even with kinetic energies less than 100 eV, are 

quite capable of causing secondary electron emission from a 

10 0 
surface. They can not be removed from the beam once present, so 

their production must be prevented. Since fast neutral atoms are not 

» 

deflected in a magnetic field gradient, the operating conditions which 

minimize fast neutral production can be determined by using the 

Stern-Gerlach apparatus. A systematic investigation has shown that 

fast neutral production is very large when the helium pressure in the 

source chamber is high (>5x10*** Torr) and/or an electrostatic element 

. . „ it» 
in the source is operated at a high voltage O400V) • This is not 

surprising since these conditions produce high kinetic energy ions 

and/or a large number of ground state atoms available for charge 

exchange collisions. The same investigation has shown that the 2-3% 
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beam contamination present in the optimized beam primarily consists of 

fast neutrals. This is primarily due to the fact that energetic ions 

and ground atoms can not be significantly removed from the beam until 

they exit the lens assembly in the source chamber. 
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7. Spin Polacization of the He(2*S) Beam by Optical Pumping 

Me tastable atoms are used as a surface probe by several research 

groups around the world. The experiments described in this thesis are 

unique because the metastable helium atoms used in this laboratory are 

spin polarized. Spin polarization is achieved by a technique called 

optical pumping. In general* optical pumping refers to the use of 

radiation to alter the thermal (Boltzmann) distribution of an ensemble 

of particles among the available quantum states. The technique relies 

on the difference in transition selection rules between absorption of 

circularly polarized light and spontaneous emission. 

3 
Recall that a helium atom in the 2 S state has a total angular 

momentum J ** 1 (Lf=0, S=l). Because of this the 2 S state has three 

magnetic sublevels characterized by m^ » +1*0,-1. Under normal condi¬ 

tions* Maxwell-Boltzmann statistics are applicable* and in the absence 

of strong external fields* the beam will contain an almost equal 

number of metastable atoms in each of the three sublevels. Optical 

pumping of the beam alters the population distribution so that more 

atoms are in the m^ = +1(-1) state than in the m^ » -1(+1) state. 

When more atoms are in the m^ = +1(-1) state* the beam will have a net 

spin component parallel (antiparallel) to the quantization axis* and 

is said to be spin polarized. Those atoms with m^ » +1 are called 

’ spin-up* atoms and those with m^ « -1 are called ’spin-down* atoms. 

3 
So the 2 S helium beam is polarized when there are more spin up atoms 

than spin down atoms or vice versa. 
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t 
The 2 S energy levels important in the optical pumping process 

are shown in Fig, 19, 

mj 
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Figure 19. Term diagram for 
He(2*S) showing the levels in¬ 
volved in the optical pumping 
process. 

> i 
The magnetic sublevels of the 2 S state and of the J=0,l,2 2 P states 

are illustrated. Recall that initially the helium atoms are all in 

3 
the 2 S state, which is the ground state of the triplet system, and 

each magnetic sublevel of this state is equally populated. By ir- 

3 
radiating the helium atoms in the 2 S state with circularly polarized 

3 
1.08 pm radiation, one induces transitions to the 2 P states. The 

3 
2 P0 x a states are so close together in energy that they are all ex- 

P P 

cited by the 1.08 pm line. Because the radiation is circularly polar- 

3 3 
ized. the 2 S to 2 P transitions which are excited are subject to the 

selection rule Am^ * +1 or -1, where Amj * +1 for right handed circu¬ 

larly polarized (RHCP) light and Am^ « -1 for left handed circularly 

polarized (LHCP) light. The quantization axis in this process is de¬ 

fined by the propagation axis of the incident radiation. Once an atom 

3 —7 
is in the 2 P state it decays in about 10 seconds by spontaneous 

ii# 

(electric dipole) emission subject to the selection rules 
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An»j = +1,0,-l (m^O to ®j*0 is not alloved for AJ=0) . 

Hie optical pumping process can now be qualitatively understood 

by reference to Figure 19» which shows the allowed excitations and de- 

i 
cays for helium atoms initially in the m^«0 2 S state when illuminated 

by 1.08 pm RHCP light. The allowed excitations (subject to 

Arn^ =+l) are shown as straight arrows and the allowed decays (subject 

to the less restrictive electric dipole selection rules) are shown by 

wavy arrows. By comparing the straight and wavy arrows it is easy to 

3 
see how an ensemble of atoms in the 2 S state can be at least par¬ 

tially transferred from the m^ « 0 level to the m^ * +1 level. With a 

similar consideration it is clear that RHCP light also transfers atoms 

from the m^ = -1 level to the m^ = 0 and m^ * +1 levels. So repeated 

a a 
cycling between the 2 S and 2 P states» using RHCP light» results in a 

depletion of the number of atoms in the lower m. states and the atoms 
J 

are 'pumped' into the states with higher m^ values. Figure 20 clearly 

shows the net effect of this pumping using RHCP light. 

Figure 20. Optical pumping with RHCP light. 
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In a completely analogous manner* when an ensemble of belium atoms in 

* 
the 2 S state are illuminated with LHCP light* the number of atoms in 

the higher m^ states are depleted as the atoms are pumped into states 

with lower m^ values. So we see that by optical pumping with 

BHCP (LHCP) light we increase the number of spin-up (spin-down) atoms 

while decreasing the number of spin-down (spin-up) atoms in the beam. 

The primary parameter used to describe the optically pumped beam 

t 
is the polarization. For the 2 S beam with three magnetic sublevels 

the polarization is given by 

n+ - n. 

z n+ + n# + n_ 
(II.l) 

where n+, n0* and n_ are the number of atoms in the m^ = +1, 0* and -1 

magnetic sublevels* respectively. Ve see that the polarization simply 

tells us the normalized population difference of spin-up and spin-down 

atoms in the beam. Once the beam has been spin polarized* precautions 

must be taken to insure that the polarization is not destroyed. Stray 

magnetic fields can effect the polarization and hence they must be 

controlled. This topic is discussed in Appendix I. 

It should be noted that* in this discussion* stimulated emission 

* s 
from the 2 P states to the 2 S states has been ignored as a possible 

decay mechanism. Stimulated emission contributes nothing to the opti¬ 

cal pumping process because the selection rules which govern it are 

such as to connect the same pair of states that were connected in the 

excitation. The rate for stimulated emission depends on the spectral 

i 
energy density of the radiation incident on the 2 S helium beam. The 

spectral energy density produced by the discharge lamp used in these 
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experiments lias been estimated* and from this estimate one obtains a 

4 —1 111 
stimulated emission rate of 10 sec . This is 1000 times lover than 

the rate for spontaneous emission* and therefore de—excitation due to 

stimulated emission can be neglected. 

* 
Optical pumping of the 2 S helium beam in this apparatus can be 

treated quantitatively in a straightforward manner for two reasons. 

First, as pointed out above, de-excitation due to stimulated emission 

can be ignored. Second* because the atoms are in a low density beam 

configuration* the atoms do not collide with the walls of a container 

or with each other to any significant extent. Therefore* there are no 

collisional relaxation processes or mixing processes among the various 

magnetic sublevels affecting the level populations. Differential 

equations, describing the time rate of change of n+, n0* and n_ can be 

solved analytically with little difficulty. The solutions to the dif¬ 

ferential equations allow one to predict the beam polarization as a 

function of optical pumping light intensity and time. This * exact* 

i 
treatment of optical pumping of a beam 2 S helium atoms has been per¬ 

ns 
formed by T. Riddle. For simplicity* he assumed each atom in the 

beam had the same velocity. Nonetheless* his results are in excellent 

agreement with the measured beam polarizations. 

Having described the optical pimping technique for spin polariz¬ 

ing the beam* the experimental aspects for optical pumping will now be 

discussed. The primary goal, of course* is to obtain a large beam po¬ 

larization. To achieve this the beam must have sufficient interaction 

with the pumping radiation. The radiation itself must be intense* 

circularly polarized* and must contain the 1.08 pm wavelength. 
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To obtain a good beam polarization, the beam must be exposed to 

tbe pumping radiation for a time long enough to insure that, on the 

3 3 
average, each atom undergoes one or more 2 S to 2 P transitions. 

Since the atoms travel in a beam a certain portion of the beam path 

must be illuminated. The length of the portion is determined by the 

intensity of the radiation and the mean velocity of the beam. Recall 

that for the discharge lamp employed, the rate for stimulated emission 

3 3 4 -1 
from the 2 P state to the 2 S state was estimated to be 10 seo • 

This rate is equal to the excitation rate between these two levels. 

— 7 
Since the atom decays in about 10 seconds after excitation, the time 

4 
required to excite an atom twice is about 2x10 sec. Therefore with 

the beam traveling at about 1.5x10 cm/sec, the length of the beam path 

which must be illuminated is about 30 cm. 

The beam is illuminated in the optical pumping chamber, which re¬ 

call, acts as a vacuum buffer between the source and sample chambers. 

The radiation from the lamp passes through a Id mm thick quartz window 

which transmits 75% of the light. A crude, but effective, polished 

3 
spherical copper reflector is underneath the 2 S helium beam and 

serves to give an estimated three fold increase in the pumping radia¬ 

ns 
tion density in the optical pumping region. Due to this reflector, 

the beam path length required to optically pump is reduced from 30 cm 

to about 30 cm/(3x.75) = 13.3 cm. The actual beam path illuminated is 

just over 20 cm, thus exceeding the estimated need. 

The optical pumping radiation is provided by a radio frequency 

(EF) excited helium discharge lamp. It is similar to a proven design 

114 
in the literature. Its oscillator operates at a frequency of about 
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130 MHz with an input power of about 500 Watts (1.5kV at 350mA). The 

RF oscillator is coupled inductively and capacitatively to the helium 

discharge, which is contained in a quartz tube 1 cm in diameter and 

about 20 cm in length. The tube is shown in the schematic illustra¬ 

tion of the apparatus (Fig. 13). The helium gas in the discharge is 

maintained at a pressure of 200 millitorr. The oscillator and dis¬ 

charge are enclosed in a copper box for purposes of RF shielding. The 

1.08 pm wavelength radiation is selected from the discharge by passage 

through an optical filter. This filter is also a linear polarizer. 

The linearly polarized 1.08 pm radiation is then circularly polarized 

by passage through a quarter wave plate. The degree of circular po- 

115 
larization achieved is 98%. 

The optical pumping chamber is surrounded by a pair of current 

carrying coils which create a 5 Gauss magnetic field parallel to the 

propagation direction of the incident radiation. The role of the mag¬ 

netic field is discussed in Appendix I. Under the operating condi¬ 

tions described, a beam polarization of at least 35% is routinely 

achieved. Higher polarizations (~50%) have been obtained with the 

discharge lamp operating beyond its nominal limits. The effect of op¬ 

tically pumping the beam is dramatically illustrated in Fig. 21, which 

shows the Stern-Gerlach profiles obtained without optical pumping and 

by optically pumping the beam with RHCP and LHCP radiation. Before 

optical pumping, the three peaks have an equal area (neglecting im¬ 

purities), indicating that each m^ level is equally populated. After 

optical pumping with RHCP (LHCP) light the m^ = +1(-1) peak is 

populated at the expense of the other peaks. By comparing the 
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relative areas of each of the three peaks, the 

numbers n+, n#, and n_ are obtained and the polarization can be calcu¬ 

lated. 

