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ABSTRACT -

Two techniques which have made important contributions to the un-
derstanding of surface phenomena are high resolution electron energy
Toss spectroscopy (EELS) and photoelectron diffraction (PD). EELS is
capable of directly measuring the vibrationa® modes of clean and ad-
sorbate covered metal surfaces. In this work, the design, construc-
tion, and performance of a new EELS spectrometer are described. The
initial experiment carried out with the spectrometer was a study of
submonolayer coverages of oxygen on Cu(00l). A complex evolution of
the 0-Cu stretching vibration peak was observed as a function of cov-
erage. These results are discussed in terms of possible structures of
the 0-Cu(001) system. Recommendations for improvements in this EELS
spectrometer and guidelines for future spectrometers are given.

PD experiments provide accurate quantitative information about the
geontetry of atoms and molecules adsorbed on metal surfaces. In an en-
ergy~-dependent PD experiment, the angle-resolved photoemission cross-

section of a core level on an adsorbate atom is measured as a func-
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tion of photon energy. The technique has advantages when used to study
disordered overlayers, molecular overlayers, multiple site systems,

and adsorbates which are weak electron scatterers. Four experiments
were carried out which exploit these advantages. In three of the ex-
periments, data were callected normal to the sample face. First, the
structure of the c(2x2) oxygen and sulfur overlayers on Ni(001) was
determined, R-factor amal:cis was used to verify the precision of the
results. Fourier-transform analysis was also carried out to obtain
certain structural parameters. Second, the structure of selenium on
Ni(111) and on Ni(011) was ascertained for the first time. The third
normal emission study yielded the structure of carbon monoxide ad-
sorbed on Ni(001). Finally, a study of c(2x2)Se on Ni(001) was done
at emission angles away from the normal direction. The derived struc-
ture was the same as the result of an earlier study at normal emission.
A compariscn between PD and other techniques is made and a discussion

of very recent developments in PD is given.



I. INTRODUCTION

The field of surface science has been growing rapidly for the last
ten years. One of the areas which has been extremely active is that
of surface structure determination. Most of the recent work has con-
centrated on the determination of highly accurate geometric structures
of atoms and very small molecules on metal single crystal surfaces.
The bulk of our knowledge of these surface structures has been obtained
using the techniques of low energy electron diffraction (LEED),1 sur-
face extended x-ray absorption fine structure (SEXAFS),2 and photo-
electron diffraction (PD).3 In addition to the quantitative studies,
there has also been a great deal of emphasis on qualitative structural
techniqués which are often able to provide information about bonding
sites and molecular orientation without actually yielding bond dis-
tances. An example of a qualitative structural technique is electron
energy loss spectroscopy (EELS).4 Often, EELS can be used to par-
tially corroborate or even complement the information obtained from
LEED, SEXAFS, and PD. It can be especially useful in cases where the
surface structure is complex, e.g., multiple site adsorption, surface
oxidation, and the adsorption of large molecules such as hydrocarbons.
EELS is also quite sensitive to the presence of hydrogen on the sur-
face, unlike the other techniques mentioned. Recently, EELS has been
used to obtain quantitative structural information,5 but it is un-"
certain whether it will be widely used to determine accurate structures
in the future.

In this thesis, I report the results of some accurate structural

studies using photoelectron diffraction and some electron energy loss



spectroscopy work which has provided some insight into the structure
of a controversial adsorbate/substrate system. The bulk of the work’
descril;ad here is experimental in nature. Consequently, a great deal
of attention will be paid to experimental details, with a lesser em-
phasis on theory. The rest of Chapter I will be devote¢ to a descrip-
tion of the EELS and PD techniques and the motivation behind the
experiments in the succeeding chapters.

The main body of this thesis is divided into two parts. Part I
(Chapters II and III) is concerned with electron energy loss spectros-
copy. In Chapter II, the design and construction of a high-resolution
electron energy loss spectrometer is described in detail. Special at-
tention is paid to the design criteria and performance of this new
spectrometer. In Chapter III, the initial experiment carried out with
the EELS spectrometer is described. In that experiment, system of oxy-
gen adsorbed on Cu(001) was studied in the specular and off-specular
scattering directions.

In Part II (Chapters IV through VII), results obtained from photo-
electron diffraction experiments carried out at the Stanford Synchro-
tron Radiation Laboratory (SSRL) are presented. In Chapter IV, the
determination of the surface structure of c(2x2) overlayers of oxygen
and sulfur on Ni(001) by normal photoelectron diffraction (NPD) is
discussed. The case of oxygen on Ni(00l) is emphasized due to the -
present controversy over its structure. Chapter V contains.a descrip-
tion of NPD studies of two adsorbate/substrate systems with hitherto
unknown structures: selenium on Ni(111l) and on Ni(0l1l). Chapter VI

presents the first structure determination by of f-normal emission,



energy~-dependent photoelectron diffraction. The system chosen for
this off-normal study was c(2x2)Se-Ni(001), which has a well-known
structure. In Chapter VII, the use of NPD to determine the structure
of a molecular adsorbate (carbon monoxide) on Ni(001) is described.

In Chapter VIII, some conclusions about this research are given. Most
of the chapter is devoted to a discussion of the futures of PD and
EELS from both a genera® (the field as a whole) and a specific (our

research group's experimental effort) standpoint.

A. ELECTRON ENERGY LOSS SPECTROSCOPY

The technique of electron energy loss spectroscopy of metal sur-
faces has provided a great deal of information about vibrations of the
surface lattice as well as those of adsorbed species.4 Both surface
phonons and adsorbate vibrations occur in the infrared energy range,
which is 25-400 meV or 200-3200 cm'1 (1 meV = 8.0655 cm'l). Sur-
face vibrational transitions can be observed with optical infrared
spectroscopy, EELS, or several other techniques. Due to the high sur-
face sensitivity of electron spectroscopy and improvements in the de-
sign of electron optics, EELS has become widely used in recent years.

To briefly describe the EELS technique, I will discuss the mechan-
ics of the electron scattering experiment. A schematic of our EELS
experimental setup is shown in Fig. 1. The experiment is carried out
in an ultra-high vacuum chamber to maintain a high degree of sample
purity during data collection. A number of power supplies are used to
provide focusing voltages to the spectrometer. A beam of electrons is

generated by a filament and monochromatized by an electron monochrom-



ator. The well-collimated, monoenergetic beam then impinges on the
sample, which is usually a single crystal metal surface which may be
clean or adsorbate zovered. The monochromatic beam reflects off the
sample, and in the process of scattering, some of the electirons lose a
small amount of their energy by exciting vibrational modes of the sur-
face. The portion of the beam which scatters at a particular angle
(determined by the experimenter) enters the electron energy analyzer.
A spectrum is taken by scanning the kinetic energy of electron detec-
tion and counting the number of electrons detected at each kinetic en~
ergy sampled. The generation of digital EELS spectra is controlled by
a dedicated LSI-11/2 microprocessor. The microprocessor is interfaced
to a number of data storage and display devices referred to here as
the data acquisition electronics.

Much of the development of high resolution EELS as an important
technique in surface science has been accomplished by Ibach and co-
workers.4 Ibach has contributed significantly to the experimental
development of EELS in general. In particular, he has utilized the
127° cylindrical sector to obtain high resolution (4-5 meV FWHM in the
elastic peak) and extremely low background.6 The major theoretical
advances have been made by Mills and co-workers. Evans and Mills have
shown that specular (angle of incidence equals angle of reflection)
inelastic scattering is dominated by the interaction of the inci&éh%
electron with the Tong-range dipoie moment of the oscillatifg surface
vibrational modes.7 This leads to the so called “dipole selection
rule," which states that only those vibrations with a component of

their dynamic dipole moment normal to the surface can he excited



during specular scattering. This is because the vibrating perpendicu-
lar dipole creates an image dipole in the substrate which reinforces
it. Parallel dipole transitions are forbidden, because the dipole
field due to the dynamic dipole moment parallel to the surface is ef-
fectively cancelled by its image dipole field in the surface. Conse-
quently, thic selection rule may be used to determine acsorbate sym-
metry with respect to the surface. The theory of Evans and Mills also
indicates that dipole scattering is strongly peaked in the specular
direction.

More recent experimenta]8 and theoretica]9 work has shown that
there is a short-range "impact scattering” mechanism in addition to
the long-range dipole interaction. Impact scattering transitions are
better observed at non-specular scattering angles, although they are
usually present with roughly the same intensity on specular. If care
is taken to correctly assign all observed modes as dipole or impact in
nature, qualitative information about bonding geometry, such as ad-
sorption sites, can be obtained in favorable cases. In addition to
the symmetry information which can be derived from the dipole selec~
tion rule, selection rules are believed to operate in the impact scat-
tering regime as weH.9 These rules may allow the experimenter to
assign parallel vibrations to one of two mutually orthogonal direc-
tions parallel to the surface, leading to further structural informa—-
tion.

A quantitative structural determination has resulted from theoret-
ical work by Rahman, Black, and Mil]s.5 They developed a lattice-

dynamical model of the p(2x2) and c(2x2) overlayers of oxygen on



Ni(001), and used this model to calculate EELS spectra_of these two
oxygen on Ni(001) systems for various trial geometries, For both the
p(2x2) and c(2x2) cases, they were able tn determine the oxygen-nickel
peroendicular distance by varying the adsorbate geometry in their cal-
culations until they optimized the fit between theoretical and experi-
mental EELS spectra. This work represents the first attempt at a
structure determination using EELS data, and demonstrates its poten-
tial as an accurate structure-sensitive tool. Their results disagree
with those from three diffraction techniques, however (see Chapter IV).
The first experiments which provided surface vibrational informa-
tion were done with infrared light. Many of these early experiments
measured the infrared transmission spectrum of carbon monoxide ad-
sorbed on high surface area metal samples supported on sih’ca.l0
Infrared absorption by the CO stretching vibrational moda was ob-
served, but lower frequency modes were completely hidden because of
Tight absorption by the support. Later experiments on single crys-
tals and evaporated films had to be carried out in the reflection
mode. In an infrared reflection spectroscopy (IRS) experiment, it
is necessary to measure small changes {due to absorption) in the in-
frared intensity reflected off the surface. Consequently, background
noise has obscured most vibrational absorption peaks in many IRS exper-
iments. Most of the successful IRS experiments have been carried out
on carbon monoxide monolayers, as CO has a strong infrared-active
stretching vibration. Recent IRS studies of CO adsorbed on single
crystalline metals have observed the CO stretch with very high resolu-

tion but have been unable tu -:solve the carbon-nickel stretching vi-



bration (<500 cmfl} or any other low frequency vibrational mode.11

Recent improvements in IRS and other optical techniques should help to
overcome these difficulties. In IRS experiments, both wavelength and
polarization modulation have been used to reduce the effects of fluc-
tuations in the infrared beam and to improve surface sensitivity.12

13

Recently, Richards and co-workers™™ have developed a thermal detec-

tion spectrometer capable of measuring small absorptions in the fre-
quency range 1000-3000 cm‘l. Thermal emission of infrared radiation
from a vibrational mode of CO adsorbed on Ni has been observed as
we11.14 Surface Raman scattering15 is also promising, especially
if multichannel optical detection is used to improve sensitivity.16

In EELS, only a small fraction of the feflected electrons have
caused vibrational transitions. These inelastically scattered elec-
trons leave the sample with a different energy than the rest c¢f the
beam, and can be isolated from the elastic electrons by the energy an-
alyzer. Therefore, the signal-to-background ratio of the inelastic
losses is quite high. This has enabled EELS spectrometers to measure
loss peaks over the entire infrared frequency range. The spectrum can
be taken by scanning the entire infrared region electronically, with-
out having to change gratings and other optical equipment. EELS is
also more surface sensitive than any optical technique, due to the
short mean-free-path of low energy electrons. EELS is capable of-;e—
tecting Tess than .001 monolayer of carbon monoxide on a surface.

A major disadvantage of EELS is that the best resolution obtained
to date (28 cm'l) is roughly a factor of 10 worse than the typical

theoretical resolution in IRS. This complicates the process of re-



snlving closely spaced vibrational modes. In many cases, however,
spectral linewidths are considerably wider (10-20 cm'l) than the in-
strumental resolution in infrared spectroscopy. This is usually at-
tributed to the finite lifetime of the excited vibrational state or to
inhomogeneous broadening due to residual disorder in the surface. The
presence of the huge elastically scattered peak in EELS can obscure
very low frequency loss modes, especially if the spectrometer has a
large scattered background of electrons due to either poor design or
tack of tuning. Another possible disadvantage could arise if the
electron beam current were high enough to damage the adsorbed layer.
Fortunately, typical electron beam currents are on the order of 10'10 A
so that EELS is considered to be a non-destructive technique.

The main objectives in the design of our EELS spectrometer were
high resolution, high sensitivity, and flexibility in the experimental
geometry. The spectrometer allows the scattering angle to be changed
quite readily, facilitating experiments probing the angular dependence
of EELS. Since most published EELS work has dealt only with specular
scattering, a major goal of this project is to stucy off-specular
scattering. The motivation behind these off-specular studies is to
explore the potential of EELS as a structural tool, and to add to the
understanding of the angular dependence of dipole- and impact-active

scattering.

B, PHOTQELECTRON DIFFRACTIGN

Photoelectron diffraction is a recently developed technigue which

has been used to make accurate structural determinations of adsorbate



covered metal surfaces. Energy dependent photoelectron diffraction
(EDPD) has been pioneered in our research group, with the first exper-
iments described in the doctorai thesis by S. D. Kevan.3 In a EOPD
experiment, the probe is energy-tunable synchrotron radiation, which
we obtain at the Stanford Synchrotron Radiation Laboratory (SSRL).17
X-ray photons are emitted by electrons stored in the Stanford Positron
Electron Accelerating Ring (SPEAR). A1l PD experiments described in
this thesis were carried out on Beam Line I-1, which delivers mono-
chromatized photons in the energy range 64-1000 eV to our experimental
vacuum chamber, where they impinge upon the single crystal sample.

The PD process can be broken down into two steps. The first step
occurs when a photon strikes the surface. The photon, carrying a
quantum of energy hv, can excite an electron in a localized bound
state of an adsorbate atom on the surface. This bound state, or core
level, is characterized by a binding energy BE, and if hv is greater
than BE, the electron will be excited into an unbound state and can
leave the crystal. The kinetic energy KE imparted to the newly cre-
ated photoelectron is determined by the Einstein equation KE = hv - BE.
This step is referred to as the atomic photoemission step because of
its close relationship to photoemission from a gas phase atom.

The second step in PD is the key to its structural sensitivity.
The photoelectron can propagate to the angle-resolved electron &e;é;-
tor, which has a small solid angle of acceptance and is located above
the surface. The photoelectron wave can travel to the detector di-
rectly or first undergo one or more scatterings off neighboring atoms.

These two components of the final-state photoelectron are referred to
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as the direct and the scattered waves, respectively. Direct and scat-
tered waves are emitted coherently, so that their phase relationship
at the detector will contain information about the location of the
emitting atom with respect to nearby scatterers. At a given kinetic
energy, the components of thé electron wave emitted from a core level
localized on an adsorbate atom may interfere constructively or de-
structively, depending on the scattering patnlength, the electron
wavelength, and the scattering potential. As a result of this inter-
ference, the intensity of photoemission will either be enhanced or re-
duced.

In order to obtain structural information about the location of
the a’sorbate on the surface, a constant-initial-state (CIS) experi-
ment must be carried out. From the Einstein relation, it is clear
that elastic photoemission from a core level initial state with bind-
ing energy BE can be observed if the photon energy and detected ki-
netic energy obey the condition that BE = hy -~ KE. Thus, we can ob-
serve emission from a constant initial state at a series of kinetic
energies if and only if we use a tunable photon source like synchro-
tron radiation in conjunction with an electron energy analyzer. By
stepping the photon energy and kinetic energy by equal amounts, the
angle-resolved intensity of the core level can be mapped out. In 1978,
Kevan et al., carried out a CIS measurement on the Se(3d) level 6¥-fhe

18 The resulting relative photoemission in-

c(2x2)Se-Ni(001) systenm.
tensity versus energy (IE) curve showed Targe modulations superimposed
on a smooth atomic-Tike background. These modulations were the result

of the final-state interference, or diffraction, effect described
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above. This was the first observation of PD from a core level. Many
examples of IE curves can be found in Chapters IV through VII of this
thesis.

A special case of EDPD is normal emission photoelectron diffrac-
tion, or NPD. Here, the angle-resolved detector is set to accept pho-
toelectrons normal to the surface. This experimental geometry was
found to yield very large PD oscillations {up to %50 percent) so most
EDPD structural determinations have been made using only NPD data.

Two exceptions are the off-normal study of c{2x2)Se-Ni(001) (Chap-
ter VI) and the recent work carried out by J. J. Barton, C. C. Bahr,
ard other members of the Shirley research group.lg

PD can also be observed by varying final-state parameters other
than the kinetic energy. C. S. Fadley and co-workers have developed
the technique of azimuthal photoelectron diffraction (APD),20 in
which the azimuthal angle of photoelectron detection is varied while
the photon energy, kinetic energy, and polar angle of detection are
held constant. Using the APD technique, they have observed diffrac-
tion modulations in the photoelectron intensity of core levels as a
function of azimuthal angle, and used them to make structure determin-
ations.

The possibility that PD might be observed and be used to determine
surface structure in a manner similar to LEED was first suggested by
L1’el:;sch.21 The first experimental PD data to yield a structure
(measured by Kevan et a]la) were taken after preliminary calcula-
tions by Li and Tong.22 They calculated NPD curves for Se{3d) emis-

sion from the p(2x2) and ¢(2x2) selenium overlayers on Ni(001) at
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many different values of dl, the perpendicular spacing between the ad-
sorbate layer and the top substrate layer, for each possible high-sym-
metry adsorption site. Their theory of PD was based upon existing
LEED multiple scattering theories.23 The value of dl was determined
by comparing the experimental NPD curve to all theoretical curves and
choosing the best fit based on visual judgment. This method has prov-
en to be successful and has led to a fruitful collaboration between
Tong's group and ours.

A shortcoming of the visual judgment method of establishing the
best theory-to-experiment fit arises from the fact that this method
i; subjective and thereby not as quantitative as one would like. As

24

a result, R-factor analysis,”  which is a quantitative method, has

been applied in some of the structural determinations discussed below.

In an R-factor analysis, the quality of the fit is mathematically eval
uated, yielding a reliability factor or R factor for each trial geom-
etry. The R-factor analysis is superior to visual analysis because it
is both objective and gquantitative.

At this point, I tufn to the relationship between PD and other
techniques. The most widely applied technique for accurate surface
structure determination to date has been LEED. In a LEED experiment,1
a beam of electrons impinges on an adsorbéte/surface complex and is
diffracted by two-dimensionally ordered layers into beams leaving the
surface at various angles. These angles can be predicted uging the
conservation of momentum and energy conditions. The intensity of each
LEED beam Teaving the surface is dependent on the interference between

the backscattered waves from the individual layers. This interference
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leads to .odulations in the intensity versus voltage (IV) curves which
can be obtained by changing the incident kinetic energy and measuring
the intensity of a particular diffracted beam. The IV curve can be
fitted to calculated curves for various trial geometries to make the
structure determination. LEED has provided a wealth of information
about surface structure and had become well established by 1978, when
the first PD and SEXAFS studies were carried out. Perhaps the greatest
advantage of LEED is the ease with which an experiment can be carried.
out relative to the other structural techniques. This is because LEED
may be done in any laboratory while EDPD and SEXAFS presently require
synchrotron radiation, which is available only at a very small number
of facilities in the United States and several other nations.

Despite the experimental disadvantages of EDPD relative to LEED,
there are a aumber of reasons why EDPD experiments are extremely worth-
while. An examination of published LEED and EDPD data on low atomic
number (weak scattering) adsorbates indicates that adsorbate-induced
modulations remain strong over a wide energy range (at least 200 eV)
in EDPD IE curves but not in LEED IV curves. The following explana-
tion of this observation has been proposed by Tong.25 In a LEED IV
curve for the (00) beam, which is the specularly reflected component
of the incident beam, the diffraction interference between adsorbate
and substrate is obscured by intensity modulations which are der{v;d
totally from the substrate layers. The (00) beam intensity can be

written

2 2
Iigo) = Rg * 2f Recos(2ikd, + y o)) + g + ... (1)
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where fo and Rs are the backscattering émplitudes from the adsorb-
ate layer and the substrate layer, respectively, bo and ¥y are

their respective phases, k is the electron wave-vector, and d1 is the
perpendicular distance defined above. The leading term in Eq. (1),
(Rs), is the (00) beam IV curve for the clean substrate. It is
strongly oscillatory, but contains no dependence on d,. For a weak
scatterer such as carbon, nitrogen, or oxygen, we have f0 << Rs'

The second term contains dl but is a factor of ZfoiRs smaller than
the first term. Thus, for the LEED (00) beam, a small cosinusoidal
term 1hich depends on d, is superimposed on the clean substrate (00)
beam intensity. At low energies, the second term is still large
enough to produce extra features on tbp of the clean (00) beam IV
curve. At higher energies, the backscattering from the adsorbate
(fo) decreases more rapidly than Rs' s0 the clean substrate IV

curve is measureu. If, on the other hand, an adsorbate-induced spot

such as the (!4) beam is studied, its intensity is given by:

Lsgg) = ZRFOFS_cos(2ikd, vty ¥, ) + (RFD)Z + .. (2)
where 8 1. the angle between the surface normal and the () beam.
The first term of I(%%) does depend on dl, so its IV curve will be
quite sensitive to the adsorbate position. However, this term in-
cludes two scattering amplitude terms: fg (backscattering) and - --
f:_e (1arge-angle forward scattering). Both of these terms qie

off quickly with increasing energy, so that the half-order LEED beams
have strong intensities only at low energies. Thus, it is often dif-
ficult to compare these curves to theory over a wide energy range,

which complicates the structure determination.
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Unlike LEED, there are no diffraction beams in PD. In a PD meas-
urement, the detector is placed at a fixed angle with respect to the
sample and left at that angle while the IE curve is generated. A
great advantage of PD is that the leading medulation term is sensitive
to d, and produces large oscillations superimposed on a smooth atomic
background over a wide energy range. For example, for emission normal
to the surface (NPD), Tong has derived the angle-resolved photoelec-

tron intensity:25

N
1 2+ a2 ¢Z=:1 R cos { k[d, *(a=1)b] + ¢ +6"-67} (3)

weo = Ao
where Ao is the atomic emission amplitude, b the substrate interplanar
spacing, Ra and ta the backscattering amplitude and phase of the ath
substrate layer, and d+ and ¢~ the phases of emission-in and out of
the solid. Since the I = Ag atomic intensity term in Eq. (3) is a
smooth function, it can be subtracted from INPD to yield the cosine
modulations, whose frequency depends on d,. The normalized modulation

term is

N
Lpn-1
X(k) = W00 4 5 21 R cos {2k[d, +(a-1)b] + 8 *6"~4" }.  (4)
1] a=.

It is clear that the modulations in NPD IE curves depend mainly on
backscattering off the substrate, due to the absence of the adsorbate
backscattering factor fo' This equation predicts substantial oscil-
lations in NPD curves of overlayer systems over a wide range (at least

500 eV). Such oscillations have been observed and then used to make
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accurate structure deter@inations. According to Tong's theory, a
Fourier transform (FT) of the function X(k) in Eq. (4) will give peaks
related to the perpendicular distances dl + (a~1)b, a = 1,2,3,... .
This allows an explicit structure determination. A single scattering

1.19 which 1eads to

approach to PD has been developed by Barton, et a
a different interpretation of the FT results. This approach is com-
pared to Tong's in Chapter IV.

Another difference between LEED and PO is that in LEED, the sample
must have good long-range surface order to observe LEED spots and mea-
sure IV curves. This is not a requirement in PD, where the phase of
the emitted photoelectron wave (the PD analog of the incident LEED
beam) is fixed so that the direct and scattered waves from a single
adsorbate atom add coherently and produce diffraction. Therefore dis-
ordered overlayer systems may be studied with PD. The only surface
order requirement in PD is that the substrate must be ordered in the
immediate region (the photoelectron's mean-free-path) surrounding each
adsorbato atom. The coherent nature of PD also makes it a good candi-
date for studying multiple-adsorption-site overlayers (Chapter V),

A consequence of the phase coherence of PD is its atom specificity.
The existence of a different set of core levels for each element en-
ables the generation of a separate IE curve for each atomic species of
a molecular adsorbate. For example, in a PD study of CO bondedvt;-a
metal surface, IE curves can be generated for both the C(1s) and 0(1ls)
levels (Chapter VII). Since the core level is lgcalized on one atomic

species, a structural determination can be carried out on that species

alone. This is not true in LEED, where the IV curve for each beam
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contains scattering events originating from all atomic species in the
adsorbate.

