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2 C. 5. FADLFY

1. INTRODUCTION

X-ray photoclectron spectroscopy has by now become a widely-used
technique for studying the properties of aloms, molecules, solids, and surfaces.
The cxtent of development beiween the first experiments of this type by
Robinson and Rawlinson in 1914' and the present stale of the art is indced
greal, with most of this growth occurring within the last 10-20 years under
the stimulation of pioncering studies begun in the carly 1950s,2.  particularly
thosc carricd out at Uppsala University.3 From the first observations that
core photoeleciron peak intensities could be used for quantitative analysis
by Steinhardt and co-workers? and that core eleciron binding energics
exhibited chemically-induced shills by Sicgbahn and co-workers,? the number
of distinct physical and chemical effects noted has expanded considerably.
Thus, together with numerous developments in interpretive theory, this
expansion has provided a rich panoply of information that can be derived by
analysing different aspects ol an x-ray pholoelcctron spectrum. To be sure, a
greater understanding of the theoretical models underlying these pheromena
has not always led to resulls as directly intcrpretable in simple chemical or
physical terms as was initiaily imagined, but the overall scope of information
derivable is nonctheless large enough to be wseful in a broad range of
disciplines,

The number of publications involving x-ray photoclectron spectroscopy
{which is commonly referred {0 by one of the two acronyms YPS or ESCA=
electron spectroscopy for chemical analysis) is thus by now quite large, and
includes several pring reviews® 4 10 and confetence proceedings,!!. 12 as
well as other chapters in this series on specific problems or areas of appli-
cation. '™ 14 Thus, no comprehensive review of the literature will be attempted
heie, but rather only a concise discussion of various basic experimental and
theoretical concepts, together with selected examples exhibiting different
cfTects. In certain more newly developed areas, or lor subjects in which con-
fusion scems Lo exist in the literature, a somewhat more detailed treatment
will be made. The instrumentation and experimental data discussed will be
primarily restricted to that involving exciting radiation produced in a
standard type of x-ray tube, thus providing an operational definition of XPS.
Thus, photon encrgics of 2 100 eV will be considered, with principal emphasis
on the most commaon §-2-1-5 keV range. The more recently initiated photo-
cemission studies uwlilizing synchrotron radiation'® will thus not be included.
The theoretical models discussed may, on the other hand, often apply direcily
to photoelectron emission experiments pesformed at lower photon energies
as, for example, in conventional ultraviolet photoclectron spectroscopy
(UPS) for which fie is typically in the 5-40 cV range or in synchrotron studies.
Alternatively, the models ulilized in XIS may represent some particular
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limit that cannot be used at lower encegies. Thus, at scveral points, Com-
parisons between low-energy- and high-energy-photoemission cxperiments
will be made.

The fundamental experiment in photoelectron speciroscopy involves
exposing the specimen to be studied to a Hux of nearly monoenergetic
radiation with mcan cncrgy Av, and then obscrving the resuliant emission of
photoelectrons, whose kinctic energies will be described most simply by the
photoelectric equation:

hv=Eb"(k)+ Exin (1)

in which Ey¥(k) is the binding energy or ionization potential of the kth level
as referred to the vacuum level and Ewn is the photoclectron kinetic cnergy.
{A more exact definition of binding encrgy, including a discussion of reference
levels, is presented in Section {1.B.3.) In gencral, both Auger clectrons and
sccondary clcetrons (usually resulting lrom inclastic scattering processes) will
also be emitted from the specimen, but it is generally possible to distinguish
these electrons from true photoelectrons by methods to be discussed later in
this section. There are three fundamental propertics characterizing each
emitted photoclectron: its kinetic energy, its dircction  of cmission with
respect to the specimen and the exciting radiation, and, for certain rather
specialized experimental situations, the orientation of its spin. These (hree
propertics thus give risc to three basic types of measurements that are possible
ott the emitled electron NMux.

(t) The number distribution of photocicctrons with kinetic energy. This
measurement praduces an electron spectrum or energy distribution curve
(EDC) and, of course, requires some sort of electron encrgy analyser or
speciromeler, of which several types are currently being utilized. In the
dispersive spectrometers most commonly used in XPS, clectron spectra arc
usually measurcd at fixed angles of electron emission (or over a smalil range of
emission angles) relative Lo both the phioton source and the specimen,

(2) The distribution of photoeleciron intensity with angle of emission. Such
angular-resolved measurements can be made relative to the photon propaga-
tion dircction or to axes fixed with respect to the specimen. Generally, these
measurcments require kinctic cnergy distribulion determinations at cach of
several angles of cmission,

(3) The spin polarization or spin distribution of the photoclectron intensity.
These measurements require a specimen that has somehow heen magnctically
polarized, usually by an external field, so that more photoclectrons may be
emiticd with onc of the two possible spin orientations than with the other.
Then the relative numbers of spin-up and spin-down photoclectrons are
measwred. ' Such spin polarizalion measurements have so far only been
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made with ultraviolet radiation for excitation, and they will not be discussed
further here,

The additional time and experimental complexity required lor angular
distribution or spin polarization measurements have resulted in the fact that
most XPS studies up to the present lime have involved only kinetic cnergy
distributions with a fixed geomelry of the photon source, specimen, and
spectrometer. However, measuremcnts of both types (2) and (3} secem fruitfud
from several points of view, and angular-resolved XPS studies in particular
have grown in importance in recent years.!?

As an illustration of certain typical features observed in fixcd-angle XPS
spectra, Fig. 1 shows data obtained from an aluminum specimen exposcd
to monochromatized x-rays of 1487 eV cnergy. In Fig. I{a), a broad-scan
speclrum of 1000 ¢V width is displayed, and various prominent photoelectron
peaks are libelled according to their level of origin from Ols to valence.
The oxygen KLL Auger structure is also partially visible at the low-kinetic-
encrgy end of the specirum, The oxypen peaks arise from oxygen atoms
presen! in a surface oxide tayer; the Cls peak is due to an outermost surface
fayer of contaminants containing carbon. As is usually the case, the photo-
clectron peaks are considerably narrower and simpler in structure than the
Auger peaks. Each clectron peak exhibits to one degree or another an approxi-
mately constant background on its low-kinetic-energy side that is due to
inelastic scattering; that is, clectrons arising via the primary photoemission
or Auvger process that produces the sharp “no-loss™ peak have been in-
clastically scattered in escaping from the specimen $o as Lo appear in an
“inelastic 1aiF” or cnergy-loss specteum, '® Depending upon the types of
cxcitation possible within the specimen, the inetastic tails may exhibit pro-
nounced structure also, as is evident in the muoltiple peaks formed below the
Al2s and Al2p no-loss features (which are due to the excitation of collective
valence clectron oscillations or plasmons!® in aluminium mctal), as well as
the single broad peak in the Ols inclastic tail (which is due to one-glectron
cxcitations from the occupied to the unoccupicd valence levels of aluminum
oxide). The inelastic tail below Cls is considerably weaker due to the relatively
thin layer of carbon.containing species present (approximately two atomic
layers); thus, for this sample, Cls photloelectrons could escape with a relatively
low prohiibility of being inelastically scatlered.

In Fig. I(bh), an expansion of the low-kinctic-encrgy region of the same
aluminum spectrum s shown, and several other features are more clearly
discerntble. The plasmon loss structure is well resolved, and peaks associated
with the excitation of up to four plasmons are seen. A magaified view of the
rather low-intensity valence pholaclectron region also shows complex spectral
struciure associated primarily with the averlapping metal- and oxide-valence
levels. In general, XPS valence pholoclectron intensitics are approximately
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Fig. 1. Typical XPS specira obtained from an oridized aluminivm specimen with a
carbonaccous contaminant overlayer. Monochromatized AlKa radiation was used Ton
excitation. (3) Qverall spectrum with all major no-loss features abefled. () T xpanded-seale
specirim of the Al2s, Al2p, and valence regions. Chemically-shifted oxide- and mctal-cone
peaks are indicated, as well as inelastic loss peaks due to bulk pliasmon cieation,

an order of magniude lower than those of the most intense core levels 1y o

given specimen, but they are nonctheless high enoupgh 1o be accurately

measurcd and studied by using longer data acquisition Thes 1o improve

statistics. An additional and chemically very significant feature m Fig. 1)

is the splitting of the Al2s and Al2p photeelcctron peaks inlo two components,
.
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one associated with oxide and one associated with metal. This splitting or
chemical shift is caused by the change in the aluminum chemical environment
between oxide and metal.

in analysing XPS spectra, it is imporlant Lo be able to distinguish as well as
possible intensity resulling [rom Auger processes and inclastic scaltering
events. An Auger peak can be identified by: (1) comparing the observed peak
encrgy with other experimental or theoretical Auger encrgies expected to be
associated with the alom or atoms present, and (2) changing the photon
enerpgy by some amount A(hv) and then noting whether the peak shifts in
kinctic energy hy Athv) according to Eq. (1) (and thus is a photoclectron peak)
or remains fixed in kinetic energy (and thus has an Auger origin). Inelastic
loss structure is often nol as easily discernible in complex photoelectron
specira as For the examples shown in Fig. 1, but can be identified by: (1) fook-
ing for nearly identical features at kinetic energics below diflerent no-loss
peaks, as all high-energy clectrons wilt be capable of the same excilations in
inclastic scattering (although perhaps with probabilities thal show a weak
dependency on kinetic encrgy), and (2) comparing observed struclure with
independently-determined energy-loss spectra for the specimen material 1®

A Turther very important paint in connection with XPS studies of solid
specimens is that the probability of inelastic scatiering during escape from
the sample is high enough that the mean depth of emission of no-loss
electrons may be as small as a few atomic layers, and is never much larger
than approximaltely {0 atomic layers.2®. 21 Thus, any analysis based on these
no-loss peaks is inherently providing information about a very thin layer
near the specimen surface, and this is, for example, the reason why Ols
and Cls peaks due to thin surface overlayers are readily apparent in Fig. 1.
This surface sensilivily of XPS (or any form of electron spectroscopy) can
be exploited lor studying various aspects of surface physics and chemistry,2?
but, on the other hand, must also be viewed as a potential source of error in
trying to derive the true bulk properties of a given specimen.

In the following sections, various aspects of x-ray photoelectron spectro-
scopy arc Ircated in more detail. fn Section 1, the instrumentation and
cxperimental procedures required are reviewed, In Section 11, the theoretical
description of the photaemission process is discussed in detail so as to provide
an accurate background for the consideration of various specific effecls or
areas of application; the use of XPS for the study of valence levels in molecules
and solids is also considered. Section 1V discusses chemical shifls of core-
clectron binding cnergies and various models used for interpreting them.
Several effects primarily related to complexitics in the final state of photo-
emission (pamely relaxation phenomena, multiplet splittings, various many-
electron interactions, and vibrational broadenings) are considered in Section
V. In Section VI, various aspects of angular distribution measurements on
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solids are considered. Finally, Section VI summarizes the present state of the
technique and points out certain likely arcas for future development,

H. FXPERIMENTAL CONSIDERATIONS

The basic components necessary for performing an XIS experiment
consist of a radiation source for cxcitation, the specimen (o be studied, an
electron cnergy analyser, and some form of detection and comtrol sysicm,
Fach of these four distinct aspects of the experimental system is considered
below. There are by now several commercial sources for complete XPS
spectrometer systems23 3 which represent various design approaches to cach
of these components.

A. Radiation Sources

The standard x-ray tube consists of a heated-filament cathade from which
electrons are accelerated toward a suitable solid anode (vsually waler-cooled)
over a polential of the order of 5-20 kV, Holes formed in the inner levels of
the anode atoms by clectron bombardment are then radiatively fied by
transitions from higher-lying levels, with the resuitant emission of x-rays.
A thin, x-ray-transmitting window separates the excitation region from the
specimen in most tubes. In gencral, more than one relatively sharp x-ray linc
will be emitied by any anode material, and the energy widths associated with
various lines can also vary considerably from line to line or from element 1o
clement.™ An additional source of radiation (rom such a tube is a continuous
background of bremsstrahlung.® The choice of an anode material and operat-
ing conditions is thus madc so as to achicve the closest possible approximation
to a single, intense, monochromalic x-ray line. Varions design gecometrics for
such x-ray tubes are discussed in the fiterature,™ 1. 31 M with one obvious
choice heing whether {o hold the anode or cathode at ground potential,

The anode materials most commonly ulilized in XI'S studics are Mg and
Al and, to a much lesser degree, Na and Si. Each of the members of this
sequential scries of second-row atoms gives risc to an x-ray spectrum that is
dominaicd by a very inlense, unresolved, Kay Krg doublet resulting from
transitions of the type 2p,—» 15 and 2p;—1s, respectively. The first demons-
trations that such low-Z anodes could be utilized in XPS studics were by
Henke.? These were followed approximately five years later by higher
resolution applications by Sieghahn and co-warkers.? The mean energics of
the x-rays produced in such sources are: NaKoy, 2 410 ¢V MgKa, o
—1253-6 V% AlKay g- 14R6-6 ¢V and SiKx 2 1739-5cV.* At these
x-ray encrgies, aluminium or beryllivm windows of 10 30 pm thickness are
sufliciently transmitting for usc in scparating the tube and specimen region.
Additional x-ray lines arc also produced in such tubes, as indicated in Fig. 2
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for # magnesium anode™ (nole the logarithmic scale). These consist of
satellites arising from 2p - Ls transitions in aloms that are doubly-jonized (KL
in Fig. 2), triply-ionized (K L2), etc., and arc denoted variously as Ka', Kag,
Kaa, ... Kaja. Kag amd Kag are by lar the mostintense, and, in Mgand Al they
occur at ahout 10 eV above the Kay, 2 peak and with intensities of approxi-
mately 8%, and 4% of Kay, o, respectively. Photoclectron spectea obtained
with non-monochromalized sources of this lype thus always cxhibit a
characteristic double peak at kinelic energics ~10eV above the strong
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Fig. 2. The K x-ray emission spectrum of Mg metal as emitted by a non-monochromatized
x-ray source, The peaks indicated o), 2, . . ., B correspond (o various transilions into the
K = ts subshell. The dashed line is an average background and the solid line is the net
specttum. Note the logarithmic intensily scale. The notation K corresponds to a single
initial 15 hole, K1. 1o initiat holes in both 15 and 25 or 2p, KL2 to a single inilial hole in 15
and twa initial hales in 25, 2p, cte, {(From Krause and Ferrcira, rcf. 17)

Koap 2 peaks. The Ka', Kas, ..., Kag satellites are <19, of Kay, 2 in magni-
tude, and so, for most applications, can be neglected. An additional band of
KP x-rays ariscs at encrgics approximately 45-50 ¢V above Koy, 2 and is
the result of valence »ls Iransitions; the KP intensity is approximately
17 of Kay, 2z for Mg and AL? Thus, to a first approximation, the x-ray
spectrum consists only of the very intense Kay, » x-ray and most work has
been based solely on an analysis of Kay z-produced photoelectron peaks.
Ilowever, in any sludy involving weak photoclectron peaks, or peaks
generaled by Key, 2 which overlap with satcllitc-generated peaks due to other
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elcctronic levels, the non-monochramatic character of the x-ray source must
be taken into account. FFor such non-monochromatized x-ray sources, the
primary limiter of instrumental resolution is thus the natural linewidih of the
Kai, 2 line. As judged by the full width at hall maximum inteasity (F'WHM),
this resolution fimit is approximately 0-4d ¢V for NaKax 2% 0:7¢V for
MpKay, 2% 08¢V for AlKay, 2™ and 1-0-1-2eV for SiKay 2.3 This
width decreases with decreasing alomic number for two reasons: the
2p;-2py spin-orhit splitting decreases and the s hole lifetime increases.
Materials of lower atomic number are thus favoured for width, bult Mg and
Al are generally utifized beeause of their lower chemical reactivity and vapor
pressure in comparison o Na, and thus their casicr fabrication and use as
anodes. Although ncon is expecied to yield a Kay 2 line at R4R-6 eV of
only ~0-2-0-3 ¢V width, no attempts at constructing such & source for use in
XPS have as yet been successful. The use of Kay, 2 lines from elements helow
neon in atomic number is generally not possible because the valence 2p levels
involved are broadencd by bonding effects, introducing a corresponding
broadening in the x-ray line. However, the Kay_ 2 x-rays of F in highly ionic
compounds have been used recently in XPS 40

The monochromatization of such Kay, o x-rays by Bragp reficction
from a suitable single crystal has also been utilized to achicve narrower
excitation sources, as well as to eliminate satelfite lines and bremsstrahfung
radiation 3. 23, 25. 41, 42 Although the intensity loss in such refleclions is
considerable, photoclectron peaks as narrow as 0-4 eV have heen observed
with monochromatized AlKa excitalion ;25 41. 42 (his widlh is 10 be com-
pared to the 20-9eV typically found without monochromatization. To
compensate for the loss in intensity due 10 monochromatization, various
procedures have heen utilized, including the use of very high-intensity
x-ray tubes involving rotating anodes,?' monochromator systems with
more than onc crystal,?» 41 multichannel detection systems 25 41 and
dispersion-compensating x-ray- and electron-optics.? 25 In dispersion com-
pensation, all photon cncrgies within the Ko o linewidth arc spatially
dispersed by Bragg reflection and utilized for photoclectron excitation, hut
their linc-broadening influence is nullificd by the action of the dispersive
electron energy analyzer; the commercial Hewlett Packard system based
upon this mode of operation yiclds optimom photoclectron peak widths with
AlKay 3 of ~0-5¢cV FWEIM, 25

An additional type of ultra-soft x-ray fransition that has been utilized
successfully in XPS studies is the MZ (ransition p; ~3dy) in the sequential
clements Y Lo Mo. The use of such x-rays in XPS was first sugpested by
Krause," wha pointed out that they yicld sufliciently intense and mono-
chromatic sources in the very interesting cnergy range of 100 < < 200 ¢V,
cven though virtous satellite x-rays are present. The most narrow and thus
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most used lines of this type are those for Y (hv=132-3 ¢V, FWHM =0-5 ¢V)
and Zr (he=151-4¢cV, FWHM=0-8 ¢V), and they have been successfully
applicd to studies of both valence levels and ouler core levels 3% The ultra-
soft character of these x-rays and their resultant decreased ability to penetrate
through malter, as well as the significant sensitivity of their linewidths Lo
surface chemical alterations of the anode surface, lead to several special
features of tube design. Thin polymeric windows must be used. Relatively
high excitation vohiages as compared to hv of ~4-6 kV are also bencficial to
maximize the intensity originating in the metallic anode interior (as distincl
from its oxidized exterior),™ And, in the highest resolution designs, a con-
tinuous deposition of fresh anode material is provided during operation,34. 28

A final rather new development in x-ray sources by Hovland*® that deserves
mention here Jeads to what has been termed scanning XPS. A thin Jayer of
specimen malcerial is directly deposited on one side of a thin Al foil { ~6 pm
thick). A high-resolution scanning electron beam is directed at the other side
of this foil, so that, at any given time, AlKa x-rays are produced over only a
very small spot with dimensions comparable to the beam diameter. These
a-rays readily pass through the thin foil and specimen, exciting photo-
electrons from a corresponding spot near the specimen surface. Lateral
spatial resolutions of as low as 20 pm have so far been achieved, and a
number of potential applications for such scanning XPS measuremernts
exist.? The only significant Limitation is that it must be possible to prepare
sufficicntly thin specimens (~ [000-10,000 A) that x-ray atlenuation in
penctrating to the surface is not appreciable,

The x-ray sources discussed up to this point thus permit high-resolution
measurements to be carried out in the two approximale pholon-cnergy ranges
100200 ¢V and 1000-2000 eV, with a relatively little cxplored region lrom
~ 2001000 ¢V separating them. Anolher source of radiation in the photon
encrgy region from 100 Lo 2000 eV of principal interest here is the so-called
synchrotron radiation that is emitted in copious quanltitics by centripetally-
accelerated electrons moving with highly relativistic velocities. !5 41 This
continuous spectrum of radiation is sufliciently intense Lo permit selection
of a narrow range on the order of tenths of eV or lower with a suitable
monochromor {usually a grating) while still maintaining fluxes adequale
for photoemission studies, A number of excellent photoemission studies have
by now heen performed wsing such radiation, '™ although these have so far
been restricted 10 photan encrgies between approximaiely 10 and 350V,
principatly because of the difficulty of achieving adequate monochromatiza-
tion without scvere inlensily loss for soft x-rays of 2 350 eV, Such radiation
has the advamages of being both continuously variable in encrgy, as well as
lincarly polurized to a high degree;# thus, the cxploration of phenomena
dependent upon photont encrgy andfor polarization are much more casily
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studied than with more standard ultraviolel or sofl x-ray sources. By contrast
the soft x-ray tubes discussed previcusly emil ridintion that is randomly
polarized to a very good approximation.

B. Specimen Preparation

1. Introduction. X-ray photoelectron spectra have been oblained (rom
specimens present as pases, solids, or liquids. The preparation and handling
of any specimen requires considering (wo important factors: {1) In order
to avord cxcessive inelastic scatfering during pholoelectron traversal through
the energy analyzer, pressures between the specimen and the detector musl
be maintained at < 10-1 tore. This limit is easily estimated by considering a
typical path length during analysis of 100 cm, and requiring that the total
number of atomsfmolecules encouniered along this path be no greaker than
the analogous number encountered along the mean no-loss distance of
emission Irom a Lypical solid specimen of ~20 A. (2) As the cmission of
photoelectrons, Auger electrons, and secondary electrons from any specimen
constitutes a net toss of negative charge, it is also necessary to minimize or in
some other way correct for the possible occurrence of a significant positive
potential build-up in the emitting region. One way in which this is accom-
plished to some degree in any system is by the llux of similar electrons emitted
toward the specimen by various portions of the specinien chamber and holder
which are also in generat exposed to exciting x-rays and/or clectrons, although
this can in fact lead to the opposite problem: a negative patential build-up. 49
The charging potential Ve produced by any nct imbalance betweent charge
input and output may vary throughout the specimen volume and in effect
cause a range of encrgy level shifts from the values corresponding (o the
limiting sitvation in which no charging occurs, Thus, il r is the spatial
coordinate of the emission point within the specimen, and FyV(4)? and Fa®
are the binding cnerpy and kinetic energy expected for emission from level
k in the abscnce of charging, the pholoelectric equation [FEq. (1)] can be
rewritten as

hv = En¥(k, ) + Exin(r)

=EpY (k)" + Exinl(r) + Ve(r) 2)

Thus, if V(r) is significant with respect to the typical instrumental resolution
of ~0-1¢c¥ (which it indeced can be n certain cases? ), the measured
binding cnergies F),Y(k, r) will in gencral be different from £,Y(k)", and peak
broadening atso may occur. To mininnze or correct for such ellects, studics
of peak position versus x-ray flux can be made 25 % and a variable cxternal
source of electrens can be provided.?% For gaseous specimens, the pressure
can also be varied.* For solids, it is also customary (o connect the specimen
electrically to the specimen chamber as well as possible. Also, the prescrice
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of & certain refcrence atom (for example, gold or carbon) on the surface of
the specimen can be used to correct for charging, 47 although this procedure
is often not completely unambiguous. A method recently developed by
CGirunthaner™ involves lloating a solid specimen al a variable negative
potential and noting that potential at which an external source of mono-
energetic clectrons just hegins to reach the surface; although not widely used
as yel, this method seems o provide a very direcl way of measuring surface
peential distributions and thus correcting for them.

2. Gaseous Specimens. The basic requirement for gas-phase studies is a
chamber to contain the gas with an x-ray-transparent window separating it
from the x-ray source and a small opening or slit to permit photoelectron
exit into the encrgy analyzer. 4. 3. 47, 49 5L Typical gas pressures required
in the chamber are from 10-2 to | torr, and therefore some form of dilferential
pumping is generally necessary between the exil slit and the analyzer in order
lo minimize gas-phase inclastic scatlering effects,® as discussed previously.
Typical speciimen volumes are of the ordet of | cm®. The first gas-phase XPS
studies were performed by Krause and Carlson,*® [vllowed shortly thereafier
by the more extended investigations of Siegbahn ef /. The gas in the chamber
cun be provided by a room-lemperalure gas-phase source, or can be the result
of heating liquid-1 or solid-3 phase reservoirs. With such devices, metals and
other vaporizable solids can be studied by photoelectron speciroscopy in the
pas phase.® % [n certain studies, rather significant changes in peak positions
and reclative intensities due (0 the combined cffects of charging and kinetic
energy-depemlent inelastic scaticring have been noted,? but, in gencral, these
are relatively small, especially at lower pressures.

1:or gas-phase spectra, the vacuum level is the naturally-occurring reference
level, so that Fgs (13 and (2) are direcily related to measurable quantities.

3. Solid Specimens. There are various methods of preparing solid specimens
suitable for study by XPS. Typical specimen areas are ~ | cm? or smaller,
and. because inelastic scattering elects limit the no-loss emission to a mean
depth of only 10-80 A below the surface (as discussed in morc detail in
Scction 1Y), this corresponds to an aclive specimen volume of only
approximately 10 5 cm?. Thus, total masses of only 1-10 pg arc involved,
and amounts of material on the order of 10 * g can be delecticd under certain
circumstances. Any change of the chemical composition in the first few alomic
layers near the surface can thus also have a significant influence on resulis.

Machineabic solids can simply be cut, cleaved, and/for polished into shapes
suitable for mounting in the specimen position. For matcerials that can be
prepared as fine powders at room temperature, specimens can also be prepared
by pressing the powder inte a uniform pellet (perhaps supported by an
imbedded conducting-wire mesh) or by dusting the powder onto an adhesive
backing such as that provided by double-sided 1ape (although this procedure
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has the rather undcsirable characteristics of limiting (emperature excursions
and providing a steady source of surface-comtaminaling carbonaccous
volatiles). In order to minimize atmospheric contamination or alteration of
specimens, linal preparation in an inert-atmosphere plove box ur bag,
perhaps attached to the specimen chamber, can be uscful. Flements and
certain compounds can also be heated in sitn and vapor-deposited on a
supporting substrile to form specimens. Alternatively, dissolved materials
can be deposited from solution on a substrate, cither by evaporaling off the
solvent or by selectively electroplating out various components.™ Matcrials
that normally exist as liquids or gases can also be condensed onto suitably
cooled substrates for study in the solid state? A broad range of specimen
temperatures has by now been investigated, ranging from near that of liquid
helium (4 K)* to several thousand degrees Kelvin 5

The extreme surface sensitivity of XPS also Icads in many applications to
the requirement that the specimen region be held at pressures of < 1Y ? forr
in order to permit adequate control of surface composition. For cxample, for
Oz at 10 ® torr and 25 "C, the gas-phase collision rate with a surface will be
such that, if each molecule striking the surface remains therce (correspanding
to a slicking cocflicient of 1-0), a full atomic layer will be deposited in
approximately 50 min.5 This minimum monolayer coverage lime varics
mversely with pressure, so that pressures of the order of 10 ' torr are neces-
sary to insure the maintenance of a highly reactive surface in a clean state
over the period of time of several hours usually required for a serics of XPS
measuremenis. In preparing such surfaces, in situ cleaning by vapor deposition,
cleaving, scraping, or inert-gas ion bombardment is thus often used.55

For the casc of solid specimens, an elecirical connection is made to the
spectrometer in an attempt 10 minimize charging effects and maintain a well-
defined and fixed potential during pholoemission. For the simplcst possible
case of a metallic specimen in a metallic spectrometer, the cnergy levels and
kinetic energies which result are as shown in Fig. 3. Thermodynamic equi-
librium bctween specimen and spectrometer requires that their electron
chemical polentials or Fermi levels be equal as shown, In a metal st absolutc
zero, the Fermi level Eg has the interpretation of being the highest occupied
level, as indicated in the figure; this interpretation of Fg is also very nearly
true for mctals al normal experimental temperatures. For semiconduciors
and insulators, however, it is not so stmple to locate the Fermi level, which
lics somewhcre between the filled valence bands and the empty conduction
bands. The work Tunction ¢, for a sofid is defincd to he the cnergy separition
between the vacuum level and the Fermi Tevel. When connecled as shown in
Fig. 3, the respective vacuum levels for specimen and spectrometer need nod
be equal, however, so that in passing from the surface ol the specimen into the
spectrometer, an electron will feel an accelerating or retarding potential
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Fig. ). Fnergy fevel dingram for 8 metatlic specimen in clectrical equiibrium with an
electron spectromeler. The closely spaced Jevels near the Fermi level Er represent the filled
portions of the valence bands i specimen and spectrometer. The deeper Jevels are core
levels. An analogous diagram also applies 10 semi-conducting or insulating specimens,
with the only difference being that Er lics somewhere between the filled valence bands and
the emply conduction bands ahove.

equal 10 ¢a - duporr, where ¢y is the specimen work function and @apee is
the spectrometer work function. Thus. an initial kinetic energy Fxyn’ at the
surlace of the specimen becomes Eyyn inside the spectromeler, and

Exin=Exin" + $a~ dapect 3

From Iig. 3 it is thus clear that binding energies in a metallic sofid can be
measured quite easily relative to the identical Fermi levels of specimen and
spectromceicr. The pertinent equation is

hv=Enf(k)}+ Exin+ $rpect (4)

where the superscript Findicates a Fermi level reference. Provided that it is
also possible (o determine the specimen work funclion ¢, from some other
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measurement, vacuum-referenced binding encrgies can then be obtained from
FnY (k)= EnF(k) - a )]

In fact, photoelectron spectra can be used to derive vicuum-referenced
binding cnergics by measuring the position of the zero-kinetic-cnergy cut-oll
of the usually very intense secondary electron peak. Such acut-off is shown in
Fig. 4 in XPS data obtained for metallic Au by Bacr.%% This procedure for
detcrmining work functions has been used cxtensively in UPS studies.®?
but only in a more limited way in XPS%. 38 duc to the greater range of
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Fig. 4. Full XPS spectral scan for a polycrystatline Au specimen, showing both the cul-
ofl of the secondary cleciron peak at zevo kinetic encrgy and the high-cncigy cul-olf for
emission from levels at the metal Fermi level. The measurable distance A7 thus cyguals
hv-¢., provided that suitable specimen biasing has been utilized. §or this case, v was
125)-6 eV and éa was 5-1 cV. (From Bacr, refl. 56.)

energies involved. In the simplest sitvation, both specimen and spectrometer
are metallic and the encrgy diagram of Fig. 3 applies. All electrons emitted
from the specimen are thus acceleraled or decclermted by the same work
function difference or contact poiential ¢s — Papecr before analysis. With no
voltage bias between spccimen and speclrometer, the zero-encrgy cut-ofl
corresponds 1o electrons propagating in final states exnctly at the spectrometer
vacuum level. For the implicit decelerating sign of ¢ - dapier shown in Fig. 3,
elcclrons propagating in linal states at the specimen vacuum level are thus not
observed. However, il the specimen is binscd negatively with respect (o the
spectrometer by an amount grealer than de- dapeer, then the low-cnergy
cut-ofl does represent electrons at the specimen vacuum level or what can he
defincd as the true zero of kinclic energy. For the opposite accelerating sign of
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ha - ghapeer, the true zero is ohservable and negative biasing is necessary onfy 1o
insure that the cut-ofl is easily distinguishable against other sources of low-
energy clectrons. A% %% The low-cnergy cut-off thus cstablishes the zero of
kinctic cnergy, and a distance frv above this on the measured spectral scale
corresponds 1o the point at which excitation from slates at the specimen
vacuum level would occor. On the same scale, the high-kinetic-energy cut-off
observahle Tor metal specimens {also shawn in Fig. 4) is caused by cxcitation
from occupicd states at the Fermi tevel, and the dilference between these two
pusitions is thus the specimen work function. That is, il the measured
difference in kinetic energy between the two cot-ofls is denoted by AE, then

da=lv—AFE (6)

In more complex sititations where semiconducting or insulating specimens are
involved, initial states at Er are not occupied so as to yickd the same type of
high-cnergy cut-off, although the low-energy cut-off can still be determined.
The location of Fg in spectra can in this case be determined by using a
reference metal specimen under the same hiasing conditions, and assuming
that clectronic equilibrium is fully established between specimen, reference,
and spectrometer. Possible charging cffects make the latter assumption
uncertain in many cases, however.,

Whether il is determined from pholoemission measurements or naot, in
general some additional information concerning $, is necessary to determine
Fo¥{h) for a solid specimen. Inasmuch as . is also very sensilive to changes in
surfiace composition, it is thus often Eq. (4) that is used in analyzing data for
metals and other solid specimens, From this discussion, it is clear that
Vernti-referenced binding cnergics are operationally very convenient for
solid specinens, although they may not always be Lhe most directly com-
parable to the results of theoretical calculations, in which the vacuum level
often cmerges as the natural reference.

4. Liguid Specimens. The requirement that pressures in the analyzer region
be maintained at reasonably low levels of <101 torr means that measure-
ments on common liquids with relatively high vapor pressures can be per-
formed only with difficulty. However, Siegbahn and co-workers!. 5% have
developed technigques for carrying out such studies; these involve a con-
tinvously-replenished liquid source in the form of either a ree jet or a thin
film carricd on a translating wire, together with a high-speed differential
pumping system between specimen chamber and analyzer. With such an
apparatus, it has been possible to study retatively non-volatile figuids such as
Formamide (HOCNH?), as well as solutions of the ionic solid K1 dissolved
in formamide. Certain liquid melals and other very low vapor pressure
materials can, on the other hand, be studied with relatively little special
equipment 50
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C. Eleciron Encrgy Analysis

I Bricf Overview. The various specific types of encrgy analyzers ulilized
in clectron spectroscopy are discussed in detail in the literatore, !0, 01, 62
as well as in a speciat chapter in this series.® Thus, only certain salicm
features relevant to x-ray photoelectron studies will he reviewed here. In
gencral, there are several criteria that an amalyzer should satisfy: (1) A
resoiution capability of AEun/Fyinx0-01 %, This correspomds (0 -1 ¢V for
1000 eV clectrons. Mast XPS speciromelers presently operate in the 0-0)
0-107 range. (2) The highest possible efficiency (sensitivily, infensity). That
is, the highest possible fraction of clectrons leaving the sample should be
energy-analyzed and detected at the same time. (3) Unrestricted physical
access to the sample and detector regions. This permits a wide varicly of
excitalion sources, specimen geometries, and delector systems ta be uscd.

i
Erergy H
onalyrer J
'
i
|
.
Multichannet
detector
Relardation
section

T ALBLE in
x-ra
AR AS sample
Fig. 5. Schcmatl.c i.llustmlinn of an XPS speciromeler system indicaling 1he primary
compancnis of radiation source, sample, clectron encrgy analyser, and detector. For the
specific cxample shown here, the encrgy analysis is accomplished by a pre-retardation scction

fotfuwed by a hemispherical electrostatic analyzer. A multichannel detector is alse chown
for generality.

(4) Ultra-high-vacuum capability for work on solid samples 1f surface
composition is to be precisely controlled. (5} Ease of consiruction. One design
philosophy often used for increasing (he ease of construction is to tnserl a
retardation section helore the analyzer as shown schematically in Fig. 5,
so that the energy of a given clectron can be reduced from its initial value of
Eiin to the final value at which it is analyzed of En. For a given ahsolute
resolution of AEyy, the refative resolution required from the analyzer is thus
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reduced from AE«u/Exin 10 AEwin/Eq. thereby permitting looser toleranceson
many mechanical and electrical components. The net effects of such retarda-
tions on inlensity may or may not be delcterious, however, and are discussed
in more detail in the next section. {6) Relative insensitivity 1o externaf environ-
inent, particubarly as regards the shielding of extrancous magnelic fields.
The vast majorily of speciromelers currently in use are bascd on interaction
with clectrostatic fields and for these, u-melal shiclding is generally used to
exclude extrancous magnelic fietds. Only for the relatively few magnctic
spectrometers in use arc Helmhollz-coil systems required for magnetic field
cancellation.™ 1 Quantitative estimates of the degrees 10 which extraneous
magnctic lields must be excluded for a given resolution have been calculated
previously 4 (7) If angular distribution studies are intended, wcll-delined,
and perhaps also variable, angles of electron exit and x-ray incidence. This
requirement generally acts counter to that for high efficiency, as it implies
detecting only clectrons emilted in a relatively small element of solid angle,
thus reducing the total number that can be analyzed and detected.

With these constraints, there are sevcral possible analyzer configura-
tions, 5. 62 but the three that have been most used in XPS are all of the
spatially dispersive type, and consist of the hemispherical electrostatic
(schematically shown in cross-section in Fig. 5}, #t. % the cylindrical mirror
electrostatic (CMA)S1. #-68 apnd the double-focussing magnetic with a
I \/r field Torm. 2. #. 99 1n all of these analyzers, electrons are dispersed on
the basis of kinctic energy along a radial or axial coordinate. For reasons of
bath ease of construction and magnetic shielding, the two electrostalic
analyzers are much more common than the double-focussing magnetic,
although a number of important early studies were performed on such
instruments,?- 3 and a fully-optimized specirometer based upon the [/+/r
fichd form is presently under construction.® 70 In addition to these dispersive
analyzers, limited use has also been made in XPS of non-dispersive analyzers
based upon the retarding grid principle.71-73 Such analyzers are vsually of
relatively fimited resolution (~1°%;), however, so that their use has been
restricted Lo the obtaining of chemical composition information similar to
that derived from Auger spectra. Such low-resolution Auger and XPS
spectra can, in fact, be pencrated by using the spherical grids of a low-encrgy
clectron diffraction (LEED) system as a retarding grid analyzer. A further
type of commercial analyzer developed specifically for XPS studies by the
DuPont Corporation?? is a hybrid with both dispersive and non-dispersive
characteristics. Hs first stage consists of an electrostalic deflection seclion
that sclects a band of energics in a dispersive modce ; Lwo subsequent retarding
grid sections act as low-pass and high-pass lillers with the net result that only
a narrow band of encrgics is detected after the high-pass filter. A final type
of XPS spectrometer with certain unique features is that formerly produced by
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the Hewlett Packard Company, 23 which makes usc of dispersion-compensaling
x-ray- and electron-optics.™ 7 1n this system, an x-ray monochromator is
matched to a retarding-lens/hemispherical-electrostatic-analyzer umt in such
a way as lo maximize intensity and minimize linewidths without the vse of
any slits in the x-ray optics; the detailed performance of this spectrometer has
been analyzed recently.?

2. Specirometer Efficiency and Retardation. The reselution and efficiency
of any specirometer are of critical importance, These propertics arc highly
dependent upon one another, since for opcration at lower resolution (higher
AEyn/Fxin), a higher lraction of electrons can usuvally he cncrgy-analyzed
and detecled. For operation at a given resolution, the overall cfficiency £ of
a dispersive analyzer can be wrillen as proportional Lo the following product®

Foc BAQ- 84 (72)

in which B is the brightness or intensity of the electron source for the cnergy
analyzer in clectrons per unit arca and per unit solid angle, A is the area of the
source, {} is the solid angle over which electrons from the source are accepted
into the energy analyzer and detected, and 8Fw, is the range of cleciron
energies or spectral width which can be analyzed at one time (as, for example,
by a multi-channel delector). B, A, and (1 in general depend on Eygn for 3
given speclrometer. 8Fyin will thus be propostional to N. the number of
distinct energy channels simultancousty detected. If  and A vary over the
area of the source, then a more correct statement of this efliciency involves an
integration over the surface as

EC[(I BQ[I/‘}SE]un (7h)

The effective electron source as seen by the analyzer is often defined by an
aperture in fronl of the photoemilting sample, and, depending upon the
system, B, A, and 1) may refer to this aperture or to the true specimen surface.
If a mullichannel detector is utilized, 8Fwn may in principle be as large as
107, of Eiin,2 ® whercas the resolution AEyx, will he 20017 of Ey.
In this case, the detector would correspond to < 1000 channcls. The notation
used in this discussion is indicated in the schematic drawing of Fig. 5, where
subscript zcros have heen used on all quantitics after a hypothelicaf retarding
scction. Such a retarding section may or may not be present, sccording (o the
specific syslem under consideration.

Helmer and Weicher(?s first peinted out that, for the gencral class of
dispersive analyzers used in XPS, it is possible to retard before analysis, and,
for a given absolute resofution AFy ., Lo gair in overall efficiency in a system
with single-channel detection (for which 3£y AEgn and N = 1), and this
result has proven useful in several specific spectrometer designs. 27 20, 27. 28,30
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Their analysis (which has also been extended to apply to systems with multi-
channel delection by Hagstrom and Fadley%) compares (he operation of a
given dispersive analyzer with and without retardation for a fixed resolution
AFyin, ad with a primary electron source of fixed brighiness 8 {cf. Fig. 5).
It also requires that the source arca Ag and solid angle Qy utilized at the
analyzer entrance (and thus perhaps after the retardation section) be adjusted
to the maximum values consistent with a resolution of AEy, in etther mode of
apcratton and that the primary source (for example, a first enlrance aperturc)
he capable of supplying electrons over sufficient area and solid aagle (o fill or
ilfuminate both Aq and {2y with electrons. There arc then (wo factors to be
considered : (1) The foss of brightness with retardation. This loss of brightness
has been derived for a few peomelries involving a source and a non-ahsorbing
retardation (or acceleration) section, IT @ is defined (o be the angle between
the clectron emission direction and a planar source surface, these geometries
inclwde a seurce emitling with a sin @ intensity distribution into an arbitrary
poid-to-point imaging lens system,?® and a source with either a sin #77
or an isotropic? intensity distribution emitting into a uniform retarding
ficld perpendicular to #s surface. These derivations, which often (but not
always) make usc of the Abbe sine law™. 7% or ils paraxial-ray approxi-
malion the Langrange-Helmholtz relation,™ 7 resull in a simple brightness

variation of the forn;
Eo
Bon="H 8
i (Emn) ®

in which Bq and Fp are the brightness and kinelic energy after retardation.
The cases for which this relationship has been shown to hold thus represent
limits that arc relatively casily achieved experimentally. Without retardation,
the efficicney of a spectrometer conforming Lo this brightness law and posses-
sing omly a single channel of detection will be

EccBAQ) b))
whercas with retardation it wifl be
E’ o BeAo o {10)
or, from Eq. (8),
E'ch(El:'") Ao (1

(2Y The gain in efficiency associgted with the increase of Aa and Qg relative to
A and Q permitted by the decrease in relative resolution from (AEg o/ Exin) fo
(AF/FEw). As a specific example, consider the hemispherical elecirostatic
analyrer, which is shown in Fig. 5. lis resolution is controlled by the radial
source width s, the axial {(out-of-plane) source height A, the radial detector
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width d, the radial angle of cmission a,. the axial (out-of-plane) angle of
emission a,, and the optic circle radiug R, according to 3. 61

SFun_ = 0025 (M Yy Ty 06ty i ' :
Fo 4R . ZI—(:. ar® + smaller lerms in o, 2,3, cle. (12)
The system is thus first-order focussing in h and ay, amd sccond-order locussing
in o, Also, sh=A (or Ag with retardation) and o, o002 (or £, with retarda-
tion}. Optimizing the sclection of each of the four paramceters s o and o,
by the reasonable procedure of requiring an approximately equal contribalion
from each term 1o AFxn/Eyin™ thus means that

"crAEkln oo AElcln ' AEHn 4 3
. . . ol ——-
“kin Fuin o Fxin (3
and &, can conservatively be assumed to be held constant. Thus, without
retardation,
AFyin\! AFn )i
Ac . -
( Eiin ) O(( Fiin ) 4
whereas with retardation
AEl(ln | A"-kll )
Agoc . Qo 22
( I ! ( Eq ) (1

The ratio of cfficiencies with and without retardation is then after cancel-
lations

E' Eua

R (e
Thus, a tenfold retardation yields a tenfold loss in B, but a one hundredfold
increase in the useable A1) product, so that a net tenfold gair in efliciency
results. Similar considerations apply to the other dispersive analyzers used in
XPS,? provided that an appropriate relardation scction is utilized. The
application of such an analysis to a spectrometer in which a ma ximum degree
of muitichannel detection is incorporated js, by contrast, found to yield an
approximately constant overatl efliciency with retardation.®

D. Detection and Control

With very few exceptions, the detectors presently used in x-ray photo-
electron spectroscopy are based on continuous-tynode clectron mutiplicrs
of the “channeltron™ type.92. 7. 7. These consist of fine-hore fead-doped
glass tubes (reated by hydrogen reduction at high temperature 1o leave the
surface coated with a semiconducting material possessing a high sccondary-
electron emissive power.%2 Tube inner diameicrs vary from 1 mm down

.
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to 190 pm. A high voltage of a few kV is applicd between the ends of such a
tube, and muktiplications of 10°-108 are achicved by repeated wall collisions
as clectrons travel down the inside of the tube. These multipliers are avatlable
in various configurations, often involving tubc curvature to minimize ion-
induced alter-pulsing. Stacks of parallel tubes in the so-called “channcl-
plate™ geomncetry are also available for use in multichannel detection schemes.
Parallet-platc multipliers based upon the same principle have also been
altempted 0

The efliciency gains concomitant with multichannel detection have led to
the use of such a system in one commercial spectromeler,?> in which the
multiplied clectron pulscs from a channel plate are accelerated inlo a
phosphorescent screen, behind which (and external Lo vacoum) is situated a
vidicon camera for translating the optical signal into countable electronic
pulses. Other forms of multichannel detection system based upon channel-
plate/resistive strip combinations have also been used™ to a limited degree,
and solid-state image sensors of a different type appear lo effcr good possi-
bilitics for future applications of this nature.*?

As the appropriate voltages or currents in the analyzer are swept 50 as to
generate electron counts at different kinetic energies, there are various ways
of storing and outputting the data. Most simply, a ratemeter can be directly
coupled to a plotter ar printer during a single continuous sweep. Gencrally,
however, it is desirable to make repeated scans over a given spectral region to
average out instrument drilts and certain types of noise; this results in the
closest possible approximation Lo a spectrum with sialistically-limited noise.
Such repeated scanning requires some form of multiscalar memory, which is
often expanded to involve on-line computcer control.? The use of a more or
fess dedicated computer has additional advantages in that it can be used to
control variows functions of the spectromcter in a more antomated way, as
well as to carry owt diffcrent types of data analysis such as background sub-
traction and curve {itting, and commercial systems usually offer this option,

E. Dara Analysis

The aim of spectral analyses in XPS is to delermine the locations, intensities,
and, in cerlain cases, also the shapes of the various peaks observed, many of
which are not clearly resolved Irom one another. Several complexities must be
allowed for in doing this: (1) All peaks will exhibit inclastic tails toward low
kinctic energy and thesc tails may in turn exhibit structure (see, for example,
Fig. D). As a rough approximation that is useful for many solid malerials, a
major portion of the inclastic tail can be assumed to have a linear or constant
form, with extra {eatures perliaps superimposed on it,  Valence spectra from
solidls have been corrected for inelastic scatlering by using a close-lying core
level to derive the form of the inelastic tail 3. 2 as weil as by the more

X-RAY PHOTONLICITRON SPHOCVROSCOPY 23

approximate procedure of assuming an asymptotically-constant tail at Jow
kinetic energy whose value at any cnergy is proportional to the integrated
no-loss peak intensity at higher kinetic energics.®? (2) All peaks ride on a
background of secondary clectrons from higher-kinctic-encrgy peaks. Tlus
background alse can often be approximated as lincar or constamt. (3) The
basic peak shapes observed in XIS are a convoelution of several variable
faclors: the cxciting x-ray lineshape, conlribwlions lrom weaker x-rays such
as satellites in non-monochromatized sources, the analyzer lineshape, possible
non-uniform specimen charging, a Lorentzian hole-state hfetime contribution,
Doppler broadening in gases,? and various final-stale ellects involving many-
electron excitations™ and vibrational excitations*'- # (as discussed further
in Scction V). Thus, no universal peak shape of. for example, Gaussian,
Lorentzian, or Voigl-function form can he used, and maost analyses have
involved a soamewhal trial-and-error fit for each specific problem. One rather
gencral lcast-squares program for carrying oul such fits permits choosing
several basic pcak shapes of Gaussian or Lorenizian form, 10 which are
smoothly added an asymplotically-constant inclastic tail of variable height 47
The effects of satellite x-rays can also awtomatically be included in the basic
peak shape chosen, and a variable lincar background is also present. Examples
of spectral analyses for atomic 4d core levels using this program are shown in
Fig. 6.8 |orentzian shapes have been used for Xe and Yh, and Gaussians
for Eu, and the overall fits to these spectra are very good.

Beyond spectral analyses involving fits of certain functional forms to the
data, Wertheim®?. 8 and Grunthaner®® have also developed technigues for
deconvoluting XPS spectra so as to mathematically remove instrumental
linewidth contributions. The form of the instrumental linewidth has, in turn,
been derived from the shape of the high-energy cut-ofl at the Fermi energy
for a metaltic specimen {cf. Fig. 4}. This is possiblc becausc, 10 a good approxi-
mation, the density of occupied states ends in a vertical step function at Fy.
The term “deconvolution™ is also often incorrectly used to describe the results
ol peak-fitting procedurcs.

HI. THE PHOTOEMISSION PROCESS
In this section, various aspects of the basic photoemission process are
discussed in detail, with the primary aim of providing a unificd theorctical
framework For the subsequent discussion of various experimental obscrva-
tions. In discussing photoelectric cross-sections for atoms, molccules, and
solids, applications 1o the interpretation of experimental 1esults are also
presented here,

A. Warve Functions, Total Energics, and Binding Energics
In any photoelcctron emission experiment, the basic excitation process
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Fig. 6. 4d core pholaclectron spectea fronn gaseons Xe, Eu, and Yb produced by excitation
with pon-moenochromatized MgKa x-rays {cf. Fig. 2). The spectra have heen resolved into
conmponents by least-squares its of peak shapes including the er asatellites and an asymptoti-
cally-constant inclastic (ail. Larestzian shapes were uscd for Xe and Yb, Gaussian for Fa,
(From Ladley, ref. 33 (where the curve ting program is described) and Fadley and
Shitley, rel. RG.)
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involves absorption of a photon of encrgy /i according to

Laitinl staie Tinat state

Tt (V). EatiN) " . Wi (V. K), Eio/(N, K) an

Hcre Wi '(N) is the initial-state N-clectron wave function corresponding to
A lotal energy Eii'(N), and T /{N, K)is the K1l final-slate N-clectron wave
function {including the photoclectron) corresponding to a tolal energy of
Liot/(N, K). The rclevant energy conservation eguation is

Ewt'(N)+ he= Ei/(N, K) (18)

In the simplest situation, the index K thus labels the one-clectron orbital &
from which emission occurs (as discussed below), but in general it should
describe all modes of excitation possible within the final state, including
electronic, vibrational, and (ranslational. In all forins of higher-encrpy
photoelectron speciroscopy, it is customary to assume that the photoelectran
is sulliciently weakly coupled to the (N — I)-electron jon left behind so as to
permit separating the fina! state of the excitation process to yicld
Initial siate e
Yiatl(N), Eiatf{N) ——

Final state lon Photoclectron
Fio(N=1, K), Ewt/(N—1, K)+ $51)x/(1), En (19)
in which Wi (N - 1, K) and Eo/(N — 1, K) refer 1o the Kth (N -- 1)-clectron
tonic state thal can be formed, Ey, is the kinetic cnergy of the AKth photo-
clectron peak, ¢/(1) is the spatial part of a one-electron orbital descrihing the
photoclectron and y/(1) is the spin part of the photoclectron orbital {y —a or
A). The form of $/(1) thus depends on kinetic energy. (For simplicily here,
any change in kinetic energy due to work function dilferences between
specimen and analyzer is neglected.) ¥ AN -1, K)and #/(1) can, if Jdesired,
be combined in a suilable sum of products to yield the correct overall anti-
symmetry with respect to electronic coordinates necessary in the final state.
‘This can be written with an antisymmetrizing operator A4 as:#0. 1

Viaf(N, K)= A($/(1)x/(1), Wi/ (N 1, K)) (20)

The energy conservation equation which then resulis is that maost usclul in
analyzing XPS spectra:

Eot'{N)+he=Et(IN—1, K)+ Fuin (21)

The binding energy corresponding to leaving the ion in a state describable by
¥ia(N— 1, K) is thus given hy

EnV(K)= El/(N ~ |, K) = Eiat'(N) (22)

in which the vacuum-level reference is implicit.
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One inherent source of linewidth in any binding energy measurement is
thus energy broadening due to lifetime elfects in either the initial or Ginal
state. I the relevant lifetime is denoted by r, uncertainty principle arguments
thus lead to a broadening that is Lorentzian in shape, with a FWHM in eV
given by ~hfr—6-58x 1018 /r(s). The initial state lifetime is usually
very long, and so contributes negligible broadening. However, final-statc
hfetimes are estimaied (o be as short as 1018 5 in certain cases, 5o that such
effects can play a major role in limiting XPS resolution, particularly for inner
subshell excitation,

In general, for a system containing N clectrons with spatial coordinates
r1. 12, ...ty and spin coordinates oy, o2, ..., on and P nuclei with spatial
coordinates Ry, Rz, ..., Ry, any of the tetal wave functions considered will
depend upon all of these coordinates

‘Irlﬂl(N): ‘rtﬂl(rl- ot, F2, 02, ..., FN,ON; Rll Rz- ey RP) (23)

Nuclear spin coordinates can be neplected on the resolution scale of electron
spectroscopy. In the non-relativistic limit that usually scrves as the starnting
point for calculations on such systems, the relevant Hamiltonian in electro-
static units is

i N N
Mot - '"iz'fvt'l* f ﬁ‘z-‘—-ez‘*“ Y ¥ f‘z

2m 7 -1 J=1 T i=1 f>1 71

Flectron Flectron- Electron.

kinetic nuclear dlecizon
atteaction repulsion

F P ZiZmetr W2 L V2
+ Z2eme’ Ty ()
1; m;l rim 2 ;; M; (

Nuclear— Nuclear
nuckear kinetic
repuision

Here, mis the clectronic mass, Z; is the charge of the /th nucleus, ry= |n - R;].
ry= |fi—t;]. rtm= [Ri —Rm | and M is the mass of the Ah nucleus. To this
must be added relativistic effects, usually via a perturbation approach ;¥2-#
the additional term in the Hamiltonian most often considered is spin-orbit
splitting, whiclh for atomic orbitals has the form:?3. 95. v

N .
n.o= Z f{ﬁ)’('fl (25)
Iy
in which &lrq) is an appropriate function of the radial coordinate r,% Iy is
the one-electron operator for orbital angular momentum, and § is the one-
clectron operator for spin angular momentum, The total wave Tunction then
must satisfy a time-independent Schroedinger equation of the form

Mot Pl N) = Evol N)W 1o N)
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For such an overall Hamiltonian, the RBorn-Oppenheimer approximation®
permils separating the total wave function into a product of an clectronic part
U and a nuclear part Yy as

Wiatlrr, ..., Rpy=W{ry, oyre. a2, . tn, on) (R, Rz, ., R, (20)

In this approximation, the electronic wave function 1(N) depends only
parametrically on Ry, Re, ..., Ry via the nuclear-nuclear Coulombic repulsion
potential, and is the solution to a Schroedinger cquation in which the
Hamiltenian is that of Eq. (24) with the nuclear kinelic encrgy term subtracied
off:

v

(ﬁmﬁ 3 ,;, 'ﬁ_ﬂ) Y(N) = AN (N)= E(NYI'(N) 27

(Mor bere can include spin-orbit elfects via Lq. (25) if desired). The total
encrgy of the system can then be written as the sum of the clectronic encrgy
E and the nuclear energy E,ye, as

Eior=E+ Eqne {28)

with Eqnye arising from various forms of internal nuclear maolion such as
vibrations, rolations, and translations (center-ol-mass motions). I the various
modes of nuclear motion are furthermore independent. (he energy becomes

Ewot=E+ Evp+ Erot + Erpna + ... (29

The overall quantum numbers K describing any initial or final state thus must
include a complete specification of all of these modes of motion.

For example, in the limit of a diatomic molecule with a very necarly
harmonic oscillator form for the curve of electronic cnergy, £, versus
internuclear separation,

Evlb=ﬁvvlb(v+ ‘!) (10)

in which vy is the classical vibration frequency and v=0, 1,2, ... is the
vibrational quantum number, Such vibrational excitations in the final siate
ion give rise 1o the pronounced vibrational bands well known in UPS studics
of gas-phase molecules.?” and have also recently been noted in XPS studics
of both gasest! and solids 55 (sce Section V.E). Rotational excitations are
sufliciently low in cnergy as to be so far unresolvable in XPS studies of
molecules.

Translational motion of the center of mass of an atom or molccule can
influence cnergics in two ways: (1) The conservation of lincar nmementum in
the excilation process requires that

ka+0=p’+pf . ("H)
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where pp. is Lthe photon momentum and has a magnitude ol /in/c, the
momentum associated with E' is taken for simplicity to be zero, pf is the
phatoclectron momentum, and pe is the recoil momentum of the atom or
molccule, treated as a center-of-mass translation. If v is the magnitude of the
photoctectron vetocity, for Eyin= 500 ¢V, vfc=0-044 and lor Eyin—= 1500 ¢V,
rfc=0-076, Thus, the photoelectrons Lypically encountered in XPS can be
considered Lo a good approximation 1o be non-relalivistic. In this approxi-
mation, it is a simple matter to show that Ipu..] ztl/2r|pf{ for the example of
photoclectrons originating from valence electronic tevels (Tor which Eyn xhv).
Thercfore, in general |pa,| < {p/| and p/=pr, indicating that the ion recoils
in a direction opposite to that of photoelectron emission. By conserving both
energy and moinentum, it can be shown that for a given v and Ejn, the
recoil encrpy Ey=m2/2M increases with decreasing atomic or molecular
mass M.3 FFor excitation of valence shell photoelectrons with A1Ka radiation
(/v ~ 1487 V), Sieghahn ¢t al.? have calculated the following recoil energies
for different atoms: 1 —09eV, Li—0-1eV, Na—-00deV, K--002eV,
and Rb- 0401 eV. 1t is thus clear that only for the lightest atoms H, He, and
i does the recoit energy have a significant magnitude in comparison with
the present 0-4-1-0 eV instrumenial linewidths in XPS spectra. For almost
all cases, Er can thus be neglected. (2) A more generally applicable limit on
resolution in gas-phase studies is set by the Doppler broadening associated
with the thermal translational motion of the emitting molcules. For center-
ofl-mass motion of a molecule of total molecular weight M with a velocily
Vv, the electron kinctic energy appropriate for use in Eq. (1) is

Exin"=4m}r - V|2 32)
Thus, the measured kinctic energy Ein = 4102 will differ from that of Eq. {32)

by varying amounts, according to the thermal distribution of velocities. If

the mean measurcd kinetic energy in a peak is denoted by Eyin, then it can
be shown using simple kinetic theory that the Doppler width AEy (in eV) is
given by 98

33

N A |
AEg=0-723 x 10-3 (T E""')
M
in which Fyn is in eV, T is the absoluie temperature in °K and M is the
moelecular weight. At room temperature and a typical XPS epergy of 1000 eV,
AFq is thus <010 eV Tor molecules with Af = 10. In gencral, such Doppler
brombening is thus not a significant factor in comparison to typical XPS
resolutions of ~0-4-1-0eV, although they can be important in limiting
gas-phase UP'S resolution.
In many instances, it s adequate to neglect nuclear motion entircly, and use
Eys (17 and (19 with the quantities 'F/(N), FU(N),VAN), EA(N), TN - |, K),
and EAN— 1, K) relating 1o only electronic motion, Note Lhat this means
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accurpte catculations must in principle be made on bath imtal state and linal
state. The overall designations for such N-clectron or (N - 1)-clectron states
are obtained from the various irreducible representations of the symmetry
group corresponding to the mean nuclear positions. ™ For cxample, in atoms
for which spin orbit coupling is small, Russcli-Saunders or £ S coupling can
he wtilized, yiclding states specificd by £, S, and perhaps also Af; and A ..
where L is the quantum numbcr for total orbitat angular momentum L, 5 is
the quantum number for total spin angular momentum S, and M, and Ay
relate to the = components of orbital - and spin- angular momentum, In the
limit of zero spin-orbit spliling, energies depend only on 1 and 8, yiclding
different L. 5 tlerms or multiplets with degeneracies of (21,1 1)(25 3 ).
Analogous overall quantum numbers apply for molecules.® but they are
scldom used in describing total electronic wave functions insolids. Multiplet
splittings such as those discussed in Scction V.C are the result of encrpy
dilferences between such many-electron states.

B. The Hartree-Fock Method and Koopmans' Theorem

In altempting to determine reasonably accurate approximations o N-
clectron wave functions, a common starting peint is the non-relativistic
Hartrec-Fock (HF) self-consistent-field (SCT) method .- *® As the artree
Fock method tias been widely used in calcutations on atoms, molecules, and
solids at different levels of exactness and also serves as a reference method far
scveral more accurate and less accurate methods of computing clectronic
energy levels, itis outlined here in simplest form. The wave function Y7 for an
N-clectron system is approximated as a single Slater determinant @ of N
orthonormal onc-electron  spin-orbitals.  Fach  one-clectron  orbital s
composed of a product of a spatial part $(e) (F=1.2, ..., N} and a spin part
xi(@) which is equal to either a (m,= +1), or B (my= — 1), for which the
orthonormality rclations are

[ ()b (r) dr= (| =8y
| for ax or A8
fxe*(o)xs(o) do= (x| xpd =8m,,, m,, =
0 for aff or fa 34
can then be writlen as a normalized determinant of the form:
Y=
P (1) da(Dxa( 1) .. dn_o(Dxw (1) da(Dxn(l)
(DX F22x2AD) . P D 1(2) Sa(Dxnl2)

I!f‘

I
VN : . . : : (35a)

SN INN) $a(Nx2N) .. b (N 1(N) Sa(N (V)
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or in terms of the antisymmetrizer 4 as

O = A($1x1, Paxz, ..., PNXN) (35b)

where the integers 1, ..., N label the space and spin coordinales ry and o
for cach orbital.