-0.79 -0.9 -0.29 0 «0.25 «09 «0.75 
CHANNELTRON POSITION (cm) 

Figure 21. Stern-Gerlach profiles 
with and without optical pumping. 

As a final item, it is important to note that the handedness of 

the incident radiation is changed just by rotating the quarter wave 

o 
plate by 90 . This means the direction of the beam polarization can 

be reversed by a simple rotation of this element. Therefore, the beam 

polarization can be easily reversed without disturbing the beam or any 

of the operating conditions of the apparatus. As noted in the intro¬ 

duction to this section, this feature is essential to any polarization 

based experiment 
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Part B: Apparatus for Surface Study 

1. Overview 

To study the surface of a ferromagnetic sample, a number of 

special (and expensive) devices are needed and special requirements 

must'be met* The apparatus must be capable of: 

i) Achieving and maintaining ultra high vacuum ( UHV) conditions 
about the surface. 

ii) Verifying the existence of UHV conditions, and detecting the type 
and amount of residual background gases* 

iii) Producing an atomically clean surface. 

iv) Analyzing the cleanliness of the surface. 

v) Analyzing the atomic order of the crystalline surface. 

vi) Analyzing the energy of the electrons ejected by the metastable 
atom-surface interaction. 

vii) Moving, heating, magnetizing, and sensing the temperature of the 
sample within the vacuum. 

The chamber which houses the special devices is called the final 

chamber, for recall it is the last of the three vacuum chambers 

through which the metastable atom beam travels. Figure 22 schema¬ 

tically illustrates a top view of the final chamber. In this figure 

the devices employed to give the apparatus the needed capabilities are 

shown in the positions they occupy and a brief discussion of each is 

now given, 
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FROM SOURCE 

I 

ANALYZER 

Figure 22. Schematic top view of the experimental chamber 
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2. Vacuum Production and Measurement in the Final Chamber 

To maintain clearly defined surface conditions, a surface experi¬ 

ment must be performed in an ultra high vacuum (UHV) environment. 

The reason for this is simple. In any vacuum chamber, there is always 

a residual level of background gas. The background gas molecules 

bounce around in the vacuum chamber and will stick to the surface 

under study and contaminate it. The time it takes for a significant 

fraction of the surface to become contaminated must be longer than the 

time it takes to complete a typical measurement on the clean surface. 

From the kinetic theory of gases, the number of gas molecules hitting 

u< 
the surface can be easily calculated. Suppose the sample is at room 

temperature and the background gas consist solely of nitrogen. With 

an interatomic distance of 0.3 nm on the surface, a single monolayer 

i* » 
consists of 10 atoms/cm • Assuming the nitrogen molecules stick to 

the surface with unit probability, the estimated time for a nitrogen 

s 
monolayer to form on a 1 cm surface is given by the formula: 

T =» 2.5x10 /p [sec] (II.2) 

In this equation p is the background pressure of nitrogen in units of 

Torr. For a convent!al diffusion pumped vacuum system with elastomer 

seals, the pressure attained is usually about 10 * Torr. At this 

—so 
pressure, a monolayer forms about every 3 seconds. At 10 Torr, the 

time for monolayer coverage goes to about 7 hours. Clearly, to main¬ 

tain good surface integrity for an hour or so, pressures in the 

— 10 
10 Torr range must be attained. Ultra high vacuum is generally 
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considered to be tbe region below 10 Torr. 

The best vacuum attainable in a UHV system is limited mainly by 

gas emitted from materials used to build the apparatus. To minimize 

this outgassing no organic materials are used in the UHV chamber. 

Items in the UHV chamber are typically fabricated from stainless 

steel. OFHC copper, alumina., sapphire, etc.. The chamber and flanges 

are made of stainless steel and are joined together with copper seals. 

To significantly reduce the time it takes to reach UHV conditions the 

entire chamber is heated while the vacuum pumps operate. During this 

o 
'bake-out* period, the chamber is maintained at a temperature of 200 C 

for a few days. This accelerates the desorption of water vapor and 

other gases from the surfaces under vacuum. Just before the bake-out 

is ended, all filaments in the final chamber are briefly operated 

above their normal operating temperatures. This process, called 

de-gassing, helps reduce contamination from gases which emanate from 

the filaments during operation. 

The final chamber is pumped to UHV with a cryopump which operates 

by cooling a large surface area with a closed cycle helitun gas 

refrigerator. This large surface area is a stainless steel bowl lined 

charcoal flakes. The lined bowl is called the cryosurface and it is 

o 
maintained at a temperature of about 15 K. Gas molecules in the final 

chamber strike this cold surface and become physisorbed. (i.e. they 

stick to the cyrosurface via a Van der Waals interaction). As more 

gas molecules become trapped, the pressure in the chamber is reduced. 

The cryopump is turned on after the final chamber has been evacuated 

-4 
to. a pressure of 10 Torr. The cyropamp is operated during the 
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bake-out but the pomp body itself is not heated. After baking and 

de-gassing» the final chamber pressure usually reached the low 

— 10 
10 Torr region. 

A cryopump equipped with a helium gas refrigerator pumps all 

gases well with the exception of helium. Its helium pumping speed is 

small because the cryosurface is easily saturated by helium at its 

operating temperature. This problem can only be overcome by operating 

o o 110 
the cryosurface at ~4 K rather than 15 K. This is expensive* 

however* for it requires liquid helium to cool the cryosurface. The 

limited ability of the cryopump to handle helium has been a probelm 

during these experiments. Recall that a helium beam is used* and even 

though most of the helium is pumped out of the apparatus through the 

two diffusion pumps* the helium gas load in the final chamber is not 

insignificant. During the first experiment the cryosurface was brand 

new and the helium pumping speed was adequate. Unfortunately* the 

helium pumping speed degraded over time* leading to problems with the 

vacuum integrity. This* coupled with some reliability problems of the 

pump itself* limited the ability to obtain data during the latter ex¬ 

periments. A different pumping system will be employed on the final 

chamber for future experiments. 

The total pressure in the UHV chamber is measured with a standard 

Bayard-Alpert nude ionization gauge. This gauge ionizes the back¬ 

ground gas molecules by electron impact and measures the collected ion 

current. The number of ions formed is proportional to the number den¬ 

sity of gas molecules in the chamber. The pressure* in turn* is 

proportional to this number density and may be obtained if the 
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temperature is known and constant* Of course* this pressure to number 

density calibration has already been performed by the mannfacter of 

the gauge and its controller* 

The other pressure measuring device in the final chamber is 

called a residual gas analyzer (BGA) or partial pressure analyzer 

(PPA). This device can measure the total pressure or the pressure due 

to an individual gas. It is essentially a small* fairly simple mass 

spectrometer. The RGA is used to find leaks in the vacuum chamber and 

to spot contaminant gases (e.g. hydrocarbons) which can prevent UHV 

conditions from being attained. It is also used to measure the pres¬ 

sure of pure gases that are admitted to the final chamber thru a leak 

valve and to monitor the background gas composition as processes occur 

in the final chamber. 
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3. Preparation of Clean Surfaces 

As pointed out in Section I» the me ta stable helium atom probes 

the outermost surface layer. This means the surface under study must 

be atomically clean. The definition of clean in this context, along 

with how cleanliness is verified is discussed later. There are vari¬ 

ous ways to clean a surface, but the most common and versatile method, 

and the method employed in this apparatus is called noble gas ion 

sputtering. Energetic noble gas ions bombard the surface and 

'knock-off' contaminant atoms. Argon is the noble gas usually em¬ 

ployed because the argon atoms are massive and ultra pure argon gas is 

relatively inexpensive and available. 

To accelerate the argon ions toward the surface a special ion gun 

is used. A hot filament in the gun emits electrons and these elec¬ 

trons are accelerated toward a grid. The accelerating electrons 

ionize argon atoms that pass between the grid and filament. The ions 

are then accelerated out of the gun by an adjustable voltage element. 

This voltage, which is typically between 200 and 2000 Volts, deter¬ 

mines the incident kinetic energy of the ions. To sputter a surface, 

the sample is moved in front of the gun. The gun is then turned on 

and ultra pure argon is admitted to the final chamber until the argon 

-S 
pressure reaches -10 Torr. Now an argon ion beam is bombarding the 

surface and the total current hitting the surface is measured with an 

elec+^ometer. The ion gun is fitted with focussing and deflection 

plates which are adjusted to optimize the current on the sample. The 

ion gun controller can also be operated in a mode which repeatedly 

ramps the deflection voltages. By adjusting the amplitude of this 
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ramp the ion beam can be made to scan over the surface and sputter its 

entire area (which is typically ~1 cm*). 

The sputtering process removes impurities from the surface but 

the lattice of the crystal surface becomes damaged and argon atoms be¬ 

come implanted in the surface layers. Therefore, after ion bombard¬ 

ment, the sample is carefully heated or annealed to recrystallize the 

surface and remove the implanted atoms. During the annealing it is 

possible for impurities from the bulk of the sample to diffuse to the 

surface. Therefore, to obtain a clean surface, the ion bombard¬ 

ment/annealing process is typically repeated many times. For some 

surfaces, it is more effective to sputter while the sample is main¬ 

tained at an elevated temperature. 

While sputtering, it is particularly important to minimize the 

partial pressure of residual gases since these molecules may become 

absorbed or implanted into the surface by the ion gun. This can be 

achieved by operating a getter pump during the sputtering. The jnost 

common getter pump used in this regard, and the one used on this ap¬ 

paratus is a titanium sublimation pump (TSP). This pump consists of a 

titanium filament shielded by a cooled surface. The filament is 

heated with a large current which causes the titanium to sublimate and 

coat the walls of the shield. It behaves as a pump because gas 

molecules collide and chemically react with the fresh titanium layer 

and are captured. This pump is ideal for use during sputtering be¬ 

cause it has a large pumping speed for reactive gases (CO, 02, H2, 

etc.) but a small pumping speed for the noble gases. 
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4. Determining Surface Cleanliness: Anger Electron Spectroscopy 

Daring the sputtering/annealing process» it is important to fre¬ 

quently examine the surface and determine its chemical composition. 

Ultimately, one hopes to produce a surface which is free (or almost 

free) of all impurity atoms. To detect impurity atoms on the surface 

a method called Auger electron spectroscopy (AES) is used. This sur¬ 

face spectroscopy is well understood and is widely used to examine 

surface cleanliness. In these experiments the surface is called clean 

if no impurities can be detected by AES. With the type of Auger elec¬ 

tron spectrometer employed in this apparatus, impurity species which 

xi» 
comprise about 1% of a monolayer can be detected. 

If the surface is bombarded by particles of sufficient energy, 

inner-shell electrons of the surface atoms can be excited into an un¬ 

occupied state above the Fermi level. The core vacancy left behind is 

filled by an electron from a higher energy level, with the simultane¬ 

ous ejection of a second (Auger) electron to conserve energy. Hence, 

the Auger electrons result from the nonrradiative de-excitation of 

core-ionized atoms. By analyzing the secondary electron energy dis¬ 

tribution which contains the Auger electrons that escape from the sur¬ 

face, the electronic energy levels of the ions undergoing 

autoionization are revealed and this serves to uniquely identify the 

ut 
elements which are present. For surface studies an electron beam 

with an energy between 2-3 keV is typically used to create the core 

vacancies. The Auger electrons ejected and detected have energies 

less than 1 keV. These low energy Auger electrons can escape from 
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only the first several atom layers of a surface because they are 
asx 

strongly absorbed by even a monlayer of atoms. Since these low 

in 
energy electrons can be used to uniquely identify most elements, 

AES is a sensitive probe of surface composition. 