A final shortcoming of electron bombardment techniques such as
LEED is the potential for electron beam damage of the adsorbate layver.
This problem has been largely overcome in a recent experiment in which

26 In any case, PD

LEED data are collected in a pulse-counting mode.
has the advantage of being a non-destructive technique.

It is also useful to compare EDPD with SEXAFS. In most SEXAFS ex-
periments, the ihtensity of Auger electrons originating from a core
level on an adsorbate is monitored as a function of incident photon

2 is the same as

energy. The principle of the Auger-SEXAFS method
that in trgnsmission-EXAFS, i.e., the photoabsorption cross-section of
the excited atom is modulated by interference between outgoing and
backscattering photoelectron waves. Because the photoabsorption pro-
cess eventually results in emission of secondary decay products such
as Auger electrons and x-rays, the intensity of these products is pro-
portional to the absorption cross-section. ODue to several experiment-
al considerations, it is most convenient to measure SEXAFS by the Auger
technique. A SEXAFS spectrum consists of small oscillations (#5%) su-
perimposed on the atomic photoabsorption cross-section. Fourier-trans-
form analysis is then used to derive structural irformation from the
data.

There are several similarities between EDPD and SEXAFS. With the
recent advent of Fourier-transform PO, both methods are direct struc-
tural techniques. Both require synchrotron radiation and involve the

measurement of a photoelectron interference effect as a function of
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photon energy. For Fourier-transform analysis to succeed, data must
be obtained over a wide energy range. The two techniques share the
advantage of being atom specific.

The most important difference between the two techniques is in the
mode of final state detection: PD is an angle-resolved method while
SEXAFS is angle-integrated. As a consequence, PD i5 most sensitive to
distances from the adsorbate to individual substrate atoms located near
the line determined by the angle-resolved detector and the adsorbate
atom on the surface. SEXAFS, on the other hand, is sensitive to radi-
al distances from the adsorbate to neighboring coordination spheres of
atoms. In both cases phase shifts limit the accuracy of the deter-
mined structure. While both PD and SEXAFS phase shifts incliude a con-
tribution due to backscattering by a substrate atom, only the SEXAFS
phase shift includes an emitter or central atom contribution as well.
A disadvantage of SEXAFS is that its modulation term decreases rapidly
(it goes as R'Z) with the distance R from adsorbate to neighboring
substrate atoms. As a result, SEXAFS data generally yield the first
nearest neighbor and occasionally the second while in PD, up to four
inequivalent neighbor distances can be obtained.19 In addition, the
size of the modulations in PD (50 percent) are usually about a factor
of 10 Targer than those in SEXAFS (%5 percent), making the reduction
of PD data considerably easier. “

Both techniques can yield even more information if one takes the
measure of varying the experimental geometry. In PD, much more struc-
tural information can be obtained by taking IE curves at several well-

chosen photoemission angles at which the adsorbate atom, a nearby sub-
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strate atom, and the detector are lined up. Using the FTPD method,
Barton et a1.19 have shown that this strategy can produce distances
from the adsorbate to individual neighbor atoms, leading to an unam-
biguous and extremely accurate structure. Their theoretical approach
to the PD process is different than Tong's, and will be diccussed in
Chapter IV. In SEXAFS, one can take advantage of the polarization de-
pendence of the SEXAFS amplitude function. By measuring the SEXAFS at
different photon polarization directions with respect to the surface,

27 have shown that the coordination number of the near-

Citrin et al.
est neighbor, and therefore the adsorption site, can be obtained. The
polarization-dependence of SEXAFS is particularly useful when it is
not possible to obtain the second-nearest neighbor distance directly.
On the basis of this comparison of PD to LEED and SEXAFS, it is
clear that PD is particularly useful in the :“udy of disordered over-
layers, molecular overlayers, multiple site systems, and adsorbates
which are weak electron scatterers. It is a very large effect, facili-
tating the use of Fourier-transform analysis. The angle-resolvad na-
ture’of PD makes it possible to collect data at many different emis-
sion angles. Consequently, off-normal EDPD data may be used to com-
plement NPD data when making a structure determination. Every one of

the experiments described in Chapters IV through VII has exploited at

least one of these advantages.
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FIGURC CAPTION
Figure 1. Schematic of the EELS experimental sztup described in this

thesis.
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EELS EXPERIMENTAL OVERVIEW
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PART 1.

ELECTRON ENERGY LOSS SPECTROSCOPY
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I1. DESIGN AND PERFORMANCE OF A HIGH RESOLUTION ELECTRON
ENERGY LOSS SPECTROMETER
In this chapter, the design and performance of a high resolution
EELS spectrometer will be described. The general criteria used in de-
signing the spectrometer are discussed in Section A. In Section B the
machine is discussed in detail, with subsections devoted to the vacuum
chamber and shielding, the electron monochromator, the electron energy
analyzer, the power supplies, the pulse counting and data acquisition
electronics, the tuning procedure, and the software used for spectrum
generation. In Section C the performance of the spectrometer is eval-

uated.

A. DESIGN CRITERIA

The two most important factors in the design of an EELS spectrom-
eter are resolution and sensitivity. Unfortunately, it is difficult
to improve the resolution without losing sensitivity, or vice versa,
by changing a single design parameter. Therefore, one must make trade-
offs between resolution and sensitivity in order to obtain a high-res-
olution spectrum in a reasonable amount of time. A third criterion is
the capability for angular motion of the electron monochromator, crys-
tal, and electron analyzer. Two of these three components of the
spectrometer must be movable to enable many types of experiments to be
carried out, as well as to facilitate the difficult tuning up process.

The major contributions to the full-width at hal¥ maximdm (FWHM)

resolution of the elastic beam in EELS are included in the expression
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\2 2 2 12
8Eotar = [(8Bpone™ * (8B na1)” * (8Epon_idear) ! (1)

where ‘Emono and AEana]

of the monochromator and analyzer, respectively, and aE

refer to the theoretical FWHM resolution
non-ideal
represents the contribution of non-ideal effects. Included in
AEnon-ideal are factors such as stray magnetic and electric fields,
power supply noise, lack of tuning or non-ideal behavior in the eiec-
tron optics, lack of sample cleanliness and order, contact potential
differences dué to presence of different materials along the electron
path, and fields created by charging of insulators. If careful atten-
tion is not paid to each of these non-ideal effects, the contribution
of aE

may dominate AE and degrade the spectrometer
1

non-ideal tota

resolution considerably.

EELS spectrometers are invariably judged by their FWHM resolution.
A more important proﬁerty is the base resolution, or more specifically,
the width of the inelastic tail on the iow kinetic energy side of the
elastic peak. This tail must fall off quite rapidly if the weakest
loss features are to be observed. Therefore, it is important to design
the monochromator and analyzer to have as little tailing as possible
in their transmission functions, and a low background of scattered

electrons.

1 1

The best published FWHM resolution to date” is about 28 em~
(3.5 meV). It is more difficult to quote the base width resolution or
background of EELS spectrometers, since there is no generally accepted

way of expressing these quantities, and it is very difficult to obtain



27

information about them from published spectra. Comparisons betwesn

EELS spectrometers are, as yet, partially non-quantitative fn nature.

B. DESCRIPTION OF THE EELS SPECTROMETER

1. Vacuum Chamber and Shielding.

The EELS vacuum chamber is an ultra-high vacuum compatible, stain-
less steel cylinder which is 45.72 cm in diameter and 55.88 cm long.

A diagram of the chamber is shown in Fig. 1. There are iaree horizon-
tal planes: the sample preparation plane, the EELS plane, and the util-
ity plane.

The sample is mounted on a high precision manipulator (Vacuum Gen-
erators HPT2-RD2S/SM2 EXTZ-CLN2-EBH) with extended travel capability
(150 mm) which allows the sample to be moved between the sample prep-
aration and the EELS planes. The manipulator has a sample plate which
has space for at Teast three single crystal samples, which are typi-
cally 1 cmby 1 cm in size. The sample plate is electrically isolated
from the rest of the manipulator to allow the sample to be biased with
respect to ground during an EELS experiment. Samples can be resis-
tively heated to about 1000 K, which is sufficient for cleaning copper
and nickel single crystals. Sample temperatures are measured with a
chromel-alumel thermocouple which is spot welded to the tantalum sam-
ple plate. The sample can be rotated about the manipulator shaft axis
by 360° (polar angle rotation) and about the sample normal by 180°
(azimuthal angle rotation). A liquid nitrogen sample cooling system

has been designed and built, but has yet to be installed. This system
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was tested on another manipulator and is capable of cooling samples to
below 120 K. .

The sample preparation plane contains: (1) LEED/Auger optics
(varian 981-0127) and electron gun (Varian 981-2125) for sample char-
acterization with low energy electron diffraction and Auger electron
spectroscopy, (2) a viewport for examination of LEED patterns, (3) an
argon ion sputtering gun (Physical Electronics 04-161) for sample ‘
cleaning, (4) an effusive beam doser, which reduces chamber contamin-
ation by a factor of 80 (relative to ambient dusing) when positioned

2 and (5) a viewport which may be used for

1 cm away from the sample,
1ining up the sample with either the sputtering gun or the beam dose:.

The most important chamber plane is the EELS plane, which contains:
(1) the electron monochromator (described in Subsection 2), (2) the
electron energy analyzer (described in Subsection 3), which is actually
mounted on the bottom flange of the chamber but accepts electrons in
the EELS plane, and (3) three viewports for lining up the scattering
geometry of the EELS experiment. This plane contains an extra port
where an ultraviolet photon source was mounted for earlier photoemis—
sion studies.

The lowermost plane is a utility plane which contains: (1) a nude
ionization gauge (Varian 971-5008), (2) a residual gas analyzer (Infi-
con 1Q-200 quadrupole mass spectrometer), which is quite useful for
adsorbate characterization and leak testing, (3) viewports, (4) a bake-
able valve for external pumping, and (5) a large port for the internal
pumps, which are a 220 liter/sec ion pump (Varian 912-7014) and a 800

liter/sec water-cooled titanium sublimation pump (Varian 916-0009).
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0'10 torr. This

The base pressure of the chamber is about 1.5x1
pressure can be obtained by baking the chamber at 475 K for 36 hrs.

The reduction of 211 magnetic fields and those electric fields
external to the electron optics is essential during an EELS experi-
ment.3 This required an extensive system of magnetic and electric
shielding. The sources of magnetic field were found to be the earth's
field (500 mG), the Bevatron accelerator at LBL (50 mG), and the ion
pumps (15 mG). Magnetic fields were measured with a milliammeter
(Hewlett-Packard 428BR) or an oerstedmeter (Magnaflux FM-204), and
associated probes.

A system of Helmholtz coils, which encircles the vacuum chamber,
has been employe& to compensate for the magnetic fields of the earth
and the Bevatron. A photograph of the spectrometer and Helmholtz coil
system is shown in Fig. 2. The earth's field is relatively constant
with time and can be compensated for fairly easily. A system of Hall
probes is set up to measure the field in three mutually orthogonal di-
rections which correspond to the three axes of the Helmholtz coils.
The compensating current in each of the three independent coils is
then adjusted until the coils produce a field equal in magnitude and
opposite in direction to that of the earth. When the Bevatron is not
running, the coils need only occasional adjustment. Unfortunately,
the Bevatron is located in close proximity to the EELS spectrometer
(~ 200 m), and its field is much more difficult to deal with because
it pulses with a very short period, usually 6 sec. This dynamic field
necessitates the activation of a dynamic compensation system in the

direction perpendicular to the earth’s surface, which is by far the
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largest component of the Bevatron field. The dynamic compensation is
able to continuously react to the changing Bevatron field with a fast
time constant (0.1 sec), reducing the magnitude of the dynamic field

to less than 1 mG at the Hall probes. Unfortunately, the electron

path covers an area which is larger than the field free region created
by the coils, resulting in small fields at the extremities of the spec-
trometer. To alleviate this problem, the vacuum chamber was lined with
two layers of .36 mm thick umetal (separated by about 1 mm). This sta-
tic umetal shielding by itself is unable to compensate for the'dynamic
field produced by the Bevatron, but the combination of Helmholtz coils
and umetal reduées the penetration of external fields inside the cham-
ber to extremely low levels. _

The two ion pumps used to evacuate the chamber wera positioned
sufficiently far from the EELS region that the field they produce in
the absence of shie]dingA(ls mG) was reduced to negligible levels after
shielding was installed.

Magnetic fields inside the vacuum chamber were minimized by util-
izing non-magnetic materials such as copper, molybdenum, and tantalum
wherever possible and very low permeability stainless steel (Type 316)
eisewhere. A'1 slits and apertures, which come into close proximity
with the electron beam, were constructed from molybdenum or tantalum.
Finally, the magnetic field due to the filament leads, which carry EA
of DC current, was minimized by twisting the Teads into a non-induc-

tive winding.
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Electrostatic shielding is considerably easier to accomplish. The
principle task is to shield the low energy electron beam from the high
voltage detector leads. This was accomplished by mounting pieces of
stainless steel sheet between these leads and the interaction (samptie)
region. The beam was also shielded from all ceramic and other insula-

tor parts as well as possible.

2. Electron Monochromator.

The purpose of the electron monochromator is to fire a well-fo-
cused beam of monoenergetic electrons at the sample. Most electron
monochromator qssenbliés consist of an electron source, a focusing and
collimating lens, an energy selector, and an output lens which trans-
ports the monochromatic beam to the sample. The electron source is
typically a tungsten filament. The lenses are usually multielement
cylinder or aperture lenses whose focusing properties can be predicted
from published calculations. The most common energy selectors are

electrostatic deflectors such as the 180° hemispherical sector,4’5

6,7

the
127° cylindrical sector and the cylindrical mirror deflector.1 It
is important that the energy spread of the beam be as narrow as possi-
ble and that the background of scattered electrons be extremely srall.
A cross-sectional view of the monochromator assembly is shown in Fig. 3.
Components constructed out of metal are cross-hatched while insulators
are shaded. Names of all components are indicated, as well as the cor-

recponding power supply voltage labels, which are designated by capitatl

letters in parentheses. A photograph of the monochromator and mounting
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flange is shown in Fig. 4, and a close-up view of the monochromator it-
self is shown in Fig. 5.

The most important part of any electron monochromator assembly is
the energy selector. The 180" hemispherical sector was chosen as the
energy selector in this spectrometer primarily because of its superior
theoretical resolution. In fact, the theoretical FWHM resolution of a
180° hemispherical sector is a factor of two greater than that of a

8-10  gince mag-

127° cylindrical sector of the same mean radius.
netic field and spatial considerations in the vacuum chamber always
1imit the size of an energy selector, it was necessary to use the 180°

hemispherical sector to optimize resolution. The energy resolution

(FWHM) of a 180" hemispherical sector is (neglecting aberrations)
BE o /B = WIR, (2)

where AE]_/2 is the FWWM of the triangular transmission function of
the sector, w is the width of the entrance and exit slits, Ro is the
mean radius between the inner and outer hemispheres, and EO is the
pass energy, or the kinetic energy with which electrons will travel

9,11 The

through the sector in a path defined by the mean radius.
pass energy is determined by the voltages placed on the hemispheres
(see below). It is clear from Eg. (2) that in order to minimize »
AEl/Z’ one must attempt to maximize Ro and minimize w and Ed.

As mentioned above, the choice of as large an Ro as possible is re-

stricted by magnetic Tield and spatial considerations. As w or Eo

1s decreased, the total output current of the monochromator is auto-
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matically reduced due to space-charge limitations on the maximum cur-
rent which can be transported through a small slit at low kinétic en-
ergy.11 As E° is decreased, the effects of inhomogeneities in the
focusing electric field of the sector, contact potential and charging
problems, and stray magnetic fields become more problematical. Conse-
quently, one must be cautious in making the choices of Ro, w, and

E° when designing a hemispherical sector. It is important to remem-
ber that R° and w are fixed physical dimensions while Eo can be
varied with the power supply.

EELS plaées especially strong demands on energy selectors such as
the hemispherical sector, because the background of scattered elec-
trons should be less than .0l percent of the maximum intensity in the
elastic peak. Therefore, the triangular transmission function of the -
sector must have as little tailing as possible at its base. The ori-
gin of the tailing is the pencil half angle a of acceptance of ‘the
sector, which is determined by the input lens. Kuyatt and Simp'song’11
chose n2=wI4RD in the design of their lens system, which leads to a

theoretical base width of the transmission function of:
- 2 -
AEbase/E0 = (HIRO) +a" = (5wl4Ro) = 2.5 (AEIIZIEO)' (3)

With ideal behavior, the transmission function of this sector wouid go
to zero at 2.5 times the FWHM resolution. 7
Unfortunately, electrons scattered by the surfaces of slits, lens
elements, and hemispheres can result in a substantial background sig-
nal. Elimination of much of the background can be accomplished by

placing a pre-filter, or pre-monochromator, before the monochromator.
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We chose an identical hemispherical sector to be the pre-monochromator
(see Fig. 3). Passing the electron beam through two hemispherical
sectors reduces the scattered background significantly.

Both the pre-monachromator and the monochromator were chosen to
have a mean radius (Ro) of 2.54 cm and a gap between inner and outer
hemispheres of 0.76 cm. The entrance aperture of the pre-monochromator
is 0.78 mm in diameter, and both the entrance and exit slits of the
monochromator are 0.15 mm wide by 1.57 mm long. The entrance slit of
the monochromator simultaneously serves as the exit slit of the pre-
monochromator., Because the aperture diameter of the pre-monochromator
is 6 times larger than the slit width of the monochromator, its reso-
lution is worse by the same facter. The theoretical FWHM resolution
of the monochromator is .30 percent from Eq. (2) and consequently
AEll2 is .0030 times the pass energy. Following Kuyatt and Simpson,
the maximum allowable angular acceptance of the monochromator is
a= (w/4R°)1/2 = .035 or about 2° half angle. This condition is
physically enforced by the input lens and the pre-monochromator re-
gardless of pass energy. ‘The pass energy (Eo) of the monochromator
can be calculatea if the potential difference, aV, between inner and
outer hemispheres is known:11

E0 = eAV(R1nRout/2R°AR) = 1.629 eaV (4)
where e is the charge of the electron, Rin (2.16 cm) and Rout (2.92 cm)
are the radii of the inner and outer hemispheres, respectively, Ro =
) is the gap between

(R

t)/2 is the mean radius and aR = (Rout

in” Rou
hemispheres. Since aV is usually measured in voits, pass energy is

generally expressed in units of electron volts. A1l four hemispheres

/
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in the complete assembly were constructed from OFHC copper, and were
machined to a radial tolerance of £10 um on a numerical control lathe
(Lawrence Livermore National Laboratory). A1l hemispherical surfaces
were coated with a thin layer of graphite {Acheson Aquadag) to reduce
the background of scattered electrons. In fact, all electron optical
surfaces in the lenses and hemispherical sectors were coated with
graphite to provide a constant contact potential for the electron beam
during its entire trajectory.

Now that we have discussed the choice of the henispherical sec-
tors, let us turn to the other components of the electron monochromator
assembly. This discussion will hegin with the electron source and con-
tinue with the other parts of the monochromator assembly in the order
in which the electron beam passes through them.

The electron source is a hot (2800K) tungsten (W) hairpin filament
(Japan Electron Optics Limited 417003) which is normally used in elec-
tron microscopes. A high-brightness lanthanum hexaberide (LaBB)
cathode (Kimball Physics ES—423) cathode was also tried, but did not
appreciably increase the output current from the monochromator. This
observation indicates that the output current is space-charge limited

by the monochromator entrance sh‘t.l1

In addition, the LaB, cathode
provided a very unstable emission current, and is much more fragile
than a W filament due to the necessarily tenuous mounting of the LaB6
sing’e crystal on its graphite holder. Consequently, after some init-
ial experimentation with the LaB6 cathode, a decision was made to use
a W filament., The filament produces electrons with a thermal spread

of energies (about 0.6 eV FHHH).H’12
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Electrons emitted by the filament are focused onto the entrance
aperture of the pre-monochromator by lens A, a three element asymmet-
ric lens. The center of the filament (the object) is located close to
the focus of 5 spherical repeller, resulting in a well-collimated beam.
The repeller (power supply voltage REPELLER) is usually biased nega-
tively with respect to the filament center potential. The beam is
then acceleratéd,‘deflected and focused by the three split aperture
lens elements of the A lTens. The lens elements are 4.37 cm outer di-
ameter by 0.25 mm thick tantalum disks. They had 3.18 mm diameter
holes drilled through them before they were split in half. They are
spaced 0.76 mm apart and held in place by ceramic insulators. The
first (voltages aAl LEFT and aAl RIGHT) and third (aA3 LEFT and aA3
RIGHT) pairs of lens elements are horizontal deflectors while the mid-
dle pair is a vertical deflector (AAZ UPPER and aA2 LOWER). Generally,
voltages on the Al and A3 lens elements are quite low (within a few
volts of the monochromator reference (MONO. REFERENCE), which is the
potential at which electrons emitted by the filament have zero kinetic
energy). Most of the acceleration of the electrons coming off the
filament is accomplished by the A2 elements. The potential difference
between each pair of split deflectors is usually less than 2 volts,
but its application can result in orders of magnitude higher mono-
chromator output current than could be obtained without def]ectoégr
Therefore, deflectors must be included in the A lens to properly focus
the beam onto the entrance aperture of the pre-monochromatcr. The to-
tal distance between filament center and entrance aperture is 6.2 mm.

fze to the close proximity of the A lens elements, their voltages are
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carried by tantalum wires which are spot welded to the elements. All
other monochromator voltages are carried by copper wires which are
held in contact with lens elements by small screws.

Elecirons which successfully traverse the entrance aperture of pre-
monochromator are well-collimated unless they have scattered off a lens
element or hemisphgre. Their kinetic energy has been retarded to approx-
imately the pass energy by the entrance aperture potential (MONO. SLIT).
Once inside the pre-monochromator sector, electrons are deflected by the
g1

voltages PREMONO. INNER and PREMONO. OUTER on the inner and outer hemi-

potential between hemispheres, which is established by placing the

spheres, respectively. Those electrons selected by the pre-moncchrom-
ator travel through the monochromator entrance slit (voltage MONOi SLIT)
into the monochromator and aré deflected by its electric field, created
by the voltages MONO. INNER and MONO. OUTER. They are then subjected
to the more stringent monochromatization of this second energy selector
when they reach the monochromator exit slit, which is at the voltage
MONQ. SLIT.

After exiting the monochromator, the remaining electrons must be
accelerated to the sample. This is accomplished by the B lens, another
three element asymmetric lens. The B lens Qas designed using theoreti-
cal focal length datz for three element aperture lenses compiled by«

d.13 Both this lens and the C lens have close to unit

Harting and Rea
magnification and constant transmission during normal operation. The
first two elements of the B lens are split deflectors, while the third
glement is simply an aperture at ground (it receives a high quality

ground voltage from the power supply}. The first element is a vertical
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deflector {voltages aBl UPPER and aBl LOMER). The middle element of
the lens is a horizontal deflector (voltages aB2 LEFT and aB2 RIGHT).
The Bl and B2 deflectors allow the beam to be moved in any direction
with respect to the sample. The third element (GROUND) provides a
field-free region between the B lens and the sample, which is usually
at ground. However, the sample can be biased above or below ground us-
ing the CRYSTAL BIAS voltage produced by the power supply. The B lens
elements are constructed from 0.25 mm thick molybdenum sheet, have

7.87 mm diameter apertures, and are spaced 7.92 mm apart.

The pre-nonochromator and monochromator hemispheres and the A and 8
lenses are all held in place by the hemisphere mounting plate. The
mounting plate is connected, by a series of stainless steel supports,
to a 203 mm 0.D. Conflat flange (visible in Fig. 4). Moanochromator
voltages are fed into the chamber by two 10-pin feedthroughs (Varian
954-5033) and then carried to the lens elements with copper or tantalum
wires insulated with ceramic beads.

The electron beam is then scattered off the sample into the anal-

yzer, which is described next.

3. Electron Energy Analyzer.

The electron energy analyzar is used to measure the number of
electrons reflected from the sample per unit time into a small solid
angle at a kinetic energy which has been chosen by the experimenter.