The spatial onc-electron orbitals are furthermore assumed to have sym-
metrics belonging to Lhe sel of irreducible representations of the symmetry
group of the equilibrivm nuclear geometry, and are in this sensc often referred
to as “delocalized™. Thus, for example, in atoms, the orbitals have the form?s

Puim(r, 8, $)= Ratr) Yim (6, $) (36)

in which Ry(r) is the radial part and the angular part is given by the spherical
harmonic Yim (f, ¢). In molecules, various symmetry types arise, as, for
example, To 3ng, 2aq, ....%% and the orbitals are often appraximaled as lincar
combinations of atomic orbitals (LCAO' ). 1n solids, the transiational
periedicity of the crystal tequires that all such delocalized orbitals be of the
Bloch-function lype:?5. 96. 89

(1) = afr) exp (ik-r) 37

in which k is the electron wave veclor with a quasi-continuous distribution of
values and m(r) is a funclion characteristic ol each ¢, that has the same
transtational periodicily as the lattice. A free electron moving under the
infMluence of no forces corresponds to a constant m(r), and yields a plane-
wave (PW} onc-electron orbital of the form

)= C exp (ik-r) ’ (38)

in which € is a normalization constant and the momentum p and energy E
arc given hy

p=Hk (39
F=Enn=p22m=Hk?2m (40)

In the oficn-used spin-restricled Hartree-Fock method, each spatial orbital
¢4 is also taken 1o he multiplicd by cither « and 8 in the Slater determinant
(that is, te have & maximum occupation number of 1wo). Thus only N/2
unique ¢'s arc involved in describing a system with an even number of
clectrons in doubly-occupied orbitals.

10 the Hamiltonian of Eq. (27) is used together with the variational prisciple
ta determine the optimum @ for which the total cnergy E=(P|fi[{D) is a
minimum, the Hartree Fock cyuations are obained, These N equations can
be used (o determine a sell-consistent sct of orbitals 4, as well as to calculate
the total encepy 7 of the state described by 4, in atomic units (1 a.n, =1
Hartrec - 27-21 ¢V, | Bohr ~aa=0-529 A), the Hariree-Fock equations in
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diagonal form are

P z, N i
[— -y ——] (1) [ Y J#HD — 44D l""z] ¢
-1 ru i iz

Kinesir  Fleetron anidear
artraction

Flecgron rclertron
€ oulombic
repulvion

40

N

|
~ B m, [f’f’;'(zl . 'f'l(z)dfz] dN) =€), 712, N
FA
Llectran elecizon
rvhange

where the s are termed encrgy cigenvalues, one-electron encrgics, or orbital
energies. The origins of the individual terms are fabelled. The exchange
intcraction is only possible between spin-orbitals with paraifel spins (that is,
ae or ff), and the Kronecker delta 3, m,, allows (or this. It is‘cmwcuicnl to
re-cxpress Fq. (41) more simply in terms ol the Fock operator F(1) as:

. Lz -
l-(w.u)e{—wlh 2 —+ ) =bm,, M,,KJI’ $il(1) = el 1) (42)

=1

by defining the Coulomb and cxchange operators J; and K; such that

1
Db B) = [ (2) - $H (1) drz (43

i
RN = s o P24py(1) d 72 (44)
Thus, the matrix clements of these opecators are the two-clectron Coulomb

integrals Jyy and exchange integrals Kyy:

' |
Jiy= DT 40D = [[de* (1)) o HDED drdr (@9)

|
Kiy= (P || #00)> = [[di*(1)s*(2) — MDDy dr(dry  (46)

From these definitions, it is clear that Jy=Jy, Ky= Ky, and Jy— K. Once
the Hartree- Fock equations have been solved 1o the desired self-consistency,
the orbitals encrgies ¢ can be oblained from

N
a=e%+ Y (Jiy—8m, . m, Ky an
e
where «® is the expectation value of the onc-clectron operator for kinctic
enerpy and clectron-nuclear attraction
0 e 7
=B -4V 2 T ) (48)
u

-1 r
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By comparison, the total energy of the state approximated by @ is given by

. N N N r r lem
E=@|[Py= 3 «®+ ) Y (Jy-3m,m K+ ¥ T — (49
i1 i=t j~i =1 mat fim

Note that the first two summations over electronic indices are not simply the
sum of all of the one-clectron encrgics for the N electrons in the system, as
the sum of the Coulomb and exchange terms in the tolal energy is made with
i< j to avoid counting these terms twice. This means that measured hinding
energics (which will be shown shortly to be very close Lo Lhe s in value)
cannol be directly used (o determineg total encrgics and hence such quantities
as reaction energies,

Mann!™ has compiled very useful lables of accurate Hartree-Fock
calenlations for all atoms in the periodic table. These include one-electron
encrgies, Slater /¥ and G* integrals for calculating Jy and Ky, radial
expectation values, and wave-funclion tabulations. Herman and Skillman®?
and Carlson er al.'™ have also calculated encrgics, radial expectation values,
and local one-electron potentials for all atoms, using a Hartree-Fock Slater
approximation with relativistic corrections.

1n utilizing the Hartree-Fock method for computing binding energies, the
mast accurate procedure is to compule the difference between Ef(N -, K)
and EAN) corresponding Lo the Hartree-Fock wave functions /(N —-1, K)
and "{NY. respectively. In the one-clectron-orbital picture provided by this
method, the final-state wave Tunction can be characterized as having a hole
in the kth subshell, and, for a closed-shell system with all ¢:’s doubly occupied,
the overall index K can be replaced simply by k. As the photoemission process
by which this hole is formed occurs on a time scale very short compared lo
that of nuclear motion (~ 10 85 compared to ~10-'*5), the nuclear
puositions in 14N — 1, K) can be assumed to be identical to those in Y1"(N),
and the nuclear-nuclear repulsion sum in Eq. (49) will thus cancel in an
encrgy Gilference. However, the jon feft behind by the exiting photoelectron
may not possess a nuclear geometry consistent with the ionic ground-state
vibrational mation, an cffect which teads o the possibility of exciting various
final vibrational states. Il the cxcitation is also fast in comparison 1o the
molions of the (N — 1) passive electrons in 'I'{N— 1, K) (a less rigorously
justifiable timit termed the “sudden approximalion™), it is also possible to
show that varions final clectronic states can be rcached. {Sce Sections D1,
V.ND.2, and V.F for more detailed discussions.) IFor now, only the electronic
ground state of the ion corresponding to the minimum binding energy will
be considered. o this usually Jominant final siate, it is expected thal the
passive clectrons will not have the same spatial distribution as those in
TN due to relaxation or rearrangement around the & hole. Although the
overall change in the spatial form of the passive orbitals due to relaxation
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around an inncr hole is not large {(for example, the mean radius of an atomic
orbital changes by only ~ | -10%).'72 the resulting change in encrgy can e
an appreciablc effect on calculated binding cnergics. Such rekixation cllects
can have significant consequences in interpreting binding encrgy data such as,
for example, chemical shifts, and they are discussed in more detail in Scctions
IV and V.18 Hole-state calculations in which initial and linal states are treated
with equal accuracy in the Hartree-Fock sense have heen performed by
varivus authors for atorss,!®-1%5 gmall molecules, '™ 199 apd inorganic
clusters.’® If binding encrgics determined in this way are correcled for
relativistic effects where necessary, very good agrcement with experimental
core electron binding encrgics has been obtained. For example, an agreement
ol approximately 0-2% is found belween theorctical and experimental Ls
binding energies of Ne (Ep¥(15) =870 eV) and Ar (FnY(15) - 3205 V) 1"

Relativistic cfTects genceally increase core clectron hinding energies, as well
as leading (o spin-orbit splittings, and their magnitudes depend on the ratio
of the characteristic orhitat velocity to the velocity of light.** % The atomic
Hartree-Fock Slater calcutations of Herman and Skillman® and Carlsen
and Pullen™ provide a dircet (abulation of such corrections for all atoms as
determined by perturbation thcory. For example, the correction for Cls
is only about 0-2 eV out of 290 eV (~0-08 %)), whereas for the deeper core
level Arts, it is about 22 ¢V out of J1R0 eV (~0-69%.).

An additional type of correction which should in principle he made to any
type of Hartree-Fock calculation is that dealing with electron—electron
corrclation. In connection with hole-state Hartree- Fock hinding cnergy
calculations, the intuitive cxpectation for such corrcctions might bhe that
because the initial-stale SCF calculation docs not inchude favorable corre-
lation between a given core electron and the other (¥ — 1) clectrons, the
calculated E! value would be too large and thus that the binding encrgy
EnV{K)=EXN — |, K)— Ef(N) would be too small. However, in comparing
relativistically-corrccted hole-state calculations on several small atoms and
ions with experimentaf binding energies, the remaining error due to corre-
lation has been Tound to change sign from level to level within the same
system.193. 11 Sych deviations from simple cxpectations appear to have
their origins primarily in the different lypes of correlation possible for final
hole states in different core or valence levels. For example, £,Y(ls) for Ne
shows a correlation correction 8E.orr in the expecticd dircotion (that is, so as
to increase £,) of approximately 0-6¢eV out of R7G:2eV (~ + 0079112
whereas 8Fcorr for En¥(2s) acts in the opposite dircction by approximately
0-9¢V out of 48-3eV (~ — I'R%).11 For core levels in closed-shell systems
such as Ne, such corrections can be computed approximately from a sum
of clectron pair correlation energies «{i. /} calculated for the ground state of
the system "' for example, in computing the 15 binding energy in Ne, the
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correction has the form of a sum over pair corrclation energics between the
I electron and all other clectrons in the atom. Such correlation encrgies
are depcndent upon both overlap and spin orientation, as the cxchange
interaction partially accounts for correlation of electrons with parallel spin.
fFor Nels, this sum is thus:

BE corr = (15, 158) + (15, 25a}+ (15, 258)
+ 3e(lsa, 2pa)+ Je{ls5e, 2p8) (50)

with vatues of e(lsa, 158) = +1:09 eV, e(lsm, 2sa)= +0-0l eV, e(lsa, 258) =
+0-06 eV, eflsa, 2p2)= +0-11 eV, e(lsa, 2pB)= +0-15 cV. Note the smaller
magnitudes of e(f, j) for clectrons with parallcl spins. Also, it is clear that
most ol the correlation correction arises from the sirongly overlapping is
clectrons. Equation (50} is only a first approximation, however, and more
exact calculations involving explicit estimates of afl types of corrclation in
both Ne and Ne' with a 15 hole give better agrecment with the experimental
Is binding cnergy.''2 The experimental value is EyY(l1s)=870-2eV, in
comparison o SEea=1-9¢V, EpY(1s)=870-8¢V based on Eq. {(SO)1!
and 3o =06 eV, EpV(15)=870-0¢VY based on the more accurate calcu-
lation. "% 3., is decreased in the latter calculation primarily because of
correlation terms that are present in Ne' but not in Ne. The sum of pair
correlation energies «{i, j) in Ne* is larger than that in Ne by about 30%,
and other terms not describable as pair interactions are present in Ne*
but not Ne.

Aside from verifying that Hartree-Fock hole-state energy difference
calculations can yield very accurate values for core electron binding energics
inatoms and molecules, such investigations have also Jed 1o another important
constderatiem concerning the final hole state formed by photoelectron
cission. Fhis concerns the correct extent of delocalization of the hole, which
s implicitly assumed Lo have a symmetry dictated by the entire nuclear
geometry {or to exbibit a maximum degree of delocalization) in the diagonal
Hartree Fock method discussed here. Hole-state calculations by Bagus and
Sehaeler' have shown that core-orbital holes will tend to be localized on one
itomic cemer, as opposed (o being distributed over all centers as might be
cxpected in certain cases from a linear-combination-ol-atomic-orhitals
(LCA) Hartree Fock calcutation including all clectrons. In the simple
cxample of Og, a hole in the tay or lo, molecular orbitals (which can he
considercd to a very pood approximation 10 be made up of a sum or dilference
of Is atomic orbitals on the two vxygen atoms, respectively) is predicted by
such a calculation to result i a net charge of + §e on each oxygen atom in the
molecule. However, Snyder?®® has pointed out that such a stale does not
mimimize the todal energy associated with the final state Hamiltonian. Thus
the lowest energy state is found!"? to localize the Is core hole entirely Utl'
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either oxygen atom. These pairs of equivalent final states (which no longer
possess one-electron orbitals with the full symmetry of the molecule) yield
the correct valucs of EAN—1, K) for computing binding encrgics. For O,
the localized hole states yield a value of Ey¥(1x)— 542 ¢V, in comparison with
an cxperimental value of 543 ¢V, and a delocalized hole-state value of 554 ¢V,
Thus, localizing the hole represents a large correction of 12¢V (~2-2%)
More recently, Cederbaum and Domcke!'? have shown from a more rigorous
point of view why the use of such focalized core-hole states is valid.

Although tocalization of final-state core holes is thus to be expected in
general, the guestion of tocalization becomes more complex in dcaling with
valence electrons in molecules or solids, Molccular orbitals with lone-pair
character or which exhibit a predominance of atomic-orbital make-up from
a singlc atom in an LCAQ description arc inherently localized, cven though
they are describable in terms of the overall symmelry species of the molecule,
and such orbitals would be cxpected to exhibit hole localization te a great
degree. Other molecular valence hole states may or may nol show localization
that deviates significantly from a description with full-symmelry maolecular
orbitals. Similarly, the spatially-compact 4f valence levels in solid rarc-carth
elemenis and compounds are found to yield highly-localized hole states, as s
evidenced by the atomic-like multiplet splittings observed ! (sce Section V.C.
The valence d electrons in solid transition metals and their compounds or the
valence clectrons in free-clectron-like meials may not always be so simply
described. however. Nonctheless, Ley ef o115 have concluded that, even for
the highly dclocalized valence states of free-clectron melals such as Li, Na, Mg,
and Al the energy associated with final-state relaxation around a valence hole
can be calculated cqually well in terms of cither a localized- or defocalized-hole-
state description; in this case, however, the delocalized hole state is still best
considered 10 be an itinerant localized hole propagating through the solid.

Although a localized-orbital description of the initial state can always
be obtained from a Hartree-Fock determinant by means of a suitahle unitary
transformation of the various orbitals ¢ without changing the overall
N-clectron determinantal wave function or total encrgy, ' the transforma-
tion is not unigue. Payne!l? has also recently presented a new method for
performing molecular Hartree- Fock calculations in which rclatively unigue
localized-orbital character is built in by constraining cach LCAO molecufar
orbital to be composed only of atomic orbitals centered on a small set of
nearest-neighbor atoms. Although either of these two procedures lor obtain-
ing localized initial-state orbitals can provide chemically intuitive and frans-
ferable bonding orbitals between two or three bonding cenfers, 1% 117 4t s
not clear that they would necessarily lead 1o a more correct description of
the final state with one electron removed. More theoretical und experimental
work is thus necessary lo characterize fully the best one-electron-orhital
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description of the final states of many systems, if indecd such a one-electron
picture is always adequale or necessary.

In order to aveid the difliculties associated with hole-state calculations in
determining binding cnergies, a very often used approximation is to assume
that Koopmans' Theorem well describes the relationship between initial and
final state total energies. The basis of this theorem is the assumption that the
initial one-electron orbitals ¢4 making up the determinant M(N} are preciscly
equal to the finat orbitals ¢¢' making up GAN 1, k) with a single k-subshell
hole. The final state total energy EA(N — 1, k) can then be calculated from the
formula for EYN) |cf. Fq. (49)) simply by eliminating those terms dealing
with the clectron occupying the Ath orbital initially. This procedure leaves
as the Koopmans' Theorem value for FAN—1, k) (neglecting nuclear
repulsion):

N

N N
FAN L KRT— 3 e« Y Y (Jiy—8m o m Ky

isk itk jodjak

N‘ N N
- Z «" ¢+ Z Z (Jiy—8m,,, ln”"",)
irk =1 }=1
N
- Y Ju—58m , m Kix) {51
=
The Koopmans' Theorem binding energy of the kth eleciron is then by the
difference method [cf. Eq. (22)],

ExY (k)T =EI(N - |, k)%T — EYN).

N
=-a%= Y (Ju—dm,,. m, Kur)

Py
or, making vsc of Eq. (47) for the orbital energy e,
EpV(k)¥T= — ¢, (52)

Thus, the binding energy of the kth electron is in this approximation equal
tor the negative of the orbital encrgy ex. For bound-state orbitals e is negative,
so that the binding energy has the appropriate positive sign. This result is
Koopmans® Theorem, as is indicated by the superscript KT. In reality, the
rehxation of the (N — ) passive orbilals about the & hole in the ionic ground
state will tend to lower EAN—1, k)XT, and thus, as long as relativistic and
correlation correclions are not too large, binding energics estimated with
Koopmans® Theorem should be greater than the true values. If the error due
to such clectronic relaxation is denoted by &fe1ax > 0, then a binding energy
can be writlen as {neglecting relativistic and correlation effects):

Ebv(k) = Ehv(’t’)KT - ﬁfz'rolu
= — €k~ ﬁEr(-ln.x (53)
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Tt stiould be noted, however, that Koopmans' Theorem as it is derived here
applies only to closed-shell systems (that is, systems that are adequatcly
represented by a single Slater determinant with doubly-occupied onc-clectron
orbitals), or to solids which contain many elcctrons in highly defocalized
valence orbitals with quasi-continuous energy cigenvalues. For any other case,
there will in gencral be several possible couplings of spin- and orbital-
angular momenta in the open shell or shelts, and cach distinct coupling
will give rise 1o a different initial or final state cnergy. T'hese states in atoms
might, for example, be described in terms of L, S coupling, and would
in gencral be represented by a lincar combination of Slater determinants, 118
Although each of these determinants would have the same gross clectronic
condfiguration (for example, 3d%), various possible combinations of ni, - +§
and mi; would be possible within the open shells. Provided that final-state
relaxation is neglected, Slater!’'® has pointed out that a binding cnergy
En¥(k)XT computed as the dilference between the average total energy {or
all statles within the final configuration and the average total energy for all
states within the initial configuration is cqual to the one-clectron energy e
compuled from an initial-state Hartrec Fock calculation utikizing Coulomb
and cxchange potentials averaged over all states possible within the initial
configuration. This we can wrilc as

EuS (%7 = AT - Ei= - o, (54
and it represents a gencralization of Koopmans' Theorem to open-shell
systems. The various final states discussed here are the cause of the multipiet
splittings to be considered in Scetion V.C.

Although the orhital cnergics «x in Koopmans’ Theorem as stated here
refer 1o fully delocalized orbitals, Payne!'? has recently pointed out that
near-Harlree-Fock calculations in which different atomic-orhital basis scts
are chosen for diffcrent molecular orbitals to yicld cflectively focalized final
results also yield a sct of onc-clectron energics that can be interpreted via
Koopmans™ Theorem. As these onc-clectron energics are not the same as
those for fully delocalized orbitats, it is thus of interest to determine whether
any such Jocalization effects are clearly discernible in experimental valence
binding energics.

The most direct way ol calculating 3F,cnx is of course to carry out SCF
Hartree-Fock calculations on both the initial and final states and ta compare
En¥ (k) as calculated by a total energy difference method with 2, VEAORT = — ¢,
Such calculations have been performed by various authors on both atoms
and molecules.. 104-100 Ag representative cxamples of the magnitudes of
these effects, for the neon atom, EnV(15) =868-6 ¢V and £,V(I5)¥ V=891 -7 ¢V,
giving 8Froiaxx23eV (~2:67), and FE¥(25)=49-31cV and F,V(2akT=
52:5eV, giving 8Fccaxx eV (~06:0%). Fllects of similar magnitude are
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found in the L5 levels of molecules containing first-row aloms, 108. 199 Ajso,
in certain cases, the presence of a localized hole may cause considerable
valence electron polarization relalive to the initial staic.109, 197, 110 Thyg
A einx lies in the range of 1- 107 of the binding energy involved, with greater
relatire valucs for mare weakly bound electrons. Scveral procedures have
also been advanced for estimating 8E;e1a 1% 119121 gnd these arc discussed
in more detail in Section V.B. It has also been pointed out by Manne and
Aberg™ that a Koopmans' Theorem binding energy represents an average
binding encrgy as measured over ail states K associated with emission from
the kth orbhital, including those describable as both “one-electron™ and
“mulli-electron™ in character. This analysis is discussed in more detail in
Sectien i11.D.1. Implicit in the use of Koopmans’ Theorem is the idea of a
predominantly one-clectron transition in which the (N — 1) passive electrons
are littie altered.

To summarize, the use of Hartree--Fock theory and Koopmans' Theorem
permits writing any binding energy approximaiely as

ExV(k)= —ex—8Erptan+ 8Eycins + 8Ecorr (33)

in which 8E;riax. 8Ereint, and 8Eqorr are corrections for relaxation, relativisitic
effects, and correlation effects, respectively.

C. More Accurate Wave Functions via Configuration Interaction

In explaining certain many-efectron phenomena observed in XPS spectra
it is absolulely essential to go beyond the single-configuration Hartree-Fock
approximation, and the most common procedure for doing this is by the
configuration interaction (CI} method.'?2 In this method, an arbitrary
N-electron wave function I(N) is represented as a linear combination of
Slater determinants ®N) corresponding to different N-electron con-
figurations:

T(N)= ) CyI(N) (56)
=t

The cocflicients Cy, and perhaps also the set of one-clectron orbitals ¢
used to miake up the s, are oplimized by secking a minimum in total
cnergy to yield a more accurate approximation for W(N). In the limit of an
infinite number of configurations, the exact wave function is obtained by
such a procedure. In practice, the dominant Cy’s are usually those multiply-
ing determinanis with the same confligurations as those describing the
Hartree- Fock wave function for the system.

For example, for Ne, a highly accurate CI calcutation by Barr involving
1071 distinct configurations of spatial orbitalst2? yichls the following absolute
values for the cocllicients multiplying the various members of a few more
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important  conligurations: @y =1522522p% = Hartrec FFock configuration
0-084: My = 1522512835} —0-005; Py = 1522522p"3p-- -9 By~ 1s22522pMpt
—.0-007-0:030: and s~ 1522:22pM3pdp— 0007 O-022. Approximately 70
distinct configurations have coellicients larger than (-010 in magnitude. bt
only that for & is larger than 0-010.

Manson®! has discussed the influcnce of configuration interaction on the
calcutation of photoelectron peak intensities (sce the more detailed discussion
in the next section), and in particular has noted that it may he important to
allow for C1 effects in both initial and final states. Specilic effects of configura-
tion interaction in XS spectra arc also discussed in Scctions V.C and V.1,
as well as in the chapter by Martin and Shirley'* in this serics.

D. Transition Probabilitics and Photoclectric Cross-sections

. General Considerations and the Sudden Approximation, In order 1o
predict the intensities with which various photoclectron peaks will occur, it is
necessary to calculate their associated transition probabilitics or photoelectsic
cross-sections. The photoelectric cross-scction o is defined as the transiion
probability per unit time for exciting a single atom, singlc molecule, or solid
specimen from a state 'FH(NV) Lo a state 1"(N) with a unit incident photon
flux of 1em-2s-1. If the direction of electron emission relative (o the
directions of photon propagation and polarization is specilied in W/H(N), as
well as perhaps its direclion of cmission with respect to axes fixed in the
spechimen, such a cross-section is termed differential, and is denoted by
do/d. The dilfercntial solid angle d is that into which clectron cmission
occurs, and it is indicated in Fig. 7. From do/d{) for a given sysiem, the tofal
cross-seclion lor electron excitation into any dircction is given by

do
o I 3G ds} (57)

Such differential or tolal cross-sections can be calculated by means of time-
dependent perturbation theory, utilizing several basic assumptions that arc
discussed in detail elsewhere!24-131 and reviewed briclly below.

In a semi-classical treatment of the elfect of electromagnetic radiation on an
N-electron system, the perturbation /2’ duc to the radiation can be approxi-
mated in a weak-ficld limit as:13

% ¢a. .4
= = (B A+Af) (58)

in which fi—= ~ iV and A = A(r, 1) is the vector potential corresponding Lo the
lield. For an clectromaguetic wave traveling in a umiform mediom, it is
possible Lo choose A such that V-A=0 and thus - A=0, so that in all
applications to XPS it is appropriate to consider only the A-p term in Eq.
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(58). (In UDPS studics of solids, it has, however, heen pointed out that the

change in properlics near a surface can result in a “surfacc photoefTect™ due
to the - A 1erm.'¥) The electromagnetic wave is further assumed (o be a
traveling planc wave of the {orm:

Alr, ny=ednexp [i{kp, r—2net)] (59)

where e is a unil vector in the direclion of polarization (e is parallel to the
clectric licld E), Ay is an amplitude Taclor, ka, is the wave vector of pro-
pagation, |k, | =2n/A, and A is the wavelength of the radiation. Within this
approximation the transition probability per unit time for a transition from
Y'YUN) to I'I(N) can be shown to be proportional to the following squared
matrix-element124. 131

N 2
le;|21 (‘W(N)l Z )\(r,).ﬁ‘lqrt(N))I
=]

= fiZAn? (60)

N
CFIN)| Y exp (iKau eV | ¥H(N))
i= |

in which the time dependence of A has been integrated out and the integration
remaining in the matrix element is over the spacc and spin coordinales of all
N clectrons. The intensity or photon flux of the incident radiation is pro-
portional to 442 If the final state 'F/(N) corresponds 1o electron emission
with a wave vector kf (or momentum p/ = /fikf) oriented within a solid angle
d62 (of. Fig. 7). the differential cross-section can then be shown 1o be 124

Q0 hv
in which € is a combination of fundamental conslants, and Ae? is eliminaled
in the normalization (o unil photon Mux. n dealing with atoms and motecules,
il is often necessary to sum lurther over various experimentally-indistinguish-
able symmetry-degenerale inal states, and Lo average over various symmetry-
degencrale initial states o determine a correct cross-section. If the degeneracy
of the initial slate is g¢ and if each such initial state is equally populated, this

yields
dor C 1 E
;—I_!—l 2 v W

Also, if unpolarized radiation is utilized for excitation, a summation or
integration over the various possible orientations of e is necessary in deriving

dofde2, yiclling finally a swmmation }: in Fq. (62). Furthermore, lor a
e

randomly oricnted set of atoms or molecules as appropriate to studies of
gascous- or polycrystalline-specimens, dofd{) must also be averaged over all

N 2
de C (_l_) I ("l"f(N)I z exp (l'l(n,.‘h)t'Vd‘l”(N)) 6
-1

N 2
CHANY] Y exp (ikap-ride- Ve[ TNy (62)
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possible orientations of the larget system with respect to cach possible
relative geometry of the radiation and the emitied cleciron,

A final point of gencral concern is the influence of nuclear motion, speci-
fically vibration, on such cross-sections, If the Born- Oppenhcimer approxi-
mation {[q. (26)] is valid and the influence of the perturbing radiation on

B

Photoelectron

Brne!
Radiation

Polarized-

Target atom/motecule

Unpolarized-

Fig. 7. General geometry for definin i i i i

g the differential cross-section dofds), showing h
. " for  th 5 g hah
nulnn‘rcd and vapolarized |pC|dcnt radiation. The polarization vector e is paralicl to the
clcclru:lﬁt::ld F. of ihe radiation. In order for the dipole approximalion 10 he valid
!hc radlalmn_ wave length A showld be much larger than typical target dimensions (I1n;
is, the opposite of what is shown here). ‘

the nuclcar coordinates is neglected, the differential cross-section [Fq. (62)]
becomes:- -

do C {1 . o !
40 g\ Z, '<W(~)|,Z. exp (ika, e Vo[ ViN)

'(‘I’vlb‘f”’)|"FVII"(P)>|2 (63)

in which the squared overlap between the initial and final vibrational wave
functions is simply a Franck -Condon faclor, Vibrationaf cllects in XPS
spectra are discussed in Scction V.E. Only the electronic aspecls of matrix
elements and cross-sections are considered further here.
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In procecding further, it is assumed that the photon wavelength A is much
larger than the typical dimensions of the system, which will generally be ol
the order of a few A. This is a reasonably good, although borderline, approxi-
mation for MgKa or AlKx x-rays with A= 10 A. This assumption permits
treating exp (ika, - T¢) as unity in the integration, yielding lor Eq. (62):

de C{1
(D)
g\ /S 7y

and is termed “neglect of retardation™ or “‘the dipole approximation”™. A
further convenicnee that thus arises is being able to write the matrix element
in Eq. (64) in any of the three forms:124

N 2
e CHIN) 2:' Vi VUNY (64)

N ; N
PN S VIO =L M| T BT
-1 i=\
I N
M) ey Y n] WY
i=1

ht
N
L o) ¥ vy 69)
v =1

The cquality of these three forms can be proven by means of commutation
relations for the exact wave lunctions corresponding to any Hamiltonian of
the forn of Fq. (24); the first form is denoted “momentum™ or “dipole-
velocity ™, the sccond “dipole-length™, and the third *‘dipole-acceleration™.
In the last form, F=¥{r rz, ...t} is the potential represented by the
clectron-electron sepulsion and clectron- nuclear attraction terms in the
Hamiltonian,

There are several levels of accuracy that can be used for the evaluation of
malrix clements such as those in Eq. (64). The most often used approximation
begins by assuming a strongly “onc-clectron™ character for the photoemission
process, and represents the initial state as an antisymmetrized product of the
“active™ Ath orbital ¢e(1) from which emission is assumed to occur and an
(¥ - D-electron remainder W (N — 1) representing the “passive’ electrons:

WHNY = AdelDxa(1), V(N - 1)) (66)
In the weak-coupling limit, the final state is further given very accurately by
AN = ABx(1), THN = 1)) (67)

where for brovity the index K {or most simply k) on the ionic wave function
WHN - 1) has been suppressed, and f specilics the kinetic energy and any
additional quantum numbers nccessary for the continuum orbital $/(1).
IF it is Turther assumed that the primary & - > £ excitation cvent is rapid or
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“sudden™ with respect to the relaxation times of the passive-electron prob-
ability distribution, the evaluation of N-eleciron matrix clements for a
general one-clectron transition operator 1 depending only an spatial coordi-
nates (such as any of those in Fq. 63)) yiclds:?0. I3

N
AN L LN =@M DTN - DUV - 1) (68)
i=t

The use of this expression is ofien termed the “sudden approximation™,
and it has praven Lo be very successful for predicting the intensities of various
types of many-clectron fine structurc obscrved in XPS specira (sce, for
example, Sections V.C, and V.D). Transition probabilitics and cross-sections
ate thus in this limit proportional to

[<pAN DD 2N - D] (N = 1) ]2 (69)

and involve a one-electron matrix element and an (N — 1)-clectron overlap
integral between the ionic wave function and the passive-cleciron remainder
Wr{N —1). It should be noted that 'Fa(N — 1) is thus not a vahid jonic wave
function, but rathcr a non-unigue “hest”™ represeitation of the initial-state
passive clectrons. In order for the overlap integral to be non-zero, symmetry
requirements further dictate that both 1"(N — 1) and 'I"g( N — 1) must corre-
spond (o the same overall irreducible representation; this is the origin of the
so-called *“*monopole selection rule™, which is discusscd in more detail in
Section V.12

1t is necessary also to consider criteria for determining whether the sudden
approximation can be used or not.13. 1M [f the excitation from a given
subshelt & gives rise to a set of final stale cnergies FA(N -1, K)Y, K—=1.2, ..,
then the simplest criterion lor the validity of the sudden approximation is
tha(133

[EAN—1, K)— EfN—t, K]+ [h <! (70)

where 7' is the time required for the k -+ f pholoelectron 1o leave the sysiem,
and K and K’ can range over any pair of final encrgies with significant
intensity in the sct. As an indication of the orders of magnitude occurring in
this incqualily, for a typical x-ray pholoelectron of Eyy, ~ 1000 ¢V, pfe 2000
of n=x 2 x 10" emfs. For a typical alomic diameter of 2 A, the escape time can
thus be roughly cstimated as +7 2 (2 x 10-F)/2 x 1082 10 Y75, Thus, " = V65
eV-', and for linal state separations much larger than 10 eV, the sudden
approximation would appear to be violated. However, eaicolations by
Aberg!™ and by Carlson, Krause, and co-workersi?s using the sudden
approximation have given reasonable agreemen) with experiment for several
systems for which this inequality was not fully satislicd. On the other hand,
Gadzuk and Sunjic'™ have considered in more detait the question of transit
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tincs and relaxation times in XPS, and have concluded that even the typical
excitation cnergies in XPS of ~ 15 keV may not be sufficient to reach fully
the sudden limit. This question thus requires further study.

An alternative, and in certain respects more general, description of the
indtial and hnal states in the transition matrix clement is to use single-
determinant Hartree Fock wave functions. I these are calculaled accurately
for both states, thus including relaxation effects, the relevant wave functions
are

TUN) = A(dxr, doXz, .. PiX, -, HNXN) (m
WHN) = A(dixn, P2'Xzs -0 PIXT, L, PN XN) (72)

and the transition matrix elemeni hecomes?!3% 137

N
CPANY Y BTN = 3 5 (pm (D)1 a1 DI | 1) 2)]

il [ ]
where the double sum on mand # is over all occupied orbitals and l)f‘(.ru‘n)
is an (N - D) x (N - 1} passive-elcctron overlap delerminant, Df'(mln) is thus
cqual to the signed minor formed by removing the mth row and ath column
from the Nx N determinant D/i whose elements are overlaps between
initial- and hOnal-state one-electron orbitals. That is, the pg element is
(Hf‘),,,,z(#',,‘x,,w,x,). Many of the N2 matrix elements contribuling to
Eq. (73) are zero or near-zero for three reasons: (1) one-clectron matrix-
clement selection rules associated with {¢m'(1}|1|$a(1)>; (2) monopole
selection rules arising from the one-clectron overlaps (¢p'xp|PeXe), since ¢p’
and ¢, must have the same spatial symmetry and the spin functions x, and
¥¢ must be equal for the overlap to be non-zero; and (3) the ncar ortho-
normality of the passive-orbital sels ¢, ..., da_1, dryr, ..., dy and &',
etk 1 P e, SO that ($p'|#p> 140 and ($p'|$e> x0 for p#g.
Additional matrix clements corresponding lo transitions olher than &k -» f
that cannot be ruled out on these bases have Turthcrmore been shown by
Aberg! (o bhe negligible for a high-cxcitation-energy limit, which leaves
finally a first-order result analogous to the sudden-approximation expression

N
CIINY| T 3| TUNDy = (D |1 e 1> DA LK) (74)
[
Various methods for calculating such overlap determinants for atoms

have heen investigated by Mehta e af,,'*2 and it has been concluded that the
use of a dingonal-clement product is accurate to within ~[1-29:

N N
CrRNY| Y hl‘l"(N»:<¢f(l)|i|w(l)>j .Z; k<¢v'|¢~:> (75)
=1 LI
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Procceding one step further to an unrclaxed, "'frozen orhital™, or “Koopmans’
Theorem™ final state in which ;" =d for j#k finally feads 10 the simplest
approximation for such matrix elcments:

N
CVANY| X B WO = (YTl 1) (76)
-1

The majority of matrix element and cross-seclion caleulietions 1o date have
used this last form,

AU the level of sudden approximation calculations wilizing Fq. (68) or
(74), two experimentally uscful spectral sum rules have heen pointed out.
The first states that the weighted-average binding energy over all final ionic
states 1N — I, K} associated with a given primary k -» f excitation is
simply equal (o the Koopmans' Theorem binding cnergy of — ;. That is.
il Iy is the intensity of a transition to WA(N — t, K)corresponding 10 a binding
energy Fi(K), then

— = ZIRE..(K)/ Ylu=3 [KYHAN-1,K)
X X N

This was first pointed oul in connection with XPS by Manne and Aberg o0
and has also been derived in a somewhat difTerent context by Lundquist.!3®
The significance of this sum rule is illustrated in Fig. 8, and it requires that,

V(N - 1> |2EK) (TT)

Adhabatic
peak

N €7 (k)

o
refax

}g‘ Shake up —L’I
«--— Shake—olf ‘OI

1

Total Area —-—
n o lrozen orbial)

+——-— Binding Energy

Kinetic Energy ——————»

¥ig. 8. Schematic Mlusteation of a photoclectron spectrism involving shakc-up and shake-
off satellites. The weighied average of all binding encrgics yiclds the Koopinans' Theorcin
binding encrgy — «r [sum rule (77)], and the sum of all inlensitics is proportional 1o a
frozen-orbital cross section oy [sum rule (78)). The adiabatic peak corresponds 10 Tormation
of the ground state of the ion [Fu& )= ElK =)
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in order for relaxation to occur in forming the lowest-binding-cnergy
“primary” or “adiabatic” final state corresponding to the ionic ground state,
excited ionic states corresponding to binding energics higher than —«
must also arise. The peaks due Lo these stales have been variously called
“shake-up™, “‘shake-off*, “‘many-electron transitions”, ‘‘configuration-
interaction sateflites”, or “correlation peaks”, amd more specific illustrations
are given in Scction V.13, The high-intensity lowest-hinding-cnergy peak has
ofien been associaled with a “one-electron transition”, although this name
is unduly restrictive in view of the inherently many-clectron nature of the
photacmission process. Thus, the intimate refationship between relaxation
and correlation is demonstrated, although it still is possible to determine
uniquely a relaxation encrgy with inifial- and final-state Hartree-Fock wave
functions that are often assumed (o be uncorrelated in the sense that Ecorr
is measured relative (o them. The second sudden-approximation sum rule
deals with intensitics, and it states that the sum of all intensities associated
with the states '/ (N—1, K) is given by

Iot= Y le=CY, DS Z[CIAN -1, K)| ¥ (N~ 1)) ]2
X [ 3
= CRAD|Tda(1)> |2 (18

where ( is a constant for a given pholon energy. One experimental con-
sequence of this sum rule is that matrix elements and cross-scctions calculated
with unrclaxed final-state orbitals and thus using Eq. (76) apply only to
absolute intensitics summed over all states (N — I, K}, as was first pointed
out by Fadley.'™ Thus, absolute photoelectron intensities for the uvsually-
dominant ionic-ground-state pcaks may be below those predicled by un-
relaxed or frozen-orbital cross-seclions, as has been noted experimentally
by Wuillcumier and Krause;'3® by contrast, x-ray absorption cocflicients,
which inhcrently sum over all final states lor a given k -» f excitation, are
well predicied by unrelaxed cross-sections, 137

A1 2 higher level of accuracy than any of Lhe approximations discussed up
to this point, configuration-interaction wave functions can also be used in
the calculation of matrix clements and cross-sections.?!. 127 In particular,
Manson®! has discussed in a general way the effects that this can have,
pointing out several mechanisms by which calculated intensities can
be sipnificantly modified by the inclusion of CI in the initial-state wave
function and the linal-state wave lunction. For computational convenience,
it is customary (although not essential) to use the same scl of orthonormal
onc-clectron orbitals ¢, 2, ..., das (M > N) in making up the configurations
of both initial and final states. This apparent lack of allowance lor relaxation
in the final stale can be more than compensated by using a large number of
configurations with mixing coeflicients C;' and (f that are oplimized for
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both states:
TiUNY= 3 Ciiy(N) (79)
/

TI(N)~ Z Cof b f(N) (8
ot

The exact expressions for malrix clements defermined with such wave
functions are rather complex, particodarly if more than onc continuum orbiial
is included, corresponding to an allowance for continuum CI (also referred
to as interchannct coupling or close coupling).? Altheugh such continuum
cffects may be important in certain special cases (see Scction V.12.9), several
many-clectron phenomena noted in XPS spectea can be well explained in
terms of only initial-state CI and final-state-ion CE. In visualizing these eflects,
it is thus useful 1o take a sudden approximation point of view, in which a
single primary &k [ transition is considered and the individual con-
figurations O/(N) and M/(N) arc thus written as antisymmetrized products
with forms analogous 1o Egs {66) and (67):

DN Y = Al Dy (1), DN - 1)) (R1)

P!(N)= A (DA, Paf(N - 1)) (R2)

In these equations, the (¥ - D-electron factors can if desired be indexed
identically, so that, for the fixed onc-clcctron basis sef, DN~ D=, AN 1)
if j=m and thus also (BN — DB, 0(N — 1)) = §;s. Matrix elements in this
limit are then given by repeated application of Eq. (68) as

N
CY(N)| ‘Z' LN = s T (CH)* ) (83)
- I

Thus, the mixing of various configurations into either the initial or final stales
can affect the ohserved intensity of a given final state appreciably, as it is only
il a certain configuration has a non-zero coeflicient in both states that it will
contribute a non-zero (Cy/)*Cyt product. For the useful hmiting case in
which a single configuration j-- | dominates the initial state, then i 10,
Cy'=0Tor j# 1, and the square of the matrix element (R3) for transitions to a
given final s(ate is simply

N 2
AN Y BN | o |2 (84)
-1

(If relaxation is permitied in the final-state onc-clectron orbitals, then overlap
intcgrals of the form (P, /(N - I)l'l',‘(N— 1> = 8w must be computed,
and Eqs (83} and (84) become morc complex. However, in general Sp,, % Sqn)
Such Cl effects are important in understanding the simplest forms of multiplel
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splittings (Section V.C), many-clectron cflects in multiplet splittings (Section
V.(), and the intensitics of various many-elcciron satellites (Scction V.1).

The inherent requirement of relaxed final-state orbitals in sudden approxi-
mation calculations using single-determinant Hartree Fock wave Tunctions
has led 1o a certamn amount of confusion when comparing this modcl with
the results of CT calculations. Manson ?1 for example, has pointed ouwt that
the usc of relaxed final-state orbitals in such single-determinant calculations
yickds matrix clements of no higher accuracy than those resulting from the
tnclusion of only a limited form of initial-state configuration interaction.
Thus, there are several types of effects that can only be adequately discussed
in terms of a more complete CH treatment,

In the next three sections, matrix clement and cross-section calculations
for atoms, molecules, and solids are discussed at the often-used level of
unrclaxced final-stale orhitals that results in Eq. (76).

2. Aroms. For a closed-shell atom in the limit of no final-state passive-
clectron relaxation and a non-redativistic Hamiftonian, each ecmission evenl is
characierized by a well-defined Iransition from spin-orbital ¢axe=dnim xm,
to spin-orbital ¢/x/ =dpftfm fxmf, where Ef is the photoelectron kinetic
cnergy hv— FnV{ul). The vsual dipole selection rules then require that

Al=t—1=1+1 (85)

Anyp=mf -m=0, +1 (86)
Amg=myd —my=0

Photocmission is thus divided into Iwo “*channels” lor ¥=I{+1and I/ ={-1,
with the 7+ | channel usuatly being much more important at XPS cnergies.

The most commonly encountered experimental situation is a coltection of
aloms whose oricntations are random with respect to one another that is
cxposed to a flux of unpolarized radiation with an angle « between the
propagation directions of the radiation and photoelectron (cf. Fig. 7).
For this situation, the total photoelectric cross-section for all events involving
emission from a given »#/ subshell can be calculated by summing transition
probabilities for all possible one-electron events according to Fq. (63). A
general derivation?24, 120,127, 140 then shows that (he Ltotal subshell cross
section agy is, in the dipole-length form, 14! given by

Taplp®
en ET) 74—;"— YURAHET) + (1 + )R HED)] (87)

in which aa is the fine structure constanl, ap is the Bohr radius, and the
Re(E7) are radial matrix clements common to all ene-clectron dipole
matrix clements hetween dapm, and defifm,f. (dnim, and dgfifu 7 both have
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the general form of Cq. (36).) These radial integrals are given by

o

Ri(EN)y= I RutrYrREt, t1(ryr2 dr = I PrilePrrt, (1) dr {RR)Y
o 0

where Pyi(r)ir= Rai(r) is the radial part of the $ntm, Orbital and Prs g\ (r))r
Ret, 1afr) is the radial part of the continvum photaclectron arbital drfefin, !
The differential photoelectric cross-scction for a given subshell is furthermare
given by the expression 124, 127, 140

dnnl (Ff _cr,,l I ENnp
g ): A (1 - 4B8ni ENYPe(cos a))

=% [0+ 4Barl(E)(3 sinZ «— 1)) (89)

where f(Ff) is termed the asymmetry parameler, o is the angle hetween
photon propagation direction and electron emission direction, and Pa(cos o)
¥3 cos? o 1). BufESY can in turp be caiculpted from the radial integrad
Ri((Efy and certain continuum-orbitat phase shifts Sl E) that represents
the shift in the sinusoidally oscillating character of Ry, r(r) at large radii
relative Lo the continuum wave functions for a hydrogen atom at ¢nergy
E7. The equation for Bni(EY) is

- DR AZ(EN+ (14 DU+ )Ry 2(EF)
= 61+ 1) Re ((EN)Ri_1(ET) cos [By, (ET) - 81 ((EN)])
A+ OIRHEN YT DR ED]

and the term in cos [8;,1— 8;_1] represents an interference between oulgoing
[+ 1 and /— | waves. Such phase shilts are illustrated for C2p emission inlo
s and d waves al different hiv in Figs 9(d) and 9(e).

~ The allowed range for oy is — 1 <A< +2. A positive value of # indicates
that photoelectrons are preferentially emitted at angles perpendicular o the
photon direction («=90"), whercas a ncgative value indicates prefcrential
emission cither parallel or anti-parallel to this direction (a=0" or 1RO,
A value of =0 yields an isotropic distribution. For s-electron emission,
=0, and only transitions ta =1 waves arc possible. g is always + 2 for this
case, yielding a differential photoelectric cross-section of the form:

d"m(E’) " ons(ET)

Bm(EN)=

(90)

—— -sin2
q0 o s$tn?a (91)
with maximum intensily at « =90" and zcro iMensily at a—0" and 1807,
For the other limiting case of 8= - |,
don(E) aui(EY) .
- ag costa (92)
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Fig. 2. Radial functions Pir)=r - R(r) Tor {a) the occupied orbitals of atomic carbon and
(M 1) the continnum photoclectron orbitals resulting from C2p excitation at different
photon cacrgies as indicated. Continuum wave funclions for both allowed emission channcls
weshown (/1§ cdwave, f - 1 =5 wave). Note the non-sinusoidal character near the micleus,
and the dectease in the electron deRroglic wavelength A, with increasing kinclicencrgy. The
delinition of the phase shift 8, - 34 + = is also indicated Tor Av=2000Gc¢V and 1486-6 ¢V,
In {a), the range of typical bond lengths between carbon and low-lo-medium 7 atoms is
alse shown for comparison. (5. M. Goldberg and €. S. Fadlcy, unpublished resufts.)
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the photoelectron intensity is zero at #=90", and has its maximum value al
#=0" and 1R0°. No matter what the value of A is, the form of I'q. (#9)
dictates that the distribution should be cylindrically symmetric about the
photon propagation direction.

FEquation (89) is also equivalent ta

doa( 1)

TG A Bsin%a (93)

where A and B are constants given by A =(0,/4n)(} —Batf?) and
B =(onf84n) 3a/4. From an empirical determination of 4 and B, B can thus
be calcwlated from By =4B/(344-28). A comparison between the function
predicted by Eq. (93) and experimental results made by Krause!#2 is shown in
Fig. 10, The paramcters 4 and 7 have in this case been empirically adjusted
to give the best fit to data obtained for photoemission from Krls, Krlp,
and Krid levels with MgKa x-rays. The data are reasonably well described
by Eq. (93), although a slight systematic deviation is apparent; this has heen
associated with effects due to the breakdown of the dipole approximation
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Fig. 10. :xperimental angalar distributions of ¢ (= AL W= A 0), and dd{— Ay, 5)
photoelectrons excited from gascous Kr with MgKa x-rays. The vmves iepresent east-
squares fits (o the data points of a relationship of the form of g, (9%, in which A apd B
were (reated as empirical constants. (From Krause, ref. 142)
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(neglect of retardation).112 Note that the 3s data are consistent with Eq. (91)
as expected. Also, a decreasc in 8 with increasing orbital angular momentum
is observed, although 8 is clearly positive for all three cases presenied in
Fig. 0. Wuillcumicr and Krause!'™ have also presented a similar analysis
for Ne2p emission that extends up to XPS excitation encrgies.

Total atomic subshell cross-sections for pholon cnergies relevant to
XPS have been caleulated in various sludies.!2% 143151 These calculations
have made use of botl the non-relativistic theory outlined above, as well
as  rekativistic methods based upon the Dirac equation, !4, 144, 150 In
the non-relativistic calcwlations, the method introduced by Cooper and
Manson'26. 116, 147 has bheen most utilized: cross-scctions are calculated
from malrix elements hetween initial-state orbitals determined in a Hartree-
Fock Slater approximation (as those generated by Herman and Skillinan
for all atoms)* and final-state orbitals determined from a one-clectron
radial Schroedinger equation with a central potential F(r) represenling the
interaction with the nucleus and (N — 1) electrons in the ion {again of the
form determined by llerman and Skillman). More recently, Scofield!®! has
used a relativistic analogue of this procedure to calculale MgKa and AlKa
total subshell cross sections oqp, y=1y, for alt clements in the periodic lable ;
spin orbit effects split cach subshell inte Iwo j components with occupancy
2j + 1. The use of such a cross-section tabulation in analyzing XP'S spectral
intensities is discussed below in Section TILF.3,

In general, it is found that for fiv well above threshold, as is the case in
XIS measurcments, transitions to #/=7+1 are much more probable than
those (o Jf =1—1.126. 147 Thus, the term (/4 1}Ru 1% EF) dominates the term
IRy 2(EN) in Fq. (87). Also, en(Ff) is generally a decreasing function of
It Tor v well above threshold. However, large oscillations and minima in
the cross-seclion may occur as i is increased above threshold.!26. 146,147
Such oscillations can be explained in lerms of the changing overlap character
of an oscillatory Po{r) and an oscillitory Pgs, 151(r) with changing E/.}2%
As I is increased, the effective wavelength of the radia! osciltations in
P55, 111 decreascs and the oscillations penetrate more deeply tnto the region
of non-zero Parlr) “within® the atom. This effect is illustrated quantitatively
in Fig. 9 for continuum orbitals corresponding to emission from a C2p
subshell at e =212, 40-8, 200, and 1486-6 eV, as calculated by Goldberg
and Fadley using the Manson/Cooper program. FFor a given Av, the matrix
clement Ry 1(£f) thus may consist of contributions due to the constructive
overkap of one or more lobes in Pyui(r) and Pes 1. IF, as EX is varied, the
rekitive signs of the overlapping lobes change. R 1(EMy may change sign,
and therelore at some kinctic encrgy inlermediate between the sign change, a
zero or minimum in Ero(EN and on(FE) can resull. A corollary of this
arpument is thal atomic orbilals Pui(r) wlich exhibit no oscillations with r
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should show cross-sections which decrease smoothly with incrcasing Ef
and exhibit no zeroes or minima.'2* Cxamples of such orhitals would be
Is, 2p, 3d, and 4/,

Comparisons of total cross-section calculations with experiiment are often
made through the total alomic absorplion cocflicient for x-rays, which al
lower x-ray cnergies of <10 eV consists essendially of a sum over the several
subshelf cross-scctions. Such compartsons yicld reasonably good agreement
between experiment and theory (~5-1074) cxeept near threshold where
frv e BV (n) 037, 143145, 150, 152 Coaper and Mansan'? have also calunlated
relative subshell cross-scctions in XPS which compare favorably with the
experimental values of Krause'12 shown in Fig. 10,

Asymmetry paramcter calculations have also been performed for various
atoms at the Manson/Cooper level, and the values obtained for 8,0 Ff)
are also in reasonable agreement with experiment {(~ + 5723117 Manson!™?
and Kennedy and Manson!* have also pointed out that for certain subshells,
theory predicts that i, Ef) may exhibit large oscillations with LY. Finalty,
Reilman ef af.'™ have calcutaled B values spanning all elements in the periodic
table for the two common XPS x-rays MgKe and AlKa; interpolations in
this table can be made to any atomic subshell. Thus, the usc ol Scoficld's v,y
values!®! Logether with Lhe a1 Lables of Reilman e al.'51 permits determining
& reasonably accurale differential cross-section lor any situation encowtered
in typical XPS experiments (even though it does represent a mixtuse of
relativistic and non-relativistic calculations). The data of Fig. 10 make it
clear that in order for comparisons of peak intensities in photoclectron spectra
to be meaningful, the angular geomelry of the experiment must be known
and allowed for via do/dS). Neglecting the effect of the asymmetry paramcter
is equivalent to assuming

de o
0" o4
a relationship that is only rigorously true for a “magic-angle’™ experimental
geometry with Py(cos a) =0 or a =54-74",

A Turther imporlant point in connection with alomic cross-scctions is that,
for systems initially possessing an apen shell, the calculations outlined above
will represent a sum of cross-sections leading to the various allowed il
multiplel states (generally describable as L, § terms).'2% Provided 1hat these
multiplets arc degenerate, no observable effects arc suppressed by such a
summation. However, in many cases of both core-level and valence-level
cmission, these multiplets arc resolvable from onc another. so thal some
procedure within a one-electron-transition model is needed for predicting
the partitioning of the cross-section irdo the various multiplets. For emission
from a closed inner subshell, the weight of each multiplel is just its total
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multiplicity,'5% so that
Intensity oc (257 4+ 2L/ + 1) {95)

For enussion froin a partially-filled valence subshell, more complex expres-
sions involving (ractional parentage coeflicients arise; these have been
discussed in detail by Cox and co-workers, '35 138 and by Bagus, Frecouf,
and Eastman.'™ These references include extensive numerical tables. 1 has
also recently been pointed out by Dill ef al.'3® that for emission from a given
ni subshel By may vary from mutlipict 1o multiplet, but such effects are
small cnough to be neglected in first approximation.

Finally, it should be noted that, although all of the foregoing has assumed
randomly oriented atoms {as would be characteristic of gas-phase or poly-
crystalline specimens), the sitnation of an array of atoms with definitc
oricatation can be important for the case of chemical bonding at a well-
defined single-crystal surface. Gadzuk'%® has considered the thcoretical
expressions resulting for oriented transition-metal atoms on surfaces, and
finds potentinlly significant effects on the angular dependence of photo-
electron emission from such atoms.

3. Molecules and Molecular-orbital Studies. In general, less is known both
experimentally and theoretically about molecular cross-sections, primarily
duc to the grealer diflicully of accuralely calculating either the initial-state
arbitals or especially the final-state orbitals involved.

For core-level emission Lo typical XPS energics of a few hundred eV or
more, the use of atomic subshell cross-sections is probably a very good
approximation at the level of a one-cleciron madel of photocmission, because
the initial-state orbital is very little altered by chemical bonding and the
final-state haole is highly localized and atomic-like, thus leading to a con-
linnum orbital with very nearly atomic properlies. (Al very low encrgies of
excilation, it is inferesting to note however, that even core levels are predicted
to show cross-section resonances due to molecular geometry.?%?) Based upon
theoretical calculations by Nefedov ef af,'% changes in the magnitudes of
core-level cross-sectinns with ionization state are further expected to be very
small ( ~0-1 7%, per unit charge), although in some cases such eflccts could be
significant,

In valence-level emission, the determination of cross-sections becomes more
complex. The initial-state orbital ¢y is usuably written as a linear combination
of atomic orhitals (1.CAO):

P = ;. Carxdan (96)
in which k represents a symmetry label appropriate for the molecule (e.g.
2ag of [y in Oz2), $a, is an atomic orbital (AQ) for whieh A4 designates the
atom and A the symmetry (c.g. A=oxygen and A= 15 in Og), and the Ca,4's
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arc expansion coeflficients, Such an LCAQ description can be made at any of
various levels of accuracy, as is common in guantom-chemical calcubations,
The final-state orbital ¢/ presents more of a problem, however, as i1 must be
computed 50 as Lo take account of the [ull molecular gecometry, even though
at high excitation cnergics and large distances from the center of mass it
will look very much like an alomic continuum orbital of the same kinetic
energy. Various approximations have been used for such linal states in cross-
section calculations relevant to XPS: (1) A simple planc-wave (PW) of the
form exp (ik-r) has been used in several studies, 1%2. 18 ylthoupgh it secems
doubtful that highly quantitative sesults can be achieved in this approximation
because the planc-wave is in no way sensitive to the true potential near the
atomic centers and neither is it properly orthogonal 1o the initinl-statc
orbital. By analogy with the atomic case, one would cxpect correct final states
to show hechavior near the nucleus much like that shown in IFig. 9. (2) Planc-
waves orthgonalized to the eccupied core- and valence-orhitals (QOPW's)
have also been utilized, for example, by Rabalais, LHison, and co-workers, 152
but doubis concerning their quantitative accuracy al high encrgics have also
been raised by Ritchie.'™ Also, the use of either YW or OPW approximations
in the atomic casc has been shown by Williams and Shirley'% to be grossly
inadequate. (3) Ritchie'™ has used an expansion in lerms of partial waves of
different / character, noting that the nor-spherical symmectry of the molecular
geomelry may mix these, introducing complexitics not found in the atomic
case. (4) More recently, Dill,'% Dchmer,1%0 and Davenport'ss have discussed
the use of the mulliple-scattering Xa'%? method in molecular cross-section
calculations and, at this point, it shows considerable promise of being able
lo provide very useful and reasonably accurate numcrical results. The
calculation of molecular cross-sections has been reviewed recently by
Dehmer,!%® as well as by Huang and Rabalaist™ ciscwhere in this series,

An additional lactor that must be considered in moleular cross-section aml
lineshape analyses is that various final vibrational states may be reached in a
given photocmission event, even in the simple case for which only a single
vibrational mode is initially populated. These vibrational excitations are
responsible for the bands observed in gas-phase UPS spectra,? for example,
and similar effects have heen noted in core-level XPS emission (see Scction
V.E). If the Born-Oppenheimer approximation is used. then the elecironic
cross-section (differential or total) can bhe partitioned among the various
vibrational states simply by multiplying by appropriate Franck Condon
factors, as indicated previously in Tq. (63).

Whatever initial- and final-state approximations are utilized. it is none-
theless a gencral consequence of the conservation of parity and angular
momentum that the overall form of the differential phiotoclectric cross-section
of a randomly oriented collection of Born-Oppenheimer molecules exposcd
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to unpolarized radiation will have the same form as that for the atomic
case,l4¢. 168 namely, Eqs (89) or (93). The calculation of ox and B proceeds
by a different mcthod from that in atoms, of course. The UPS angular
distributions of a number of small molecules have been measured by Carlson
er al 169. 170 and they are found to follow the predicted form A+ B sinlx,
with all members of each valence vibrational band showing very nearly
the same distinct # value (with a few exceptions perhaps indicative of a partial
breakdown of the Born-Oppenheimer approximation).

As in atoms, molecular cross-sections for open-shell systemns also may
represent emission inlo several non-degencrate multiplet states. Cox and
Orchard'ss have derived the relative probabilities of reaching different final
electronic states for emission from both filled and unfilled subshells. (A
specialization of their results to filed-subshell emission from atoms yields
Eq. (95).) .

As a hinal gencral peint concerning molccular cross-sections, it should be
noted 1hat, aithough all of the foregoing results assumed random orientation,
the situation of surface chemical bonding on an atomically-ordered substrate
may yield a sct of molecules with a definite orientation, Dilll™! has presented
a general theoretical formalism for cvaluating such oriented-molecule
differential  cross-scctions, and Davenport!®® has performed numerical
calculations for orienied carbon monoxide based. upon the Xa method.
Primary emphasis in all such theoretical studies to date has been on ultra-
violet excitation, however,

In analyzing XPS emission from molecular valence lgvels, much use has
also been made of an approximation first suggested by Gelius.1?? Although
originally derived by assuming a plane-wave final siate exp (ik-r), a slightly
different procedure will be used here that both leads to the same result and
also automatically includes certain correction terms that are often omitted,
The initial-state molecular erbital (MO} $x is assumed to be of LCAQ form
{Eq. (96)] with the implicit restriction (not always stated) that the atomic
orbitals ¢4, be reasonable representations of 1rue alomic orbitals, not just
single-radial-lobe basis functions, for example, of Slater or Gaussian type.
Consider a hypothetical final-stale orbital ¢/ corresponding to Ef = fiv— EyV(K)
that has somechow been determined with arbitrary accuracy. The matrix
element for photoemission from the molecular orbital will then be given by

Wrldo=@ir| T Conbar>

= ;} Caarld/ |rldar> N

The photoelectric cross-section wili be proportional to the square of this
matrix element. If the atomic orbitals and LCAO coefficients are assumed to
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have been constructed as real, this square will be given by
[<¢’|r]ée> 2= AZ; Za CaatCanekd’ [r|da-a- 2! v | ¢ ar)
“ 3 ‘

= E |CAM|2|(¢'|"|¢AA)I’
2% L CanrCarrid!lrlbarXs![e|da>  (98)

&
{AX>» AN}

The MO cross-section thus depends on matrix clements between a true
molecular fina) state ¢/, and good approximations to atomic orbitals ¢ ;.
The strongly attractive potential near each atomic center will furthermore
tend to make ¢/ in the near-nuclear region look very much like the final-state
orbital for photoemission from an isolated atom at the same kinetic encrgy.
At XPS energies, the atomic continuum orbitals for all valence AO's should
furthermore be very similar in oscillatory behavior, as the kinelic energies
are all very close for a given hiv. It can further be argued that it is the region
near the nucleus in which most of the non-zero contributions to the matrix
elements (#/|r|¢4,> arise, because as the distance from each nucleus is
increased, ¢/ rapidly becomes an oscillatory function with periods of only
:~0-35 A (the de Broglie wavelength A, of the pholoeleciron), This is
illustrated for C2p emission from atomic carbon in Fig. 9. Thus, it is only
near the nucleus that the initial-state AO's have sufficiently dense spatial
variations to yield a largely non-cancelling contribution to the matrix element -
in the diffuse, stowly-varying tails of the valence AQ's between the atoms, ll!t;
oscillations in ¢/ will yield an approximate cancellation in the matrix element
integration. (This same argument is made by Gelius!™ using the more
approximate plane-wave final state.) The squares of each of the matrix
elements in Eq. (98) are therefore expected to be approximately proportional
to the corresponding atomic cross-section:

or [<#/ 2|42 |2ocdan,A0ra0r

(¢’|l’|¢.u>°€ 1 (do g, A0 (99)
and the final result for the molecular cross-section can be rewritlen as
dep'MOVd{) oc ): ICMg]*(daM“‘O’IdQ)
AL
+2 4§' % (£)Caa2CarH(do 42 A0/dQ)H(do 1,'A0YAQ) (100)
(423> A"X)

The cross-terms in Eq. (100) are generally neglected, yielding the most
commonly-used form of this model:

dox'MOi/dQac ¥ | Care|doay'201d0) (to1)
o
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|(‘,m,|z is the net population of atomic orbital AX in molecular orbital k.
In applications of F'q. (101), the net population is often replaced by the gross
population P 4,% defined as

Paax - |[Cane|2t ) CanrCanxldarlpaa> (102)
AW

AN

although Tiq. (100} nytkes it clear that this is only a very crude way of allow-
ing for overlup affects. Discussions of additional theoretical complexities
have also appeared in several studies. 172-178

The model summarized in Fgs (101) and (102) has been used with reason-
able success in analyzing valence spectra of both molecules'?2. 173 and solids
in which quasi-molecular units (for cxample, polyatomic ions) exist. 174170 In
general, empirical relative alomic cross-sections are determined for atoms or
simple molecules, and then used, together with an LCAQ calculation for the
system under study, to generate a theoretical spectrum. One such example for
Clyq is shown in Fig. 11, and it is clear that it correctly predicts relative
intensitics 10 a very high accuracy.