Electrons, instead of photons, are normally used to create the 

core vacancies because it is easier to construct and maintain an elec¬ 

tron gun in UHV than an X-ray source. A simple electron gun with 

focussing and deflection plates is sufficient. Furthermore, the 

primary electrons do not need to be monoenergetic, so no energy fil¬ 

tering is necessary. A disadvantage in using electrons intead of pho¬ 

tons to create core vacancies is that the true secondary electrons 

ejected from the surface are buried in a large background due to 

las 
'rediffused' primary electrons scattered from the surface. This 

makes it difficult to locate the peaks due to Auger electrons in the 

total energy distribution of electrons, N(E). To overcome this diffi¬ 

culty, instead of recording the electron energy distribution N(E), its 

derivative with respect to energy dN(E)/dE is recorded and examined. 

To obtain N(E) and dN(E)/dE on this apparatus a commercial 

LEED-Auger retarding field electron energy analyzer is employed. This 

is a popular device because it can be used for both AES and Low Energy 

Electron Diftraction (LEED) studies. A discussion of LEED, and how 

the LEED-Auger device is used in the LEED mode follows later. Figure 

23 schematically illustrates the LEED-Auger device as used in the 

Auger mode. The sample, at normal or glancing incidence, is placed in 

front of the electron beam from the gun. The first of four 

hemispherical grids is maintained at ground potential along with the 
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sample. This allows secondary electrons to spread radially into the 

field free hemispherical region between the sample and grid. A nega¬ 

tive potential (VQ) applied two the next to grids prevents those elec¬ 

trons which have an energy less than EQ(=eVQ) from reaching the 

collector. The final grid which separates the retarding grids from 

the collector is also at ground potential. It serves to diminish the 

capacitative coupling between the collector and the retarding grids 

114 
and therefore enhances the resolution of the analyzer. This fourth 

grid is not needed for LEED. 

AC 

oc 
RCTMOM* 
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Figure 23. LEED-Auger device in the Auger mode. 

The measured current i, reaching the collector with a negative 

potential Vo on the retarding grids is given by: 

i(E ) = e fp N(E) dE. (II.3) 
° JE 

o 

In this equation E^ represents the energy of the primary electrons in¬ 

cident on the sample. E^ represents the lowest energy secondary elec¬ 

trons that reach the collector. The number of backscattered electrons 

with an energy between E and E+dE is represented by N(E)dE. 
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This equation illustrates a point made earlier; it is difficult 

to detect a small feature at E in the backscattered current because o 

it is superimposed onto a large background of electrons with energies 

between E and E . To enhance these small features the backscattered 
o p 

spectra is electronically differentiated. This is accomplished by su¬ 

perimposing a small modulation component on the linear retarding DC 

ramp voltage applied to the retarding grids. A lock-in amplifier is 

used as a synchronous detector at the specific frequency of modula¬ 

tion. 

To see how this works , consider the collector current i with 

the retarding voltage set to repel all electrons with energies up to 

Eo> When going to a slightly different value of E, the change in the 

collector current can be expressed by a Taylor series expansion of 

i(E ) about E : 
o o 

The AC modulation component AE can be choosen at a convenient fre¬ 

quency <i>: 

HE) . 1(E0) + 
E=E, 

'o 

Substituting (II.3) in differentiated form yields, 

i(E) « i(E#) + eN(E)AE + |N'(E)(AE)* + ... . (II.5) 

AE = ksin(o)t). (II.6) 

Substituting (II.6) into (II.5) yields: 

i(E) = i(E0) + eN(E)ksin(a>t) -^N'(E)k cos2wt + (II.7) 
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Hie energy distribution N(E) is obtained directly by tuning the 

lock—in amplifier to the frequency ». The derivative of the energy 

distribution N’(E) is obtained likewise by tuning the lock-in ampli¬ 

fier to the frequency 2«*. 

In Fig. 24 an Auger spectrum from the clean surface of a No. 304 

stainless steel sample is shown. This spectrum is taken from another 

n« 
source and is shown here for illustrative purposes. 

dN 
dE 
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Figure 24. Auger spectrum from No. 304 stainless steel. 

Notice how electronic differentiation enhances the features relative 

to the background. The features are due to the Auger transitions 

characteristic of the representative elements. The elements are idenr 

tified by the energies of these features. A qualitative estimate of 

the concentration of a given element on the surface can be made by us¬ 

ing the following formula. 
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VSx 
Cx " (I /S ) + (I /S ) + (I /S ) + ... (II‘8) 

xx 77 z z 

Where: — Concentration of element X on the surface. 
Iz - Peak-to peak amplitude of the Anger feature produced by 

element X. 
Sx - Sensitivity of the detector to element X relative to pure 

silver. 

The sum in the denominator is over all the peaks present on the spec¬ 

tra. Sz is known as the relative sensitivity and can be obtained from 

an AES handbook. The peak chosen for 1^ is usually the highest energy 

peak due to element X. The higher energy electrons are generally less 

is 7 
suseptable to magnetic effects and local speciman charging. 

The above treatment is only a first approximation. It completely 

ignores any instrumental differences between the analyzer used to ob¬ 

tain a spectrum and the analyzer used to obtain the relative sensi¬ 

tivities. It also neglects some physical effects which may distort 

the concentration value obtained. These include effects due to vari¬ 

able electron escape depth, surface topography, and the local chemical 

iss 
environment 
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5. Detecting Surface Order: Lev Energy Electron Diffraction 

Two of the three experiments described in this thesis mere per¬ 

formed on the surfaces of crystalline ferromagnetic samples. Since 

ferromagnetism is a collective phenomena which depends on long range 

order; to study surface magnetism it is important to verify the ex¬ 

istence of crystallographic order on the surface during the course of 

an experiment. Also, recall that the surface order can be damaged 

during the sputtering process. To determine the lowest annealing tem¬ 

perature that restores surface order, it is necessary to examine the 

crystallographic order in situ. Heating beyond the lowest necessary 

annealing temperature usually brings more impurities to the surface, 

thus prolonging the cleaning time. To examine the surface order in 

situ, the diffraction pattern produced by a low energy electron beam 

scattered from the surface is observed. This technique, known as low 

energy electron diffraction (LEED), is commonly used as a diagnostic 

tool for surface experiments with crystals. Perhaps it should be 

pointed out that even though AES and LEED are often used as diagnostic 

tools, each are powerful probes in their own right. Both have been, 

and continue to be used in many fruitful investigations. 

The principle of wave-particle duality tells us that all parti¬ 

cles with momentuum p have a wavelength given by the deBroglie rela¬ 

tion X=h/p. For non-relativistic electrons, the deBroglie wavelength 

of electrons with kinetic energy E is given by, 

1/2 B(nm) - [1.5/E(eV)] (II.9) 
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Tÿpical I-RED measurements utilize electrons with, energies between 5 

and 500 eV, and so the deBroglie wavelengths range from 0.05 nm to 

0.5 nm. These wavelengths are camparable to the lattice spacings in 

most crystals. Therefore» when a low energy electron beam is scat¬ 

tered from a crystal» the waves elastically scattered from different 

atoms will interfere and give rise to a diffraction pattern. 

A simple treatment illustrates how the diffraction pattern 

m 
arises. Figure 25 shows a one dimensional array of identical scat- 

terers. 

Figure 25. Geometrical construction of 
the diffraction condition. 

The waves originating from neighboring atoms will intefere construc¬ 

tively if the rays depicted in Fig. 25 have path lengths differing by 

an integral multiple of the wavelength. Thus for an angle of in¬ 

cidence a0» diffraction occurs at angles a given by: 

a(sina0-sina) * nX (II.10) 

where a is the distance between scatterers and n is an integer which 

determines the order of diffraction. The angles a0 and a are measured 

with respect to the surface normal. It should be noted that only 1% 

of the incident electrons are elastically scattered and only these are 

retained for producing a diffraction pattern. The rest» if not 
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removed, would partly obscure tbe pattern and confuse 

1*0 
interpretation. 

LEED measurements on tbis apparatus are performed with the- 

LEED-Auger device mentioned earlier. Figure 26 shows the LEED-Auger 

device in the LEED mode. 

Figure 26. LEED-Auger device in the LEED mode. 

The sample, usually at normal incidence, is placed in front of the 

electron beam from the gun. The first of the four hemispherical grids 

is maintained at ground potential along with the sample. This allows 

secondary electrons to spread radially into the field free hemispheri¬ 

cal region between the sample and the grid. The second and third 

grids are maintained at the same negative potential whose magnitude is 

slightly smaller than the primary electron energy to repel the in- 

elastically scattered electrons. After passing through the retarding 

grids, the elastically scattered electrons are accelerated onto the 

hemispherical collector by a positive potential of a few kilovolts. 

The collector which is coated with phosphor is called the screen in a 

LEED measurement. This phosphor screen, which is about 4 inches in 



90 

diameter* will show 'diffraction spots' at the positions of the inter¬ 

ference maxima. The diffraction pattern is observed visually through 

a window in the vacuum chamber and is photographed for a permanet 

record. Recall that the fourth grid is primarily used to enhance the 

energy resolution in the Auger mode. The third grid* however* sub¬ 

stantially improves the LEED pattern because it reduces field in- 

homogeneties in the meshes of the second grid caused by the presence 

it l 
of the nearby fluorescent screen at high voltage. 
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6. Electron Energy Analyzer 

Information about tbe metastable atom-surface interaction is ob¬ 

tained by examining tbe low energy (0-15eV) ejected electrons. In 

these experiments tbe principle measured quantity is tbe number of 

electrons ejected within a certain energy range. A retarding field 

energy analyzer is used for this measurement. A negative potential 

V^, applied to a set of mesh grids, prevents electrons with energies 

less than eV^ from reaching an electron detector. This type of 

analyzer is inexpensive to construct but suffers from low resolution 

in many applications. To obtain high energy resolution tbe electrons 

in tbe beam must be traveling parallel to one another and must enter 

tbe retarding field at right angles to tbe equipotentials. If tbe 

electrons do not enter tbe potential barrier at right angles, tbe bar¬ 

rier does not provide a measure of tbe electron energy, but rather a 

measure of tbe electron momentum perpendicular to tbe equipotential 

in 
surfaces. Tbe failure of tbe analyzer to measure tbe total kinetic 

energy of tbe electron beam constitutes a lack of resolution or an 

. , itt 'energy abberation'. 

Tbe above requirements mean that, in practice, tbe electron beam 

must be of low intensity (to avoid space charge deflections within tbe 

beam) and be well collimated before entering tbe analyzer. Further¬ 

more. external magnetic fields should be as small as possible. A mag¬ 

netic field will bend tbe trajectory of a parallel stream of electrons 

causing them to enter tbe retarding barrier at nonrnormal incidence. 