A spectrum can then be taken by measuring the count rate at a series
of kinetic energies over a wide energy range. A typical analyzer con-

sists of an input lens, an energy selector, and a detector. The input
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lens and energy selector are often quite similar to those used in elec-
tron monochromators. The detector is an electron multiplier. A cross-
sectional view of our analyzer is shown in Fig. 6, with metal compo-
nents cross-hatched and insulators shaded. Component names and their
corresponding power supply voltage labels are indicated.

As in the case of the electron monochromator, the most critical
choice in electron analyzer design is that of the energy selector. In
EELS, the electron analyzer must be designed with the same goals as the
electron monochromator: high resolution, low scattered background, and
high sensitivity. Our analyzer also has the additional requirement of
extensive motion about the sample. The need for high resolution again
resulted in the selection of the 180° hemispherical sector as the ener-
gy selector. Unfortunately, the need for analyzer mobility prevented
the use of a pre-analyzer. Instead, the number of scattered electrons
was reduced by placing a double exit slit on the analyzer.

The optimization of the physical and operating parameters for the
hemispherical sector (slit width, mean radius, angular acceptance, and
pass energy) has been discussed in the previous sutsection with refer-
ence to the electron monochromator, and will not be discussed here.

The analyzer was chosen to have a mean radius of 5.40 cm and a gap be-

tween hemispheres of 1.27 cm. The entrance and exit slits are 0.25 mm

wide by 3.18 mm long. The resolution can then be calculated to be
AEIIZIEo = ,0023 using Eq. (2). The maximum angular acceptance, de-
termined by the input lens, was a = 5° half angle during the time that
the data in this thesis were measured. In the near future, a will be

reduced to 2° to conform to the criteria of Kuyatt and Simpson, which
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were discussed earlier. The pass energy is given by

E, = eaV{Ry Ro . /2R 8R) = 2.096 eaV (5)
where e is the charge of the electron, aV is the potential difference
between inner and outer hemispheres, and the other quantities were de-
fined after Eq. (4). The two hemispheres were constructed from QFHC
copper and coated with graphite.

Note that the resolution of the analyzer is roughly equal to that
of the monochromator. If both are operated at about the same pass en-
ergy (Eo) they will then contribute about equally to the combined
theoretical spectrometer-induced linewidth. 1In the absence of non-

ideal behavior,

B - LY GeliEh ®

so that if AET?ZO = AE??;I, then AE;?SCt will be a factor of

/2 greater than that of its two contributing parts. Under these con-
ditions, both monochromator and analyzer can be expected to approach
theoretical behavior to the same extent.

Now, the other components of the analyzer assembly will be de-
scribed. After scattering off the sample, electrons are collected by
lens C, which is a three element asymmetric lens with known proper-
ties. 13 The electron beam is retarded by this lens and focused onto
the entrance slit of the analyzer. The design of the C lens is qu%fé
similar to that of the B lens at the exit of the electron monochrom-
ator. The first aperture is not split in half and is at ground poten-

tial, so that electrons will not experience any electric field in
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travelling from the sample to the analyzer. The middle aperture is a
split horizontal deflector (voltages aCl RIGHT and aCl LEFT), and the
third aperture is a split vertical deflector (aC2 UPPER and AC2 LOWER).
The C lens elements are made from 0.25_mm thick molybdenum sheet, have
6.35 mm aiameter apertures, and are spaced 3.05 mm apart.

A1l electrons which pass through the entrance slit of the analyzer
have been retarded by the entrance slit potential (ANAL. SLIT). Those
electrons at the desired kinetic energy (chosen by the experimentalist)
will bé deflected along the mean radius of the analyzer (travelling at
the pass energy) and pass through the exit slit. The R'1 potential
required for this deflection is set up by the voltages ANAL. INNER and
ANAL. OUTER on the inner and outer hemispheres, respectively. After
passing through the exit s1it (voltage ANAL. SLIT), electrons must pass
through a second, identical slit located 1.0 mm behind the first slit.
This s1it, which is at the same potential as the first slit, only ac-
cepts electrons which entered the first slit with a pencil half angle
of less than 14°. The double exit slit eliminates many electrons scat-
tered by the lens and aﬁalyzer surfaces, Most significantly, it elim-
inates the acceptance of electrons which have taken one bounce off the
outer hemisphere and then passed through the first slit. Electrons
taking this path have been shcwn to be a source of spurious peaks in
other EELS spectrometers.6

One problem encountered with any deflection-type energy selector
is that of field termination at the entrance and exit of the deflector.
In 2 hemispherical sector, the R"1 field which exists in the interior

portion of the sector becomes distorted at its extremeties. To help
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preserve the field at the analyzer exit, a series of field termination
wires was installed. Originally, five wires, equally sbaced between
the inner and outer hemispheres, were used, with each wire set at a
voltage corresponding to the R'1 potential function at that particu~
lar radius. Later, the middle wire was removed, as field termination
was found to be least necessary at the middle of the gap. This left
the configuration shown in Fig. 6, with four wires being placed across
the analyzer exit. The power supply voltages on these wires are VS1,
vs2, VS4, and VS5.

After energy analysis, electrons are detected by a Spiraltron elec-
tron multiplier (Galileo SEM 4219} which is positioned about 1.5 mm
behind the double exit slit. Post-acceleration of the electrons into
the multiplier cone was found to degrade the analyzer resolution by as
much as 20 percent, so the cone section (power supply voltage INPUT)
was kept at the slit potential. This resulted in a decrease in count
rate of less than a factor of 2. The multiplier high voltage produces
a gain of 106-107, and the resulting pulses at the exit end of the
multiplier (power supply voltage QUTPUT) are swept to a metal collec-
tor (BIAS) by an additional accelerating potential of 200 volts. The
pulses are then individually counted by the pulse counting electronics,
which will be described in Subsection 5.

In order to attain large flexibility in the electron detectinnwan-
gle with respect to the sample, it was necessary to mount the entire
analyzer assembly on a two circle goniometer. This goniometer has
been described e]sewhere,4 and will not be discussed in detail here.

Briefly, the analyzer is mounted so that it can be rotated on a verti-
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cal circle by 90° and on a horizontal circle by 180°, with the center
of both circles being the center of the vacuum chamber, where the sam-
ple is positioned for EELS work. Both motions-are driven by rotary
motion feedthroughs at the base of the analyzer mounting flange, which
is the 419 mm diameter flange at the bottom of the chamber. This al-
lows for positioning of the analyzer at any location in the entire 2n
steradians of solid angle below the EELS plane. This flexibility,
combined with the capability to translate, rotate, and tilt the sample
provided by the high precision manipulator, allows the experimenter to

work with virtually any experimental geometry he wishes.

4, Power Supplies.

An EELS experiment cannot be carried out without a number of in-
terconnected power supplies. A schematic of our power supply system
is shown in Fig. 7. The heart of this system is the hemispherical
EELS supply, which provides all of the lens voltages.

The main requirements for a power supply for use in high-resolution
EELS are high stability_and Tow noise. If the theoretical energy res-
olution of the spectrometer is 5 meV and one desires to have 10 energy
channels in each peak, the energy width per channel will be 0.5 meV.

In order to resolve individual channels, all spectrometer voltages must
have less than 0.5 mV of ripple and noise. If one desires an extremely
accurate kinetic energy scale during any given scan, and reproducibil-
ity in kinetic energies over many scans, the drift in any voltage must
be less than 0.1 mV over the course of a multiple scan spectrum. The

time constant for settling of the energy sweep supplies must be much
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faster than the time spent taking data at each channel, to avoid a
large percentage of “"dead time" needed for power supply settling dur-
ing data acquisition periods. Finally, the supply must be set up in a
manner which facilitates the tuning up process.

The hemispherical EELS supply now being used, which was designed

14 meets all of the above criteria. The im-

and fabricated at LBL,
portant characteristics of the supply's performance are: (1) less than
0.5 mV peak-to-peak high-frequency noise, (2) less than 0.5 mV peak-to-
peak 60 Hz ripple, (3) a time constant of 0.003 seconds, (4) a maximum
of 0.003 =V drift per 1 hour period, and (5) 100 second stabilization
time after start-up. Technical details of the supply's construction
(voltage references, operatignal amplifiers, etc.) can be found else-
where.l4
The supply has two reference voltages: a monochromator reference
(MONO. REFERENCE), upon which all monochromator voltages float, and an
analyzer reference (ANAL. REFERENCE)}, which itself floats on the mono-
chromator reference, and upon which all analyzer voltages float. Al1l
hemispherical sector voltages are set up so that the potential differ-
ence between inner and outer hemispheres is controlled with a single

adjustment. This allows for a direct method of changing the pass en-

ergy. All hemispherical sector slit voltages are variable over a wide

energy range. Split lens element (deflector) voltages have a conveni-
ent two stage control system, which consists of: (1) a lens supply
which provides a coarse adjustment of the voltage of both elements
simultaneously, and (2) a delta supply, which allows for fine adjust-

ments so that the voltage of each half of the deflector can be inde-
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pendently varied either positively or negatively with respect to the
lens supply voltage.

The front panel of the supply is set up for convenient adjustment
(10-turn and 22-turn potentiometers) and measurement (test points) of
all lens potentials. A photograph of the front panel is shown in
Fig. 8. The front panel also indicates the relationship of each vol-
tage to the reference potentials and a label indicating the range of
all voltages. The panel is color-coded so that the test points and
traces for the monochromator and the analyzer are colored blue and
gold, respectively. This fact is not obvious from the black-and-white
photograph shown here. Another feature of the front panel is the cap-
ability to heasure ihe current collected by any lens element. This
can be very helpful during the tuning up process. The current meas-
urement is accomplished by disconnecting the lens element from its
voltage supply by means of the three sets of rocker switches at the
bottom of the front panel. A picoammeter or current amplifier can
then be placed in series between that lent element's test point on the
upper portion of the front panel (connected to the voltage supply) and
its test point at the extreme bottom of the front panel (connected to
the spectrometer lens element).

A description of the function of all spectrometer elements has al-
ready been given in the previous two subsections. The voltage label
corresponding to each element is shown in Fig. 3 (monochromator) and
Fig. 6 (analyzer). The voltage ranges available can be gleaned from
the photograph of the front panel (Fig. 8). The range of possible

voltages available from the hemispherical supply is guite wide, but
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after initial tune-up, only small changes are necessary. Note that
the supply provides certain voltages which are not spectrometer volt-
ages. The most important of the non-spectrometer voltages>are refer-
ence voltages (MONO. REFERENCE, which is called IMPACT ENERGY on the
front panel) and ANAL. REFERENCE, upon which all monochromator and
analyzer voltages are floated. Certain other voltages are used in
tuning up spectrometer voltages (aPREMONO., aMONO., AANAL., PREMONO.
LEVEL, MONO. LEVEL, ANAL. LEVEL, Al, A2, A3, Bl, B2, Cl, C2) but are
not directly connected to any lens element on the spectrometer. A
discussion of the tune-up procedure and a table of typical operating
voltages is given in Subsection 6.

Although the hemispherjcal EELS supply provides the bulk of the
voltages needed in the experiment, several other power supplies are
also required (Fig. 7). These are the filament supply, the electron
multiplier supply, and the high voltage divider box. The pulse count-
ing electronics will be discussed in Subsection 5.

To provide the necessary sweep voltage for taking an EELS spectrum,
a voltage step is provided by the digital-to-analog converter (DAC)
board of the LSI-11/2 microprocessor. This voltage step is added 1in-
early to each of the analyzer voltages. The DAC is configured to pro-
vide 4096 increments of 2.5 mV each, for a total range of 0 to +10.24 V.
This .tep is attenuated by an operational amplifier whose gain may be
changed by adjusting a 22-turn potentiometer on the front panel. For
all work in this thesis, the gain was set to 0.04959, resulting in a
voltage step size of 0.1240 mV per DAC channel, This corresponds to

1

an energy step size in the EELS spectra of 1.000 cm ~ per DAC channel,
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1, can then be set up

Larger step sizes, in integral multiples of 1 cm™
using software instructions.

The filament supply (LAMBDA LP-520-FM) provides 0 to 10 V, 0 to 5 A
output, and can be operated in either the voltage or current limited
mode. It is used to power the filament in the electron monochromator,
which usually requires about 2.8 V and 2 A to operate optimally. The
inputs from the filament supply to the hemispherical EELS supply are
FIL+ and FIL-. The filament level (the voltage half way between FIL+
and FIL-) can be floated with respect to the monochromator reference
by adjusting the FILAMENT LEVEL pot on the front panel of the hemis-
pherical supply. In normal operation, FILAMENT LEVEL is set at the
same voltage as MONO. REFERENCE. 'The filament supply has been found
to be extremely clean and stable, and thus provides a constant level
of filament emission current over time. This fact removes the need
for the emission stabilization circuit which is built into the hemis-
pherical supply, but is not currently being used.

The electron multiplier supply (Hewlett-Packard Model 6110A) is
rated at 0-3000 V, 0-6 mA, and has two SHV output connectors, PLUS AND
MINUS. These twe voltages are carried to the high voltage divider box,
where they are used to produce operating voltages for the Spiraltron
electron multiplier. The multiplier INPUT voltage is actually set on
the hemispherical supply. The high voltage divider box has a str{n;
of resistors and zener diodes which distribute the PLUS voltage in
order to create the other two multiplier voltages, OUTPUT and BIAS.
OUTPUT equals (PLUS-200) volts above INPUT, and BIAS eguals PLUS volts

above INPUT. The BIAS voltage actually carries the electron pulses
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from the collector located directly behind the electron multiplier.

The pulses are then decoupled from the high voltage and counted.

5. Pulse Counting and Data Acquisition Electronics.

In this section, the electronics which take pulses from the elec-
tron multiplier, count them, and accumulate, store and display the re-
sulting data will be described. An overview of these electronics is
presented in Fig. 9.

After leaving the vacuum chamber, pulses (5 mV average amplitude)
are isolated from the BIAS voltage in the pulse decoupling box. The
pulses are then fed into the pulse counting pre-amp, a box which con-
tains a voltage sensitive pre-amplifier, a discriminator, and a shaper,
which produces a square wave with 4 volts amplitude. The output of
this pre-amp box is fed into a digital ratemeter (Ortec 776 counter-
timer). Accumulation of counts is controlled by the LSI-11/2 micro-
processor, which reads the ratemeter by means of a 16-bit parallel I/0
board at the completion of a counting period. The timing of data ac-
quisitior 1s controlled py the clock board in the microprocessor back-
plane.

The process of spectrum generation, including the necessary soft-
ware, will be described in Subsection 7. Here, the microprocessor
hardware and the peripheral devices used in data acquisition will be
described briefly. A summary of each LSI-11/2 board, including its
commercial name, position in the backplane, function, associated per-
ipheral device (if any), and base address (if any) is given in Table 1.

Some of the boards (DAC, parallel 1/0, clock) have already been men-



49

tioned. Many of the computer boards are used to interface the micro-
processor with other devices (called peripherals}. At present, these
peripheral devices are: (1) a terminai with video graphics and hard-
copy capabilities (DEC VT55-FE), through which the experimenter com-
municates with the microprocessor, (2) a floppy diskette drive (Data
Systems Design 440), which is used for data storage, (3) a line printer
{DEC LA 120), used to generate printed copies of the digital data, (4) a
point plotter (Hewlett-Packard 7220A) for high guality spectral plots,
and (5) two display scopes (Tektronix 620 and Hewlett-Packard 143A),
which are used for continuous viewing of spectra during and after ac-
cumulation and during tune-up. The use of two scopes allows the spec-
trum to be viewed while working at the vacuum chamber as well as at the

power supply. This is particularly useful during tune-up.

6. Tuning Procedure.

Tuning up a high resolution EELS spectrometer has been compared by
some to a bad dream. It certainly reguires the patience of Job.15
The most difficult aspect of tuning up is the initial attempt to get
current from the filament to travel through the entire spectrometer
into the detector. Tuning up is much easier if one finds the Lieam
with high pass energies in the monochromator and analyzer (3-4 eV) and
then “"tunes down" to operating pass energies (0.5-1.0 eV) without los-
ing the beam in the process. This strategy can result in a ;remendous

savings of time, compared with finding the beam at operating pass en-

ergies.
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Before tuning up, it is necessary to bake out the spectrometer

- and vacuum chamﬂer and to clean and anneal the sample. The filament
and power supplies must be turned on and allowed to settle, and the
sample brought into proper position jn the EELS plane. Monochromator
voltages are then set to reasonable initial values. At this point,
the impact energy (the kinetic energy of the beam incident on the sam-
ple) is selected by adjusiing the MONQ. REFERENCE voltage. MONO. REF-
ERENCE is referred to as IMPACT ENERGY on the front panel. This is
because the crystal is usually at ground, so that the voltage differ-
ence between MONO. REFERENCE and ground attracts electrons from the
filament to the sample, causing them to hit the sample with a kinetic
energy of e(GROUND ~ MONQ. REFERENCE), where e is the charge of the
electron. The current to the pre-monochromator entrance slit is then
maximized by adjusting voltages on the A lens and the repeller. Cur-
rents to the various lens elements are measured with a current ampli-
fier (Keithley 427) combined with a digital voltmeter (Keithley 179).
With the pre-monochromator and monochromator pass energies set to about
3 eV, the current collected by the outer hemisphere of the monochrom-
ator is then tuned for a maximum. During each step of the tuning pro-
cess, all voltages seen by the beam prior to its arrival at the present
tuning location must be readjusted. Next, current to the crystal is
optimized using primarily the hemisphere and A le- - voltages. At this
high pass energy, currents of approximately 1 nA can usually be at-
tained. Unfortunately, this measurement is sensitive to current hit-

2

ting anywhere on the sample mounting plate, not just a 0.1 mm“ spot

on the crystal. Consequently, considerable retuning is sometimes re-
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quired to get current into the C (analyzer) lens. At this point, it

is very important to ensure that the monochromator is producing a well-
tuned, monoenergetic beam. This can be checked in two ways. First,

as the filament current is increased, the current to the sample should
go through a maximum in the region of 1.9-2.1 A filament current and
then drop sharply. Secand, the sample current should also go through
a sharp maximum as a function of eack hemisphere voltage.

Now that a monochromatic beam 1s being delivered to the sample,
the next step is to move the sample and analyzer to the proper angles
so that the analyzer lens i: accepting the specularly reflected beam.
The sample can be lined up with the X and Y horizontal-positioning mi-
crometers, the Z vertical position drive, the e rotary position mech-
anism, and the tilt micrometers. The analyzer can be moved in both
the vertical znd horizontal planes using the rotary motion feed-
throughs. The rotary position of the sample and the horizontal and
vertical position of the analyzer are especially critical, as over
99 perrcent of the scattered elastic intensity in EELS is found within
a few degrees of specular reflection. With the analyzer set at a high
pass energy, the next step is to turn on the Sniraltron electron mul-
tipiier and try to get current through the hemispherical analyzer and
the exit slits, at which point counts will be observed. The count
rate is then maximized by tuning up all spectrometer voltages andv;é-
positioning. At any point, the crystal may be biased above or below
ground, but it is generally wise to keep the crystal grounded until
the final tune-up. Caution must be observed at this stage because

count rates may significantly exceed 100-200 kHz in the elastic chan-
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nel at these high pass energies, causing a substantial decrease of
multiplier gain. This can be avoided by turning down the e1;ctron
multiplier supply voltage.

Once the maximum count rate is observed, the pass energies can be
turned down. This must be done gradually, to ensure that the beam is
not lost. Decreasing the pass energies is usually carried out first
in the monochromator, then in the analyzer, by turning down the delta
pots on the front panel (APREMOND., AMONO., aANAL.). These pots set
the potential difference between hemispheres, which is proportional to
pass energy. The slit voltages, and the MONO. LEVEL and ANAL. LEVEL
voltages, which determine how high the hemisphere voltages float above
their respective reference voltages (MONO. REFERENCE and ANAL. REF-
ERENCE), must also be turned down at this stage. At operating pass

-10 A, and the

energies, the current to the sample is about 2x10
count raie measured at the detector may be as high as 300 kHz (equiv-
alent to sx10714 A).

Once the pass energies have been reduced to their final settings
{ca. 0.75 eV}, the last stage of tuning up begins. Here we attempt to
simultaneously maximize the intensity in the elastic peak and minimize
both the elastic peak width and the inelastic background. At this
stage, an effort is made to reduce the potential difference between
split deflector pairs, mostly in the B and C lenses. The crystal bias
may also be used to compensate for work function differences, espec-
ially after adsorbate gas exposures. To assist with the final tune up,
a computer program (named TUNE) has been written. TUNE allows the en-

tire spectrum or any part of it to be continuously scanned and dis~
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played while voltages, and sample and analyzer p051t1on§, are varied.
The spectrum can be dizplayed on either a log or a linear scale. Once
maximum count rate in the elastic channel has been obtained, TUNE is
used to minimize the width of the elastic peak, hopefully without sac-
rificing the optimized count rate. It is then used to surpress the
inelastic tail and the widths of inelastic peaks. The entire tuning
process, including the use of the TUNE program, is an iterative pro-
cedure. Frequently, one finds many local optimizations of operating
conditions before reaching a global optimization. In fact, there may
be many sets of optimization conditions which yield almost identical
resolution and count rate. The log scale display 1s particularly use-
ful, as many inelastic losses are 2-4 orders of magnitude weaker than
the elastic peak, and do not show up on the linear scale.

For off-specular EELS experiments, the spectrometer must first be
tuned up in the specular direction. Then the analyzer (or sample) is
rotated by a specified amount to the desired geometry. A modified
tune up procedure is then undertaken at the new experimental geometry.
Generally, it is fairly easy to retune at off-specular angles. If is,
however, important to be aware that the intensity in the elastic peak
drops by a factor of -103 at 10° away from the specular direction.

Consideration must also be paid to dark counts, because even a few
dark counts per second may obscure a weak loss feature. The electron
multiplier itself can be a significant source of dark counts, but we
have chosen a Spiraltron which produces less than 0.1 count per second
in the absence of external electren sources. The Spiraltron, as well

as the entire path of the electron beam, must be well shielded from
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electrons (from external sources such as the ion pump, the ion gauge
and the tungsten filament) which bounce off the spectrometer or vacuum
chamber walls.

Typical values of all monochromator, analyzer, and sample voltages
are listed in Table 2. It is convenient to reference all voltages in
this table to the voltage of the filament center (MONO. REFERENCE),

which is the voltage at which electrons have zero kinetic energy.

7. Software and Spectrum Generation.

The main FORTRAN computer programs used to run the EELS spectrom-
eter are SINGLE, which is the data acquisition program, and SINBK1,
which is the data reduction program. The TUNE subroutine, described
above, is part of the SINGLE program. Al! assembly Tanguage routines
are included in a MACRO routine called ELSSP1. During data acquisi-
tion periods the microprocessﬁr is operated in the foreground/back-
ground mode. The SINGLE program is the foreground job, and controls
all steps in the generation of spectra. While the ratemeter is accum-
ulating counts (usually over 99 percent of the time during spectrum
generation), the foreground job can be suspended and the background
Job activated. Ouring these periods, data analysis can be done by the
SINBK1 program in the background job. At the completion of each ac-
cumulation period, the real-time clock interrupts the background job
and restarts the foreground job again. This process is rgpeated
throughout the generation of a spectrum.

A brief description of the SINGLE program will now be given. The

program begins with the subroutine ARPIN, in which the following spec-
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tral parameters are entered: the number of channels (NCH), the number
of wave numbers per channel (MEVPCH), the memory divisor (MD), the
number of scans (NS), the number of milliseconds per channel (MMSEC),
four parameters describing the sample and analyzer positions (ANALHO,
ANALVE, RP, ZPOS), and the monochromator and analyzer voltage refer-
ences and pass energies (XMR, XAR, XMPE, XAPE). The number of wave
numbers per channel has been set to 1.000 on the hemispherical power
supply. Entering a memory divisur of an integer greater than one will
set up larger step sizes. Conseguently, the new control parameters
are NCH=NCH' /MD channels and MEVPCH-MEVPCH'*MD wave numbers per chan-
nel, where NCH' and MEVPCH' are the parameters originally entered.
The ARPIN subroutine then clears the spectral array (SPEC) and returns
to the main program.