. --_212 —__"*—__1
. CF‘

4q, 3t, le 1t,
LA

N
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TN U E S TR
50 40 jo 20 10
BINDING ENERGY

Fig. 1. Fxperimental XPS spectrum for the valence levels of gaseous CFa (points) in
comparison with a theoretical curve based upon Fgs (101) and (102). Relative atomic
subshell cross-sections were determined experimentally. MgKa radiation was used for
excitation. (From Gelios, ref. 172)
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4. Solids and Valence-hand Studies. X-ray photoemission (rom solids has
been very successfully analyzed in terms of a three-step maodel first utilized
in ultraviolet photoemission studies by Berglund and Spicec.'?? The steps
involved are: (1} a one-clectron excitation occurring somewhere bhelow the
solid surface from an initial-state orbital é4 at cnergy £ to a linal-state orbitat
$#f with an cnergy £/ greater by hiv, {2) clectron transpart via 4/ to the surlace,
during which elastic and inclastic scattering events may occur, and (1) passage
of the clectron through the surface, at which a small potential barricr may
cause refraction or back-reflection W occur, The electron states involved are
generally assumed to be characteristic of the bulk matcrial. The one-clectron
encrgics £ and £/ may be measured with respect {o the Ferii encrgy. the
vacuum level, or some other reference; in any case L/ can be casily connected
with the measured kinetic energy Fuin. An additional zeroth step imvolving
penctralion of the cxciting radiation to the depth where excitation occurs
might also be added to this model, but this has ne significant consequence
for XPS except al grazing incidence angles for which significamt relraction and
reflection hegin to occur!?. 178, 178 Ag x_ray photoelectron escape depths e
only of the order of 10-30 A, the assumption of an initial excitation involving
pure bulk clectronic states might be questioned, aml one-step theoretical
modcls in which the surface is explicitly included in the photoemission process
have been presented 180, 181 FHipwever, the bulk photoemission model correctly
predicts most of the features noted in both UPS and XPS mceasurements on
semiconduciors and transition metals, % 192 and also permits separating out
the various important physical aspects of photoemission, The presence of
distinet surface cffects on the photoemission process cannot be discounted.
however 132 with one much-discussed cxample heing o surface-state peak
observed in UPS spectra and other measurements on tungsien ** Primary
emphasis here will be placed upon the excitation step in the three-siep model,
as it contains those elements of the problem that arc most clearly related (o
the ground-stale electronic structure of the sysiem.

For emission from non-overfapping, highly-localized, core orbitals, the
use of an atomic cross-section (differential or 1totl) is a reasonable approxi-
mation for predicling the excitation strength. For emission from valence
levels involved in only slightly overlapping quasi-molecular units, the methods
discussed in the last section can be used. For cmission [rom highly-over-
lapping band-kike valence levels, a distinetly different procedure is necessary,
as outlined below,

In a crystalline solid, bath indtial and final orbiials will he Bloch Tunclions
with wave vectors k and k/, respectively, so that du(r) = 4,1} s (ryexp (k1)
and Hr)=d (D) =nAr) cxp (ik/ 1), consistent with Eq. (37). Such an
excifation 15 shown in Fig. 12 en a plot of onc-clectron potential energy
versus distance from the surface. In traversing the swilace barrier, the electron
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Fig. 12. One-clectron mudel of photoemission in a metallic sotid, shown as an energy-
fevel diapram superimposed on the onc-clectron potential energy curve near the suiface.
The initial and Fnal stales inside the solid are assumed 10 have Bloch-wave character.
Applicabile conservation relations on energy and wave vector are also shown.

kinctic energy is redreed from its value inside the surface of Eyn'.« by an
amount equal 1o the barrier height or inner potential Vo, #a is generally
measurcd with respeet to the least negative porlion of the potential energy
inside the crystal which occurs midway between the strongly altractive atomic
cemters. Detection of an clectron propagating in a definite direction outsitde
of the surface implics a frec-clectron orbital ¢y/(f)=Cexp {(iKf-r) with
momentum P - 4K/ bul it should be noted that K/ need not be precisely
cqual to k/. One obvious source ol a dilference between K7 and k! is refraction
effects al the sutface barricr, which are only expected to conserve the com-
ponent of wave vector parallel to the surface (k,f=K /), but such elfects
are rather small in XPS except for grazing-angles ol electron emission with
respeet 1o the surface.’? A convenicnl convention for describing the electron
wave vectors involved in such a transition is to choose the initial k to lic
inside the first or reduced Brillouin zone and the final kY te be expressed in an
exiended-7one scheme. Thus, initial states at several dilferent encrgics may
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possess the same reduced k value, bt cach final state s assocuted with a
unique k7 value.

The hasic one-clectron matrix clement associated with the cross-scction for
excitation is most generally writlen as <4,.1]A~V|:f-,‘ ~. This represents the
one-clectron analogue of . (60). 1t is then a simple matter to show™ b thist
the translational symmetry propertics of Bloch functions [1g. (37T imiply
that this matrix ¢lement can only be non-zero when k and k7 are related by o
reciprocal lattice veelor g:

kf=k+g {103)

Transitions satisfying this sclection sule arc termed “direct”™, and have been
faund 1o be very important in the avalysis of UPS specira and other optical
absorplion experiments from a varicly of matcrials "7 182 Ay (he higher
encrgies of excitation involved in XPS, it has been pointed out by Bard
et al 17% that the wave vector ky, associated with the exciting x-ray in XIS
has n magnitwde sufliciently large that it must be included in this wave-
veclor conservation cquation:

kf=k+g+ka, (104)

For example, with /u=1486-0 eV, |I;f| =2nfA, =197 A U for valence
emission, |ka.|=22/A20-7 A-1, and (ypical magnitudes of the reduced
wave vector are [k| £2-0 A-1. Transitions violating such sclection roles arc
termed “non-direct”, and can be induced in various ways, for example, by
interaction with Iatlice vibrations {(phonons), by the imroduction of atomic
disorder, or by considering emission from very locatized valence levels (for
example, rare-carth 4f) for which the localized initinl and final hole states
suppress the effects of transiational symmetry. Shevehik'™™ has recently mude
the important observation that phonon effects may lead to an almost total
obscuring of dirccl-transition cffeets in the XPS spectra of most malerials
at room lemperalure. Phonons with n range of wave vectors Kppopan are
crcated or annihitated during the excitation process in a inanner completely
analogous to thermal diffuse scattering in x-ray diffraction '¥? with the nel
cfect that only a certain fraction of the transitions are simply describable in
terms of Eq. (10d) (for which kuyonon<€k). This fraction is most simply
estimated from the Debye Waller factor, as discussed in more detil in
Section V1.D.2. Further study of such phonon clfects is oceded 10 wssess
quanttitatively their importance, but they do appear to provide a likely
mechanism whereby all occupied k values can contribuic (o XIS spectra, even
if electrons are collected along only a finite solid-angle cone with respect 1o
the axes of a single-crystal in an angle-resolved experiment (see urther
discussion in Section VI.1).2).

IT it is assumed lor the moment (as in most prior XPS studies) that direct
transitions are important, the total rate of excitation of electrons to a given
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cnergy E7 will be given by a summation over all allowed k -» kf transitions
in which cnergy and wave veclor conservation are satisfied. Also, Tor experi-
ments al non-zero lemperature each transition must be weighted by the
probahility of occuption of the inilial stale, as given by the Fermi function:

FUE) =
) = W E< T+ 1

(105}

s Fonction allows for the thermal excitation of electrons fying within
~ kT ol the Fermi fevel. Finally, each transition can be weighted by an average
probability T Tor escape withoul inelastic scatlering or back reflection al the
surfuce, which will depend on both £/ and &/ and can be denoted T(E/, kf).
The average indicated is over various depths of excitation below the surface.
The final result will be proportional to the no-loss photoelectron spectrum
finally observed, and is thus given by

N(Enin) = N(Ef 4 A)= N(E+ hv + )
o Y JIChHED AT (ED|?

Occupicd
bandsy

x F(EYT(E!, kNS(Ef — E— ho)S(k! — k —g — kn)) d3% (106)

where A is a trivial energy-scale shift that allows for the binding-energy
reference chosen, as well as any work Tunction dilference between specimen
and spectrometer.,

In cvaluating the malrix elements in this equation lo permit comparisons
with XPS spectra, Kono e a/.P7* have assumed an orthogonalized plane wave
for the final state £,f and a tight-binding (or LCAQ) initial state $,. Similar
analyses have also been carried out more recently by Aleshin and
Kucherenko,'®® and in Scction VI.1D.2, the application of a simpler form of
this muxdel to the analysis of angle-resolved XPS valence spectra from single
crystals is discussed.

Scveral basic simplifications of Equation (106) have often been made so as
to obtain a rather direct relationship between obscrved XPS spectra and the
initial density of electronic states pf E).R2 Most of these simplifications cannot
he miude in considering UPS spectra, by contrast. The average no-loss escape
function T(E/ k/) will be essentiafly constant for all of the high-cnergy
clectrons in the XIS valence spectral region, and so can be eliminated. In
UPS however. T(£/_ k/) can vary considerably over the spectrum. The Fermi
function produces only relatively small effects within ~ + k7T of the Fermi
encrgy, so that n either UPS or XPS carried out_at or below room tem-
peratare, i as adeguate 1o sel it equal to a unit siep function. A Turther
simphification that can be justified in several ways for XIS but not UPS is
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thal the summation and integration in Fq. (106} wltimaicly yicld for o polr-
crystalline xpecimen a result of the approximate form

NiExm) o ap(hnnp(E) (107)

in which dx(h) is a mean photoclectric cross section for the initial states at
energy I and p(F) is the density of occupicd imitial slates al cnergy . Yhe
steps in this justification involve first noting the highly free-clectron character
of the very high energy finaf states in XPS (that is ¢,7xzexp (ik/ r}). Because
the free-electron density of states is proportional to (E/)Y, this results in an
essentially constant total density of final states into which valence enission
can occur.82 Furthermore, the relatively short electron mean free paths in
XPS have hcen argued by Feibelman amd Eastman'® 1o introduce an
uncertainly-principle smearing in the surface-normal component of k7 that
is larger than the mcan Ak spacing between final-state bands at a given energy.
and so permits all initial states in a polycrystalling specimen 1o be equally
involved in direct transitions as far as k-conscrvation is concerned, Phonon
effccts also may Iead to a uniform sampling of all initial states, as sugpested
by Shevchik.'* Finally, Baird, Wagner, and Fadley have carricd out model
direct-transition calcutations for single crystals of Au'#® and A in which
all matrix elements were assumed 1o be equal and the only k/ simearing
ncluded was associated with a finite spectrometer acceplance aperturc;
summing spectra predicted Tor all mean emission directions with respect to
the crystal axcs gave results essentially identical Lo the density of occupied
states, suggesting again that all initial states arc equally sampled. Thus, there
are several reasons (o expect XPS specira from polycrystalline maternials to
have a form given approximalicly by Fq. (107).

XPS has been utilized Lo study the valence electronic structures of many
solids F2. 190183 Examples of comparisons hetween experiment and theory
for the three principal classes of solids (melal, semiconductor, and insulator)
are shown in Figs 13,10 {4192 and 15.'" {lcre, totad densitics of initial stafes
p(E) are compared dircctly with experiment, in some cascs alter a suitable
broadening has becn applicd to theory (o simulate naturad and instramental
linewidth contributions. These comparisons show that all of the main featuies
noted in the experimental spectra are also seen in the theoretical densities of
states, although peak intensities arc not always well predicted, prohably duc
to non-constant cross-section eflfects. For example, in g, 15, the dotted curve
indicates an empirical estimate by Ley of al'™ of the relative cross-seclion
variation that woukd be niccessary to yield agreement between experiment and
Eq. (107) for diamond. The form of this curve is furthermore consisient with
the increasing C2s character expected toward higher binding cnergics i the
diamond valence bands, as the C2s atomic cross-section is cxpected (o be
considerably larger than that for C2p.15! Similar conclusions have aho heen
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reached for diamond in a recent more quantitative calculation of the matrix
clements involved. ™" Cross-seclion variations over the valence bands thus
clearly can play an important role in the analysis of such XPS dala, but it is
very encouraging that observed peak positions in general agree very well
with those in the density of states. Thus, XPS has proven Lo be a very direct
method for studying the densily of states.

In summary, for studies of densitics of stales in solids, both UPS and XPS
exhibit certain unique characteristics and advantages. Somewhal betier
resolution is possible in a UPS measurement, primarily due to the narrower
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Fig. 1} XIS valence spectrum Tor polycrystalline silver excited by monochromatized
AlKa radhation in comparison with a theoretical density of stales. Curve a is the raw XPS
data, cinve b is the data after a smooth inclastic background correction has been sub-
tracted, and curves ¢ and o represent two different lineshape broadenings of the (otal theo-
retical density of states according to Eq. (158). These broadenings thus include cffccts duce
to both lifetime and shake-up type excitations in the metal. Note the steep cut-ofl in the data
near £y — 0, which can be used to determine the instrumental resolution function. (From
Barric and Chiistensen, ref. 191)

radiation sources presently available. Also, UPS spectra comtain in principle
information on both the initial and finat density of states Tunctions, together
with certain k-dependent aspects of these functions. The interpretation of an
XIS spectrum in terms of the initial density of slates appears to be more
direct, however. Also, the effects of inclastic scaticring are more casily
corrected for in an XPS spectrum (cf, Section 11.E). Finally, the two techniques
are very complementary in the sense that they are controlled by cross-sections
which may have different refative vidues Tor different bands, thereby providing
further information on the types of states involved.
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Fig. 14. XPS valence spectrum for a silicon single crystal cleaved in vacuum (points),
together with a caleulated total density ol states (bottom curve), and a density of states
broadened by the instrumentaf resolution function. Excitation was with monochromatized
AlK a. The spectrum has been corrected lor inelastic scaticring. The encrgy locations of stale
density primarily due 10 various high-symmctry points in the reduced Brillovin zome are
ako indicated. {(From Ley ef al., rcf. 192))

E. Inclastic Scattering in Solids

Inelastic scallcring acts to diminish the no-loss photoelectron current Tor
any type of specimen (gas, liquid, or solid). The processes involved can be
onc-clectron excilations, vibrational excitations, or, in certain solids, plasmon
excitations. As it is in measurements on solids that inelastic scattering plays
the most significant role in limiting no-loss cmission to a mean depth of only
a few atomic layers, only such effects will be considered in detail here.
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Fig. 15. Valence spectrum for diamond (points) in comparison with a calculated density
of states (solid histogram). The dotted curve is an empirical estimate of the mean cross-
seclion varialion with energy that would be required o reconcile the spectrum and the
density of states according to Eq. (107). Also shown in the lower portion of the figure is
the detailed theoretical hand structure along various high-symmetry directions in the
reduced 7onc. The incident radiation was monochromatized AlK . The spectrum has been
correcied for inelastic scattering. (From Cavell er al., vef. 193}

Inelastic scaticring in solids is generally discussed in terms of a characteristic
length for decay of the no-loss intensity, Specifically, il a monoenergetic flux
No at cnergy iy is generated at a given point, the no-loss flux N remaining
aflter traveling a distance [ is assumed to be given by an exponential decay law

N=Noexp{—I/Ac(Fun)) (108)

where Ac is lermed the cleciron attenuation icngth, mean [ree path, or
penetrition depth. Implicit in this definition is the idea that inelastic scattering
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occurs after photoelectron excitation by means of what arc often rcl‘crrcd‘tn
as “extrinsic”’ loss processes. “Intrinsic” losses can however oceur during
excitation'?® and are discussed further in Section VLI

Such attcnuation lengths arc usually determined by measuring ./‘\ung‘ or
photactectron peak infensilics from uniform overlayers with varymg |.|'Iltl'(-
nesses comparable in magnitude o Ae. Powell? and Lindau and Spicer®!
have recently presented very thorough reviews of attenuation lengih measure:
ments in the 40 2000 ¢V range of most intcrest in XPS, and an on-gaing
compilation of A values is also available through the National I'hysic.:ll
Laboratory, U.K.195 Powell’s summary of cxperimental values obtained in
various studies is shown in Fig. 16. (Note the log log scales.) All data points

L T 17T ITI R T Li M 1T 17 771 - T "‘ﬁ

— 100 « - lodostecric acid
o<

bl Ay

I WO.B/ w0

u
e FeaOf  AuR oAl
=z @ Ag“gAgmMo
w Sn Sn Atd(‘,"‘&u“
(83 o C . )
_l Agg Ag gA' uBbe COS w
10 F 9 _ ~Be# u
< Be” G pA9 H
G % q

9 Cun 0/ /g ‘;V’O A' Mo

= e B A

< Fe,0,8¢4 “Fe,0 w

Are

0 - MNaa

Z TR b Al

ul Al

—

-

q ' hd Ak a1l lll A — 1 I | [

100 1000

ELECTRON ENERGY (eV)

Fig. 16. Summary of cxperimental valucs for the clectron inclastic attenuation length Ae
for various solids, (From Powell, ref. 20)

lic roughly on a common curve, which has beett termed the “universal curve”
of attenuation lengths (although it should he noted that it is universal (o
within only a Lictor of two Lo five). Txtending a plot such as Fig. 16 to lower
cnergies?! reveals a minimum in A at ~ 30 100 eV and an increase at lower
cnergies corresponding to typical UPS experiments, Thus, sulace sensitivity
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is a maximum in the 30100 eV kinctic-energy range. For the log-log plot
of Fig. 16, the higher energy data are fairly well described by a single straight
line that ultimately yields an empirical energy dependence of the form

A c(Evin) oc{ Exin)®-52 (109)

This relationship is useful in rough estimates of A, variation from peak Lo
peak in a given specimen, although between different materials it is certainly
not very reliable.

Poweli® and Penn'® have also recently discussed various theoretical
models that can be used to predict attenuation lengths at XPS kinetic
cnergies in terms of microscopic system clectronic properties. Penn divides
the attenuation length up into two parts involving core- and valence-level
excitattons according to a reciprocal addition procedure expected il the two
types of losses are independent of one another:

1 | 1
4

RI]

Av. tolal /\o. core Ae. valrnce

Ao, core is determined from an equation of the form given by Powell 20

N 4Fxin
A(- rnrr=2‘55 103 ME — Il —— 11
. x uln/pzi:& [AE;] (i)

in which Af is the atomic or molecular weight of the solid, Fyya is in electron
volts, p is the density in gfem?®, Ny is the number of electrons in the ith
subshell at enerpy £, and AFE; is the mean energy loss involving these electrons
(always greater than = FEwF(i)). Ae, vatence is determined by assuming that
plusinon excitations arc the dominant loss processes,!? a situation that can
alse be shown to yield an overall relationship very similar to Eq. (111),2¢
and the final results permit estimating XPS A, values for all clements and
compounds, albeit by means of a rather simplified model. 1 conncciion with
such estimales, it is expected that rafios of A values for a given element or
compound will be much more accurately determined than absolule values;
this is a very uselul result, as it is such ratios that are involved in quantitative
anatyses of homogencous systems hy XPS, as discussed further in the next
scction,

As a final comment concerning electron attenuation lengths, it has also
been poinded out by Feibelman!®?. 198 that A may vary in magnitude from
the bulk of a specimen to its surface becausc of changes in the dominant
made of exirinsic inclastic scaltering {for example, from bulk- to surface-
plasmon excitation). Thus, A. neced not be an isotropic constant of the
material, although it dees not much deviate from this Tor a frec clectron
mictal 197
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F. Photoclectron Peak Intensities

. Introduction. The guantitative interpretation of x-ray photoclectron
peak intensitics requires developing a model for predicting their magnitucdes
from various properlies of the excitalion source, specimen, clectron analyzer,
and dctection system. Detailed discussions of such maodels have heen
presented previously by Krause and Wuillcumicr!®® for emission from gascs
and by Fadley'? for emission from polycrystalline solids. A briel outline of
the cssential assumptions involved will be presented here, followed by a
summary of several important special cases for emission from solids in the
next section,

tn gencral, the photoclectron peak intensity Ny produced by subshell k
can be calculated within a three-step-like model by integrating the differenting
mtensitics d Ny originating in the various volume elements of the specimen.
Each of these differential intensitics can be written as the following product,
in which x, y, z denotes position within the specimen::

AN, =[X~ray Mux ] y [Numhcr of atoms (mulcculcg)J

aty, y, z indydydz

. “Dilfercntial cross- .. | Acceptance solid angle of
scction for k subshell clectron analyzeral v, y, z

Probability for no-loss i
Instrumental

f:;i"pser"‘i"?bl’;”“'mm detection (112)
£lie clliciency

direction change

In most speclrometer systems, a non-monochromatized x-ray source with
a broad flux emission patlern is utitized, and for this case it is reasonable 1o
sct the x-ray flux equal to some constant value /5 over the cntire specimen
volume that is active in producing detectable photoclectrons. This assemplion
is valid because the cxciting radiation is attcuuated much more slowly with
distance of travel into the specimen than are the electrons as they escipe from
the specimen. Thus, the rcgion active in producing no-loss electrons is
exposed Lo an essentially constant Mux. Exceptions to this situatton are mono-
chromatized x-ray sources for which a focused beam is produced,? as well
as grazing-incidence cxperiments on solid specimens in which x-ray refraction
at the surface much increases the x-ray altenuation with distance helow the
surface.!? 178 179 Neither of these special cases will be considered further
here, bul refraction effects are discussed in Scction VI.C.

The acceptance solid angle §2 of the electron analyzer will vary over the
specimen volume, hecoming zero for those points from which emission is
lotally prohibited by the electron oplics. (2, as well as the efTective specimen
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arca A over which (0, also may vary with electron kinctic energy, as
discussed previously in Sections 11.C.1 and ILC.2.

The probability for no-loss escape from the specimen, which can in the
present conlext be written as T(Exin, k/, x. y, 2), is most simply given by an
expression such as [q. (108) involving the clectron atlenuation length,
provided that claslic scatiering events that change direction bul not energy
are neglected. kf thus specifies the direction of electron motion along the path
length / from the excitation poinl x, g, z. In gases, such an escape probability
must also take into account variations in density (and thus also A) along
the eleciron trajectaries.

The instrumental delcction efficiency Dy is defined to be the probability
that a no-loss cleciron escaping from the specimen in a direction encompassed
by the acceplance solid angle wili yield a single final count (or equivalent
current). This efliciency thus allows for all non-idealities in the analysis and
detection system, and it can also depend on Exia.

If the atomic or molecular density in cm-3 is denoted p(x, y, z}, the
differential intensity element thus becomes

d
(th:ln‘p(,\’, y, z)dx dy dz‘Falfl'Q(Ek"h X, W z)

“T(Exin, W, x, 3, 2) Do(Exin}  (113)

or for a uniform-density, but bounded, specimen:
d
ANy Ig-p v dy dz-T‘;E-Q(Emn. x, 9, 2)
4

exp { — /A (Exin)}- Do(Exan) (114)

where { is the path length 10 escape from the specimen surface into vacuum.

2. Peak Intensities from Solids. With a few simplifying assumptions, Eq.
{114) is readily integraled Lo obtain useful-expressions for total peak intensily
Ny for the idcalized spectrometer shown in Fig. [7.17. 178 The specimen
surlace is assumed to be atomically flat. The specimen is taken 1o be poly-
crystalline to avoid single-crystal anisotropies in emission2® (see discussion
in Scction VED.1). An exponential inelastic attenuation faw as in Eq.
(H08) is assumed, and elastic electron scattering cffects are neglected.
For a given kinelic cnergy, the clectron spectrometer is Turther assumed to
act as though a mean solid angle Qg is applicable over all specimen volume
included in the projection of an effective aperture Aq along 1the mean electron
emission direction (dotted lines in Fig, 17). Both {2y and Ap may be functions
of the kinetic energy Ewn. The mean emission direction is assumed to be
at an angle # with respect to the surface. The exciting radiation is incident at
an angle ¢, with respect to the surface, and, due to refraction, the internal
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Fig. 17. 1deatized spectrometer geometry for calculating photoclectron peak intensitics
from solid specimens.

angle ¢;' may be less than ¢.. Such refraction (and reflcction) effects only
occur for ¢:5 17,178 17% and will not be included here, although they are
briefly discussed in Scction VL.C. The angle « between the mean incidence-
and exit-directions is held fixed at between approximately 45 and 1057 in
most current XPS spectrometers.

Within the approximations quoted above (which are very neurly achicved
in a number of practicat spectrometer systems), it is possible to derive intensity
expressions for several important cases: 17, 178. 201

(a) Semi-infinite specimen, atomically clean surface, peak & with Fan= Ex:

Nu(0) = 16Qo( Ex) A o Ex) Dol Ex)p{dorfdSB) A o( £x) (15

This case corrcsponds to an optimal measurement on a homogeneons
specimen Tor which no surface contaminant layer is present. The expression
given permits predicling the absolute peak intensilies resulling for a given
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specimen, or, of much more interest in practice, the relative intensities of the

various peaks. If absolute intensities are to be derived, then the incident flux
1o must be determined, ns well as the kinctic enerpy dependences of cllective
solid angle 2y, clfective specimen area Ao, and detection efficiency Do, in
rclitive intensity measurements in which the quantity of interest is Ny/Ny,
fFor two peaks & and &', Fq will cancel, although (a4 4D nced not due to its
kinctic cnergy dependence. The density p of the atoms or molccvles on which
subshell & or &’ is located may be known beforchand, or may also bhe the
desired end result in quantitative analyses using XPS. The differential cross-
seclion dag/di2 can be calculated by the various methods discussed in
Sections 111.12.2 111.1D.4. FFor core levels, the tahulations of ¢,y by Scofield, !5t
combined with the Ba; values given by Reilman er o/.,!* provide a suitable
means for estimating do/d(} with good accuracy within the framework of a
one-clectron-transition model, Possible effects of multi-clectron processes
on the use of such cross-sections are discussed in Sections HLLID.? and V.D.
Within a given specimen, A{Ey) can be estimated from Pean’s treatment,1#!
or, more simply, its dependence on kinetic energy can be assumed to lollow
the empirical squarc-root dependence of Eq. (109). Note that there is no @
dependence in Ng within this simple model, a prediction that has becn
verilicd experimentally by Henke'7 this behavior is expected to hold as long
as # is not made so small that the edges of the specimen lie within Lhe
aperlure 4,.17. 222

{h) Speccimen of thickness 1, atomically clean surface, peak k with Exin= Ey:

Ni(0) = Ikdo(Ex)A n(Ek)Do(Et)p(dut/dQ)Ag(Eg)
% [| —exp (— 1/ Ae(Ey) sin 6)) (116)
Here, the intensity of a peak originating in a specimen of finite thickness is
predicted to increase with decreasing @ (again with the proviso that @ not be
so small that the specimen cdges lie within Ao).
(¢) Scmi-infinite substrate with uniform overlayer of thickness —
Pcak k from subslirale with Exin= Ex:
Na(0) = 10Qa(Ex) Aol Ex}Dof Ex)pldor/dDA o(Ex)
xexp (—#fAe'(Ex) sin 8) (tH7
Peak { from overlayer with Exyn=Fy:
Ni(0) = 1oQo( ENA EN Dol ENp’(doy/dSD) AW '(Ey)
w [l —exp (—t/Ae'(Eyp) sin B)] (118)
where
Ao(Fx)=an attenuation length in Lhe substrate

A (Fi)==an aticnuation length in the overlayer
p = an atomic density in the substrate
p =an atomic density in the overlayer.
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Overlayer/substrate ratio:
NdO)  Qo(EAolEDD(EDp (do/dYA (F2)
Ni(0) Qo F) AR E) DA EDpdoe/d) A o Ex)
x [t —exp (—t/A"(ED) sin O)exp (1/ Ao’ (Ex) sin 0 (19

This case represents a much more common experimental situation in which
the primary specimen acts as substrate and possesses an intentional or
unintcntional contaminant overlayer (for cxample, oxilde on a metal or a
layer deposited from the spectrometer residual gascs). Substrate peaks are
altenuated by inclastic scattering in the overfayer, an eflect that is much
enhanced at low & The overlayer/substrate ratio is thus predicted 1o increase
strongly as 0 decreases, an effect that suggests a general method for increasing
surface sensitivity by using grazing angles of clectron escape; such angular-
dependent studies are discussed in more detait in Scetion VI.B.

(d) Semi-infinite substrate with a non-attenvating overlayer at fractional

monolayer coverage—Peak k from substrate: Eq. {115).
Peak ! from overlayer:

Ni(8) = 1eQo(Er} Aol E2) Do(£1)s'(dor/dDQ)(sin 0) ! {120a)
Overlayer/substrate ratio:
Nl(a)_ Do ENAEDo(Er)s'(doy/d(2)

Ne(0) Quo(E)Ao(Ex)DolEx)sdor/dO)(Ad Lx) sin@)fd

_ [r_] Dol ENQo(EN A Er)(dor/dD)d
5 | Dol Ex)o(Ex) Aol ExHdog /A, sin 0

(120h)
with
5" =the mean surface density of atoms in which peak / originates in
s=the mean surflace densily of substrate atloms in ¢cm 2

s'fs=the {ractional monolayer coverage of the atomic species in which
peak / originates :

d=the mean separation between layers of density s in the substrate
{calcutable from s/p).

These expressions are useful in surface-chemical studies al very low exposures
to adsorbate molecules (s°/5 5 1), as they permit an estimation of the fractional
monolayer coverage from obscrved peak intensitics. The assumption of no
inelastic attenuation in the overlayer is an extreme onc, but is Jjustilied because
the macroscopic A’ of case (c) is bath difficult 10 estimate and dubious in its
application to such thin, non-macroscopic layers, and also hecause it repre-
sents a correct limiting form for zero coverage.
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The basic model presented here assumes an atomically-flat surfacc. As this
will obtain only very rarely in actual experiments, assessments of the potential
effects of surface roughness on XPS peak intensities have becn made by
Fadley ef al.'7. 2°2 [t is found that roughness can appreciably affect both
absolute and relative intensitics, especially for systems with inhomogeneity
as measured vertical to the surface,17- 207 with much depending upon the
dimensional scale of the roughness relative Lo the attenuation lengths (or
x-rays and electrons involved. Roughness effects on angular-resolved
measuremenis are discussed further in Section V1.B, and in considerably
greater detail in other sources.!?. 202, 203

As a final comment concerning the equations presentcd here, it should be
noted that, for complete generality, an angle-dependent instrument response
function R(Eg, #) must be included as a further factor in all of Eqs (115)-
(120). The definition and determination of Lhis response funclion are discussed
elsewhere. V7. 202 |y s unity for the idealized geometry treated here (as long as
# is not too small). It has also been calculated and measured for one parti-
cular spectrometer system.” A further important property of this function is
that it will generally be only weakly dependent on kinclic energy, and so will
cancel to a very good approximation in peak intensity ratios obtained at a
given angle @. Thus, relative intensity measurements can be made in most
cases wilhout the necessity of evaluating the instrument response with 6.

3. Applications to Quantitative Analysis. The first detailed experimental
tests of the simplest model for intensities originating in a uniform specimen
represented by Eq. (115) above were carried out by Neledov ef al.1%! and
Carter er al.29 The study by Carter er al. made use of Eq. (94) to avoid the
necd of evaluating symmetry parameters, Eq. (109) for the energy dependence
of attenuation fengths, and an empirically-detcrmined instrument factor
Qo(Ex) Aol E Dol Er). The Scohield calculations?!®t provided the cross-sections
required. Theoretical relative intensities were calculated for subshells in a
number of elements and comparisons were made with several sets of experi-
mental data, including tabulations of measured relative intensities (or
clemental sensitivities) by Wagner?®® and Jorgensen and Rerthou.2" In
general, agreement 1o within + 10%, was found. Powell and Larson297 have
more recently considered the use of the same model from a somewhat more
exact viewpoint, including a discussion of potential errors associated with
delermining experimental peak areas that are directly selatable to all of the
processes involved in the dilferential photoelectric cross-section. Specifically,
from 207, 1o 507 of the one-electron dilferential pholoelectric cross-section is
cxpected to appear as low-energy satellite intensity due to many-clectron
eflects (cl. discussions in Sections THL.F.1 and V.1D.2). All of the (actors in
Eq. (115} were considered in detail, with the most accurate approximations
being made whenever possible; for three pure compounds with carefully
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cleaned surfaces, the agreement belween experimental and theoretical refative
intensities was ~ + 5%, Thus, there are good reasons to be optimistic that
XPS can be used for quantilative analyses of well-prepared homogencous
specimens wilh this accuracy. For systems exhibiting inhomogencity near the
surface (for example, a substrate/overlayer geometry), additional problems
are encounicred because at least (wo regions are involved, but, especiably
when  coupled  with  angular-dependent measurements V7 accuracics  of
~ + {07%, again seem achicvable (sce also discussion in Section VEB). Thus,
XPS does have considerable analytical potential, particularly as a near-surface
probe that is at least complcmentary to, and probably somewhat more
quantitative and less destructive than, electron-excited Auger clectron
spectroscopy (AES). Powell?™ has recently comparatively reviewed the use
of XPS and AES in surlace analysis.

1V. CORE ELECTRON BINDING ENERGY SHIFTS

A considerable fraction of XPS studics to date has been involved primarily
with the precise measurement of core clectron binding encrgics, and in
particular with the measurement of chemical shifts in these binding energics.
Such chemical shifls in fact provided much of the recent impetus for the
development of XPS.3 The technique is rather uniquely qualified for such
studics, as the usual x-rays utilized (MgKa= 1254 eV and AlKa - 1487 cV)
can penelrate to levels well below the vacuum level. The more common
ultraviolet radiation sourccs presently limit UPS 1o valence levels and weakly
bound core levels within ~40 eV of the vacuum level, on the olher hand.
Synchrotron radiation is also now beginning to be used to excite ouler core
levels with EnY <300 cV. 15200

The core levels of any atom can by definition be considered 1o represci
filled subshells, and are found in XPS spectra to be relatively sharp in cnergy,
with typical experimental widths of approximately |- 10eV. The wilth
observed for a core photoelectron peak depends upon several factors of both
inherent and instrumentat type. The most important inherent sources of
width are:

(1) the lifetime of the k-subshell core hole created by photoemission,

(2) various possible values for the finat state encrgy FA(N -1, K), as
represented for example by multiplet splittings, multi-electron eflects, or
vibrational broadening (sce Section V), and

(3) unresolvable chemically-shifted peaks.

For the present discussion, the final-state complexitics of itemn (2) will be
neglected s0 as to yicld a description analogous (o that for a simple, closed-
shell system. The most important instrumental sources and their typical
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magnitudes are:

(1) the exciting x-ray lingwidth (approximately 1-0eV for AlKa without

monochromatization and approximately (-4 ¢V with},

(2) the linite resolving power of the clectron spectrometer (for example,

0-3 ¢V for 0-037% resolution at Eyyn= 1000 V), and
(3 non-uniform charging ol the specimen (variable magnitude, as dis-
cussed in conncection with Eq. (2)).

The minimum core linewidths observed to date have becn a few tenths of an
eV.41 210 Thas, provided that the various inhcrent sources of linewidth and
non-uniform charging arc nol too large. it is possible in principle to measure
chemical shifts of the order of 01 eV betwecn two or more photoclectron
pcaks resulting from emission from the same subshell.

IT the same alom A is considercd as existing either in two chemically
inequivalent sites in the same compound labelled 1 and 2 or in two dilTerent
compounds which cin be similarly labelled 1 and 2, then the chemical shilt
AFEy of the & clectron binding energy can be wrilten simply as the difference
of two hinding energics. For gaseous specimens with vacuum-referenced
binding cnergics, this means that

AEW(A Kk, 1-)=(Ep¥ (O — (EnY (k)2
=(Enn)z— (Ein)s  (gases) (121)
where A, k.1 2 represent the minimum number of parameters required o
specily a chemical shift, that is, the atom and level, and the two chemical

sites or compounds involved, Here, we have neglected charging ellects. For
solids with Fermi-referenced binding encrgics, the corresponding equation is

AFW(A K )= (FEWFUON — (Ea"(k))e
= (ol — (Fxinh + (Papecidz — (Pepecdt +{Ve)z—(Vech  (122)

where possible cffects Jue to spectromeler work function changes or
differences in charging potential have been included. Provided that both of
the latter elTects are negligible, Fq. (122) simplifies 1o a form identical to that
of Fq. (121,
AEWF(A, &, 1-2) = (EuF (k) — (EvT(k)):2
=(Fxin)z— (Exin)1  {solids) (123)

As has been noted previously, many theoretical calculations of chemical
shifts have an implicit vacuum reference level. This is quite satisfactory for
gas-phasc work, but not necessarily for work on solids. For the latter case,
the relationship between vacuum-referenced and Fermi-referenced chemical
shilis is, from Eq. (5):

AFRY(A Kk 1 D=AEGF(A &, 1 -2) 4+ ($ar — ()2 (124)
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Thus, in directly comparing vacuum-referenced theorctical calculations and
Fermi-referenced cxperimental values, it is requircd 10 neglect the work
function difference between the two solids, (da)i — ()2 In most work 1o
date, no serious effects of work function differences have been observed,
although there is generally more scatter on a plot of measured chemical
shilts against calculated chemical shifts for solids than on a corresponding
plot for gases.™ 4. 7. 211 This additional scatter could be connected with
reference level effects or specimen charging or both. Roth of these eflects
deserve further study,

The theoretical interpretation of corc-level chemical shifis has been
attempted at various levels of sophistication, with each level providing a
certain degree of agreement with experiment and interpretive utility. Several
reviews of these procedures have heen presented previously,® 4. 7. 8, o8
and therefore only a bricl outline of the most important models, their uses,
and their limilations will be given here. These procedures will be considered
in approximale order of descending accuracy. From the outset, it is clear that
the major goal of such analyscs is to derive chemically-significant information
concerning the initial state electronic structure of the system. Various final-
state complexities (sce Section V) can tend al times to obscure the initial-
state chemical information, but it has nonetheless proven possible (o derive
it relatively straightforwardly for a number of systems.

The most accurate calculation of any hinding encrgy shifl must in gencral
involve determining two binding cncrgies, or a total of two initial-state
calculations and two final hole-state calcufations. The possible errors in shifts
are thus approximately twice as large as for a single binding cnergy when
calcutations are performed at a given level. Various procedures for caleulating
binding cnergies have already been discussed in Sections I11.A and 118,
Relative to a Koopmans® Theorem approach, corrections duc to relaxation,
relativistic, and correlation effects must be considered, as summarized in
Eq. (55). A chemical shift in such binding cnergies between (wo chemically-
inequivalent sites or compounds labelled 1 and 2 is thus

AERY(A, k, 1-2)=(EnY (k) — (En¥{k))2
= —(exh + (ex)2— (DErerax)t + (8F craxks
+(8Ere1ntt — (3Ercint)z + (BEcorch — (3 Evore)z
or
AEWV(A K 1-2)= —Bex —~ ASEccinr) + A(BE piat} + A(AFrore)  (125)
In view of the physical origins of the relativistic and correlation correclions
for a given core level, they will tend to have values of approximalely Lhe

same magnitude from onc site or compound to another, The same should
also be true, but probably to a lesser degree, for relaxation corrections. Thus,
Lk
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in many cascs, it would be expected that A(5Ereiax), A{3Erriar), and A(SE core)
would be considerably smaller in magnitude than the individual corrections
to cither (EwV(A1 of (EnY(4))2, and therefore that the Koopmans’' Theorem
value — Aex would represent a quile good approximation to the chemical
shift AFERY(A, &k, 1-2.195 (This need nol always be true, however, and we
discuss both below and in Section V.H a few speciat examples in which
A(BFcotax) is very large.) For similar reasons, the qualily of the wave function
wtilized in obtaining e is often not as critical as might be imagined. That is,
approximale wave functions with the same degree of self-consistency for
both systems 1 and 2 may yicld a reasonably accurate value of Aex (which is,
after all, a small perturbation primarily due to changes in valence electron
charge distribution). Thus, the use of Koopmans’ Theorem in conjunction
with various approximate calculation procedures such as minimal-basis-sel-
or doublc-zetla-basis-set Hartree-Fock calculations has met with success in
analyzing much chemical shift data. It appears that molccular wave functions
of double-zcta quality can be utilized to predict chemical shifts from —Aex
which agree with experiment to within ~ 4 [ eV for a carcfully-chosen set
of molecules not too nuch different in size, in spite of the fact that the orbital
energies for such lovels as Cls and Nis tend to be as much as 10-20 eV
higher than the experimental bindiog energies due to relaxation. In Fig. 18,
experimental Cls hinding energies for different gaseous molecules are
compared to 1s orbital energies from various theorctical calculations of
roughly double-zeta accuracy. Although the two scales are shifled relative to
one anolher by about 15 ¢V, the points lie very close to a straight line of unit
stope. Thus, for scts of molecules chosen 1o minimize A(8Ereiax), A(3E ernt),
and A(3Ecqrr), chemical shifis should be calculable from these orbital energies
with an accuracy roughly equal to the scatter of points about the straight
lincor +1eV. 70100

Although the use of Koopmans' Theorem i estimating binding energy
shifts from reasonably accurate molecular-orbital caiculations can thus be
expected 1o yield fairly rcliable values For well-chosen compounds, it is
especially imporiant to be able to include the effects ol relaxation in such
calculations. Such effects are treated in more detail in Section V.B, but at this
poind 1t is appropriale to menlion a calculation procedure that lies inter-
mediate beiween those of Koopmans' Theorem and doing accurate SCF
calculations on both initial and final states. This method was developed by
Goscinski ¢f al212. 213 and is lermed the transilion-stale or transition-
operator method. In this method, relaxation cifgcts are allowed for Lo second
order in perturbation theory by solving a sel of Hartree-Fock equations in
which the Fock operator an the left-hand side of Eq. (42) is adjusled so as to
involve an ¢ffective 1/2 occupation number as (ar as electron-electron inter-
aclions involving the kth spin-orbital from which emission is to occur. For
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Fig. 18. Plot of carbon 15 binding energics calculated via Koopmans' Theorem against
experimental binding cnergies for several carbon-containing gaseous molceules. Por some
molecutes, more than one calculated value is presented. The slope of the straight line is
unily. The two scales are shifted with respect 10 one another by 15 ¢V, largely duc to
relaxation effects. Al of the theuretical calculations were of roughly double-scla accuracy

or better, (From Shirley, ref. 7.)

the fictitious “'fransition stale” thus calculated for cach initially-occupied
spin-orbital, negatives of the onc-electron encrgy cigenvalues yicld estimates
for binding encrgics thal should include relaxation effects to second order.
Comparisons of core- and valence-clectron binding cnergy calculations for
He, Li, Be, Ne, and Ar 212. 213 (o indeed show that this method yields results
in very good agreement with the more laborious procedure of calculating and
subtracting accurate tolal energics for both the initial and final states.

The next approximation moving away fromn the Koopmans' Theorem
methad (or calculating chemical shifts is the potential model that was used in
the earliest quantitative discussions of chemical shifts by Siegbhabn ef al? and
Fadley cf al.V%% In this modcl, the inleraction of a given core eleciran with all
other electrons and nuclei in a molecule or solid is divided into an intra-
atomic term and an extra-atomic (crm. Furthermore, the assumption is made
that cach atom in the array has associated with it a net charge consistent with



80 C. S. FADLEY

overall clectroncutrality. These net changes thus account in some way for
the displacement of electronic charge which occurs in the formation of
chemical bonds. In very covalent systems, this model is of questionable
wlility, but several variations of it have been applied lo a wide variety of
systems with considerable success. 3. 4. 105. 214-219 Mgre recently, it has been
termed a ground-state-potential model (GPM)?'3 (o emphasize s usuval
neglect of final-state effects (especially relaxation). Consider an atom A4 with
a charge g4 siluated in an array of aloms to which it is somchow bonded.
The binding cnergy of the kth electron in this atom can then be expressed
as a sum of two (erms, onc intra-atomic free-ion term and one extra-atomic
potential:

EyV(k) = Ep¥{k.qa)+ Vv (126)
Compound Free ion of Potential due
charge ga 10 all other atomsy

The first term is a binding energy for the kth electronin a free-ion of charge g
and the second term is the total potential due to all other atoms in the array.
The first term might be evaluated by means of a (ree-ion Hartree-Fock
calculation, for example (although much simpler procedures lor dealing with
it will also be discussed). The simplest way to calculate the second term is lo
assume that the other atoms behave as classical point charges in crealing the
potential 1. Thus,

kil

iz 4 THA

V=e? (127)
where the summation is over all atoms cxcept that of interest in the array. If
the array is a crystal, then ¥ represents a convergent infinite sum that is
closely related 1o the Madclung energy of the sofid.’?% Thus, both terms in
Eq. {126) may he relatively easy to obtain for a number of systems. Calcu-
lating a chemical shift using Eq. (126) gives

AEhV(A, k. l—2)ﬂ Ehv(k. qa, |)—Ebv(’(, qa, z)-l- Vi— Vo (123)

where g4, 1 and ¢4, 2 arc the net charges on atom A in the sites 1 and 2,
respectively. It is instructive to consider the predictions of this model for
several simple systems, as it is found to explain qualitatively and semi-
quantitatively several basic features of chemical shifts.

The difference of free-ion terms in Eq. (128) represents a change in binding
encrgy concomitant with a change in the valence electron orbital occupation
of the atom such that the net charge is altercd from g4, 2 10 g, 1. In the
lirst analyses bascd upon the potential model, Fadley ef al.19% calculated such
changes for removal of successive valence electrons from various ionic states
of 1, Br, CI, ¥, and Fu, using a minimum-basis-set Hartree-Fock calculation
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and Koopmans' Theorem. These results are presented in Figs 19 23, where the
shifls are plotted against the location of the maximum magnitude of the radial
function for each orbital. Scveral systematic leatures of these results can be
noted. For iodine, all core levels shift by very nearly the same amount. This
is basically truc also for Br and Cl, although as the atomic size decreases
there is Jess constancy in the core shiflts, with outer orbitals showing slightly
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Fig. 19. Koopmans® Theorem frec-ion binding encrgy shifts caused by the removal of a
valence S5p electron fromn various configurations of indine, plotted against the location of
the radial maxima for the various orbitals. The configurations are: + 4 = 55%5p, +3— 55°5p2,
+2=5525p7, +1="5:28p4 0="5525p%, and — | = 5:25p* The solid curve shows the classical
shift resulting from the removal of an efectron from a thin spherical shell of charge with the
radius of the 5p maximum. (From Fadlcy er af., rel. 105.)

lower shifts. In all of the halogens, the p valence clectrons are largely external
to the core, as is evidenced by the location of the core- and valence-orbital
radial maxima. For Eu, which by contrast has valence 4f clectrons over-
lapping considerably with the core electrons, the core shilts are not at all
constant, and furthermore can be about twice as large per unit change in
valence shell occupancy as for the halogens. All of these results arc qualitatively
consistent with a very simpte classical model of the interaction between core

co
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Fig. 20. Calcubicd frec-ion binding cnergy shifts caused by the removat of a valence
4p clectron from bromine, plotted as in Fig. 19. The conligurations are; + 2=4s24p?,
11 =4574p1, 0 45°4p* and — | =4+%4p*. (From Fadley er al., ref. 105.)

and valence electrons. The valence clectron charge distribution can be
approximated by a spherical charged shell of radius r,, where ry can reason-
ably be taken to be the average radius of the valence orbitals or the location
of their radial function maximum. The classical potential inside this spherical
shell will be constant and equal to g/r., where ¢ is the total charge in the
valence shell. If the charge on this shell is changed by 8g, the potentials, and
thus binding cnergics, of alf the core electrons located well inside the shell
will shift by an amount §E,Y = 8¢fry. Such classical calculations are shown
as the solid lines in Figs 19-23 and are found to give results that correctly
predict the trends in relative shifts from subshell to subshelt, as well as being
in semi-quantilative agreement with the absolule magnitudes of the more
accurale Hartree- Fock calculations, In general then, all core electrons which
overlap relatively little with the valence shell are predicted to shift by approxi-
maicly the same amount, and this prediction is verified experimentally.98
The magnitude of the shift per vnit change in charge should also increase as
the valence shell radius ry decreases, as is illustrated for the case of Eu. A
more accurale estimate of 8E,Y/8¢ for any atom is given by the change in
Hartree Fock er upon removal of one valence electron. From FEq. {47),
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Fig. 21. Calculated frec-ion binding energy shifls caused hy the remaval of a valence
3p electron from chiorine, plotied as in Fig. 19. The configwations are: 1 2= Js23p",
+1=3523p%, 0=23s%3p% and — I = 3s23p®. (From Fadlcy et al., ref, 105}

this will be given by Ji varence — Ki watence (Spins parallel) or Jg ypyenen (Spins
anti-parallel). As the core-valence exchange integral Ky vaienee will be of
significant magnitude only if there is appreciable overlap between the core and
valence orbitals, we can neglect Ky vatence HY comparison (o Jg vatenee. (For
example, in carbon, Ji, 2,=22-1eV, Kjp 20=1-4 ¢V, Jia 2p=20-R eV, and
Kis, 2p=0-6 eV.) Thus, 8EnV/8, should be approximately equal to Jg vaience.
the core-valence Conlomb integral. The magnitude of such Coulomb integruls
are, in fact, found to be in good agreement with the shifts calculated in
Figs 19-21 for 1, Br, and Cl. As a final point, the free jon term 81,V/8g is
of the order of 10-20 ¢V/electron charge for essentially all clements.

If the polential term ¥ in Iq. {126) is now considered, it is fownd that its
value also will be of the order of 10-20 ¢V for a transfer of unit electron
charge from onc atom to its nearest ncighbors, 1% a< for cxample, in a
highly ionic alkali halide crystal. Furthermore, for a given molecule or solid
the free-ion term (3£,Y/8,) - 8, will be opposite in sign to 17, as 1" must account
lor the fact that charge is not displaced to infinity, hut only (o adjacent atoms
during chemical bond formation. Thus, both the free-ion and pn.lenlial terms
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Fig. 22. Cakulated free-ion binding energy shifts caused by the removaf of a valence
2p electron from fuorine, plotted as in Fig. 19. The configurations arc: +2=2:2)p7,
+1=2522p1, 0= 2522p% and — | =2522p® (I'rom Fadley ef al., ref. 105.)

in Eq. (126) must be calculated with similar accuracy if the resultant binding
energy (or chemical shift) value is to have corresponding accuracy. This
represetts one of the possible drawbacks of such potential models.

Scveral other models based essentiafly on Eq. (126) have been utilized in
analyzing core clectron chemical shifts,”- ® and the detailed theoretical justifi-
cations lor them have becn discussed by Manne, 21® Basch,?!7 and Schwartz.2!*
For example, Siegbahn ¢f al.% and Gelius et al.2'! have been able to describe
the core bhinding energy shifts for a variety of compounds of C, N, O, F,
and S with the lollowing equation:

AEWY(A Kk 1-D=Caga+V+1 129)

where 2 represents a fixed reference compound. The various atomic charges
g1 in cach molecule were estimated using CNDO molecular-orbital theory,
and these charges were then substituted into Eq. (127) to compute . Then
the constants C4 and [ were determined empirically by a least-squares it to
the experimental data. Such fits give a reasonably consistent description of
the data, as is shown in Tig. 24 for various compounds of carbon, and, in
particutar, the parameters C4 are found to be rather close to the ls-valence
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Fig. 2). Calkculated free-ion binding energy shilts caused by the removal of a valence
4f electron from europium, plotted as in Fig. 19. The configurations arc: + 3=4/" 4 2 - 4f7,
+ 1 =4f%s2, and 0=4f76s%. Note the non-constancy of the corc-level shifts by comparison
to Figs 19-22. {(From Fadley er al., ref. 105))

Coulomb integral Ji« vayence compuled for atom A, Thus, Lq. (129) as
utilized in this semi-empirical way is consistent with a somewhat maore exact
theoretical model. Note, however, that all molccules are not adequalcly
described by this model and that, for example, the points for CO and CS2
lie far from the straight line predicted by Fq. (129). As might be expected, if
an orbital cnergy difference based on near Hartree-Fock wave funclions is
used for the calculated shift of CO, much better agreement with experiment is
obtained, as is shown in Fig. 18.

In another variant of the polential model proposed by Davis er al. 2% a
series of chemical shift measurements on core levels in all the atoms of several
related molecules are used to derive a self-consistent set of atomic charges. For
each atom in each molecule, the measured chemical shift is written in terms
of undetermined atomic charges as

EeV (A, k, 1-)=Cagater ¥ 1L (130)
irAlAi

.
j.vherc Ca’ is set equal to Jis vatence for atom A. The resultant sct of equations
is solved sell-consistently for the ¢4 values on each atom. Such caleulations
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Fig. 24. A comparison of the experimental carbon Vs chemical shift values for several
molecules with shiflts calculated using the potential model of Fq. (129). The shilts were
measired relative 1o CHa. The parameters of the straight line were Ca=21-9 ¢V/unit
charge and /= (-80 eV (F'rom Sicgbahn er al., ref. 4))
on a scries of fluorinated benzenes?!® give charges which agree rather well
with cfmrges obtained from calculations based upon the CNDO/2 method,
as is apparent in Fig. 25.

Another procedure for analyzing chemical shift data that can be at least
indirectly related to the various potential models is based on summing
empirically determined shifis associaled with each of the groups bonded Lo
the atom of interest, and has been developed primarily by Gelius, Hedman,
and co-workers, 2. 220 Each group shifl is assumed to be constant and
indepcndent of the other groups present and is delermined from a series of
chemical shilt measurements on reference compounds representing suitable
combinations of the groups. The chemical shifl associated with atom A in a
given compound is thus wrillen as

AEWA, k, 1-2)=} AEn(group) (13n

groups
where 2 constituics some reference compound against which afl of the group
shifts are deternvined. The applicability of this procedure has been demons-
trated on a targe number of carbon- and phosphorous-containing com-
pounds, 2. 220 and a summary of resulls oblained for phosphorus compounds
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Fig. 25. Atomic charges or the various flucrinated benzenes as caleulated by the {'NDOY2
mcthod and as derived experimentally (“ACHARGE™) from chemical shift measurcients
on carbon and fluorine and €q. (130). Charges are in units of 1100 of an clectyanic chaige.
The filled circles represent average hydrogen charges. (From Davis or al., rel. 219
is shown in Fig. 26. The refationship of this procedure 1o a potential model is
possible if it is assumed that each group induces a valence electron charge
change of dq(group) on the central alom and alse posscsses essentially the
same intragroup alomic charge distribution regardiess of the olher groups
present. Then both the frec-ion and polential terms in Fq. (126) become
simply additive for different groups, as is required in Eq. (131). In addition,
however, the group shift can be considered to include empirically an approxi-
mately constant intragroup relaxation correction, thus going somcwhat
beyond a ground-state potential mode! in one sense.

Some of the first analyses of shift data were performed simply by plotting
AFEy against atomic charges which were estimated by various procedures,
among them CNDO or extended-Hiickel calculations, or most crudely by
electronegativity arguments. The implicit neglect of the potential terms of
Eqgs (126} and (128) in such a correlation of AE, against g4 can, however,
fead to a rather wide scatter of the points about a straight line or curve
drawn through them. Hendrickson ef al.22! for example, found two rather
distinct clusters of data points described by two different curves in comparing
nitrogen 1s shifts with charges calculated via CNDO. However, there is in
gencral a systematic increase in Ey with increasing ¢4 for most compounds,
particularly il the compounds are chosen to be rather similar in bonding type.
One such series of compounds for which a simple electronegativity correlation
has proven adequate is the halomcthanes. Thomas222 capressed the Cly
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Fig 26 A comparison of measured phosphorous 2p chemical shilts with shifts calculated
using the group shilt model of Eq. (131). The compounds were studicd as solids. (From
Hedman ef ol rel. 2200)

shifts between CHy and a given halomethane as a linear combination of the
clectroncgativity differences between the various ligands present and
hydrogen:

AEW(Cls, halomethane-CH) =C Y (X1 — Xn) (132)
]

where € s an empirical constant, Xy is the ligand electronegativity, and XYy
is the clectronegalivity of hydrogen. Such a correlation is shown in Fig. 27.
The explanation for the success of this correlation would seem to be as a
lurther simplification of the group shift approach, in which each monatomic
ligand induces a charge transfer &g proportionat to X — Xy, and the potential
termt involved is also simply proporlional Lo 8g; for a nearly constant carbon-
ligand hond length. Fhus, the potential model of Eq. (128) can be reduced to
the form of Fq. (132). Such correlations shoukl be used very cautiously,
however, as exceplions are relatively easy lo encounter: lor example, in the
series of molecules generated by adding successive mcthyl groups to ammonia
(NIl3, NHaCHp), NICHa)z, and N(CHa)a), the Nlx binding energy is
observed to decrease with the addition of CHa groups,?2? in complele dis-
agreement with the greater positive charge expected on the central nitrogen
hecause Yo > Yy The major cause of this discrepancy is believed to be the
preater refaxation cnergy associated with the polarization of the -ClHiy
group around the Nls hole,223 a type of cffect discussed in more detail in
Scctton VB,
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Fig. 27. (.‘arht'm Is c.hcmicai shifts for halogenated methancs measured relative to CHy
and qlr}llcd‘agamsl shifts calculated on the basis of a sum of ligand-hydrogen clectro-
ncgativity differences, as in q. (132). (From Thomas, ref. 222 )

Among thc other methods wtilized to analyze chemical shift data,
mention should also be made of a procedure introduced by Jolly and
Hendrickson?2%. 225 for relating chemical shilts 1o thermochemical data. In
this methad, it is noted that to a good approximation the atomic core of an
atom with nuclear charge Z and a single core-level hole acts on any surround-
ing electrons in an cquivalem way (o the filled core of an atom with nuclear
charge Z + 1. I the core electron overlap with the outer clectrons is small,
then the nuclear shiclding should be nearly complete and this assumption is
reasonable. As a more quantitalive indicator of how good this approximittion
is for a medium-Z atom, Table | summarizes the results of highly-accurate
nusmerical Hartree-Fock calculations by Mehta, Fadley, and Bagus'" for
atomic Kr with various corc-level holes and its equivalent-core analogue
Rb'!. Wilth neutral Kr as a reference, the fractional decreases in average
subshell radii t - (rpy5/<rar>a are tabulated for different care-hole locations in
Kr'! and for the cquivalent-core species Rh't. For the cquivalent-core
approach 1o be Tully valid, these fractional changes showld be nearly identical
between true Kr hole states and Rbh'!, thus indicating the same degree of
inward relaxation around both a core hole and a nuclear charge that is
incremented from Z to Z+ 1. For the various true hole states in subshells
that can be designated mporefpore. the fractional decreases in cry range from
~ 0 for subshells with n <npore up to 1% for the outermost 4p orhital. The
cquivalent-core Rb'! orbitals by contrast show significant relaxation in all
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subshells, with a range hetween 3%, Tor 15 and 1%, (or 4p. Relaxation for

E. 'E oo~ O A R . i
IS |2 8 8 2 3 § = subshells with n € fpare is thus much overestimated by the use of an equivalent
) R E-N-N-R- = core, whereas {or 1> inole, Lhe overestimates range from only ~0 1% in
- absolute fractional radius change. Thus, the equivalent-core madel is a
212 reasonabie and useful first approximation, although it is certainly expected
il dog e oa . . .
R E § § 2 —é a2 to overestimale relaxation effects due to core-hole formation,
CTlo [} (==} . . . . ..
L [P In applying the equivalent-core model to chcmlcal-'sh:ﬂ n‘na!yscs_ it is
assumed?24, 225 that an exchange of cores can be made in the final-stale 1on
o without appreciably altering the valence electron charge distribution or
~1 2 ™ . . . y
3 slesglagoy equilibrium nuclear gcm?nc!ry. {The results in l'.nhlc I for l'hc 4x ..\ud‘dp
Vit 1888128838 subshelis suggest that this is a good approximation.) Thus, in considering
| oo oloo oo

2 core-level emission from a species containing nitrogen, an O'* |52 core can
be exchanged for the N'8 ls=N"'%* core, where the asterisk denetes the
presence of the !s core hole. Such core exchanges can he utilized 1o wrilc

{tip)
raple

@ :«f:: é =] § = g binding energy shifls in terms of thermodynamic heats of reaction, and hence
c . . - - N
1 TEE2sgs lo prcdl'ct either shifts from |hermodynam_|c data or thermodynamic data
from shifts. As one example of the application of this procedure, let us con-
- sider Is photoelectron emission from gascous NHy and Na as chemical
El - . . .
2 ’g cxalesg g reactions in which the electron is assumed to be formed cxactly at the vacuum
~ 7 S8 level and therefore with no kinetic energy:
— [= R [ B o B o .}

Nz »NHat* +¢: AFE = Fy¥(Nls, NHy)

Al2 Nz->Nat*4.e-: AEy= FEn¥(Nl1s, Ng)
2lalr|e w [ 8
| O o
bib S °8° = % g § S These reactions are endothermic with internal cnergy chanpges AFy and Al
oeee T° © given by the I binding energies in NHy and Ng. Subtracting the second
reaction from the first gives
:I; 2228853 NHy+Na'® > NHa'* £ No: AE=AF— AF,
= —_— [
182 3 g =] —=FEnY LV
P ]élcesSdS En¥{NIs, NHya) - EnY(NIs, Np)
B ] =AFERV(NIs, N3 - Na)

A2 - with an internal cnergy change precisely equal 10 the Nls chemical shilt
- — Lal . . .