The cyclotron radius of a 5 eV electron traveling perpendicular to tbe 
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earth's magnetic field (with a strength ~0.6 Ganss) is only about 

13 cm. Since external magnetic fields are virtually alvays present, 

the distance between the front of the analyzer and the surface under 

study is as small as possible (-4cm). The retarding field analyzer 

used in these experiments consists of two wire mesh grids in front of 

a bell-mouthed channel electron multiplier operated in a saturated, 

pulse counting mode. The mouth of the multiplier, which is directly 

behind the retarding grids, is maintained at -(-50 V to prevent positive 

ions from being detected. IVo meshes are used, instead of one, to im¬ 

prove the uniformity of the retarding field normal to the electron 

beam. A small collimating aperature in front of the meshes helps 

create a normal incidence beam. The position of the analyzer is fixed 

with respect to the beamline and sample as shown in Fig. 22. Because 

of the collimation and fixed position of the analyzer, only a small 

fraction of the total number of electrons which are ejected from the 

surface are detected. The analyzer is schematically illustrated in 

Figs. 13, 22, and 31. 

The electron multiplier used in the retarding field analyzer is 

identical to the one used in the Stern-Gerlach analyzer and is com¬ 

monly called a channeltron. A channeltron is used in both devices be¬ 

cause the detected currents are typically less than 0.1 pA. The 

channeltron is basically just a glass capillary tube, with an inside 

diameter of 1.0 mm, wound into a three turn helix 1.4 cm in diameter 

and 2.9 cm long. The glass tube itself is called the channel. The 

glass, which is specially formulated and heavily lead doped, exhibits 

useful secondary emissive and resistive characteristics. Channeltrons 
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• » 
typically exhibit resistances in the range of 10 to 10 Ohms. A 

chrome contact is deposited onto the glass at the month of the chan- 

neltron and a chrome cap covers the other end. An external voltage, 

typically between 3.5 and 4 kV, is applied across the channel at the 

chrome contacts. The external voltage source serves a dual purpose. 

First, the wall of the channel replenishes its charge from the voltage 

source. Second, the applied voltage accelerates the low energy secon¬ 

dary electrons to a level where, upon collision with the inside chan¬ 

nel surface, they will efficently create more secondary electrons. 

Channeltrons with a 1 mm inside channel diameter typically have an 

S IS 4 
electron multiplication (gain) factor of 10 or more. The gain of a 

channeltron is not a function of the length or diameter independently, 

xs s 
but rather a function of the length-to-diameter ratio. 

The channeltron is wound into a helix (or sometimes just bent 

into a curve) to prevent ion feedback. At the high voltage end of the 

channel a large number of electrons are traveling through the channel. 

In this region, there is a high probability of ionizing some of the 

residual gas molecules within the channel. These positive ions are 

accelerated toward the input and can cause secondary electron emis¬ 

sion, giving counts not representative of the input, i.e. noise. Cur¬ 

vature of the channel itself limits the distance an ion can travel 

toward the input hence making the gain of the pulses due to the ions 

l* « 
small compared to the overall gain. Both channeltrons have a bell 

mouth (cone) attached to the front of the channel which allows the 

channeltron to subtend a larger solid angle. The opening of this cone 

is about 1.1 cm in diameter. 
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As mentioned earlier, the voltage to the chrome cap on the hack 

of the channeltron is maintained at about +4 kV. The cascading elec¬ 

trons in the multiplier are collected, and must be detected, at this 

chrome cap at high voltage. To detect these electrons it is con¬ 

venient to operate in a pulse-counting mode since the detection elec¬ 

tronics must be electrically isolated from the high voltage. The 

channeltron output is coupled to the pulse counting electronics via a 

high voltage ceramic capacitor. In this way, small fast pulses from 

the channeltron which are * on top' of the high voltage can be easily 

detected. For each event a negative 30 mV pulse, 100 ns in duration 

is produced for detection. These pulses are amplified, sent thru a 

discriminator and counted. 

When using the channeltron in the pulse counting mode it is im¬ 

portant to operate under saturation conditions. Experimentally, sa¬ 

turation is reached when the number of counts (from a source of 

constant intensity) registered by the channeltron increases only 

slightly as the bias voltage is increased. The optimal operating vol¬ 

tage is about 100 V above the bias voltage which produces 

II ? 
saturation. At saturation the pulse height produced by the channel- 

n • 
tron is independent of the incident particle energy. If saturation 

conditions are not maintained low energy particles will produce, on 

the average, a smaller pulse height. A smaller pulse, even after am¬ 

plification, may not be large enough to trigger the discriminator. So 

if saturation conditions are not maintained lower energy particles 

will be detected with less efficiency than the higher energy 

particles. 
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7. Hie Sample Holder 

As stated in the last section, the surfaces of a single crystal 

nickel and iron sample, and the surface of a ferromagnetic metallic 

glass were examined in the experiments described in this thesis. 

Since the magnetism of the surface was under investigation, each sam¬ 

ple had to be magnetized while inside the UHV chamber. Each sample 

also had to be heated and moved about within the vacuum. To accom¬ 

plish these requirements a special sample holder was constructed for 

the two single crystal samples and another for the amorphous metallic 

glass which is in the form of a thin flexible ribbon. 

A C-shaped electromagnet was used to magnetize the single crystal 

samples. A piece of soft iron was machined into a C shape and a cur¬ 

rent carrying wire was wrapped around it. The crystals were then 

clamped over the open part of the C thus completing the magnetic cir¬ 

cuit. This arrangement was schematically illustrated earlier in 

Fig. 13 along with the rest of the apparatus. Using the crystal as 

the keeper in a magnetic circuit reduces stray magnetic fields from 

the sample and increases the magnetic remanence. The metallic glass 

was magnetized in a similar way. The glass was in the form of a thin 

flexible ribbon that was clamped onto itself to form a loop. A cur¬ 

rent carrying wire was then wrapped around this loop. Vith this ar¬ 

rangement the ribbon was its own magnetic circuit and hence its own 

magnetic keeper. Both configurations allowed the sample under study 

to be magnetized with ease. 
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All three samples were heated by a tungsten filament mounted 

directly behind them. The filament is a tungsten wire about 0.18 mm 

in diameter, wound into a flat spiral about 7.5 mm in diameter to as¬ 

sure uniform heating over the back of the sample. When a low 

current (<1.5Amps) is passed through the filament the sample is only 

radiatively heated. As the current thru the filament is increased 

electron emission from the filament occurs. With a current of about 

2.5 Amperes through the filament the samples reached a temperature of 
o 

500 C. Higher temperatures could be obtained by biasing the current 

carrying filament at a negative voltage with respect to the sample. 

The filament is electrically isolated from the sample and ground for 

this purpose. With this arrangement electrons bombard the back of the 

crystal with larger kinetic energy and sample temperatures in excess 
o 

of 750 C could easily be reached. Thermocouples were spot-welded on 

or nearby the sample to monitor its temperature continously. 

Each sample, with its magnet and filament assembly, was attached 

to a rod connected to a precision. UUV compatible. XÏZ and theta 

manipulator. The manipulator, which is on top of the UHV chamber, al¬ 

lows the sample to be moved around inside the vacuum for Auger 

studies, argon ion bombardment, etc.. The sample assembly was elec¬ 

trically isolated from the manipulator rod (at ground potential) by 

ceramic and/or sapphire insulators. This allowed the current incident 

on the sample from the electron or ion gun to be easily measured. 
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Part C: Experimental Procedure 

1. Overview 

In this part of this section the important steps in preparing amd 

performing each surface experiment will he explained. Each surface 

had to he prepared in a different way before it could he studied with 

the spin polarized metastahle helium atom beam. The necessary diag¬ 

nostics during an experiment and the data accquistion procedure, 

however, were the same for each surface studied. Because of this the 

preparation of each surface will he described separately. After the 

preparations are explained the diagnostics and data accquisition pro¬ 

cedure will he discussed. 

The preparation phase of each experiment was dominated by the 

in-situ cleaning of the surface. This situation is painfully familiar 

to most workers in surface physics. The sucess (or failure) of a sur¬ 

face experiment often hinges upon the cleanliness of the surface. 

Sometimes an experiment has to he abandoned because a clean enough 

surface can not he obtained within reasonable means. No generally ap¬ 

plicable recipe for the preparation of a clean surface can be given. 

Even though one usually reviews sucessful recipes used by other 

workers; in each case the proper treatment must be determined ex¬ 

perimentally. This is frequently more time consuming than the sub¬ 

sequent investigation of the clean surface.1** 
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2. Preparation of the Ni(110) Sample 

A nickel crystal was chosen for the first experiment because 

nickel is ferromagnetic* its snrface is straightforward to clean* and 

the nickel surface has been well studied by virtually every type of 

surface spectroscopy. Nickel has a face center cubic (fee) structure 

and the crystal was cut so that a (110) symmetry plane was exposed. 

The ideal surface atom positions of the (110) face of a fee crystal 

14 0 
are shown in Fig. 27. 

(110) Figure 27. Ideal surface atom positions for the 
Ni(110) crystal. 

Of course imperfections and surface relaxation effects alter this 

ideal picture. The Ni(110) sample was rectangular; 12 mm long* 6 mm 

wide* and 0.4 mm thick. It was polished by hand using a sequence of 

alumina grit pastes with grit diameters ranging from 5 pm to 0.05 pm. 

After polishing with the 0.05 pm grit paste the surface appeared shiny 

and smooth, even under a low power microscope. After the crystal was 

polished it was mounted on the sample holder described earlier. 

The (110) face of nickel was chosen for study because the sample 

had to be magnetized during the experiment. With the (110) face ex¬ 

posed* the crystal was magnetized along the [111] direction (which is 

parallel to the long axis of the sample) when placed in the C-shaped 

141 
electromagnet disscussed earlier. As can be seen from Fig. 28 * 

the <111> directions are the 'easy' directions of magnetization in 

nickel. That is* the crystal can be driven to saturation 
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magnetization with the smallest external magnetic field if the field 

is applied along a <111> direction. 

Fignre 28. Magnetization curves for a 
single crystal of nickel. 

~0 100 200 300 

Ba (gauss) 

This effect is dne to the anisotropy energy within the ferromagnetic 

crystal which results from the dependence of the spin energy on the 

14» 
absolute orientation of the spins with respect to the crystal axes. 

To determine the current needed to drive the magnetization of the sam¬ 

ple to its saturation value, a hysteresis curve was obtained from a 

magneto-optic Kerr effect measurement. From the hysteresis curve, the 

remanence of the magnetized sample was also evaluated. The hysteresis 

curves were obtained from the sample outside the final chamber before 

the experiment began. The use of the magneto-optic Kerr effect to ob¬ 

tain a hysteresis curve is discussed in Appendix II. 

After the magnetization measurements the sample was placed in the 

final chamber were UHV conditions were obtained. An Auger spectra, 

taken before the surface cleaning process began, revealed surface con¬ 

tamination due to carbon and oxygen. The surface was cleaned by 

argon-ion bombardment followed by annealing to 350 C. The argon ion 

beam had a kinetic energy of 2 keV and the ion current incident on the 

sample was approximately 20 pA. The sputtering reduced the levels of 
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carbon and oxygen but introduced argon contamination. Hie annealing 

process* used to restore order to the sputter—damaged surface* removed 

the argon contamination but caused carbon to migrate to the surface. 