In the main program, two nested do loops are used to collect a
spectrum. The outer loop carries out NS repetitions of a single scan
and the inner loop coitrols the accumulation of data into NCH channels
during each scan. The accumulation of one scan procedes in the fol-
lowing manner. The ratemeter i< rleared and counting is enabled by
the real-time clock. The spectrum accumulated thus far is displayed
on the scopes and the foreground job is suspended, activating the
background job. This status continues until the clock times out after
NMSEC milliseconds, at which point the foreground job is restarted,
counting is stopped, and the ratemeter is read into the proper channel
of the spectral array. The analyzer voltages are then stepped by
MEVPCH wave numbers by the DAC, and the whole process, starting with

clearing the ratemeter, is repeated NCH times to accumulate one scan.
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After the completion of NS scans, the program offers the choice of
starting a new spectrum, taking more scans of the present spectrum, or
storing the present spectrum in a temporary file on a floppy diskette.
If the latter optfion is chosen, the data may then be read into the
background job (SINBK1l). Here, one can print, plot, display or man-
ipulate the spectrum or store it permanently on a floppy diskette.

Analyzer voltages are stepped in a positive direction, meaning
that the highest kinetic energy region (around the elastic peak) will
be found in the initiaj portion of the spectrum and the inelastic
losses later an. The voltage step can be added linearly to all ana-
lyzer voltages over the entire range of the spectrum, because the
entire energy region of interest in EELS (4000 cm'1=0.5 eV) is so
small that the focusing and transmission properties of the C lens do
not change appreciably over this range. This is quite different from
high resolution photoelectron spectroscopy, where spectra are taken
with much larger energy ranges and programmable power supplies are

sometimes needed to maintain constant lens transmissian.5

C. PERFORMANCE

Perhaps the best way to describe the performance of the spectrom-
eter is to show a typical spectrum obtained during the course of an
experiment. A spectrum of clean Cu(001) is shown in Fig. 10 as an ex-
ample. The pass energies used for this spectrum were 0.65, 0.65 and
1.30 eV in the pre-monochromator, monochromator and analyzeé, respec-
tively. This corresponds to a total theoretical FWHM resolution, of

1 1

3.6 meV, or 29 cm ~. The observed resolution is 32 cm™~, very close
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to theoretical, indicating that the spectrometer is operating quite
well and that the effects of non-ideal behavior on the FWHM resolution
have been minimized. This spectrum was taken in the specular direc-
tion with a total scattering angle of 130" between monochromator and
analyzer. The count rate in the elastic channel was 50 kHz, but could
have been over 300 kHz had the gain on the electron multiplier been
turned up to its maximum level. Using lower pass energies, a few

spectra were obtained with a resolution of 28 cm'l. Note that the

FWHM resolution is about equal to the best observed to date.1
The most important feature of this spectrum is the region of the
inelastic tail, as this region contains the inelastic loss peaks which
will be present after chemisorption (see Chapter III). The ratio be-
tween background intensity and elastic peak intensity is plotted on a

1, for

logarithmic scale in Fig. 11, At an energy loss of 200 cm™
example, this ratio is about .001. It continues to drop until about
700 anl below the elastic peak, at which point it levels off at about

1 and 700 cm'1

.00004. Most of the background between 100 cm is due
to scattering from the surfaces of lenses and hemispheres.
The spectrometer was originally designed with a FWHM resolution of

about 8 cm'1

assuming that we could operate at pass energies of 0.5 eV
and with a theoretical (AE1/2/E°) resolution of .0014 in both the mon-
ochromator and analyzer. This requires particularly small slit widths
(.07 mm) in the monochromator. At this time, these operating condi-
tions have yet to be realized. Distortions in the electric fields in
the hemispherical sectors become quite serious at pass energies below

0.75 eV, so that little or no improvement in resolution is obtained at
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lower pass energies. In addition, a substantial decrease in count rate
would be expected if the slit widths were reduced from their present
values (0.15 mm in the monochromator, 0.25 mm in the analyzer) to the
size needed to obtain 8 cm'1 resolution (0.07 mm monochromator, 0.13 mm
analyzer). Fortunately, our count rate has been so high under present
conditions that it may still be acceptable after this change is made.

The purpose of this section is to evaluate the current performance
of the spectrometer. Recommendations for further improvements are

given in the concluding chapter of this thesis.
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Table 1. LSI-11/2 microprocessor boards, in order of their position
in the backplane.
Name Function Peripheral Device gggfégg
1. KD11l-HA LSI-11/2 CPU —
2. MsC 4601 32K RAM — ———-
3. KWV11-A ¢lock —_— 170420
4, AAV1I-A 4-channel DAC step, display scope 170440
5. DSD440-L11 DMA IjO diskette drive 177170
6. DRV1l 16 bit I/0 counter 177770
7. DLV11-J 4-channel serial 1/0 terminal, plciter, 176500
printer
8. DT2762-DI  8-channel ADC lock-in amplifier 170400




Table 2. Typical voltage settings used in the EELS spectrometer. All
voltages. are with respect to MONO. REFERENCE, the voltage of
the filament center, at which electrons have zero kinetic en-
ergy. The pass energies corresponding to these settings . ~e
0.65, 0.65, and 1.30 eV in the pre-monochromator, monochro a-

tor, and analyzer, respectively.

Monochromator (19)

FIL* = + 1.4
FIL- = - 1.4

REPELLER = ~ 0.018

tAl RIGHT = + 10.424

sAL LEFT = + $.0id

aA2 UPPER = *+ 41.776

4A2 LOWER = + 39.796

sA3 LEFT = - 3.913

aA3 RIGHT = - 3.190
MONO. SLIT = ~ 0.163
PREMONO. INNER = *+ 0.359
PREMONO. OUTER = - 0.039
MONO. INNER = + 0,273
MONO. OUTER = - 0.126

4B1 UPPER = - 0.301

281 LOWER = - 0.201

4B2 LEFT = - 0,323

aB2 RIGHT = - 0.974
COMMON (GROUND) = + 2.000

Analyzer (15)

COMMON (GROUND) = + 2,000
a™v LEFT = + 4.061

aCl RIGHT = + 3,910

aC2 UPPER = + 1,157

AC2 LOWER = + 1.110

ANAL. SLIT =+ 0.255
ANAL. INNER = + 1.011
ANAL. OUTER = + 0.391

VSl = + 0,909
VS2 = + 0.802
VsS4 = + 0,602
VS5 = + 0.495 -

INPUT = + 0.682
OUTPUT =a + 2400.
BIAS = + 2600.

Sample

CRYSTAL BIAS = + 2.000
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FIGURE CAPTIONS

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Figure 9.

Figure 10,

Figure 11.

Schematic of the EELS vacuum chamber, exhibiting an overall
side view and top views of the sample preparation and EELS
planes.

Photograph of the vacuum chamber positioned in the center
of the Hemholtz coils.

Cross-sectional illustration of the electron monochromator.
Photograph of the electron monochromator and mounting
flange. ‘
Close-up photograph of the electron monochromator.
Cross-sectional illustration of the electron energy anal-
yzer,

Schematic of the power supplies.

Photograph of the front panel of the hemispherical power
supply.

_.aematic of the pulse counting and data acquisition elec-
tronics.

EELS spectrum of clean Cu{00l) taken in the specular direc-
tion.

Plot of the ratio of background intensity (Iback) to

elascic peak intensity (I } as a function of elec-

elastic
tron energy loss, for the spectrum in Fig. 10.
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EELS ELECTRON MONOCHROMATOR
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CBB 827-6026

Fig. 5
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EELS POWER SUPPLIES
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III. HIGH RESOLUTION ELECTRON ENERGY LOSS SPECTROSCOPY OF
OXYGEN ADSORBED ON Cu(001)

A. INTRODUCTION

The surface structure of oxygen adsorbed on Cu(001) has been the
object of much controversy in recent years. Oxygen atoms form two or-
dered overlayers on Cu(001), which are the c(2x2) or (V/2x/2)R45° at low
exposures and the (Y2x2/2)R45° at higher exposures. Most of the accu-
rate structural studies have concentrated on thz c(2x2) oxygen over-
layer. Four studies of this overlayer, each done by a different tech-
nique, have yielded four different surface structures. The results of
these experiments can be summarized as follows, where dl refers to the
perpendicular spacing between Q and Cu layers: normal photoelectron
diffraction (NPD) - hollow site, d, = 0.80 * 0.058;1 azimuthal pho-
toeiectron diffraction (APD) - hollow site, d =002 O.IA;2 Tow
energy electron diffraction (LEED) - bridge site, dl = 1.4A;3 and
angle resolved secondary ion mass spectroscopy (ARSIMS) - hollow site,
d =1.2- 1584 1t is important to note that the discrepancy be-
tween the various results may be partially due to the procedures used
to prepare the c(2x2) overlayer. In particular, care must be taken to
compare the oxygen exposures and annealing procedures used.

The oxygen on Cu(001) system has alsc been studied by electron en-
ergy loss spectroscopy (EELS). By providing vibrational frequencies
of some of the surface modes, EELS often yields qualitative structural
information., Sexton published EELS spectra of two different coverages

of oxygen on Cu(001), resulting from exposures of 50 and 1500 L of
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5

oxygen gas with the crystal at 470 K.” He did not have an in situ

LEED capability at the time of the experiment. Both EELS spectra

1 for

showed a single loss peak, which was measured to be at 330 cm~
the low coverage overlayer and 290 cm'1 for the high coverage struc-
ture. These spectra were taken in the specular direction, and the
single loss peak was assigned to the stretching vibration of the oxy-
gen atom perpendicular to the surface. The observation of an intense
peak at these low frequencies as well as evidence from other tech-
~iques indicates that oxygen is atomically adsorbed on Cu(001) at all
coverages.5

In this chapter, we present an extension of Sexton's measurements
to other coverages and to the off-specular direction. In Section B,
experimental details are given. In Section C, we present the EELS

data and a discussion of the vibrational frequencies observed.

B, EXPERIMENTAL

EELS spectra were measured with the spectrometer described in
Chapter II. The base pressure of the 'racuum chamber was 2x10'10
torr during all measurements. The Cu(001) crystal was oriented to
within 1° of the [001] direction. The crystal was cleaned by hot
{900 K) and room temperature cycles of argon-ion sputtering and then
annealed to 800 K, after which Auger electron spectroscopy showed only
trace amounts of carbon and no other impurities. The crystal ex-
hibited a sharp (1x1) LEED pattern after annealing. Oxygen exposures
of 400 and 4000 L (1 L = 1076 torr-sec) were made using an effusive

beam doser which was brought to within 1 cm of the sample, producing a
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localized oxygen pressure which is a factor of 80 greater than the am-
bient pressure of the vacuum chamber.l’5 Consequently, the chamber
pressure was never higher than 3x10'8 torr during the beam-dosed ox-
ygen exposures. Exposures between 0.5 and 200 L were made by conven-
tional ambient dosing at pressures between 1x10°8 and ax1078 torr with
the chamber ion pump on. The sample was briefly annealed to 475 K at
the completion of the exposures to promote ordering of the overlayer.
Exposures of 200 and 4000 L were necessary to obtain c{2x2) and
(/2x2/Z)R45° LEED patterns, respectively. Al1 spectra were taken with
the sample at 300 K. For all spectra shown below, the spectrometer was
operated with pass energies of 0.65 e¥ in the pre-monochromator and mon-
ochromator and 1.30 eV in the analyzer. This corresponds to a theoret-
ical FWHM resolution of 29 cm'l. The cbserved resolution of individ-
ual spectra ranged from 31 to 36 cm'l. The count rates were typically
50-75 kHz in the elastic channel, 100-1000 Hz for the inelastic loss
peaks, and < 25 Hz for the background in the region of the 0-Cu streich-
ing vibration. The impact energy used was 2 eV, and spectra were taken
in the specular scattering direction with a total scaitering angle of

130" except for the two off-specular spectra {see below).

C. RESULTS AND DISCUSSION

In this section, results of ihe oxygen on Cu(001) EELS study are
presented. Spectra were taken in the specular direction for a series
of oxygen exposures ranging from 0.2 I. to 4000 L. Some of the spectra
are shown in Fig. 1, The oxygen exposure, the observed LEED pattern,

and a rough estimate of the fractional coverage of oxygen atoms corre-
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sponding to each spectrum is given. For exposures less than 80 L, only
a (1x1) LEED pattern, characteristic of the substrate lattice, was ob-
served. The estimate of oxygen coverage was obtained in the following
manner. First, the intensity (peak area) of the 0-Cu stretching loss
peak, normalized to the intensity of the elastically scattered peak,
is determined for each spectrum. Then, we assumed that the normalized
0-Cu stretching intensity for the c(2x2) overlayer (200 L exposure)
corresponds to a one-half monolayer coverage (e = .50). The frac-
tional coverage of all other overlayers is then obtained by scaling
their normalized 0-Cu stretching intensity to that of the c(2x2) over-
layer. A correlation between the normalized energy loss intensity and
the oxygen KLL Auger intensity (normalized to a copper Auger peak) has

5

been observed for this system,” so this methnd should provide a rough

est » of the coverage e.

In Fig. 1, a complex shift of the 0-Cu stretch towards lower fre-
quency with increasing oxygen exposure {and coverage) is observed. At
very low coverages, there is a single peak at a frequency of about 350
cm'l. It shifts gradually to about 340 cm"1 for a surface exposed
to 5L of 02, corresponding to about a one-quarter monolayer cover-
age. Cu(00l), uniike the (001) faces of Ni and Rh, does not yield a

7

p(2x2)0 LEED pattern.” As the oxyven exposure is further increased,

a complex change in the spectra between 5 L and 50 L is observed. A
second peak at 310 cm'1 app2ars after an exposure of 10 L, and this
peak grows in intensity as the exposure is increased, while the 340

1 peak becomes weaker. By 50 L, the higher frequency peak is

1

cm

gone and the 310 cm " peak has become sharp. Unfortunately, our
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1, as well as inhomogeneous broaden-

instrumental resolution of 32 cm™
ing of the spectral peaks, makes it difficult to resolve these two fea-
tures, but it is clear that there are two peaks present in the 10 and
20 L spectra, as well as other spectra not shown here. The 50 L spec-
tra has nearly a one-half monolay~r of oxygen coverage. At around

80 L, c(2x2) LEED spots start *o appear, and by 200 L, the c(2x2) pat-
tern is sharp. The frequency has shifted further to 300 cm'l. At
higher coverages, the c{2x2) pattern develops weak extra spots char-
acteristic of a (/2x2/2)R45° overlayer, and by 4000 L, all adsorbate-
induced spots are equally intense and sharp, indicating that the for-
mation nf the (/Zx2/2)R45° overlayer is complete. The frequency at
this point has downshifted slightly to 290 cm'l. An ideal ({/Zx2/2)R45°
overlayer has a coverage of three-quarters of a monolayer; at 4000 L

we calculate roughly e = .84, No attempt was made to produce 1 bulk
copper oxide on Cu(00l), because large erposures (107 L) are required,8
which would create both vacuum problems and large spectrometer work
function changes.

The existence of two different 0-Cu stretching frequencies at in-
termediate coverages is quite interesting. At least four explanations
are possible. First, these results might be interpreted in terms of
oxygen atoms in two different adscrption sites. Other explanations do
not require a change in site. Let us assume that oxygen bonds in the
fourfold hollow site on Cu(00l), as this is the result from three out
of the four structural studies of the c(2x2)0 overlayer and is also
the site for 0-N1(001). A second possible interpretation is that oxy-

gen atoms are bonded with two different d, spacings. For example, in
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the @ = .25 overlayer, oxygen atoms could be bonded significantly above
the surface, while in ihc c(2x2) overlayer, they could have moved clos-
er tc the surface, leading to a decreased frequency.z'g'10 The spec-
tra for 5 - 50 L oxygen ex; ;ure would then indicate the presence of
both sites, with a continuc . shift in their relative population as a
function of coverage. A third possibility is that oxygen in fourfold
hollow sites could draw its four nearest neighbor copper atoms closer
together at low coverages. As more oxygen was added to the surface,
adjacent hollow sites would be filled in, pulling the copper atoms

back to the original positions they occupied on the clean surface.

This would change the D-Cu bond length without changing d,, and could
lead to a freguency shift. Small changes in the top substrate layer
probably would not alter the (1x1) LEED pattern seen below e = .5 sub-
staatially. The final possibility to be discussed is that the bonding
geometry does not change and that the frequency shift is due to some
other factor which changes the vibrational force constant. At e = .25,
each copper in the hollow site has, on the average, only one nearest-
neighbor oxygen atom. The oxygen atoms are far enough apart so that
each Cu40 clu§ter is isolated from the nearby compiexes. In the

c(2x2) overlayer, however, each copper is bonded to two oxygen atums,
and simultaneously participates in two 0-Cu stretching vibrations per-
pendicular to the surface. This could lead to a smaller force con-
stant and cunsequently a lower vibration frequency without any struc-
tural change. At coverages between 6 = .25 and @ = .50, both singly-
and doubly-oxygen-bonded copper atoms are present on the surface. This

could explain why two peaks are observed in the vibrational spectrum.
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Lehwald and Ibach11 have obtained similar coverage dependent re-
sults for oxygen adsorbed on Ni(001). For the p(2x2)0 overlayer, a

1

single peak at 430 cm ~ was observed. At higher coverages, this

peak gradually decreased in size while a new peak at around 330 :n'l
grew in. Upon the development of a sharp c¢(2x2) LEED pattern, only a

1 L shift

peak at 310 cm — was present in the spectrum. The 120 cm™
in stretching frequency between p(2x2) and c(2x2) oxygen overlayers on
N1(001) is much larger than the shift we observe for -0 on Cu(00l), but
the evolution of the 0-Ni{00l) spectra as a function of coverage is
remarkably similar to our results. In addition, the results of struc-
tural studies of the p(2x2)0 and c¢(2x2)0 overlayers on Ni{00l) with

the techniques of LEED, NPD, and SEXAFS (see Chapter IV and references
therein) indicate that the geometric structure of these two overlayers
js the same; i.e., the oxygens are located at dl = 0.8 - 0.94 above

the fourfcld hollow sites on Ni(001). To explain the large EELS fre-
quency shift without a change in ql, the force constant for 0-Ni vi-
brations has to decrease significantly from the p(2x2) to the ¢(2x2)
overlayer. However, no lattice dynamical theory has been able to
predict such a decrease without a corresponding change in d, spac-
ing.g’lo’12 This may be due to the fact that the theoretical models
used to date rely on clusters of single oxygen atoms with many nickel
atoms. Unfartunately, the effect of neighboring oxygen atoms on the
0-Ni stretching frequency has not been studied. Bauschlicher, et gl.,lz
have proposed to model the c¢(2x2)0-Ni(001) system by placing several ox-

ygen atoms on a large nickel cluster and performing an ab initio calcu-

laticn of the potential energy function and the vibrational frequency.
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This calculation may be able to explain the large frequency shift us-
ing the surface structures derived from the diffraction techniques.

The 0-Ni{(001) EELS interpretation has a strong bearing on the
0-Cu{001) system, as the data are so similar. Due to uncertainties
about the structure of c{2x2)0-Cu{001), it is difficult to conclude
that the observed frequency shift in our data is occuring without a
change in d, spacing. The possibility does remain, however that the
two peaks in the 10 and 20 L spectra correspond to vibrations of cop-
per atoms with one and two nearby oxygen atoms, respectively, where 0
is located in the fourfold hollow site in both cases.

The NPG study of the 0-Cu(00l) bonding geometrv alluded to above1
concluded that the (/2x2/5jR45° and c(2x2)0 overlayers both have the
same structure; i.e., oxygen is situated about 0.8 A above the sur-
“ace, in the hollow site. The EELS spectra for these overlayers in
Fig. 1 both exhibit a peak at about 290-300 cm'l. This tends to
support the NPD result, as a change in dl or site as the overlayer
changes from c(2x2) to (/2x2/2)R45° would probably be accompanied by
a shift in the energy of the loss peak. In addition, the existence of
only one peak for the (VZx2/Z)R45° overlayer indicates that it is ui-
1ikely that even a small percentage of the oxygen atoms are located in
a second site.

The low frequency region (< 250 cm'l) of the spectra in Fig. 1
is also of interest due to the possibility of observing me. a1 surface
phonon modes. Andersson and Persson13 have demonstrated that in-
formation about adsorption sites can outained from EELS spectra if

one investigates the region belos the maximum bulk phonon energy.
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In particular, they studied various adsorbates on Cu(001)in the region
110-240 cm'l, which is where bulk phonon modes have been observed by
neutron scattering.l4 For a p(2x2)S overlayer on Cu(001), two loss
peaks at 128 and 188 cm'1 frequency (relative intensity ~ 3:1) were ob-
' served,13 shich were assigned to two surface phonon modes predicted by
a Cu(001) slab calcu1ation.15 These modes are not saen in the clean
Cu(001) EELS spectrum but can be excited if submonolayer amounts of
gase§ are adsorbed into fourfold hollow sites.

We observe similar low frequency modes in the EELS spectra for cer-
tain coverages of 0 on Cu(001), Tn general, there appears to he at
least one peak in the region of 150 cm'1 in the 5,10,20, and 50 L spec-
tra. Other spectra for both lower and higher exposures show either no
peak at all or a much smaller peak at this frequency. Unfortunately,
the background of our spectrometer is substantially higher than that
of Andersson's at 150 cm'l. S0 our peaks appear on top of a steeply
sloping inelastic tail. This mode could be dve to a copper surface

1

phonon, analogous to the phonon-derived peak at 128 cm™ " observed by

Andersson for p(2x2)S-Cu(001) and similar peaks in the p(2x2)0-Ni(001)

data.11

The coverages at which the low frequency mode is present

in our spectra are in the range e = .25-.46., Although no p(2x2)0
overlayer is formed on Cu(001), overlayers in this coverage range
should contain small patches which have the basic p(2x2) two—dimen;
sional structure with respect to the surf-~e. This would cause exci-
tation of the surface phonons for these intermediate coverages but not
at higher coverages like c(2x2) or (/Zx2/Z)R45°, where the symmetry

properties of the overlayer have changed and the probability of exci-
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tation of those particular modes has decreased greatly.13 The pos-
sibility that this mode is due to a vibration involving the oxygen
atom cannot be rulad out, however.

Finally, spectra were taken of the (VZx2vZ)R45°0 overlayer on
Cu(001) at off-specular angles. In Fig, 2, spectra are shown for scat-
tering in the specular direction and §° and 10° off specular. The an-
gle of incidence (ei) of the electron beam was 65° with respect to the
sample normal in all three cases. The electron monochromator and the
sample were kept stationary while the ziectron analyzer was rotated
from an angle of reflection (o?) of of 65° with respect tn the sampls
normal to o, = 60° and 55°. The three spectra look very similar; all
have a single peak at 290 cm'l, which is assigned to the normal 0-Cu
stretching vibration. Otherwise, there are no other discernable losses
out as far as 2200 (:m'1 from the elastic peak. The main difference in
the spectra is that the count rate in both the elastic peak and the in-
elastic loss peak dropped by a factors of about 10 and 100 when the
analyzer was rotated away from the specular direction by 5° and 10°,
respectively. !a addition, the intensity of the loss peak (normalized
to the elastic peak) was about a factor of 2 higher in the 6. = 60°
spectrum than in the other two spectra. This may be due to diffrac-
tion effects, which have teen shown to produce modulations in the .oss
intensity as a function of angle and impact energy.lﬁ

The main objective of taking off-specular EELS data 1s to search
for losses due to impact-excited modes which are usually vibrations
parallel to the metal surface.16 Oicervation of these modes may lead

to a more complete description of the normal modes of the surface and
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17 Unfortunately, all

may yield qualitative structural information.
impact modes observed to date have involved the vibration of an H atom
with substrate atoms (e.g. H-N(001)15) or have been C-C or C-H vibra-

18 No impact modes due to vibra-

tions in a hydrocarbon adsorbate.
tions of a surface with an adsorbed atom other ihan H have been ob-
served. In this work we failed to observe any new modes in the off-
specular scattering direction. The existence of impact modes for
heavier atom: has been predicted, but the intensity of these modes is
expected to be so weak that they would be difficult to resolve even
with the best gpectrometer available tcdayvlg
In conclusion, the 0-Cu(001) system was studied as a function of
oxygen exposure. At low coverages, a single peak at 340 cm'l, as-
signed to the 0-Cu stretching vibration, is present. At intermediate

1 grows in and gradu-

coverages, (e > .25) a second peak at 310 cm~
ally replaces the original peak. At the c(2x2) (e = .5) coverage, the
310 cm'1 peak has shifted to 300 crn'1 and is the only peak present

in the spectrum. At higher coverages, the (vZ2x2/Z)R45° overlayer is
present and the spectrum exhibits a peak at 290 cm'l. These EELS

data are consistent with earlier NPD structua) results for 0-Cu(001).
Off-specular EELS data fail to provide any new insight into the sur-

face structure of this system.
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FIGURE CAPTIONS
Figure 1. EELS spectra of 0-Cu(001) as a function of 02 exposure,

taken in the specular direction with both an angle of
incidence (91) and an angle of reflection (or) of 65°,

and an impact energy of 2 eV. The spectra were taken at
300 K after a brief annealing to 475 K. The magnitude of
the exposure, observed LEED pattern (if different from
(1x1)), and a rough estimate of fractional oxygen coverage
are given for each spectrum.