,;'.5. g % § g § g o between NHj and Np. However, this reaction involves the unusual and very
' cSoood g short-lived species Na'* and NHj3'*. Now, it is assumed that the N%' ¥ core
- can be replaced by the O%! core in either Na'* or NH3'* with only a small

- gain or loss of energy that can be termed the core-exchange energy Ak,
Elovavaaqo As long as tt excl i : ame i :

g9 br i g as the corc-exchange encrgy is very pearly the same in bath Ny'*

and NHj'*, then the overall cnergy change associnted with the reaction is
55834 § not affecied by core exchange. That is, we have a final reaction of
| (! .
g Jrrrrt X NHy+- NO'->OHz' 4+ Nz: AF-AF,Y{NIs, NH; - Na) it AE..  AFE..
=] [T T S |
Ao RvEvRvIv RV =AEWY(N1s, NHy - Ny)
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Therefore, the chemical shift is equal to a thermodynamic heat of reaction
involving well-known species. This procedure has been applied to an analysis
of Ls shifts in compounds of N, C, O, B, and Xe, and very good agreement is
obtained between experimemtal AEy values and thermochemical cstimates of
these shifts. Such a comparison for nitrogen Is is shown in Fig. 28. This
analysis is closely related to the isodesmic processes discussed by Clark,? and
is also reviewed in more detail by Jolly'® in this serics.
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IFig. 28, Plot of experimental Nbs binding encrgy shifis relative to Nz for several molecules
versus values calculated using cquivalent-core exchange and thermodynamic data. ‘The
slope of the line is unity. (I-rom Jolly, ref. 225)

Finally, a few other methods in which core electron binding cnergy shifts
can be used should be mentioned:

{1) Attempis have been made to derive bonding information from relative
binding cnergy shifts of different levels in the same atom. From Figs 19-23,
it is clear that the outer core and valence levels of a given atom need not shift
by the same amount as inner core levels, especially if relatively penetrating
valenee levels are present as in Cu. Such refative shifts of different levels can
for certain cases he simply related to the basic Coulomb and exchange intcgrals
involved, and then utilized to determine properties of the valence electron
charge distribution. In particolar, the relative shifts of the inner core 3,
and valence Spy levels have been measured for iodine in various alkyl iodides
and NI and these shifts have been found by Hashinall ¢r af.22% to be con-
sistent with a simple bonding model of the compounds involved. More

X-RAY PHOTOELECTRON SPECTROSCOrY 93

recently, Aono ef al.227 have carried out a similar relative shift study of rare-
earth compounds that quantitatively conlirms the non-constancy of the
intra-atomic free-ion shifts as predicted, for example, for Eo in Fig, 23

(2) In another type of analysis, core-level chemical shifts for several
homologous scries of the form RXH with X -0, N, I, and R - various
substituent groups have also been found 1o be approximately cqual to refative
proton aflinities. 228 Martin er al 22* have explained this corrclation by notiag
that the removal of a core clectron from alom X to form a positive hole
involves very nearly the same set of R-group relaxation energics (and to a
less important degree also potential energies) as the addition of a proton.
Thus, changes in X-atom core binding energy with R arc expected 10 be
approximately equal to changes in proton affinity with R, even though the
absolute magnitudes of the two quantities are very different; this las been
found to be true for a rather large number of small molecules. 728

{3) It has also been proposed by Wagner?2® that the difference in kinetic
encrgy between a core photoelectron peak and an Auper clectron peak
originating totally via core-level transitions in the same atom can be used as
a sensitive indicator of chemical state that is free of any uncerlaintly as to
binding energy refcrence or variable specimen surface charging. This differ-
cnce, which has been termed the **Auger parameter™ 22 changes with altera-
tions in chemical environment because Auger encrgies are influenced much
more strongly than pholoctcciron encrgies by final-state rekaxation 290, 23 1y
fact, Auger energy chemical shifts are roughly 3-4 times as large as corre-
sponding core binding energy shifls.22* Although a precise theoretival caleu-
lation of such extra-atomic relaxation effects may he diflicell (sce, for
example, Section V.B), the Auger paramcler appears 10 have considerihle
potential as a fingerprint for different chemical states.

(4) Finally, attcmipts have been made 1o corrclate core hinding energy
shifts with the results of nuclear spectroscopic measuremients such s
NMR?232. 233 and Mdissbauer speciroscopy,? as reviewed elsewhere by
Carlson.!® NMR diamagnctic shielding factors have been compared with
core shifts, but the difficully of separating out diamagnetic and paramagnetic
contributions to shielding have prevented cextensive application of this lypc of
analysis. Also, binding cnergy shilts for a closcly refated set of lin compounnds
correlate reasonably well with Mosshaucr chemical shift values,2™ hut no
detailed theoretical justification for this correlation has heen presented.

It is clear that the theorctical interpretation of core clectron binding
encrgics or chemical shifts in these encrgics can be attempted in several witys
at varying levels of sophistication. When binding energics are calculaled by
the most rigorous total-energy-difference method, including perhaps correc-
tions for relativistic effects and clectran electron correlation. values in very
good agreement with experiment have been obixined for several atoms and

1
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small molecules. This agreement verifics that all of the basic physical eflects
involved have been recognized and can be accounted for quantitatively. If
binding energics are calculated from orbital ciergics via Koopmans' Theorem,
crrors primarily duc o neglect of final state relaxation are incurred. Such
errors can he from 1 % 1o 107 of the total binding encrgy and can be estimated
in several ways. In calculating chemical shifis of binding energies belween
two different sites or compounds by means of Koopmans® Theorem, however,
a forfuitous cancellation of a large fraction of the relativistic, correlation,
and relaxation corrections oceurs. Thus, orbital energics can be used with
reasonable success in predicting shifts, although anomalously large final-state
relaxation around a localized hole represents an ever-present source of error
in such analyses (scc also Section V.B). The inleraction of a core cleciron with
its environment can be simplificd even further, giving rise o several so-called
potential models with varying degrees of quantum-mechanical and/or
empirical input. AW of these models can be useful in interpreting shifls,
although it may be necessary o resirict attention 1o a systematic set of
compounds for the most approximate of them. The direct connection of
chemical shifts with thermochemical heals of reaction via the equivalent-core
approximation is also possible. Finally, it is worthwhile to note that onc of
the primary reasons that chemical shifts can be analyzed by such a wide
variely of mcthods is that their origin is so simply and directly connected lo
the molccutar charge distribution. In turn, it is very ofien this charge distri-
hution that is of primary interest in a given chemical or physical investigation.

V. FINAL-STATE EFFECTS

A. Imtroduction

In this section, several cfects arising hecause of complexities in the final
stafe of the pholoemission process will be considered. Considerable use will
be made of the theoretical developments of Sections HILA- 1), from which il
is already clear that wnambiguously distinguishing various final-state cffects
in the clectronic wave function may not always be possible, primarily due to
many-clectron cflects that might, for example, he described by a configuration-
interaction approach. Thus, the first Tour topics to be deall with here {refaxa-
tion phenomena, multiplet splittings, shake-up and shake-ofl effects, and
other many-clectron elfects) are all very much interrelated, as will become
cvidemt from subsequent discussion, However, for both historical and
heuristic reasons, it is reasonable to consider them separately, using several
cxamples for which distinctions can be made relatively easily. (Such linal-state
clectroniv effects have also been reviewed by Martin and Shirley!? in more
detail in this series.) The last subject 1o be trealed here involves the influcnce
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of exciting various final vibrational states, for which theorctical background
has alrcady been presented in Sections THLA and L1,

B. Relaxation Effects

The importance of relaxation corrections in accurately predicling binding
energics has been emphasized in several prior discussions in this chapler,
As a further example of how large such effects can be, it has been suggested
by Ley cf al.23% that relaxation is the primary reason why [rec-atom vacuum-
referenced core hinding energics are higher by ~ 5--15 ¢V than corresponding
vacuum-referenced binding encrgies in (he pure elemental solid. Also, inert
gas aloms implanted in noble metal lattices have been shown by Citrin and
Hamann2? (o exhibit core binding energies 2-4 eV lower than in the lrce-
atom state, again primarily due to relaxation. Fn a systenatic study of the
Cls binding encrgy in a set of linear alkanes Cullga,2(n- 1,2, ... 13),
Pireaux ef al2 noted a monotonically increasing Cls chemical shift
AEWCls, CHy-Cpllzg,2) with n, and a small overall shift of 0:6 ¢V between
CHy and Ciallze with sign such that CyaHze has the lowest binding encrpy.
Transition-operator calculations for these alkanc molecules indicate thal the
relaxation energy increases by almost 20 ¢V in going from the smallest
CHy to CiaHzs; thus, relaxation is a major contributing factor in producing
these small chemical shilts, although it must act in conjunction with certain
other effects with opposite sign to reduce the overall shilt 1o -6 ¢V, Relaxa-
tion shifts of ~1-3 eV are also noted in UPS spectra of the valence levels of
molecules chemisorbed on surfaces,?*® with the binding energics of molecular
orbitals not directly involved in bonding to the surface being lower than in
the free molecule, presumably duc to extra relaxation in the substratc. In
general for these systems, then, it is found that the more near-neighbor atoms
there are surrounding a given final-state hole, the more rclaxation can occur
and the lower is the observed binding energy.

The relaxation encrgy SErenx can be unambiguously defined as the
diffcrence bectween a Koopmans® Theorem binding energy -« and a
binding energy calculated by means of a diflerence of sell-consistent
tHartree-FFock total energics for bolh the tnitial and final states. Various
methods have been utilized lor estimating this energy in atoms, molccules,
and solids,119-121, 235, 208-242 byt principal emphasis nere will be on 2
relatively straighiforward, yet easily visualized, procedure first used extensively
by Shirley and co-workers. 121,235, 239

In this procedure, 121, 235, 239 {he relaxation energy for a given core-level
cmission process is divided into two parts: an intra-atomic term {the only
term present in the free-atom case) and an extra-atomic term that is impaortant
in molecules or sulids. The extra-atomic tlerm thus includes all refaxation
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invalving clectrons primarily situated in rthe initial state on other atomic
centers, Thus,

SE,

{This division of the relaxation correclion was, in fact, made in the first
discussion of the potential model for analyzing chemical shifts '95) The
calculation of these two terms makes use of a general result derived by Hedin
and Johansson'?® which states that, for emission from an initial orbital ¢
in an alom of atomic number 7, the relaxation energy is given to a good
approximation by

3Ecoinn= o | PIN -1, Z)— P(N, Z)|de> (134)

in which 'tN -1, Z) is the 10tal clectronic Hartree-Fock potential operator
acting on the Ath orbital in the (¥ — )-electron final state and F(N, Z) is
the analogons total Hartree Fock potential operator for the N-eleciron
imitial state. (For a neutral alom, of course N=2.} The expectation value in
I:q. (134} thus involves sums over Coulomb and cxchange integrals between
dr and (N - 1) other spin-orhitals ¢;3 ¢x. Two sets of orbilals ¢; are also
necded, an initial-state sct {dy} in P(N, Z)and a relaxed set {¢'} in F(N =~ 1, 7).
The determination of the relaxed orbitals is now lurther simplified by using
the cquivalent-core  approximation, such that the integrals involving
FIN - 1, Z) are replaced by integrals for P(N+1, Z+1), the neutral atom
with next higher atomic number; correspondingly, ¢« is taken to be an
orbital in atom Z 4 1 in evaluating these integrals. This procedure is reason-
able because the orbitals at larger mean radii than ¢ produce most of the
refaxation and such orbitals in ncutral atom Z 4 1 are very little different from
tlhrosc in atom 7 with a hole in the & subshell (cf. Table 1). Furthermore, even
though inner-orbital relaxalion occurs (including relaxation of 4,), this inner-
orbital relaxation is smaller (again see Table I), and thus the Coulomb and
exchange integrals helween inner and outer orbitals change little in atom
Z 1 1 relative to the true hole state in atom Z.32 Thus, the overall relaxation
cuergy becomes finally

BFcoinx == Y((Pa | F|dadz 1 — (| Pldd2) (135)
with all relevant Coulomb and exchange integrals availablc from existing
tabulated data for atoms.'® Applying this calculation procedure 1o core
cmission from noble-gas atoms, Shirley!?! obtained very good estimates for
relaxation encrgies as compared to dircet total-energy-dilference calculations,

The same procedure has also been applied to metals by Ley ef al.,2% for
which the scparation of Eq. (135) into intra-alomic and cxira-atomic terms
yiclds formally

SEromn = WCpe| P hdz0 — (e | P> zymten
+ 3| Vldeoz i — (e P]dd2)extrs (136)

= BEinire 4 g e {131

¢lan relax “relax
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The intra-atowmic ferm in Eq. (136) is calculable as described previously. If
a frce atom A is placed into a pure solid tattice of the same species and it
is further assumed that placement in the lattice hias a small influence on the
initial-stale Hartree Fock encrgy cigenvalues ey (corresponding to an extra-
atomic potential effect of approximately zero), then the difference between
frec-atom and solid binding energics is given simply by the extra-atomic
relaxition term for the solid:

Ev¥(A, k. atom)-- En¥{4, k, solid)
=4 | Pldadzin — (da| Plpesarm (137

These extra-atomic terms have been derived? for a metal by iwssuming that
the conduction clectrons polarize Lo such an extent Lhat a screcning charge of
approximately unit magnitude occupies an atomic-like orbital centered on
the atom conlaining the core hole. As a reasonable choice for this orbital,
that possessing the dominant character of the lowest unoccupied valence
band in the solid is vsed, again together with an equivalent-cores approxi-
malion. Although this procedure overestimaltes screening becauvse the orbital
chosen is too localized, it docs give approximately correct magnitades for
atom-solid shifts such as those in Eq. (137), as is iltustrated in Fig, 29 for the
3d transition-metal series. Note the break in values at Z =29 (Cu) when the
screening orbital changes from 3d to the more diffuse 45 because of filling of
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Fig. 29. Differences between vacuum-referenced frec-atom 2p core binding cnergics and
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by the filling of the 3d valence bands. (From Ley er o, rel. 215 and 215).



98 C. 5. FADLEY

the 34 bands. Alternate calculation procedures of a somewhat more rigorous
nature have also been proposed Lo explain such atom-solid shifts238. 240-242
including especiolly discussions of possibie initial-state shifts in the solid?
Howcever, the scheme presented here clearly yields a semi-quantilative
approximation lor one of the most important factors, extra-atomic relaxation
as well as being very easy to apply to various systems. ’

As noted previously (Section II1.B), it has also been pointed out by
Ley er al''s that a localized-hole description can be used (o cslimate
relaxation encrgies associated wilth valence-leve! excitations in free-electron
mctals. Such relaxation energies are calculated by assuming that in the final
state a full single-clectron screening charge occupies an initially unoccupied
atomic-like valence orbital. Then, becausc there is minimal inner-orbital
relaxation, the difference operator P(N - 1, Z)~ P(N, Z) in Eq. (134) reducces
to the single terms Jynience + K vartence. and the final relaxation energy is given by
{<'f'vnlvm‘r | jwlll"l\l‘t' + Rvnlenro Id’vulcncv) ] i('ﬁvalence (jvnlcnce |¢vnlcnro> =
{-’valrncr. vRlrnee:

As a final comment concerning relaxation, the discussion surrounding
Fq. (_7?} and Fig. & should be recalled. That is, the occurrence of relaxation
requires by virtue of the Manne-Aberg-Lundqvist sum rulc given in Eq. (77)
that additional photeelectron intensity arises at kinetic energies bclow. that
ol l|'|(-: relaxed or adiabatic peak position, Thus, relaxation is very closely
associated with various kinds of low-energy satellite structure of types to be
discussed in Section V.D.

C. Multipler Splittings

Mnlli!ﬂcl splittings arise from the various possible non-degencrate total
clectronic states that can occur in the linal hole states of open-shell systems
whether they bhe atoms, molecules, or solids with highly localized unf'llle(;
valence levels. The way in which multiple final states can be produced has
already been briefly introduced in Section . A, and for most systems it is
fulcqlmlc to consider a tetal spatial symmetry designation (c.g. L=0,1,2, .
in atoms), a lotal spin designation (e.g. §=0, 1, 2, ... in atoms or molcv;':ul;s).
flml pcl:h.'lps also the perturbation of these via the relativistic spin-nrhi;
!nlcmclum. The simplest interpretation of atomic multipict splittings is thus
in terms of various L, § terms. Such effects can occur in any system in which
the null.:r subshell or subshells are only partinlly occupicd. The partial
vecupation provides certain extra degrees of freedom in forming total final
states relative 1o the closed-shell case via coupling with the unfilled shell lelt
behind by photoclectron emission. Multiplel effects can occur lor h-nlh corc
:-m.d' valence emission, as long as the valence subshell(s} are not totally occupicd
initially, Multiplet splittings also possess the important feature aof being
describable in first arder in terms of a single set of ground-state Hartree-Fock
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one-clectron orbitals. Thus, electron-cleciron correlation cifects beyond the
ground-slale Hartree-Fock approximation arc nol cssential Tor predicting
that multiplet cflects wilt exist, although, as will be shown, the inclusion of
corrclation effects is absolutely essential Tor quantitatively describing these
phenomena in certain instances,

Multiplet effects involving core-level holes are very commaonty encounicred
in interpretations of the fine structure ATISINg IB x-ray cmiIssion speclpat? 240
and Auger electron spectra® 246 248 Jlawever, it is more recenily that such
elfects were first recognized and studied in detail in connection with core
x-ray photoclectron  spectra of paramagnetic {ree moleculest- 24% and
(ransition-metal compounds #8. 250 Subsequently, numerous studics have been

carricd out, including applications to systems containing both transition-
57. 2590 257 and rarc-carth atoms, V5. 2% 260 qud a few compre-

metal aloms®®. !
d.262 205 Primary emphasis here will be on the

hensive reviews have appeare
clucidation of a few examples to illustrate the types of effccts noted and their
modes of interpretalion.

As an introduclory example ol one type of multipler splitting Tound in
KPS studics. M 250 consider first the ground-state Hartree Fock description
of photoemission from the 3s level of @ Mn2' free ion. as shown on the left-
hand side of Fig. 30. The ground state of this ion ¢an be deseribed in LS
(Russelt -Saunders) coupling as 35 68 (that is, S=1§, L=0) In this state,
the five 3d spins arc coupted parallel. Upon ciceting a s electron, however,
two final slates may result: IS (S=2. L - or IsAIS(S—A L -,
The basic difference between these {wo is that in the 85 state, 1he spin of the
remaining 3s clectron is coupled anti-parallel to those of the five 3d clectrons,
whereas in the 7.5 state the s and 3d spins are coupled parallel. Necausc the
exchange interaction acts only between electrons with parallel spins, the
78 energy will be lowered refative to the 55 encrgy hecause of the favorable
effcets of 35-3d exchange. The magnitude of this enerpy scparation will be
proportional 10 the 35-3d exchange integral K, ad. and will be given by'1#

ALEWIN) == EA3s3d5 55) ~ E3:3d5 75) = AL/(3s3d%)

=0Kas, 24

6e? 2 T rd
= [ ] = Pas(r)P3a(ra) Pasre) Paalr)) dry dre (138)
5 aars?

where ¢ is the clectronic charge, ro and r. arc chosen Lo be the smaller and
larger of ry and rz in performing the integrations, and Padr)fr and Paar)fr
are the radial wave functions for 3s and 3d clectrons. The Mactor 1/5 resubts
from angular integrations involved in computing Ka., as. A Hlartree l'ock
caleulation of the encrgy splitting in Eq. (138) for Mn®! gives o vilue of
AE/GsAdP) = 13 eV .48 250 Ag this predicted splitting is considerably larger
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Fig. M) The various linal state L, § multiplets arising from 3s and 3p photoemission from
a Mna?! jon. Within the S and P manifolds, separations and relative intensitics have been
computed wsing simiple aomic multiplet theory as discussed in the text. The separation and
relative imtensity of the 75 and 7P peaks were fixed at the values obscrved for 3s{1) and
oty in the Mal’s spectrum of Fig, M to lacilitate comparison with experiment. (From
Fadfcy, 1cf 262}

than typical XPS linewidths, it is not surprising that rather large 3s binding
cnergy splitings have in fact heen observed in solid compounds containing
Mu=tand such splittings are clearly evident i the 3s regions of the first data
of this type abtained by Fadley of al 7. 25" 35 shown in Fig. 31, Roughly the
left half of each of these spectra represents 3s emission, and the splittings
observed in Mty and MnQO are approximately onc-haif of those predicled
from Yq. (F38). The primary reason for this large discrepancy in magnitude
appears to be correlation eflects Jdue to the highly overlapping character of
the Y5 and 3d orbitals, as discussed in more detail below.

In considering further such core binding energy splittings in non-relativistic
atoms, it is worthwhile to present a more gereral discussion of the pholo-
emission process, inchiding the relevant sclection rules . 262, 263 If the
photoelectran is ejected from a fifled »! subshell containing g electrons, and
an uditled #'F valence subshell containing p electrons is present, the overalt
phintoenussion process can be written as

(') B ()7 1(n’l")? + photaclectron (139)
(illedy (1. %) (fr. 57
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Fig. 31. XPS spectra (rom three solid compounds containing Mn, in the kinetic cnergy
region corresponding to emission of Mnlds and 3p clectrons. The initial-<talc ions present are
Mn' 235 (MnEg, MnO) and Mn’ 1347 (Mn)y). Peaks due to multiplet splittings are lahelled
3s€1), I5(2), clc. Kan, 4 x-ray satellite structures are also indicated. (Liom Padley and
Shirlcy, ref. 86.)

Here, L and S denote the total orbital and spin angolar mamenta of the initaal
N-elcctron state and LY and S represent the same quantitics Tor the finad
jonic slate with (N — 1) electrons. As (1f)7 is a lilled subshel, its 1otal orbital
and spin angular momenta must both be zero and therefore 1 oand 8
correspond to the orbital and spin momenta of the valence subshelt (#'/}r.
In the final state, Lf and 57 represent momenta resulting from the coupling of
{nly@ ' (or, cquivaicnily, a single core-electron hole) with (w1}, The
transition probability per unit time for photoelectron excitation is pro-
portional to the square of a dipole matrix clement belween the initial and
final state wave {unctions (sce Scction 1.1 for a detailed discussion). In a
nearly onc-clectron model of photoemission, this matrix element can he
simplificd to the sudden approximation forms given in Fgs (68) and (74).
The selection rule on one-clectron angular momentum is A= - /- 1 1 s
stated previously. Conservation of total spin and total orbatal angular
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momenita requires that
AS=S/—-85= 1t} (140}
and
AL—=Lf-L=0, +1, 42, ., tlor L/=L+LL+I-1, . [L-1] (14D
Also, the overlap factors in Egs (68) and (74) yield an additional monopole
sclection rule on the passive clectrons, as introduced in Section 1H.D.1.
This rule implics that the coupling of the unfilled valence subshell (n'1")?
it the final stale must be the same as that in the initial state: that is to total
spin and orhital aingular momenta of L and S. Finally, any coupling scheme
for (n)? ¥ or (1"} must of course be consislent with the Pauli exclusion
principle. Since {#f)9 ! is assumed to represent a single hole in an otherwise
fillcd subshell, it must therefore couple to a total spin of } and a total orbital
angular momentum of L. Within this model, it has been shown by Cox ard
Orchard ' that the total intensity of a given final state specified by L/, 57
will be proportional to ils total degeneracy, as well as Lo the one-electron
matrix clement squared. Thus, in Russell-Saunders coupling’
fe L1, SN 287+ 2L+ 1) (142)
FFor the special casc of atomic s-efectron binding energy splittings, the
rclevant selection rules are thus:

AS=5/-85=+1} (143)
AL=L/-L=0 (144)

and the total intensity of a given peak is predicted to be proporlional Lo the
spin degeneracy of the final state:

Io(LS, STy 28741 (145)
Thus, only iwo final statcs are possible corresponding to S/=S5+ §, and the
rclutive intensities of these will be given by the ratio of their multiplicities,
or oL, S+4) 25+2

LodL,§—1) 28
The energy separation of these two states can further be calculated from

simpie atomic multiplet theory and is given by a result often referred to as Lhe
Van Vieck Thecorem V1R

(146)

AlEwns)}= EXL, S— Y- EA(L, S+1)) (147)
AlEw(ns)] = (25 + D) Kae.n't’ for S#O (148)
AlEw(ns)] =0 Tor §=0 (149)

lbere Kay, o'1" 15 the ns— n't” exchange integrat and can be calculated from

A

Koot 5mem |

5]_.‘1 _l r ,-.‘,—l Pns(fl)['n-r-(fz)Pna(fﬂPw!-(rl) d!’l dre “50}
o N
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where the same nolalion as that in Eq. (138} has been used. Fquations
(146)--(§50) indicate that such s-clectron binding energy splitmgs should
yield a doublet with a more inlense component al lower hinding energy
(corresponding to an exchange-favored linal state of /=5 + §) and o com-
ponent separation that is dircctly associated with hoth the initial staic spin
and the spatial distributions of the core and valenge clectrons as refllected in
the exchange intcgral. Thus, the potential for extracting certiain types of
useful and unique information from such splittings exists,

That Eyq. (148) provides a good description of the systemalics of such
s-level multiplet splittings has been nicely demonstrated in studies of the 4s
and Ss splittings in rare-carth metals and compounds wath varying ouler 4f
subshell occupation numbers and spins 3,278 25% a5 summarized in lig. 32,
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Elements
) F:g..JZ. Expcrimcnlfﬂ (poinis) and theoretical (lines) 4 and 55 binding encrgy spliltings
in various m_rc-ca.rth ions, The AFvy values are calculated vsing Van Vieck's Theorem
IFq. (148)}. ¥xpeviment and theory arc in excellent agreement Tur 55, bt the theorelical

spllmings must be reduced by a factor of 055 10 agree with the 45 data because of corre-
lation effects. {I‘'rom Mclccly ef af., ref. 259))
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The solid lines connect calculated values based upon Fq. (148) and are in
excellent agreement with experiment for the 55 splittings, whercas for the 4«
splittings, this simple theory must be reduced by a lactor of ~0-55 to agree
with caperiment. These results also suggest that Lthe 4s discrepancy may be
due to the same type of correlation correclion involved in Mn3s, as the
45-4f spatial overlap is high, increasing correfation, whercas the 55-4f
overlap is much lower, decreasing it,

Conliguration interaction calculations on Mn3' by Dagus er al.252 first
provided a more quantitative understanding of such corretation corrections lo
intrashell s-level splittings such as 35-3d and 4s-4f, They pointed out that, in
a Cl description of the true Mn?' final states corresponding 1o 3s emission,
several conligurations would be of special importance in addition to the
usual one-clectron-transition final configuration as shown in the left half
of ¥Fig. 30. (In writing such configurations below, numbers in parentheses
will denote the L, S coupling of the subshell to the lefi.) The 5 final state is
found to be composed almost completely of 3s'(25)3p%(1 5)3d5%("S), the one-
clectron configuration, and so is not much perturbed by CL. Another way of
saying this is that there is already strong exchange correlation in 7.5, so that
the addition of CI is not so significant. The 3§ final state is by contrast
expected 1o have significant contributions from nol only the onc-electron
configuration 0(55) = Is1(2$)3pM 1.5)3d3(85), but also from configurations in
which it formatly appears that one 3p electron has been transferred down (o a
35 orhital while another 3p electron has been transferred up to a 34 orbital:
P38 - LSV APYIAAP), Da(55) = Is2(LSVIp(OPIIdNOPz) and Dy(8S) =
IS INIAD)Y. (The notations 3d%3P1) and 3d%Py) stand for two
independent ways in which 3d® can couple to 3P.)) Thus, there will be at least
a fourfold manifold of 55 states, and the lowest-energy member is expected 1o
be lowered significantly (that is, to move toward 75). In fact, the 55 stale
nearest 1.5 is found to be only 4-71 eV away, in much better agreement with
the cxperimental splitting lfor MnF; of 6-5 eV than the estimate of ~ 3¢V
obtained from Fq. (138). Such intrashell s-level multiplet splittings can thus
only be predicted accurately when correlation is allowed for, whercas
intershell s-level splittings are, by contrast, well predicted by Eqg. (148).
A turther sipnificant clTect predicted by these Cl calculations for the Mn?' 55
states is the existence of additional experimental fine structure. Specifically,
there are four 55 states at £y, Fa, E3, and Ey, that can be written to a good
approximation as

THES) = Coe®i(38) + Crabo(5S) + Craha(*5) + Craths(*S)
Fa(55) = CopI(58) + Caa'Daf55) + Caatba(55) + Caa'li(55)
Ta(8) = Carthi(35) + CaaPa(35) ) Caztba(55) + Cagbo(5)
Ta?8) - Ca™i{38) + CraPe(35) 4 CaaDa(55) + Caa®a(55)

(1sn
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As the initial state is rather welt described by a single conliguration
IO SPA(LI)I(0S) possessing the d-clectron coupling of @, (he sudden
approximation result of Eq. (84) can immediately be used to show that the
four 85 tntcnsities will be given by

hao |[Cuf?, B |Cal? ha|Ca|2 o |Cy)? (152)

with the total intensity o+ T2+ I3+ Iy still being proportional to the spin
degencracy of 5. Evaluating the encrgies and relative intensitics in this wiy
yiclds a prediction of a total of only three observable %S peaks {one is too
weak Lo be seen easily) and one observable 7.5 peak in the Mo2' spectrum.
Weak structures in good agreement with these predictions have, in fact,
been observed by Kowilezyk ef o/.,2%9 and their experimental results are
shown in Fig. 33. These C1 calculations also explain a peak intensity dis-
crepancy noted relative to simple multiplet theory: namely that the intensity
ratio 55(1)/75 in Fig. 31 or Fig. 33 is significantly below the 5/7 predicted hy
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Fig. 33. Higher resolution Mn3s spectrum from MnF; obtained with monochromatized
AlK 2 radiation (cf. Fig. 31). The peaks 55(2) and %5() arisc from final siate conliguration
interaction (correlation cffects) according to Uq. (151). (From Kowakezyk ef al, el 251)

Eq. (146). It is thus clear, that, although a first-order description of multiplet
effccts is possible within a non-coreelated Hartree-Fock approuch, a detaited
description of the numbers, positions, and relative intensities off peaks may

require including correlation cffects, especially where intrashell interactions
dominate,

The first observations of s-electron core hinding entergy splittings analogous
to those described by Lgs (146) (150) were in RUSCOUS, pitramagnetic
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tig. 3. XPS spectra from the 15 core elecirons of the gascous molecules Ny, NO, and
Oz The s peaks from the paramagnetic molecules NO and Oa are split due to final-state
mwltiplets. Dismagnetic N2 shows no splitting. (From Siegbahn er al., ref. 4)

molceules.?- 249 1edman er a/.Z% found splittings as large as 1-5eV in the
s photoclectron spectra of the molecules NO and Og. These resulls are shown
in ¥Fig. 34 along with an unsplit 15 specteum from the diamagnctic moleculce
Naz. In each case, it can be shown that the observed energy splitting should
he proportional to an exchange integral bciween the unfilied valence
molecudar orhital and the Is orbital of N or 01 in analogy with Eq. (14R).
Theoretical estimates of these splittings from molecular orbital caleulations
give vitues in good agreemet with experiment,t 197 as expecled for such
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intershell interactions in which correlation effcets are much deercased. The
obscrved intensity ralios ol the peaks arc lurthermore very close to the rafios
of the final-state degeneracies, also in agreement with simple theory.

The analysis of binding energy splittings in envission frotn aan-s core levels
is not as straightforward as for s-level emission, primarily duc to the fact that
the core-electron hole represented by (1437 ' (which now has associated withit o
spin of § and a ron-zero orbital angular momentum of /) can couple in virious
ways with the valence subshell (#°1)? (which can have various spins 57 and
orbital angular momenta L, including the initial vialoes S and L) to form a
final state with a given (otal spin S/ and total orbital angular momentum
LS. Thus. the number of allowed final states increases and their energy
separations will in peneral be determined by both Coulomb and exchange
integrals through different coupling schemes. Additional complexitics arising
for non-s levels arc caused by spin-orbit coupling and crystal-ficld splittings.

The simplest procedure for calculating such non-s cnergy scparations is
again to use non-relativistic atomic multiplet theory #6. 250 262 262 Aq ap
illustrative example, consider 3p clectron emission from Mn2', as indicated
in the right-hand portion of Fig. 30. For this casc, {nl)7 4~ I3, (a'I")?=- A"
and the initial state. as before, is *S(S=1§, L=0. The previously stated
selection rules imply that the allowed finad states correspond 1o 7(8 - 3
L=1)yand 5P (5=2, L=1). Although a 55 (S=2, L=0) final statc would be,
consistent with selection rule (141), it requires changing (he coupling of
3d* from its initial *S and so is not allowed. There is only one way for 3p5 to
couple with 345 to form a 7P stale, that being with 3p* (always coupled to
total spin=s5=14 and total orbital angular momentum =7— 1) coupled with
3d4% in its initial state coupling of 85 (5= 3§, L =0). However, there are (hree
ways 1o form the allowed 5P final state by coupling

Ipfs=L, I=1) with 35855 =3, L"--0)
Ipe=3,1=1) with 3d5UNS =3, L" -2
and
IpMe=4 I=1) with 3J54P(S =3 L"=1)
Thus, four distinct final states are possible for 3p emission from Mn2’, ane
7P and three 3P. As there are off-diagonal matrix elements of the Hamiltonian
between the various 3P coupling schemes, '8 they do not individually repre-
sent eigenfunctions. The cigenfunctions desceibing the 57 final states will thus
be linear combinations of the three schemes:
TUBEP) = CoP(AS) + Coa™AUN ) Cra(*r)
W (3P) = Coh(BS) 4 Coa®(*D) + Coa{(1P) (153
Wa(5P) = Cyoy'(8S5) + Cash(1 1) 4 Carb( 1 1)
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where cach 5P configuration has been labelled by the 3d% coupling involved
and the Cy's are the vsual expansion coeflicients. The encrgy eigenvalucs
corresponding to these cigenfunctions will give Lhe separations between the
5P states. Such cigenfunctions and eigenvalues can most easily be delermined
by dingonalizing the ¥x 3 Hamiltonian matrix for the 3P states, where each
matrix element is cxpressed as some linear combination of Jaq, a4, Kad, a4,
Jap.ad, and Kap 143 DEIf Coulomb and exchange integrais from a Hartree-
Fock calcolation on Mn?! are used, such matrix diagonalization calculations
yield the relative separations indicated on the right-hand side of Fig. 3088, 20
Once again, the sudden approximation resull of Eq. (84) indicates that,
hecause the initial state is rather purely 3d%(®S), only those components of
the 5P states represcnted by Cr®(85) are accessible. Thus, the individual
intensities of "Iy, 'z, and '3 can be computed from |Cnf2 |Cal? and
| Car{2, respectively. In determining the total intensity ratios for the 3P and
7P stales, Fq. (142) can be used to give:

hot(*P) : (P P) = [H(PPY+ B(PP) + I(3P)] © Lha(PP)=5 17

The refative peak heights in Fip. 30 have been calculated in this way, and the
experimental ds(1)-3p(1) separation and relative intensity for MnFa were used
to cmpirically fix the scales between the 3s and 3p regions. The separations
and relative intensities of the peaks ohserved are found to be at least semi-
gquantitatively predicted by this simple, atomic L, § coupling model M. 250
and these results have been confirmed in more detail by later experimental?s5
and theoreticat2™ studies. The remaining discrepancies between theory and
experiment for this 3p case could be caused by a combination of effects due
to correlation, spin- osbit coupling, and crystal-field splitting, although
calculations by Gupta and Sen?5® indicate that the latter two are probably not
so significant. Ekstig et al2% have carricd out matrix diagonalization
calewlations like those described here but for more complex scts of final
Ap-hole states in 3d transition metal atloms in an attempt to interpret soft
x-rity emission spectra from solids. The theoretical aspects of calculating
such non-s splittings have also recently been reviewed by Freceman ef af 249

eeper non-s care levels in 3d atoms should also exhibit similar splittings,
although the magnitudes will be reduced hecause of the decreased interaction
strenpths between the core and 3d orbitals. For example, Fadley and Shirley®®
first noted that the Mn2p levels in Mnl'; are broadened by ~ 1-5 eV relative
to these in low-spin (fillcd subshell) compounds, and suggested multiplet
splitlings as the origin of this broadening. Subsequent measurements al
higher resolution by Kowalczyk e al. 25 coupled with theoretical calculations
by Gupta and Sen 257 have confirmed this suggestion, and also verified the
existence of peak asymmetrics and anomalous 2p, -2p, separations. For this
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2p case, both multiplet effects and spin orbit coupling arc of similar
magnilude, and were included in calculations that successfully predicied
the observed spectra.25?

Analogous non-s core-level splittings bave also been studied in systems
with partially-filled / subshells #. 260. 286 and the anomalous shape and
decreased spin- orbil sphtting in the Tudd spectrum of Fig. 6 is, in fact,
attributable to such effects 8

Although only multiplet effects on corc-level binding enerpics have
bcen considered up to this point, such phenomena can play a considerible
role in determining the fine structure observed in valence spectra (as has
been apparcnt for some time in UPS studies of free molecules®). In
particular, XPS valence specira obtained from solids containing highly
localized d levels or f levels are expected (o be influenced by such multiplet
efTects B2, 158, 157, 2685, 208, 207 with the relative infensities of various allowed
final states being determined by fractional parentage coeflicients, as described
in Scction 111.1>.2 and clscwhere.!58. 157. 262 fleden er al.?% first obscrved
such cflects in valence spectra of 4f metals. As an example of the occurrence
and use of such splittings in studics of rarc-earth compounds, the XIS
results of Campagna cf /.28 and Chazalviel er af 2% show strong multiplet
splittings in the valence spectra of Sm-chalcogenides and a mixture of two
markedly different multiplet structures in cerfain S compounds that are
thought 1o cxhibit valence fluctuations between Sm'®4f7 and Smt4f 4,
Some of these results for SmB42% are presented in Fig. 35, in which the £.. S
multiplets expected for both Sm'2 and Sm'3 are labelled. Theoretical
intensities have becn calculated using [ractional parentage cocilicients,'5#
and the agreement between the theoretically simulated spectrum and cxperi-
ment is cxccllent. Baer?™ has also presented very high-resolution XPS
spectra for various 4f metals that further confirm the existence of these atomic-
like multiplet effects. In analogous multiplet effects in valence  orbitals, the
inclusion of crystal-field effects is also expected to be important, as has been
emphasized in a recent discussion by Bagus ¢f af /%7

In comparison (o chemical shifts of core-clectron binding energies, multi-
plet splittings of core- or valence-energies thus represent higher-order effects
yielding a different type of information. In their simplest interpretation,
chemical shift measurcments detect a change in (he spatially-averaged
potential experienced by an electron, whercas analyses of multiplct effects
have the capability of determining the valence clectron configuration or the
detailed strengths of various higher-order clectronic interactions. The two
types of measurements are thus complementary. Numerous applications of
multiplet splittings measurements are thus possible in the study of the trinsi-

tion series melals, the rare carths, the transuranium elements, and open-shell
systems in general.



110 €. S, FADLEY
‘ Sm BG EXPERIMENT
P o’ "\".
40K} - - : -
'/. .
.r,- -.\\
. A N o
q" \ﬁv‘ ~ .‘
| \“'\”A - — ‘-r'.
WoK|- ] .
Z + H 2+
z (4f) i SmTaf.
5 Ob—-doa v w0 Lo ) owoa o B A
~ |
2 ~
- THEORY
= . -
3 4K}~ S s
'TY /" i .
| / o o
- ".' r .‘ GH‘
G Fon 8 .
%o SF \/ v F
10K ool al .
SmSi 2+
0 | R S S U A S TR S TS U IR e
15 10 ] OrEg

ENERGY BELOW Ef (ev)

¥ip. 'H 'xperimental and theoretical 4f valonce specira from SmBy, a “mixed-valence"
metallic compoond believed 1o contain both Sin'2 4f* and Sm*? 4% The intensities of the
various final-state multiplcts for Sm'2 -~Sm'? amd Sm'?>Sm*! were computed using
fractional parentage cocllicicnts and arc indicated as vertical bars, These calculations were
hroadened by an cmpirically-derived function of the form of Eq. {158) to generate the final
theorctical curve. Monochromatized AlKa was used for eacitation. (From Chazalviel
et al., ref. 260.)

D. Multi-electron Excitations

V. Futroduction. In this section, scveral types of final-state effects {and, to a
lesser degree, initial-state effects) that involve what appear to be “multi-
clectron™ excitations during the photoemission process are considered. The
term multi-clectron is judged against a purely one-cleciron description in
which noe final-state relaxation occurs. From the oulsel, it is clear that relaxa-
tion does oceur, so that all transitions are indeed N-electron. Also, in a
configuration interaction picture, the various mixtures of initial- and final-
sfate conligurations involved could easily make itimpossible to distinguish
clearly a one-clectron component of photoemission. Nonetheless, all ellects
discussed here do somchow represent final states that deviate in a well-defined

X-RAY PHOTOELECTRON SPECTROSCOPY 1

way [rom the single initial-state Harlree: Fock determinant thai hest approxi-

mates the one-electron photoemission event. The discussion hegins with
relatively simple forms of multi-efectron excitation {shake-up a nd shake-off),
bul then comes to involve more complex phenomena that are important in
XPS studies of certain atoms, molecules, and solids.

2. Shake-up, Shake-off, and Relased Corrclation Fffects. Multi-clectron
processes in conncction wilth x-ray photoemission were first studicd in detail
by Carlson, Krause, and co-workers.!?® In these studics. gascous neon and
argon were exposed Lo x-rays with cnergies in a range from 270 ¢V to |5 keV.
Measurcements were then made of both the charge distribntions of the resulting
ions and the kinetic energy distributions of the ejected photoelectrons. T'rum
these measurements, it was concluded that two-electron and even three-
electron transitions occur in photo-absorption, with total probabilities which
may be as high as 207, for each ahsorbed photon. By far the most likely
multi-clectron process is a two-electron transition, which is approximatcly
ten times more probable than a three-electron transition. Two types of two-
electron transitions can further be distinguished, depending upon whether the
second electron is exciled o a higher bound state (“shake-up™) or to an
unbound continuum state (“*shake-ofl*13%), These are indicated in the transi-
tion below (cl. the corresponding one-elcctron transition in relation Fq.
{139)):

Shake-up:

(nh)o(n’l'yr - —A—"ﬂ- (nhye-Y(n'l'yr- Y n" 1" + photoclectron (154)
(r. St [ AN

Shake-off:

(nlye(n' i) . (nd)e- (' I} Y Exin" ") + photocelectron (155
Here (n'l")? represents some outer subshell from which the second electron is
excited; it can be filled or partially filled. Either shake-up or shake-olf
requires energy that will lower the kinetic encrgy of the primary photoclectran.
Thus, such multi-clectron processes lead to satellite structure on the fow-
kinctic encrgy side ol the one-clectron photoelectron peak, as shown
schemalically in Fig. B.

Higher resolution XPS spectra have been obtained maore recently for neon
and helium by Carlson er al/2%* and for necon hy Sieghahn e af #1270 A
high-resolution Nels spectrum obtained by Gelius e ol 27 is shown in Fig. 6.
The two-clectron transitions thal are belicved to be responsible for the
ohserved spectral features labelled 2 to 14 occurring at rebative encrgies from
3310 97 ¢V below the one-electron peak are listed in Table 1. The total two-
clectron shake-up intensity in this spectrum is thus estimated to be approxi-
malely 125 of that of the one-electron peak. Both shake-up and shake-ofl
together account for ~ 30%, of all emission events,
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fig 36, Iligh-resobution shake-up spectrum associated with excitation from Nels in
gascous ncan. Table § hists the origins of the various satcllite peaks labelled 1-14. The
Nels FWIHM was reduced to 0-4 ¢V in these measurements by using a monochromatized
AlKa source, (From Gelius, ref. 270.)
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Note that the initial and final states given in Table 11 arc assumed to be
composed of a single clectronic configuration. This assumption, together
with the sudden approximation as outlined in Section Hi.D.1, permils
predicting such shake-up and shake-ofl peak intensilies in a very straight-
forward way. " Namely, Ig. (75) is used for the relevant matrix clement and
it is noted that, in the passive-clectron manifold, the only major change
occurring for a two-clectron transition is ¢n 1 -> $a-i-, with all other passive
orbitals remaining in very nearly the same form. Thus, (s’ |#5> = 10 unless
the overlap involved is (fyn-r-|dnr'>. and the probability of a given transition
is in simplest approximalion?$?

Putr ot Nt [ Ruete | Rt |2 (156)
where Nn-r is the occupation number of the n'l’ subshell, and allows for a

summation on ricne {which must equal my=m,-). Here the radial lunction
Rn-1- must he calculated in the final-state ionic potential, and Ry - isa radial

function for the initial state. By virtue of symmetry, the overlap in Eq. (156)

will only he non-zero if I"=F, a result that is often termed a one-electron
monopole sclection rule. Thus, for example, only 25 —»ns and 2p —np
monopole transitions yicld large intensities as quoted in Table 11 (although a
single, weak 2p s dipole Iransition is also thought to be present). The
1olal symmetrics for the (N — |) passive electrons are also predicted to follow a
muonopole rule of the form predicted by Eq. (69)

AL=AL~AS-AMy=AM=AMs=An=0 (157

where J is the quantum number for L+ 8, apd = is the overall state parity.
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Equation (156) has been uscd with reasonable success in predicting
shake-up and shake-ofl intensitics in corc-level cmission from rare
gases 4. 135, 209.270271 a5 well as from alkali-halides?*?! for which the com-
ponent jons puossess rare-gas conligurations. Some previous results for Nels
emission arc summarized in Table 11, where calculated two-clectron peak
separations and relalive intensities are compared with experiment. The
various final-state configurations are noted and for this case the 'I"g(¥ - 1)
of Eq. (69) corresponds 1o an unrelaxed Net 152522p% wath an overall L, .S
coupling of 25. There is reasonahlc agrcement between theoretical and
experimental separations. but the theorelical values are wniformly high by
about 1'8eV out of 40 eV, and have bcen back-corrected by this amount
before entry in the fabte.2? The necessily for this correction has been
explained as a 2p-2p correlation and relativistic crror in the Hartree- ock
calculation for the one-electron 2p® final state that is of much Jlower magnitude
in the various 2p5np two-electron final states hecause of the reduced 2p np
overlap. Theoretical and experimental relative intensities are also in fair
agreement, It should also be noted in connection with these data that the
various L, S mulliplets formed as finat states must be considered. [For
cxample, the peaks indicatled as “lower™ and “upper™ in Table 1 are due
to a multiplet splitting of the same (ype noted on the right-hand side of
Fig. 30 for the 5P stales of Mn?', In the case of Ne!, 25 states can he formed
in two ways from Lhe same total conliguration 152s22pinp: onc in which the
15 electron is coupled with 2522p5np().S) and one in which it is coupled with
222p5np(38).4- 1% A similar effect occurs in 15252p%s final states. Thus,
there may be considerable interaction between multi-clectron processes and
multiplet splittings, and a complcte specilication of the final siate musi
include possible multiplet effects.

The assumption of single-configuration final states used in the previous
analysis clearly is open to question, especially since the best description of
all states would presumbly be via a complete confipuration-interaction
treatment. Martin and Shirley' have performed CI calculations (or Ne and
the isoelectronic molecule HF that do indeed indicate that configuration-
interaction elfects can be significant. Their analysis proceeds vin an eguation
analogous to Eqg. (83), from which it is clear that both final-state C1 and
initial-state CT can complicate the calculation of intensitics by opening up new
options for non-zero (Cf)* ¢y products. In particutar, the mixing of both the
15225220 and 1522522p%3p configurations into the initial state and the linal
slates corresponding to the observed peaks 0, 3, and 4 is found to significanly
alter the calculated intensitics so as to yicld belter agreement with experiment,
as shown in Table II.

It should also be noted that the total shake-up intensitics associated with
valence-level emission are generally observed 1o be higher than predicted by
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the simple theory outlined above, a result that is consistent with much sironger
intrashell corrclation effects 195, 269 For example, Chang and Poe?72 have
recently performed theoretical calculations for Ne2p excitation at A+ <200 eV
using more accurate many-hody perturbation thcory. Their rcsulls are in
good agrecment with available experimental data.

Similar corc-level shake-up phenomena are also well known in mole-
cules? 269.270 and the same type of sudden approximation analysis as
represented by Fqgs (69) to (74) has been vsed with some success to predict
intensities. 279271 In connection with valence-level emission a recent Ci
analysis of low-encrgy satellite structure in CO by Bagus and Viniikka??s
indicates that higher-order correlation eflccls are also highly significant, in
agreement with the similar conclusions reached previously for atomic
valence-level shake-up.

3. Multi-clectron Excitations in Metals. Processes analogous to shake-up
and shake-ofT are also expected to occur during core-level emission from solid
metals, where the Torm of the density-of-states curve above the Fermi
encrgy provides a continuous range of allowed one-electron excitation
encrgies, rather than the discrele sel available in aloms or molecules. Thus,
rather than a sharp set of salellite lines below a roughly symmetric one-
clectron-transition peak (cf. Fig. 36), what is cxpected is an asymmetric
tailing of the main peak. The detailed tine shapes associated with such
processes in XPS core-level emission were first discussed by Doniach and
Sunjic??® and arc predicted Lo have the form:

cos [raf2 4 (1 —a) tan-1 (Efy))

’(E)= (E‘3+72){l—nln"2

(158)

where

k =kinctic cnergy measured from the threshold of the unbroadened
onc-electron-transition peak

y =the liletime of the core hole
e =an asymmelry parameter

=23 Q1+ 1)Bifm)? (159)
{

S1=the phase shift of the /th partial wave for electrons at the Fermi
cnergy scattering from the core hole.

2y is thus the natural FWIHM of the core-level, If a=0 (as il is for insulalors),
then 1(F) merely reduces to a Lorentzian lifetime broadening. The phase shift
& thus has a meaming very close to those discussed in conncclion wilth atomic
dilferential cross-sections in Section HLLD.2 (cf. Fig. 9).
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Citrin2?7 first pointed out that XPS melal spectral shapes exhibiled an
asymmetry suggestive of Eq. (158). The first quantitative tests of the applica-
bility of this line shape for describing such spectra were performed by
Hiifner, Wertheim and co-workers.® They fitted Fq. (158) 1o core specira for
various simple metals and transition metals, empirically choosing the best
values of y and «. The spectra were corrected for instruimental resolution
effects, but not for inelastic scattering. Examples of such a comparison
hetween theory and experiment for Au and Pt™ are shown m the right-hand
pancls of Fig. 37. [Lis signilicant here that Au with a low density of siates near
the Fermi level shows a much lower degree of asymmetry than Pt with a high
density of states near the Fermi level. Hiifner, Werthcim ef al. M concluded that
this line shape does well describe the peaks obscrved in these metals, and that
the values of y and « oblained were physically reasonable. Similar conclusions
have been reached in several other studics, 5. "1 and it thus seems likely that
such shakc-up-like cffects do exert a significant influence on line shapes in
metals,

A further closely-related efTect that has been predicted to occur in metals
is the creation of plasmon excilations during the formation of a core
hole.184. 278 Such “intrinsic™ plasmons are distinguished from the “extrinsic”
plasmons created during photoelectron escape from the material, although
they occur al the same encrgy and are thus rather difficull 1o resolve from
the experimental inelastic tail. Debate still continues as 1o how important
intrinsic plasmons are in XPS spectra,2’ and some angular-resolved XI’S
results bearing on this question are discussed in Section VLI,

4. Core-peak Satellites in Transition-metal and Rare-carth Compounds. Very
strong low-kinetic-encrgy satellite fincs were first obscrved in a stady of
Culp core levels in compounds such as CuS and CuyO by Novakov?®,
Similar results obtained more recently by Frost ef af.281 are shown in Tig. 18,
and it is clear that the satellite peaks have intensitics comparable to those
of what might be referred 1o as the one-electron-transition peaks at lowest
apparent binding encrgy. The appearances of these satclites alse depend
strongly on chemical state, bheing most intense in cupric compounds
containing Cu'? 34® ions, and almost unobservable in cupric compounds
containing Cut! 3" jons. Similar strong sateliites also occur i the
core spectra of other open-shell transition-metal and rarc-carth com-
pounds.?14.262-268 They are thus much higher in relative intensity than the
10-30%, expecicd from typical atomic-like shake-up processes, and a great
deal of discussion has gone on concerning their origins. Summaries of
experimental data, as well as analyses of various proposed models, appear
in several prior publications, ! 4. 280-204

The most plausible explanation that has emerged for such effects is a
significant involvement in the final state of a ligand-to-melal charge transfer
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Fig. 37. 4f core spectra from polycrystalline Au and Pt (points) in comparison to a best
fit of the asymmetric line shape predicted by Fq. {158) (curves). In the right pancls, the
data have hbeen correcled by deconvolution of the instrumental tine shape, hutl no correction
for inclastic scattering effects has been made. The instrumental fine shape was derived from
the form of the cot-off near £y (cf. Fig. 13). (From Hiifner and Wertheim, vel. 84))

that results in a 3d or 4f configuration with onc more d or felectron than in
the initial state 114, 282, 283, 265, 288 Tl jc jdea was (irst suggested and qualitatively
discussed by Wertheim et al.114 for satelliies in 4f compounds and by Kim?2#?
for 3¢ satellites. The importance of such 3d" —» 3d"'t and 4f" —» 4fn+1
conligurations is nol surprising, since they represent an aitempl to screen
very clfectively the core hole formed during final-state relaxation. In fact,
there is a high degree of similarity belween such final-stale configurations
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Fig. 38. 2p4, § and 3s, 3p core-level spectira from the copper compounds Cul), Cugf),
CuClz, and CuCl. The low-encrgy saicliles are very strong in Cu'2 3d® compounds {Cul),
CuCl2), and very weak in Cu'! 3d"™ compounds (Cu200, CuCh. (From Vrost ¢f af, sl
281)

and those used by Ley et al.23% 1o describe conduction-clectron screening in
melals (cl. Fig. 29 and discussion in Scction V.B). The absence of satcllites
for closed-shell ¢ or f systems is immediately explaincd in this picture, as
such relaxation mechanisms are not possible. The most quantitative dis-
cussions ol this model as applied to 3d-compound satcliites have been
presented by Larsson?® and Asada and Sugano.?®® A wwo-conbiguration
manilold is used to describe the final-state core-hole wave functions, with
one configuration ®; being the simplest final-state determinant with no
change in valence-subshell occupations and the other @ being a determinant
in which a singlc-cleciron ligand-to-metat transfer has accurred. Specilically,
in an oclahedrally-coordinated system, the transfer is ascribed 1o a monopole-
allowed cxcitation of the type:20. 285, 20 o (honding) = cxP - cglanti-
bonding) =¢g*. Both orbitals are expressed as linear combinations of met:t)
d and ligand valence, with eg* being primarily metal 3d. The crystal-ficld-
split octahedral symmeltry designations arc used, and the sudden approxi-
malion one-clectron monopole selection rule must here be applied to these

symmetries, 17 only the actlive orbitals are considered, the two linal-stale
configurations can thus be writien ns ;2%

¥ =(core hole) {egP)"(cg")™

Ty =(core hole) (eg")" Yegh)mi? (160}
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Mixing these conligurations produces two final states with differing degrees
of charge transfer:

T =Crby+ Cratby at By
Wof = Coy'by 4+ Cagthy  at  Epf (161}

The “main™ line occurs al lower Ef and thus higher kinctic encrgy and lower
binding energy. If I/ is chosen to represent this main line, it is found to
correspond to a net transfer of 205 clectrons 1o the metal site 110 285
Thus, hole screeming 1s predicled Lo be very appreciable as far as this stale
is concerncd, and the mixing represented by Lig. (161) is highly significant,
1 the depree of one-clectron-orbital relaxation is small, then @y is approxi-
mately equal to the (N -- 1)-electron remainder I'g(N — 1) in Eq. (69), and
the sudden approximation yields peak intensities via £q. (84) of

hoo[Cul? ko |Cal? (162)

Additional splittings due 1o crystal-lield efTects, multiplet effects, and spin-
arkit interactions cause lurther line structure in the predicted energies, and
onc-clectron orbital relaxation has furthermore been included by means of
the equivalent-core approximation.?# With a limited degree of empirical
parameter chowee, numerical results based upon this model are in good
agrecement with experimental satellite data for 3d compounds as to intensities,
widths, pesitions, and systemalic trends with ligand characler and d-orbital
occupitions 285 280 Eipafly, it is important to note that Vinitkka and
Bapus''® have carried oul more accurate sell-consistent Hartree-Fock
calculations with configuration interaction on fully-relaxed core-hole states
in the clusier [NiQg] . These results also show that a significant ligand-to-
metal charge transfer of ~0-5 clectrons is present in the state representing
the main hinc. It is also concluded that the two primary final states contain
significant admixtures of both configurations (Cy =09, Ci20-3, Cyy1 =03,
('222:()'9).

The oceorrence of such two-configuration charge-transfer satellites has
s been sugpested in connection with the adsorption of CO on transition-
metal surfaces 287 In this case, salellites observed in the Ols spectrum are
attributed 10 the strong involvement of a metal-to-molecule charge (ransfer
(that is, the reverse of the dircetion discussed previously}.

Thus, such satcllites and the charge-transfer they represent can be
extremely important considerations in the analysis of spectrav in many
systems. The term “shake-up™ has been applied to these ellects, 283, 285, 2f4
but such nomenclature can be a bit misleading in the sense that the final
stiles are nol pure conligurations that are as simply related to the initial
state as for the neon case of Table 11 The most correct view would seem to be
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simply that a strong confliguration interaction occurs in the final state due to
refaxation about the inner hole,

1t is finally worth noting that the presence or nhsence of such satellites
has potential for use in a *““fingerprint”™ maode for determining the oxidation
stade andfor valence configurition of Xd or 4f atoms in dilTerent chemical
cnvironments,

5. Other Multi-electron Effects. As a linal example of multi-clectron elfects,
we consider the observation first made by Gelius27® that, lor a scries of
clements with Z=50-60, the dp binding encrgy broadens into a niny-
clectron resonance with complex structure, as shown in later data obGuned by
Kowalczyk et al2'% in Fig. 39. This rather unique occuerrence has been
observed in both gases?™ and solids,?t5 and has becn explained by Wendin
el al 288, 280 a5 being caused by the particular onc-electron energy-level
spacings involved. Specifically, the single-configuration final-state after 4p
emission is ...4p%4d'552 __ with the remaining outer occupancies depending
upon Z. However, the 4d binding cnergy is approximately § that of 4p in this
region of the periodic table, so that one 4 electron can be moved into the
lower-energy dp orbital and another 4d electron can be placed in a low-
energy unoccupicd bound orbital or continuum orbital 1o yield a sct of
confligurationslike .. .4p%4d85s2 _ (n"1") or.. 4pO4d®Ss2 . (Fyen™ ") respectively
that arc ncarly degenerate with the one-clectron final-state conliguration.
Strong mixing thus occurs among these configurations, with a resultant
smearing ol the final states into a broad resonance with fine struciure. The
mixing in of continuum configurations can also be considered 10 resull from
a Coster-Kronig Auger de-excitation of the 4p hole via 4d > 4p, 4d -
continuum. The form of the interactions further dictates that orbitals with
I"=2 are dominant 2. 28 (Note the simifarity between the configuration:!
degeneracy discussed here and that noted by Bagus er af.252 in their analysis
of 35 emission from Mn2t, cf. Section V.C). It is thus rather Tortunate thit
such resonances are rare phecnomena throughout the periodic table, as one-
electron energy levels would otherwise be a much less useful concept.