Because of this the surface had to be sputtered and annealed many 

times. 

Typically* the surface was sputtered for 45-60 minutes and then 

annealed before sputtering vas resumed. LEED analysis shoved that an¬ 

nealing for 3-5 minutes at the above temperature produced a veil or¬ 

dered surface. Prolonged sputtering* vithout stopping to anneal* can 

cause damage vhich can only be repaired by annealing to excessive tem¬ 

peratures. After many sputter-anneal cycles the. carbon level on the 

surface had decreased and no oxygen or any other contaminant could be 

seen in the Auger spectra. As a result of the repeated cycling* im¬ 

mediately after annealing* the concentration of nickel on the surface 

as determined by Eq. (II.8) vas typically 96%. After the sample 

cooled (about 45 minutes later) carbon vas still the only contaminant* 

but the nickel concentration typically fell to 92%. It is believed 

that carbon migrated to the surface as the sample slovly cooled. Fas¬ 

ter sample cooling might have kept the carbon level constant over the 

45 minute period. The experiment on the nickel surface vas performed 

vith the above surface concentrations of nickel. Just after an¬ 

neal ing, a data ran vould begin and vould usually last 30-45 minutes. 

Betveen data runs the sample vas sputtered and annealed to keep it 

clean during the experiment. 
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3. Preparation of the Fe(100) Sample 

After the nickel experiment an iron crystal vas chosen for study. 

Iron has a body center cubic (bcc) structure and the crystal vas cut 

so that a (100) symmetry plane vas exposed. The ideal surface atom 

positions of the (100) symmetry plane vas exposed. The ideal surface 

atom positions of the (100) face of a bcc crystal are shovn in 

14 * 
Fig. 29. 

Figure 29. Ideal surface atom positions for the 
Fe(100) crystal. 

The iron crystal vas rectangular in shape and vas similar in size and 

thickness to the nickel crystal. With the (100) face exposed for 

study, the sample vas magnetized along the [010] direction (vhich is 

parallel to the long axis of the sample) vhen placed in the C-shaped 

144 
electromagnet described earlier. As shovn in Fig. 30, 

the <100> directions are the directions of easy magnetization in iron. 

Figure 30. Magnetization curves for a 
single crystal of iron. 

Due to limited resources at the time a magneto-optic Kerr effect 

measurement vas not performed on the iron crystal. Therefore a 
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hysteresis curve vas sot obtained. This means that the ability of the 

electromagnet to drive the sample to saturation magnetization vas not 

verified. However, the same electromagnet ,and current used to drive 

the nickel crystal to saturation magnetization vas used for the iron 

crystal. Comparison of Figs. 28 and 30 reveals that, along the easy 

directions, iron is magnetized to saturation by approximately the same 

applied magnetic field needed to drive nickel to saturation magnetiza¬ 

tion. This suggests that the iron sample vas probably fully mag¬ 

netized during the experiment. 

Before the iron crystal vas placed into vacuum it vas pretreated 

in a high temperature, floving hydrogen atmosphere. The sample vas 

placed in a quartz tube vhich in turn vas placed in a tube furnace 

o 
maintained at 800 C. A 90% argon, 10% hydrogen mixture slovly flowed 

through the quartz tube and over the gloving red hot crystals. The 

sample remained in the furnace for almost 10 weeks. This high tem¬ 

perature hydrogen treatment has been used by many workers to remove 

those impurities that form volatile hydrides (e.g. sulfur).14* Unfor¬ 

tunately, even after the pretreatment many impurities remain in most 

commercially available iron samples. After this lengthy pretreatment 

the iron crystal was polished by hand following the same procedure 

used to polish the nickel crystal. 
/ 

0 
Iron undergoes a structural phase transition near 910 C (goes 

from a bcc to a fee structure) vhich must be avoided to maintain the 

14 6 
original bcc single crystal. Because this temperature was 

approached during the furnace treatment, an x-ray diffraction pattern 

produced by the polished crystal was photographed. The pattern was 
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obtained by using the back-reflected Lane method. In this method a 

veil collimated x-ray beam is reflected off the speciman after it has 

passed through a photographic emulsion. The reflected x-rays which 

interfere constructively expose portions of the emulsion and hence 

form a diffraction pattern. The Lane method is commonly used for 

qualitative crystal structure determination and is discussed in detail 

14 7 
elsewhere. The Lane photographs of the iron crystal revealed that 

it was still a (100) bcc single crystal.14* 

After the sample was placed in the final chamber and UHV condi¬ 

tions were obtained, the surface cleaning process began. Preparing a 

clean surface of iron is generally considered difficult. The bcc to 

o 
fee phase transition near 910 C necessitates that all cleaning be done 

I 

below this temperature. This limits the rate at which impurities can 

be removed from the sample. Also, commercially available single crys¬ 

tal ingots usually contain a wide variety of impurities which have 

strongly different behavior with respect to diffusion and surface 

14 t 
segregation. The furnace pretreatment discussed above and the re¬ 

cipe used to clean the Fe(100) surface in this experiment was sue— 

sso 
cessfully used by a group at the University of Texas. 

Drs. A. Turner and J. Erskine kindly answered all of our questions 

about their technique. 

Before the cleaning process began an Auger spectrum revealed that 

the surface was contaminated with carbon, oxygen, sulfur, 

phosphourous, and nitrogen. The cleaning process began by heating the 

o 
crystal to 500 and argon-ion bombarding the surface continously for 

24 hours. A 2 keV ion beam with a current of 10 |iA incident on the 
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sample was used for this initial sputtering. After the day of sput¬ 

tering the concentration of iron on the surface (as determined by 

Eq. II.8) was about 76%. Only carbon, oxygen, and a small amount of 

argon introduced by the sputtering were present on the surface. The 

cleaning process continued by using cycles consisting of 30 minutes of 

sputtering followed by 30 minutes of no sputtering with the crystal 

o 
continously maintained at 500 C. During the sputtering part of this 

cycle, a 500 eV argon ion beam with a current of 5-10 (iA incident on 

the sample was used. 

Due to various problems with the apparatus, several attempts were 

made to clean the iron surface, with as many as 100 cycles per at¬ 

tempt. Unfortunately, the concentration of iron on the surface was 

limited by' carbon and oxygen contamination, and it was never much 

higher than the initial valve above. Because of the difficulties with 

cleaning no attempt was made to perform a LEED analysis and hence 

determine the proper annealing temperature. Also, because other re¬ 

cipes found for cleaning iron were more involved and even more time 

consuming, they were not attempted. 



105 

4. Preparation of the Ferromagnetic Metallic Glass 

The last of the three experiments iras performed on the surface of 

a ferromagnetic metallic glass. The ferromagnetic glass studied was 

an alloy consisting of 81.5% iron. 14.5% boron, and 4% silicon. It 

posseses no crystalline structure on any significant scale; the mag- 

XS X 
ne tic and non-magnetic ions axe randomly packed as in a liquid. The 

glass studied in this experiment is just one of the many amorphous 

ferromagnetic alloys that have been industrially produced. These 

materials possess many interesting properties and axe technologically 

important. A detailed description of the properties of amorphous fer- 

xomagnets from an experimental point of view is given in a recent re- 

m 
view article by Luborsky. The magnetic properties of the Fe-B-Si 

x$* 
amorphous alloys are discussed by Luborsky in a different article. 

The glass used in this experiment was kindly provided by 

Dr. J. Unguris at the National Bureau of Standards and was originally 

obtained from Dr. F. Luborsky at the General Electric Corporation. It 

was supplied in the form of a ribbon 9.6 mm wide and 0.025 mm thick. 

The amorphous ribbon was formed by a melt-spinning technique which in¬ 

volves ejecting a stream of the molten alloy onto a cold spinning 

wheel. This casting process introduces anisotropies in the ribbon and 

creates an easy axis of magnetization along the length of the ribbon. 

Recall that the length of the ribbon was formed into a loop which was 

magnetized (along the easy axis) by a current carrying wire wrapped 

around a portion of the loop. A magneto-optic Kerr effect 

measurement (discussed in Appendix II) was used to verify that the 



106 

glass had a good magnetic remanence and conld be easily driven to sa¬ 

turation magnetization. 

A surface stndy of tbe same glass alloy used in this 

experiment (in fact* it was prepared from tbe same batch at General 

Electric) had been performed by workers at the National Bureau of 
1,4 

Standards (NBS) • The obtained a surface hysteresis curve by examin- 

ing the elastic scattering asymmetry of low energy spin polarized 

electrons. Their results were obtained on a surface which iras cleaned 

for only a short period of time. After only 3—4 hours of sputtering 

with a 500 eV argon-ion beam with an ion current of 1-2 |iA incident on 

i is s 
a 1cm area of the ribbon, saturation cleanliness was obtained. At 

saturation their surface was 79%Fe. 8%B, 2%Si, and 11%C. Prolonged 

sputtering did not change these concentrations which is not surprisng 

considering the nature of the alloy and the methods used to prepare 

it. Annealing the glass to the 110 C for 1 minute after sputtering 

removed strains induced by ion bombardment and increased the quality 

1SS 
of the hystersis loop. 

The amorphous nature of this alloy results from the rapid cooling 

of its molten state. The amorphous state is metastable and can be 

destroyed by excessive heating or stressing. Under these conditions 

the glass crystallizes and its amorphous magnetic properties are 

IS T 
destroyed. The bulk crystallization temperature for the glass used 

o is * 
in this experiment is 450 C. The workers at the NBS discovered that 

clamping the glass too tightly when forming it into a loop or exces¬ 

sively heating even a small portion of the glass destroyed its 

magnetic properties. That is. under these conditions, the hysteresis 
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curves obtained by using either the polarized electrons or the 

15 » 
magneto-optic Kerr effect disappeared. 

The Fe-B-Si glass used in this experiment was prepared utilizing 

information obtained from the NBS workers. The magneto-optic Kerr ef¬ 

fect measurement was performed after the ribbon was clamped into a 

loop. As stated earlier, it was found that the glass had a good mag¬ 

netic remanence and could be easily driven to saturation magnetization 

(see Appendix II). After this measurement the glass was placed in 

the final chamber and UHV conditions were obtained. The glass was 

cleaned by using the NBS procedure described above. Because local 

heating could destroy the magnetic properties of the glass, the sample 

was not annealed until data had been obtained from the surface. For 

the same reason an Auger analysis was not performed on the glass. The 

method used to obtain an Auger spectrum in this apparatus utilizes a 

high energy electron beam focussed on the sample which can cause con¬ 

ic o 
siderable local heating 
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5. Experimental Diagnostics and Data Acquisition 

Once the process of cleaning the surface has ended, the polarized 

metastable helium atom beam is prepared and the experiment begins. 

The beam is optimized by adjusting the various source conditions 

(voltages, currents, gas pressures, etc.) while monitoring the result¬ 

ing Stern-Gerlach profiles. Recall that the beam purity is determined 

by examining the profile produced by an unpolarized beam. The optimal 

purity is obtained by minimizing the area under the central peak of 

the profile relative to the area under either one of the side peaks. 

The beam is then spin polarized by optical pumping. The optimal po¬ 

larization is determined by maximizing the area under the appropriate 

side peak relative to the area under the other two peaks. The result¬ 

ing polarization is obtained from Eq. (II.1). Both the beam purity 

and polarization are periodically checked during an experiment. 