EELS spectra of the (/Zx2/7)RA5°0-Cu{001) overlayer as a
function of angle of reflection (°r)' The angle of
incidence was 8; = 65°; the angle of reflection was (3}
6. = 65° (specular), (b) 8. = 60° (5° off specular),
(c) e, = 55° (10° off specular). Other conditions were

th~ same as for Fig. 1.
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PART II.

PHOTOELECTRON DIFFRACTION
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IV. NORMAL PHOTOELECTRON DIFFRACTION OF c(2x2)0{1s)-Ni(001)
AND c(2x2)S({2p)-Ni(001), WITH FOURIER-TRANSFORM ANALYSIS*

A. INTRODUCTION
Normal photoelectron diffraction (NPD) is now established as a
method for accurate structure determinations of ordered overlayers of

1,2 3 as well as of disordered atomic over-

atoms and molecules,
layers,2 on metal surfaces. In an NPD experiment the photoemission
intensity of an.adsorbate core Tevel is measured normai to the surface
as a function of photon, and conseguently photoelectron energy. The
intensity-kinetic energy curve thus generated is compared to theoreti-
cal calculations to make the structure de{ermination. Both experiment
and theory bear resemblance to dynamical low energy electron diffrac-
tion (LEED), and for all systems in which both methods have been tried
to date, the same structure has been obtained. However, existing

4 based on earlier LEED formalisms, require extensive

NPD theories,
calculations which thereby 1imit the method.

Recently, it has been suggested that NPD can be compafed with -
extended x-ray absorption fine structure (EXAFS).5 The important
structural parameter in NPD, an angle-resolved experiment in which in-
tensity data are taken normal to the crystal face, is dli the perpen-
dicular spacing between the adsorbate layer and the surface layer,
whereas EXAFS, an angle-integrated technique, yields the nearest
neighbor distance Rnn‘ An inspection of the NPD curves calculated

for a series of dl distances shows that the peaks move to lower ener-

gies as d, is increased, resulting in an increased frequency of the
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NPD osci‘llations.6 The same effect is observed in EXAFS as a func-
tion of nearest neighbor distance, since the oscillations go as
sin(ZkRnn). This effect was also observed experimentally for the sys-
tem p(2x2)Se-Ni(001), where a low temperature form (probably HZSe)

5 These observations have

7

causes a systematic shift in the NPD peaks.
been borne out by recent theoretical wofk by Tong and Tang.

In this chapter, we present NPD structure determinations of two
additional atumic adsorbate systems, the c(2x2) oxygen and sulfur
overlayers on Ni(001). Again we-obtain the same results as the LEED
intensity analyses. ke also present additional experimental evidence
that NPD is similar to EXAFS: We show that experimental NPD data can
be Fourier transformed to directly yield interlayer distances along
the surface normal. The resvlts of the Fourier transforms are anal-
yzed in light of a new photoelsctron diffraction (PD) theory by
Barton, et al.s

Section B contains the experimental information. In Section C we
present NPD data, an R-factor analysis, and a discussion of the sur-
face structures which are derived. In Section D, the first applica~-
tion of the Fourier transform to experimental NPD data is reported.

Section E contains some conclusions about this work.

B. EXPERIMENTAL

A11 data reported here were obtained with an angle resolved photo-
emission (ARP) spectrometer, described e]sewhere.9 The spectrometer
has low energy electron diffraction (LEED) and Auger electron spec-

troscopy (AES) capabilities, as well as an adsorbate introduction
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system which allows for both ambient dosing and effusive beam dosing.
The nickel crystal was oriented to within 1/2° of the (001) face. It
was cleaned by hot (1025 K) and room temperature cycles of argon-ion
sputtering followed by annealing to 875 K, resulting in a surface es-
sentially clean of impurities with a sharp (1x1) LEED pattern. The
three ordered structures which have been cbserved during oxygen ad-
sorption on Ni{(001) are the p(2x2) overlayer (~ 0.25 monolayer), the
c{2x2) o&erlayer (~ 0.50 monolayer), and nickel oxide (> 1 monolayer).
The real space structure and the reciprocal space LEED pattern for
these three overlayers, as well as for clean Ni(001), are shown in
Fig. 1. 1In Fig. 2, a bar graph indicating the observed LEED patterns
as a function of oxygen exposure is shown. Clearly, there is consid-
erable overlap between different patterns at certain coverages. Most
notable is the overlap between c(2x2) and Ni0 patterns in the exposure
range 60 to 125 Langmuirs (IL = 10'6 torr-sec). This has led to

some ambiguity about the characterization of the c(2x2) structure (see
the discussion in Section C). We have chosen to study the c{2x2)
overlayer at the coverage which produces the sharpest LEED pattern;

To obtain this c(2x2) oxygen overlayer, the crystal was exposed to an
ambient pressure of 2 x 10'8 torr 02. The LEED pattern was con-
tinuously monitored during the exposures, After an exposure of ~20 L,
the last evidence of p(2x2) spots disappeared and the c(2x2) pattern
became extremely sharp. The sharpness of the LEED pattern steadily
decreased as the exposure was increased above 20 L. Consequently, all
0(1s) data in this chapter were taken from surfaces which were exposed

to 20-25 L of 0,. The c(2x2) sulfur overlayer was prepared by di-.
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recting an effusive beam of H,S at the nickel surface. Effusive

beam dosing was used to maintain vacuum integrity. An exposure of
20-30 L produced a sharp c(2x2) LEED pattern. All exposures of 02
and HZS were made with the sample at 300 K. The base pressure of

10 torr.

the chamber was 2 x 10
The experiments were performed on Beam Line I-1 at the Stanford
Synchrotron Radiation Laboratory (SSRL). The oxygen experiment was
done during a dedicated SSRL run, with a stored ring current of 45-90
mA. The high phcton flux available with dedicated running was neces-
sary because of the low photoemission cross section of the Q0(1ls) level.
Experiments in the region above the oxygen K-edge (binding energy 537
eV with resp‘ect to the vacuum level) are hampered by the high percent-
age of scattered light, the loss of intensity to absorption by carbon
contamination on the optical elements, and the poor resolution of the
grasshopper monochromator. The theoretical resolution of the mono-
chromator with a 1200 line/mm grating installed is AE = 8 x 1076 g2 {ev),
or 3.1 eV at a photon energy of 620 eV. The 0(1ls) natural linewidth
for this system at hv = 1487 is known to be less than 1.5 ev.10 The
resoiution of our electron analyzer is less than 0.5 e¥ at 80 eV pass
energy. Assuming a 1.5 eV natural linewidth, a combination of these
trree factors should give an 0(1s) peak width of about 3.5 eV. How-
ever, the observed FWHM for 0(1s) in this experiment at 620 eV is 7 eV
under these conditions. We conclude that the monochromator resolution
is about a factor of two worse than theoretical above the oxygen edge.

Scattered light was estimated to be about 20 percent in the region

above the oxygen edge.9
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The NPD on the S(2p) level (binding energy 170 eV with respect
to the vacuum level) did not require dedicated time because, aver-
aged over the energy range studied, the S(2p) cross section for
c(2x2)$-Ni(001) is about five times as large as that of the 0(1s)
cross section for ¢(2x2)0-Ni(001). The stored ring current was
10-15 mA during this experiment. Measurement of the relative S(2p)
intensity was severely hampered by the sharp.dropoff in monochroma-
tized light at and above the carbon K-edge (284 eV), due to absorption
by the carbon contamination on the optical elements of the monochroma-
tor. The photon flux was monitored continuously during these experi-
ments by measuring the photoyield from a 90 percent transmitting gold
mesh placed ir the path of the beam.

The 0(1s) and S(2p) differential (angle-resolved) relative inten-
sities were mapped out by taking a series of lTow resolution ARP spectra
normal to the (001) sample face in the region of the core level peak.
A smooth background was subtracted before calculation of the peak area.
The area was then adjusted for photon flux and analyzer transmission.
Spectra were taken at intervals of 3 eV in photon energy to generate

the NPD curve,

C. RESULTS AND DISCUSSION

In spite of its poor resolution at the higher energies, the grass-
hopper monochromator, with a 1200 line/mm grating, provides ;dequate
intensity and resolution to permit NPD studies on adsorbate core levels
with binding energies in the 100-600 eV range. In this section we re-

port separately on the oxygen and sulfur adsorbate systems.
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1. The c({2x2) Oxygen Overlayer.

The ¢{2x2)0 on Ni{001) system is a very interesting case because
studies using different technigues have produced three conflicting re-
sults for dl, the spacing between the oxygen layer and the topmast
nickel layer. The controversy over the surface structure of this
system motivated us to study it with NPD.

In Fig. 3 we show the experimental NPD curve of the 0(1ls) level
for the c{2x2)0 overlayer on Ni{001) with the geometry shown in the
inset. The curve was taken with the sample at room temperature, and
was reproducible with an increased peak/valley ratio after cocling the
sample to 120K. Peaks in the 0{1s) intensity 1ie at the following
kinetic energies (with respect to the vacuum level): 37, 66, 99, 155,
and 193 eV.

Due to the possibility of the near coplanar adsorption site for 0
on Ni{001), Kang and Tong developed a method which allows calculation
of emission and diffraction processes in Tayers having any d1 spacing,
including the coplanar geometry. The method is based on the combined

11 12 yop

space formulation™" and {ts details are presented elsewhere.
curves for d1 values from 0.0 to 0.4 & were calculated in steps of
0.05 A and from 0.5 to 1.2 Xin step§ of 0.1 A. Five phase shifts

are user in th< calculation. The inner potential used was 11.2 evV.
The comparis wns between calculated curves and measured data are shown
in Figs. 3 and 4. Starting with the best agreement near 0.9 A, the
agreement worsens as d1 is decreased. At d1 = 0.5 A, all five experi-
mental peaks are in disagreement with theory. Poor agreement exists

over the range d1 = 0.2 to 0.6 A As dl is further decreased, agree-
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ment improves somewhat in the low energy range. However, even at
d1 = 0.0 A, the agreement is poor above 80 eV. Thus, from visual ana-
1ysis the best theory-experiment fit is in the region of 0.8-0.9 A,

In order to verify this result, we carried out an R-factor analy-
sis, the results of which are shown in Fig. 5. We use a normalized R
factor (RN) based on putting weights on six individual R factors de-
fined by Van Hove, Zanazzi and Jona, and Pendry, and discussed else-

where.la’14 The R factors Rl""’ R6 and RN are defined as:

enerqgy range with slopes of opposite signs
Ry =Apx total energy range ne (m
Ry = Ay x f(Ie-cIt)sz, (2
1 1
Ry = Ay xf(Ie—cIt)sz, (3)
" "
Ry = Ay X /(Ie-clt)sz , (4)
l Il Il I I I“ IllI
I, | x| I-¢
Rg = Ag et et G, (5)
L Ig | * max|I | :
f(Ye—Yt)sz .
RS = AG X " '\_,,: ” (6)
’(Ye Yt)dE
1
Ry = (Ry * Ry *R3 * Ry * Rg * Re) (7)

Here.'Ie are the experimental intensity data, and Ie' and Ief refer to
the first and second derivatives of Ie with respect to energy. It' It'

and It" are the corresponding quantities for the calculated intensities.
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Also,

C-w, (8)

It ./1
e,t’ "e,t (9)

E+y \I3
Vp = 3.8 \ vy , (10)

where V is the inner potential and E is the electron energy, in
electron volts, above the vacuum level. The weights Al, eres A6 are
chosen such that the average value of each R factor over the geometries
considered in this work is the same. This ensures that the influence
of each R factor is roughly the same, and in taking the overall aver-
age, no one R factor dominates the others. In other worksl3'14 the
average of each R factor over all geometries considered has been set
to unity. In this work, in order to give RN a quantitative meaning,
we set each average equal to the average of the Zanazzi-Jona R factor
over all geometries tried (dl = 0.0 through 1.2 A).15 The Zanazzi-
Jona R factor is the same as our R5. except for a different scaling
coefficient A5. Since the Zanazzi-Jdona R factor is widely used, the

R, obtained here can be directly compared to the values of the

N
Zanazzi-Jona R factor found in other works. The RN has the advan-

tage of including all the additional features contained in the other

five R factors (Rl' Ry, R3, Rys RS)'
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In the R-factor plot (Fig. 5), we note a deep minimum between 0.8 A
and 0.9 A, in agreement with the previous discussion based on visual
analysis. The minimum of the R factor curve occurs at 0.85 A. The
value of RN is a maximum at d.l =0.5 A. As dL is further decreased,
the value of RN becomes smaller. However, at d.l = 0.0 A the value
of RN is larger than 0.2, a value presently considered as the upper
bound for a good fit between theory and experiment. In the full range
of spacings, Ry < 0.2 only in the region d, = 0.78 R-0.9A we
also varied the inner potential in steps of 1 eV between 8.2 eV and
13.2 eV and found no improvement on the values of the R factor. We
conclude from the R factor analysis that ql = 0.85 &,

In order to estimate the accuracy of the d1 value determined by
NPD, one must contend with uncertainties in both experiment and theory.
The rms peak energy reproducibility in the experimental data is esti-
mated to be #1.0 e¥. The theoretical accuracy in peak energy position
is more difficult to determine because of the use of the inner poten-
tial (vo) as a parameter in the calculation. The inner potential is
roughly the average potential felt by an excited electron leaving the
solid, so that a change in Vo produces a corresponding shift in the
kinetic energy scale of an NPD theoretical curve. For this reason,
the uncertainty in the theoretical data must be estimated by observing
the shift in the energy difference between two peaks (aE) as a func-
tion of d;, rather than the shift in absolute position of a single
peak. The rms shift in aE is estimated to be 40 eV/A for these data,
and the experimental uncertainty in this quantity {s #1.5 eV. This

yields a value of #0.04 A for the accuracy of the determination of
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dl = 0.85 & by NPD for the system c(2x2)0(1s)-Ni(001). With further
jmprovements, an accuracy of #0.01 & should be possible.

The c(2x2)0-Ni{001) system has been the object of numerous studies
with other techniques. Eafly LEED I-V studies, based on the data of

Demuth and Rhodin, 18

17

gave evidence for three different structures.
Andersson, et al.”* and Demuth, et al.,18 found the oxygen to sit
above the fourfold hollow site with d; VPIues of 1.5 A and 0.9 A, re-
spectively. Duke, et al.,l9 concluded that the oxygen atoms form a
reconstructed Ni-0 square lattice which sits on the Ni(001) surface.
In the past few years the structure predicted by Demuth, Jepsen and
Marcus has become generally accepted; i.e., the c(2x2) overlayer of
oxygen atoms is believed to occupy the fourfold hollow site at dl =
0.9 A.ZO’ZI Rapid LEED intensity measurements by Hanke et al., have
cenfirmed this str-uctur-e.z2 Until recently, however, LEED analysis
was not carried out for distances below 0.9 A. Tong and‘Lau13 ex-
tended the analysis to d; = 0.0 &, and found some similarity between
the 0.9 A and 0.0 A theoretical curves, but they concluded that 0.9 A

23 used jon scat-

sti11 produced the best fit. Brongersma, et al.,
tering spectroscopy (ISS) to determine that oxygen sits in the four-
fold hollow site, 0.9 A above the surface. Stohr et al.,24 have
studied both the p{2x2) and c(2x2) oxygen overlayers on Ni(001) with
SEXAFS and found that the oxygen is situated 0.86 # 0.07 A above the
hollow site in both cases. Thus, the results of LEED, ISS, SEXAFS,

and NPD (this work) indicate that the oxygen is well above (0.85-0.90 A)

the surface at the c(2x2) coverage.
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Other techniques provide conflicting results, however. Azimuthal
photoelectron diffraction (APD) studies by Petersson et al.25 found
that for a 15 L exposure of oxygen, which yielded a c(2x2) LEED pat-
tern, the oxygen was nearly coplanar (d, = 0.1 A) with the nickel sur-
face. Their data indicate that the oxygen sits 0.8-0.9 & above the
surface at low coverages (exposures less than 1 L) and then moves down
' into the nickelbplane (dl = 0.1 &) as the exposure is increased to
15 L, at which point they noted a c(2x2) LEED pattern.

A second conflicting result has been found with high-resolution
electron energy loss spectroscopy. A large shift in the oxygen-metal

-1 for p(2x2) to 310 em! for c{2x2)
26

stretching frequency from 430 cm
has been observed independently by Andersson®" and Lehwald and
Ibach.27 No such shift was observed between p(2x2) and c(2x2?}S on
Ni{001), Teading to speculation that both the electronic state and the
binding geometry of the oxygen may have changed significantly. Gener-
alized valence-bond calculations by Upton and Goddard28 concluded

that oxygen can adsorb on Ni(001) in two different states with equi-
Tibrium dl distances of 0.88 A and 0.26 A. They concluded that the

dl = 0.88 & and the ql= 0.26 A states are the dominant species at
p(2x2) and c(2x2) coverages, respectively. Using Upton and Goddard's

29,30 were able to calculate

force constants, Rahman, Black, and Mills
p{2x2) and c(2x2) EELS spectra which agree remarkably well with the
experimental data. Both of these groups argued that the c(2x2) over-
layer is situated 0.26 A above the nickel surface.

The wide variety of results obtained for the structure of c(2x2)0

on Ni(001) is not surprising if one considers the different exposures
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and conditions which have been used to produce the c(2x2) overlayers.
In our experiment, the c(2x2) LEED pattern became sharp at 20 L expo-
sure. The c(2x2) pattern has been shown to persist over the range of
exposures up to 125 L, but there is evidence of significant Ni0 island
formation at this coverage.m'31 Consequently, the interaction of
the N1(001) surface with oxygen changes from chemisorption to oxida-
tion while the c(2x2) structure is present, at which point the oxygen

25 indicate that the oxygen

has moved into the plane. The APD data
moves down after a 15 L exposure even before the last evidence of a
p(2x2) pattern is gone. However, the APD technique is much more sens—
itive to atomically adsorbed oxygen in or below the surface than to
oxygen lying well above the surface. This is because there is a low
probability at XPS energies for scattering at angles more than a few
degrees from the forward direction.32 Thus, even though a c(2x2)
overlayer may be predominant, a small amount of oxygen present in the
surface plane could strongly affect the angular dependence of the an-
gle-resolved XPS cross section and resultant surface structure deter-
mination. Clearly, the possibility of multiple chemisorption sites
cannot be ruled out for a c(2x2)0 coverage, especially at higher ex-
posures (>40 L), where a transition from above plane to coplanar oxy-
gen atoms occurs. Our NPD data, however, indicate for a 20 L exposure
resulting in a sharp c(2x2) LEED pattern, most of the oxygen lies
0.85 A above the fourfold hollows.

The calculations of Upton and Goddard have been brought into ques-
tion by the recent work of Bauschlicher et a1.33 They found that

the inclusion of 4p functions and correlation in Upton and Goddard's
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calculation will cause the d; = 0.88 A state to be the lowest energy
state for the ¢(2x2) overlayer. They concluded that the d =0.26 A
state does not exist on the surface at c(2x2) coverages, but they
could not convincingly explain the large observed frequency shift in
EELS. One possible explanation is that the c(2x2) overlayers in the
experimental studieszs’27 have undergone some oxide nuc1eat1’on.34 The
possibility that a large freguency shift might be due to increasing the
oxygen coverage without a change in ql must also be explored theoreti-
cally. This possibility was discussed in Chapter III with respect to
the 0-Cu(001) system.

We conclude this subsection with the following observations. First,
the NPD result for c{2x2)0-Ni(001) is adsorption at d, = 0.85 = 0.04 A
above the fourfold hollow site. A perspective view of this structure
is shown in Fig. 6. Our results agree with those of LEED, ISS, and
SEXAFS. A small fraction of oxygen atoms at dl = 0.1 A might go un-
noticed in the NPD data but be dominant in APD. The interpretation of
the EELS data has been controversial, placing the determination of
d, =0.26 R in doubt. Finally, the existence of conflicting results
may be partially due to the wide variety of sample preparation tech-

niques used to obtain the c(2x2) oxygen overlayer.

2. The c(2x2) Sulfur Overlayer.

The second system which we will consider in this chapter is the
c(2x2) sulfur overlayer on Ni{(00l). An NPD curve for this system, ex-
tending up to 100 eV above the S(2p) edge, has already been pub]ished.1
Here we present a more extensive NPD curve (up to 20D eV kinetic energy)

as well as calculations for the three symmetric adsorption sites. Since



104

the sulfur atom has a larger atomic radius than oxygen, it is believed
to reside completely above the Ni(001) surface in the submonolayer re-
gime. The experimental NPD curve is shown in Fig. 7, for the geometry
shown in the inset. The meacurements were made after cooling the
c(2x2)S-Ni(001) sample (prepared at 300 K) to 120 K. Just as in the
case of the oxygen overlayer, the NPD curve taken after cooling to

120 K had an increased peak/valley ratio, but essentially the same
peak energies and relative intensities. The theoretical calculations
shown are for the fourfold hollow site (d, =1.30 R), the twofold
bridge site (d, = 1.80 R) and atop site (d, =2.19 R). As was the
case in oxygen, the best agreement between theory and experiment is
found to be the fourfold hollow site (dl = 1.30 &) on the (001) sur-
face. A perspective.drawing of this structure is given in Fig, 8.
Using the method described in the previous subzection, the accuracy of
the dl value determined for the sulfur is 20.04 A, the same as in the
oxygen case. The agreement is quite poor for the other two sites.
Four of the peaks calculated for the fourfold hollow site match exper-
imental peaks to within 1 eV. The only disagreement is in the low ki-
netic energy region, where the experimental p=2a/ at 35 eV does not
match the calculated peak at 40 eV. In this region, the calculated
peak positions are very sensitive to the choice of the sulfur scatter-
ing potential, whereas all other calculated peak positions (57, 82,
129, and 172 eV) are fairly insensitive to that potential. The theory
also does not address the predominance of multiple scattering and other
effects close to the edge. We notg that above 50 eV kinetic energy,

all of these complications become more manageable, and the experiment-
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theory agreement improves dramatically. The relative intensities of
the experimental peaks, as well as their positions, are closely tepro-
duced by the theory. .
The ¢(2x2)S-Ni{001) system has been the subject of several earlier
structural studies. An ARP study by Plummer et 31.35 on the S{3p)
derived level for this system found a peak at hv = 18 eV. This peak
was reproduced by Li and Tong's calculations only if the sulfur atoms
were placed in fourfold hollow sites at d1 =1.30 A.36 The first
LEED intensity analyses concluded that the sulfur is situated above
the surface in the fourfold hollow site, although there was disggree—
ment as to whether d1 was 1.3 A,18'37 (the hard-sphere radius result)
or 1.7 A.lg As in the case of the corresponding oxygen system dis-
cussed above, the hard-sphere radius result20 was eventually agreed
upon, and a recent experimental and theoretical study using iso-inten-

38 A photo-

sity maps of specular beam data confirmed that structure.
electron diffraction study of the S(1s) level in c(2x2)S-Ni(001) car-
ried out by our group led to the conclusion that d_L =1.38 + 0.04 A
for this system, which is within experimental error of our S(2p) NPD

results.8

D. FOURTER-TRANSFORM ANALYSIS

Our experimental data were compared to calculations in Section-III,
The calculations utilize a multiple-scattering approach to ultraviolet
and soft x-ray photoemission spectroscopy.4’12 The initial state is
calculated by choosing a cluster of atoms representing the postulated

geometry of nickel atoms about the sulfur or oxygen adsorbate and sol-
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ving for the cluster wave function using the Xa scattered-wave method.
The final-state scattering is modeled by using a multiple-scattering T
matrix to propagate the photoelectron wave through the first few sur-
face layers. Recently, Li and Tong have developed a simplified scheme,
called the quasi~dynamical (QD) method, which produced very accurate
intensity versus electron kinetic energy curves for energies greater
than 60 eV when compared to the full dynamical calculation.39 The QD
calculation takes advantage of the fact that in the high-energy limit,
forward scattering is the predominant process. The only scattering
events considered besides all forward scatterings are (a) one backscat-
tering from each layer, and (b) one scattering from each atom within a
layer. All NPD calculations shown here utilize the full dynamical
method, but the quasi-dynamical method gives consistent results. Un-
fortunéte]y, even the QD approach is quite involved, and comparison
with experiment is implicit.