E. Vibrational Effects

The effects of exciting various final vibrational states on XPS spectra werce
first clearly obscrved in gas-phase Jata obtained with monochromatized
radiation by Gelius and co-workers.2™ A ClLs spectrum obtained from gaseous
CHy is shown in Fig. 40, and it exhibits a three-component structure that
can be explained as arising from the excitation of three dillerent vibrational
states of the symmetric C- H stretch type.2? The relative intensitics and
positions of these peaks are furthermore Tound to be in good agreement with
a thcoretical maodel based upon the Born. Oppenhicimer approxnmalion as
expressed in Eq, (63), provided that it is noled that the Cls hole alters
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Fig. 39. 4s, 4p core-level spectra for a series of metals from Mo (Z=42)to Ta(Z=

Note the broad 4p resonance that exists from Zx 49 w0 Zz60. (From Shirley 1 of., ref.

215)
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vibrational energics and wave functions appreciably in the final state. Similar
vibrational effects appear (o be present in other small molecules, and it is
thus clear that XPS peak widths and positions can be significantly alfected
by final-state vibrational excilations,

Vibrational cffects have alse been noted in XPS studics of solids by Citrin
et al® In this work, core peaks in alkali halides were found 10 exhibit
temperature-dependent line widths consistent with the excitation of lattice

CH,

- EXp Cls
~-LEAST SOUARES FI
(].l'de‘d'_|

TessT-T

v 915 910 2905
BINDING ENERGY

Fig. 40. A C1s spectrum from gaseous Cliy obtained with very high instrumental resoln-
tion (FWIIM =0-3 ¢V) The lowest-binding-cnergy primary peak shown here is found 10

exhibil three components due to vibralional excilations in the final state. {(I'vom Ciclius,
ref. 270.)

vibrations (phonons) during photoemission as shown in Fig. 41. A solid-state
analysis based upon the Born-Oppenhcimer approximation and PFranck
Condon factors yields the proper variation with temperature, provided {hat
the effects of specimen charging due to low conductivities at low (em-
peraturcs are corrected for, as shown in the figure. Such ellecis are thus
expected to be important in all polar solids for which clectronic relaxation
around the core hole cannot bhe complete eiough to leave finak vibration:
stales of very nearly the same form as the initial vibrational states, In metals,
on the other hand, conduction electron screeming is expected 10 be complele
cnough to leave the initial- and final-vibrational manifolds nearty identical.
Thus, in metals the distribition of phonon excitation probabilities or Franck
Condon envelope is sharply peaked around the initial states (s can be scen by
cansidering Fq. (63) for a single set of orthonormat functions); therelore, very
little extra broadening is expected.
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Lig. 41, Varistion of the K2py FWIHM with temperature in solid K¥, KCl, and K1.
thccurves @ @ arcethe unaltered experimental data. The curves —.()—(}-— have been
conccted for difetime and instrumental width contributions. The dolied curves represent
further corrections for specimen charging thal occurred in KF and K1 at low temperatures.
‘The solid curves arc theorctical calculalions based upon final-stale vibrational broadening.
(From Citrin et al., ref. 85)

V. ANGULAR-RESOLVED MEASUREMENTS ON SOLIDS

A. Inmtroduction

Angular-resolved XPS studies of solids have very recently heen reviewed
by the author,!7 so only a briel outline ol the most signiflicant aspects and
cerfain very new results will be presented here. The most generally occurring
types ol ellects are those involving surface sensilivity enhancement lor
grazing angles of clectron exit or x-ray incidence with respect to the surface
andd two types of anisotropics obscrved in the angular distributions of
photoelectron intensities from single-crystal specimens,

The schematic geometry shown in Fig. 42 both reiterates the definitions of
various angles as discussed previously here (¢f. Figs 7 and 17) and alse
indicates that the clectron cmission direction can be made to have any
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Tig. 42. Gencral geometry for an angular-resolved XPS experinment. Rotations on the two
perpendicular axcs shown vary 8, ¢, and ¢ over their full allowed ranges. The angle «
also may be varied, but is most commonly held constant.
orientation with respect 1o a set of axes fixed in the specimen if externally-
accualed rotation is possible on the two perpendicular axes shown. Rotation
on the axis perpendicular to the plane containing the photon and electron
propagation directions varies the angles # and ¢, describing clectron exit and
x-ray incidence, respectively. Rotation about the second axis paralic
to the specimen surface normal varies the azimuthal angle ¢ as measured with
respect Lo a spechnen-fixed reference. Low ¢ or low ¢, thus corresponds to
a grazing condition. The angle a is held fixed in most current XPS systems,
Twa:axis specimen goniometers for this purpose have been spectally halt for
use in XPS studics, and various instrumental aspects of cureying out such
mecasurements have been reviewed elsewhere.17. 74, 202, 2a0

B. Surface Scnsitivity Fulancentent at Grazing Electron Exit Angles

The achievement of greater relative surface sensitivity at conditions of
grazing clectron exit angles has already been discussed in connection with the
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0-dependent relationships describing peak intensitics in Scction HLF.2. The
application of this procedure in XPS was first demonstrated by Fadley and
Bergstriom 22 and lirst quantitatively applicd by Fraser es al.2" As a simple
ilusteation of the fundamental mechanism, Fig. 43 illustrates the way in
which the mean depth of no-less emission varies for a homogeneous, semi-
infinite substrate. I A, is assumed to be a direction-independent property of
the maderial, this mean depth is given at any angle by A, sin 0, so it is clear
that a decrease of @ from say 90° to 5* will decrease the mean depth by about
a factor of 6. This is a highly significant change that has hy now been used in
numerous studics 10 enable selectively altering the surface sensitivity of the
XI'S measurcment.'?

o _ A sine
e y/é—

90* o

A
7
5A<Ne< BOA

¥ig. 41 lHustration of the basic mechanism producing surface sensitivity enhancement
for low clectron exit angles 8. The average depth for no-loss emission as mecasured per-
pendivular to the surface is given by A sin 0.

The only significant moderating factor that may in certain circumstances
render such low-# measurements somewhai less dramalic in capability is the
presence of surface rovghness. Surlace roughness in general causes the local
micrascopic true angles of emission 0t to dilfer from the experimental value 8
as measured relative to the macroscopic planar average of the specimen
surlace. b general, Tor low @ values, roughness is expecled lo cause Lo
be greater than @, so that surface sensitivity enhancement is expected Lo be
diminished 17, 202.290 204 Rayphness further has the effect of shading
certain portions of the surface from x-ray incidence andfor clectron exit.
Such effects have been studied both experimentally and theorctically for a few
syslems, V7. 202 2ol 20t 294 b although it is clear that large-scale roughness
can sigmlicantly alter the type of surface enhancement achicved 2™ it has
also been found for one system that, even with pressed powder pellets of the
type olten used as specimens in XPS, a usefully large surface enhancement
can be achieved at low 2293 Thus, although roughness ellects always need
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to be considered in any quantilative analysis of such XPS data and the
preparation of highly planar spccimens is cssential for some w-an\."’“" there
are good reasons (o expeet very general utility of the low-f surface cnlmncg-
ment procedure. We now consider @ few examples of the application of this
method.

In Fig. 44, hroad-scan spectra are shown at various angies Tor a highly-

polished silicon specimen with an oxide overlayer 12 atomic Liyers m
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Fig. 44. Broad-scan cote spectra at low and high exit angles for a Si specimen with a
thin oxide overlayer { ~4 A) and an ovtermost carbon contaminant overtaycs approximaltely
1 2 monolayers in thickness. The Cls and Ols signals are markedly enhanced inrclative
intensity at low 8 due Lo the general effect presemted in Fig. 43 (Feom Padley, el 47}

~3

thickness, and an owmcrmost overlayer of carbon-containing residual gas
impuritics of approxinately the same thickness. (These thicknesses were
cstimated using kgs such as (117) and (118)) Pronounced peaks due to the
Ols, Cls, Si2s, and Si2p core levels are observed. At the higher emisston
angles of 40" and 70°, plasmaon loss structure is also found to be associated
with the Si peaks (cf. also Fig. | for AD. As 0 is fowered 10 a grazing exit
condition, matked changes occur in the relative intensities of all peaks, in
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fact causing a complete inversion in ordering. At high @ where maximum
bulk sensitivity is expecled (A in Siis ~37 A and A, in SiOs is ~ 27 Az#1),
the intensity order is Si2s, 2p»01s> Cls, where at low 0 with maximum
surface sensitivity, it is Cls>Ols» Si2y, 2p. Such a threc-angle scan thus
clearly establishes the mean vertical displacement of all dominant species
with respect (o the surface, yiclding very directly a qualitative concentration
profile. I the Si2p region for this specimen is examined more closely, it is
further found to exhibit a chemical shift between oxide and element, as shown
in I'ig. 45. However, the thin oxide layer present yields only a very weak
relative infensity in the Si2p (oxide) peak at the relatively high angle of 8=49".

p....l 1 T T T T T T
Si2p(efement)

Fh

i

| Si2pfoxide) if
8-5° ’ﬁf"\ 4 .::
W" :

104 o N

0" =165 100
<—Binding Energy (eV)

Fig. 45 5i2p core spectra at = 35" and 49° for the specimen of Fig. 44. The chemically-

shifted Si2p (oxide) peak is enhanced in relative intensity by approximately a lactor of
20 between 497 and 57, (From Fadley, rel. 17}

o
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The spectrum oblained at #=5" by contrast exhibils marked enhancement by
a factor of ~ 20 in the oxide relative intensity. More quantitative studies of
such relative intensity changes wilh angle have also been made by Hill
ct al 2™ and, although certain discrepancies are found lo occur al low @
vilues with respect to the simple intensity expressions given in Section
TH.1-.2, case (), it nonctheless appears possible to cxtract highly guantitative
data concerning specimen geometry and electron attenuation lengths.

An additional cffect that is of inferest in connection with the enlianced
surface sensitivity achievable at low  is a change in the relative intensities
ol various inclastic loss processes. For example, for an atomically clean
surface of aluminium (which exhibits well-defined surface- and bulk-plasmon
excitations at different encrgics), it has been found by Baird er a/.295 that
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the surface plasmon losses are markedly enhanced in relative smportance Al
low 2. Some data from this study are shown in Fig. 46. The reason for this
enhancement is that the surface- and bulk-plasmons arc spatially ortho-
gonal.'®? Recause decreasing the angle of exil also decreases the mcan depth
of emission, the relative probabitity of cxciting a surface plasmon is thus also
increascd at low cxit angles. Comparisons of such data with theoretical calcu-
lations for a free electron metal'™ furthermore yicld good agrecment with
experimental relative intensitics and further suggest that the creation 1jf
plasmoens occurs by means of both extrinsic (afler excilation) and intrinsic

Ip 1semis w18 Taize
(| |

COUNMTS (ARBITRARY UNITS}

IFig. 46. A12p plasmon loss spectra from a clean sarface of polycrystalline aluminium al
#=:90", 30", and 2°. The positions of various combinations of surface and bulk losses are
denoled 1S5, 1B, cic. Note the marked enhancement of the relative intensily of the surface
plasmon loss (1S} Tor grazing cxit angles. (From Baird er af |, ref 295)
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{during excitation) processes.25 An additional interesting feature of such
angular-dependent foss measurements is that they can be used to detcrmine
the locations of adsorbed molecules relative to a surface. Specifically, the
Ols loss spectrum lor an ~0-2 monolayer coverage of oxygen on aluminium
exhibits only surface plasmon peaks at grazing clectron exit, indicating that
’he oxypen has nol penetrated significantly below the surface plane 205, 298
I'hus., the angular dependence of such absorbate loss structures should
pravide useful complementary information concerning adsorplion geo-
metrics and near-surface electranic structure,

The ground-state valence electronic structure of a solid is also predicted
theoretically Lo change near its surface,®®? and it is of interest to determine
whether angle-resolved XTPS studies can detect this. One effect that should
occur in transilion melals is a narrowing of the FWHM of the d-bands necar
the surface due to reduced coordination number.297 Such elfects have been
studied quantitatively by Mehta and Fadley2 for the case of clean poly-
crystulline copper surfaces, and the experimentat and theoretical d-band
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ar)
:‘.'gl 47. Pxperimental "."d theoretical anguwlar dependence of the FWIEM of the Culd
valence-hand peak. The width decreases at low # due to d-band narrowing ncar the surface

that is in (urn ¢ sed by N o r atlic number. {(Ir M [(y
H ¥ reduced cool lllﬂ tion .
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FWHM valucs determined are summarized in Fig. 47. The small, but
unambiguous decreases in FWHM ohserved at low & are consistent with the
theoretica! calculations, with theory showing somcwhal targer relative
changes that could casily be explained by several effects. ™ Thus, such low-#
measurements can also be used (o probe alterations in the near-surface

valence clectronic structure.

C. Surface Sensitivity Enliancement at Grazing X-ray Incidence Angles

A second mechanism producing cnhanced surface sensitivity tnvolves
measurcments carricd out at very low x-ray incidence anples ¢, For ¢, <17,
it was first noted by Henke!?® that the mean x-ray penctration depth in a
typical XPS experiment (which is 103-10% A for ¢, 17) decreases markedly
10 values of the same order as the clectron attenuation length A, This
further suggests that surface-atom signals will be enhanced inrefative inlensily
al low ¢, as was first demonstrated by Mehta and Fadley.t7? The reason for
this dccrease in x-ray penetration depth is the anset of significan relraction
such that ,° €4, (cf. Fig. 17) and reflection at the solid surface. The inter-
actions of typical XPS x-rays with a homogencous medium arc furthermore
well described by a macroscopic classical treatment, 7 and dctailed ex-
pressions for predicling penctration depths and cxpected surface sensiivity
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Fig. 48. Angular depeidence of the Cls/Audf intcnsity ratio for a gold specimen with a
thin carbon-containing overlaycr. Enhancement of the near-smiface carbon signal is fouml
for hoth grazing clectron exit (low ) and grarzing x-ray incidence tlow ) The fow-¢,
enhancement is well predicted by classical calculations allowing Tor x-ray refraction and
reflection (R/R) at the siiface, as shown by the dashed curve. (Irom Mchta and faulley,

rel. 179.)
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enhancements in lerms of the material optical constants and other parameters
have been prescrited elsewhere,17. 178,179

As an example of the surface sensitivily enhancement occuring at low ¢,
Fig. 48 shows data obtained from a gold specimen with ~ 2 atomic layers of
carbon-coniaining material as an overlayer. The ClsfAudf intensily ratio
thus serves as a measure of relative surface sensitivity, and it is observed 1o
increase at both low # (for reasons discussed in the last section) and low ¢,
The increase al low 4, is comparable to that at low ¢ {approximately a factor
of 2 1), and there is good agreement between experiment and theoretical
caleulations including refraction and reflection effects. Note the very sharp
onset of the low-4, enthancement over a region of only a few degrees near
¢+~ 0. Similar effects have also been noted in the SiZp(oxide)/SiZp(elcment)
ratio for silicon with varying oxide overlayer thicknesses.2%% Also, the optical
properlies of several solids at XPS encrgies of ~1-5 keV have been used to
predict that such phenomena should be of very general occurrence. )?

It should be noted in connection with low-¢, studies, however, that surface
roughness cffects can be very imporlant in any attempl al quantitatively
analyzing such data.??? This is due 1o the very small incidence angles involved,
so that if the true microscopic incidence angle ¢,t deviates by even ~0-1°
from the macroscopically measurable ¢, a significant change occurs in the
degree of refraction and reflection. Thus, surface preparation and accurate
angle measurement are both very critical. A further practical problem is that
surface shading by any roughness present will generally act to much diminish
absolute photoclectron intensitics at fow ¢, Thus, fow ¢, surface enhance-
ments may scrve as a uselul complement to those at low &, but the measure-
ment and interpretation of low-incidence-angle data may not be as straight-
forward.

iy, Single-crystal Effects

Twu rather distincl types of single-crystal eficets have been noted in prior
XPS studics. The physical origins and possible interpretations of these will
be bricfly discussed.

1. Electron Channeling and Kikuchi Bands. 1n measurements of core peak
intensilies or energy-integrated valence-spectral intensities from single-crystal
specimens as a lunction of the emission angles 8 and ¢ in Fig, 42, pronounced
fine structure is noted, The first effects of this type were obscrved by Sieghahn
ef al ™ in NaCland by Fadley and Bergstrém?2®! in Au. Baird ef al.2" have
obtamed the maost detailed set of such data o date for Audf emission from a
Au crystal with (001) oricatation and this is summarized in the stereographic
projection intensily contour plot of Fig. 49(a). Considerable fine siructure is
cvident in this plot, with many features possessing angular FWHM values of
only ~5.10" and peak height @ background ratios as high as ~2 : 1. It is
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thus clear that no peak intensity analysis involving a single crystal can neglect
such cffects.

The origin of this fine structure is primarily electron dilfraction from the
various scts of planes in the crystal. These efTects are furthermore very closely
rclated to the Kikuchi bands scen in low-encrgy clectron diffraction (LEEIDDY)
experiments carried oul with Eppn 2300 ¢V ™ as well as 1o channcling
phenomena scen in the emisston of high-crergy clectrons {(~ 101 [0 ¢V)
from radioacltive nuclei imbedded in single crystals. ™2 Based upon prior
experimental and theoretical studies in these two areas, 2. Y2 e quahitative
expectation 15 for cach sct of plancs denoted by Miller indices (hk/) to have
associated with it a band of enhanced intensity Tor photoclectron emission
that is parallel with the planes to within plus or minus the lirst-order Bragg
angle 8ngy, as delined from

t\.-=2dnu s BM'I “6])

— 1 B —

Fig. 49. (a) Experimental photocleciron intensity contours Tor Audf cmission from a
Au(00F) single-crystal surface. The contours are plotted in slercographic projection with
various low-index directions indicated as /. The normal ta the sunlace therefme lies in
the centre of the figure. The arcs represent low-index planes available for elect on diffuaction
or channelting.
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Fig. 49. (b) Qualitative theoretical simulation of the intensity pattern of (a) hased on
shaded rectangular Kikuchi bands of the form given by the dashed line in Fig. 50. The
daticd lines in the lower half of the figure represent the centres of weaker, broader bands
from lower-index planes that would also appear at mirror-symmelry-refated points in the
upper half. {(I'eom Baird er al., ref, 200}

wills
As{in A)=etectron deBroglie wavelength
=[#50/Exin (in eV)|} (164)
nir = the interplanar spacing

Such Kikuchi bands are furthermore expected to be approximately uniform in
intensity over the | Ty range, and o drop ofl rather sharply at the limits of
this range, as shown schematically in Fig. 50. For typical higher-energy XPS
photuclectroms and lower-index metal crystal planes, 034 15 found to lie in
the range ¥ 15", The overall photoclectron ntensily distribution above a
single-crystal surface is thus expected Lo be approximalely given by a super-
position of such bands for the various low-index planes within the crystal.
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Fig. 50. The approximate form expected for a Kikuchi bamd from the (A1) set of plincs
in a single crystal.

As a qualitative test of this interpretation, Fig. 49(b) prescnts i sterco-
graphic projection on which shaded bands corresponding in width and
placement 1o those expected for the lowest index plancs i Au have been
inserted. Dotted lines in the lower halfl of the figure also indicate the centers
of broader and weaker bands expecied from higher-index planes. Comparison
of Figs 49(a} and 49{b) indicates that there is good correspondence between
experiment and theory as 1o the locations of high-intensity regions and Rne
structure. Recently, more quantitative calcutations for copper have been
carricd out by Baird ef @7 in which each band is given a height proportional
Lo the Fourier coeflicient ¥axs in the crystal potential; these calculations yield
very good agrecment with similar intensity conlours for copper. Thus, the
basic systematics of such effects is well established and relatively easily
predicled, and such mcasurements can provide rather direct information
concerning the ncar-surface atomic order and crystal orientation. Further-
maore, in the very near luture, more highly accurate theoretical calculations
of such effects wilizing methods developed for LEED analyses should
become available 3¢

A final important point in coancetion with such core-level angular distei-
bution measurements is that it may be possible 1o viitize them for determining
the bonding geometries of atoms or molecules adsorbed on single-crystal
surfaces. That is, if core-level emission from an adsorbed atam doces exhihi
angular anisotropy, it must be primarily associated with final-slate scattering
effects that should, in turn, be strongly related (0 the nearest-neighbor
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atomic geometry, Very recenl measurements in our laboratory do in fact
indicale that such anisotropies exist.

2. Valence Spectra. IU was first noted by Baird er af.155. 395 that XPS
valence spectra from a single crystal exhibit considerable changes in fine
structure as the clectron emission direction is varied with respect to the
crystal axes. As an example of these cflects, Fig. 51 presents Au valence

GOLD VALENCE BANDS POLYCRYSTAL
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Fig. 51. Au valence spectra from a (001) single-crystal surface ohtnipcd .al various 8
values in a singlc polar scan passing through the {111), (112], and {1 13] dircctions. A poly-
crystalline spectrum is shown for reference. (From Baird er al., ref. 200.}

speetra obtained with clectron emission along various directions in a single
# scan. Although the basic two-peak structure in the dominant d-band peak
is present for all directions, there are pronounced changes in the relative
intensitics and shapes of the (wo compenents. In particular, Au spectra
obtained with emission along the {001], [101]. and [111] directions exhibit
probably the most pronounced diflerences relative to one another, as shown
in Fig. 52. Similar changes in single-crystal XP'S valence spectra wilh dircclion
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have by now also been noted in Ag A8 Cy, 302, 308 pPadd 40 (he layer
compounds MoSz, GaSeq, and SnSe. M

The occurrence of such anisotropic cflects thus means minimally that
considerable care must be exercised in interpreting any XPS valence spectrum
from a single crystat in terms of quantities such as the total densily of states.
That is, the total density of states p(1) is by definition a non-directional
quanlity, as is the mecan cross-section ag(f), so that clearly such single-
crystal effects add an clement beyond the model summarized in Fq. (107).
For example the Si spectrum shown in Fig. 14 may well exhibit an cxtra
strength in the peak lahelled “1L” due to such effects. 5 As noted in Section
111.D.4, the conncclion of XPS spectra to the density of states in a direct way
implies a type of uniform averaging over initial states that need not be
possible in a direclionally-sensitive single-crystal experiment.

As it is reasonable 10 expect that the anisotropics noted in XPS valence
emission [rom single crystals are associated somechow with the hasic
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Fig. 52. Fxperimental and theoretical angular-resolved XPS An valence spectra for
electron emission alung the {001, [101], and [111)] directions. The data were oblained with
monochromatized AlKe radiation. "N F." represemts calenlations based upen the dircet-
transition model. “M.E."" represeats planc-wave matrix-clement calcutations, The hand
structures utilized in the theorctical calcuYations were: . Christensen’s RAPWS and
- — -y = - - =, two shightly diffcrent choices for the spin ohil paramcter in Smith's
tight-binding interpolation scheme ™ (Fiom refs E85, Y11, and ¥ 7))
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symmetrics of the initial states involved, it is of considerable interest to
develop theoretical models for the interpretation of such effects. Two different
approaches to this problem have been proposed. 195 308312 Both of these
madels begin with the basic direct-transition capression given in Eq. (106),
but the different assumptions made in each yields final predictions ol a much
different form, These two models are:

(1) The Direct Transition Model, In this model, the wave-vector conservi-
tion embodicd in Ey. (104) is primarily emphasized. This viewpoinl has been
uscd previously to analyze angular-dependent UPS data from single
crystals,'*2. M3 and suitable modifications to permil its direct application to
higher-encrgy photoemission cxperiments were first discussed by Baird
ef af V%5 Rigorous wave-vector conservation is used to connect each observed
final-state wave vector k! with a unique initial-stalc wave vector k witiin the
reduced Brillouin zone by means of a suitable (and unigue) reciprocal lattice
vector g The magunitude of &/ is determined from the internal kinetic energy
Eaw, ¢ (f. Fig. 12) by assuming thal the free-clectron dispersion relation
Euin, o - 0202 2m is valid at high excitation energics. At XPS energics,
k! Furthermaore varies very litike over the valence spectrum: for example, in
gold with Luttice constant a=4-08 A, it is found that 12-84(2nfa) <h/ <
12-88(2ra), where 2nfa is approximately the reduced zone radius, The
divection of kY {or, equivalently, the direction of the photocicciron momentum)
with respect 1o the crystal axes is determined from the known crystal
oricntation relative o the spectrometer acceptance solid angle. (Small
dircction corrections due to electron refraction in crossing the surface barrier
I'w are necessary only for very low angles of electron exit.l?: #7) The linite
solid angle of acceptance of the clectron energy analyzer distribules the
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I'ig. 53. Suale drawing in k-space of the direct transitions that would be involved in XIS
emission atong the 010} direction in a Au single crystal. The initia! states from which
emission could aceur are represcnted by those k values in the shaded disc near the face of the
reduced Brillovin zone at lefi. The additionat involvement of variable-magnitude phonon
wave vectors due to vibrational effects appears, however, to Iead to cather full zonc averaging
in angular-resolved XPS specira from Au at room \emperatures, as discussed in the text.
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observed kS valucs over a dise-like region in k-space, as shown in the scale
drawing for gold in Fig. 53, where the acceplance solid angle is taken for
illustration to be conical with a 2:0" half angle. Fach k/ value can then he
corrected by the non-neghgible ky. associated with the photon 1o yicld a sct
of vectors k/ — ky, —k + g (shown as the right-hand shaded disc tn the igure)
that permits uniqucly determining {he sct of k valucs in the reduced zone from
which allowed transitions can occur (shown as the lelt-hand shaded disc
lying coincidentally very near a reduced-zone face). Duc (o the linite size of
the disc (cf. its size o that of the reduced zone in Fig. 53}, more than one g
may be mvolved, depending on the exact placement of the disc in k-space or,
equivalently, the observation direction in rcal space. §is further assumed in
this model that the matrix elements for all k.~ k/ transitions are approxi-
mately equal, so that an angular-resolved spectrum is linally predicted 10 be
proportional to the density of electronic states over the allowed k region
(nof the total density of states).

This model has been unambiguously demonstrated by Wagner er ol 34
Lo predict correctly all of the major spectral changes occurring with emission
direction and photon energy for copper in the internediate photon enerpy
range 40.< /v $200 eV, XPS calculations based upon this madel for Au with
cmission along [001]. {101], and [111]} are shown in Fig. 52, where they are
indicated by “D.T.” and compared with experimental spectra. ‘Two different
initial-stale band structures have been utilized in the calculations M5, 310
yielding two different scts of curves. The most accurate hand structure was
used for the solid curves, and comes from a relativistic augmented plane wave
(RAPW) calculation by Christensen.3'® Both scts of direct transilion cnrves
qualitatively predict the correct changes in both the relative intensitics of the
two main components and the shapes of each component, atthough the
calculations do predict more change with dircction than is noted cxperi-
mentally. Similar agreement has been found for 9 other dircetions in A, 7
as well as 6 directions in Cu, M7 leading to previous conclusions!B. 907 1aq
the direct-transition model represents a good description of such effects in
XPS. However, very recent data ohtained by Hussain ¢f af.3'F for Au with
hoth MgKa and AlK= radiation are at variance witht his madel: speailically,
for emission along {001], {11 1), and [112], theory predicts large changes in the
spectra of a given dircclion when pholon energy is clanged {hecause the
disc changes position in the reduccd zone due to the cluange in the fenpth of
k/), whereas negligiblc differences are observed experimentally. Tn addition M8
forexcitation with AlKa. the frec-clectron metal Al is Tound not o exhibit gy
spectral changes with emission dircction, again in disagreement with direct-
transition predictions. 1t thus appears that some form of wave-vector siear-
ing or reduccd-zone averaging is occurring, probably due 10 the creation or
annihilation of phonons, as suggested first by Shevchik!® and discnssed
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previonsly in Section 111.D.4. The fraction of direct transitions for which
phonon smearing is abscnt is most simply estimated from the Debye-Waller
factor: 187

Debye Waller factor =exp (- 4<{u?>g?) (165)
where
cut; = (he mean squared vibrational displacement of atoms in the lattice

g? - |g|2 with g the reciprocal laftice vector involved in a given
direct transition

<u? is thus a Mnction of material and temperature. In XPS, g2 is of the same
order as (A732 (cf. Fig. 53) and therefore is much Targer than the corresponding
guantity in UPS, Thus, the Debye- Waller factor can be very small in XPS,
as, Tor example, 0-04 in Au at 25 "C. Such small values suggest that rather
complete 7one averaging may occur in room-temperature angular-resolved
XPS measurements on many systems, as previously noted. (In fact, Williams
et al.M® have reeently noted the disappearance of direct-transition effects in
LIPS spectra of Cu obtained at high temperature that very nicely conlirm
phonon involvement.) The dircct transition model as outlined here thus may
nol be applicable 1o room-temperalure XPS measurements on many
materials, even though it clearly is a valid description at lower excitation
energies, 37 3 and perhaps alse at lower temperatures in XPS,

(2) The Plane-ware Matriv-clement Model. This model was first discussed
in connection with angular-dependent XPS spectra by Mclecly ef al3
Although k-conserving dirccl transitions are used as a starting point, it is
further assumed that final-state complexitics somehow smear out the deler-
mination of k and kf to such a degrec that essentially all k values in the
reduced zone can contribute to emission in any direction. Mixing of different
planc-wave compunents into the final electronic states by various scaltcring
processes was lirst suggested as the source of such zone averaging, 3™ but such
clfects do not scem 1o he strong for copper with frv £ 200 eV 211 More likely, the
creation or annililation of phonans in the photoelectron excitation event is
responsible,

fn the limit of complete zone averaging, anisotropies in XPS valence
spectra are then assumed by McFeely ef al. 1 to he due (o directional matrix
cfements as summed over all occupied initial states. These matrix elements are
in turn calenlated by assuming a plane-wave final state of the form:

$uf(ry=exp (ik/-r) (166)
amd a tight-hinding or LCAQ mitial state of the form:%6. 99
Fu(1) =Y exp (ik-R) Y Con Xu(r—Ro)} (167)
R ]
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in which

Ry=1he position of an atomic center in the lattice
X, (r— Ry =an atomic orbital centered at Ry
X )=R(nNY (8, ¢) [cl. Eg. (30)]
C

aa = an expansion coefficient

Computing matrix elements (fy/|A-V]4,> can then be shown!59. 208, M2 1
yield a lincar combination of the Fourier transforms of the various atomic
orbitals making up the initial-state orbital, Such Fourier transforms further-
more cxhibil the same angular dcpendence in kf space that the atomic
function has in real space, and they can thus be written as

Xk =f kDY (847, $17) (168)

with 8,r, $.r indicating the direction of K/, and £, (A7) being a radial integral
dependent on |kf| =k’ only. For radiation with a polarization direction
¢, it then dircctly results that

[<ns | AV {ded|2oc(e-kN2] T Cpp X (kS —Kn) |2 (169)

In generat, € k/ has becn held constant in prior experiments, and for a closcly
related set of orbitals such as d functions, it can further be assumed that the
factor [, (k') is constant. Finally, each initial state is thus predicted (o contri-
bute photoclectron intensity with a weight of |} Cuy ¥,(0 o, 4/ o, )2

“
and a summation can be carricd out over all such occupicd states. Thus, for
example, the contribution of a d;2 42 atomic orbital to such & matrix clemenmt
is predicted to be a maximum along the same directions as the orbital maxima,
namely the + xand # y directions. Orbital symmetry is thus predicied (o be
very directly reflected in the angular-dependent emission probability. Calcu-
lations bascd upon this model are presented in Fig. 52 for Au, where Lhey arc
indicated by “M.E.” Two diffcrent types ol tight-binding parametcrizations
have been utilized, and it is clear that the results are scnsitive to this choice,
Nonctheless, there is gencrally good agreement between experiment and
theory for the three directions shown, as well as others in Aw™6. 11 which
have been investigated, and a similar set in Cu™1 The same type of plane-
wave model has also been found by Ley er al. 219 1o predict correctly changes
in single-crystal valence spectra of the compounds MoSs, GaSes, and SnSe..
Thus, it at present appears that the planc-wave matrix clemeni approach is
the more correct of the two discussed here for deseribing room temperature
XPS experiments on most materials, although significant questions de stifl
remain as to the validity of using a frec-clectron plane-wave final state lor
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computing XPS matrix clemenls. 195 188, 318 More accurate theoretical
catewlations of such cffects are thus clearly of interest.

To the degree that such measurements do directly reflect orbital symmetries,
such angular-resolved XPS studies should prove to be very useful probes of
villence clectronic struciure.

VIl. CONCLUDING REMARKS

The aim of this chapter has been to discuss in some detail the basic ideas
involved in both performing and interpreting XPS mcasurcments. It is clear
that a relatively large number of distinct physical and chemical cffects can be
related to the observed spectra. This diversity can be both an advantage and a
disadvantage in using the technique, depending upon the specific problem at
hand and the phenomena encountercd. On the posilive side, however, is the
Gact that at least some degree of quantitative understanding has been achicved
in connection with all of the effects noted to date. The theorctical interpreta-
tion of XI'S spectra also involves a liberal mixture of concepts lrom atomic,
molecular, and solid-slate physics, thus making the technigue truly inter-
disciphinary in character. A major goul of the discussion here has been to
present these diverse ideas within a single, unified framework.

As an important example of the interdependency of different phenomena,
final-state effects of various types can tend in certain situations to obscure the
initial-state information that is of most interest in many applications. But,
on the other hand, final-state eifects can also be used 10 determine additional
characlenstics of the system. The essential reason lor this initial-state/linal-
state dichotomy 1s that the pholoemission eveut is inherently very disruplive
to the system, leaving it with a hole in a certain subshell and thus a significantly
ithered  sct of clectron-electron interactions. The interprelive material
preseided in Scettons 1H-V therefore begins wilth a rather general discussion
ol the photoemission process that emphasizes the importance of both initial
and final stales (us well as inelastic scattering cffects). FHowever, the first
arcas of application considered are intentionalty those which for many
sysiems can exhibit the strongest initial-state component: valence-level
studies in molkecules and solids (Sections HL.D.J and HI.D.4), quantitative
amalysis (Scction HLE.Y, and core-level binding encrgy shifts (Section 1V).
Nonctheless, care must always be exercised in analysing data in order lo
avoid having the different final-state effects discussed in Scetion V introduce a
significant error in any conclusions concerning initiat-state properties,

The potemtiat range of information derivable from XPS spectra is indecd
very broad, and a schematic summary of the interrelationships between
various ohservable guantities or ¢ffeets and basic system prnpcrlié's is
presenied in Tuble 11 1o this table, the possible interactions between different
obscrvables are also indicated.
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TARLE 1l

Schematic iMustration of the interrelationships between various observahle XPS

speciral features or their associaled effects and the basic system properties potent ially
derivable From an analysis of such observations

Spectral feature or effeet Systert propecty doerivale

(1} Fixed-angle measurements:
*Corc peak intensities

— = Quanlitalive analysis

Initial-state charge distributions

»('ore peak shifis
Final-state charge distributions

& 1nitial valence-orbital encrgy levels,
symmelrics and atomic-orbital
make-up

Thermochemical encrgics

= Valence peak intensilies
and positions

—=Relaxation cffects Proton aflinilics

— Muktiplet splittings

Initial-state cleciron configurations
andelectron electroninteractions

Final-state corrclation
(confipuration-inferaction) cffects

| -~ =Shake-up, shake-ofl, other
many-clectron cflccls

Pcak shapes and widths Final-state lifctime cffects

Tinal-state vibrational excitations

Inclastic loss spectra ————— = Low-lying electronic, vibrational

cxcitations
(2) Angular-resolved measurcments Atomic depths relative to a selid
on solids: surface, concentration profiles
Asin(1), but at grazing electron Propertics as in (1), but very near
cmission surface (~ 1 2 atomic layers)

As in (1}, but at grazing x-ray Near-surfice atomic geometries Tor
incidence / substrates and adsorbates
Initial valence-orbital encrgy levels,

Core peak intensitics from

single crystals symmetrics, and atomic-orbital
make-up

Valence spectra from single
crystals

XPS has been and will no doubt conlinue to be fruitfully utilized for the
study of frce atoms, frce molecules, and the bulh propertics of solids and
liquids. However, the inherent surface sensitivity of the technigne when
applicd 10 solids and liguids leads to what is certatnly one of (he most
sipmificant arcas of application, mamely in studying the physics and chemistry
of surfaces and imterfaces. a this context, the relatively newly developed
angutar-resolved studics of solids have also clearly been demonsirated 1o
enhance significasntly the amount of information derivable, as is absa indicaled
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in Tabie 1. Twe separate procedures exist for selectively increasing surface
sensitivily by angle variations. For single-crystal specimens, information
conceraing both detiiled atomic geometries and valence-orbital symmelries
can also be derived rom angular-distribution measurements.

No exhaustive elucidation of specilic arcas of application for XPS has been
attempied here, but it is sufficient 1o note that by now the technigue has been
used in problems related to physical chemistry, inorganic chemistry, organic
chemistry,  biochemistry, solid-state  physics, surface chemistry, surlace
physics, industrinl chemistry, and environmental science, Future develop-
ments will no donbt involved all of these arcas, but with special emphasis on
problems rebated to surface science. A further significant component of fiture
work will no douht be the more extended use of XPS in combination with
other spectroscopic methods such as, for example, the other surface-sensitive
techniques  of  UPS, photaclectron  spectroscopy  utilizing  synchrotron
radintion sources, low-energy electron diffraction (LEED), Auger clectron
spectroscopy (AES), and secondary ion mass spectrometry (SIMS).

Thus, x-ray photoclectron spectroscopy is by now a relatively mature and
well-cstablished cxperimental tool. However, various major problems still
remain to be solved concerning both the measurement and the analysis of
X 1S spectra. These include the ever-present and conflicting needs for higher
resolution and higher intensity, which are al present being scught by means
of more eflicient x-ray monochromators combined with multichannel
detection systems. More novel radiation sources and analyzer/detector
systerns might also provide a Turther solution to this problem. From the
puint of view of theory, more guantitative treatments of various final-state
effects and electron- ¢lectron cotrclation effects are needed. More accurale
calculations of both wave functions and photoelectric cross-sections for
molecules and solids would also be very helpful, especially as related to
angular-resolved studics of atoms and molecules interacting with solid
surfaces.
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Abstract

In this review, varifous aspects of angle-resolved x-ray photoelectron
spectroscopy (ARXPS) as applied to solid state- and surface chemical- studies
are discussed. Special requirements for {nstrumentation are first consi-
dered. The use of grazing-emission angles to enhance surface sensitivity and
study surface concentration profiles of various types {s then discussed.
Various effects that may limit the accuracy of such measurements such as
surface roughness, electron refraction, and elastic scattering are consi-
dered. Several examples of surface-specific electronic structure changes as
studied by grazing-emission ARXPS {e.g., valence-band narrowing and
core-level shifts? are also reviewed. The use of grazing-incidence geome-
tries for surface enhancement is also briefly consiaerea. Single-crystal
studies providing additional types of {nformation via ARXPS are next
discussed. For core-level emission from single-crystal substrates or
adsorbed overlayers, x-ray photoelectron diffraction QXPDE is found to
produce considerable Tine structure In polar- or azimythal- scans of
jntensity. Such XPD effects can be very directly related to the atomic
geometry near a surface, for example, through simple intramolecular or
intermolecular scattering processes. A straightforward single scattering or
kinematical theory also appears to describe such effects rather well, thus
far pemitting several structures to be solved by analyses of azimuthal
intensity scans. Likely future developments and possible 1imitations of such
XPD structure studies are also discussed. Finally, valence-band ARXPS is
considered, and 1t is shown that pronounced direct-transition effects can be
observed provided that the specimen Debye-Waller factor is not too small. A
simple free-electron final-state model {s found to predict these direct-

transition effects very well, and future studies at Yow temperatures and with
higher angular resolution seem promising,
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1. Introduction

Angle-resolved photoelectron spectroscopy in fact has a rather long history, as

recently reviewed by Jenkin et al.]. However, the current interest in angle-
resclved x-ray photoelectron spectroscopy (ARXPS) as applied to solids and
surfaces is only approximately ten years old, having begun with cbservaticns of
diffraction-induced channeling effects fn single-crystal specimens by Siegbahn et
a].2 and by Fadley and 8ergstran3 and of enhanced surface sensitivity for grazing
angles of emission by Fadley and Bergstrﬁm3. A number of other effects of
interest in surface science have been roted since these first studies, and several
quantitative models have been developed for describing them. This type of
measurement has been treated in prior general reviews in 19744, 19?65. and 19?86,
and the present discussion will thus principally stress those developments that
have occurred in the past few years, particularly with regard to using ARXPS for
quantitative surface analysis, surface atomic geometry investigations, and
valence-band studies.

The XPS energy regime will here be defined in what might be termed the classical
way 50 as to invelve excitation at photon energies » 1.0 keV as derivable from
standard x-ray tubes {e.g., using MgKa or AlKa radiation). The many very
interesting studies performed to date at lower energies in angle-resolved uv- or
xuv- photoelectron spectroscapy (ARUPS or ARXUPS} will thus not be considered in
detail. However, at various points, comparisons of the characteristics of a given
type of measurement {e.g., core-level photoelectron diffraction) as carried out in
the low- and high- energy domains will be made. Further details concerning such
lower-energy work as based upon both standard radiation sources and synchrotron ’
radiation are contained in other reviews.' ™

It is useful to begin by considering a general experimental geometry for
angle-resolved x-ray photoemission from a selid surface, as shown in Fig. 1.
X-rays are incident at an angle 8ho with respect to the surface. Photoelectrons
are emitted into the acceptance solid angle of the analyzer ﬂo. The initial
direction of a given trajectory into this solid angle is given by its polar angle
8 (here measured with respect to the surface) and its azimuthal angle ¢ (measured
with respect to some arbitrary direction in the plane of the surface). The angle
between tﬁe direction of radiaticn propagation Ehv and the direction of electron

emisston k is defined to be a. In most current XPS systems, a is a constant fixed
by the mechanical design, although much UPS work has been carried out with movable
analtyzers and thus variable a. In addition, the geometry shown here is somewhat
special in that the directicns of radiation propagation and electron emission
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Fig. 1. Genergl geometry for an angle-resolved photoemission experiment.
Spec1men_rotat1ons on the two perpendicular axes shown vary 8, ¢, and 8
over their full allowed ranges. n is the surface normal. Movement of hv
the electron analyzer relative to the radiation source also can be used

to vary & and choose any &, ¢, 6 combination, but in XPS this has
been done very little to date. hv? ¢h°

Fi::g hy h» varied
Azimuthal Polo‘r Normel
scan scon emission
.
r'{"" .
N -
s -
—
NPD
Trpe | Type 2 Type 3

Fig. 2. Schematic illustration of three often-used types of angle-resolved
photoemission experiments: (1) an azimuthal scan at constant polar ang!e.
(2) a polar scan at constant azimuthal angle, and (3) a scan of hv at fixed

normal emission (also referred to as normal photoelectron diffraction or NPDY.

Angle-Resolved X-ray Photoelectron Spectroscopy 279

define a plane that also contains the surface normal. [n this situation, rotation
on the two perpendiculsr axes shown permits varying the angles 8, ¢, and 0, over
all possible values (consistent, of course with the geometric requirement that
Gotat e‘- n); The 8, 8,  axis is here taken to be perpendicular to the plane
containing khv' k and the surface normal, and the ¢ axis 1s parallel to the
surface normal.

More general experimental geometries in which the analyzer can rotate on one or
two axes with respect to the specimen and radfatfon source are also possible. In
this case Ehv and k need not be co-planar with the surface normal and the four angles
&, ¢, 0, and ¢, are in general necessary to fully define the experiment. Such
geometries have been used considerably in angle-resolved measurements at lower
energies7'9. but very Tittle to date in the XPS regime. A final addition that is
possible 1s the utilization of polarized radiatfon, as §s just become practically
possible in XPS studies with synchrotron rldiation‘o; in this case, the angles ac
and ¢c specifying the orientation of the polarization vector € must also be known.
However the standard XPS sources with which virtually all studies at hv 2 1 ke¥
have to date been performed yield largely unpolarized radiation, so that we will
only later comment briefly on polarization effects as an interesting subject for
future investigatfon.

For a given photon energy hv, the two basic types of measurements possible in
such experiments are thus an azimuthal scan at fixed polar angle {Type 1 of Fig.
2) and a polar scan at fixed azimuthal angle (Type 2 of Fig. 2). A third and more
recently developed type of experimentn requiring the continuously tunable
character of synchrotron radfation is also shown in Fig. 2; here, the emission
direction 1s held parallel to the surface normal and hv is swept. In core-level
studies, this type of measurement has been termed normal photoelectron diffraction
or NPD.

The remainder of this discussion will consider specific problems and areas of
application. In Section 2, instrumentation requirements are briefly considered.
In Section 3, the genera) ideas relating to surface sensitivity enhancement at
grazing emission are introduced, and various examples of the uses of this effect
such as concentration profile measurements, overlayer studies, and investigations
of surface-specific electronic structure changes are discussed. The less-utilized
effect of surface-sensitivity enhancement at grazing x-ray incidence is briefly
considered in Section 4. Section 5 discusses varfous types of effects fnvolved in
core-level emission from single crystals, particularly as related to deriving
surface atomic geometry information. In Section 6, valence-level emission from
single crystals is considered, largely from the point of view of its relationship

to bulk valence band structure. R
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2. Instrumentation

Beyond the normal fnstrumentation requirements for an XPS experiment, which are -

reviewed eIsewheres, those for adding the capability to do angle-resolved

measyrements are relatively straightforward.

The s011d angle Q, over which electrons are accepted inte the analyzer (cf. Fig.
1) needs to be well defined and reasonably small. Depending upon the application
intended, a range of angles corresponding to A8 x A¢ from a minimum of ~1° x ~1°
to a maximum of ~10° x 210° could be suitaple, For the two most commonly ytilized
analyzer configurations, the hemispherical electrostatic and cylindrical mirror
electrostatic, some degree of baffling thus is fn general required to adequately
define the solid angle, and this will, of necessity, reduce the overall intensity
of the instrument. In certain hemispherical) analyzers with pre-retarding lens
systems, the solid angle may already be relatively well defined, as discussed in
detall for one system by Baird and Fadleylz. but in general this is not at all the
case, with much larger angular deflections of ~:20°-30° being allowed in a
direction perpendicular to the central reference trajectory of the analyzer. This
Toss of intensity assoclated with reducing a, also suggests the use of some form
of multichannel detection as a compensating factor. A further problem that may be
encountered with any analyzer is that R, may vary over the effective amitting area
of the specimen and also may depend upon electron kinetic energy or other analyzer
parameters, as, for example, the degree of retardation.” Such changes in solid
angle and also fn emitting area can in addition lead to a purely instrumental
change in intensity with angle, usually dependent on 8 only. Such instrument
response functions are discussed fn Section 3.C and in prior reviews4'6']2. in
addition, some instruments will exhibit a change in energy resolution with & that
must be allowed for in precise analyses of spectralz. Plunmer]3 has also recently
considered general criteria for designing analyzers for angle-resolved studies
over a range of energies,

In addition to defining fi,. 1t is necessary to be able to rotate the specimen
so as to change the angles 8, ¢, and perhaps also Oy A singie polar axis of
rotation varying 6 and Bhv is very easy to add in an overall geometry such as that
of Fig. 1. A second azimuthal axis for varying ¢ requires additiona) mechanical
complexity, but commercial manipulators providing at least partfal azimutha!
rotation are available, and custom designs with greater flexibility exist in
several laboratories for both ARXPS5 and ARUPS14']5 measurements.,

As one example of a reasonably flexible system for performing ARXPS at ultra-
high vacuum conditions, Figs. 3 and 4 show different aspects of one unit currently

in use in our laboratory. {An earlier high-vacuum device with a simpler
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photo of the system in (a) as viewed from the opposite side.
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PRIMARY
SPECIMEN

REF. SPECIMENS

- ah

- HEATER CONTACT

g rotanon ®ROTATION B DRIVE ¢ DRIVE

THERMOCOUPLE

LN RESERVOIR

Fig. 4. Three different views of a two-axis goniometer used for variaclie-
temperature ARXPS studies at angular accuracies of £:0,5%: (a) overview
including reference sample positions, and (b),(c} two close ups with

different polar orientation. The smaller-diemeter section at left in fa} mates

with an alignment arin in the analwzer (ci. Fig. 3{e)).
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rack-and-pinfon drive 1s described in ref. 5.) The basic XPS analyzer and chamber
to which the specimen preparation chamber, specimen goniometer, and translating-
bellows inlet system is mounted is a Hewlett-Packard Model 5950A. Fig. 3(a) 1s a
Vine drawing of the overall system and Fig. 3{b} a photographic view from the
isalation valve on the XPS chamber to the preparation chamber and inlet system.
The interior specimen support tube translates on external ball bushings, and is
controlled by a drive screw. Yarious standard components such as a LEED unit,
residual gas analyzer, ion gun, leak valves, and infrared pyrometer permit
cleaning, preparing, and characterizing specimens before admitting them to the XPS
chamber through the isolation valve. Two ratary feedthrus driven by computer-
controlled stepping motors permit precision scanning on the two axes shown in Fig.
1. These feedthrus are mounted on a six-way cross together with other feedthrus
for electrical heating, thermoccuple temperature measurement, and iiquid nitrogen
cooling. Full ultra-high vacuum operation is also achieved with this system, with
base pressures in the XPS chamber of ~4-6x10'1‘ torr and in the preparation
chamber of ~8-10110" " torr.

Fig. 4 shows three photographic views of the specimen end of this goniometer.
The & drive comes in on the vertical port of the six-way cross, turns a right
angte with a set of bevel gears, and is then transmitted directly to the rotating
specimen support arm via a 1/4" o.d. drive tube. This drive tube 1s supported on
precision ball bearings over its entire length of ~110 om. The ¢ drive enters
via the rear port of the six-way cross and is transmitted via 2 straight internal
drive shaft of 1/8" diameter to sets of bevel gears and then spur gears 5o as
effect ¢ motion. The ¢ drive shaft is internal to and concentric with the 8 drive
tube. Precision stainless steel ball bearings are used at a1l rotation points.
Although there 1s an overall lash in this system between the coupled & and ¢
motions of £1° due to the various mechanical Yinkages involved, the consistent
use of {dentical directions of rotation in making settings permits overall
precisions and accuracies of £0.57 in both & and ¢. Particularly for the
grazing-emissfon azimuthal scans to be discussed in Section 5, such accuracies
appear to be absolutely required for obtaining reproducible data. The specimen
can be heated up to ~1000°C with an internal resistive button heater {vartan
No. 981-2058) to which current passes via a contact ring and a spring-loaded
floating contact. Alternatively, an electron bombardment heater for temperatures
up to ~2500°C can also be mounted in the same position. Thus, full azimuthal rota-
tiona) freedom is maintained, an extremely useful feature in providing a self-
consistency check on data from single crystals, where the crystal rotational
symmetry should be mirrored in the azimuthal data. Thermocouple and 1iquid-
nitrogen connections can also be made to points near the specimen as needed,

e
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3. Surface Sensitivity Enhancement at Grazing Electron Emission Angles

A, Introguction

The basic mechanism of surface sensitivity enhancement at grazing emission
angles is illustrated in Fig. 5 for the case of an {dealized homogeneous, semi-
infinite, flat-surface specimen in which any effects due to atemic positfonal
order are assumed to be fully averaged over, The mean free path for inelastic
is further taken to be a constant independent of emissfon angle. In
this case, the mean depth of no-loss photoelectron emission as measured perpen-
dicular to the surface is exactly equal to Ae for normal emission or 6 = 90°, but

scattering Ae

it decreasss as Aesine for non~normal emission. For typical XPS mean free paths
of 15-20 A‘S 13. this simple model thus predicts that between normal emission and
grazing emission at 8 = 10°, the mean depth should decrease from roughly 8-10
atomic layers down to only ~2-3 atomic layers, respectively. Polar scans of
photoelectron intensity are thus expected to exhibit varying degrees of surface
sensitivity, as has been demonstrated in numerous prior 1nvestigat10nsq'6

A qualitative illustration of how significant this low-8 effect can be is
presented in Fig. 6, where broad-scan spectra are shown at three angles for a
highly-polished Si specimen with an oxide overlayer approximately 1-2 atomic
layers in thickness and an outermost overlayer of carbon-containing materials from
the residual gas of approximately the same thickness]g The pronounced peaks due
to the 01s, (s, 5i2s, and $12p core levels are found to change dramatically 1in
relative intensity as 6 is changed from 70° {near normal) to 5° (grazing). With
maximum bulk sensitfvity at 70°, the 51 peaks arc most intense, then Ols, then
Cls, but at 5°, this order {5 completely reversed. These results thus directly
provide a qualitative depth profile of the specimen, with lying outside Q
(present primarily as a Si oxide) and 0 lying outside the elemental $1 of the
substrate.

Closer examination of such pxidized Si spectra also shows S core-level chemical
shifts between oxide and element, with different angular behavior for the two, as
illustrated in the results of Hill et al.}g for a 14 S oxide layer in Fig. 7.
Here, the Si2p{oxide) peak is enhanced relative to S$i2p(element) at low 8, as
expected, the gquantitative analysis of this type of overlayer data will be
discussed further in Section 3.0,

A final and even more subtle example of the qualitative use of variable-8 data
is provided by S: in some very recent results due to Grunthaner et al 20shown in
Fig. A. Here, the Si2p data from a chemically-cleaned surface exhibit a very
small change in peak shape in going from & = 38.5° to the more surface sensitive
8 = 18.5", These results are also shown after a resolution enhancement procedure
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layer (-41) and an outermost carbon contaminant layer approximately
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using Fourier transform deconvolution to yleld two doublets chemically shifted by
only 0.30 eV from one another. The lower-binding-energy doublet is enhanced in
relative intensity at low 8, suggesting a surface species. The fact that the 2:1
intensity ratio of the expected 293/2:291/2 spin-orbit doublet 1s found in the
area ratios of the peaks {n each Fourfer transform doublet for both angles lends
further support to the results of the deconvalution procedure, and provides a
further internal consistency check for it. The surface species is thought by the
authors to be a chemically-produced hydridezo.

B. Simple guantitative models
In more quantitatively discussing such variations of peak intensities with polar

angle, 1t is useful to consider the idealized spectrometer geometry shown in Fig.

4'5'2]'22. Here, a uniform flux of

9, as has been done in several prior studies
X-rays ID i$ taken to be incident at ehv on the atomically flat surface of a
specimen of arbitrary thickness t. The radiation may in qeneral be refracted into
ahu'# Bhv inside the specimen, after which it penetrates to a depth z below the
surface and excites a photoelectron from some level k. X-ray refraction will be
negligible for O, 2 1-2°, so that it will not be considered further until the
specific discussion of Section 4. Photoelectron excitation is described by the
differential photoelectric cross section dok/dn. The k-level- derived photo-
electrons travel to the surface, during which they can be inelastically attenuated

according to exp{-z/A,5in8'}, where &' is the internal propagatfon angle and z/sind

is the path length to the surface. Elastic scattering in travelling to and
escaping from the surface is for the moment neglected, although we will caonsider
its possible effects later. [n escaping from the surface, the photoelectrons may
be refracted from 8' to the external propagation angle 8 due to the surface
barrier or fnner potential VD; refraction will also be neglected for the moment,
although an estimate of the low-8 1imit of validity of this approximation is
presented later in this section. Next, the analyzer is assumed to be adequately
described fn terms of an effective solid angle of 2, acting over an effective
source area of AO (as measured perpendicular to the mean electron trajectory), so
that all electrons emitted from within the dotted projection of Ao {the active
specimen valume) into 1, are energy analyzed. Possible retardation from an
initial energy of Ein © E, to a final energy of £, during analysis is alse
indicated in Fig. 9. Finally, a detection efficiency Do can be included which
allows for either less than full counting of the electrons entering no (fn which
case Do < 1) or the presence of a multichanne! detection system {for which Do >

1). In general, the mean free path, the effective so0lid angle, the effective

Angle-Resolved X-ray Photoelectran Spectroscopy

Fig. 9. Idealized spectrometer geometry for calculating anqular-dependent
photoelectron peak intensities, with various important parameters and
variables indicated.
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area, and the detection efficiency will depend on electron kinetic energy, so
these will be written as Ae(Ek)'ﬂo(Ek)' AO(Ek), and Do(Ek)‘

Within the assumptions of this simple, but for many experimental systems rather
realistic, model, expressions for 9-dependent peak intensities can be directly
derived for several yseful specimen morphologies“s'ZI'ZZ. These are depicted in
Fig. 10, where N{8) denotes a 6-dependent photoelectron iIntensity, p denotes the
atomic/motecultar number density of the species on which the emitting level is
located, a subscript k indicates a substrate level and a subscript £ denotes a
level orfginating 1n an overlayer atom or molecule. Each of these cases will now
be discussed, but we will return later in this section to consider several ways in
which the model from which the equations have been derived may be somewhat
oversimplified.

The different specimen morphologies are:

{i} Semi-infinite specimen, atomically clean surface, peak k with Ekin s E. Moo
dependence is predicted and the Intensity is given by:

N = 10 (E A (E)D (E )p, (do,/a0)A(E,) . (n
This case corresponds to an optimal measurement on a homogeneous specimen for
which no surface chemical alteration or contaminant layer {s present. The
expression given permits predicting the absolute peak intensities resulting for a
given specimen, or, of much more interest in practice, the relative intensities of
the various peaks. [f absolute intensities are to be derived, then the incident
flux Iu must be determined, as well as the kinetic energy dependences of the
effective solid angle no. the effective specimen area An' and the detection
efficiency Do. In relative intensity measurements in which the quantity of
interest is Nk’"k' for two peaks k and k', the lo factors will cancel, although
the nvoDo factors need not due to their kinetic energy dependence. The densities
P Or by ' of the atoms or molecules on which subshell k or k' i3 located may be
known beforehand, or may in many cases be the desired end result in quantitative
chemfcal analyses using XPS. For core levels, the differential cross section

do, /42 can be calculated for either unpolarized or polarized radiation from a

knowlg%g§5of the total subshell cross section a, and the asynmetry parameter By
6.23-
via

da g
kK . Tk 3.2 2
@ T omltEpinta ) @

Within a one-electron central-potential model, tabulations of theoretical
relativistic Tngj's by Scofie]d23 and non-relativistic anl‘s by Reflman et a
can be used to determine danlj/dn, or the non-relativistic results of Goldberg et
al.zs for o, and 6., for a number of atoms can be used. All of these tabulations
include the two most common XPS energies (MgKa at 1254.6 eV and AlKa at 1486.6

1.2
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{o} Semi-infirte subsirale: (b} Overlayer on sem:-
infimita substrale:

)
té Level k

doy
A 3o A€

RACELAL

(<] Patched overlayer (d) Dilute, non-altenvahing
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Fig..lq. Several specimen morphologies for which variable-g peak in-
tensities can be used in order to derive concentration profiles and
other analytical infarmation: (a) a uniform semi-infinite substrate,
(b) a semi-infinfte substrate with a uniform surface overlayer, (c) a
semi-infinite substrate with a patched surface overlayer, (d) a semi-
infinite substrate with a dilute, non-attenvating overlayer (e.g., a
fractional monolayer coverage of an adsorkate}, and (e) a semi-infinite
substrate with arbitrary concentration profiles inward from the surface.
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eY¥}, as well as several lower energiesza'zs. Possible effects of multi-electron
processes on the use of such cross sections are discussed elsewhereﬁ. For valence
levels fnvolved in bonding, the determination of dok/dﬂ 1s more complexﬁ. The
last quantity involved §s A_(E,) which can either be taken from tabulations of
previgusly measured valuesl -]§_ or, within a given specimen, he estimated from
Penn's theoretical treatmentza. More simply, tts dependence on kinetic energy for
ERB%I; few hundred eV]?;n be assumed to follow an empirical square-root dependence
as 't Ae(Ek) = {Ek) ; this relationship thus permits determining ne's at any
energy for a given specimen provided that a single value {s known.

Kote that there is no 8 dependence in Nk within this simple model, a prediction
that was first made and verified experimentally by Henkezl. Its origin lies in
the fact that the effective emitting depth is A sine (cf. Fig. S), while the
effective specimen surface area is Aolsfna (cf. Fig. 9); the effective specimen
volume at any 8 is thus the product of the two, in which the sing factors cancel.
This behavior is expected to hold as long as & is not made so small that the edges
of the specimen lie within the aperture Aoa’s. for such low 8 values an
additional sind factor appears in £q. (1), This is one illustration of the
origins of instrument-specific response functions modulating 1ntensitiesd'5"z.
This effect generally leads to the unfortunate characteristic that intensities at
grazing emission are markedly reduced compared to those at higher 8.

Prior tests of Eq. (1) in the quantitative analysis of homogeneous samples at
relatively high emission angles have generally yielded results in agreement with
experimental peak ratfos to within ~210%, as discussed e1sewhere6'27'zg.

(1i) Specimen of thickness t, atomically clean surface, peak k with Ekin I E
The intensity in this case 1s given by

N(8) = 10 (E A (E D (€, Yo, (do) /d)A (€, }E(-exp(-t/AL(E )sing)]
= N [1-exp{-t/n (E, )sine)]. {3}
Here, the intensity of a peak originating In a specimen of finite thickness is
predicted to increase with decreasing 6 (again with the provise that 8 not be so
small that the specimen edges lie within Ao).