As discussed in Appendix I, the spin polarized metastable helium 

atoms must track the local magnetic field adiabiatically in order to 

preserve the beam polarization. The measured polarization will be 

lover than the possible polarization if there are regions along the 

beamline where the adiabiaticity condition is violated. Before data 

from the first experiment was obtained, it was discovered that beam 

polarization did not symmetrically reverse in direction when the 

direction of the magnetic field in the optical pumping chamber was 

reversed. This indicated that, somewhere between the optical pumping 

chamber and the SternrGerlach analyzer, there was a region where the 

polarized helium atom beam could not adiabiatically track the local 
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magnetic field. Also at this time the largest beam polarization vhich 

could be obtained vas only 25%. 

To overcome this problem, a Helmholtz coil vas placed on top of 

the final chamber vhich separates the optical pumping region from the 

Stern-Gerlach analyzer. The coil vas used to create a 2-3 Gauss mag¬ 

netic field in the final chamber. IVhen this field vas applied in a 

direction parallel to the 5 Gauss field in the optical pumping chamber 

the beam polarization increased to at least 35%. Furthermore, this 

polarization symmetrically reversed in direction vhen the magnetic 

fields in both chambers vere reversed in direction together. As a 

result of this, all the ezperiments vere performed in a 2-3 Gauss mag¬ 

netic field perpendicular to the experimental plane in the final 

chamber. 

After the surface under study has been freshly sputtered and an¬ 

nealed it is moved into the spin polarized metastable helium atom 

beam. A portion of the electrons ejected by metastable atom-surface 

interaction are detected by the retarding field energy analyzer. Tiro 

types of measurements are made on the ejected electrons. One of the 

tvo quantities measured vith the analyzer is the energy distribution 

of the ejected electrons. The retarding potential applied to the 

grids of the analyzer is incremented, and at each increment the number 

of electrons vith an energy large enough to overcome the retarding 

field is recorded. Since all electrons vith an energy above a thres¬ 

hold are counted, the number of counts as a function of retarding vol¬ 

tage must be differentiated to obtain the electron energy 

distribution, 
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Of primary interest is the dependence of the ejected electron in¬ 

tensity on the polarization of the incident metastable helium atom 

beam. This dependence can be characterized by an experimental asym¬ 

metry parameter given by: 

1 R - E 
A “ nfTsrnf (II-U) 

Z T — 

where R+ and R_ are the connt rates recorded by the electron energy 

analyzer (at a given retarding voltage) for beam polarizations of +P z 

and -P , respectively. Recall that a beam with polarization +P (-P ) z z z 

contains a plurality of 2 S helium atoms in the m^=+l(mjs-l) state. 

The polarization of the beam is changed from +P to -P and back by z z 

changing the handedness of the circularly polarized light used for the 

optical pumping. Recall that the handedness is changed by simply ro- 

o 
tating a quarter-wave plate by 90 . 

To obtain the asymmetry* first the beam polarization is measured 

as described earlier. Figure 31 shows a block diagram of the computer 

controlled system used to obtain R+ and R_. With the quarter wave 

plate in a position to produce a beam with polarization +P * the com- z 

puter collects counts from the channeltron (in the energy analyzer) 

for 10 seconds and stores them in a registered designated R+. The 

computer then instructs a stepper motor to rotate the quarter wave 

o 
plate by 90 which changes the handedness of the optical pumping 

radiation and reverses the direction of the beam polarization. With a 

beam polarization of -P , the computer collects counts for 10 seconds z 

and stores them in a register designated R_. Thé quarter wave plate 

is rotated back to its original position and the process is repeated 
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until enough data is accumulated or until the surface cleanliness be¬ 

gins to degrade. Reversing the polarization after a 10 second count¬ 

ing interval minimizes error caused by changes in the count rate over 

the 15-45 minute data collection period. After each collection 

period, the number of counts in each register are totaled, yielding R+ 

and R_ and hence the asymmetry. 

CHAMNELTRON 

R+.R- 

Figure 31. Block diagram of the data acquisition system 
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Section lilt Results» Discussion and 

In this section the results from the three 

MDS experiments are presented. Explanations 

Conclusions 

initial spin polarized 

and comparisons with 

theory and with other experimental findings are given. The direction 

of future work is also briefly discussed. 
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Part A: Ni(llO) Experiment 

The first experiment using spin polarized MDS vas performed on 

the Ni(llO) surface. When the nickel crystal vas magnetized and the 

surface of the crystal vas clean, it vas discovered that the yield of 

ejected electrons depended upon the polarization direction of the in¬ 

cident metastable atom beam. That is, it vas discovered that the ex¬ 

perimental asymmetry parameter A, defined in Eq. (II.11) vas non-zero. 

To confirm that the asymmetry vas in fact due to the magnetization of 

the surface, a number of experimental checks vere performed. The fol- 

loving experimental observations vere made. 

i) As the surface vas alloved to become contaminated or covered with 
background gases from the vacuum chamber the asymmetry vent to 
zero. 

ii) When the nickel sample vas replaced by contaminated 
non-ferromagnetic samples (copper, tantalum) no asymmetry vas ob¬ 
served. 

iii) When the nickel sample vas not magnetized the asymmetry vas not 
observed. 

iv) No asymmetry vas observed vhen the optical pumping radiation vas 
prevented from illuminating the beam (i.e. vhen the beam vas un¬ 
polarized) . 

v) The asymmetry changed in sign, but not in magnitude, vhen the im¬ 
posed magnetic 'guide' fields along the beamline in the last tvo 
chambers vere reversed in direction together. 

vi) The asymmetry remained unchanged vhen the magnetization direction 
of the crystal vas reversed. 

The above checks demonstrated that the asymmetry vas real and that it 

vas due to the surface magnetization. The last tvo checks 

demonstrated that the beam polarization folloved the local magnetic 
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fields adiabiatically. That is* those atoms polarized 

'spin-up' (’spin-down*> by the optical pumping process remained 

parallel (anti-parallel) to all the local magnetic fields* even those 

immediately near the magnetized sample (see Appendix I)* 

Figure 32 shows how the asymmetry parameter A varies with the re¬ 

tarding voltage applied to the grids of the electron energy analyzer. 

15 

< 

5 
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Figure 32. Polarization asymmetry as a function of retarding voltage. 

Recall that by definition A is normalized to 100% beam polarization. 

Each point is a measure of electrons with that kinetic energy or 

higher. The error bars are larger at higher retarding voltages be¬ 

cause of the lower count rates at those voltages. The data was ob¬ 

tained immediately after the sample had been sputtered, annealed to 
o 

350 C* and magnitized. The sample did not cool to room temperature 

before the data collection began; consequently the sample temperature 
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during these measurements was about 130 C. The inset in Fig. 32 shows 

an electron energy distribution from the clean nickel surface at this 

temperature. It is qualitatively similar to energy distributions ob¬ 

tained in other MDS/Ni experiments and is indicative of the distribu- 

. x 

tion resulting from the two step RI+AN de-excitation mechanism. 

The behavior of the asymmetry with retarding voltage is con¬ 

sistent with the picture based on the calculated density of states on 

the Ni(110) surface described earlier (see Figs. 11 and 12). Recall 

that with the RI+AN process occurring, neutralization of the resulting 

polarized ion involves electrons from either the minority or majority 

spin bands. When the intial polarization of the He(2*S) atom is 

parallel (anti-parallel) to the surface magnetization, the resulting 

polarized ion must be neutralized by a majority (minority) spin band 

elecron. The calculated spin band structure (Fig. 11) shows that the 

population difference between minority and majority spin band elec¬ 

trons is greatest at the Fermi level. The data shows that, indeed, 

electrons with the largest kinetic energy (which originate at the 

Fermi level and are detected at the highest retarding voltage) exhibit 

the largest asymmetry. Note that the asymmetry also has the correct 

sign; more electrons are ejected when the metastable atoms are polar¬ 

ized anti-parallel to the bulk magnetization. 

The asymmetry decreases with decreasing retarding voltage but 

never changes sign. This is partially consistent with the band struc¬ 

ture calculation since the population difference between the minority 

and majority spin band electrons decreases with increasing electron 

binding energy. By definition, however, there are more majority spin 
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electrons than minority spin electrons and one might expect the asym¬ 

metry to eventually change spin as the retarding voltage is reduced. 

This is not observed» presumably because neutralization by electrons 

in the minority band will» on the average, release more energy than 

neutralization by electrons in the majority band» resulting in a 

higher secondary-electron escape probability. It should be noted that 

this sign change might have been observed at the lowest retarding re¬ 

tarding voltages (0-2 Volts). Unfortunately, the imposed magnetic 

guide field in the main experimental chamber adversly affected the 

energy resolution of the retarding grid analyzer, particularly for low 

energy electrons. Consequently, data obtained at the lowest retarding 

voltages was unreliable and it is not presented. 

To obtain more information about the relationship between the 

asymmetry and the surface magnetization, the asymmetry was measured as 

a function of crystal temperature at three different retarding vol¬ 

tages. As shown in Fig. 33, in each case the asymmetry decreases 

approximately linearly with temperature. The solid lines are the best 

straight-line fits to each data set. The relative degree of scatter 

in the three data sets reflect the lower count rates at the higher re¬ 

tarding voltages. It was also observed that the shape of the ejected 

electron energy distribution did not change over the range of measured 

temperatures. This indicates that the asymmetry is probably directly 

proportional to the surface magnetization. Within experimental uncer¬ 

tainty, the extrapolated surface Curie temperature is equal to the 

• OKS 
bulk Curie temperature, T=633 K(360C). The linear relationship 

between surface magnetization and temperature is in marked contrast to 



117 

the large curvature that the bulh magnetization exhibits with 

itt 
temperature. Nonetheless» this linear dependence has been observed 

in other studies of the Ni(110) surface utilizing spin-polarized 

This unique 

surface behavior has been predicted by some theoretical 

a«7 
calculations» but is by no means fully understood. 

K4-14I lf< 
LEED and spin-polarized low energy positrons. 

Figure 33. Polarization asymmetry as a function of temperature. 

In the final part of this experiment the asymmetry was measured 

as a function of surface exposure to carbon monoxide at two different 

retarding voltages. The sample temperature during each exposure was 

o 
approximately 50 • . As shown in Fig. 34» A decreases exponentially 

with surface exposure to CO, falling to almost zero at exposures 

_4 It t 
>4L (1L(Langmuir) =10 Torr-sec). It has been shown that 

' o 

saturation coverage of a Ni(110) surface at 27 C is achieved by a 5L 
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exposure to CO and corresponds to 0*6 of a monolayer of CO on the sur¬ 

face. 

CO EXPOSURE (LANGMUIR) 

Figure 34. Polarization asymmetry as a function of exposure to CO. 

It can be concluded from this data that the CO covered surface is 

non-magnetic and that the metastable atom probe is indeed very sensi¬ 

tive to changes in the surface conditions. This last point is il¬ 

lustrated again in the inset of Fig. 34. Th ejected electron energy 

distributions are shown for clean Ni(110) and for clean Ni(110) fol- 
<•* 

lowing 1- and 4-L exposure to CO. These distribution measurements are 

in qualitative agreement with similar measurements from MDS studies of 

«» 
CO on Ni(llO). Finally, it should be noted that prolonged exposures 

of the clean Ni(110) to pure hydrogen also reduced the asymmetry to 

zero 
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Part B: Fe(lOO) Experiment 

The results from the Ni(110) experiment indicated that larger 

asymmetries might he observed from materials which possess a larger 

exchange splitting than nickel. Therefore the next ferromagnetic sam¬ 

ple chosen for study with spin-polarized BIDS was an Fe(100) crystal. 