To avoid the complexities of the calculations, we have searched
for simpler methods of analyzing NPD data. The kinematical method,
which assumes that single scattering is the predominant factur, has
been tried without much success on the system p(2x2)Se-Ni(001). Li
and Tong have done a kinematical calculation on that system in the ki-
netic energy range 150-400 eV and found substantial disagreement with
their dynamical calculations over that energy range.39

Another method which we have considered is the use of the Fourier
transform (FT) to isolate the single scattering effects. The Fourier
transform has been used with great success in interpreting extended

x-ray absorption fine structure (EXAFS) data.40 In EXAFS, the final-
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state electron scattering intensity is isolated from the atomic-1ike
initial state background by determining the function X(k) = (I—IO)IIO,
where I is the total absorption and Io is a smooth atomic background.
if the phase shift of the scattering atoms is independent of energy,
then the FT has been shown to yield interatomic distances rigorously
for s initial states, and approximately for other states under certain
conditions.40 Since EXAFS is an angle-integrated technique, it
yields the nearest-neighbor distances from the central excited atom.
By analogy, one might expect intuitively that an FT of NPD data would
be sensitive to the one-dimensicnal structure normal to the crystal
face, as NPD is an angle-resolved technique.41 In fact, our group
has applied FT analysis to NPD curves calculated by Li and Tong for
the (V/3x/3) R30" Se-Ni(111) system, with much success. ¥
An analytical formula has been derived by Tong and Tang7 which
indicates that multiple perpendicular distances from the overlayer to
substrate layers can be extracted by Fourier transformation of experi-
mental NPD data (seé Chapter I, Section B). They derived the normal-

ized modulation function

S ¢ N
x(k) =-—""1’%—2= 2 uz;‘l R,cOs {Zk[dl * (e-1)b] + ¢+ A }(11)

which is a sum of cosine functions, so that a Fourier transformation of
x(k) gives peaks related to the distances 2[d, * (a-1)b)].

One of the criteria for a successful Fourier transform is the need
for an extended k-space data set. Typical EXAFS spectra extend from

about 50 eV to a few hundred eV above the absorption edge. If the
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range of k-space data is too small, the FT may not be able to pick up
a sufficient number of gsci11ations to yield accurate structural in-
formation. In particular, if the experimental data do not extend far
enough above the edge, the smallest distance peaks in the Fourier
transformed data may not be resolved.

With this limitation in pind, we nevertheless carried out fast

Fourier transforms43

of the function xk) = (I-IO)IIO for these NPD
curves. The range of data used for both the 0(1s) in c{2x2)0-Ni(001)
and the ${2p) in c(2x2)S-Ni{001) cases was 50 eV < Ekin < 200 eV, or
roughly A1 <k < 7.587L. Since the phase shifts in the NPD pro~
cess have been predicted to be smaller than those in EXAFS,B’42 they
were omitted'for these initial calculations. Care was taken to termi-
nate the data at points where X{k) = 0. The transform was found to be
fairly insensitive to changes in the estimated atomic background Io’
In Fig. 9, we show the function X{k) for c¢(2x2)S(2p)-Ni{001). Note
that the large modulations in X(k) (-0.4 to 0.4) for NPD are an order
of magnitude greater than those typical in EXAFS. These large modula-
tions make the analysis much iess sensitive to the background subtrac-

tion. Due to experimental limitations such as the 1/E dependence of

kin
the analyzer transmission function and especially the performance of
the grasshopper monochromator at high photén energies (discussed above),
the measurements were only taken up to 200 eV above threshold. In ad-
dition, the scattering cross-sections are decreasing functions of en-
ergy above 200 eV, resulting in a substential reduction in the size of
the modulations. The magnitude of the FT is shown in Fig. 10. There

are two major peaks, showing maxima at 6,04 and 9.66 A. NPD and LEED
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analyses yinrld dl = 1.30 A, and the interlayer spacing for Ni(001) is
b = 1.76 A. These two peaks are therefore attributed to the distances
2(d, * b) = 6.12 A and 2(d, + 2b) = 9.64 A. There is no peak in the
real-space distribution function for 2(dl) = 2.60 A. The agreement
for the two main peaks is very good considering the limited data fange.

The FT technique was also applied to the NPD curve for
¢(2x2)0(1s)-Ni(001). The function X(k) is shown in Fig. 11, and the
corresponding transform in Fig. 12, For this system, the average of
d; given by NPD and LEED is 0.88 A from_which 2(d; +b) =5.28 X, and
2(d, + 2b) = 8.80 A. Again, we find that the two main peaks in the
transformed data, at 5.40 and 8.66 A, match up fairly closely with
these previously determined values of 2(d; + b) and 2{d; f 2b).

These two examples support the idea that Fourier transformation of
NPQ data yields structural information directly. More recent work by
other members of the Shirley group on the double crystal monochromator
beam Tine at SSRL has advanced the state of Fourier transform photo-
electron diffraction (FTPD) considerab'ly.8 Their major experimental
advance has been to take PD data with excellent statistics over a mﬁch
wider kinetic energy range (400 eV). In addition, they have developed
a new theory of FTPD which predicts that Fourier transforms of experi-
mental PD data taken at well-chosen angles with respect to the crys-
talline axes will yield the distances from the adsorbate atom to a
number of selected substrate atoms. This single scattering approach
predicts that electrons are scattered by atomic centers, not tayers,

as predicted by Tong and Tang.
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. The new single scattering approach to PD has two major ramifica-
tions for NPD. First, the strong dominance of forward scattering and
180° scattering above 100 eV should ensure that only those substrate
atoms directly or nearly below the adsorbate atom will contribute to
the NPD oscillations. This explains why we do not observe a 2(dl)
peak in the FT of our S-Ni{001) and 0-Ni(001} data. For adsorbate
photoelectrons to scatter off the first layer (nearest neighbor) nick-~
el atoms into the detector, they must undergo a scattering of 126" and
115° for S and O on Ni(001), respectively. The second layer peak, on
the other hand, is large because a substrate atom is situited directly
below the adsorbate (emitter). The third layer peak will not be seen
as strongly because it requires scattering of 160° for S and 158° for
0. These angles are close enough to 150' to provide a reasonable
probability of backscattering, however.

The second ramification of the single scattering approach is that
NPD méasures the path length difference between the direct wave from
the adsorbate to the detector and the wave which backscatters off a

substrate atom, rather than twice the perpendicular distance between

adsorbate and substrate layers. This concept of atom scattering is
radically different than layer scattering, but does not have a large
effect on the appearance of the data. This 1s because most backscat-
tering occurs near 180°, so that at normal emission, interplanar dis-
tances are numerically close to path length differences. For example,
the second layer atom directly below the hollow site will give an FT
peak at the same distance in both theoretical approaches. The third

layer has four atoms around the hollow which have slightly longer dis-
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tances in the single scattering approach (9.95 A for S, 9.08 & for 0)
than in the interplanar approach (9.64 A for S; 8.74 R for 0). .The
discrepancy between the experimental FT peaks (9.66 A for S, 8.80 A
for 0) and those predicted by theory is larger for the single scatter-
ing approach, but the agreement is still adequate. The discrepancy
might be resolved by the inclusion of backscattering phase shifts

and/or other scattering paths in the FT,

E. CONCLUSIONS

The normal emission photoelectron diffraction technique was used
to determine that the c(2x2)0 and c¢(2x2)S overlayers on Ni(001) sit
above the fourfold hollow site in the surface with d, spacings of
0.85 + 0.04 A and 1.30 + 0.04 A, respectively. These distances agree
with LEED results. More work on the oxygen-nickel system as a func-
tion of coverage is needed to more fully understand the transition
from chemisorbed oxygen to bulk nickel oxide. The similarity between
NPD and EXAFS has been further confirmed by the successful application
of the Fourier transform technique to experimental NPD data,‘ and by
the discovery of a theoretical framework to explain why these trans-

forms are successful.
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FIGURE CAFTIONS

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Figure 9.

Figure 10.
Figure 11.

Figure 12.

Real space structures and LEED patterns for clean Ni(001)

.and the three ordered 0-Ni(00l) overiayers.

Observed 0-Ni(001) LEED patterns as a function of 02 ex—
posure. Upper panel indicates a possible three stage mech-
anism for oxidation of Ni(001).

Experimertal NPD curve for 0(1s) electrons from
c(2x2)0-Ni(001), for the geometry shown, compared with theo-
retical curves for d, = 0.5 A to 1.2 A (hollow site).
Experimental NPD curve for c(2x2)0(1s)-Ni(001), compared with
theoretical curves for d, = 0.00 A to 0.40 A (holiow site).
Piot of normalized R factor (RN) vs. d, spacing for
c(2x2)0-Ni(001).

Perspective drawing of the c(2x2)0-Ni{001) structure.

NPD curve for S(2p) electrons from c(2x2)S-Ni(001), compared
with hollow site theoretical curves for q_ = 1,30, 1.80, and
2.19 A for the experimental geometry shown. The binding en-
ergy for S(2p) is 170 eV with respect to the vacuum level.
The inner potential in the calculation is 14 eV.

Perspective drawing of the c(2x2)S-Ni(001) structure.

Plot of X (k) = (I-IO)IIo for S(2p) NPD data from
¢(2x2)S-Ni(001).

Magnitude of the Fourier transform of the data in Fig. 9.
Plot of X (k) = (I-IO)IIO for 0(1ls) NPD data from
c{2x2)0-Ni(001).

Magnitude of the Fourier transform of the data in Fig. 11.
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V. NCTMAL PHOTOELECTRON DIFFRACTION STUDIES OF SELENIUM AND
SULFUR OYERLAYERS ON Ni(011) AND Ni(111)~
A. INTRODUCTION

Normal photoelectron diffraction (NPD) is now established as an

accurate method of determining the structure of atomicl'3

ular4 overlayers on single crystal metal surfaces. In an NPD exper-

and molec-

iment, the photoemission intensity of an adsorbate core level is meas-
ured normal to the surface as-a function of photoelectron kinetic en-
ergy. Final-state diffraction phenomena superimpose modulations on
the atomic cross-section of the core level. These modulations contain
structural information, which can be obtained implicit]y,l'6 by com-
parison of experimental and calculated NPD curves, or explicit]y,1’7
utilizing the Fourier transformation in a manner similar to its use in
extended x-ray absorption fine structure (EXAFS). The structural pa-
rameter devived from an NPD experiment is d , the perpendicular spac-
ing between the adsorbate and top substrate layers.

In this chapter we report applicatioﬁs of the NPD technique to two
systems which have not been previously studied by any structural tech-
nique —— ¢(2x2)Se on Ni(0ll) and selenium adsorbed on Ni(11l). Four
different overlayers of Se on Ni(1ll) were studied and theoretical an-
alyses are presented below. Two of these overlayers exhibit more com-
plex NPD curves than would be expected from a Se atom in a single ad-
sorption site. Theoretical analysis of one of these cases indicates
that the selenium atom is adsorbed in two different sites. For c(2x2)Se
on N1(Oll), our NPD data clearly suggest adsorption of selenium in the

hollow site with d; = 1.10 A. We also studied the adsorption of c(2x2)s
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on Ni(011). An excellent theory-experiment fit for the hollow site at
d, =0.94 X was obtained, in agreement with the earlier low-energy
electron diffraction (LEED) resu'lt.8 However, our experimental data
range is too limited to rule out the top site unambiguously.

Section B contains experimental information. In Section C we
briefly describe the multiple scattering caiculations used to fit the
experimental data, In Section D we present the NPD data ;nd a discus-
sion of the surface structures which are derived, and in Section E a

few conclusions about this work are given.

B, EXPERIMENTAL

Al11 data reported here were obtained with an angle-resolved photo-
emission (ARP) spectrometer described elsewhere.? The spectrometer
has LEED and Auger electron spectroscopy capabilities, as well as an
adsorbate introduction system which allows for effusive beam dosing.
The base pressure of the vacuum chamber was 2 x 10'10 torr during all
measurements. The pressure rose to as high as 5 x 10'9 torr during
effusive beam dosing. The Ni(011) and Ni(11l) crystals were oriented
to within 1° of the apprbpriate crystal faces. Both crystals were
cleaned by hot (1025 K) and room temperature cycles of argon-ion sput-
tering followed by annealing to 875 K, resulting in surfaces essenti-
ally free of impurities with sharp (1x1) LEED patterns. The ¢(2x2)S
and Se overlayers on Ni(0l1l) were prepared by exposing the clean
Ni(011) crystal to 10-15 L of HZS and HZSe, respectively, with the
crystal at 300 k.lo A p(2§2)Se overlayer (taken to be 0.25 monolayer)
on Ni(111) with a sharp LEED pattern was obtained by cooling the sample
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to 120K, exposing to about 2L of HZSe and then annealing the sample to
500K.1° A p(2x2) LEED pattern was also obtained by exposing Ni(111) to
HZSe with the sample at 120K and not allowing it to warm up.11 The
quality of the latter LEED pattern was poorer, however. A (/3x/R30°
Se overlayer (0.5 monolayer) was prepared by increasing the exposure
to 5L of HZSe. The (/3x/3)R30° LEED spots were weak and there was

a substantial diffuse bacéground. Finally, a low coverage (0.1 mono-
layer) overlayer of Se on Ni(111) was produced with a 1 L exposure.
This overiayer gave a LEED pattern indicative of a disordered over-
layer (only LEED spots due to the substrate were present). The cover-
age of the latter two overlayers was determined by comparing their
Se(3d) photoemission intensity (normalized by Ni(3p) intensity) to
that of the p(2x2) overlayer (assumed to be 0.25 monolayer).

The experiments were performed on Beam Line I-1 at the Stanford
Synchrotron Radiation Laboratory (SSRL). Low resolution ARP spectra
were taken of the Se(3d) and S(2p) levels, which have binding ener-
gies of 62 eV and 170 eV below the vacuum level, respectively. Spec-
tra were taken at photon-energy intervals of 3 eV. The angle-resolved
relative intensities of these levels were computed by calculating the
area of the core level peaks (after background subtraction) and adjust-
ing for photon flux and analyzer transmission. The kinetic energy
range of the resulting NPD curves was generally 20-200 eV for the
Se(3d) studies and was 20-150 eV for the one S(2p) system discussed
betow. Experimental geometries are indicated in the figures. The

Se(3d) and S(2p) data shown below were presented in the doctoral
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thesis of S. D. Kevan.9 They -have been reanalyzed and interpreted

in this chapter.

C. THEORY

We used a Green's function multiple scattering method5 to calcu-
late the NPD intensity versus energy (IE} spectra. Wavefunctions for
Se(3d) and S(2p) were generated from seif-consistent Xa scattered wave
calculations of NiSSe and Niss clusters. Inputs to the multiple
scattering calculation include Ni phase shifts from the self-consist-

12 and Se or S phase shifts from the same X«

ent potential of Wakoh,
scattered-wave calculations that generated the initial state wavefunc-
tions. The inner potentials used were Vo = 11,2 eV for Se and

Vo = 9.95 eV for 5 overlayers.

Calculations weré done with the overlayer placed at high symmetry
sites, i.e., the top, hollow and bridge sites. At each site, 8 to 12
interlayer spacings (dl) between the overlayer and the top substrate
layer were tried. Calculations were carried out with increments in qL
of 0.02 A for S and Se on Ni(0l11) and 0.05 A for Se on Ni(111). In

Figs. 3 through 7, calculated curves are shown only at selected dl

values.

D. RESULTS AND DISCUSSION

1. Selenium Overlayers on Ni(11l1).

In this subsection we present NPD results for four different over-
layers of selenium adsorbed on Ni(11l1}. The lowest coverage studied
was a disordered overlayer. We also studied the two ordered over-

layers for whica LEED patterns have been previously observed; i.e.,
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the p(2x2) and (V3x/3)R30° structures. The selenium on Ni(111) system
is of special interest both because there has been no structural de-
termination by LEED intensity analysis or any other technique to date
and because of the possibility that multiple adsorption sites might be
present at certain selenium coverages. Structural studies of adsorb-
ates on fcc(1ll) surfaces are also of interest because of the existence
of two types of threefold hollow sites. Half of the threefold hollow
sites on a Ni{11l) surface layer have substrate atoms directly below
them in the second layer, while the other half have vacarcies in the
second layer. In this section, we show that NPD is sensitive to these
two types of threefold hollow sites for selenium adsorbed on Ni(11l1).
The experimental geometry for all the NPD measurements of the .
Se-Ni(111) system is showr in Fig. 1. Figure 1(a) shows that the pho-
ton vector potential (K) and the direction of emission (e”) lie in the
plane defined by the [111] and [211] directions. The orientation of
the atoms on the Ni(111) face is shown in Fig. 1(b). The positicns of
the four possible high symmetry adsorption sites for Se on Ni1(11l1) are
shown with respect to the first two layers of suLstrate atoms in
Fig. 1(c). Using hard-sphere radii to determine the expected values
of the structural parameter dl. one obtains dl = 1.85 A for both hol-
Tow sites, d; = 2.00 A for the bridge site, and dl = 2,30 A for the
top site. Because of the close-packed arrangement of atoms on the
Ni(111) surface, the d, values for the three sites, as predicted by a
hard-sphere model, are much closer to one another than for the Ni(001)

and Ni(011) surfaces.
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In Fig. 2, all four experimental NPD curves for Se-Ni(11ll) are
plotted. The lowest coverage studied, shown at the bottom, was a dis-
ordered selenium overlayer, estimated to be 0.1 monolayer. The second
curve from the bottom in Fig. 2 was obtained froem a p(2x2) overlayar
(0.25 monolayer). Both of these overlayers had been heated to 500 K
arter the HZSe exposure and then cooled to 120 K during NPD data
acquisition. Because the p(2x2) overlayer was hezted (resulting in an
improvement of the p(2x2) LEED pattern), we refer to it as the “an-
nealed" p(2x2) overlayer. Just as in a previous study of Se on Ni(001)
carried out in our laboratory,13 the NPD data for the low coverage
and annealed p(2x2) overlayers of Se on Ni(111) are quite similar.
Slight differences are seen in the prak at 65 eV kinetic energy, which
are possibly the result of the experimental difficulties involved with
lower coverages and the presence of a nickel Auger peak in that energy
region.

In Fig. 3, the experimental results from the annealed
p(2x2)Se-N1(111) surface are compared to theoretical calculations for
the four possible high symmetry adsorption sites. Excellent agreement
is found for hollow site 1 (with a vacancy below) and d, = 1.8 A.

This value is slightly smaller (0.05 &) than the dl value obtained by
using hard-sphere radii derived from the c(2x2)Se-Ni(001) surface.2
The only experimental peak which shows a micmatch with theory is the
first peak (~50 eV kinetic energy), and previous NPD work has indi-
cated that there are substantial problems with both theory and experi-
ment in this energy region.1 Fair but definitely inferior agreement

is also found for hollow site 2 (atom below) and dl = 1,80 A. Poor
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agreement is found for the top site and the bridge site (the curve
shown is an average over non-equivalent bridge site curves). The main
difference between the theoretical curves for the two hollow sites is
found in the structure of the peak around 90 eV. Just as in the ex-
perimental curve, there is a single peak in the curve for hollow site
1 whereas that peak is split into two peaks separated by 12 eV in the
case of hollow site 2. The other regions of the hollow site 1 curve
also agree slightly better with experiment than the hollow site 2
curve does. Unfortunately, the differences between the two hollow
site calculated curves are not as great at dl = 1.80 & as they are at
other values of d,. To demonstrate this point, the theoretical hollow
site NPD curves for d, = 1.60 A and 2.00 A are shewn in Fig. 4. The
differences between sites 1 and 2 are significant at many energies for
both cases. Certain peaks are shifted by 5-10 eV from one hollow site
to the other. The accuracy of the dl value was determined with a pro-

cedure outlined earlier.1

We find d, = 1.80 = 0.04 A for this case.
If one assumes the bulk structure for the surface layer of nickel
atoms, the Se-Ni bond length is 2.31 # 0,03 A.

We have presented a case in which NPD has been able to differenti-
ate between a selenium atom in two different sites at the same dl. By

contrast, SEXAFS14

would not be particularly valuable for this case
if only the first nearest neighbor distance were obtained, because
that distance is essentially the same for the two hollow sites. Po-
larization-dependent SEXAFS15 can determine the surface-atom coordi-
nation aumber, allowing one to distinguish between top, bridge, and

hollow sites, but not between the two different types of threefold
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16 would

hollow sites. Second and third nearest neighbor distances
have to be obtained to determine the site unambiguously with SEXAFS.
Azimuthal photoelectron diffraction (APD), on the other hand, could be
applied successfully to this problem because of its sensitivity to the
orientation of the substrate atoms relative to the adsorbate atoms.
This was demonstrated in a recent APD study of the iodine on Ag(111)
system.17‘18 in which theoretical APD curves by Kang et al.18 for the
two threefold holiow sites were similar in structure but out of phase
by 60°. Comparison of these theoretical curves to the experimental
data of Farrell et al.17 led to the conclusion that the jodine atoms
_occupy both hollow sites at low coverages. Unfortunately, AFD was not
particularly sensitive to the d, spacing in that experiment, and in
general APD has difficulty in determining dl if the adsorbate is To-
cated substantially above the surface.19
The determination of hollow site 1 with dl = 1.80 A as the geom-

etry of the annealed p(2x2)Se overlayer on Ni(1ll)} also, in effect,
provides a structural determination of the low coverage, disordered
overlayer shown in Fig. 2, as the two experimental curves are almost
identical. This is an important result, as it again demonstrates that
NPD can deal with disordered systems.2 1t is not surprising that

the small number of selenium atoms on the surface in the low coverage
regime (0.1 monolayer) find the same site to be energetically favor-
able as in the one-guarter monolayer coverage. In both cases, there
is some distance between the selenium atoms and consequently adatom-
adatom interactions should be fairly small. For this disordered Se

overlayer on Ni(111), the selenium {s situated in hollow site 1
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(vacancy below) with d, = 1.80 + 0.05 A. The Se-Ni bond length is
2.31 * 0.04 &,

Evidence for the presence of multiple adsorption sites was ob-
tained from a temperature dependence study of the p{2x2)Se-Ni(111)
system. The annealed p(2x2)Se overlayer for which an NPD curve is
shown in Fig. 2 was prepared by heating the surface to 500 K after
the HZSe exposures. A second p(2x2) overlayer, which will be re-
ferred to as the frozen surface, was prepared at 120 K and held at
that temperature before and during the NPD study. Both samples gave
gocd p(2x2) LEED patterns, although that of the annealed surface ex-
hibited sharper spots. The NPD result for the frozen surface is also
shown in Fig. 2. Both the annealed and the frozen surface results
were reproducible on three separate surface preparations. The frozen
surface gave peaks within a few eV of those observed from the annealed
p(2x2) surface, but there is an additional peak in the frozen surface
NPD curve at 102 eV kinetic energy which is Tocated in a valley of the
annealed surface curve. Visual inspection of the curves leads to the
hypothesis that the Se can be frozen into multiple binding sites by
performing exposures at Tow temperatures, and that by heating the sur-
face, the preferred site becomes populated exclusively.