K

(i1i) Semi-infinite substrate with uniform overlayer of thickness t. As first
discessed by Fraser et a!.zz. the two types of intensities here are:

P f i = E :

eak k from substrate with Ekin H Ek'

N (8) = 1090(EkJAO(Ek)UO(Ek)Ok(dok/dﬂ)ﬂe(Ek)exp(-t/Ae‘(Ek)s{ne)

N:exp(-t/Ae'{Ek)sine). (4)
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peak 1 from overlayer with E . 2 E1:

(5)

"

N:[l—exp(-tfne'{El)sinB)]
where
A_ = an attenuation length in the substrate
e
A_' = an attenuation length in the overlayer
e
p = an atomic density in the substrate
p' = an atomic density in the overlayer .
Or, it is oftep more convenient to deal with peak ratios in which 10 and any
purely instrumental yarfations with @ cancel:
Overlayer/substrate ratio:
N (8) B (E )R (E,)D(E, Yo (do, /dniA," (Eg)
— =
Nk(a) no(Ek)Ao(Ek)Do{Ek)pk(d"k/dﬂ) AE(ER} {6)
x [1-exp(-tlne'(Eg}sina)]exp(t/AE(Ek}sina)

R{8)

= Nw X [1-exp(-t/he'(Em)sinﬁ)]exp(t/A;(Ek)sine)_

N
This case repre:ents a much more common experimental situation in which the
primary specimen acts as substrate and possesses an intentional or unintentional
contaminant gvertayer {for example, an oxide on a semiconductor &s in Figs. 6 and
7 or a layer deposited from the spectrometer residual gases). Substrate peaks are
attenuated by inelastic scattering in the overlayer, an effect that is much
enhanced at low 8. The overlayer/substrate ratio is thus predicted to increase
strongly as & decreases, and this model provides a quantitative description of the
effects discussed qualitatively in the previous section. It is also useful to:

consider several trivial modifications of Eqs. (4)-(8) that have been found useful

Lad]

in analyzing data. Rearranging Eq. (4) and taking the Jogarittm yieldslo
N, (8} t
in k = -
N, Ae'(Ek)sina, (7}

and proceeding similarty for Eq. (5) gives

N, (8} t
infl - 2 =

o

H Ae'(EE)sine. (8}

2
In Eq. (6), if the two kinetic energies Ek and Ea are very nearly equal (as, fer
example, in chemically-shifted peaks such as those of Fig., 7}, then
Ae'(Ek) = Ae‘(Em) (although in general Ae'(EE) # Ae(Ek) because they apply to
different materials) and the nvoDc products will cancel in the ratio. DCefining
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Nnn
[ -% then yields after similar manipuiatiun19
N
kI r(e) t
in + 1 Z ———
K AE'(Ek)sine . (9)

£qs. (7}-{9) thus represent linearized methods for plotting data versus 1/sine
that will be considered further in Section (3.D), where the quantitative use of
this model is discussed. The slopes of such plots are thus given by plus or
minus the effective overlayer thickness t = t/Ae'.

(iv) Semi-infinite substrate with a uniform, but patched, overlayer of thickness
E§’3]'32. If the fraction of surface area covered by the overlayer is vy,
that uncovered is thus {1-y), and the resultant intensities are given by:

Peak k from substrate:

N (8} = (1-v)(Eq. (1)} + y(Eq. (4))
= N:[(l-y) + yexp(-t/Ae'(Ek)sine)] (10)

N (8) = y(Eq. (5))

= yN: [1-exp(-t/A .’ (E,)sin8)] (1)
Overlayer/substrate ratio:

N (8) N ,

£ . oy [1-exp{-t/ag"(E,)sine}] (12)

Nk(e) "k

2 [{1-y) + yexp(-t/ﬂe'(Ek)sinB)]'1.

The overlayer/substrate ratioc thus has a & dependence different from Eq. (6],
and, in particular, the enhancement of the overlayer relative intensity at low B
is predicted to be less pronounced in the presence of patching or clustering.
This model might be expected to apply for overlayer growth in which the overlayer
material (for example, a metal) is more compatible with itself than the substrate
or could also be qualitatively useful as an extreme representation of the effects
of nen-uniform overlayer growth (for example, in certain types of oxide forma-
tion). This mode) has been compared previously with experimental reSultsal'sz.
although it is not clear that patching effects can be cleariy distinguished from
those due to other phenomena such as surface roughness (to be discussed below).

{v) Semi-infinite substrate with a very thin, non-attenuating overlayer. One

important example of such a specimen type is an adsorbate present on a substrate
at fractional monolayer coverage. The relevant intensities ares'ﬁ:
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Peak k_from substrate:
(o) = N as Ea. (1) (13
Peak_t_from gverlayer: ]
= ' - 4
N, (8} 1,0, (E,)A (E )0 (E,)s" (do,/dn}(sin 8) (14

Hy(8)  AG(EQIAL(E, IO (E, )s' (do,/d)d
N (8) 0, (€, WA, (E, 10 (E, }s(do, /A (€, )sin @

5! Do(Eg)ﬂo(Et)Ao(Eg)(d°;/d“)d
= | —] x (15}
s Do(Ek)notik}AO(Ek)(dak/dn)ne(ik)sin ]
with
s' = the mean surface density of overlayer atoms in which peak t originates

(in om"2)
s = the mean surface density of substrate atoms (in cm
s'fs = the fractional monolayer coverage of the atomic species in which
peak L originates
d = the mean separation between layers of density s in the substrate
{calculable from s/p).
These expressions are useful in surface-chemical studies at very low exposures to
adsorbate molecules (s'/s £ 1), as they permit an estimation of the fractional
monolayer coverage from observed peak intensities. The assumption of no inelastic
attenuation in the overlayer 15 an extreme one, but is justified because the
macroscopic Ae' of case (11i) is both difficult to estimate and dubious in its
application to such thin, non-macrescopic layers, and also because it represents 3
correct Vimiting form for zero coverage. A recent attempt to quantitatively
assess the utility of this ana]ysisa3 {5 discussed below in Section 3.E.

2y

(vi) An arbitrary concentration profilé pk(z) of a given species in a semi-

infinite substratea4.

As a first approximation to such a situation, 1f the mean free path Ae(Ek) can
be assumed to be constant with depth z and thus independent of the composition
change associated with pk(z). a simple summation aver atomic layers with spacing d
at depths of z, = nd (n= 1,2, .. =} can be made to yield:

M(8) = TR (EIA(E)D (€, 1A (E,}(do, 7d0)

% f iz dexpl-2 /A (E,}sin o) . (18)
n=1



296 Charles 5. Fadley

1€ n, depends onz also as ne(Ek,z). the resuiting expression 15, however,
considerably more complex

M (o) = o (B IR (E D, (E, ) (do, /dn)
- n-1
nz] [pk(zn)(l—exp(-d/Ae(Ek.zn)sin B)}m:1exp(-d/Ae(Ek,zn}s1n 8)] ()
{n>2)

Taking ratios of two such intensities ¥, and Nk' as derived from specles with
different concentration profiles has been suggested as a method for deriving
profiles by Hollinger et al.34. aithough a complex, muyltiparameter fit to the
8-dependent data results, and {1t appears that physically reasonabie constraints
must be placed on the forms of pk(z) to yield unique solutfons. Vasquez and
Grunthaner35 have also considered a very similar medel for oxide growth in fixed-

angle XPS measurements. This method 1s discussed in more detail in Section 3.F.

C. Additional complicating effects

With reference to the idealized spectrometer geometry of Fig. 9 and a few
further assumptions made in arriving at the results of the last section, there are
several additional effects that need to be considered in order to fully understand
the behavior of experimental data,

{i) The fnstrument response function. Beyond the extreme Yow-8 deviation of
fntensities from the constancy predicted by Eq. (1) that we have mentioned before,
addittonal purely Instrumental effects can be introduced by a non-uniform X-ray
flux (as, for example, will be produced by most x-ray monuchromators‘z) and 2
solid angle that varfes over the active portion of the specimen. A1) of these
factors can be combined intc an effective instrument response function, as
discussed in detail in prior reviews?S, Oenoting this by R_(E,.8), it is
conveniently defined in terms of an integral over differentigl surface elements of
the product of spatially varying x-ray flux I, solid angle @, and detection
efficiency D, The specimen surface can be considered to lie in the x,y plane,
thus yie]dings

RE 8) = sing | {8, x,y)R(E, ,8,x,y)D(E, ,8,x,y}dxdy . (18}
A

The detection efficiency will depend principally on Ek and 50 can probably be
removed from the integral. With this definition, any of Eqs. (1} and {3}-(17) can
be modified so as to apply to an arbitrary spectrometer simply by replacing the
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combined factor 1 (E, )0 {EJA(E, IO (E, ) by Ry(E,.2). Inspection of Ea. {1} with

and without R 1nserted shaus that the form of such a response functicn can be
empirically detenntned simply by measuring the 4 dependence {and perhaps also the
Ek dependence) of the k photoelectron intensity originating from a homogeneous
semi-infinite specimen with a clean surface (¢f. Fig. 10(a)).

Examples of non-ideal response functions are shown in Fig. 11. Here, curves
calculated with a s)ightly simplified version of Eq. (18) are compared with
experimental points obtained with a Hewlett Packard spectrometer These results
are for a system with monochromatized radiation in which I is very strengly peaked
in the middle of the specimen surface, but for which the Oy Ao approximation of
Fig. 9 is essentially valid. Also shown in Fig. 11 is the measured response
functicn for a Vacuum Generators ESCALAB spectrometer; note that it comes much
closer to the constancy with & predicted by £q. (1}, as its nen-monachromatized
source yields a much more nearly uniform x-ray Flux.

It is finally reasonable to suppose that for some spectrometers, RD(Ek.E) will
have the same functional form in 6 regardless of Eks'iz, and in this case, that
any intensity ratio Nk(B)/Nk.(S) from a given specimen wi;é yield 8 variations
independent of instrument effects. (Clark and co-workers™ have noted, however,
that this simplification may not hold for all analyzer systems.) Thus, such peak
ratios should {n general be more amenable to straightforward analysis, although
they still may carry information on the E dependence of R . For exampie, an
energy dependence of no as shown in Fig. 12 37 must be cons1dered in analyzing peak
ratios at any 0 for the Hewlett Packard instrument of Figs. 3 and 11.

(i) Surface roughness effects. The qualitative effects of surface roughness are
itlustrated in Fig. 13{a), and they are twofold: (1) For a given macroscopic or
experimental angle of emission @ as measured with respect to the planar average of
the roughness, the microscopic or true emission angle et at an arbitrary surface
point may be significantly different. Thus, the true degree of surface enhance-
ment at low 8 may differ appreciably from that expected on the basis of the
macruscopic & alone. (2) Certain regions on the surface may be shaded for
emission at a given & by adjacent raised areas, as indicated by the cross-hatched

regions in Fig. 13(a). Such shading will tend to be fully effective if the
roughness contours are large with respect to typical Aa values of 10-40 ;. ar only
partial if the contours are on the scale of AE. In any case, regions of the
surface will be selected by shading as being more active in emission, and over
these regions, it is an integration of the true-angle emission behavior that will

correctly predict the observed intensities.
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Fig. 11. Instrument response functions Rol8) for two different spectrometer
systems, a Hewlett Packard 59504 with monochromatized AtKa x-ray Source and
a = 72° and a VG ESCALABS with a standard AlKa source and a = 48°. All
curves have arbitrarily been set to 1.0 at & = 90° {electron emission normal
to the surface). For the HP system, two different entry lens magnifications
have heen ysed: standard of 5.0X and a second option of 2.3X. Cls inten-
Sities were used for the WP results; Cu2p,s; for the V6. Note the different
shapes of the curves, with the monochromatized system showing greater
deviations from the simple predictions of Eq. (1) of a constant response
function. (From ref. (12) plus R.C. wWhite and C.5. Fadley, unpublished
results.)
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Fig. 12. Kinetic energy dependance of the solid angle of acceptance into

a ng]ett Packard S950A spectrometer, as determined from detailed electron
trajectory calculations for two different entry lens magnifications.

(From Baird, ref. {37).
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Fig. 13. Illustration of three effects providing acditional complexities
in the analysis of angle-resolved peak intensities: {a}) surfacg rough-
ness, (b) elastic electron scattering, and [c) electron refraction ia
crossing the surface barrier V,.
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Fig. 14. Calculation of electron refraction effects for different

electron kinetic energies and a typical ¥, value of 15eV. The degree

of refraction is indicated by the difference 6' (internal} — & (external).

Contours of equal probablility of internal reflection are also shown.

{From ref. {5).) "
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In prior investigations"5'18’39, roughness effects have been considered for

several idealized topographies from both a theoretical and experimental point of
view. For example, the triangular-periodic surfaces of aluminum diffraction
gratings with thin oxide overlayers exhibit dramatic angular variations in the
AtZp(oxide)/Al2pimetal) ratio that are fully consistent with theoretical caleula-
tions incorporating the two effects mentioned above33 The precise form of the
effects seen depends strongly on the exact nature of the profile, which is usually
not knpwn for an arbitrary specimen unless it has been very carefully prepared.
However, it is possible to conclude that the presence of roughness will in general
reduce the degree of surface sensftivity enhancement possible at low 8, although
in the limit of very low 0, roughness with rounded contours should again give

t 8 0°)5.

Thus, roughness must be kept in mind as a possible source of deviations from the

reasonable enhancement (i.e., an average &

simple models of the last section for all specimens. However, even for rather
randomly roughened surfaces, such effects do not seem to preclude the use of
high-8 and low-8 comparisens to do qualitative depth profiling3g. as discussed in
Section 3.A. Also, a procedure as simple as unidirectional course polishing of an
aluminum surface and subsequent & scanning in a plane paratlel to the polishing
grooves and ngrmal to the surface is, for example, found to significantly enhance
the amount of surface sensitivity enhancement at low 8

(#i1) Eiastic electron scattering. Elastic electron scattering during photo-
electron travel to and escape from the surface has been neglected in this simple
model, but it could Jead to several effects. Each interaction of the photo-
electron wave with an atomic center will produce scattered intensity deviating
from the initial propagation direction., Thus, the simple straight-line paths
assymed in the mode) are not a fully accurate representation. Fortunately, at
typical XPS energies of m103 eV, the scattered intensity due to each atom wil) be
strongly forward peaked; that is, most of the intensity will lie very close to the
inftial direction and will in fact be within ~£10°-15° of it. (Such effects will
be discussed in much more detail in Section 5, as they have been found to produce
prorounced photoelectron diffraction effects in single-crystal studies.) But even
in that case, there may be sufficlent displacement of intensity to alter the final
emission distribution significantly, especiatly at low 8. The possible effects of
elastic scattering on grazing-emission surface enhancement have been discussed
qualitatively for some time®’

» but only rather recently have Nefedov et 31'40
attempted to quantitatively determine their nature and importance.

One important effect of elastic scattering will be to reduce surface sensitivity
enhancement at low B according to the mechanism of Fig. 13(b). For some very low

Angle-Resolved X-ray Photoelectron Spectroscopy kil

on angle 4, the direct or unscattered wave travels along a long path of
It s possible, however, that a
shorter path

emissi
inelastic attenuation in reaching the surface.
wave initially propagating at some higher angle {and thus with a
length to the surface) can be scattered just before escaping so as to yield

significant intensity in the & direction with respect to that of the direct wave.
fferent peaks can be scattered into

Thus, higher-8 relative intensities for di
This discussion

lower-8 regions, reducing surface sensitivity enhancement.
implicitly neglects any diffraction or interference effects between waves by
assuming that the positions of the atomic scatterers are random and averaged over
in different emission events. (For single-crystal specimens, such averaging does
not occur and diffraction effects can be very strong. )

A second type of effect discussed by Nefedov et al.
lengthening of the average path tength of a photoelectron caused by a random walk
of elastic scattering events. Thus, they postulate that measured ineltastic mean
free paths A are too large due to a lack of allowance for such elastic effects.

An examp1e of possible elastic scattering effects is presented in Section 3.D in

discussing ARXPS data for the 5102151 system.

ig the effective

(iv) Electron refraction at the surface. As the photoelectron escapes from the
surface, it must surmount a potential barrier or inner potential Vo that can be
from 5-25 e¥ in magnitude for typical clean surfaces 4 42_ In doing so, the
comporent of momeritum perpendicular to the surface will be reduced, along with the
kinetic energy, and a net refraction as shown in Fig. 13(c) will be produced. A
fraction of the intensity can also be reflected back into the solid. As the
internal angle 6' will thus always be greater than the external angle 8,
refraction will act to decrease the degree of surface sensitivity enhancement

relative to that expected at 8.
Such refraction and reflection effects can be easily calculated provided that Vo

is knowns. and a family of curves for different kinetic energies £ and a typical
Vo of 15 eV is shown in Fig. 14, The equations utilized in calculating 8 and the
fracticnal internal reflection R for a2 given ' are:

g = tan-][(sinze'-volE)1/ fcoss '] {19)
and ) )
. a1/ 2
8 l-(l-V /Esin“a") (20
& 172

1+(1—V fEsln 8')

The difference 8'-8 between the internal and external angles is used as a gauge of
the degree of refraction, and contours of equal percentage of internal reflection
are also shown. from these results, it is clear that such refraction and
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reflection effects can be very serious problems in measurements in the UPS regime
of 20-40 e¥. In the XPS region of ~500-1500 &V by contrast, refraction and
reflection should not be significant for 8 3 10-15°, where 8'-8 < 3" and the
internal reflection is £ 10%. Nonetheless, such effects should be taken into
account whenever possible in any fully quantitative analysts of ARKPS data for

100 120

8 x 20-30°.

Having considered both the simple quantitative models applicable to ARXPS
intensities and severa) effects which could cause deviatfons from them, we now
turn to illustrative examples invalving several specimen morphologies and several
types of phenomena that it has been possible to study. e

v o

0. Applications to uniform gverlayers ":'.'. '.'. ',.. ..' ]

As one example of ARXPS as applied to the study of uniform overlayers, we ] v s
consider work by Clark and co-workers36 on polymer films deposited fn situ on § =
metal substrates. In this study, poly{p-aylylene) flims of different thicknesses := Audt, ¥
were deposited on a smooth Au substrate. Thicknesses t were measured with a ?’ : o ?
quartz crystal deposition monitor. The Cls intensity from the film and .l\uM'”2 =10 ;”2?:15’:’: 0 E
intensity from the substrate were measured at several @ values for each film, = | ‘ «
including values obtained in the limit of Infinite thickness. Piots of ﬁ ! §

Ner(0) NAu4f7!2(e) s | 2
enql- —f;;m#- and &n = vs t/sind were then made, according to the 3 '
Cls Au4f7/2

linearized relations of Eqs. (7} and (8). Such data are shown in Fig. 15 and it
is clear that the points for various thicknesses and 8 values are very weli
described by a straight line. There {s also very good agreement in the overlayer
Ae' values obtained via least-squares fits for data at different 6's, as given for
both the Cls and Au4f7/2_kinetic energies on the figure, VYarying 8 thus provides . .
a very useful additional dimension 1n such data. We note, however, that high 8 ° 20 40 L 20 40 60 80
values were utilized, being from 90° (normal emission) down to 40°, and thus that g 1/snd
various additional effects expected to be stronger at Tow 6 such as roughness, o
elastic scattering, and refraction have probably been minimized. g}g; izifz‘?‘i‘:;:ﬁgxﬁd ;fpr:;ﬁ}';]_x;?;:z:;t;ﬁsaf;grlnyzr;gii:?ﬁ:ecg:sx;!"g

As a second case, we consider !Si()2 overlayers thermally grown on highly polished strate. Overlayer Cls and substrate Audf,,. intensities were measured
single-crystal Si substrates; some example data have already been shown in Fig. 7. ;§OI::; :c::l:?;ga:: ;g: diggezﬁgt(g;er]f{:; :T;Eggea:$:'t::§ 5::2 ‘o
In the first ARKPS study of this type by Hill et al.‘g. four oxide thicknesses as derive A (E) values in the overlayer ihere indicated as A{E}). (After
determined by ellipsometry were studied and the 8 dependence of the Clark and Thomas, ref. (36).

Si2p{onide)/Si2p(element) ratioc measured. As the kinetic energies of the two
peaks are essentially identical, Eq. (9) provides a useful method for analyzing
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the data, and a plot of Ln[ﬁigl + 1] versus t/sing is shown in Fig. 16 over a

broad 6 range from 90° to as low at 5°. The data were found to be linear over

the 8 range of 90° to 30°-40°, but showed similar deviations from linearity for
lower © values in a direction so as to reduce the relative intensity of the oxide
peak. These deviations could be due to a combinations of factors: vroughness,
elastic scattering, electron refraction, incomplete averaging over single cryst?;
effects, and the presence of a non-abrupt transition region between 5102 and S 7.
More recently, Nefedov et al.%0 pave reanalyzed this data with the incorporation
of only elastic scattering effects, and they find good agreement as to the
qualitative form of the deviations from linearity expected at low 8. Pijolet and
Hollinger34 have also very recently analyzed similar sizp{oxtde)/Si2plelement)
data using a simplified version of Eq. (17} which allows for an interface layer of
intermedfate composition between 5102 and 5f; This analysisosuggests that the
transition region is rather abrupt and does not exceed 3 A for an oxide fiim of
~28 A thickness. However, even this small a transition region also could account
for some of the low-8 deviations, as was noted previously in the analysis by Hill
et al.lg. But in any case, the use of 7 = t/ne' values derived over the linear
regiogs for the three thickest Si0, overlayers permitted deriving a Ae'(ox1de) of
17+4 A and, via the experimentally determined constant K (cf. Eqs. {1} and {9}),
also a Ae(element) of 2716 ;]9. These values have subsequently been found to be
accurate by other investigatorsas'“'44 Thus, provided that such data are tested
via £q. {9) and the appropriate high-8 range used, this type of analysis seems
capabie of providing accurate Ae' or A, values {or, once Ae' is known, accurate t
values}.

E. Analysis of adsorbate overlayers at fractional monolayer coverage

In chemisorption studies, one is often dealing with fractional monolayer
coverages of some adsorbate, and 1t is thus of interest to ask how accurate ARXPS
{s for both determining the coverage and 21so perhaps detecting whether an adsor-
bate has penetrated into the surface. Single-crystal effects are also often
present in such studies, so that some allowance for them needs to be made also.

The example chosen here is from a recent study by Connelly et a1.33 of the very
well characterized system ¢{2x2)S on N1{0D1}, for which an ordered half-monolayer
of § atoms 1s present, occupying every other fourfold hole site on the Ki surface.
Previous structural stud‘les45 indicate further that the S atoms are 1.3 E abaove
the first plane of Ni atoms, as will be discussed further in Section 5.F.

Polar scans of SZD(Ekin = 1317 V), N12p3/2(627 eV}, and N13p(1413 eV}
core-level intensities were made for two different azimuthal crientations
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Fig. 16. Angle-resolved core-level intensity ratios from Si specimens
with four different oxide overlayer thicknesses from isd to 895. The
$iZp oxide/element ratio {cf. Fig. 7) has been plotted according to

Eq. {9) so as to derive A {oxide)

= t/t. {From Hill et al., ref. {19}.)
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Fig. 17. Polar-scans of HiZpy,, intensities abows » (MO1) Ni surface,

Shown are two scans along the symmetry-inequivaleat azimuths (100) and
1110}, together with an average of these two scans. Ecfore averaging
strong diffraction features are evident. A)so shown 15 the instrument

response function (cf. Fig. 11).

(From ref, (33).)
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corresponding to (100} and [11}] directfons. (For Ni2p3lz. it was important to
include the intensity of the satellite at ~6 eV.) As expected, the Ni levels
showed marked single-crystal channeling effects in their polar scans, but these
were very nearly averaged out in a sum of the two scans at different azimuths.
This is illustrated in Fig. 17, where the summed data for each Ni level also fit
rather well the form expected for the Hewlett-Packard instrument response functicn
{cf. Fig. N},

The adsorbate/substrate ratios S2p/Ni3p and SZ|:/Mi2p3,2 were calculated from Eq.
{15), with all parameters being evaluated as accurately as possible for the
specimen and experimental geometry utilized. This included utilizing the known
coverage of s'/s = 0.5, theoretfcal photoelectric cross sectinnszs, and energy
dependences of both A in the substrate as given by (F.k)”2 and no as given by
Fig. 12. The calculated curves are directly compared with experiment in Fig. 18,
and there is very good agreement as to both the 1/sing@ form and the absolute
magnitude of the ratio, even though the 8 range covered is extremely broad
(90°-7%). The two sets of data never disagree with theory by more than ~210%.
Theory is however above experiment at low 8 for the 2|:‘3/2 ratio, whereas it f{s
below in the same region for the 3p ratio. This could be due to the much shorter
mean free path for the lower energy I'HZp:”2 peak, a fact which could Yead to some
low-8 inelastic attenuation in the overlayer that is not included in the model of
Eq. (15). Nonetheless, these effects are not large, and, particularly if higher
energy peaks are utilized, it appears that such azimuthally-summed measurements
should permit rather accurate coverage measurements to be made, even in the
presence of strong single crystal effects. In addition, differences in the forms
of such ratio curves as a function of exposure or annealing could be useful in
detecting adsorbate penetration into the substrate, as the degree of increase in
an adsorbate/substrate ratio at low & should decrease in the presence of any
penetration. Ffor too high adsorbate coverages, however, there could be concern as
to the validity of the non-attenuating assumption for the overlayers.

F. Studies of more complex concentration profiles

In the category of more complex concentration profiles, we begin by considering
a single-crystal specimen of LaBg with alternating layers of La atoms and Be
octahedra perpendicular to the {001) surface (cf. Fig. 19{a}). When such a
surface is polished, cleaned fn situ by ijon bombardment, and annealed tc form a
well-ordered system, the question arises as to whether La or 36 layers will lie on
the surface. Aono et 31.46 have studied this with ARXPS, measuring polar scans of
both La and B core levels, as shawn in Fig. 19(b) at two different azimuths,
Although there are pronounced single-crystal channeiing effects in the intensities
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Fig. 18. Comparison of experiment and theory for the polar-angle
dependence of an adsorbate/substrate intensity ratic for the very well
defined overlayer of c(2x2)S on Ni1{001}. The Ni2p, ., and Ni3p inten-
sities are averages of two azimuths (cf, Fig. 17). ﬁhe theoretical
curves are calculated according to Eq. (15) with no adjustable
parameters. (From ref. (33).)
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Fig. 19. The crystal structure of LaBg is shown in {a}, together with
;he measured aqq calcu]atgd 9 dependence of the Ladd/Bls intensity ratio
in (b). Two difterent azimuths are shown for the experimental results.
{after Aono et al., ref. {46).)
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of both peaks, it is nonetheless clear that the Larelative intensity is enhanced
at law 3. This system represents a straightforward applicztion of Eq. (16} in
which A, does not vary with z, but it can be set up in two ways depending upon
whether La atoms or BG moieties make up layer 1 {the surface layer}. Aono and
co-workers have carried out calculations of the Ladd3/2‘5/2/81s ratio in both ways
and it is clear that the agreement with experiment is much better for a La surface
layer, This observation via ARXPS has thus assisted in explaining the unusually
low work function of LaBg, and should be generally useful for ordered structures
with layering of this type.

Binary metal alloys provide another example for which concentration profiles can
be much more complex, with one component often segregating preferentially at the
surface47.The concentratfon of this species may then monotonically decay into the
bulk until it reaches the average bulk value, or it may in certain cases exhibit
single-layer ascillations as it approaches the bulk value. Jon btombardment may,
on the other hand, cause preferential depletion of one species at such a surface.
As a qualitative illustration of such effects, Nefedov et 31.48 have studied
permalloy with a composition of about Feo.zﬂio.a‘ They compared the polar depen-
dence of the Fedp/Nilp intensity ratio for an air-exposed film and for the same
film after ion bombardment. Their resuits are shown in fig. 2G, where it is clear
that Fe is surface segregated for the air-exposed film, but that very little
segregation of either species is present after fon bombardment. Thus, it is
possible to conclude that the ion bombardment has selectively removed Fe, perhaps
teading to a slight enrichment of Ni at the surface,

Beyond such qualitatively useful conclysions concerning alloys, the question
also arises as to whether the detailed pk{z) profile can be determined by
analyzing such ARXPS data. Pijolet and HoHinger34 have recently discussed this
general probiem from the point of view of using peak ratios Nk(BI/Nk.(e) based
upon Eq. (17). A simplex method is used to choose the best pk{z) and ok.(z) by
minimizing the difference between the experimental and theoretical ratios.
However, the p curves so derived are found to be extremely sensitive to the exact
data points fit and the convergence criteria used, so that effectively, multiple
solutions can result if quite arbitrary profiles are utilized. However, by
incorporating physically realistic constraints on 2y and £+ 35 they are derived,
much better results can be obtained. These constraints include Timiting maximum
and minimum values, and usually requiring a monotonically increasing or
decreasing function of z. (The Tatter of course eliminates the passibility of
seeing the oscillations in p{z) that are expected for certain systems.} An
example of their results for a fu/Ni alloy ion bombarded and annealed in UHY are
shown in Fig. Z1, together with the X Ni profile ytelding the solid curve that
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Fig. 20. The & dependence of Fedp and Nilp core intensities for an
Fe/Ni alloy before and after fon bombardment of the surface. HNote
particularly the marked change in the variation of the Fe/Ni ratio
with bombardment. {After Nefedov et al., ref. (48}.)
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372/ Nidpy,n relative intensities
as a function of 8 in (a). In (b},

the Ni concentration profile as derived from these measurements

using an analysis based on

a simplified revision of Eq. (17) is

presented. (From Pijolat and Hollinger, ref. {34).)
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very well describes the CuZpalleiZFJIZ ratio data. The profile also agrees
qualitatively with that expected from theory. However, the layer-by-layer
variation of p provides essentially a multiparimeter fit, so that good agreement
between theory and experiment does not assure meaningful theoretical numbers.
Also, the inclusfon of low-8 data down to 16° could bring in errors due to
roughness, refraction, or elastic scattering; it would be interesting to repeat
the analysis for say 8 2 15-20° to check self-consistency. Nonetheless, this
general idea for trying to derive arbitrary monotonic profiles {s promising and
well worth fyrther investigation.

As a final and even more complex type of concentration distribution, mention
should be made of systems that may exhibit concentration gradients both laterally
along the surface as well as {nward from the surface. Thus in general the density
will be given by p(x,y,z]. One important class of specimens exhibiting such
character s supported heterogenous catalysts, in which active metal atoms may
reside within pores in the support, or may coalesce under sintering to form very
small meta) particles along the surface of the support. This complex concentra-
tion distribution, together with the generally very rough character of the suppart
surface, will make any sort of angle-resolved measurement rather difficuit to
interpret unambiguously, for reasons we have discussed previously. However,
fixed-angle intensity measurements, together with specialized models fincorporating
some of the ideas in the patched overlayer of Eqs. (10) and (11), have been used
to derive useful information concerning atomic migration and particle sizes on

heterogenous catalysts, as discussed recently by Oelgass and co-uorkers‘g and by
Meisel et al.so.

G. Studies of surface-specific electronic structure changes

(1) Surface core-Tevel shifts. ARXPS has also been used to verify that core-
level binding energtes of atoms in the outermost layer of a material can be
shifted relative to the bulk, This effect was first unambiguously observed by
Citrin et a\.5]. who used very high resolution {~ 0.25 eV) XPS to study the &
dependence of core levels in Au, Ag, and Cu. Some of their results are surmarized
in Fig. 22. Ffor Ag and Cu there is 1ittle change with @, but for Au, a shoulder
grows in on the low-binding-energy side of the 4f7/2 peak for low 8. This is
reminiscent of the discussion of the Si data in Fig. B, and suggests a less-
tightly-bound species near the surface. The Ay data they have analyzed using a
two-component model (1.e., a one-monolayer Au{surface) layer and Au(bulk)) with
g-dependent intensities given by Egqs. (4) and {5). This model is found to provide
a self-consistent analysis of the data with a surface-to-bulk shift of 0.40 eV and
a surface component localized entirely in the first atomic layer. Such
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Flg. 22. The 9 dependence of core Yine shapes from the noble metals
Au, Ag._and Cu. For near-grazing emission, & shoulder is observed at
lower binding energy for Au; This is interpreted as being due to 2
surface chemical shift of the Audfy,, binding energy. (From Citrin
and Wertheim, ref. {51).)
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cal shifts have subsequently been confirmed for other metals in

surface-layer chemi
The Si data of Fig. 8 also

higher-resolution synchrotron radiation studies™ .

represents a similar observation of a surface-specific core shift, in this case
. . 20
thought to be due to hydride formation .

Thus, although both of these examples have strained the resclution of the
technique to its limits, the ability to vary angle has provided an absolutely

escential feature in arriving at the final conclusions.

{1i) Surface valence-state alterations. A further surface-specific effect that
has been detected in ARXPS is a change in the average valency aof certain rare
earth species near the surface. Wertheim and Crece1iu553 first noted this effect
for metailic Sm. This material is trivalent in the bulk, and exhibits corres-
ponding multiplet splittings in both core and valence leyels that can be used as
fingerprints of this 3+ state, However, 2+ myltiplets are also seen in the XPS
spectra and they are found to increase in relative intensity as 8 is decreased, as
i1lustrated for the 3d core levels in Fig. 23. These data were successfully
analyzed in terms of Egs. {4) and (5), but with the added assumption that all Sm
was located in the first layer, although not all first-layer ions were Sm

Z+

{iit} Surface density-of-states changes. Inasmuch as the surface atoms of any
material experience a different and usually lower coordination number in compari-

son to their bulk companions, it might be expected that the distribution of
valence states in energy would also be different from the bulk. Such a
difference, as measured by the density of states, has been predicted in numerous
theoretical studies to occur on the surfaces of transition metals, where the
general expectation is for a reduced d-band width as measured most accurately by
the first moment of the d-band demsity of statessq.

One of the most convincing observations of such effects to date fs based on
ARXPS. Mehta and Fad1ey55 studied clean polycrystalline surfaces of Cu and Ai,
and for grazing emission found unambiguous rarrowing of the second moment of the d
band peaks by ~ 19% and 21%, respectively. Experimental data for Cu are shown in
Fig. 24. Calculations were performed to simulate these effects by taking
theoretical densities of states as computed for each layer56 p(E)J, j=1,2.3,...
and summing them with allowance for inelastic scattering to yield a weighted
density of states that should be seen in first order in the XPS mezs,rement as:

€] = ] p(E)Jexp(-zj/hesine'). (21}
j=1
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Fig. 24. Comparison of experimental and theoretical Cu 3d-band widths
as a function of 8. The width is here measured using the second moment
of the 3d intensity, althaugh very similar results are obtained in
using the FWHM. Theory is shown for the three lowest-index surfaces.
(From Mehta and Fadley, ref. (55).)
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Fig. 25. Polar dependence of plasmon inelastic Tosses for Dls from
oxygen adsorbed on a polycrystalline aluminum surface. The expected
positions of bulk- and surface- plasmon loss peaks are also shown.
{From Baird et al., ref. (57).)
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Here, zy is the depth of the jth layer and electron refraction has been a1lowed
for in using @' instead of @. The curves calculated in this way for three
low-index faces of Cu agree very well with the experimental curve, as shown in
fig. 24. The forms of the curves also agree for Ni, although theory predicts a
larger effect than that cbserved. However, in view of the simple initial-state-
only model used and the likely greater influence of many-electron effects in
nickel d-band emission, the overall conclusion can certatnly be made that these
ARXPS results display surface d-band narrowing effects for both metals. The fact
that decent agreement is obtained even at angles as low as 8-5° also suggests that
surface roughness may not be a major problem for very carefully prepared surfaces
(In this case, the metals were deposited fn situ on yltra-smooth glass
substrates.)

Citrin et al.SI have subsequently used similar measurements on Au to isolate the
surface and bulk components of the density of states, thus illustrating surface
narrowing and other featural changes. The model used in analyzing this data is
analogous to that described in Section 3.G(1) for surface core-level shifts,
Their assumption that only the density of states of the first surface layer
differs from that of the bulk deviates somewhat from theory, houevers"se. which
suggests that the first 2-3 layers may differ. In any case, their results appear
to be at least qualitatively correct.

Overal) then, such ARXPS measurements have provided another type of information
concerning the surface electronic structure of metals, and their appliication to
other classes of materials should also be of {interest.

(iv) Surface plasmon losses, A final effect that is of interest in connection
with the enhanced surface sensitivity achievable at low @ is a change in the
relative intensities of various inelastic loss processes. For example, for an
atomically clean surface of aluminum (which exhibits well-defined surface- and
bulk-plasmon excitations at different energies), it has been found by Baird et
51.57 that the surface plasmon losses are markedly enhanced in relative impartance
at low 8. The reason for this enhancement is that the surface- and bulk-plasmons
are spatially orthogonal. Thus, because decreasing the angle of exit also
decreases the mean depth of emission, the relative probability of exciting a
surface plasmon is also increased at low exit angles. Comparisons of such data
with theoretical calculations for a free electron metal fyrthermore yield good
agreement with experimental relative intensities and further indicate that the
creation of plasmons occurs by means of both extrinsic processes occuring after
photoelectron excitation and {intrinsic processes occuring during excitatiunSI. A
further feature of such angular-dependent loss measurements that is of interest in

L
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4. Surface Sensitivity Enhancement at Grazing X-ray Incidence Angles

A secand mechanism producing enhanced surface sensitivity involves measurements
carried out at very low x-ray incidence angles I For ehv £ 1%, 1t was first
noted by Henkezl that the mean x-ray penetration depth in a typical XPS experiment
{which is a very large 103-105 1 for B 77 1®) decreases markedly to values of
the same order as the electron attenuation length Ag- This further suggests that
surface-atom signals will be enhanced in relative intensity at Tow Opy+ 25 WS
first demonstrated by Mehta and Fadleysg. The reason for this decrease fin x-ray
penetration depth 15 the onset of significant refraction such that Bhv' << ehu
(cf. Fig. 9) at the solid surface, The interactions of typical XPS x-rays with a
homogeneous medium are furthermore well described by a macroscopic classical
treatment.Z] and detailed expressions for predicting penetration depths and
expected surface sensitivity enhancements fn terms of the material optical
constants and other parameters have been presented elsewhere.5'21'5g

As a recent example indicating the surface sensitivity enhancement possible
at low By Fig. 26 shows data obtained from a clean palycrystailine Cu surface
for which the cuff3éSICU3p ratio was measured as a function of the mean x-ray
incidence angle €, Because the kinetic energy of the (:u.u'!p:‘/2 peak {549 e¥) is
much lower than that of the Cu3p peak {1406 eV), fts mean free path will be
significantly lower. Thus, the mean depth of 293/2 emission will be less than
that of 3p emission under normal circumstances of x-ray incidence, and any
significant reduction in the x-ray penetration depth at low Bh“ will act
preferentially to turn off more of the 3p signal. Therefore, the ~25% increase
in the Cuijlleuap ratio noted for 5;v % 0° is a clear indication of surface
sensitivity enhancement. There is also good agreement between experiment and
thegretical calculatfons including both refraction and reflection effects, as also
shown in Fig. 26. Note the very sharp onset of the lcm-ah\J enhancement over a
region of only a few degrees near ehv = 0°, More pronounced effects have also
been noted in the Cls/Audf ratio for Au with a carbonaceous overlayersg. and in
the Si2ploxide)/Si2p(element) ratio for silicon with varying oxide overlayer
thicknesses.61 Also, the known optical properties of several solids at XPS
energies of ~1.5 keV have been used to predict that such phenomena should be of
very general accurrence.’

It should be noted in connection with such grazing-incidence studies, however,
that surface roughness effects can be extremely important in any attempt at
quantitatively analyzing such data.51 This is due to the very small incidence
angles involved, so that if the true microsopic incidence angle e;v deviates by
even ~0.1° from the macroscopically measureable By 2 significant change occurs

Angle-Resolved X-ray Photoelectron Spectroscopy ne

in the degree of refraction and reflection, Thus, surface preparation and
accurate angle measurement are both very critical. Further practical problems are
that the x-ray source ought to have a very wel} defined direction of incidence
(Aehv £ 1° in Fig. 9) and that surface shading by any roughness present will
generally act to much diminish absolute phatoelectron intensities at low 8 .
Thus, grazing-x-ray-incidence surface enhancements may servé as a useful
complement to those at grazing electron emission, but the measurement and
interpretation of the former data may not be as straightforward.

L) ] 1 T L] L] T | L] T

[170) Az

(a)

Intensity (10*c)

Fig. 28. Experi‘mental polar dependence of Ge XPS and Auger intensities
above a Ge(110) surface for @ scans in a (110) azimuth. Ge3d and Gelpy,;
APS intensities are shown together with the Ge LiMg My g Auger intensity.
No allowance has been made for the instrument response function.

(From Owari et al., ref. {54).)
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5. Core-Level Emission from Single Crystals:
A-ray Photoelectron Diffraction{XPD)

A. Introduction
In this section, we begin the constderation of effects observed in angle-
resolved x-ray photoemission studies of highly-orderad single-crystal specimens.
Here, emission from highly-localized, atomic-11ke core levels will be discussed;
In Section 6 following, the more complex case of emission from delocalized valence
levels will be considered. In both sttuations, a consideration of diffraction
phenomena associated with the wave character of the emitted photoelectrons will
prove essential for understanding the observed angular distributions. It is thus
useful to immed{ately introduce the appropriate non-relativistic relationship
between photoelectron wavelength J\e and kinetic energy E

kin’
re = Wlzmg, 12, (22)

where ; = Planck's constant and m = the electron mass. In convenient umits, this
reduces to approximately

aglin A) = [1807E, (in ev)]V/2. (23)
Thus the relevant wavelengths gver the typical XPS range of energies of ~500-1500
will be from 0.55 A at 500 eV to 0.32 A at 1500 eV. The magnitude of the asso-
ciated electron wave vector ¥ 15 in turn given by k = /i, and k= k.

In order to qualitatively introduce the different types of effects seen in such
x-ray photoelectron diffraction {XPD) experiments, some typical experimental data
are shown in Figs. 27-306 -64, These are illustrative of the various types of
data which can be obtained, in that Figs. 27 and 28 both represent emission from
core-levels in the single-crystal substrate (u with (001) orientation and Ge with
{110) orientation, respectively), whereas Figs. 29 and 30 represent emission from
species adsorbed on such a substrate (c{2x2)C0 on Ni{001) and ¢(2x2)0 on Cu{001},
respectively. Also, two of the figures (27 and 30) represent azimuthal scans {cf.
Fig, 2} whereas the other two {28 and 29) show polar scans.

From these figures, one can directly draw several useful qualitative conc¢lu-
sfons: There are pronounced anisotropies in all of these photoelectron angular
distributions., [f the degree of anisotropy is measured as (Imax'[min)llmax =
AL/T .+ we see that the values vary from as large as 73% for CuZp:‘,/2 substrate
emission fn Fig. 27 to as small as 6% for G)s adsorbate emission at large 8 valyes
in Fig. 30. There are also some rather narrow features in these angular distribu-
tions, with widths as small as ~ 4-5%, and this indicates the possible importance
of having adequate angular resolutfon (as discussed further below). Not
surprisingly, the patterns seen exhibit certain symmetries of the underlying
substrate: for example, the azimuthal data of Figs. 27 and 30 for a Cu(001)
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Fig, 29. Experimental polar dependence of the Cls intersity for a c{2x2})
overlayer of (0 on a Ni{0OCl) surface. The data have been obtained in

two symmetry-inequivalent azimuths. Also shown is a schematic illustration
of the intramolecular scattering and diffraction producirg such effects.
(From Petersson et al., ref, {62) and Orders and Fadley, ref, (81).)
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surface with C, symmetry exhibit near mirror symmetry about a [110] azimuth for ¢
= 45°, a point we will amplify on below. The strongest substrate diffraction
features are also most often seen along high-symmetry azimuths as well, and this
suggests the possible use of such features for determining crystal or{entations.
finally, if the substrate angular distributfons of Fig. 28 gre consfdered, 1t {is
ctear that the lower-energy photoelectron peaks exhibit broader features than
those at higher energy: specifically, the Ge2p3/2 angular distribution at 270 e¥
has less fine structure than that of Ge3d at 1457 eV. This last observation is a
straightforward consequence of the change in de 8roglie wavelength with energy,
with shorter wavelengths at higher energies being capable of producing sharper
diffraction features due to interference effects.

The previous point concerning the desirabflity of high angular resolution s
further illustrated in Fig. 31, where experimental t:uZp:”2 azimuthal data from
Cu(001) at a polar emission angle of 45° is shown for two different analyzer
anguiar acceptances: cones with half angles of 4.5° and 1.5°. The angle steps
used in accumulating the data were a4 = 1.0° for both cases, [t 1s clear that the
£1.5° aperture yields data with considerably more fine structure, including some
features of only a few degrees in width. Although most of these features can also
be seen in the :4.5° data, they are much easier to resclve in the 1.5 curves.
Thus the optimum use of XPD 1n deriving structural information wil) fn many cases
require instrumental angular resolutions of approximately 1-2°.

The azimuthal data of Figs. 27 and 30 further illustrate some important points
concerning data analysis. The raw data of Fig. 30 for 0Ols emfssion from c{2x2)0
on Cu(001), which is shown as dashed curves, has been obtained by scanning over a
full 360" in azimuth. Thus, in view of the qu symmetry of the surface, there 1s
redundancy in the data that can be used to average out noise and to check for the
reliability of various features, One useful method fs to fourfold average such
data by adding the points at ¢, ¢+90°, ¢+180°, and ¢+270°, thus partially
accounting for the known symmetry associated with the surface; in general, this
averaging reduces the anisotropy Al/lmax. Subtracting off the minimum Intensity
and replotting then yields the "flower" patterns shown as soiid curves. These can
fn turn be compared with the raw data to be sure that all featyres present in the
fourfold-averaged data are consistent with similar features in each quadrant of
the raw data. Any misalignment of the azimuthal rotation axis with respect to the
[001] surface normal also becomes very evident in such comparisons. Finally,
since the symmetry operations of mirror reflection across ¢=0°, 45°, atc. have not
been included in the fourfold averaging, the presence or absence of such mirror
symmetry can be used to judge feature accuracy and overall statistical
relfability. For example, in Fig. 27, such fourfold-averaged data for Cu2p3/2
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Fig. 30. Experimental azimuthal dependence of the 015 intensity for a
c{2x2} overlayer of oxygen on a Cu(001) surface. Seven different polar
angles of emisston are shown. Both the raw cata of a full 350° scan and
fourfold-averaged data from which the minimum intensity has been subtracted
are shown. The overall anisotropies &1/1nax are also indicated for each
set of fourfold-averaged data. (From Kono et 2l., ref. (63).)
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emissten from Cu(001) is plotted in Cartesian form and {s found to be very close

to mirror symmetric about ¢ = 45°. Qther forms of azimuthal data averaging would

be appropriate for surfaces with different symmetry (as 2 tnree-fold (111) surface
or the stepped surfsces to be discussed in Sec. 5.F.}, but in general it seems to
be very useful to obtain the fullest angle scans possibie to enable carrying out
such analyses. Similarly, doing symnetry-equivalent polar scans {e.g., at & = 0%,
90°, 180°, 270¢° for a fourfold surface) and averaging these to check orientational
accuracy and reduce spurious intensity variations fis also very usefui.

It is also worthwhile to note here that the typical mean free paths for
inelastic scattering in XPS of ~10-30 ; fmply that all of the features seen in
Figures 27-30 must be associated with atomic order very near the surface. In
fact, we have found in general that the type of surface pre-treatment utilized
{for example, as to times and temperatures for fon bombardment and annealing) can
have a dramatic effect on the degree of anisotropy found, even when simultaneous
observation with low emergy electron diffraction (LEED) shows very littTe visual
difference in the sharpness of a pattern for different pre-treatment procedures.
Thus, such XPS measurements seem to be very sensitive and guantitative indicators
of the degree of near-surface order.

Before proceading to a more gquantitative discussion of these effects, we
consider a few examples of how such x-ray photoelectron diffraction patterns can
be used in more or less a fingerprint fashion to derive very useful information.
First, the fact that substrate photoelectron emission along low-1index directions
in the crysta) is generally associated with pronounced peaks in the XPD pattern
can be used to carry out very precise crystal orientations in situ, {This peaking
along low-index directions can be qualitatively explained in terms of Kikuchi
bands associated with different sets of low-index p1an9565. as discussed in more,
detail in Section 5.8.) For example, in our Ffaboratory, the polar- and azimuthal-
orientations of (001)-metal crystals are routinely determined to within *0.5° by
using a combination of polar scans through the {001] surface normal and azimyuthal
scans through a series of <}10> directions at 45% with respect ta the normal. For
single crystals containing more than one type of atom, a second type of informa-
tion concerns the nature of the crystal site in which a given substrate atom is
sitting: for example, is it in well-defined tattice sites, has it been inter-
stitially incorporated, or has it been randomly incorporated with respect to the
ather atoms of the lattice? This .se of XPD was first rade far a Au/fg alloy by

Fadley and BergstromB. Some more recent XPO data obtained by Thomas and

abave a Cu{00!) surface. Curves are shown for both 2 21.5" cone of accept-

snce solid angle and a +4.5" cone of acceptance. The theoretical curves

are Qased~on the single-scattering cluster model. (R. €. White,

8. Sinkovic, P. J. Orders, and C. 5. Fadley, unpublished results,) 32.
been analyzed by ncting that photoelectrons arising from two atoms occupying

from a single crystal of the mineral muscovite are shown in Figure
These have

co—workers66
Here, polar scans of different peak intensity retios are shown.
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Fig. 32. Experimental polar dependence of normalized core {ntensity ratios
for different peaks resulting from a single crystal of the mineral muscovite
{K(A12)(Si3A1)019(0H}2). The full range of excursion is indicated as a per-
centage, and A, denotes the ratio of de Broglie wavelengths of the two

peaks involved i

n a given ratio. {From Adams, Evans, and Thomas, ref. (66).)

Angle-Resolved X-ray Photoelectron Spectroscopy azr

exactly the same type(s) of lattice site{s) in the crystal should show exactly the
same XPD pattern, as long as their de Broglie wavelengths are not different by
more than ~30%; thus, their normalized ratio should be very near unity regardless
of polar angle. This is trivially the case for the K2p/K3p and §12p/St2s ratios
arising in a single atom. By contrast, photoelectrons arising from atoms with
very different sites should exhibit the greatest excursions from unfty, as for the
A+25% deviations in the S12p/K2p ratio; this is consistent with the known
structure of this mineral. The reduced value of the Si2p/Al2p excursions of +15%
(as compared, for example to Si2p/K2p) is furthermore suggestive of some Al in
stofchiometric excess of that needed to occupy normal octahedral sites going into
tetrahedral sites that are predominantly $1. As a second example of site-type
determination, Fig. 33 shows polar-scan data obtained by Nihei et 31.57 for a Ay
overlayer of 85 A thickness grown onto a (110) surface of GaSb. With annealing
at 400°C only, ths Audf XPD pattern is relatively featureless, suggesting an
amorphous overlayer, whereas both the Gald and Sbdd patterns exhibit considerable
fine structure, After annealing at 540°C, however, the Audf pattern becomes very
nearly i1dentical to the Gadd pattern; as these two peaks are furthermore very
close in kinetic energy, it is thus suggested that Ay has preferentially displaced
Ga in the Gasb tattice. This kind of atom-specific order and site information
would be difficult to obtain 1n any other way.

As a final introductory comment, we note that Liebsch68 first pointed out from a
theoretical point of view how adsorbate core-level photoelectron diffraction might
be used to determine surface structural information. This work involved
muttiple-scattering theary for low energies as appropriate to an ARUPS experiment.

B. The single-scattering cluster ($5C) mode)

In discussing more quantitatively such XPD effects, it {s necessary ta introduce
a more detailed model of the scattering and interference phenomena that are
expected to occur for photoelectrons in the ~500-1500 eV energy regime. Such a
mode] can be formulated at varying levels of complexity from a straightfarward
singie-scattering or kinematical approach62'63'69 to more complex dynamical
treatments incorporating some degree of muitiple scatteringsa'7 '71. Fortunately,
we have found that a very simple single-scattering model as applied over a finite
cluster of atoms appears to very well describe most af the features in
XP052'53'69. and it is thus this approach that will be discussed below.

The essentiai elements of this single-scattering cluster (55C) model are shown
schematically in Fig. 34. The basic assumptions are essentfally identical to
those used in describing extended x-ray absorption fine structure (EXAFS)72'73 and
a stmilar model has also been applied {although rather unsuccessfully) to angle-
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Fig. 34. Schematic illustration of the assumptions used in the single
scattering cluster (SSC) model, with varicus important quantities defined.

5.0 1
Scattering Amphryde for Cu
| —-10000 ev lrom the Porhial Waove Method
4.0- ‘*— -5000 av
2000 ev
U500 ev
‘ . 1000 ev

3'0.(? - 500 &

‘

10.000 ov

|81} wn A

2.01 5000 &

2.000 &

' 2.000 eV

1500 ev )

1,000 a 11500 ev
L0

0.0

1
0 0 40 o0 50 100 Y20 140 160 180
! [

fo1 ward 8{.) backward

Fig. 35: The magnitude of the atomic scattering factor !f{3}] for Cu as
& function of scattering angle 8 for various electron kinetic energies
from 500 to 10,000 eV. Hote the enhanced forward peaking as energy
Increases, and the concomitant decrease in the importance of any
backscattering. (From Thompson, ref. {80).)

329



330 Charles S. Fadley

resolved Auger emission at very low energies of {100 eV". The SSC model as

appropriate to XPD is discussed in more detail eISEuhere52'63. s0 that only the
essential assumptions and mathematical results will be outlined here.

Radiation with polarization & is incident on some atom fn the cluster, from
which it ejects a core-level photoelectron, (In Fig. 34, the emitting atom is
shown near the surface, but it could as well be any atom in the substrate.) The
problem is then to describe the single scattering of this wave from all other
atoms § in the cluster, keeping track of the phase shifts introduced by both the
scattering and path length differences and finally to sum the wave amplitudes so
produced to yield the total photoelectron amplitude. Squaring this amplitude then
yields the intensity expected in a given emission direction, as denoted by
the wave vector K. That is, 1f ¢°(F.E) is the photoelectron wave at ¥ as emitted
directly into direction X and ¢(?.Fjo§) is the wave resulting from initial ¢,
emission toward a scatterer } at ¥. and then subsequent scattering so as to emerge
from the surface in the direction of &, the overall wave amplitude will be given
by

WER) = 9 (FK) + I 0577 %) (24)

and the photoelectron intensity by

1K) =« Jw(F,R}|? . (25)
Because the detector {s situated at essentfally T = = along k, 211 of the waves
in {24) can finally be taken to have the limiting spherical forms 4, = exp(ikr)/r
or ¢j « exp(ikiF-FJI)/|?—;jl, although the actual amplitudes of each type in a
given direction will be modulated by the photoexcitation matrix element and, for
the oj's. also the scattering cross section. It is further assumed that the
portion of ¢, which passes to the scatterer j to produce @1 also decays in
amplitude according to a spherical wave assumption, or as 1/rj- If the
scattering angle is ej' the overall path tength difference between ¢, and °j 1s
then rj(l-cosej).

The directional modulation of the Initial photoelectron wave ¢° would most
accurately be treated by considering both the t+1 and 2-1 components produced in a
dipote excitation from an n¢ subshell, and determining the matrix element

Fujikawa, for example, has recently discussed this approachrl.
For the special case of ns emission, however, this reduces simply to an

ek dependencezs. ang it is this form that has been used in most prior XPD
63,69

involved’ 072

analyses Since tha differential photoelectric cross section
dUni(E'E)/dn is proportional to intensity rather than amplitude, another
appraximation would be to use a § modulation of [dani(é,ﬁ)ldnlljz 64. Although

this 15 not strictly correct and does not account for possible sign changes in the
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matrix element with direction due to the photaelectron parityys, it 15 probably an
adequate approximation for XPD 1in which the electron scattering process will be
seen to select out Fj choices very nearly parallel to k; that s, for the range of
Fj directions near the K directfon that produce significant scattering, the matrix
element varies little, so that a very prectse description of it s not required.
In fact, predicted XPD patterns have not been found to be very sensitive to the
exact way 1n which the matrix-element modulation 1s included, particularly as
regards averaging over 2 fn an unpolarized sourcesz'ss. We shall thus use the
simple £-k form in what follows.

The electron-atom scattering that produces ¢, s assumed %o be adequately
described by a complex scattering factor

f58) = 1f;(0 ) lexplivyte))], (26)
where wj(ej) s the phase shift assoclated with the scattering. The scattered
wave ¢ is thus proportional to fj(ej)expiki?-?j|/|?-?ji. with an overall phase
shift relative to 4, of krj(]-cosej) + wj(ej) that is due to both path length
difference and scattering. The use of this form for 4, implicitly assumes that
the portion of ¢ incident on the jth scatterer has sufficfently Jow curvature
compared to the scattering potential dimenstons to be treated as a plane wave.
This is the so-called "small-atom" approximation’s. and tt should be fully .
adequate in XPO for all but perhaps the nearest-neighbor atoms to the emitter.
Even for such nearest-neighbor atoms, the only effect of inclusion of ¢ curvature
will probably be to somewhat reduce the amplitudes of certain foruard-sgattering
peaks in I{E) fn comparison to those predicted with the use of Eq. (26)77. s0 that
its neglect should not be serious. A further important peint here s that, as
energy 1s increased, the region of the potential wel) that is effective in the
scattering is reduced in diameter, so that the small-atom approximation should
because of this be more valid than prior cr!ter1a75 might indicate.

The scattering factor fj(aj) 1s most accurately determined by applying the
partial-wave method to a suitable spherically symmetric-scattering potential for
each atomic type in the cluster. The number of partial-wave phase shifts needed
goes.up with energy, and for a typical scattering potential of effective radius
1.5 A, would be 2 8 for Ek1n = 500 eV and > 24 for 1500 eV. Tabulations of free-
atom scattering factors at energles spanning the XPS regime exist7g. Alterna-
tively, scattering potentials more appropriate to a cluster of atoms with over-
tapping charge densities and potentials can be constructed via the muffin-tin
model employed, for example, in LEEDQ]‘az. The free-atom fj‘s generally are
larger in magnitude than their muffin-tin counterparts due to their neglect of
charge and potential overlapsz'sa. Both types of fJ's have been employed in XPD
calculations, and they do not yield significantly different }(E) curves, although
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the use of free atom fj's might be expected to predict slightly higher peak inten-
sities due to thelr larger amplitudes. In the limit of very high energy, the use
of the first Born appr'mx'll'n.ution7B for determining scattering factors might also be
expected to be adequate. However, recent studies by Goldberg, Thompson et al.
have shown that the Born approximation is not sufficiently accurate for XPD
caleulations at <5 keV53'8°

Some typical scattering factor amplitudes and phase shifts for Cu are shown in
Figs. 35 and 36, These curves and other available data’? show that, over the
typical energies {n XPS of ~500-1500 e¥, the amplitude Ifj(ﬂj)i 15 very strongly
peaked in the forward direction or near eJ = 0*, with a FWHM of only ~10-30°.

This forward peaking 15 even more pronounced at higher energies, as illustrated tn
Fig. 35. The only cther appreciable scattering strength occurs near ej = 180*,
but this is down by roughly an order of magnitude in comparison to the forward
scattering peak. At higher energies, the back scattering peak 1s reduced even
further, essentially disappearing at 10,000 e¥. Considering the phase shifts in
Figure 36 and other available d.\ta?9 also permits concluding that for XPD, wj is
rather small (<30-50°) for the Bj region fn which lfJI 1s large. Thus, for
electron elastic scattering in XPD from atoms of low- to moderate- atomic number,
the scattered waves °J are expected to be significant only for 8, rather near
rera, and fn this case the scattering phase shift will also be rather small. (The
optical theorem prevents y. from being exactly zero unless the total scattering
cross section is also zero 78.) For substrate-atom emission from well below the
surface, the condition of near-forward scattering from neighbors above is
geometrically possible for emission into a large number of directions k above the
surface, However, for adsorbates or near-surface substrate atoms, observation at
special emissfon directions may be necessary to see significant XPD. This is why,
for example, most of the polar angles 8 1n Fig, 30 are near-grazing with respect
to the surface. It also explaing why the anisotropy in Fig. 30 falls off as the
polar angle is increased away from the surface, becoming almost undetectable at 8
= 45°,

The effects of inelastic scattering on wave amplitudes during propagation below
the surface must also be included. Intensity falls off as exp(-L/Ae), where L s
an arbitrary path length, so that ampiitude is expected to fall off as the square
root of this or exp(-szne) z exp(-yL). Thus, y = 1/2Ae, although v values up to
+2-3 times this have been suggested in prior EXAFS72 and l'«ugeri4 analyses, Each
wave ¢ or oj can thys be multiplied by such a factor involving an L value which
includes the total path length below some surface cutoff point. This surface
cutoff is usually chosen to be the substrate surface as defined by hard-sphere
atoms™"'"", although the exact choice is not found to influence the XPD patterns
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Fig. 37. Comparison of experiment and single-scattering cluster {SSC)
theory for the azimuthal dependerce of Culpy,; emission from Cu(001) at
varfous polar angles between 7° and 18.4%. 'The notation damping = 1.0
refers to the use of ifj(a)jl values with no empirical reductien factor,
whereas damping = 2.0 refer$ to theuse of values reduced by ) to optimize
agreement with experiment. Note that the only significant changes pro-
duced by the use of such camping are for two fine structure features
near ¢ = 45° and for 8 = 7° and 10°. (From Kono et al., ref. (63}.)
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significantly. Ae values can be taken from prior experimental or theoretical
tabulations, but it is found that this choice also is not critical: for example,
Ae for Cu has been varied by ~:25% without changing the substrate XPD patterns
signifinantly62‘63.