Figure 35 shows the calculated density of states for the minority- and 

majority-spin electrons on the top layer of the Fe(100) surface mod¬ 

eled as a seven-layer slab. 

DENSITY OF STATES (states/eV atom spin) 

Figure 35. Calculated density of states for the Fe(100) surface. 

This ground state (T=0) calculation was recently performed by Ohnishi, 

170 
Freeman, and Weinert. Considerations identical to those described 

earlier for the calculated density of states on the Ni(110) surface 
« 

indicate that a noticeable asymmetry should be observed in electrons 

ejected from the Fe(100) surface. The predominance of minority spin 

electrons near the Fermi level should produce a positive asymmetry in 

the electrons ejected with the highest kinetic energies. This asym¬ 

metry should decrease and possibly change sign as the retarding 
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voltage is reduced and electrons with, larger binding energies are 

detected. Ibis sign reversal vas not observed in the previous experi¬ 

ment. but according to these calculations, the population difference 

between the majority and minority spins is greater on the surface of 

Fe(100) than on the surface of Ni(110). 

In spite of the above predictions to the contrary, no asymmetry 

in the ejected electron yield was observed at any retarding voltage in 

this experiment. Any one of several factors could be responsible for 

the observed absence. It is possible that the theoretical picture 

presented above is incorrect or perhaps inappropriate to use for the 

metastable atom probe which is sensitive to the external extension of 

the surface -electronic wavefunctions. A similar calculation, however, 

for the Ni(110) surface was in qualitative agreement with the spin po¬ 

larized MDS experiment on that surface. It is also possible that the 

condition of the iron surface during the experiment prevented an asym¬ 

metry from being observed. As noted earlier, difficulties with the 

apparatus during the cleaning process prevented a LEED analysis from 

being performed. Consequently, the proper annealing temperature was 

never determined and it is possible that the surface was not well or¬ 

dered during the experiment. Poor surface order could certainly af¬ 

fect the surface magnetic behavior of a crystalline sample. It was 

also noted earlier that the Fe(100) surface was difficult to clean and 

that the concentration of iron on this surface during the experiment, 

as determined by qualitative Auger analysis, was just under 80%. Sur¬ 

face experiments are rarely performed on a crystalline metal surface 

this contaminated. Recall, however, that the asymmetry observed in 
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the Ni(110) experiment did not disappear until approximately 50% of 

the surface mas covered by CO. 

The results from the Ni(110) experiment clearly indicate that an 

asymmetry is not observed from an unmagnetized sample. Unfortunately, 

the ability of the C-shaped electromagnet to drive the iron sample to 

saturation magnetization was never directly verified. Since the ex¬ 

ternal magnetic field necessary to drive iron and nickel crystals to 

saturation magnetization (along the easy directions) is very similar 

(see Figs. 28 and 30). it was believed that the same electromagnet 

used for the nickel sample would work for the iron sample. It was 

xix 
later discovered . however, that other researchers studying surface 

magnitism had often found iron crystals difficult to magnitize. Un¬ 

like nickel crystals, they found that the ability to magnetize iron 

depended unpredicably on the physical contact between the crystal and 

the electromagnet. Based on this information it is possible that the 

iron crystal used in this experiment was not magnetized. This would 

certainly account for the absence of an asymmetry in the ejected elec¬ 

trons 
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Part C: Fegl (B14 {Si4 Experiment 

The last ferromagnetic sample studied with spin polarized MDS was 

an iron based amorphous metallic glass. The spin dependent density of 

n% 
states in bulk amorphous iron was recently calculated by P. Mathur. 

His calculations show that bulk amorphous iron exhibits an exchange 

splitting comparable to that found in bulk crystalline iron. If this 

large exchange splitting is present on the surface, a large asymmetry 

could be observed in a spin polarized MDS experiment. The surface 

magnetic properties of the glass chosen for this experiment. 

Feal ,B14 ,Si4. had been sucessfully studied by workers at the Na- 
* * i 

tional Bureau of Standards (NBS) using spin polarized LEED. The sam¬ 

ple used in this study and in the LEED study were produced from the 

same batch at the same time and the same procedures were used to pre¬ 

pare and clean each one. Recall that magneto-optic Kerr effect meas¬ 

urements were performed on this glass after it had been clamped into 

position for this experiment. These measurements, conducted by the 

author at the NBS. demonstrated that the electromagnet used in this 

experiment could easily drive the glass to saturation magnetization 

with good remanence (see Appendix I). 

Surprisingly, no asymmetry was observed at any retarding voltage 

in the electrons ejected from the amorphous surface by the spin polar¬ 

ized metastable atoms. After a complete search for an asymmetry the 

o 
glass was annealed to about 90 C after sputtering. (Recall that an¬ 

nealing enhanced the magnetic signal observed in the spin polarized 

LEED study of this surface.) Unfortunately, even after annealing no 
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asymmetry was observed at any retarding voltage. Instead, the an¬ 

nealing caused the glass to warp and possibly destroyed its magnetic 

properties. The warped glass is still mounted in its original confi¬ 

guration and a magneto-optic Eerr effect measurement will soon be per¬ 

formed on it. (The ability to perform a magneto-optic Eerr effect 

measurement in this laboratory is presently under development.) 

It is possible, of course» that the absence of an asymmetry ac¬ 

tually reflects the spin dependent electronic structure on the top 

layer of this surface. Since other probes (including spin polarized 

LEED) lack the surface specificity of MDS it is difficult to compare 

other experimental results to this one. Furthermore, the author is 

unaware of any theoretical results which could clarify the situation. 

It is also possible that surface contamination prevented an asymmetry 

from being observed. The cleaning procedure used at the NBS and 

adopted in this experiment produced a surface which had an iron con¬ 

centration of about 79%. To prevent crystallization of the glass (by 

local heating) an Auger spectra was never obtained from the sample 

used in this experiment. Consequently the impurity content of this 

surface was never measured. 
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Part D: Conclusion 

The results of the Ni(110) experiment demonstrate > that spin po¬ 

larized MDS is sensitive to surface magnetic behavior. The linear re¬ 

lationship between the measured asymmetry and the surface temperature 

illustrate the unique behavior of the magnetization on the surface. 

The behavior of the asymmetry with surface exposure to CO illustrates 

the extreme surface specificity of the spin polarized metastable atom 

probe. Unfortunately, it is difficult to draw any conclusions from 

the iron surface experiments. After these experiments, however, it is 

clear that magneto-optic Kerr effect measurements must be an integral 

part of any study of surface magnetism. Obviously the experimental 

work thus far represents only the first step in using spin polarized 

MDS for surface studies. 

As indicated earlier a number of interesting experiments are pos¬ 

sible if the spin polarization of the ejected electrons can be meas¬ 

ured. Electron spin polarization (ESP) measurements in a spin 

polarized MDS experiment would, for example, allow one to study spin 

correlations between electrons on magnetic surfaces as a function of 

magnetization and temperature. ESP measurements would also allow one 

to study the influence of adsorbed molecules and/or epitaxial layers 

on surface magnetic behavior. The magnetic behavior of thin films and 

the influence of the substrate on these films could also be explored 

with ESP measurements in a spin polarized BIDS experiment. Energy 

resolved ESP measurements could allow determination of the spin 

dependent band structure on the top most layer of a magnetic material. 
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Spin polarized MDS experiments are not limited to studies of sur¬ 

face magnetism. As discussed earlier, ESP measurements of electrons 

ejected by spin polarized metastable atoms should allow one to test 

the existing model for metastable atom de-excitation at a surface. 

Studies of adsorbate behavior on surfaces will be greatly enhanced if 

the operative de-excitation process can be identified by ESP measure¬ 

ments. Energy resolved ESP measurements could then be undertaken to 

study in detail the ejection process that give rise to the various 

peaks observed in MDS spectra from adsorbate covered surfaces. 

Knowledge of processes operative will permit more detailed interpreta¬ 

tion of these spectra and thus provide additional information concern¬ 

ing adsorbate/substrate bonding. Similar measurements should also 

provide information about spin correlations between the electrons in¬ 

volved in the Auger neutralization process. Clearly, many interesting 

experiments remain to be performed with spin polarized metastable atom 

de-excitation spectroscopy. 
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Appendix I 
i 

The Role of the External Magnetic Field in the 

* Optical Pooping of He(2 S) Atoms 

The term diagrams shown in figures 19 and 20 of the text show the 

iOj levels of the triplet helium atom split in energy as though the 

atom were in an external magnetic field. Even though optical pumping 

invariably takes place in an imposed external field; in principle this 

field is not necessary. Recall that optical pumping relies on the 

difference in the transition selection rules between stimulated ab¬ 

sorption and spontaneous emission. The selection rules in this case 

are simply a statement of the conservation of angular momentum. The 

pumping effect results because angular momentum can be conserved in 

more ways by the emission process than by the absorption process since 

only circularly polarized light is supplied for absorption. Clearly 

angular momentum conservation does not depend on the presence of an 

external magnetic field. In practice, however, an imposed well de¬ 

fined external magnetic field is necessary to obtain a large beam po¬ 

larization by optical pumping. 

To understand the role of the magnetic field in optical pumping 

the effect of a rapidly varying weak magnetic field on an oriented 

atom must be examined. This problem was discussed in the mid-1930's 

17 $ 
by many, now famous, physicists. The results of their work can be 

summarized in the following statements. If the angular velocity of 

rotation of the magnetic field is small compared with the precession 

frequency induced by the external magnetic field (the Larmor 
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frequency), the atom will remain space quantized with respect to the 

local field direction with the same componet m of its total angular 

momentum (adiabatic transformability). If the angular velocity is 

larger than» or of the same order of magnitude as the Larmor frequency 

there will be nonadiabatic transitions to states m' é m. The Larmor 

frequency, <0 is equal to 2ftg|i0H/h, where g is the Lande’ g factor, p0 

is the Bohr magneton, and H is the external magnetic field strength. 

Recall that the propagation axis of the pumping radiation defines 

the quantization axis for the optical pumping process. This means 

s 
that the pumped He(2 S) atoms have a component m of their total 

angular momentum along this axis. Also recall that the polarization 

> 

of the He(2 S) atoms is proportional to the relative population dis¬ 

tribution of the atoms among these m states. If during the optical 

pumping process there is an external magnetic field which is not 

directed along the quantization axis; the newly pumped atoms im¬ 

mediately find themselves in an off axis field and are forced to begin 

processing about it. This is equivalent to subjecting an oriented 

atom to an instantaneous rotation of the external magnetic field. In 

this case the angular velocity of the rotating field will be larger 

than the Larmor precession frequency of the electrons belonging to the 

He(2 S) atom. Transitions to states m’ £ m will occur resulting in a 

loss of the beam polarization. 