The above interpretation is borne out by the theoretical calcula-
tions. If the calculated NPD curves for p(2x2)Se-Ni{111) from Fig. 3
are compared to the frozen p(2x2) data, no single theoretical curve is
able to account for all the features in the experimental curve. Con~
sequently, a combination of two or more theoretical curves is required

to produce a good theory-experiment fit. Inspection of these curves
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indicated that several of the peaks in the hollow 1, hollow 2, and
top site curves correspond fairly closely with peaks in the experi-
mental curve. This led to a more quantitative attempt to determine
the structure by adding together the three curves with different
weightings. Due to the relative closeness of the two holluw site
curyes in comparison to the top site curve, an average of the two
hollow site curves was taken. This average (called "Hollow"} is
shown in Fig. 5, along with the top site curve (reproduced from
Fig. 3). If the hollow and top site curves are normalized (by
photoemission intensity per selenium atom) and added together

with equal weighting, the resulting NPD curve ("Average of Top

and Hollow") shows very good agreement with experiment, as indi-
cated in Fig. 5. This curve actually contains the following con-
tributions (after normalization): 50% top site (dl = 2.30 R), 25%
hollow site 1 (d, = 1.80 A), and 25% hollow site 2 (d, = 1.80 A).
Note that the extra peak in the frozen p(2x2) curve at 107 eV is
reproduced, as well as the energy difference between the two large
peaks at 81 and 132 eV (51 eV). The difference between those samei
peaks in the averaged hollow site data is only 43 eV, so the top
site contribution is important in establishing a good fit for those
two peaks as well. It is reasonable to expect that both hollow site
2 and the top site will be occupied under these conditions, because
at 120 K, atoms can be frozen into sites which are not as energet-
ically favored as hollow site 1. We conclude that there are roughly
an equal number of tcp and hollow bonded selenium atoms on the sur-

face. This is the first evidence from NPD for muitiple site behavior,
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Finally, the higher coverage (v3x/3)R30" Se on Ni(111) system was
also studied. The LEED pattérns observed were not as sharp as those

11 probably because the coverage of 0.5 mono-

seen by other workers,
layer is considerably greater than the 0.33 mono]ayer coverage for a
perfect {/3x/F)R30° overlayer. Unfortunately, no coverage between 0.25
and 0.5 monolayers was studied. As shown in Fig. 2, the (/3x/3)R30"
overlayer showed a. smaller NPD effect fhan the other overlayers stud-
fed. The size of the modulations is so small in this case that it is
very difficult to make an accurate structural determination. It ap-
pears that either three or more high symetry sites are significantly
occupied, or that the coverage is so high that the selenium atoms are
occupying Tow symmetry sites as well. Calculations for the (Y3x/3)R30°
overlayer were carried out, but no successful fit with the éxperimental
data was obtained by assuming either a single high symmetry adsorption

site or a combination of two such sites.

2. The c(2x2) Selenium and Sulfur Overlayers on Ni(011)

In this subsection we report the results of the first NPD studies
of adsorption on a (011)-surface. The adsorbates Se and S were chosen
in part because of the ease in which the c(2x2) overlayers can be pre-
pared on Ni(011) and the relatively large photoemission cross-sections
of the Se(3d) and $(2p) levels.

A LEED pattern for the c(2x2)Se overlayer on Ni(011) has been ob-
served10 but no intensity analysis has been published. The experi-
mental NPD curve for this system is presented in Fig. 6, along with

calculated curves for selenium in the hollow site (qL = 1.10 R), the
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Tong bridge site (d, = 1.54 A), the short bridge site (d1 = 2.00 R),
and the tbp site (dl = 2.30 A). The experimental geometry is indi-
cated in the figure. Excellent agreement is found for the hollow site,
with poor agreement for all o;her sites. Thus, NPD produces a clear
preference for selenium in the hollow site with dl =1.10 A, with an
uncertainty of #0,04 A. The Se-Ni bond length is 2.42 = 0.02 A. It
- should be emphasizéd that this is the first structural determination
of a selenium overlayer on Ni(011).

The structure of the ¢(2x2)S overlayer on Ni(0ll) has been studied
previously by LEED intensity analysis. The sulfur was found to bond
in the hollow site above the (0il) surface with d = 0,93 A.% The
experimental NPD curve for the system is shown in Fig. 7. Above the
experimental data, theoretical curves for the hollow site (d1 =0.94 ),
the long bridge site (d, = 1.30 A), the short bridge site (d, = 1.80 A),
and the top site (d, = 2.20 1) are plotted. Excellent agreement is
found for both the hollow site and the top site, because the theoreti-
cal curves for those two sites are very similar in thg energy range
studied; i.e., 20-150 e¥. Extending the curve to higher kinetic ener-
gies would have allowed us to choose between hollow and top sites, as
the theoretical curves do show differences above 150 eV. This case
provides an example of an accidental coincidence between two theory

20 and shows the need to take as

curves over a short energy range,
wide a data range as possible. This work therefore only partially
confirms the LEED result in the sense of excluding both bridge sites,
but a unique structure would require a longer data range, with more

NPD peaks, to distinguish between the hollow and the top site. The
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accidental coincidence could also be obviated by taking photoelectron

diffraction curves at off-normal emission angles.21

E. CONCLUSIONS

In this chapter, we have reported the resqlts of a series of ex-
periments designed to further assess the value of NPD as a surface
structure sensitive technigque. Some conclusions are given below:

1. NPD has been used successfully to study systems that have not

yet been studied by any other accurate structural technique.

2. NPD seems to be particularly well suited for studying disordered
adsorbate systems and systems which have two-dimensional order
but contain dcinains of two adsorption sites.

3. NPD has the potential to select. between sites wh'i:h have the
same geometry with respect to the first substrate layer but have
a different geometry with respect to the second layer.

The importance of taking an extended range of data has been

&

demonstrated by the inability of NPD to select between two dif-
ferent sites which have similar theoretical curves over a short

energy range.
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FIGURE CAPTIONS

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

(a) Experimental arrangement for all Se-Ni(11l) studies,
showing the orientation of the incident photon beam (hv),
the photon vector potential (3), and the outgoing photoelec-
tron direction {e”). b) View of the Ni(11ll) crystal face
showing the orientation of the first layer of atoms.

c) Positions of the four possible high symmetry adsorption
sites with respect to the first and second layer of sub-
strate atoms.

Experimental NPD results for the four overlayers of Se on
Ni{111) studied.

Experimental NPD curve for the annealed p(2x2)Se-Ni(111)
system compared with calculated curves.

Comparison of calculated curves for a p(2x2)Se-Ni(11ll) over-
layer situated in hollow site 1 and in hollow site 2 at two
different d1 spacings.

Experimental NPD curve for the frozen p(2x2)Se-Ni(11ll) sur-
face compared with calculated curves.

Experimental NPD results for c(2x2)Se-Ni(011) compared with
calculated curves for the experimental arrangement shown.
Experimental NPD curve for c(2x2)S-Ni{011) compared with
calculated curves. The experimental arrangement is the same

as in Fig. 6.
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Relative Se (3d) intensity
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VI. OFF-NORMAL PHOTOELECTRON DIFFRACTION STUDY OF THE
c(2x2) SELENIUM OVERLAYER ON Ni(001)*

A. _INTRODUCTION
Photoelectron diffraction (PD) can be observed by measuring thg

angle-resolved photoemission intensity from a core level of an adsorb-
ate atom or molecule bonded to a single crystal metal surface. If the
photon energy hv is varied and the core-level photoelectrons are col-
lected in the direction normal to the crystal face, diffraction of the
photoelectrons can yield a strongly oscillatory dependence of the pho-
toelectron intensity on kinetic energy. This specialized case of PD,
termed normal photoelectron diffraction (NPD}, has been used to deter-

-6 The

mine the structures of overlayers adsorbed on metal surfaces.
first experimental observation of NPD from a core level was made in
1978.1 Dynamical scattering theory with calculated dipole matrix
elements and phase shifts was used to analyze the data and illustrate
their usefulness. This effect has now been observed in a large number
of adsorbate-substrate systems and is found to be particularly suit-
able for accurate determfnation of the spacing between an adsorbate
layer and the substrate (dl). Structural information has been gener-
ally derived from a comparison of experimental and theoretical NPD

cur‘ves,l—7 although a more explicit method has been developed re- |

3.8 In this chapter, we demonstrate for the first time that

cently.
off-normal energy-dependent PD can also be used to derive accurate

surface structures,
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4 we observed that the modulations in off-

In an earlier paper,
normal PD were not nearly as pronounced as those in NPD, making an ac-
curate structural determination more difficult. In that work, off-
normal data for the c(2x2)Se(3d)-Ni(001) system, taken at a coarse an-
gular mesh, were presented. Ih this chapter, we report off-normal PD
curves of the same system, taken at intervals of 5° in polar angle,
for two different azimuthal orientations. The finer angular mesh in
the new data allows us to follow the evolution of the PD peaks with
polar angle more carefully. More importantly, the experimental data
have been fitted by multiple scattering theory, allowing an implicit
structural determination of the adsorption site of the c(2x2)Se over-
layer on Ni(001).

Section B contains experimental information. In Section C we
briefly discuss the method and inputs of the multiple scattering cal-
culations used to fit the experimental data. In Section D we present
and discuss the PD data. An R-factor analysis of the theory-experi-
ment fit is presented in Section E, and conclusions from this work are

given in Section F,

B. EXPERIMENTAL

Al11 the data reported here were obtained with an angle-resolved
photoemission (ARP) spectrometer described earlier.? The spectrom-
eter has low energy electron diffraction (LEED) and Auger electron
spectroscopy capabilities, as well as an adsorbate gas introduction
system which allows for effusive beam dosing. The “ase pressure of

0—10

the vacuum chamber was 2 x 1 torr during all the measurements.
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The pressure rose to as high as 5 x 10'9 torr during effusive beam
dosing. The Ni(001) crystal was oriented to within 1° of the [001]
direction. The crystal was cleaned by hot (1025 K) and room tempera-
ture cycles of argon-ion sputtering followed by annealing to 875 K,
resulting in a surface essentially free of impurities with a sharp
(1x1) LEED pattern. The c(2x2)Se overlayer on Ni{001) was prepared by
directing an effusive beam of HZSe at the crystal, which was heated

to 500 K. An exposure of 20-30 L was required to produce a sharp
c(2x2) LEED pattern on Ni(001).

The experiments were performed on Beam Line I-1 at the Stanford
Synchrotron Radiation Laboratory (SSRL). Low resolution ARP spectra
were taken of the Se(3d) Tevel, which has a binding energy of 62 eV
with respect to the vacuum level. Spectra were taken at intervals of
3 eV in photon energy. The angle-resolved relative intensity of this
level was deduced by calculating the area of the core Tevel peaks (af-
ter backgreund subtraction) and adjusting for photon flux and analyzer
transmission. The kinetic energy range of the resulting PD curves was
generally 40-200 eV. Experimental geometries are indicated

in the figures.

€. THEORY

The multiple scattering theory used to calculate the photoemission
intensity versus energy (IE) curves was described ear1ier.7‘10 The
3d initial state wavefunction of Se was obtain<d from a self-consist-
ent Xa scattered-wave calculation of a Nisse cluster. Dipole trans-

ition matrix elements were calculated at each photon energy. The final
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state was calculated at each kinetic energy by a Green's function
method corresponding to the ¢(2x2)Se-Ni(001) slab geamet;y. A1l mul-
tiple scattering of the photoelectron was included until numerical
convergence was reached.

Inputs to the multiple scattering method include: (1) substrate
(nickel) phase shifts obtained from the self-consistent band structure
potential of Hakoh,11 and (2) Se phase shifts obtained from the same
Xa scattered-wave calculation that generated the Se(3d) wavefunction.
The imaginary part of the optical potential for the final state was
taken to be V; = 3.8[(E + v )/(90 + Vo)]1/3, where E i< the energy
in electron volts above the vacuum, and the iraer potential used was
V, = 13.2 eV. Earlier, we had used V, = 11.7 eV for Se on Ni(001),2
but the R-factor analysis described in Section V gave a slightly het-
ter value for Vo = 13.2 eV. For example, the normalized R factor at
the optimal structure (see Section E) is 0.789 for vo = 11.2 eV and
0.760 for Vo 13.2 eV, indicating a 4% improvement. Although the 2 eV
shift s1ightly improved the R factor, the same dl spacing was chosen
by either V_ = 11.2 eV or 13.2 eV.

The Se(3d) level was placed at 62 eV below vacuum. Calculations
of the IE curves were made for the same energy range as the data, 1.e.,
40-200 eV. The Se atom was placed at the fourfold hollow site at Se-Ni
perpendicular spacings (d) of 1.45, 1.55, 1.65 and 1.75 A. Earlier
analyess have convincingly shown that the adsorption site is the four-
fold hollow.2’4'12'14 In this study, we did not place the Se at other
binding registries, except for dl = 2,34 A in the top site
(see Section D and Fig. 4).
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D. PESULTS AND DISCUSSION

In an earlier paper,4 we presented 1imited off-normal photoelec-
tron diffraction data on c(2x2)Se-Ni(001). In that work, data were
taken for emission into the [100] azimuth at polar angles of 15°, 30°,
and 45°, and into the [110] azimuth at polar angles 18°, 36°, and 54°.
The curves were rich in structure, but the intensity modulations were
muc* .maller than those at normal emission. When the photoemission is
normal, waves scattered to the detector by atoms arranged symmetrically
around the emitting atom interfere constructively with each other at
the detector. Therefore, the conditions of constructive interference
between the direct wave and the wave scattered by each of these sym-
metrically arranged neighbors are the same, leading to a series of
large, well-separated peaks in.the NPD curve. However, at off-normal
angles of emission, the conditiens of constructive interference be-
tween direct and scattered waves are different for each of these
neighbor atoms, leading to a collection of overlapping peaks. Conse;
quently, as the detector is rotated off normal, new peaks are seen,
and the overall peak-to-valley ratio decreases. The latter can be
seen in Fig. 1, where FD curves are shows for emissfon in the [100]
azimuth with polar angles e = 0°, 5°, 10°, 15°, 20° and 25°. The ex-
perimental geometry for this data set is shown in Fig. 2. The NPD
curve (o = 0°) exhibits the greatest peak-to-valley ratio. As the de-
tector is rotated off normal, the modulations get smaller. At e = 25°,
the modulations are small enough that the underlying atomic cross-sec-
tion is beceming apparent. An example of a new peak which em “ges at

off-nor al emission is seen in Fig, 1. This peak is first seen at
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e = 10° in the [100] azimuth at 111 eV kinetic energy, and becomes the
most prominent feature in the NPD curve by e = 25°. The peak disperc 3
from 111 eV at @ = 10° to 103 eV at ¢ = 25°. The main peaks oresent
in the PD curve at normal emission (kinetic energy 89 and 138) decrease
in intensity while dispersing slightly in energy with polar angle.

Similar effects are seen if the crystal is rotated azimuthally
about the sample normal by 45°, so that the photor heam and emission
direction are both located in the [110] azimut This experimental
gecieetry is shown in Fig. 3. These experimental PD curves are also
shown in Fig. 1. Again, the peak-to-valley contrast is greatest at
normal emission. The two main peaks in the normal emission curve are
at kinetic energy 89 and 137 eV. A new peak at 110 eV appears at & =
10° and grows in intensity through e = 25°.

A comparison between the PO curves for the two azimuths studied is
of interest at this point. For core level emission from an adsorbate
in a fourfold hollow site (C4v symmetry) the PD inténsity at normal
emission is independent of the azimuthal angle ¢ of the incident pho-
ton beam. Thus, the two curves at ¢ = 0° of Fig. 1 indicate the high
degree of reproducibility of the data at equivalent but non-identical
conditions. As the detector is moved off normal, we are comparing two
sample geometries which differ by 45° not only in the azimuthal orien-
tation of the photon polarization vector, but also in the azimuthal
orientation of photoelectron emission. The second effect induces
significant differences between pairs of curves with tae same polar
angle, especially for @ > 15°. At e = 5 the differences are minor

and at e = 10° tl.e major difference is in the position of the first PD
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peak, At & = 15* and @ = 20°, the curves are still similar above 90 eV
kinetic energy. Only at e = 25° do PD curves for the two azimuths look
substantially different at all energies.

We now turn to the theoretical analysis of the data in Fig. 1.
The data fof the [100] azimuth are reproduced in Fig. 2 and compared
with PD calculations for Se in the fourfold hollow site at dl = 1.55 A,
where d; is the perpendicular distance between the c(2x2)Se overlayer
plane and the nickel surface. The agreement is duite good for all an-
gles sampled. Visual inspection indicates that the quality of the fit
is extremely good at small polar angles (e < 15°) but worsens somewhat
at the larger polar angles sampled. Theoretical calculations for emis-
sion into the [112] azimuth are shown in Fig. 3 along with the experi-
mental curves, which are reproduced from Fig. 1. Calculated PD curves
for Se in the fourfold holiow site with dl = 1.55 & are presented.
The fit with the experimental data is again quite good. Just as for
the [100] azimuth, the fit is excellent for smaller nolar angles and
deteriorates as & gets large. An R factor analysis was carried out
for the d, values of 1.45, 1.55, 1.65, and 1.75 A using all data from
both azimuths studied. The dl = 1.55& spacing was found to give the
optimum (lowest) R factor, Details of the R factor aralysis are given
in the next section. The determination of dl = 1,558 is in excellent
agreement with‘our previous NPD study on this s_ystem4 and with LEED
intensity analyses in the literature13’14.

A major benefit of studying off-normal photoelectron diffraction
is that a comparison of many experimental curves to theory provides a

self-consistency check of the NPD results, in the same manner that
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LEED intensity analysis at off-normal incidences can be used to con-
firm results obtained by studying the LEED beams at normal incidence.
At the same time, caution should be taken in examining the PD fits at
1§rge polar angles, as both experimental and calculated curves exhibit
smaller oscillations and it is more difficult to establish whether a
good fit exists. The peak positions and intensities change more rapi-
dly with angle at large polar angles because there are more inequiva-
lent atoms around the emitting site. Consequently, small errors in
the measurement of the polar angle will cause shifts in the NPD peaks
which reduce the quality of the theory-experiment fit at large polar
angles.

The close similarity between all six experimental PD curves with
e < 10° (e =0°, 5°, and 10° in both azimuths) presents the possibil-
ity that NPD data could be taken into a much larger solid angle of
emission (resulting in a dramatic reduction of data collection time)
without significantly degrading the structural accuracy of NPD. In a

4 we used NPD to determine that selenium is situated

previous paper,
above the hollow sites on Ni(001) with d = 1.55 £ 0.04 A, In that
study (as well as this work), the angular acceptance of our electron
energy analyzer was a half-angle of 3°. If the angular acceptance is
increased to 10° half-angle, the number of photoelectrons collected
will increase by more than 10 times if one assumes an isotropic angu-
lar distributioé of photoelectrons over the range 0° <ex 10°. Me
estimate that the corresponding decrease in structural accuracy will

be considerably less than the current experimental error; i.e., the

increased angular acceptance should intraoduce an additional error of
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about #0.02 A to the dl determination for Se on Ni(001). We conclude
that future NPD experiments could benefit from using a larger aﬁgu]ar
acceptance of photoelectrons.

Occasionally, the theoretical NPD curves for two different sites
exhibit an "accidental coincidence” in peak positions which makes it
more difficult to distinguish the correct site geometry. In these
cases, most or all of the peaks in one curve have energy positions
which differ by 5 eV or less from the energies of peaks in the second

15 noted that

curve. For example, in an earlier paper, Li and Tong
for normal emission from the c(2x2)Se-Ni(001) system, there is an ac-
cidental coincidence of diffraction peaks between d, = 1.55 X (hollow
site) and d; = 2.34 X (top site). These authors expected that this
accidental coincidence would be Tifted when off-normal emission data
became available. This is indeed the case, and we show in Fig. 4 the
comparison at e = 15° of experimental data with calculated PD curves
for d; = 1.55 A (hollow site) and d, = 2.34 & (top site). The emis-
sion direction is along the [100] azimuth. The peak at 88 eV of the
hollow site curve is split into two peaks (80 eV and 100 eV) in the
top site curve. Near 88 eV, there is a valley for the top site. This

comparison definitely rules out the top site as the binding

location of c(2x2)Se on Ni(001).

€. R-FACTOR ANALYSIS

To facilitate comparison between theory and experiment, and to
compare the "fit" obtained here with other structural analyses, we

performed an R-factor analysis on this system. We used a normalized
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R factor,l6 which was based on individual R factors defined by Van

19 The normalized R fac-

Hove et al.,17 Zanazzi and Jona,18 and Pendry.
tor (RN) is defined in Chapter IV, Section C. The only difference be-
tween the RN used here and that defined in Chapter IV is that in this
case, the weights Al""’AG are chosen such that the average value of
each R factor over the geometries considered in this work is 1.0. The R
is not normalized to the Zanazzi-Jona R factor,20 as was done in Chap-
ter IV (see below).
The value of RN’ evaluated over the 11 PD curves shown in Figs.
2 and 3 (the two @ = 0° curves are degenerate, so we took only the one
in Fig. 2), is plotted as a function of d, in Fig. 5. A well-defined
minimum is seen at d; = 1.5§ A. This result agrees with the determin-
ation by visual judgmént, and 1t also agrees with earlier PD analysis
at normal emission and with LEED.13’14
To compare the degree of fit with other structural analyses, the
value of the Zanazzi-Jona R factor (RZJ)Z0 for d, = 1.55 A is 0.05.
0.05. From previous experience, a structural analysis is acceptable

if RZJ < 0.2. With this criterion, the overall fit hers is substan-

tially above average.

F. CONCLUSIONS

In this chapter, we have demonstrated, for the first time, the use
of off-normal energy-dependent photaelectron diffraction curves to de-
termine surface structure. Off-normal PD curves show smaller oscilla-
tion amplitudes than NPD curves, but these curves can nevertheless be
used to accurately determine the structural parameter dl' In the

event of an accidental coincidence at normal emission, we have demon-

N
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strated that off-normal PD curves can be used to resolve the coinci-
dence. Due to thé rapid decrease of the amplitude of the oscillations
at larger o, the most useful range seems to be between o = 0° and

= 15.0
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FIGURE CAPTIONS

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Experimental PD data for c{2x2)Se(3d)-Ni(001) for emission
in the [100] azimuth (solid curves) and the [110] azimuth
(dashed curves) as a function of polar angle e. The exper-
imental geometr{es for the [100] and [110] azimuths are
shown in Figs. 2 and 3, respectively.

Experimental PD data for the [100] azimuth (solid curves)
compared with theoretical calculations for the hollow site
with d, = 1.55 A (dashed curves).

Experimental PD data for the [110] azimuth (solid curves)
compared with theoretical calculations for the hollow site
with d, = 1.55 R (dashed curves).

Comparison of (a) experimental (D data for
c{2x2)5e(3d)-Ni(001) with calculated curves for (b} Se in
the hollow site, dl = 1.55 A and (c) Se in the top site,

d =2.34 A, The polar angle of emission is e = 15° in the
[100] azimuth, ’

Plot of the normalized R factor versus dl spacing.
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VII. STRUCTURAL DETERMINATION OF A MOLECULAR OQVERLAYER SYSTEM
WITH NORMAL PHOTOELECTRON DIFFRACTION: c(2x2)CO-Ni(001)*

A. INTRODUCTION

The det srmination of molecular adsorbate bondirg geometry is of
major importance in surface science, but few structures are known to
date. One popular experimental strategy combines photoemission, to
establish the molecular species and orientation, with low energy elec-
tren diffraction (LEED), for subsequent, quantitative structure stud-
ies. Recently it has been shown that normal photoelectron diffraction
(NPD) alone is sufficient for structure determination in atomic over-
layer systems.l'2 In this chapter we rerort experimental evidence
that NPD can be used to determine molecular adsorbate structure. We
chose to study c(2x2)C0-Ni(001) because it has become a model molecu-
lar adsorption system and because LEED structure analysis has been
difficult and the subject of controversy prior to the recent estab-

3 An NPD structural study

lishment of a generally accepted result.
has certain advantages relative to LEED. Radiction damage is minimal,
long-range order is unneéessary, and the Tocalized nature and phase
coherence of NPD permits an independent structural determination for

each atomic species in the molecule.

B, EXPERIMENTAL AND THEORY

Experiments were performed on Beam Line I-1 at the Stanford Syn-
chrotron Radiation Laboratory (SSRL) with an apparatus described else-
where.4 By using a grazing-incidence "grasshopper" monochromator

equipped with a 1200 11ne/mm holcgraphic grating during dedicated
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operation, we obtained photon flux and resolution sufficient to per-
form NPD experiments on both the C(1s) and 0(1s) adsorbate core levels
in the photon energy range 300 < hv < 650 eV. These experiments, to-
gether with our recent C(1s) shape resonance measurements,? are the
first systematic ARP studies of these light-element core léVe]s with
intermediate energy x-rays.. The C(1s) and 0(ls) data shown below were
presented in the doctoral thesis of S. D. Kevan.4 They have been
reanalyzed and interpreted in this chapter.

The Ni(001) crystal was cleaned and exposed to CO using standard
procedures.5 LEED was not performed on the overlayer systems prior
to MPD measurements, to avoid the usual primary beam ciamage.3 No
time-dependent degradation of the overlayers {as determined by photo-
emission) was apparent over several hours of NPD experimentation.
LEED measurements after the NPD studies confirmed the c{2x2) struc-
ture. This is a significant advantage of NPD in the study of molecular
overlayers.