Vibrational attenuation of f{nterference effects is furthermore potentially
important, and can be included in a standard way by multiplying each ¢j by its
associated temperature-dependent Debye-Waller factor:

4y(1) = expl-2kE(T)] = expl-2k%(1-cose 1U3(T)] (27)
where Ak is the magnitude of the change in wave vector produced by the scattering,
and GE(T) is the temperature-dependent one-dimensional mean-squared vibrationatl
displacement of atom j with respect to the emitter. At this tevel of approxima-
tion, U is assumed to be isotropic in gggce and any correlations in the movements
of near-neighbor atoms are neglected. US values can be obtained from, for
example, LEED analysessz'sa. However, the fact that the electron scattering is
significant only when 8, s rather close to zero acts through the (l-cosej) factor
in the argument of Eq. {27) to yield Hj's very close to unity for all important
scattered waves. Thus, the U values chosen for Cu can fn fact be increased by a
factor of four without appreciably altering the I(E) curvessa. So, vibrational
effects are to first order not very important in forward-scattering dominated XPB,
although they are, for example, very important in LEED, EXAFS, and normal photo-
electron diffraction where back scattering is the dominant diffraction mode (and
thus ej ¥ 180°). An alternate method for allowing for vibrational effects is to
assume some probability distribution of atomic positions due to vibration {as, for
example, a harmonic oscillator envelope) and then to sum separate weighted
diffraction intensities for all possible combinations of atomic positions. This
is cumbersome, but it has been used to quantitatively look at the effects of
specific types of molecular vibrations at surfaces”'a].

The expression for intensfty [(f) can now be written down directly as:

. _ ks . -
1{k) «f[a-ie e, § —;Elffj(ej)|uje YLJ(expi[krj(r-cosej) + w8 )? g2

TATRIE e

F 1 @) e irha, (28)
J r.
J

Here, E-k and E-Fj represent photoemissfon matrix-element modulations along the
unit vectors k and FJ. respectively, andﬂefp(-yl) and exp(—ij) are §ppropr1ate
inelastic attentuation factors. Thus, (e k)exp{-yL) is the amplitude of the

direct wave ﬁ;?.f) and (€-Fj)|fj(ej)le exp{-yLJ)/rj is the effective amplitude
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of oj(?, r.-k) after allowance For both inelastic scattering and vibrational
attenuation of interference, The complex exponential allows for the total final
phase difference between @o and each ‘j‘ The integrals on & simply sum over
different polarizations perpendicular to the radiation progagation direction, as
appropriate to the ysual case of a Targely unpolarized x-ray source in IPS. The
second [ corrects the first absolute value squared for the incorrect inclusion of

j
Debye-Waller attenuations in terms involving a product of a scattered wave with
ftself. That fs, in expanding the absolute value squared, only products
involving unlike waves as ¢0¢3 or ¢j¢; (5 #¢) s?ou]d include Debye-Waller
products of Hj or uj”!' respectively. The (I-Hj } factor in the second surmatien
iszthus necessary to yield overall correct products of the form ¢j¢j* without any
Hj factor, The second sum is termed the thermal diffuse scatiering term and it is
usually quite small with respect to the gverall XPD modutations, becayse, as we
have already noted, Hj is very close to unity for all strong scatterers. Eq. {28)
s thus the basic starting point of the single scattering cluster model. [t is
also worth noting here that such a cluster sum makes no explicit use of the 2- ar
3- dimensional translational periodicities that may be present, even though the
atomic coordinates r. used as inputs may incorporate such periodicities. Thus,
neither surface- nor butk- reciprocal lattice vectors are expiicitly invaolved, and
it makes no sense at this Tevel of description to speak of diffraction "beams”
associated with certain E's as in LEED,

Averaging over a totally unpolarized source ]eads to a more complex expression
for 1(k) in terms of various geometric angles, but it can be shawn that the strong
forward peaking in fj(aj) permits using the following relatively simple
expressfun62'63

KR)=]1_ + § 1. explilkr (1-cos8.) + ¥.(a.]71]2 0 we
It § Hyexelilir;(1-cosey) + ¥ (e )17 § 150-4) (29)
where ek Er erj are the angles between the direction of radiation propagation
and K or rj, respectively, and !o and Ij are defined as
!0 = sin 8, exp(-yL}
1. = sine,.. If. (9. -yl
I r ! J(BJ)I exp( yLJ)/rJ .
That is, in averaging over £, £+k has been replaced by sin Sk and E:P, by sing,.,.
It s this result that has been used in mast XPD calculations to date? ’
The last parameter of importance in actually using Egqs. (73] gr (29) is the
range of j ar the choice of & suitable cluster of atoms. This is done empirically
50 as to include all significant scatterers by verifying that the predicted XPD
patterns do nct change in any significant way with tha addrtion of further atoms

at the periphery of the cluster. The inherent weakness of 11 scattering events
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for which aj is appreciably different from zero tends to limit cluster sizes in
most cases. They thus can range from 2 atoms for near-normal emission from a
vertically oriented diatomic molecule on a surfm:e’7 to as many as several hundred
atoms for substrate emissfon in which both the emission and scattering must be
summed over several layers into the bu]k62'63. Howeverw, even for the largest
clusters so far considered, the {nherent simplicity of Egs. (28) and (29) stil)
yields calculations which do not consume excessive amounts of compuier time,
especially by comparison with those necessary for LEED or UPS simulations.

A further physfcal effect of importance in making comparisons to experiment is
the possibility of electron refraction at the surface, as discussed previously in
Section 3.C. Fig. 14 indicates that, even at the relatively high energies of XPS,
for emission near grazing, angle changes 8'-6 of a few degrees can be produced by
refraction. Thus, especially for adsorbate studies such as that shown in Ffg. 230,
a proper allowance for refraction is necessary, at least for @ values £ 10°. This
is done by using a suitable inner potential VD derived from experiment and/or
theory and £q. {19) to predict & for a given internal propagation direction 8',

In the presence of an adsorbate, the exact form of the surface potentfal barrier
thus becomes important, as 1t may not then be possible to assume an abrupt rise to
the vacuum level at the substrate surface. Also, the presence of adsorbate atoms
may alter VD through changes in the work function, and these atoms also may occupy
positions above the surface in which only a fraction of VD is appropriate.
Although a prior study of 0 on Cu(001} fndicates that the predicted XPD results
are not particulariy sensitive to the choice of v062.63. it 1s 1mp9rtant to
realize that not properly allowing for it may shift theoretical XPD patterns by as
much as a few degrees with respect to the actual 8 values at which they will be
observed.

A fina) step in any realistic calcutation based upon this model is te integrate
the direction of emission X over the solid angle ¢, accepted into the electron
analyzer62'53 For most of the calculations reported here, this has been over a
cone of $3.0-3.5° half angle, although for certain cases a smaller cone of :1.5°
has been used.

There are several reasons, however, why the XPD effects predicted by such SSC
calculations are from the outset expected to be larger in amplitude than those
observed experimentally. (This is a common type of discrepancy in cther
diffraction calculations as well, as, for example, in LEED.) These have been
discussed previously in connection wtih XPL ~, and are: (1) The actual surface
may have irregularities on an atomic scale that are not included in the usually
Tdealized model cluster. Also, adsorbates may exhibit more than one type of bonding
site, especially if unobserved steps or dislecations are present on the surface to
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some degree. These effects will in genera) tend to average out XPD effects in
experimental data relative to a highly ideal calculation. (2) The jack of a
fully-converged cluster of atoms in the calculations would also tend to produce
greater anisotropy, as atoms near the periphery of a larger cluster add so as to
produce a nearly 1sotropic background. (3) The incluston of spherical-wave
character for nearest-neighbor scattering will qualitatively tend to reduce the
scattering strength, at least in the forward dfrection. This effect has been
quantitatively estimated in XPD calculations for Cls emisston from molecutar co,
where it appears to reduce the forward scattering diffraction peak by about 1/2 as
measured with respect to the background intensity”f (4} vibrational effects,
especially at a surface or for an adsorbate, may not be adequately described by
simple Debye-Waller factors, and lead to enhanced supression of XPD features. (5)
Multiple-scattering effects also may be present to some degree, and these would
generally be expected to smear out some features. (6) The presence of a non-
isotropic inelastic scattering mechanism (for example, associated with excitations
of rather localized valence electrons) also could reduce the relative intensities
of diffraction features. Such phenomena have been noted as a source of reduced
diffraction effects in EXAFS back scattering, for example, although 1t appears
that for forward scattering the optical theorem’= will require an increase in |f,]
due to 1nelastic processesaz. Such effects need to be further investigated for !
forward scattering at the ~10° eV energies appropriate to XPS. The last four of
these effects thus need to be explored fn further theoretical treatments of XPD,
but we shall show that the much simpler 55C model not incorporating them still
seems to describe the observed experimental phenomena rather well.

As a final comment concerning the $SC model, we note that it can be directly
reduced to an expression very close to that used in EXAFS analyses72 if it is
assumed that all scattered waves ¢, are small in magnitude in comparison to L
Then, {f we begin at Eq. (28) {for simplicity neglecting any averaging over £),
we see that all terms such as ¢J¢; and ¢j¢; can be neglected in expanding the
absolute value squared. The thermal diffuse scattering term thus can also be
neglected. After some simple algebra, it can then be shown that

I(R) « (2-k)2 a2t , z(E-E)e‘TLZ E%:J |fj(ej)|uje'*li
I

x cos{kr.(1-cos8,) + g (8.)). (30)
. J 3 i)
This simplified form has in fact been used recently by Orders and Fadley in

successfully describing several aspects of normal photoelectron diffraction

data®?,

_*This factor of approximately 0.4-0.5 for nearest-neighbor scattering
has also been verified in recent much more detailed APD spherical-wave
calculations by Sagurton, Bullock, and Fadley(to be published}.
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In subsequent sections, we will consider several applicatiens of this SSC model LGBS(OOT) Kono e al.
to the interpretation of XPO data, including especially several substrate- and : -
adsorbate- systems of known geometry to test the degree of its vaiidity. La 4d tioo} (@}

1
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C. Substrate emission

The first quantitative comparisans of theoretical and experimental XPD curves
were for azimuthal $cans above a Cu(001} surfaceez'sa. Some of this data for
Cu2p3/2 emission is shown in Fig. 37 (cf. Fig. 27}, and a more recent comparison
using higher and lower angular resolutions has been presented in Fig. 31.
Consider first the theoretical curves labelled "damping = 1,0" in Fig. 37, which
represent non-adjusted 5SC calculations according to Eq. (29), as do the
theoretical curves of Fig. 31. It is clear from these figures that simple S5C
calculations are capable of predicting the positions and approximate relative

intensities of most of the features observed, even down to the very narrow peaks oF 1 ?'o*'

AN |
e NS % o C:x':un:»on!

Ladd INTENSITY (Arb. Units)

50 300 407

noted for 15 % b £ 75° in Fig. 31, There are, to be sure, some minor POLAR ANGLE

discrepancies as to features, as for example, in Figure 37 where the local :

minimum in experiment i3 not present in theory for ¢ = 45° and @ = 10° and the Fig. 38. Comparison of experiment and SSC theory for the pelar dependence

o ° . . ® of Ladd emissfon from LaBg(001) atong the (100} and (110] azimuths. The

maxima in experiment for ¢ « 90° and & = 13°, 15°, 18.4%, and 45° are local minima salid-curve theory includes both La and B atoms as scatterers; the dotted-

in theory. Also, the degree of anisotropy is overestimated by theory by a factor curve theory includes only the much heavier La atams as scatterars. No
allowance for the instrument response function has been made in plotting

of +1.5-2.0, but this fs not surprising in view of our prior discussion of the the experimenta) data. {After Kono, ref. (85).)

model.

The overall agreement between theory and experiment for Cu is improved
somewhat by the empirical reduction of each scattering amplitude Ifjl by a factor
of 11263: such curves are denoted by "damping = 2.0" in Figure 37. Such an 1G°|—XAIXAS(”O)J Niheiet ol
empirical reduction in |fj| might be justified in allowing for some or all of the '__.1E,£,e,iw|\ '
last four factors discussed in the preceding section as being responsible for- ""n,The’ff."':[OQf] aze |
overestimates of anisotropy by theory:" but its magnitude has been rather L
arbitrarily chosen to optimize agreement, so that such adjustments will not
generally be utilized in what foliows and, if so, will be specifically indicated.

As more recent examples of such comparisons, we note that the closely-related
crystal Ni{001) exhibits XPD azimuthal patterns very close to those of Cu(001),
and somewhat better agreement with non-adjusted SSC c:a]cuhn'.ions8

Also, Kong 3 has recently compared $SC calculations and experiment for polar
scans above a LaBg crystal. Fig. 38 shows such a comparison for Ladd emission,

n

(=]

<

INTENSITY (Arb. Units}
~n

]

and it is clear that all main features are correctly predicted as to position and ¢ 9‘@ 70° 5‘0- W e
approximate relative intensity. ({The experimental data here have not been POLAR ANGLE
corrected for a gnjooth-curve modulation due to the instrument response function.)
. ]
Takahashi et al.” have also recently compared azimuthal XPD data for Agid Fig. 39. Comparison of exneriment and $SC thecry for the polar dependence
-------------------------------------------------------------- of Al2p, Ga3d, and Asdd emission from Ga, A1 As(110).  (After Owari
*Such empirical adjustments in |[f | by approximately 0.4-0.5x have also et al., ref. (87).)
been found to improve agreement \;ith experiment in more recent work

{ref. 100 and Trehan and Fadley, to appear in Phys. Rev. B), and their
principal origin in spherical-wave effects{ref. 77) has also been con-
firmed by Sagur_g;.on. Bulleck. and Fadley(to be published).
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emission from a Ag (110) crystal wtih 55C theory and found very good agreement for
all major features.

As a final example, we show in Figure 39 a very recent comparisen of SSC
calculations and experimental results obtained by Nihei et al.a? for polar scans
of three core pesks in a crystal of Gay Al As (x . 0.5) with (110) orientation.
The SSC model utilized was somewhat simplified from that discussed here. Again,
almost all of the features are correctly predicted in position and relative
intensity, with the sole exception being a shift of 6® of two features for Asld
in the range 50° ¢ 8 x 70°.

Overall, the test cases studled to date thus permit tentatively concluding that
SSC calculations provide a very good description of the XPD effects associated
with substrate core-level emission. The degree of agreement found is even
somewhat surprising in view of the fact that emission along or near 1ines of atoms
in the crystal might be expected to enhance the importance of muitiple scattering
effects. {Perhaps this is the reason for the slight featural disagreements seen
in Fig. 31 near ¢ = 0° and 90°, as this correspends to emission along <110>
directions.) Comparing $5C calculations with experimental measurements thus
should much increase the certainty of site-type determinations, such as those
represented by Figs. 32 and 33. Anticipating the next sections on adsorbate
emission, we also note that emission along lines of atoms is generally not
possible, so that SSC results might be expected to better describe experiment in
at least this respect.

In concluding on substrate emission, we also note an alternate description of
such effects in terms of Kikuchi bandsz's'ss'aa. This emphasizes photoelectron
diffraction from different sets of planes in the crystal as denoted by Miller
indices {hkt), and each set {s expected to have associated with it a band of
enhanced intensity for photoelectron emission within plus or minus the Bragg angle
ehkk of being parallel to these planes, If the interplanar spacing is dhkz' then
the Bragg angle is determined from

Ay = 2y, sinep, . (31)
One thus qualitatively expects peaks of intensity for emission along low-index
directions in which several sets of planes intersect, as discussed previously.
Maxima at ~@p g Away from the pianes are also expected and such features are seen
in both experiment and SSC theory in Fig. 31 for ¢ % 10%, 80°. This model has

65

been compared to experimental data both qualitatively -~ and quantitatively (using

a simple superposition of independent (hkR) Kikuchi bands)ae’ag. and found to
provide a semi-quantitative zeroth-order description of substrate XPD. A more

detailed comparison of the Kikuchi-band and SSC models appears elsewhereas.
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0. Emission from molecular adsorbates

Although the first adsorbate XPD was actually cbserved for an atomic adsorbate
{0 on Cu(OO])sz'sa). 1t 1s heuristically useful to begin by considering two simple
effects arising 1n small-molecule adscrption. These have both been studied for
the system c(2x2)C0 on Ni(OOI)”'B‘.

{1} Intramolecular Scattering. Fig. 29 shows polar-scan experfmental data for
C1s emission from c{2x2)CO on N1{001} for two different high-symmetry azimuthal
orientations The Cls intensity has been normalized by dividing by the
featureless 01s intensity to allow for the *instrument response function, and a
clear peak along the surface normal 1s found. A qualitative explamation of this
in terms of intramolecular scattering is fndicated in the fnset of this figure.
Cls photoelectrons are preferentially forward-scattered by the 0 atom {n the same
malecule $o &5 to produce a constructive interference and therefore a peak in
intensity directly along the C-0 bond direction. This forward-scattering peak can
also be termed a Oth order diffraction peak, as the scattering phase shift fs very
small {it 1s shown for simplicity to be zero in the schematic drawing). At larger
angles away from the bond direction, 1st order diffraction effects might also be
expected, but they cannot be resolved for certalin in this data.

A more quantitative description of this data requires using the SSC model, as
has been done in two prior studies”'sl. Because the electron emissfon directions
of interest are rather near the surface normal, the substrate Ni atoms or other CO
molecules around a given emitter will be associated with scattering angles of
290°. Thus, it has been shown that they have a negligible influence on such
intramolecular XPD and 2z two-atom cluster (a € emitter and an Q scatterer) is
sufficient. The other important parameters of the calculation are the tilt angle
8, of the bond axis away from the surface normal and an rms vibrational amplitude
8 s for a wagging or frustrated rotationa) motion of the CO. 9ms is
incorporated via a ground-state harmonic oscillator probability distribution, and
is expected to be near 10° for CQ on N1{001} at ambient temperature.

Fig. 40 compares experiment and theary for s " 10° and various cholces of 0,.
{Again, theory predicts £2 times larger XPD effects than are observed and at least
half of this overestimate has been shown to be neglect of curved-wave sffects due
to the short C-0 d1stance77.) An intensity maximum along the surface normal such
as that observed experimentally is found in the $5C curves for all tilt angles
gld“. Considering further the FWHM of this Oth order peak is found to limit the

tilt to 8t % 10, This conclusion is also possible in the presence of greater
degrees of vibrational mot1ona].
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Fig. 40. Comparison of experiment and SSC theory for the polar dependence
of Cls emission from c(2x2)CO on N1(001). The calculations have been
performed with a fixed root-mean-squared vibrational displacement of 10°
and several tilt angles 8y of the (O molecule relative to the Ni surface.
The amplitudes of these intramolecular scattering phenomena are indicated
here by the maximum-to-background ratio Imax/lpack. (From Orders and
Fadley, ref. {B1).)
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Fig. 41. Schematic fllustration of the mechanism by which i

. J intermol
scattering produces azimuthal anisotropy in Cls em{ssion from c(2x§?géar
on Ni(001). (From Orders and Fadley, ref, (81).}
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Thus, this analysis permits rather straightforwardly determining the orientation
of CO on this surface to within ~10°. It also suggests the general utility of
such effects in studying the orientations of small molecules on surfaces, as the
Oth order peak intensity in general follows the bond direction. A}l that is
required is for an atom of reasonable scattering power {that is, of atomic number
14-8) to lie between the emitting atom and the detector. Such intramolecular
scattertng effects thus provide a type of information very similar to that
available from electron stimslated desorption jonangular distributions [ESDIAD
and polarization-dependent core-level absorption edge structure measure‘mentsg].
However, the theoretical picture in XPD seems both simpler and more clearly
understood than either of these other two methods, and a synchrotron radiation
source 1s not needed to carry out the XPD measurements, although it is for

)90

absorption edge studies.

(ii) Intermolecular scattering. A further type of XPD effect possible for an
ordered averlayer of adsorbed molecules is ilustrated for the case of ¢{2x2)C0 on
Ni(00V} in Fig. 41. Cls emission is again considered, but in this case, for near-

grazing emission directions for which scattering by O atoms in near-neighbor
molecules along the surface is possible. Each 0 atom thus may generate both Oth
order and 1st order XPD structure. For the expected C-0 bond length, these
effects are expected to occur for emission angles of ~10°-20° with respect to the
surface. At lower angles, intermolecular scattering by C atoms in adjacent
molecules also may be significant. The gqualitative expectation {5 thus that
azimuthal scans of Cls intensity should exhibit Oth order peaks at ¢ = c°, 45°,
90°, ... (as measured from the [100] direction), with extra structure at
intermediate angles possible due to Ist order effects.

Such intermolecular effects have been experimentally observed81. as illustrated
in Fig. 42 for scans at various polar angles. These data have been fourfold-
averaged over a full 360° scan to reduce noise. As noted previously, the degree
of mirror symmetry about ¢ = 45° can be used to judge the statistical accuracy of
a given feature, Although low intensities make the statistical scatler of these
measurements rather high, intermolecular scattering effects are clearly seen at
the two lowest angles of 8 = 7° and 11°, including st order peaks at ¢ positions
of A22° and 68°. The overall anisotropies are ~15% for these low 9 values, with
rapidly decreasing values as 8 is increased to a maximum of 18°. Also shown in
Fig. 42 are 55C thecretical curves incorporating the effects of both types of
adjacent CO molecules (that is, those at ¢ = 0° and 45°). Independent wagging
vibrations of these molecules have also been included, with a 6 . value of 10°.

Although theory again cverestimates the degree of anisotropy, this time by ~4
T
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times, the peak positions and approximate relative {ntensities agree very well
with experiment, especially at the two lowest 8 values, A more detalled

o EXPERIMENT discussion of these effects, 1nc1udinga§heoretica1 curves for varying degrees of
———— THEORY, 8,y : 107 vibrational motion, appears elsewhere.

Thus, such intermolecular scattering effects should provide rather direct

; A1/ Tmas information on the short-range order in an adsorbate overlayer. This is by
Wﬁ;g} contras; with measurements such as LEED, for which long-range order cver distances
of ~16° A 1s necessary for sharp patterns to be observed. Particularly with

LG an - AN X further developments fin instrumentation to increase imtensity, as well as angular
9% precision and accuracy, such XPD effects thus should provide very usefyl surface
structural information. . ’

INTERMOLECULAR SCATTERING

E. tmission from atomic adsorbates

We begin here by discussing several recent test cases designed to explore the
angular sensitivity of x-ray photoelectron emission from core levels of atomic
adsorbates, as well as to determine the degree to which the single scattering
cluster mode) can be used to quantitatively describe such effects. Several
practical applications to structural determinations are then discussed, together

Cls INTENSITY {Arb Urits)
Chid
L l=)

AZIMUTHAL ANGLE ¢ with estimates of structural sensitivity for different types of adsorption, and
suggestions for improving the structura) sensitivity. The use of polarized and
Ftg. ‘42. Comparison of experiment and SSC theory for the azimuthal energy-tunable synchrotron radiation for such XPD studies is also considered.

dependence of Cls emission from c(2x2)C0 on Ni{001). The diffraction
effects seen are due to intermolecular scattering {cf. Fig. 1), .
(From Orders and Fadley, ref. (81).) (1) Well-defined test cases. Fig. 30 makes it clear that XPD effects can be

observed in emissfon from a core level of an atomic adsorbate, and furthermore
that the resulting azimuthal patterns are very sensitive to the polar angle of
emission. The discussions of the preceding two sections on substrate- and
molecular adsorbate- emission also strongly suggest that a single scattering
cluster model should be adequate for describing these effects. However, it is
nonetheless necessary to test this idea by comparing experiment and SSC calcula-
tions for some well-defined adsorbate geometries. This has been done recently by
Orders et a1.69 for c{2x2)$ and ¢(2x2)5e on N1(001). These overlayers have been
studied previously by LEED and NPD and both consist of atomic adsorption in
fourfald hollow sites, with § at a vertical distance of z = 1.30-1,35 i above the
first Ni layer45 and Se at a distance of 2 = 1,55-1,60 3; every other fourfold
site is occupfed, as illustrated in Fig. 43.

A series of azimuthal scans for $2p emission from c(2x2)S on KR1{001} at
Fig. 43. General atomic geometry for c(2x2) and p{2x2) adsorbate over- different patar angles & between 7° 2nd 17 are shown in Fig. 43 in comparaser to
layers on a (001} surface of an fcc metal, assuming that adsorption is SSC theoretical curves for z = 1.30 A. Note that some of the & steps here are

In fourfold-hollow sites. 1In c(2x2), all sites are occupied: in p(2x2 ® i ideri
only those denoted by "P", p p(2x2} enly 1° in magnitude. Considering first only the dashed experimental curves, we
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see that the patterns change very much with 8, particularly ir the range of
A7%-11°. The expected mirror symmetry about ¢ = 45° is also seen in all of the
experimental data, and provides strong confirmation of all of the features present
in these curves., A comparison now of experiment with the SSC calculations shows
that, with very few exceptions, all of the peak positions and relative
intensities, and by implication thus also the changes in structure with 8, are
correctly predicted by this simple model. As usual, theory predicts more
anfsotropy than experiment, here by ~1.4-4.9 times, depending on the & value,
However, the only significant discrepancies as to features between experiment and
theory are associated with the symmetry-identical peaks at ¢ = 0° and 90° for 8 =
7° and 9° (and very slightly alse for 10°); these peaks are predicted to be ~2-3
times too high in theory for 8 = 7°, and for this reason also persist as signi-
ficant features at B = 9° even though they are not observed experimentally. A
consideration of the S5C calculations shows that, for Tow 8 values <7°, the peaks
at 4 = 0°, 90° are produced by forward scattering or Oth order diffraction

from nearest-neighbor S atoms to the emitter which are located along <100>-type
directions {cf. Fig. 43). Similarly, the peak for very low 8 values at ¢ = 85° {s
assoclated with forward scattering by next-nearest neighbor S atoms along
<110>-type directions. One likely reason for overestimating the strength of
nearsst-neighbor scatterfng is that these 55C calculations assumed no refraction
in scattering events from the adsorbate, thereby emphasizing smaller-angle
adsorbate events too much 1n the final angular averaging. Also, for such close
distances between emitter and scatterer, the use of the small-atom approximation
may not be fully valid, and curved-wave corrections would thus be expected to
effectively reduce the forward-scattering strength. It is also possible that
surface non-idealities and microscopic roughness could become more important for
very low takeoff angles (as discussed in another context in Sec. 3.C), and that
both nan-isotropic inelastic scattering andmultiple scattering effects could be
more important for this type of nearest-neighbor forward scattering. In any case,
the overall agreement is very encouraging.

A simflar comparison of experiment and SSC calculations has also been made for
c{2x2)5e or Ni(001)69. and it yields essentfally identical conclusions. Some of
this data is shown In Fig. 45, where the only significant discrepancies are again
in the relative intensities of the ¢ = 0°, 90 peaks at & = 7°, as well as in
slight posjtion shifts of ~3-4° in the doublets for 10° £6 535 and 557 ¢ o ¢
80°. Overall, then, these twg test cases thus grovide further strong support for
the quantitative utility of SSC in describing XPD from adsorbates. (Further
experimental and theoretical studies aimed at explaining the few discrepancies
noted are nonetheless desirable.)
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{i1) Structural sensitivity and structural determinations. In additton to the
test cases discussed in the prior section, adscrbate XPD measurements combined
with SSC calculations have been used to study the atomic geometries of several
nore complex systems: c(2x2)0 on Cu(001)82+63, p(2x2)0 and c(2x2)0 on Ni(001)%2,
and O on the stepped Cu surfaces {211} and (4!0)80. We begin by discussing the
apparent structural sensitivities seen in some of these studies from both
experimental and theoretical points of view.

As a first exampie of sensitivity to the type of overlayer structure present,
Fig. 45 compares experimental and theoretical azimuthal scans from the
well-defined overlayers ¢(2x2)Se on Ni{001) and p(2x2)5e on Ni{001). Considering
experiment first, we see that there are major differences between c(2x2} and
p{2x2) for all three polar angles shown, Thus, XPD is clearly very sensitive to
this change in overlayer structure, albeit a rather large one. Again with only a
few exceptions as to relative intensity, the theoretical curves very well predict
the experimental curves for both overlayers; in fact, the only points of signi-
ficant disagreement are for c{2x2)Se at 8 = 7°, and have been discussed in the
last section. This comparison thus also lends further suppert to the applica-
bility of the SSC model for describing XPD data.

In proceeding further to consider structural sensitivity, the adsorbate vertical

position emerges as a critical parameter of interest. As a first illustration of
how this can affect adsorbate XPD, we consider in Figs. 46 and 47 comparisons of
experiment and theory at different z values for 01s emission from the expected
fourfold hollow sites of c(2x2)0 on cu(001)%2+83, (Although most of the
theoretical curves shown are for B = damping = 2.0 and thus have had the |fj]
values reduced by 1/2, their forms do not change significantly for § = 1.0, and
thus none of the discussion below is altered with the use of unadjusted Ifj['s.)
Comparing experiment and theory here for z values above and below the atomic
centers of the Ni surface plane at 2 = 0.0 R shows that at @ = 10° the region of
best agreement is for ~ -0.1 ; to +0.1 i. For 8 = 13°, it would seem that 0.0 ;
te -0.1 3 is the region of maximum agreement. Similar comparisons at a total of
five 8 values ultimately permitted Kono et al.62'63 to propose that c{2x2}0 is
bonded in 4-fold hollow sites at a position that is co-planar with the surface Cu
atoms to within A£0.1 A {(that is, at z = 0.0 ¢ 0.1 A). Including the Cu atom
immediately below the hollow, this yields a five-fold coordination for 0 with a
tu-0 bond distance of 1.8) 3 that is not very different from the 1.85 K in the
compound Cuzo. Although no prior definitive determination of this structure has
been made, very recent NPD measurements on this system are also at least partly
consistent with a nearly in-plane adsorptiongz. and previous LEED94 and SIMS
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angular distribution?® studies have also found this geometry to give one of the
best fits to experiment.

A further indication of structural sensitivity is shown by the battom curves in
Figs. 46 and 47, which were calculated for another trial adserption geometry: a
reconstructed Cu surface in wh!gh 0 replaces every other Cu atom in the first
layer. The z distance of -0.2 A was chosen to optimally fit experiment at all &
values, but this fit is clearly very poor at & = 13°, even though it is reasonable
at 8 = 10°, The reconstructed geometry thus could be ruled out. This fllustrates
both the necessity of using a rather full XPD data set at multiple polar angles
and also the potential sensftivity of XPD to the bonding site type.

A similar ¥PD study of various 0 exposures on Ki{001)} spanning the p(2x2) to
c{2x2) transition in LEEDQZ'99 also permitted concluding that lower exposures
involve fourfold O atoms at z % 0.8 £ 0.2 E. whereas at higher exposures, a
considerable fraction of the fourfold 0 {s nearly co-planar with N1 at z =
0.1 0.2 E. This conclusion has sybsequently been confirmed in high-resolution
electron energy loss measurements on the same systemgs. although it {is at varlance
with recent NPD97 and SE!AFS98 measurements, which suggest above-plane adsorptions
for both p{2x2) and c{2x2). Possible explanations for this apparent discrepancy
are a variable degree of above-plane and co-planar mixing with different specimen
preparation treatments, as well as an enhanced sensitivity of XPD to 0 in the
co-planar sites where smaller-angle substrate scattering is possibleg

However, the situation concerning vertical sensitivity is not quite as simple
for all cases as that illustrated in Figs. 46 and 47. Fig. 48 shows a similar
comparison of experiment and theory at different z values for c{2x2)5 on N1{001).
Atthough significant changes in features occur with 2 for 2 values up to ~1.0 i.
beyond this point, the pattern is rather stable, with only very subtle changes in
fine structure. Thus it would be difficult to conclude much more than z 2 1.0 i
by comparing experiment and theory for this case, and similar conclusions obtain
for the other polar angles of emission in Fig. 4499. The same sorts of trends are
seen also for c(2x2)Se on Ni(OOl)gg. and lead to the conclusion that vertical
position sensitivity is Jost if the adsorbate is too far above the surface plane.

The explanation of this lies straightforwardly in the forward-peaked nature of
electron-atom scattering in XPS, and fs {1lustrated schematically in Fig. 49. Ffor
Tow 8 values and an adsorbate Jying closer to the substrate surface, small-angle
scattering is possible from both ather adsorbate and substrate atoms. Since only
substrate scattering can provide 1nfonnation on the adsorbate-substrate distances,
a high z sensitivity of the order of 0.1 A results On the other hand, when the
adsarbate is too far above the surface ({1 3 A for 0 on Ni, 21.0 A for S om Wi,

2 0.8 A for Se on N{, and 0.7 A for Te on Nf ), the scattering angles from the
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near-neighbor substrate atoms of most significance are too large to yleld
appreciable scattered waves ¢j' and the z sensitivity s very low. In fact, the
XPD is predominantly produced by scattering in the two-dimensional adsorbate
overlayer, as is found to be the case, e.g., for both S and Se on N1{001). The
inherent scattering strengths of the atoms involved also are important parameters
here, and one can see a systematic trend through the chalcogenides in the values
given above. Thus, a very low atomic number adsorbate on a very high atomic
number substrate would tend to show more site type and 2 sensitivity at higher 2z
values, and vice versa.

Thus, although there are to be sure a great many surface chemical problems for
which adsorbed or reacting spectes will occupy sites at 2 £ 1.0 A with respect to
the substrate surface and thus be amenable tao high- precision study by XPD, the
amount of information derivable for other problems involving greater z distances
will be more 1imited. The question thus arises as to whether the method of
carrying out such measurements can be changed in some way so as to improve z
sensitivity, and two possible solutions seem promising., The simplest {s to
increase the anqular resolution of the analyzer, so that more fine structure can
be resolved in the XPD patterns. A theoretical simulation of this for c(2x2)$ on
Ni(001) is shown in Fig. 50, where curves for a cone of 3.0° half angle are
compared to those for a cone of 1.5° half angle at various z values. Although the
+3.0° curves are essentially constant in form for z > 1.2 A those for +1.5°
continue to show changes in fine structure up to the rather high value of 1.8 A.
Thus, especially if a family of such azimuthal scans at high angular resoiutfon
and for various 8 values were analyzed simultaneously, it should be possible to
increase the sensitivity to both site type and z for higher z values. (On the
negative side, however, would be the unavoidable intensity loss in increasing the
angular resolution.}

A second possibility for impreving z sensitivity is to use polarized synchrotron

radiation and preferentially direct the primary photoelectron emission toward the
sybstrate, as shown in Fig. 51. 1In so-called s polarization with the € vector
lying in the plane of the surface, the maximum emission from a Tevel exhibiting a
typical XPS differential cross section will be toward the other adsorbate atoms,
thus minimizing substrate scattering and lowering the z sensitivity. By contrast,
in a p polarization geometry chosen to maximize the emission toward the substrate
and minimize that toward the other adsorbate atoms and in the direct wave ¢ . the
influence of the substrate should be markedly emhanced 1n the observed XPD,
{Although to be sure a potential disadvantage of such a geometry is that the
overall photoelectron intensity may also be markedly reduced.) As an fllustration
of the possible magnitudes of such polarization effects, Fig. 52 shows a
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Fig. 50. The effect of reducing analyzer acceptance from :3.0° to :1.5°
on azimuthal XPD. Theoretical $SC curves for tha azimuthal dependence
of 52p intensity from c(2x2}S on Ni{001) at € = 10" are shown for the
two_angular acceptances and a range of 4-fold-coordinate 2 values from
0.0 to 1.8A. {From Connelly, ref. {33).)
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Flg. 51. Schematic explanation of how azimuthal XPD experiments iIn a
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comparison of calculated XPD curves for c{2x2)$ on Nt{00]} with s- and p-
polarization,and for various z values. The forms of these curves at & = 10° (as
well as at other angles not shown) are very much changed by the change in
palarization,and the anisotropies for the p-polarized cases are larger by as much
as a factor of 2. Recent experiments by our group at the Stanford Synchrotron
Radiation Laboratory have confirmed this polarization sensitivity in J(I’I).]00
Also, although the curves for s polarization cease changing appreciably with z for
zz1.4 ; in p polarization. changes in fine structure continue to occur all the
way up to z = 2.0 A, Thus, with increased angular resolution and/or the use of
polarization variation, 1t appears that the high-z limitations on z sensitivity in
XPD could be substantially improved.

As a further example of structural determinations using XPD, we briefly consider
2 recent study by Thompsen and FadleyBO of (0 adsorbed on the stepped u surfaces
(211) and (410). Such surfaces are of considerable interest as controlled models
of what may be the active sites on metal catalysts. As one illustration from this
work, the (211) surface is found via LEED examination to reconstruct under oxygen
exposure to the geometry shown in Fig. 53. It consists of a regular series of
S-atom terraces of {111) orientation and 2-atom step faces of (100) erientation.

The most 1ikely high-symmetry adsorption sites for atomic oxygen are also shown as
R-C, and these can be further designated as A = 4-fold top, B = 4-fold bottom, and
C = 3-fold. However, there s no prior evidence to suggest which of these sites
will be occupied first, or whether a mixture of occupled sites may arise. Prior
chemisorpttion studies on the separate low-index (111} and (100) faces do suggest
however that {100) atoms should be much more reactive than (111) atoms, and it 1s
also expected that atoms on or near step faces may exhibit higher reactivity as
well,

[t is thus of considerable intarest to see whether oxygen adsorbed on this
stepped surface exhibits any XPD features that are clearly influenced by the
presence of the steps. A 5 Langmuir exposure to 02 was found via an analysis of
XPS core-peak intensities to yield a coverage equivalent to ~) atom per high-
symmetry site along the step face (or about 11X of a monolayer); this exposure
also occurs at a distinct break in the curve of coverage vs, exposure for which
the surface can be considered nearly saturated with 0. Full 350° azimuthal scans
of the 01s intemsity for this system showed pronounced XPD effects, as illustrated
in Fig. 54 for 9 = 10°. ¢ = 0* here corresponds to emission in an azimuth
perpendicular to and away from the step faces. The reproducibility of features
between the two halves of the scan {which should be mirror symmetric due to the
presence of the steps) is also very good, especially for the most pronounced peaks
between ¢ % 60° and ¢ 3 140°. Simitar reproducibility was found for data obtained
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Flg. 52. The effect of changing from s- to p- polarization on azimythal
XPD. Theoretical curves for the azimuthal dependence of SZ2p intensity
from c(2x2)S on Ni{001) at & = 10" are shown for the two polarizations
and a range of 4-fold-coordinate z values from 0.0A to 2.0A. (P. J.
Orders and C. S. Fadley, unpublished results, plus new experimental and
theoretical results in ref. 100.)
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Fig. 53, Three views of a stepped Cu(2l1) surface as it is found to
reconstruct under oxygen exposure. [ncluded are the three possible
high-symmetry coordination sites expected for oxygen bonding gn ar

near the step faces: A » 4-fold top, B = 4-fold bottom, and C = 3-fold.
(From Thompson, ref. (BO}.)
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from (211) and {410) surfaces at different exposures.ao In general, 2 mirror
average of these two halves will give the best representation of the true XPD
peaks, and that also is shown in Fig, 54. A full set of such mirror-averaged
experimental data for six @ values between 7° and 23° fs shown as dashed curves in
Fig. §5, and it is clear that the diffraction features are very sensitive to polar
angle as well. The anisetropies are as high as 31% for (211) and 40% for (410).
The most reliable data range is for 10° £ 8 < 20°, as below this the count rates
are much lower due to the instrument response function and possible residual
roughness effects, and above 1t, the anisotropies are too low due to the large
scattering angles required.

In order to next ask what the experimental data in Fig, 55 can tel) us
concerning the adsorption geometry, a series of SSC calculations was performed for
various physically reasonable vertical positions z of oxygen in the different
sites A, B and C of Fig. 53, Comparison of these theeretical curves with
experiment showed that the B = 4-fold bottom site clearly gave the best fit to
experiment, with A = 4-fold top being reasonably good as well, and C = 3-fold
being very poor. Choosing the optimum z value for each site type proceeded via
comparisons like Fig. 56 for the 4-fold bottom site at & = 17°: it is clear here
that a z distance of 0.4-0.6 i above the centers of the Cu atoms in the step face
gives the best fit to experiment. Overall use of all six & values yields 0.6:0,2
i as the best estimate, and the final theorvetical curves for this value are
summarized in Fig. 55. Although not all features are correctly predicted,
especially as to relative intensity, the overall agreement in the structure-rich
region for ¢ > 90° s very good, especiaily for the region 10° £ 8 x 20° expected to
be most reliable. The search and optimization procedure used thus strongly
suggests a predominant 4-fold bottom adsorption site for this 0 exposure on
Cu(211). A minority admixture of 4-fold top adsorption also §s poessible.

Having tentatively solved this structure it is also of interest to see whether
any of the XPD features are capable of simple physical interpretation. In fact,
the strong peaks seen near ¢ = 135° for 7° < 8 < 20° are a1l found to be due to
forward scattering or Oth order diffraction from the two nearest-neighbor Cu atoms
just above a B-site oxygen on the {100) step face (cf. Fig. §3). (The symmetry of
the surface also dictates that similar peaks would arise in A-site emission as
well, but they are found to be s1ightly shifted in position relative to
experiment.) Also, the general dip in intensity seen at ¢ 3 100°-120° is found to
be due to enhanced inelastic scattering for emission through the step face at
angles nearly parallel to it. The excellent agreement between experiment and
theory for these simply explicable features thus further reinforces the 4-fold
site assignment.
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Fig. S4. Azimuthal XPD data for Ols emission from a 5L exposure of 0p

on & stepped Cu{21l} surface. Themirrer syemetry of the surface across
a plane perpendicular to the steps is reflected in the excellent agree-
ment between the two halves of the full J60° scan. The average of these
two halves has been used for subsequent structural analysis.

(Thompson, ref. (89).)
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Fig. 55. Comparison of experiment and $5C theory for the data of Fig. 54,
with experiment being shown here as dashed curves. The theoretical curve
are for oxygen in all sites of type B in Fig. 53 and at a distance of O.Gi
above the first layer of Cu atoms on the step face; this geometry is

found to optimize agreement with experiment.
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It has thus been possible using this type of XPD analysis to tentatively suggest
adsorption geometries for several exposures of 0 on Cu(211) and (410)80. More
importantly, this work indicates that XPD may be able to provide unique structural
information for this complex, yet chemically very important, class of surfaces
about which rather 1ittle is known. Determination of adsorbate bonding geometries
from LEED for such surfaces is a very difficult matter, for example, due to the
much larger unit cells and relatively weaker substrate effects involved ~ .

As & final and very recent example of the use of XPD in a surface-structural
study, Kono and co-workers‘oz investigated the (/Tx/Y}R30° Ag overlayer on
Si{111). They see strong XPD features in azimuthal scans of Agdd intensity, and
have made use of kinematical thecry to propose a new structure for this overlayer.
{See below,)

F. XPD Measurements Using Synchrotron Radiation

We have already noted in the last section that the use of polarized synchrotron
radiation may permit enhancing the sensitivity of XPD to adsorbate site type and
vertical position, and preliminary experiments of this type have recently been
pgrformedIOD. A further interesting question is whether ft would be advantageous
to be abTe to tune the radiation energy so as to have photoelectron energies
either below or above those fixed by the usual XPS sources of hu = 1.2-1.5 keV.

Going to tower kinetic energies of say 200-500 e¥ would have the advantage of
yielding scattering factors less strongly forward peaked, and therefore possibly
more substrate sensitivity in azimuthal scans. Also, a useful degree of
anisotropy might persist up to higher & values, thus avolding the need for
extremely small-angle grazing emission with its attendant Jow intensity and
possible surface roughness problems. Possible problems at lower energfes,
however, are the need for a more complicated theoretical model fnvelving multiple
scattering {MS) effects. Very complex M5 calculations are, for example, clearly
necessary in the very low energy (~30-100 eV} adsorbate core-level photoelectron
diffraction studies ploneered by Smith, Woodruff, Novrman and co—uorkersmj.

A partial answer to these questions has been obtained in recent measurements by
Orders et a1.'% They obtained S1s azimuthal scans from the well-defined c{2x2)S
overlayer on Ni(001}, tuning the x-ray radiation so as to sweep the photoelectron
energy from 230 eV to 900 e¥. Some of this experimental data for 8 = 10* is shown
as solid curves in Fig. 57, and it is clear that the XPD effects are very
sensitive to photoelectron kinetic energy. This directly suggests the alternate
possibility of fixing 6 at some convenfent value and making ¢ scans for varfous hv
values to build up 2 data set for structural determinations. Also shown in Fig.
57 are SSC curves for the known adsorbate geometry and the agreement between
theory and experiment for all three energies is extremely good: all peaks are

Since the writing of this review, two additional aspects of XPD have
been explored: (1} The use of near-nefghbor forward scattering such as

that in Figs. 40 and 41 in the analysis of epitaxial overlayer growth (M.
Egelhoff, Phys. Rev., B30, 1052 (1984) - expt.; F. L, EullocE anﬂ . 5.(¥ad§éy.
Phys. Rey,’, E;l, T212 (T985) - theory; and {2} The use of muitiplet-split

core Tevels to permit spin-polarized photoslectron diffraction studies of
magnetic materials (8. STnkovi¢ and C. 5, Fadley, Phys. Rev., B31, 4665

(1985) - theory; B. Sinkovi€, B. Hermsmefer, and C. E. FadTey -"expt., to

be pub‘Hshed’ Phys Weu. Lottt $5 1227 (985)) : N
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correctly predicted as to position, and generally also as to relative intensity,
although a few deviations as to the latter are seen, especially at the lowest
energy of 230 e¥. Thus, the SS5C model definitely seems useful down to a few
hundred e¥ in energy, making this regfon a potentially very fruitful one for
future XPD studies. A more detailed account of this study is in preparatioalou.

On the opposite end of the energy scale, would higher photoelectron energies of
say 10,000 eV be of any advantage? Scattering factors would be more sharply
forward peaked (cf. Fig. 35) and a single-scattering approach probably more 1ikely
to be highly accurate. However, on the negative side, the total scattering cross
sections would be lower and effects thus smaller, and angles even closer to
grazing would be needed to see significant substrate scattering. Also, the
smaller deBroglie wavelengths would lead to very fine features in the XPD patterns
perhaps difficult to resolve. .

A recent theoretical study by Thompson and Fadley™  used $SC calculations to
compare typical XPD effects at 1000 eV with those at 10,000 eV. The cases chosen
for study were polar-scan intramolecular scattering in a vertically-oriented CO

-motecule with differing degrees of wagging vibration, and grazing emfssion .
azimuthal scans from c(2x2}Q on Cu(001) at two 2 positions: 1n-plane at z = 0.0 A
and above plane at z = 1.0 R. Some of these results are summarized fn Figs. 58
and 59. In Fig. 58, the sharper {ntramolecular peak tn a polar scan for 10,000 eV
and no vibration (arms = 0°) could permit more precisely determining the molecular
orientation relative to a surface, but adding {n a reascnable amount of vibration
(enns =2 10°) quickly leads to comparable FWHM's for both energies, and an even
lower anisotropy AI/lmax for 10,000 eV¥. The negative effect of the lowered total
scattering cross section at 10,000 eV 1s also seen in the larger relative
importance of the unscattered waves. In Fig. 59, the overall anisotropy AIIImax
in an Ols azimuthal scan is shown as a function of the polar angle at which the
scan is made. The two energies and two adsorbate vertical positions are shown
separately. These curves make it clear that for either in-plane or above-plane
adsorption, the degree of anisotropy falls off much more rapidly with 8 for
10,000 eV electrons, and that angles <5-10° would be necessary to see significant
effects. For e > 10°, almost no anisotropy is seen at 10,000 e¥. This is a
direct result of the additional peaking in the scattering factors at higher
energy. The effects of increasing energy on the detailed form of the azimuthal
XPD patterns is5 also considered elsewhere in detai]ao. Overall, however, it can
be conclyded that increasing kinetic energy markedly from the present XPD regime
of 103 eV does not seem to provide any significant advantages for XPD work, eéven
though going to lower energles does seem promising in several respects.
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G. Diffraction in core-level Auger emission

Inasmuch as Auger emission {nevitably accompanies x-ray photoelectron excita-
tion, and alsp can be produced very easily by other forms of bombardment, for
example by electrons, it is of interest to ask whether similar kinds of Auger
diffraction effects may arise in emission from a single crystal. For simpiicity,
we will concentrate on Auger energies in the 500-1500 eV XPS range and on transi-
tions of the core-core-core type that are minimally influenced by chemical effects
or valence-level complexities. [In fact, prior studies of the angular distribu-
tions of very low energy {150 eV) core-valence-valence Auger electrons have
proven to be rather difficult to interpret, even with the use of multiple-
scattering theory73"05.)

Fig. 28 due to Owari et al.64 already contains some pelar-scan substrate Auger
data of this type for the Ge L3M..5H‘.5 transition, which in this case has a
kinetic energy of 1147 eV not very different from the Geld photoelectron peak at
1457 eV (the deBroglie wavelengths would have a ratfo of 1.13, rather close to
unity). Comparison of the observed XPD curves (2) and (b} for these two transi-
tions reveals that they are very close {n structure. Fig. 60 shows similar
azimuthal-scan data due to Orders et .].69 for adsorbate core-core-core Auger
emission from c{2x2)Se on NY(001). The Auger transition here is the same as that
studied for Ge (L3H4.5H4'5) and it has an energy of 1311 eV extremely close to the
Se3p photoelectron peak at 1322 eV; the de Broglie wavelengths here are thus
essentially identical. The five curves shown for different polar angles of
emission are essentially identical for the Auger and photoelectron peaks. It thus
segms clear that in the '\103 eV energy regime and for core-core-core transitions,
the predeminant source of such Auger anisotropies is final-state scattering and
diffraction of exactly the same nature as that discussed in detail here for XPD.
8y implication, one would also thus expect a single-scattering theory to provide a
reasonably good description of such Auger phenomena.

Because of the much different natures of the basic emisston processes for
photoelectrons and Auger electrons, it might at first sight seem difficult to
understand why their overal) diffraction effects should be essentially identical
for emission at the same kinetic energy. This, however, is easily explained
qualitatively in terms of the forward-peaked nature of the electron-atom
scattering at these cnergies, That is, even though the basic Auger emission
intensity will be essentially Isotropic for a core-core-core transition, in
contrast to the polarization-associated directionality of the photoelectron
emission (cf. Fig. 34), in elther case, it 1s only for initial emission rather
close to the final observation direction £ that the scattering can be stgnificant
enough to produce measureable diffraction effects. Thus, for most current XPS
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valence spectra for single-crystal Au with electron emission aleong the
(0011, 1101}, and 1111} directions. "D.T." represents calculations
based upon the direct-transition model, and "M.E." calculations using
the plane-wave matrix-eicnent model. The two, sets of theoretical curves
in each case represent slightly different choices of the band s*ructure
used as 2 starting point {cf. refs. 6, 110, and 111).
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experimental gecmetries, the variation of the primary emissfon intensity over the
solid angle that is effective in producing the diffraction effects will be rather
small; overall then, the XPD patterns should look very much like their
isotropically-excited Auger counterparts, as is observed experimentally. However,
for very special polarization geometries in XPS such as the p case shown in Fig.
51, one would expect the anisotropic character of the primary emission to be more
important, and this should lead to inherent differences between photoelectron- and
Auger- diffraction effects.

In any case, it is of considerable interest that Auger electrons exhibit effects
completely analogous to those of XPD, and this suggests that future cross
comparisons of the two types of data could be very useful in structure studies.
The same sort of SSC model should also be valuable for interpreting Auger data,
perhaps modified so as to assume isotropic inftial emissfon simply by removing
the -k and g-f; factors in fq. (28).

H. Concluding remarks and comparison to other techniques

Overall then, XPC appears to have considerable potential as a surface structural
tool, especially with expected improvements in angular resoclution and intensity,
as well as with the use of polarized, energy-tunable, synchrotron radfation for
excitation. The fact that a very simple single scattering theory appears to
describe these effects very well is also an advantage. Intra- and inter-

melecular scattering effects can provide very direct and simply interpretable
information on adsorbate structures, and similarly simple through-bond scattering
has also been observed for adsorption on stepped surfaces., Azimuthal-scan data
can also be analyzed by comparison to single-scattering theory so as to derive
gesnetries with accuracies that can be as high as :0.1 R, although for adsorbates
situated well above the substrate surface (1.0 i). further improvements will be
needed to achieve high positional accuracy. Analogous Auger diffraction effects
at comparable energies of A500-1500 e¥ may also be useful for structural studies.

A brief comparison to some other currently used surface structural techniques fis
also worthwhile here. LEED“'42 is certainly the most used method to date, but
the accumulation of accurate I-V data is a difficult task {certainly of the same
order as an XPD experiment} and the final analysis must then proceed via very
complex multiple-scattering calculations. Also, rather lang-range order over a
region of %100 R in diameter is needed to do LEED, whereas XPD should require only
very short range order, or, for certain effects, no long-range order at all beyond
that in the substrate. Reflection high-energy electron diffraction (RHEED) with
energies of m]od eV and grazing incidence angles of ~5° is alse a close relative
of both LEED {in general experimental geometry) and XPD (in using rather high
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energies). However, to date only preliminary attempts have been made at derfving
quantitative structural information from RHEED‘oa. even though it is very
generally useful in a qualitative sense.

Angle-resolved UPS of valence levels has been shown to provide very useful
structural information as uellr'g. but this must often rely on a rather complex
theoretical analysis of the valence states involved. This analysis may also have
to include the detailed matrix elements involved in the photoemission process,
although in certain cases, symnetry-based selection rules can be used to semi-
quantftatively derfve structural information. Angle-resolved UPS of core levels
(often referred to as “PhD" for photoelectron diffraction) attempts to do the same
thing as XPD, but at much lower energ1es where & more complex muitiple-scattering
theory must be used]°4; here again long-range arder 1s not necessary. In general,
synchrotron radiztion is necessary to fully sxploit either form of ARUPS.

Two other diffraction-based techniques requiring synchrotron radiation are
normal photoelectron diffraction (NPD)”"06 (and the closely-related off-normal
photoelectron diffraction]°7), as well as surface EXAFS or SExAFsga'IOB. Neither
of these require long-range adsorbate order. BHoth fnvolve scans of photon energy,
but NPD is experimentally more difficult in requiring that a certain core phate-
electron peak fntensity be monitored accurately throughout this scan; thus the
monochromator flux and electron analyzer acceptance must be measured carefully at
each hv, and Auger peaks alsoc may cause interferences at certain hv values, By
contrast, detection can be much sfmplified in SEXAFS. NPD seems to require
multiple-scattering calculations for comparison to experiment in order to derive
adsorbate structures. Prior suggestions of the possibility of Fourler trans-
forming NPD data to more easily derive distance 1nformation"'m6 do not seem to
be fully quantitatively justifiable or usefu183. By contrast, Fourier transforma-
tions of SEXAFS data are routinely used, with accuracies of ~+0.05 i appearing to
be pessible. Thus, although each of these electron-based techniques has certain
unique aspects as far as information context, 1t {s also cledr that each has
certaln Timitations and/or practical problems of execution.

The use of intramolecular scattering in XPD has already been compared to derfy-
ing analogows bond-erientation information from electron stimulated desorption
(ESDlAD)gO and core-leve) absorption edge structure measuremantsg‘ in Section S.c.

Finally, other surface structural techniques involving, for example, different
types of jon scattering and x-ray scattering have been reviewed recently by
Eisenberger and Feldman‘og. It is again clear that each of these techﬁfques has
its advantages and disadvantages.

Overall, XPD thus appears to provide various types of structural information
that should well complement these other methods and be of general utility in
surface science,
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6, VALENCE-LEVEL EMISSION FROM SINGLE CRYSTALS

A. Introduction

As the last major subject, we turn to angle-resolved XPS spectra from the
valence levels of single-crystals. It was first noted by Baird et 31.110 that
such angle-resolved valence spectra for Au exhibited significant changes with
emission direction, and some of these earliest experimental results are shown in
Fig. 61, For electron emission along the three low-index directions [001], [101],
and {111], the relative intensities of the two main Sd-band components vary
considerably, and there are also noticeable changes in the fine structure within
these components. Such angular sensitivity has subsequently been observed fn a
number of systems encompassing both transition metals and semiconductors,
inctuding Ag''T, €112, pel13, 178, hos,, 15 Gase?'S, and W6, 1t 15 thus
clear that there may be no simple connection of a given single-crystal valence
band spectrum with something as straightforward as the non-directional total
density of electronic states, even though angle-integrated or polycrystalline XPS
studies have previously been shown to be capable of deriving density-of-states
informations, However, the angular dependence of such spectra may provide much
more detailed kinds of information concerning the electronic states, and it is
toward this end that two rather simple 1imiting theoretica) models have been
developed for interpreting such effects. Although much more general treatments of
the photoemission process have been presented by savera) authorsll7_1]g, these
have not been applied to XPS in a quantitative way, and in fact, the higher energy
of excitation (vis a vis UPS) makes certain simplifications readily possible.
These two simplified models are introduced briefly below, and their likely
Timitations and domains of applicability are discussed. Comparisons of theory
with illustrative experimental spectra are then given,

B. Simple theoretical models

(1) Introduction. A detailed treatment of angle-resolved XPS valence emission
would require accurate wave functions for both the inftfal state and the finatl
state, which involves a photoelectron at mle e¥. Matrix elements between these

two would then have to be evaluated. Although very accurate and complete methods
for doing this have been discussed! '/ ~119

. it is convenlent and adeguate in
discusstng ARXPS to use as a starting point the simple one-electron, three-step
model of photoemission. This model predicts the kinetic energy distribution just
cutside the surface to be given by:
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where Ef is the final energy of the excitation as measured inside the crystal, E1
js the initial energy from which excitation occurs, ¢pf is a final-state

r ff and ener Ef is the
one-electran function corresponding to wave vecto energy £, o7
{nitial-state one-electron function, %-% 15 the relevant operator for the radia-
tion, F{E} is the Fermi function (» 1.0 for E(Efenni and & 0 for E>EFenmi) and T
is an escape functien that could allow for {nelastic scattering effects and
internal reflection at the potential barrier Vo. fnergy conservation is implied
in setting Ef = Ei+hu. In XPS, the energies and mean free paths are high enough
to assume that emission involves pure bulk states and to set 7 = 1.0 for all but
grazing angles of emission {cf. Figs. 5 and 14). The sum is over all occupied
bands and the integral over all initial wave vectors i‘ inside the redu;ed
Briliouin zone:; The initial-state band-structure can thus be denoted E1(Ii). The,
relevant one electron functions are assumed to be Bloch functions due to the full
transiational periodicity assumed for the crystal, so that the evaluation of the
A% matrix directly results in a wave-vector conservation relation implied by the
delta function: ‘

[ S R A (33}
Here Ff ts the final-state wave vector expressed in an extended zone scheme, i‘ is
the initial-state wave vector expressed in a reduced-zone scheme, g is a unique
bulk reciprocal lattice vector comnecting the two, and ihv is the wave vector
associated with the radiation. In general, lfhv! = Zn/{radiation wavelength).
Fhv can be neglected with respect to reduced-zone dimensfons in experiments at uv
energles, but 1t canno® be in typical XPS measurements, as will be illustrated
below for a specific example. Transitions satisfying Eq. (33} are termed direct
transitions or wave-vector conserving transitions. Eqs. {32} and (33) thus
implicitiy assume long-range order, neglect surface effects except as a potential
barrier which may produce refraction at lower takeoff angles, and do net include
any consideration of vibrational effects (which can be considered to be the
introduction of a type of positional disorder).

At very high energies of excitation such as those in XP5, a further approxi-
mation that seems reasonable is to assume a free-electron final state inside the
crystal with momentum
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AN Y4 (34)
and energy
2, f\2
R s e (35)
2m
The observed photoelectron just outside the surface would then have a momentun
U 4 {36)
and energy
2,12
Epin = Ef -y = (k)" (37)
mn ] 2m ’

with Kf being most simply related to if by refraction at the surface barrier V

as discussed previously in Sec. 3.C. An angle -resolved measurement of Ekin and the
direction of emission thus determines K, and, 1f v, 1s known, #f can then be used
to derive Ef inside the crystal.

A further point first made by Shevchik12° 1s that vibrational effects can
effectively weaken the wave-vector conservation requirement in XPS and introduce a
degree of averaging over the entire Brillouin zone such that all K paints can be
excited for all emission directions ¥ +?f Such phonon-induced non-direct
transitions thus can be described in terms of Eq. (32) simply by removing the
delta function so that the integral on it now can have non-zero contributions for
all possible ii values. Let us call this zone-averaged non-direct transition
component of emission NNDT(Ekin) and the direct-transition component as given by
Eg. (32) without modification NDT(Ekin)' Since a direct transition can be viewed
as a diffraction process, the observed strength of "DT is furthermore reduced by
vibrational effects according to a bulk temperature-dependent Debye-Waller factor
W(T) as given by Eq. (27): the relevant 8K ts here the reciprocal lattice vector
5. Then finally the total spectrum can be written as:

NeorlEgnsT) = W(TINGEE ) + D1-W(T) MMy pp{Ey ) (38)
from which it is clear that the Debye-Waller factor represents the fraction of
transitions that are direct. Shevchik pointed out that the E vectors involved in
XPS are sufficientiy large that Debye-Waller factors of ~0.05-0.10 are not
uncommon at room temperature, and thus that direct transitions might be very
difficult to observe. Experiments with temperature variation also clearly may
involve changes in the relative importances of the two component NDT and NNDT'

With this general background, we now discuss the two limiting madels.