Unless unusual precautions are taken, the local magnetic field 

(e.g. the earths field) will not be directed along the quantization 

axis defined by the pumping radiation. A simple way to avoid the loss 

in polarization due to the off axis local field is to apply a magnetic 
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along the quantization axis which overwhelms the looal field* In this 

apparatus a magnetic field with a strength of 5 Gauss is applied along 

the propagation axis of the pumping radiation. Under normal condi¬ 

tions a beam polarization between 35% and 40% is obtained. Without 

the applied field, however, the beam polarization drops to less than 

5%. 

The polarization of the He(2 S) atom beam will be preserved after 

it leaves the optical pumping region if the orientation of each atom 

in the beam adiabiatically tracks the local magnetic field along the 

beamline. An atom moving with constant velocity through a magnetic 

field varying in strength and direction along its path is equivalent 

to a field varying in time in the same manner. Adiabiatic tracking 

will occur as long as the Larmor precession frequency of the electrons 

remains large compared to the rotational angular velocity of the local 

magnetic field. Because the Larmor preccession frequency is directly 

proportional to the strength of the local magnetic field, 

non-adiabiatic transitions can occur for small rotational changes in 

the local magnetic field if it is weak enough. To avoid any 

non-adiabiatic transitions, the local magnetic field along the entire 

length of the beamline should be unidirectional and parallel to the 

quantization axis defined by the pumping radiation. In this case* 

even if the field went to zero and then returned to its original 

state, non-adiabiatic transitions would be avoided since there was no 

rotational angular velocity of the local field. 

The beam polarization is reversed (+P to -P ) by changing the 
z z 

handedness of the circularly polarized radiation used to optically 
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pump the beam* This means that the direction of the beam polarization 

is either parallel or anti-parallel to the imposed magnetic field 

along the quantization axis in the optical pumping chamber. If there 

are no regions along the beamline which induce a non-adiabiatic tran¬ 

sition. the beam polarization will remain in its original orientation 

with respect to the local magnetic field; that is. it will remain ei¬ 

ther parallel or anti-parallel to it. Therefore, under adiabiatic 

conditions the polarization of the beam will either be parallel or 

anti-parallel to the magnetization of the sample. 

The same effect can be achieved by keeping the handedness of the 

pumping radiation constant and reversing the direction of the imposed 

magnetic field in the optical pumping chamber. Again, if adiabiatic 

conditions exist, the polarization of the beam will remain either 

parallel or anti-parallel to auy local magnetic field. This means 

that the direction of the beam polarization, as seen by either the 

sample or the Stern-Gerlach apparatus, can be reversed by modulating 

either the handedness of the circularly polarized pumping radiation or 

the direction of the magnetic field in the optical pumping chamber. 

In either case, however, the magnetic field must be co-linear with the 

propagation direction of the pumping radiation. As a matter of ex¬ 

perimental practice it is preferable to change the handedness of the 

optical pumping radiation since this only involves rotating a quarter 

wave plate. In this way one can be confident that any observed ef¬ 

fects are not due to changes in the external magnetic field. 
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Magneto^Optic Kerr Effect Measurement 
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The magneto-optic Kerr effect was used to obtain hysteresis 

curves from the ferromagnetic samples that were studied* It is neces¬ 

sary to verify that the electromagnet used to magnetize the sample 

during an experiment can drive the sample to saturation magnetization 

and can produce a good remanent magnetization. As stated in the text* 

magneto-optic Kerr effect measurements were performed on the Ni(110) 

crystal and the ferromagnetic metallic glass. The measurement on the 

Ni(llO) sample was performed by Dr. T. Riddle before the author began 

working in this laboratory and his measurement is explained 

174 
elsewhere. A similar, but improved magneto-optic Kerr-effect meas¬ 

urement was performed on the ferromagnetic glass at the National 

Bureau of Standards with the assistance of the author. Consequently, 

the latter measurement will be discussed. 

When a beam of linearly polarized light is reflected from the 

surface of a ferromagnetic sample, the reflected beam is elliptically 

polarized with the major axis of the ellipse rotated relative to the 

plane of polarization (i.e. the plane which contains the electric 

field vector and the propagation vector of the linearly polarized 

electromagnetic wave). Ibis phenomenon, known as the magneto-optic 

Kerr effect, is proportional to the net magnetization of the sample 

xi a 
(but is not affected by an external magnetic field). By measuring 

the Kerr rotation as a function of the current supplied to the 

electromagnet used to magnetize the sample, a hysteresis curve may be 
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obtained. In this measurement the magnetization of the sample is 

parallel to.its reflecting surface and lies in the plane of the in¬ 

cident radiation. With this arrangement the longitudinal Kerr effect 

1T( 
is detected. For the longitudinal effect* the Kerr rotation is zero 

for normally incident light and increases to a maximum for angles of 

o 
incidence near 60 • Even at this maximum the amount of Kerr rotation 

ITT 
is only a few hundredths of a degree. To observe such a small ef¬ 

fect a phase sensitive detector (i.e. a loch-in amplifier) must be 

used. It should be noted that since the light used in this measure- 

XT S 
ment probes to a depth of approximately 15 nm* it is essentially a 

bulk magnetization measurement when compared to the spin polarized 

metastable atom beam which probes only the very top surface layer of 

the sample. 

The magneto-optic Kerr effect results from the effect of the spin 

orbit interaction on the electronic wave functions and the unequal oc¬ 

cupation of corresponding energy levels for spin-up and spin-down 

IT» 
electrons. The effect is proportional to the product of the 

spin-orbit coupling strength and the net electron spin polarization of 

it o 
the states excited by the incident light. The effect is described 

theoretically in terms of the off diagonal elements in the conduc¬ 

ts i 
tivity and polarizability tensors of the ferromagnet. The theory is 

rather complicated and beyond the scope of this discussion but is ex¬ 

its 
plained elsewhere. In the remainder of this appendix the technique 

used to measure the magneto-optic Kerr effect is described. This 

technique was developed by K. Sato and portions of the following 

is s 
discussion are taken from his paper. 
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A schematic illustration of the apparatus used to obtain the 

hysteresis curves from the ferromagnetic glass is shown in Fig. 36. 

Figure 36. Magneto-optic Kerr effect apparatus. 

Note the coordinates shown in the figure; the z-axis is parallel to 

the direction of propagation of the incident light, the y axis is lo¬ 

cated in the plane of incidence, and the z-azis is perpendicular to 

the zy plane. Light from the helium-neon laser passes through a 

linear polarizer. For convenience, assume the polarizing axis makes 

o 
an angle of 45 with the z-azis. The electric field vector of the 

linearly polarized light can be written as 

E=E0(i+j). (AII.l) 

The linearly polarized light then passes through a photoelastic 
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modulator. The light passing through the modulator receives a 

periodically-varying retardation 6 which is described by 

6 = 60sin(2npt) (AII.2) 

where S0 denotes the amplitude of the retardation and p the modulation 
\ 

frequency. The heart of the modulator is a photoelastic optical ele¬ 

ment which is set into mechanical vibration by a bonded-on piezoelec¬ 

tric transducer made of quartz. The stretching and compressing of the 

optical element causes a time varying difference between its two per¬ 

pendicular refractive indices resulting in an oscillating 

birefringence. Polarized light, passed through the optical element, 

i 

is periodically modified in its state of polarization. The modulator 

is extremely stable under ordinary room conditions. The element 

driver supplies stable reference outputs at frequencies p (=50 kHz) 

and 2p which allows it to be used with a lock-in amplifier to measure 

the small Kerr rotation. 

After the linearly polarized light passes through the modulator 

the electric field vector can be written as 

Em “ E0(i+jexp(i5)) (AII.3) 

where 6 is given above. Modulated light is reflected by the sample. 

The reflected light passes through an analyzer (another linear polar¬ 

izer) and is finally detected by a photodiode. The output of the pho¬ 

todiode is amplified and filtered and sent to a lock-in amplifier. 

The output of the lock-in amplifier is sent to the y input of an xy 

recorder. When everything is properly tuned, the signal from the 
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lock-in amplifier is proportional to the amount of Kerr rotation which 

in turn is proportional to the magnetization of the sample. Ihe 

x-input of the xy recorder comes from a programmable bipolar DC cur¬ 

rent supply which supplies current to the electromagnet used to mag¬ 

netize the sample. As the magnetizing current is linearly ramped 

between a positive and negative value, the voltage produced by the 

lock-in amplifier changes, producing a hysteresis curve. 

The measurement is performed as follows. With the sample unmag¬ 

netized and without the modulator operating or the analyzer in place, 

the laser and the linear polarizer are aligned to produce the maximum 

intensity of linearly polarized light. The analyzer is then placed in 

the reflected beam and rotated until the output of the photodiode is 

minimized. This process reduces the DC signal from the photodetector 

and makes it more sensitive to variations in the intensity of the re¬ 

flected beam. The modulator is then turned on and the sample is mag¬ 

netized. The analyzer and the lock-in amplifier are carefully tuned 

to locate and amplify the 2p frequency component in the output voltage 

from the photodetector. The amplitude of the 2p frequency component 

in the modulated, reflected beam is proportional to the amount of Kerr 

rotation caused by the magnetization of the sample. 

Figure 37 shows a schematic illustration of why the 2p component 

of the detected signal represents the Kerr rotation. Curve (a) shows 

the time dependence of the retardation produced by the modulator as 

given by Eq. (All.2). If the amplitude of the retardation is taken as 

n/2 and if the light incident on the modulator is polarized according 
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to Eq, (AII.l), the electric field vector of the modulated light given 

hy Eq. (All.3) can be written as 

E » E0(i+jexp((ni/2)sin(2jrpt))). (AII.4) 
IQ w 

If the sample is not magnitized, no Kerr rotation occurs and the elec¬ 

tric field vector of the reflected radiation can be represented by the 

above equation. 

(a) retardation 

Without the magneto-optical effect 

(b) vector 
locus O0B0d000d 

-proj- 

(c) x-projection | 
I / 2p I/P 

With the Kerr rotation 

(d) vector 
locus 

(e) x-pro|. 

Û000Ü000Ü r—^— 
6 I /2D I/p 

Figure 37. Illustration of why the 2pHz component 
represents the Kerr rotation. 

In one period of modulation the variation of the polarization confi¬ 

guration is LP-RHCP-LP-LHCP-LP as illustrated in (b) which shows the 

vector loci of E . (LP denotes linear polarization and K(L)HCP 

denotes right (left) hand circular polarization). The projection of 

E onto the horizontal (x) axis is constant against time as shown in n 

(c). When the sample is magnetized a Kerr rotation occurs causing the 

plane of the linearly polarized light to rotate while leaving the 
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vector loci of the circularly polarized light unchanged. This pro¬ 

duces a change in the x-projection of E for the linearly polarized m 

light bnt not for the circularly polarized light. Thus a 2p frequency 

component appears in the x-projection as shown in (e). 

A hysteresis curve produced by the ferromagnetic glass and ob¬ 

tained by using the magneto-optic Kerr effect is shown in Fig. 38. 

Figure 38. Hysteresis curve from 
the Fegl ,B14 ,Si4 sample. 

The curve shows the electromagnet current needed to drive the sample 

to saturation magnetization. It also shows that the remanent magneti¬ 

zation of the glass is equal to its saturation magnetization. As 

pointed out in the text, this information is crucial to the success of 

a surface magnetism experiment. 
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