The NPD calculations were performed using a multiple scattering
a'gorithm detailed e1seﬁhere.6’7 A1l orders of multiple scattering
were included. Carbon and oxygen phase shifts were generated using

6 while those of nickel were derived

the Xa scattered-wave technique,
from the Wakoh self-consistent band structure potentiaL8 The inner
potential (VO) used was 11.2 eV, The calculations were done for CO
with the generally accepted or'ientation5 (bond axis normal to the
surface, with the carbon end down), in the top, bridge, and hollow

sites, allowing the C-Ni interplanar distance (dﬁhi) and the CO bond
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distance (déb) to vary in steps of 0.1 R in a systematic search for

the best fit to the experimental curves.

C. RESULTS AND DISCUSSION

From the systematics of these calculations for the C(1s) level in
the CO-Ni(001) prototype system, we can draw important conclusions
about the NPD process in molecular adsorbates. The theoretical re-
sults indicate7 that if déb is held constant and déhi is varied in
successive calculations, the characteristic C(1s) NPD modulation peak
energy positions are shifted to higher kinetic energy as déﬁi is de-
creased, in agreement with the trend observed in earlier NPD studies
of atomic overlayer systems.1 In contrast,-the peak positions do
not disperse with déo in calculations where déﬁi is held constant.
These observations imply that the C(1s) exper*mental NPD curve should
be e 1ely sensitive to dC;i' but not to déb. This may be understcod
in terms of the localized nature of the NPD process. For the C{1s)
NPD curve the yield structural sensitivity to déo, the electron
would have to undergo at least one scattering event off the oxygen
atom. But the dominant scattering from oxygen is a small angle for-
ward scattering, and the phase difference between the scattered wave
and the direct wave is essentially independent of the position of the
oxygen atom, yielding little sensitivity to déh.7 The situation
is manifestly different for large-angle backscattering off nickel,
which provides the senzitivity to dé;i‘ Here, the backscattered

wave accumulates phase in twice traversing the distance between ab~



173

sorbing and scattering atoms, so that substantial structurai sensitiv-
ity is expected and observed.

The experimental NPD curve for the C{1s) level, shown in the inset
in Fig. 1 and in Fig. 3, illustrates the above expectations. It rep-
resents the combined results of several experiments on different over-
layer preparations and nicke! crystals. Individually, peak positions
were reproducible to #1-2 eV {rom one experimental curve to another.
The match between experimental and thecretical peak positions for
déhi =1.84 and dcb = 1.13 & in the top geometry is excellent; peaks
(1,2,3,4) fall at (85,105,126,154) and (88,106,127,154) eV kinetic en-
ergy in theory and experiment, respectively. The quality of the ex-
perimeri-theory fit can be examined quantitatively by observing the
trend in AE = E (theo) - E{expt) for each of the four NPD peaks, as
dchi is varied. These trends are summarized in Fig. 1. The criter-
ion for a perfect match between theory and experiment, AE = 0 for each
NPD peak, is most nearly met by the dcti = 1.8 A calculation. The
systematic behavior shown in Fig. 1 simplifies the assessment of error
Timits for dcéi‘ On the Tow side, which is more important for this
case, the 1.7 A curve is far outside the acceptable range. We adopt a
very conservative lower 1imit of dc;i = 1,76 A. On the high side,
the longer distances shown are not credible for a C-Ni bond, on chemi-
cal grounds. However, even the 1.%A curve is off by several standard
deviations. To raise it would require shifting the inner potential by
~5 eV, from 11.2 eV to ~6 eV, which is physically unacceptable. OQur

final adopted value is dcfh. = 1.80 ¢ 0,04 R, with CG in the top =ite.
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Fron the above discussion it is clear that the 0{1s) NPD curve
must be measured to determine déé from NPD alone. Theoretical and
experimental results are summarized in Fig. 2. We were able to col-
lect dat2 over only the limited kinetic energy range 0 5-Ek < 100 eV
because of poor photon flux = ° monochromator resolution above 650 eV
photon energy. In general, m- .surement of C(1s) and 0(1s) NPD inten-
sities near £, = 61 eV was hampered by interference from the Ni(M23,V,V)'
Auger peak1 (see e.g., the dashed portion of the experimental curve in
Fig. 2b). The theoretical curves (Fig. 2a) for fixed déNi and various
C0 bond distances illustrate that NPD structural results are less accu-
rate in this lower energy range because modulation peak position dis-
persion with d, is lower, and additionally, thé theoretical NPD curve

1,7 In spite of these

shape is more model-dependent for Ek < 60 eV.
limitations, a good fit of peak positions for déhi =1.8 A and

dcé = 1,13 A is shown in Fig. 2b. It is encouraging that the fit im-
proves &t higher energies. The NPD data show an excellent fit for the
isolated molecule bond distance déb = 1.13 A, consistent with the

LEED result of déb =1.1 A,a but an 0(1s) study over a wider kinetic
energy range is desirable,

A summary of the best theory-experiment fit for botk C(1s) and
C(1s) levels is shown on the same energy scale in Fig. 3. The C(1s)
data close to the edge have been omitted from this study because the
shape resonance in the C(1s) level dominates the NPD curve at lower
kinetic f:nergie:.5 A perspective drawing of the c(2x2)CO~Ni(001)

structure is shown in Fig. 4.
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In corclusion, using normal photoelectron diffraction, the top-
bonded CO structure for c(2x2)C0-Ni(001) has been found, confirming
recent detailed LEED investigations.3 Based on these observations
and considerations discussed above, NPD shows promise for determining
bonding geometries of molecular'adsorbates, as a complementary or al-

ternative method to LEED.



177

REFERZNCES

*This chapter was published: S. D. Kevan, R. F. Davis, D. H.
Rosenblatt, J. G. Tobin, M. G. Mason, D. A. Shirley, C. H. i7, and
S. Y. Tong, Phys. Rev. Lett. 46, 1629 (1981).

1. D. H. Rosenblatt, J. G. Tobin, M. G. Mason, R. F. Davis, 5. D.
Kevan, D. A, Shirley, C. H. Li, and S. Y. Tong, Phys. Rev. B 23,
3828 (1981); and references therein.

2. C. H. Li and S. Y. Tong, Phys. Rev. Lett. 42, 901 (1979).

w
.

S. Andersson and J. B. Pendry, Surf. Sci. 71, 75 (1978); Phys.

Rev. Lett. 43, 363 (1979); and M. Passler, A. Ignatiev, F. Jona,

D. W. Jepsen, and P. M. Marcus, Phys. Rev. Lett. 43, 360 (1279).

4, 5. D. Kevan and D. A. Shiriey, Phys. Rev. B 22, 542 (1980);

S. D. Kevan, Ph.D. thesis, University of California, Berkeley,
1980, unpublished.

5. R. F. Davis, S. D. Kevan, D. H. Rosenblatt, M. G. Mason, J. G.
Tobin, and D. A. Shirley, Phys. Rev. Lett. 45, 1877 (1980); and
references tiierein.

6. C. H. Li, A, R, Lubinsky, and S. Y. Tong, Phys. Rev. B 17, 3128
(1978).

7. C. H. Li and 5. Y. Tong, Phys. Rev. Lett. 43, 526 (1979).

8. S. Wakoh, J. Phys. Soc. Jpn. 20, 1896 (1965).



178

FIGURE CAPTIONS

AL LA

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Plot of AE = E(theory) - E{experiment) versus NPD curve
peak number for the C(1s) level in ¢(2x2)C0-Ni(001) with
fixed CO bond length and various carbon-nickel spacings,
with CO in the top site. A comparison of calculated
(dcﬁi =1.84, déb = 1,13 &) and experimental NPD

curves is shown in the inset.

a) Calculated NPD curves for the 0(1s) level in
c(2x2)C0-N1{001) for fixed carbon-nickel spacing and
various CO bond lengths (top site).

b) Comparison of the experimental result to the best-fit
calculation from (a). The dashed portion of the experi-
mental curve suffers from Ni(M23,V,V) Auger interference.
Comparison of the best-fit calculation to experiment for
both C(1s) and 0(1s) 1levels in c(2x2)CO-Ni{001).
Perspective drawing of the c(2x2)CO~-Ni(001) structure.
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VIII. CONCLUDING REMARKS

A. RECOMMENDATIONS FOR THE FUTURE: ELECTRON ENERGY LOSS SPECTROSCOPY

In this section, I will propose some general guidelines which
should be considered in the design of future EELS spectrometers. This
will be followed by more specific suggestions for improving our own
spectrometer. Finally, there will be a discussion of the future of
EELS from a scientific standpoint.

It is clear that the main shortcoming of EELS is its relatively
Tow resolution in compirison to photon-based infrared spectroscopy.
Future spectrometer improvement should concentrate on improving the

! and substantially reducing the

FWHM resolution to less than 10 cm™
number of background electrons in the low frequency region (< 500
cm'l). Many spectrometers have extremely low background signal

above 500 cnrl

, S0 there is not much need for improvement in that
region. At the present time, a great deal of vibrational information
is hidden in the background of the inelastic tail of hundreds of spec—
tra in the literature.

The following 1list of guidelines should be considered in the de-
sign of a new spectrometer:

(1) Resolution. The 180" hemispherical sector should be used for
all energy selectors due to its superior resolution characteristics:
There should be a dramatic increase in the size of the sectors used.
Most current spectrometers utilize 127° cylindrical sectors or 180°

hemispherical sectors with mean radii of 2-4 cm. This could be in-

creased to 10-15 ¢m, resulting in about a factor of five increase in
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theoretical resolution. This will be necessary if second generation
spectrometers are to operate at considerably less than 1 meV or 8
cm‘l FWHM resolution. The use of such large sectors will create
severe space and mobility problems in current vacuum chambers. One
solution would be to build a cylindrical vacuum chamber which has a
stationary lower part and a rotatable upper section, separated by a
differentially pumped teflon o-ring seal. This type of rotatable seal
is now commercially availab1e.1 Experimental rotations could be ac-
complished by mounting the analyzer on a flange in the rotatable sec-
tion and the monochromator in the statiomary section. The sectors
would be quite large, so they could be housed in separate chambers
outside of the main chamber. Almost all the motion required to do an
experiment would be supplied by the chamber itself. Fine adjustment
of the beam location could be accomplished with small linear transla-
tions of the analyzer and with electrostatic deflection lenses during
tuning up. Elimination of most of the analyzer and monochromator mo-
tion with respect to their mounting flanges would remove problems
brought on by the use of springs, sliding contacts, dangling wires,
etc.

(2) Background. The background of scattered electrons in the low
frequency region must also be reduced substantially over current de-
signs. This can be accomplished primarily by using both a double mon-
ochromator {pre-monochromator and monochromator in tandem) an- a dou-
ble analyzer. The use of pre-filters has been very successful in the
past.z'3 Using the rotatable chamber setup described above, the double

sectors could both have their own auxillary housings, with only their
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zoom lenses penetrating into the main chamber. Another metnod of re-
ducing background (by as much as a factor of 10} is to cut a blazed
groove pattern into the sectors ’chemse]ves.“’5 These grooves will
reflect scattered electrons back towards the direction in which they
came, ensuring that most of them will never reach the detector. In
addition, all optical surfaces should be coated with graphite, to re-
duce scattering by lenses and slits. Improvements in lens design
which 1zad to better collimation and smaller beam pencil angles should
also produce a lower background.

(3) Sensitivity. Large improvements in sensitivity can be ob-
tained by using the multichannel detection scheme presently being used

2,6 Multichannel detection

in several photoelectron spectrometers.
would allow one to acquire an EELS spectrum of a good part of the en-
tire iﬁfrared regicii simultaneously, leading to a potential improve-

ment in sensitivity by a factor of 10-100. (he capability to accumu-
late an entire spectrum without scanning would also simplify the tun-
ing process considerably.

(4) Construction. More care must be taken to shield stray elec-
tric and magnetic fields in a sub-l-meV-resolution spectrometer. No
stainless steel or other permeable material should be used in the
spectrometer regions. A1l mumetal shielding should be as far away
from the electron path as possibie. If possible, the entire vacuum
chamber should be conpletely surrounded by a set of shields.

Unfortunately, many of these guidelines can not be easily incor-

porated into our present design. There are, however, several improve-

ments which will not require major alterations to our spectrometer.
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The following is a discussion of possible improvements:

(1) Resolution. There is certainly room to improve the FWHM res—
olution of the spectrometer. Its current sensitivity is quite high,
so count rate could be traded for resolution by reducing the slit size
on all hemispher%cal sectors. Better resolution could also be ob-
tained by running at lower pass energies than those currently used.

It is uncertain how much further resolution would improve, however, as
our energy selectors do not seem to disperse theoret{ca11y at pass en-
ergies less than 1 eV. An effort should be made to better understand
the causes of this non-ideal behavior. This problem may be partially
attributed to the lack of adequate field termination at the entrance
and exit planes of the three 180° hemispherical sectars (two in the
morochromator, one in the anmalyzer). At present, only one of these
six termination planes has field termination electrodes. These could
be installed in all locations without great difficulty. Unfortunately,
it will be nearly impossible to increase the size of the hemispherical
sectors (as suggested above) due to physical constraints imposed by
our current vacuum chamber. '

(2) Background. The background of scattered electrons may be re-
duced in a number of ways. The most ambitious improvement would be to
install a pre-analyzer before the analyzer. The design of the pre-an-
alyzer could be similar to that of the analyzer, and their combined
assembly could be modeled after the monochromator assembly. - Due to
the position of the carriage track, which provides the vertical motion
of the existing amalyzer, it is now impossible to install anather 180°

hemispherical sector. If the vertical motion capability were modi-
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fied, however, a pre-analyzer could be installed. The current verti-
cal motion could be replaced by a mechanism which confines the analy-
zer to the region of EELS horizontal plane but allows for small trans-
lations above and below that plane. This would not affect the EELS
capabilities of the analyzer. A second improvement wouid be the ma-
chining of sawtooth grooves4'5 in the hemispigrical sectors to re-
Jject electrons hitting the hemispherical surfaces. Sawtooth patterns
can be routinely machined in cylinders, but hemispheres presient a more
difficult technological challenge, so the job will probe.ly require a
computer-controlled machine. Lens improvements should also reduce the
background. All lenses which determine the pencil angle of acceptance
of hemispherical sectors should meet the Kuyatt and Simpson criteria.
This requires that an angle-defining aperture be installed in the

C (analyzer) lens (see Chapter II). The background will also be re-
duced if a lens is installed between the analyzer exit slit and the
electron multiplier. This lens will reduce the count rate but ensure
that all electrons counted by the multiplier will have Teft the analy-
zer with a very small pencil angle. It is Tess likely that an elec~
tron has been scattered by the optics if it meets this pencil anula
requirement. As an alternative to placing a lens before the multi-
plier, a minor modification could be made to the present doubie exit
s1it setup. This would involve moving the second exit slit to a posi-
tion 2 mm behind the first slit, which would reduce the maximum pencil
half-angle to 7°. In addition, the second slit could be biased at a

more negative potential than the first, leading tu further rejection

of unwanted electrons.
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{3) Sensitivity. The sensitivity of the spectrometer is high at
present, although steps taken to improve the resolution and background
may lower it to less than desirable levels. The count rate is cur-
rently limited by the Spiraltron electron multiplier, which will suf-
fer reduced gain if operated above 50-100 kHz. This 1limit could be
raised by at least a factor of five by switching to a high-current
Channeltron (Galileo 4816). In the future, it may be necessary and
desireable to switch to a multichannel detection scheme. We have

6 made up of dual microchannel

tried a multichannel position-encoder,
plates and a resistive anode, in place of the single channel detector
currently installed. The main problems with the multichannel detector
were that the background was considerably higher, the linearity {posi-
tional accuracy) was poor, and the speed of the electronics (5 usec
per count) limited the count rate over the entire detector to less
than 10 kHz, much too low for EELS. The background problem in multi-
channel detection may be circumvented by the use of a pre—analyzer2
and the machining of grooves in the hemispheres. The linearity and
speed limitations can be overcome by using a new wedge-and-strip metal

anode7

in place of the resistive anode. This metal anode and assoc-
iated fast electronics (0.5 usec per count) should make the maximum
count rate comparable to that of single channel detection. A metal
anode designed for our spectrometer has been fabricated and awaits
testing.

(4) Construction. The task of removing the analyzer from the
vacuum chamber is extremely difficult and risky because the analyzer

carriage track comes within a few mm of the knife edge of the chamber
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bottom flange. If the modified vertical motion discussed above were
installed, this would no longer pose a problem. At present, there are
a few remaining holes and gaps in the mumetal shielding around the
outside of the vacuum chamber which should be eliminated. To further
reduce the amount of permeable material in the spectrometer, stainless
steel should be replaced with OFHC copper wherever possible,

(5) Miscellianeous. The base pressure of the vacuum chamber may
be improved by the addition of a 1iquid helium cryopump which has been
purchased but not utilized. The cryopump pumps many gases faster than
the ion pump does, and would be especially useful for pumping out ar-
gon after sputtering and adsorbate gases during dosing. Also, our
1iquid nitrogen cooling mechanism, which has been built and tested,
should be installed on our sample manipulator.

Despite all of the suggested improvements, the present state of
the spectrometer is satisfactory and should enable a number of inter-
esting experiments to be carried out in the future. These experiments
should be designed with the advantages of EELS over competing tech-
niques in mind. For example, EELS can usually distinguish the pres—
ence of more than one adsorbed state on the surface. This fact points
to studies of multiple adsorption site overlayers, surface oxide nu-
cleation, and adsorbates bonded to stepped or kinked crystils. The
vibrational spectroscopy of adsorbates on semiconductor surfaces not
well known, especially with regard to hydrogen chemisorption.a An-
other relatively untouched area is off-specular scattering. Very few
impact scattering modes have been observed to date.9 Theoretical

predictions10 concerning the usefulness of these modes for determin-
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ing surface structure have not yet been experimentally verified. Stud-
jes of heavy atom adsorption, such as metal or semiconductor overlay-
ers adsorbed on metal surfaces, might also be fruitful if carried out
on an EELS spectrometer with extremely low background in the low fre-

quency region of the spectrum.

B, RECOMMENDATIONS FOR THE FUTURE: PHOTOELECTRON DIFFRACTION

Since our group is essentially unique in having the only ongoing
- experimental research effort in energy-dependent photoelectron dif-
fraction (EDPD), discussions of the future of the technigue and of the
future of our group's effort will have a great deal of overlap. With
this is mind, I present some thoughts on the EOPD technique.

The rapid development of Fourier-transform PD and the discovery
that PD is sensitive to (adsorbate atom)/{substrate atom) distances
instead of perpendicular layer spacings have been the most significant
theoretical advances made since the experiments described in this
thesis were carried out.ll'lz The use of FTPD will free the experi-
menter from his reliance on multiple scattering calculations., It will
also significantly improve the structural accuracy of PD because the
analysis may be done along several emission angles, each of which
yields the distance from the adsorbate to a different substrate atom.
A more gquantitative understanding of the backscattering phase shift
function will improve the accuracy of the technique even further.

Experimental advances have occurred equally as fast. The most
serious problems incurred in making the measurements described in this

thesis can be directly attributed to the grasshopper monochromator on
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Beam Line I-1 at SSRL. The photon beam delivered by this line suffers
from low flux (especially near the carbon K-edge), poor resolution,
and a high percentage of scattered light. These problems prohibited
us from making EOPD measurements over 2 wide enough energy range to
use Fourier-transform analysis to obtain a high degree of accuracy.
Many of the problems of the grasshopper are not present in the newer
JUMBO monochromator, on Beam Line ITI-2 at SSRL.13 Barton et al.

have been able to take extended (400 eV wide) kinetic energy range in-
tensity-energy (IE) curves of the S(1s) level on this beam line.lz
The JUMBO monochromator is not presently able to provide photons below
800 eV, so that the near K-edge region of C, N, 0, and F cannot be ac-~
cessed. To carry out successful FTPD experiments on adsorbates con-
taining these low-Z elements, we must look to new monochromators in
the 250-1000 eV photon energy range. A promising candidate for these
studies is the vacuum ultraviolet (VUV) branch of the EXXON-LBL beam
line to be built at SSRL., Because the VUY monochromator on this line
will be of the double grating type, it is expected to have properties
similar to JUMBO, i.e. high flux and high resolution over a wide en-
ergy range,

Using new synchrotron beam lines, FTPD experiments on molecular
adsorbates such as €O, NO, COZ' 02, CH30, and hydrocarbons should be
possible. Multiple-carbon hydrocarbons present a significant chal-
Tenge because C(1ls) emission will originate from more than one loca-
tion on each adsorbed molecule. The acquisition of many IE curves at

different emission angles may be able to circumvent this problem,
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especially in the case of a two carbon molecule such as ethylene or
acetylene. .

Structural determination of semiconductor surfaces is ancther pos-—
sibility for future FTPD study. Semiconductor surfaces are more open
than metal surfaces, due to larger bond distances. Therefore, the
size of PD vsciilations should be large if data is collected close to
directions in which the emitter atom and a nearby scatterer 1ine up,
but may be very small at other emission angles. We have observed the

‘latter in the form of a negative PD result for GaAs(llo).14 IE

curves of the Ga(3d) and As(3d) levels were measured at normal emis-
sion from a GaAs(110) single crystal which exhibited a sharp LEED pat-
tern. Virtually no oscillatory structure was observed in either of
the IE curves. This can be understood by recognizing that there are
no nearby scatters directly below the top Ga layer or top As layer
atoms in GaAs(110). If data were collected at well-chosen off-nornal
emission angles, we would expect to see substantial PD oscillations.

A number of experiments on clean and adsorbate covered semiconductor
surfaces could be carried out in this fashion,

In closing, I would like to give an indication of how far photo-
electron diffraction has come in the last four years. Table I lists
all of the PD experiments in which I participated during the period
from 1978 thru 1980. Note that all of the systems Tisted but one were
studied with NPD only. During that time period, it was believed that
normal emission (NPD, data were considerably more useful than off-nor-
mal data. However, more recent work by other Shirley group members

has shown that it is advantageous to obtain data at selected off-nor-
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mal angles. They have added to the 1ist of systems explored by PD
with a study of the S(1s) core level in sulfur adsorbed on Ni(001) and

on Cu(001).}2

In that work, Fourier-transform analysis provided the
entire basis for the structure determination. In the coming years,

the list should continue to grow as PD is applied to new adsorbate/sub-
strate systems, including those with core levels other than the C(1ls),

0(1s), S(is), S(2p), and Se(3d).
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Table I.

Partial list of systems studied by NPD

SYSTEM

c(2x2)Cco-Ni(001)
(V3x/3)R30°CO-Ni(111)
c(2x2)0-Ni(001)
c(2x2}9-Cu(001)
(/2x2/2)0-Cu(001)
c(2x2)S-Ni(001)
c(2x2)5-Ni(011)
p(2x2)Se-Ni(001)
c(2x2)Se-Ni(001) (annealed)
c(2x2)Se~Ni{001) (unannealed)
c(2x2)Se-Ni(001) OFF-NORMAL PD
Disordered Se-Ni(001) (low coverage)
c{2x2)Se-Ni(011)
p(2x2)Se-Ni(111) (annealed)
p(2x2)Se-Ni(111) (unannealed)
(/3x/3)R30° Se-Ni (111)

Disordered Se-Ni(111) (low coverage)

LEVEL
C(1s),0(1s)
C(1s),0(1s)
0(1s)

0(1s)

0(1s)

s(2p)

s(2p)
Se(3d)
Se(3d)
Se(3d)
Se(3d)
Se(3d)
Se(3d)
Se(3d)
Se(3d)
Se(3d)
Se(3d)

SITE

13 13
Top, dgy; = 1.80 A, dyp = 1.13 A

Bridge,
Hollow,
Hollow,
Hollow,
Hollow,
Hollow,
Hollow,
Hollow,
Hollow,
Hollow,
Hollow,

Hollow,

1 1
doni = 127 A, dep = 113 [

d =0.85 A
d, = 0.80 A
d, =0.80 A
d =1.30 A
d =0.94 A) OR Top (d; = 2.20 A)
4 =1.55 A
d, = 1.56 4
g =1.6514
d =1.554
4 =1.554
d =1.104

Hollow (vacancy below), d, = 1.80 3

Hollow (d, = 1.80 A) AND Top (d, = 2.30 A)

Multiple sites

Hollow (vacancy below), d, = 1,80 A

961
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