{ii1) The direct-transition model. This model emphasizes the component NDT of Eq.
(38) (as calculated from Eq. (32)), and was first proposed by Baird, Wagner, and
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Fadley for interpreting angle-resclved XPS snectra]]D

Rigorous wave-vector
conservation according to Eq. {33) is required for a transition to be allowed.
The matrix elements <¢Ef|3-5lcii> in Eq. {32) are also assumed to be constant for
all allowed transitions, so that each transition is egually weighted in summing
and integrating over the band structure Ei(Ei). The free-electron dispersion
relation of Eq. {35) is also assumed, so that with Eq. {37) and perhaps an
allowance for refraction at the surface, the observed energy and wave vector can
finally be calculated. As noted previously in XPS, such refraction corrections
will only be important for very low take-off angles < 10°, but in applying this
same model at lower energies of ~40-160 eV they have been shown to become more
importlntln'nz

To 1llustrate the nature of k conservation for a typical XPS transition, Fig. €2
shows a scale drawing in % space of a possible direct transition in W involving
photoelectron emission nearly along the [010] Zirection. The Brillouin zone
radius is approximately 2n/a, where a is the W lattice constant. MgKa radiation
is assumed for excitation, leading to kf values via Eq. (35) that range from
9.18(2n/a) for emission from the tottom of the 54 bands to 9,20(2n/fa) for emission
from the Fermi energy. Thus, the magnitude of Ef in XPS 1s very nearly constant
over the full spectrum as judged against the Brillouin zone dimension within which
Fi is eventually to be located, although this is not true fn UPS. The finite
solid angle cone of observation of the electron analyzer further distributes the
observed Ef values over a disc-1ike region in K-space: in Fig. 62, this ts taken
for 1llustration to be a cone of 1.5° half angle. Ehv will in this case be
0.32(2n/a) and thus clearly non-neqligible with respect to Brillouin zone dimen-
sions. Thus, its effect on wave vector conservation must be included. The effect
of Ihv can be allowed for by shifting all points on the & disc of the
observation cone by 'Ihu as shown in Fig. 62, For an assumed angle of 48° between
x-ray incidence and electron exit {a characteristic of the spectrometer geometry),
this yields the right-hand shaded disc. This disc can then be projected back via
one or more g vectors to yield 11 points within the zone from which emission can
occur. The emission geometry here has been arbitrarily chosen so that the f
is centered along the x axfis or [010] direction, and is sShown as the left-hand
shaded disc. Thus, the large value of if in %P5 produces some degree of averaging
in Ei via the finite disc sizes involved; in UPS by contrast very little averaging
is produced by this effect. Also, this finite size in XPS may make it necessary
to use different § vectors for different regions of the disc. Thus, this model
finally predicts that an angle-resolved Npp spectrum will be proportional to the
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DIRECT TRANSITIONS IN XPS OF TUNGSTEN

§' 1012 #/a)y. oleng [010]

Fig. 62. Scale drawing in I-space of the direct transitions that would be
allowed for electron emission very nearly along the (0101 direction from
2 W single crystal. An angle a of 48° between photon incidence and elec-
tron exit is assumed, together with an analyzer acceptance of =1.5°.

MgKa s used for excitation. The emission angle has been chosen so

that kf— Wy, = ki + g Jies_exactly along the 0101 direction. The
angular shift between K f apd kT - Ky, is 1.46", as indicated, Those K1
values from which emission could occur will lie on the shaded disc inside
of the Brillouin zone at left; the center of this disc lies—5/8 of the
way from I to H along the (010} direction,
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] . -
density of electronic states as computed over the allowed 4 region or disc, a
quantity much different from the total density of states.
This direct-transition model was first shown to successfully descride normal

emission angle-resolved UPS spectra from Cy at the lawer energies of

40 £ hv £ 200 eV by Wagner et al.]zs, and it has subseguently also been used to
v

121125 g serniconduu:tors‘26 in both norma)-12%+125

map band structures of metals
and off-normallz]‘lzz'IZE emission (where refracticn may become important). [ts
utility in describing XPS spectra we discuss in the next section, but it is
important to note that a Debye-Waller factor of too small magnitude would make
direct-transition effects very difficult to see. In fact, for the example of Au
in Fig. 6) at room temperature, W = 0,04, so that direct transition effects would
certainly be very weak at that temperature; cooling Au to 4°K would by contrast

yield approximately 65% direct transitions in Eq. {38).

{iii) The plane-wave matrix-element model. The second approach was first
discussed in connection with XPS by McFeely et al.]ll Although Eq. (32) is again
used as a starting point, it is here assumed that [1 gonservation is somehow nat an
important selection rule, or equivalently that all ' values n the zone can

contribute to emission in a given If direction. The most likely source of this
120
s but it
was also originally suggested that final-state complexities due to electron

scattering might cause such averaging as welll]]. In this 1imit of complete zone

full E‘ averaging is vibrational effects, as pointed cut by Shevchik

averaging, only the matrix elements of £q. (32) remain as weighting factors of all
of the occupied initial states to produce variations fn spectra with direction.
These matrix elements are further assumed to be calculable by using plane-wave or
free-electron final states of the form @If(?) = exp(iffoF). and tight-binding or
LCAQ initial states. The matrix elements then can be shown to have the form of
linear combinations of Fourier transforms of atomic orbitals. There is also a
further simplification in that the angular shape of the arbital in real space

(for example, P, or d 2 2) is preserved in the Fourier transform in if space
xfo

Yy
(for example, a Py orbital shows preferred emission along +x, and a d 2 7

orbital along :x,ty}. Thus, fnfermation concerning the atomic-orbita? ;gkeup of a
given set of levels is in principle derivable by analyzing the directionality of
emission,

This plane-wave matrix-element model would not be expected to be usefu) at low
energies where direct transitions are generally more important, and moreover the
final states are expected to be much more complex than plane waves. In fact, the
use of such matrix elements ip Eq. (32) in an attempt to improve upon
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direct-transition model calculations for Cu at ~40-200 eV was found to markedly

decrease agreement with experiment}ZJ.

C. Comparisons of experiment and theory

Fig. 61 shows resylts of some of the earliest XPS studles of this type and
compares XPS+spectra for Au with emission aleng [001], [101], and [111] with
theoretical curves generated by both the direct-transttion (DT) and plane-wave
matrix-element (ME) modelsﬁ'110'11l. Although the DT model predicts more change
than is seen experimentally, both models qualitatively agree with the spectral
variations seen experimentaily. However, as already pointed out, the Debye-Wailer
factor for this case is only 0.04, so that the DT model {s not appropriate for
this particular case and its agreement with experiment must be viewed as
fortuitous. However, Sayers and McFeeiy127 and Goldberg et 31.25 have subse-
quently made more accurate matrix-element calculations relevant to zone-averaged
tight-binding matrix-elements and they conclude that much of the ME agreement in
Fig. 61 is fortuitious as well. Ley et a1.‘!5 have however, been able to use this
model in describing changes in angle-resolved XPS spectra from Hosz. GaSez. and
SnSez. Thus, it remains to fully resolve the degree to which the plane-wave
matrix-element model can be used in XPS for systems where full zone averaging is
expected.

A final important question is thus whether direct transitions can be observed at
all in XPS, but this has been unambiguously resolved 1n the affirmative with
recent studies by Hussain and co-wurkers10']]6. The tungsten system chosen for
study has an especially high Debye-Waller factor at room temperature: W = 0.55 at
J00K. Thus A55% of the transitions at this temperature ought to be direct, and
angle scans might be expected to produce spectral variations predictable by the
direct-transition model. Also, raising the temperature would be expected
according to €q. {38) to reduce the effect of direct transitions, leading to more
importance of zone-averaged matrix elements via "NDT‘ thus, any significant change
in spectra with temperature would.be suggestive of direct transitions.

Fig. 63 shows a room-temperature azimuthal scan of W valence spectra at a polar
angle of 8 = 63.4° with respect to the (001)-orfented crystal surface; the
azimuthal steps were 5°, The solid-curve experimental spectra show marked changes
with angle, particularly as to the relative intensitfes of the components labelied
1-3., {omponent 1 at ~4.8 eV below EF in particular is very strong at $ = 0° and
45°, and very weak at ¢ o 15°. The dashed curves in the figure are based on the
direct-transition model and make use of £q. (38) with Nypy taken to be the total
density of states for W as a reasonable first approximation to this quantity that

Angle-Resolved X-ray Photoelectron Spectroscopy
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Fig. 63. Tungsten XPS valence-band spectra at T = 295°K for 2 5°-step
azimuthal scan from ¢ = 0° to 45" and a polar angle of 63.4°. fxperi-
mental curves (solid )ines) are compared to theoretical curves (dashed
1ines} as calculated using Fq. {38), with Typp(E) assumed to be propor-

tional to the total density of States. {From. Pussain et al., ref. (116).
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is in ary case not expected to change rapidly with direction. Even though this
theory thus totally neglects matrix element effects in both "DT and NNDT' it
correctly predicts all of the trends in relative intensity change found
experimentally, including for example, the marked drep in impaortance of the 4.8 eV
peak 2t ¢ o 15°. As a more guantitative indicator of the peak fntensity changes
with ¢, Fig. 64 shows the ratio of the 4.8 eV peak to that at 2.3 eV for the
azimuthal scan of Fig. 63 and another at 6=33°, Here again all of the
experimental features are predicted by the direct-transition model, even if
somewhat more dramatically than is actually observed. Some of the small
discrepancies remaining are no doubt due toc the neglect of matrix elements in the
model. Similar agreement is found also for peak Intensity ratios from polar scans
of spectr3116.

A further important observation made in this work is that the photon wave
vector clearly influences the wave vector conservation in the manner expected.
Fig. 65 overlays a palr of 2°-step symmetry-related polar scans around the [102]
and [201] directions, and these would be superimposable with the [102] spectrum
over that at [201] lﬁi’w were not significant. Including the effect of Ihv (as
shown in the figure insets) produces a 4.0° shift in matching the two scans. This
shift, together with a 0.6° refraction correction, yields an overall value of 4.6°
in very good agreement with the 6.0° empirical shift needed to make the spectra
optimally agree with one another. Without such a shift, the agreement fs very
poor, for example, the {102] and [201] spectra are very different.

The pronounced temperature dependence of W valence spectra also supports the
presence of direct transitions in W near room temperature1‘6. as is shown in Fiq.
66. Here, spectra obtained at two azimyths that are 6° apart for 8 = 33° are
shown as a function of temperature. At 295 K with a Debye-Waller factor of 0.55,
the two spectra are very different, particularly as regards the 4.8 eV component,
but they become essentially identical at 1000K where the Debye-Waller factor is
down to 0.14. The marked difference at 299K suggests direct transitions, as
zone-averaged matrix elements by themselves would not be expected to alter
intensities that rapidly with 4. Conversely, the near jdentity of the spectra at
1000k fs thus attributed to the slow varfation of the now dominant zone-averaged

116

matrix elements with direction.
Such temperature-dependent data can also be used to decompose spectra into their

Nor and Nyny comvonentsllﬁ. as Eq. {3B) indicates that measurements of N at any

tot
two temperstures, together with calculated W values at those temperatures, can be
used to solve for Ngp and "NDT' This is found to yleld self-consistent

decompositions into components for various spectra and various pairs of tempera-

tures, as shown in Fig. 67. The direct-transition components so isolated
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Fig. 64, Azimuthal dependence at T = 295°K of the relative intensity of

the W valence-band peak at — 4.3 eV (cf. Fig. 63). The intensity of this
peak 1s measyred with respect to that at — 2.3 eV, and results are shown

for polar angles of both 63.4° and 33°. Both experimental and direct-
transition theoretical curves are shown. (From Hussain et al,, ref. {116}.)
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Fig. 66. Temperature dependence of W valence-band spectra for 8 = 33°
and emission along two azimuths separated by 6°. The temperatures and
their associated Debye-Waller factars are also given, along with the
relative intensity of the peak at -~ 4.8 eV {as measured in % of that

Fig. 65. Effect of photon wave vector [3 v 01 wave vector canservation in

W valence-band emission at T # 295%K. Ashift of 6.0 is needed in order
to match spectra obtained at ¢ = 0° and various @ values near the symmetry-
equivalent (201! and [102] directions; most af this shift is due to ky, ,

as explained in the insets, ({From Hussain et al., ref. (116).)

at - 2.3 eV).

(From Hussain et al., ref. (116).)
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furthermore agree very well with pure direct-transition calculations of NDT only.
This method thus could be very useful in future band:mapping studies using XPS,

As a further example, Hussain et al.to have carried out the first swept-hv
angle-resolved XPS study of valence spectra, again on tungsten to emphasize direct
transition involvement. These measurements were done in normal emission from W
{G11) with monochromatized synchrotron radiation in the range 1100-1250 e¥. Some
of the results are shown in Fig. 68 together with direct transition calculations
of the same type as those in Fig. 63. The agreement with experiment is thus
excellent, especially with regard to the relative intensity change of the peak at
~4.8 e¥, thereby providing more support for the applicability of the simple
direct-transition model.

As a final point concerning the diract-transition model, one cam ask why it
works as well as it does and why, for example, complexities in the final state
wave function do not cause significant deviations from it]]]'128. Such’ final-
state complexities can be considered most simply as the mixing in of other plane-
wave components exp(i(?f+§')-?) te an initial exp(iff-;) excitation via diffrac-
tion events associated with the reciprocal lattice vectors ¢'. Here, §' is not the
same as the E involved in the primary X conservation, but may be another bulk E
vector or a vector associated with the reciprocal lattice of the surface. That
such §' mixing events may be very weak in XPS is reasonable in view of the
forward-peaked nature of the electron-atom scattering factors {cf. discussion of
Sec. 5.B) that must be involved in producing such diffracted waves. An additional
effect of possible importance is a smearing in Ef due to the inelastic scattering
that effectively limits the wave function to a region of order AE in size along

1]9. Thus, the uncertainty principle dictates

its propagation direction
ak Ae ~ 1/2 or &k X 1/2Ae as a reaspnable estimate of such smearing. That is,

a tf disc such as that in Fig. 62 will come to have an added thickness Akf along
if. DHowever, for the specific example of W with a mean free path in XPS of

~13 A, Akf x 0.02{2n/a), which is not very large compared to the 8rillouin zone
size as represented by {2n/a). Direct calculations also verify that this much
smearing along the propagation direction does not significantly alter the
predicted XPS spectre:,”6 even though such akf effects appear to be important for
understanding UPS spectra in the 40-200 eV regionlzz Thus neither of these two
final-state complexities appears to be highly significant in describing XPS

valence spectra.

D. Concluding remarks

In conclusion, although it may at first sight appear to be difficult to see
direct-transition effects in the XPS spectra of many systems due to Debye-Waller
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Fig. 6B. Comparison of direct-transition theory to the first XPS

valence-band experiments making use of tunable synchrotron radiation,

Emissfon was normal to a W{Qll) surface;: the geometry is shawn as an
inset. (From Hussain et al., ref. (10}.)
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attenuation, the inherent simplicity of the theoretical model which describes such
effects at high energies of emission makes such measurements very appealing for
band-structure studifes. In fact, with the possible use of c¢ryogenic cooling to
increase W (see table of representative values for different plements in ref, 116)
and muiti-temperature measurements to permit isolating the direct-transition
component, it should be possible to expand the range of systems that could be
studied in this way. Using synchrétron radiation at lower energies of

n 200-400 eV would also reduce |§| and thus increase W while at the same time
probably retaining the desired theoretical simplicity. Also, decreasing the
angular acceptance of the analyzer would be very beneficial in reducing the size
of the disc over which f‘ is averaged, thereby providing more precise band mapping
information,

To provide some indicaticon as to how much increased angular resolution might
affect such spectra, Fig. 69 shows recent direct-transition theoretical curves by
Hussain and Fad’leylz9 for several very close-lying emission directions above a W
{001) surface at two different angular apertures: :1.%° and £3.0° (at about which
all prior XPS experiments have been carried out). It is clear that the =1.5°
curves are much more sensitive than the £3,0° curves to small changes in emission
direction. The £3.0° curves are expected to show a greater degree of zone
averaging, and this s borne out by the fact that at least some non-zero
direct-transition intensity is predicted over the entire valence band region from
0-7 eV for all of the angles shown., By contrast, the :1.5° curves exhibit greater
differences, sharper features, and regions of zero predicted Intensity (e.g., at
~3 eV for 8 = 56° and $7°}. Furthermore, an analysis of these calcylations shows
that the 1.5 curves for certain angles directly reflect that the &' dise 1s
centered very near a high-symmetry Brillouin zone point. For example, for & =
53%, the disc center is near N and the J-peaked structure reflects the 3 bands
there]sc. whereas for 8 = 56°, 57°, the disc s near H where only a single
low-1ying band Yies below the Fermi 1evel)3°. The positions of the major peaks
noted at these angles also correlate very well with band positions. Thus, for the
first time, it is possible to predict that high-angular-resolution XPS can provide
detailed point-by-point mapping of band structures. Recent experiments on W in
our laboratory at a x}.5° resolutionl3‘ also confirm this enhanced sensitivity te
angle, and the resuits are alsoc consistent with direct-transition theory.

Finally, it would certainiy be of interest from a theoretical point of view to
further explore the caiculation of the relevant X-¥ matrix elements involved in
such studies, as a fully accurate treatment of either direct transitions or
zone-averaged non~direct transitions requires accounting for them and it is at
present unclear as to whether a simple model can be relfably used to include them.
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As a final comparison to the closely-related use of angle-resolved UPS to study

valence 1eve157'9. it is clear that this technique has contributed very much to

our understanding of both b
can be carried out at higher resplutions than ARKPS
to ~0.5-1.0 eV in XPS), and both phonon effects and k smearing due to the finite

analyzer acceptance core are much less as problems due to the much smaller
energies involved. However, a detailed analysis of ARUPS data may require
knowledge of both the initial- and final- state band structures, as well as a
proper inclusion of both matrix elements and myltiple-scattering effects. In
ARXPS, by contrast, a very simple theory seems to describe the data very well, at
least as far as the direct transition compenent is concerned. Thus, 1t seems that
ARKPS will serve as a very useful complement to ARUPS, especially in bulk band

ulk- and surface- electrontc structure. In general, it
(~0.2-0.3 e¥ in UPS compared

structure studies.
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The Study of Surface Structures by
Photoelectron Diffraction and Auger
Electron Diffraction
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ABBREVIATIONS AND ACRONYMS

AED Auger electron diffraction

APD azirmuthal photoelectron diffraction

ARPEFS angle-resolved photoemission fine structure (acronym for scanned-
energy photoelectron diffraction)

CMA cylindrical mirror analyzer
DL double-layer model
EELS electron energy loss spectroscopy

ESDIAD electron stimulated desorption ion angular distributions
EXAFS  extended X-ray absorption fine structure

FT Fourier transform

FWHM  full width at half maximum intensity

GIXS grazing incidence X-ray scastering

HT high tempetature limit (in SPPD experiment)
LEED low energy electron diffraction

LT lower temperature of measurement (in SPPD experiment)
ML monolayer

MEIS medium-energy ion scaitering

MQNE magnetic quantum number expansion

MS multiple scattering

MsC multiple scattering cluster

MTL missing-top-layer modef

NEXAFS near edge X-ray absorption finc structure = Xanes
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NPD scanned-energy photoelectron diffraction with nesmal emission
ODAC  one-dimensional alkali-chain model

OorD scanned-energy photoelectron diffraction with off-normal emission
PD,PhD photoelectron diffraction

PLD path-length difference

PPD polar photoelectron diffraction

PW plane-wave scattening

RBS Rutherford back scattering

SEXAFS surface extended X-ray absorption fine structure

SMSI strong metal support interaction

SPAED  spin polanized Auger ¢iectron diffraction

SPPD spin polarized photoelectron diffraction

SRMO short-range magnetic order

sS single scattering

SsC single scattering cluster

ST™ scanning tunneling microscopy

sSwW spherical-wave scattering

XANES X-ray absorption near-edge structure = NEXAFS

XPD X-ray photoelectron diffraction, typically at energies of 500-1400eV
XPs X-ray photoelectron spectroscopy

1. INTRODUCTION

A knowledge of the atomic identities, positions, and bonding mechanisms within
the first 3-5 layers of a surface is essential to any quantitative microscopic
understanding of surface phenomena. This implies knowing bond directions,
bond distances, site symmetries, coordination numbers, and the degree of both
short-range and long-range order present in this selvedge region. A number of
surface-structure probes have thus been developed in recent years in an attempt
to provide this informaton.! Each of these methods has certain unigue
advantages and disadvantages, and they are often complementary to one another.

We will here concentrate on the basic experimental and theoretical aspects of
photeelectron diffraction (PD or PhD) and its close relative, Auger electron
diffraction (AED). Although the first observations of strong diffraction cfects in
X-ray photoelectron emission from single-crystal substrates by Siegbahn e al?
and by Fadley and Bergsttom® took place almost 20 years ago, and the use of
such effects at lower encrgies to determine surface structures was proposed by
Liebsch® 15 years ago, it was not until about 10 years ago that quantitative
expfn‘memal surface-structure studies were initiated by Kono et al.,*> Woodruff ez
al an}i Kevan et al.” By now both photoelectron diffraction and Auger clectron
diffraction are becoming more widely used to study surface atomic geometries.*"
We will thus consider here both the present status and future prospects of these
methods, and then return at the conclusion of this chapter to make a critical
comparison of them with several other surface-structure probes such as LEED.
(g;_ag:)g incidence X-ray scattering (GIXS), and scanning tunneling microscepy
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The basic experiment in PD or AED involves exciting a core photoelectron
or a relatively simple core-like Auger transition from an atom in a single-crystal
environment and then observing modulations in the resulting peak intensities that
are due to fGnal-state scattering from atoms neighboring the emitter. For a general
Auger peak of the type XYZ, it is thus imporiant that the upper levels Y and Z
involved are not so strongly influenced by chemical bonding as to induce an
anisotropy in emission that is more associated with initial-state electronic
structure. The directly emitted photoelectron- or Auger eleciron—wave exhibits
interference with various scattered waves, and this interference pattern is
analyzed to derive structural information. Peak intensities can be monitored as a
function either of the emission direction or, in the case of photoelectron
diffcaction, of the exciting photon encrgy. In AED, excitation can also derive
from anything producing core holes: an electron beam, VUV/soft-X-ray radia-
tion, or even an ion beam.

The three basic types of measurement possible are as shown in Fig. 1: an_
azimuthal or ¢ scan, a polar or 6 scan, and, for photoelectron diffracticn, a scan
of energy in a normal or off-normal geometry. Several abbreviations and
acronyms have arisen in connection with such measurements. With soft X-ray
excitation at about 1.2-1.5keV at the typical X-ray photoelectron spectroscopy
(XPS) limit, scanned-angle measdrements have been termed X-ray photoelectron
ditfraction (XPD).*® Scanned-energy photoelectron measurements spanning the
VUV-to-soft-X-ray regime have also been called normat photoelectron diffraction
(NPD),7** - off-normal photoelectron diffraction (OPD),'* or angle-resolved
photoemission fine structure (arpeFs)® to emphasize their similarity to the more
familiar surface extended X-ray absorption fine structure (SEXars).'® Both
standard X-ray sources and synchrotron radiation can be used for excitation, with
photon encrgies being as low as 60eV®'™!® and as high as a few keV.7519
Synchrotron radiation adds the capability of varying the photon energy cona-
tinuously and of studying the dependence of the diffraction on polarization.

The degrec of modulation of intensity observed in PD or AED experiments
can be very large, with overall values of anisotropy as high as (fau—fmin) /I =
Afflo = 0.5-0.7. Thus, it is not uncomman to observe 30-50% changes in the
peak intensity as a function of direction or energy, and such cffects are relatively
casy 1o measure. This is by contrast with the related surface-structure technique

FIGURE 1. The three basic types of pholoelectran
o Auger eleciran diffraclion measurement: an
arimuthal (¢} scan at constant polar angie, some-
btmes relemed 10 as azimuthal pholoelectron

dflraction or APD; a polar (§) scan at constanl fuxed hy he voned
anmuthal angle, relerred to as polar photoelectron Azimuthal Nommal O
dfraction or PPD; and a scan of hv in fixed scon amission _formal
Qeometry thal can be done only in photoelectron w e
Gfraction and for emission either nomnal or ofl- ,-<l~._ -

romal 10 the surface (denoted NFD or OPD, Nma

Rspectively). The scanned-energy type has also ¢

been relered to as angle-resolved photoemission

5’_'8 structure o aRPEFS. Note that § is measured APD FFD g:g

with respect 1o the surface. ARPEFS
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i i i i about one tenth as large. This
gfﬁszzgzsc_m a;:;c ;whf;?mtyft:zalf:;tod&l::msx: cﬁcc‘ti'vcly measures ad“‘ a!ngle-
i.:(:grraucd photo electron diffraction pattern as a func}mn of :;;:ersgy;:; : :a ;ssnc:;
surprising that this integration averages over various p
oonsidwccrz:l:"li\;rc‘:i;:l: t;;ei:;isi;“-mgle photoelectron an:ild Augler rles;!u and
lectron results here. To date, scanned-angic studies are
ﬁgc:,:,tc;?mep:‘;:s?mis is due to their greater simghcny, s;lnce sa.'amm.zdmn_g::‘g-y
work has several requirements in addition: the swec_:pm‘g ofo]; o;::::nnc;ﬁyx e:q m;
hrotron radiation source, the oorrect_normahzauon P pres r
Te;uon—analyzcr wransmissions as a function of energy, and tlhc. possi “;Z o
:llowing for interference betwc;_n ﬁk;gel: j:::llcnsr e:nt:“ Elﬁcmﬁfnmﬁe ucl:l
i ineti ranges. Finally,
:lncr]:ﬁr::e Fl.:'f-:l:‘:(rgsycatterigng phasc shifts al}d o.ther "°““.’_‘1',_°‘“"“‘n ! ;)::1:?1.:-:
have to be generated for all of the enecrgies in 2 m.mmemods.n;,bc
advantage in scanned-energy work is that Fourier tr_ansform (] D e en
used to estmate the paib-length diferences (00 00 G vton diffraction is the
FUL o ‘
encr:y l:lzp:l:;'::: ::t} :l:c ::.lfﬂm elastic-scattering factors. Flﬁ:l:nZ :lnus;_::::
this for the case of atomic Ni with curves of the plane-wave sl:act o inerp ude
1f] 2s a function of both the scattering angle ?m al!d the eﬁm;c e scag:;ﬁng
lo::r energics of 50-200 eV, it is clear that there is a high ;:;pv e Lo e
into all angles. For the intermediate range of ab?ut 21)0-2 0:-, . e
ximation to think of only forward scattering (ﬂ,.-. = (") an > ring
ngm: 180°) as being important. However, at energies above 500¢V, w; hsI:ch that
th:. scattering amplitude is significant only in the _fom:ard dx:wn;n,th 1: e
stropgly peaked. The degree of forward pe;lung :lx:icreas&:nﬂ the encrgy ®
increased. The utility of such forward scattenng at | gl}t.r ene g:d o surface:
mstructural studies was noted in very early X{:"D m‘v‘icsugatlo?s, i naf_u  has more
recently been termed a “searchlight effect™" or t:orw;rd orc:llss oi[ i
tion with XPD analyses of epitaxial overlayers. This effect tu

the most useful and simply interpretable aspects of higher-energy photoclectron

or Auger clectron diffraction, .
examples considered in followin

and we will make reference to it in sevcl_'al of the
g sections. These qualitative observations con-

FIGURE 2. Nickel plmmusm‘;tmm
tactor amplitudes 1{,) as a tunction

the scattering angle Bu and the pholo-
alectron kinotic energy- Note the 10‘0:
occuming for both 1408V and 285¢°d
o which have been lermed a %ef':nmll;d
O 4'5' T 138t a0 Ramsaver—Townsend effect. {{

Fomwan0 SCATTERING ANGLE, 8 wacx 21.)
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carning the encrgy dependence of the scattering factor will later also assist in
explaining which multiple scattering effects may be the most significant. A special
aspect of such scattering factors is that they may exhibit zeroes for certain angles
and energies; this has been termed a generalized Ramsauer—Townsend effect,
and its influence on the analysis of areers data is considered elsewhere '

A final impontant aspect of either photoelectron or Auger electron diffraction
is that both are atom-specific probes of short-range order. Thus, each type of
atom in a sample can in principle be studied, and ecach will have a unique
diffraction signature associated with the neighbors around it. Previous work
shows that the principal features of diffraction curves are due to the geometry of
the first 3-5 spheres of scatterers around a given emitter, although data may
exhibit useful fine structure that is associated with scatterers as far as 20 A
away.®?* This shont-range sensitivity is thus shared with sexars. We will later
point out the polential uses of PD and AED in studying the degree of order
present in the near neighbors of the emiteer. .

The remainder of this chapter begins by briefly reviewing the experimental
requirements of thesec methods and considering both the simplest single-scattering
model and other more accurate models that have been used to analyze both PD
and AED data. The bulk of the text discusses several illustrative cases ta which
these techniques have been applied. This is not intended to be an exhaustive
listing of all such studies to date, but the examples have been chosen to
demonstrate certain basic phenomena, to illustrate the range of structural
information that can be obtained, and to provide some idea of the different
classes of systems that can be fruitfully studied. In certain cases, the limitations of
the analysis or the need for future improvements are pointed out. Finally, some
particularly interesting new directions for the future are discussed, and com-
parisons to other currently used structura! probes are also made.

The studies discussed represent a mixture of work utilizing both standard
X-ray or electron excitation sources and synchrotron radiation, with the number
of investigations using standard sources certainly being greater to date. Thus, the
methods discussed here are not limited to synchrotron radiation, by contrast with
several others discussed in this volume.”** However, both PD and AED will
benefit greatly by the use of the higher-intensity facilities in the vacuum

ultraviolet/soft X-ray range that are now becoming more available, and we return
to this point toward the end of the chapter.

2 EXPERIMENTAL CONSIDERATIONS

The basic experimental requirements for carrying out photoclectron or
Auger electron diffraction measurements are relatively simple. A minimal
experiment can consist of the excitation source, a specimen holder with oniy one
axis of angular motion (usually the polar angle as defined in Fig. 1), and an
tlectron energy analyzer with an angular resolution of at least approximately +5°.
Thus, most of the commercially available hemisphericai analyzers are suitable,
and even a cylindcal mirror analyzer (CMA) with some sort of baffie at its entry
slit can be used. Peak intensities can be measured very simply as the difference in
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height between some point at the maximum and a point in the high-energy
background. Measurements at this level are thus quite casy lo take, and
interesting surface-structural information has been obtained ftom them.!!

Going beyond this minimal experiment to be able to tap all of the
information available in the diffraction pattern involves several possible
elaborations:

+ The specimen holder should have both polar and azimuthai axes of
rotation {cf. Fig. 1) so that the electron emission direction can be oriented
arbitrarily with respect to the surface. The optimal scanning capabilities in this
case are to be able to vary @ from grazing excitation incidence to grazing electron
exit and to vary ¢ over a full 360" or more. The latter is very useful for
establishing the symmeury of the surface and for verifying the reproducibility of
features from one symmetry-cquivalent azimuthal direction to another. Scanning
¢ over its full range is the most difficult to achieve in practice if there are
electrical or mechanical connections to the sample for heating, cooling, or
measuring temperature, but designs of this type have been in use for some time.?
The reproducibility and accuracy of both of these motions should be at least
10.5°, with even smaller values on the order of +0.1° being required for very
high angular resolution work.

+ Automated scapning of spectra, determining of peak intensities by more
accurate arca-integration and/or peak-fitting procedures, and stepping of angles
under computer control are also essential for efficiently obtaining the most
reliable data. Systems for doing this are discussed elsewhere.**

+ It also may be desirable to rotate both the specimen and the analyzer (or
excitation source) on two axes 50 as 1o be able to orient the excitation source at
various positions with respect to the electron emission direction. In photoelectron
diffraction, this permits making use of the radiation polarization to preferentially
excite the direct wave toward different scatterers while at the same time observing
the electron intensity along a special direction.® ' This is particularly important in
studies utilizing synchrotron radiation. In Auger electron diffraction, it can also
be useful for assessing the degree 1o which the penetration of the exciting flux
along different incidence directions influences the outgoing diffraction pattemn,
even though results to datec indicate that such effects are minor. (Similar
a2nisolropic penetration might also be expected with X-rays duc to Bragg
reflections,™ but such effects have so far not been found to be significant in
photoelectzon diffraction patterns.)

* Improving the angular resolution of the analyzer to the order of £1.0° has
also been found to yield data at higher energies with considerably more fine
structure.*** Achieving this may involve specially designed entrance optics,>™
or more simply the use of movable tube-array baffles at the cotry to a more
standard analyzer.*® High-resolution results of this kind will be discussed in more
detail in sections 4.2.1, 4.2.2, and 5.1.

* Improving the energy resolution of the system to on the order of 0.1eV is
also desirable, because it permits resolving small chemical shifis or surface shifts
of core levels and studying the diffraction patterns of these species separsately.™

* Saanning angle or energy obviously involves an added cost in time for any
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study, and 5o it is desirable to have the highest overall count rates. This can be
achieved by using a more-intense excitation source (as, for example, from
insertion-device-generated synchrotron radiation) and/or the most efficient and
highest-speed electron analyzer and detection system. Making the [atter as
efficctive as possible is important, since there are always potentially deleterious
effiects of radiation damage as the excitation intensity is increased. Analyzer
improvements include the use of multichannel energy-detection systems involving
several single-channet electron multipliers or 2 microchannel plate®®* and the use
of special spectrometer geometries in which spectra at several sngles can be
recorded at the same time.*™™ However, a potential disadvantage of systems
recording several angles at once is that the angular resolution may be limited,
particularly if it is desired to scan kinetic energies to several hundred eV. A fipal
method for increasing data acquisition rates with a pulsed synchrotron radiation
source is 1o use a time-of-flight analysis system;*® a logistical problem with such
systems however, is that they may require running the storage ring in a less
frequently used “timing” mode with fewer electron bunches. Leckey® has
recently reviewed many of the more novel proposzls for analyzers with high
energy resolution, high angular resolution, and/or high data acquisition rates.

» Finally, if scanned-cnergy photoelectron diffraction is to be performed, it
is essential to use a reasonably stable synchrotron radiation source and to have an
analyzer system whose transmission properties as a function of energy are well
understood. This is because photon energies must be scanned in small steps over
2 total period on the order of hours in present experiments, and the influences of
both the decay of photon fiux with time and the change of the analyzer's
sensitivity with kinetic energy must be corrected out of the final intensity data so
as to yield something that is truly proportional to the erergy-dependent
photoelectric cross section in a given emission direction. Methods for making
these corrections are discussed elsewhere.®3°

3. THEORETICAL MODELING

3.1. Single-Scattering Theory
3.1.1. Qverview of Mode!

Since the first theoretical paper on low-energy photoelectron diffraction by
Licbsch,! several detailed discussions of the modeling of photoelectron and
Auger clectron diffraction have appeared in the literature *132134.25.5045 Tpy o e
will begin here by presenting only the essential ingredients of the simplest
approach, the single-scattering cluster (SSC) model, and then comment toward
the end of this section on several improvements that can be made to it, as well as
on some effects expected due to multiple scattering (MS) events.

The basic elements of this single-scattering cluster model are shown
schematically in Fig. 3(a). The fundamental assumptions are essentially identical
to those used in describing extended X-ray absorption fine structure (Exars),"
and a'similar model has also been applied some time ago to angle-resolved Auger
tmission at very low energies of 100 eV.*® We consider photoelectron emission
first and then discuss the modifications required to describe Auger emission.
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observed intensity will be given in the dipole approximation by
) = {plr, KN &- ey (1

The final-state wave function in single scattering is further described as being the
superposition of a direct wave @o(r, k) and all singly scattered waves ¢, (e, r, = k)
that result from initial ¢, emission 1oward a scatterer f at ¢, and then subsequent
scattering so as to emerge from the surface in the direction of k. Thus, the overall

wave function can be written as™*!

Wi, K) = ¢ofr, k) + 2 ¢(r, 1, — k). (2)

Because the detector is situated at essentially infinity along k, all of the
waves in Eq. (2) can finally be taken to have the limiting spherical forms
o = exp (ikr)/r or ¢, « exp{ik [t — r,[}/|r — r|, although the effective ampli-
tudes and phases of each type in a given direction will be modulated by the
photoexcitation matrix element and, for each ¢, also exp(ikn)/r; and the
scattering factor. Flux conservation also dictates that the portion of ¢¢ which
passes to the scatterer j to produce ¢, decays in amplitude as a spherical wave, or
as 1/r;. This decay is a principal reason why PD and AED are short-range probes,
although the effects of inelastic scattering contribute additionally to this. If the
scattering angle is 8,, the overall path length difference (PLD) between ¢, and
any ¢; is r,{1 ~ cos 8,), and it is these PLDs that provide most of the bond-length
information in photoelectron or Auger electron diffraction.

3.1.2. Matrix Elements and Final-State Interference

When this model has been applied to photoclectron emission, the dipole
matrix element has usually been treated as involviag a p-wave final state (that is,
the case that is appropriate for emission from an s subshell). This yields a
matrix-clement modulation of the form & - k for an arbitrary direction of emission
k2 For emission from other subshells with { not equal to zero, more complex
expressions including both of the interfering I 4+ 1 and [ — 1 channels are
involved,*****? and we return below to consider how important these effects
can be. However, at higher energies, the assumption of a p-wave final state
has been found to be reasonably adequate in several prior studies of non-s
emission 104530

Since the differential photoelectric cross section do,, (£, k)/d€2 is proportional
to intensity rather than amplitude, another possible approximation might be
10 use a ¢, modulation of [do, (&, k)/d2]'?.** Although this is not strictly correct
and it also does not account for possible sign changes in the matrix element with
direction due 10 the photoelectron parity,’*? it may be a reasonably adequate
spproximation for higher-energy XPD in which the forward-dominated electron-
icattering process selects out r; choices very nearly parallel to k. That is, for the
range of r; directions near the k direction that produce significant scattering, the
matrix element varies little, s0 that a very precise description of it is not required.
In fact, predicted XPD patterns have not been found 10 be very seasitive to the
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exact way in which the matrix-clement modulation is included. At lower energies
such simplifications are not generally possible, however, and Tregtia® has, fo,
example, recently shown that not using the correct final-state angular momenta
can have a strong effect on predicted azimuthal diffraction patterns at cnergies of
about 30eV.

Such final-state momentum and interference effects have been studied iy
more detail recently by Friedman and Fadley,”” who have made use of a newly
developed Green's function matrix approach due to Rehr and Albers ™ Repre-
sentative results as a function of electron kinetic energy are presented in Fig. 4
Here, a Cu emitter is 3.5 A away from a single Cu scatterer, and three diﬂcrcn;
electron kinetic energies of 100, 300, and 1000 eV are considered. Scattering is in
all cases full spherical wave. The intensity fluctuations as a function of scattering
angle are normalized 10 the unscattered intensity & as x = [/ — L}/4. In order 1o
illustrate in these calculations only the effects of changing the final-state angular
momenta that are invoived, emission from a Cu 2p orbital was taken as a
reference. For this p-enmiission case, the correct final-state interference involves s

0.5 M | + —r v T
i) T T ¥ T
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and d waves, and includes the radial matrix elements R, and R{ and the ph_ase
shifts &, and &,. These have been calculated using an alo.mlc cross-section
program due to Manson.5S The ratio R,/R, changes relatively little, from 4.62 to
391, as we go from 100c¢V 10 1000eV. The curves shown for I, = 0 are l_hc
simple limit, discussed previously, of an s initial state and single P ﬁ'nal siate with
no interference. The results for [ = 1 are the correct descaption of Culp
emission. For the other two cases of I; = 2 and {; = 3 shown, emission into final
waves at [, = 1 and 3 and I, = 2 and 4, respectively, is allowed, and the same
radial matrix elements R, and R, and phase shifts &, and &, were used for the
L=4+1 and I, = §; —~ 1 channels in both cases. These sets of four curves thus
permit systematically observing only the effect of the different final-state
character and interference associated with the dipole matrix element.
Severa! general conclusions can be drawn from the curves of Fig. 4:

« Increasing the angular momenia in the final state from 1 to 0 + 2101 + 3
to 2 + 4 is found to decrease systematically the amplitude of forward scattering,
thus constituting a reason for which calculations using the p final state may
overpredict the degree of anisotropy for emission from subshells with [, = 1.

+ In the backscattering direction, the parity of the photoelectron waves is
evident, since the odd waves from I; = 0 and 2 exhibit the same sign of x, and the
opposite sign is seen for the even waves from [, = 1 and 3. The previously
discussed approximation of using the square root of the differential cross section
neglects these sign differences. It implicitly assumes photoclectron waves of even
character unless an ad hoc sign change is introduced as appropriate for emission
angles greater than 90° with respect to the polarization vector."”

+ The smallest differences between different final-state angular momenta are
for the highest energy, where, in the dominant forward direction, the main
effect is a reduction of amplitudes in the forward scattering direction, but little
change occurs in the shapes of the ‘Oth-order’ peak at a scattering angle of (° and,
for {; <3, also in the Istorder peak at about 22°. However, as energy is
decreased to 100eV, the differences between the curves become increasingly
more significant, and they begin also to involve phase changes in the regions of
both of these peaks nearest forward scattering.

* At the highest energy typical of the XPS limit, one thus expects the
general shape of the Oth order or forward scattering peak to be the same
tegardless of final-state angular momenta, and to see a general suppression of the
relative importance of the higher-order features.

Overali, these results indicate that the use of the correct final-state angular
momenta with interference will probably be imporant for energies below about
300eV. For higher energies of 1000eV or move, forward scattering should be
feasonably well treated by the simple p final state (as has been verified in prior
XPD studies), although both overall anisotropies and the relative intensities of
higher-order features may be overestimated. Similar conclusions conceming the
Suppression of higher-order diffraction features have been reached by both
Parry* and Sagurton® using more approximate calculations based upon plane-
%ave scattering-and/or plane-wave final states.



CHARLES S. FADLEY

in mi i i aphs, we shall for simplicuty
I mind the discussion of the last paragr a plicit
and I]Ii:eucri)s'gg :':asons in what follows still use the p final state and s factor & - k in

describing photoelectron emission.

3.1.3. Electron—Atom Scattering

The electron—atom scattering that produces ¢, is most simply described by
complex plane-wave {PW) scattering factor

£(8,) = (8 exp {iy,(8)]- 3

R : : ing. The scattering factor
. hift associated with the scattenng ]

v‘.vh.erc Ji&&l 1:1‘ t:: gjhaf-:;; lpanial-wa"': phase shifts J; according to the usual

15 m

expression:
(&)= (21"«)"5: (2 + Dlexp (248;) — 1)P{cos 6), (3

i ; is thus
. For large r, the scattered wave ¢; is
he F, are Legendre polynomials 4 : .
wrlzjarﬂr:i:na; 1o f(&)exp (ik ir — r,l)llr-— r;l, with an ovcralll pl:ﬁ%l:li;:la:;;
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reason that free-atom forward scattering amplitudes are always larger than thosc
for 2 muffin tin in which the potential is effectively truncated at the tin radius.
This behavior can be rationalized by a classsical argument in which it is noted that
forward scaltering trajectories graze the outer reaches of the scattering potential
and so are only deflected slightly; these trajectories are thus primarily sensitive to
the outer regions of the potential.

= The backscattering amplitude at higher energy is by contrast found to
increase monotanically with atomic number. This also is expected from a classical

argument in which backscattering involves strongly deflected trajectories that pass
close to the nucieus.

3.1.4. Inelastic Scattering

The effects of inelastic scattering on wave amplitudes during propagation
below the surface must also be included. If intensity falls off as exp(—L/A,),
where L is an asbitrary path length below the surface and A, is the inelastic
attenuation length, then amplitude is expecied phenomenologically to fall off as
the square root of this or exp (~L/2A,) = exp (~yL). Each wave @0 00 @, is
multplied by such an exponential factor involving an L value which includes the
total path length below some surface cutoff point (cf. Fig. 3a). This surface cutoff
is often chosen to be the substrate surface as defined by hard-sphere atoms,*?
although this choice should not influence the diffraction patterns unless some
atoms are positioned above the cutoff. Thus, the attenuation coefficient y =
1/2A,, although y values up to 1.3-2 times this have been suggested in prior
EXaFs,*'2 AFED 2 apd ppe<es analyses. That is, the efective inelastic
attenuation length A, in these diffraction experiments is suggested 1o be about
0.50-0.75 times literature values based upon intensity-attenuation measurements
or theoretical calculations.® In fact, some inelastic attenuation lengths derived
from EXAFs measurements da not appear to take account of the difference
between amplitude and intensity mentioned above &

These reduced values of A, are not surptising in view of several factors:
Uncertainties of at least £20% are common in measurements of attenuation
lengths,** and some rccent measurements in fact yield values that are
significantly lower than others in the literature.®® The effects of elastic scattering
and diffraction on intensities can introduce additional uncertainties of this
order,*4” and it is, for example, now well recognized that the actual mean frec
path between inelastic scattering events is about 1.4 times the attenuation length
discussed above. Finally, the effective attenuation length in a diffraction
measurement should be shorter than in a simmple intensity-attenuation cxperiment,
because quasielastic scattering events of small energy (c.g., from phonons) that
lkeave the electron kinetic energy within the peak being measured® can stiil
introduce direction changes and phase shifts that effectively remove such
electrons from the coherent intensity for diffraction. In addition, multiple
elastic-scattering events similarly cause a reduction of the effective coherent
intensity in a single-scattering theory. Thus, one overall expects effective

Menuation  lengths  related as  A(intensity) > A, (multiple-scattering
fiffraction) > A (single-scattering diffraction).
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Fortunately, electron diffraction features for mo_st cascs are not strongly
affected by varying A, over its plausible range, and so its choice is in general not
crucial 1o final structural conclusions. Nonethcl&é g is desirable to verify this

H 42 448,
insensitivity by varying A, in model calculations.

4.1.5. Vibrational Effects

i i i is furthermore potentially
Vibrational attenuation of interference effects is further ‘
important and can be included in the simplest way by multiplying each ¢, by its
associated temperature-dependent Debye—Waller factor:

W(T) = exp [-AKITN(T)) = exp[-2k*(1 — cos 8)THT)), )

;i nitude of the change in wave vector produced by the
:;‘::ﬁ::' ;dmslﬁ?;g is the temperature-dependent one—dimcn.sion_al m_ea!n.

brational di :  Af this level of approximation, U is
squared vibrational displacement of atom j v i f
assumed to be isotropic in space, and any correlations in the m°‘":,rt':°“fs o
pear-neighbor atoms are neglected. (The importance of comln.’ed vi ra_:onﬂ
motion in certain types of lower-encrgy diffraction experiments is considered
below.) Suitable bulk and surface U values or Debye temperatures can be
obtained from the literature. At high energy, the electron scattering is significant
only when §; is rather close to zero, and this acts through ll_le (1 - cos'G,) factor
in the argument of Eq. (4) to yield W, very close to unity for al_l important
scatiered waves. So vibrational effects are to first order not very ngx'uﬁmnt in
forward-scattering-dominated XPD or AED, although they can be very imporiant
in LEED, EXAFS, and lower-energy PD and AED, where backscattering is the
domizant diffraction mode and thus 1 — 05 6 is a maximom.

An alternate method for allowing for vibrational eﬂ‘_ects is to assume some
probability distribution of atomic positions due to .vibratson (as, for exam_ple.e:
harmonic-oscillator envelope) and then to numerically sum scparate Welgl'll X
diffraction intensities for all possible combinations of atomic positions. This is
cumbersome, but it has been used 1o quantitatively look at the effects of specific
types of wagging molecular vibrations at surface ="

3.1.6. Single-Scattering Cluster Model
With these assumptions, the simplest SSC-PW expression for photoclectron
intensity /(k) can now be written down from Eqgs. {1-3) as

)« [ |e-ke ™+ 2 5\ p(o) We—r{exp ilkr(1 — cos 8) + w(G)}| dE
i 5

¥

+ 3 J (£- i’;)’!ﬁgj)—!n(l — whe i de. ()
4 i

Here, & -k and - f, represent p-wave photoemission matrix-element modtﬂatlm::
along the unit vectors k and i respectively, and exp (—yL) and exp ("YL;‘) al
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appropriate inelastic attenuation factors. Thus, (£ - k) exp (—yL) i_s the ampllti{dc
of the direct wave ¢o(r, k) and (&- &) 1080 lfl-;-exp(—_yL,-)/f,- is the _cﬁ'ccuvc
amplitude of ¢(r, 1, — k) after allowance for both lnclashF scattering and
vibrational attenuation of tnterference. The complex exponential allows for the
total final phase difference between ¢, and each ¢,.

The integrals on & simply sum over the different polarizations perpendicular
to the radiation progagation direction, as appropriate to the particular case at
hand, Closed-form expressions for a totally unpolarized source that are applicable
1o high-energy work are given elsewhere;*? however, the simplest way to carry
out this integration for a general case is just to sum the intensities for two
perpendicular polanizations of convenient orientation.

The second I, cotrects the first absolute value squared for the incorrect
inclusion of Debye—Waller artenuations in terms involving a product of a
scattered wave with itself. That is, in expanding the absolute value squared, only
products involving unlike waves like @o@p; or ¢;p{j +[) should include
Debye~Waller products of W; or WiW,, respectively. The (3 — W) factor in the
second summation is thus necessary to yield overall correct products of the form
$¢; without any W7 factor. The second sum has been called thermal diffuse
scattering,*® and it is often quite smatl with respect 10 the overall modulations.
Equation (5) is thus the basic starting point of the single-scattering cluster model.

In modifying this model to describe Auger emission, the usual assumption is
that the much freer mixing of angular momenta in the fAnal state overall leads to
an oulgoing wave with 5 character.'***™®7* Although selection rules do limit the
allowed final angular momentum states in Auger emission,”” for certain cases, the
{ = 0 channel is dominant. Also, if filled subshells are involved in both the initial
and final levels of the transition, the implicit sums over all initial and final m,
values would be expected to produce an overall distribution of emitted primary
intensity that could be approximated as an 5 wave. Although it is possible for
higher-{ components to be present in the final state that could affect the
scattering, ™™ these are often found at higher encrgies to be minor effects. '™
For Auger emission into such an assumed s final state, we thus simply remove all
Factors involving &- k and &-i; in Eq. (5). Non-s character in Auger final states
deserves further study however.

It is also worth noting here that the cluster sum on f in Eq. (5) makes no
explicit use of the 2- or 3-dimensional transiational periodicities that may be present,
even though the atomic coordinates r; used as inputs may incorporate such
pericdicities. Thus, neither surface- nor bulk-reciprocal lattice vectors g are explicitly
involved, and it is not appropriate at this level of description to speak of diffraction
“beams” assodated with certain g vectors as in reep. However, in section 5.1
we will consider the relationship of this model to an alternative Kikuchi-band picture
that does involve g vectors and the idea of Bragg reflections from scts of planes.

The last parameter of importance in actually using Eq. (5) is the range of j or
the choice of a suitable cluster of atoms. This is done empirically so as to include
dll significant scatterers by venfying that the predicted diffraction patterns do not
change in any significant way with the addition of further atoms at the periphery
of l_hc_ cluster. Clusters can range from a few atoms for near-normal high-energy
tmission from a vertically oriented diztomic molecule on a surface® to as many as
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several hundred atoms for substrate em;si?:r;"i::‘f::f.:?k%c;ﬁ::ﬁ:‘:f‘i;:f
i vera . .
se‘;ar:llze;[:lglc::::sa'll;cus:ir;::e?y;:e::fs eatom emits incoherentty with respect to the
other, so that intensities from each must be adficd layer t_:y layc_r. H;»;cve{f;)cvg',;
for the largest clusters so far considered, the mh_crcnt simplicity 0 q.( ‘sul
i calculations which do nol consume eXcessive amounts of computer time,
iﬂcdzia]ly by comparison with those necessary for such procedures as multipic-
sca“cn?ugnlj‘:;n T?;U:E:m of importance in making wmpan'son's 10 experimeat
is th::t possibih":yy:)f electron refraction at the surface in crosshling the squauf
i inner potential of height Vo Even_ at the relatively high energies o
t;;rsrne;o?c;?&ion angles near grazing, refraction effects of a few degre'es can be
oroduced (cf. Fig. 14 in Ref. 9). Thus, for lower takeoff angles rlatve 10 the
d/or lower kinetic. energies, a proper allovfancc for v ion is
surfmryacc aI-‘This is accomplished most simply by using a suitable inner potcm-ml- v,
gcrived ﬁ.orn experiment and/for theory 10 predigct the mtcn.ml anglec:sli'oenrnflos?::
8" for a given extcrnal propagation f:lir.ecuon 6." The I.-esu|ung expr
electron energy of Eyn = Euin + V, inside the surface is

g = cos"{[m%]m cos B], (6)

where, as before, 8 and @ are mca;uredo?n::er?m t(;o ttl;:! ::‘rf:ac; eIrn ._;huz
xact form 7
IP;:S:;: ::fpaonn:.ndts,o:sb ?tt en'xalyl'“:\o‘: then be possible to assume z:;:rll:)mtpt r:;e mtso ,:;c
vacuum level at the substrate surface. Also: the presence oft:m a]_:) e n:a » mp;
alter V; through changes in the work function, apd th.ic a also may ooowy
itions above the surface in which only a fraction of V; is approp! .d‘usuble
o diffraction studies, Vo has also been trcated as an ad]
thocl:c:r’o”'r;"" Although prior studies indicate that structural oonc.lusnnst a:::
ﬁz?;:t::t;laﬂy sensitive to the choice of V5, *** it is important lobrc:ilz;uc; al; o
allowing for it properly may shift theoretical diffraction pa::lems ; [{ T e,
ith respect to the actual @ values at which they will ed.
fI‘::hwe ‘::cr?:sc: n‘::xhod of allowing for inner potential andurelalcd image-forcee
idered in more detail theoretically.™
hes a\l'jz b:::sw:ls::o at this point that any uncertantes c;nasﬁ.n;‘le :::f::.:
associated with the choices of ponstructural parameters su

. - . oo enua
phase shifts, the attenuation length for inelastic scattenng, vibrational a

i i f LEED,
tion, and the inner potential are equally well shared with the techniques ©

gxars, and SEXAFS, although in EXAFS/SEXAFS, empirical phase shifts from known

. d. ' -
tructures can sometimes be use ) ) o integrate
’ A final step in any realistic calculation based upon this model is gra

i i lectron
the direction of emission k over the solid angle Qo af:mpte:c ::c;vti:caemnc g
analyzer. For most of the calculations reported here, u_us has o e of
43.0-3.5° half angle, although for certain high-resolution cases a sm
+1.0-1.5% has been used.
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3.1.7. Improvemenis to the Model

We now consider some possible improvements to this simple SSC-PW
model:

* A first possible correction is 1o choose a more correct form for the primary
wave as il leaves the emitier. The SSC-PW result of Eq. (5) assumes 2 simple
outgoing plane wave from the emitter which then scatters to produce an outgoing
spherical wave from cach scatterer. In fact, the correct primary wave should be of
the type used in free-atom photoelectric cross sections and should consist of an
ingoing spherical wave plus the outgoing plane wave.?'*"**™ Such a primary
wave experiences the emitter potential and represents the correct solution to the
Schrddinger equation inside of a muffin-tin-like region centered on the emitter. If

this form of the primary wave is used, the equivalent of Eq. (5) with neglect of
effects due to vibrations is:?'*!

1K) « f

€ ke vt + 5 i_;il 1£(6:) e r{exp ifkr (1 — cos 6,) + ¥,(8)])
+ ZER L anl = Q) expit2he| e )

This result, although still singlc scautering in assumption, now contains, through
the scattering of the incoming wave, a second sum of terms that are the classic
double scatiering events of the type emitter -+ scatterer — emitter — detector
discussed in ExaFs theory.’' Because these added terms are in effect double
scattering and also exhibit stronger attenuation due 10 both 1/r? and ¢, this
sum is expected for many cases to be a small correction to Eq. (5). This should be
especially true for higher energies where backscattering is negligible. In fact, the
inclusion of this sum can be shown to lead to the central-atom (emitter) phase
shift that is always present in Exars theory, and we comment further on this later
in this section.

* A next important correction is the use of spherical-wave (SW) scattering
instead of the asymptotic and much simpler plane-wave (PW) scattering. The
nature of such SW corrections in reducing forward scattering amplitudes in XPD
was first pointed out some time ago,?® but more recent studies have presented
detailed comparisons of PW and SW results for different systems.® For
cxample, Fig. 5 compares PW and SW scattering at energies from 50¢V 1o
950eV,® with the results being displayed in a format identical 1o that of Fig. 4.
Emission from an s level (I, = 0, {, = 1) to a single Ni scatterer 2.49 A away is
considered. For larger scattering angles (=40°) and higher energies (=200eV),
}hc PW and SW results are essentially identical. However, for lower energies and
in the forward scattering difection, there are significant differences. In particular,
for energies =100V, the forward scattering peak is significantly reduced in
amplitude by a factor that can be as low as 0.5. As expected, the differences
between PW and SW curves also decrease as the scatterer is moved away from
ihe emitter,*® because in the limit of a scatterer at infinity, the incident wave is
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FIGURE S. As in Fig. 4, but comparing plane-wave
(PW) and sphencal-wave (SW) scattering from a
single Ni scatterer at a distanca of 2.5 A from the
emitier with energies of (a) S0eV, (b} 1002V, (¢}
200 eV, {d) 500 eV, and (¢} 950 8V, Hare, PW results
PN are compared 10 SW results lor the case of | = 0 (s
anissimloasinglopdunnd).?oluizaﬁonb
paraliel to the emission direction. The cunes labralied

oo F

-0 b +
o 0 180" SW' represent a first-order approximation (o the Lt
FWD  SCATTERING ANGLE BACX  Sw scattering. (From Refs. 21 and 58.)

planar. One general conclusion from these results is thus that, at higher eneTgies.
the primary effect of including curvature in ¢, is to reduce the amplitudes of the
forward-scattering peaks in f(k} for near-neighbor atoms as compared 10 those
predicted from Eq. (3).

Fortunately, such SW corrections ¢an now be very simply and accurately

PHOTOELECTRON DIFFRACTION AND AUGER £LECTRON DIFFRACTION 439

incorporated into the SSC framework via effective SW_ scattering factors
developed by Barton and Shirley using a Taylor-series magnelic quanu'xm numl_;;cr
expansion (MQNE)” and by Rehr er al. using scpar;}bicv Grc.cn s function
approaches,*** For example, Rehr ef al.* derive an equation ideantical 10 Eq. (7)
in form, but in which the plane-wave scattering factors f,{8) ate replaced by three
cficctive spherical-wave scattering factors [0, 1), fiddm, 5}, and FO ol —

g, r;} that are used to describe the three types of scattering events present. These
effective scattering factars depend on r;, as they must converge to the PW result
s r; goes o infinity. They are also very simply calculable, involving expressions
doscly related to that in Eq. (3.

However, particularly at higher encrgies, the much simpler PW approxima-
tion is still found to yield results very similar in form to those with SW scattering,
and it has been found possible to draw useful structural conclusions with it.
Sometimes, PW scattering at high energy has been used together with an
empirical reduction factor of forward scattering amplitudes by a factor .of
0.4-0.5" that can be largely justified as being due to SW effects {cf. Fig. 5).

« An additional important correction for some cases is the use of correlated
vibrational motion in which atoms that are near neighbors of the emitter have
lower vibrational amplitudes relative to the emitter, and thus Debye-Waller
factors for diffraction that are nearer unity. This correction is more important in
special geometries and at lower energies for which large-angle or, particularly,
backscattering events become more important, as first pointed out in connection
with the interpretation of scanned-energy data by Sagurton et al? and also
discussed by Barton and Shirley.?®* This more correct form for vibrational
attenuation involves a factor W™ of the form:™'

—Ak20X(T)

) ] = exp [-k*(1 — cos 6,)57(T)}. )

WE™(T) = exp{

where oX(T) = {{Ak; - u,)*} is a thermal average of the projection of the atomic
displacement u; as measured with respect to the emitter onto the direction of the
change in wave vector produced by the scattering Ak;. Thus, each scatterer in a
photoelectron diffraction experiment is sensitive to a different type of vibrational
displacement, varying from no effects for forward scattering, to small effects for
smali-angle scattering associated with components of v, perpendicular to the
emitter—scatterer axis, to maximum cffects for backscattering associated with
components of u; along this axis. By contrast, in SEXAFs, it is only the along-axis
components that contribute. Correlation effects are also expected to be largest for
atoms that are backscatterers, because along-axis vibrations will be reduced
more than those perpendicular to this axis. Ultimately, this might make it
possible to measure anisotropies in vibration in a more precise way with
temperature-dependent photoelectron diffraction, for example, by looking at the
variation of different peaks in Fourier transforms of scanned-energy data. A first
attempt at this has recently been made by Wang er al.” Also, even forward
scattering features at high energy contain vibrational information because of pecak
broadening by motion perpendicular to a bond,®® and this has permitted
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Wesner ef al.” 10 determine the vibra_lion:lla;nplitude anisotropy for an adsorbegd

i on 4.1.3.
mOlc::u.::'ﬁfafz;fc:i:i::cr:l;;:rz:;ﬁch might be improved but which has only
been discussed in a limited way to date is more accr.fmtc as’lowaflcc Jor boih
surface refraction and auenuation due 10 inf!a.mc scastering. I_-lefract‘:lon has beep
treated differently from the phcnomenologlcal_appmach indicated ere both by
Lee*! and by Tong and Poon,” who have considered the proper mallchmg of the
attenuated photoelectran wave inside the surface to lh_r. free electron wave
outside the surface. However, the laner_ have found that, if rcfracuoz} is allou.':d
for in the way described here in mlculatmg_ the pat.!: Icngfh for mfela.sn(:hscatlcnng
in approaching the surface, the net result is very little different rf)mb € correct
treatment of the wave matching. Another more complex problem l; ¢ bgogmg the
proper value for the inelastic attenuation length: As we 'havlc nolcbeao \Iae_ ul:se
lengths in electron-diffraction problems appear emplmlzaly l.o ’ nly about
0.5-0.75 times the typical Kterature values basefi upon intensity a enu.am?n_lh
would be desicable 1o understand these attenuation lengﬂ]s gnotr: q;;r:‘nuuv: y}
indluding both elastic and inelastic effects, fn?r cxa.‘rlfplc. within d‘:; » cwo;d?n
more accurate methods of measuring peak intensities dcvcloPe ¥ ou-ga::— T
Finally, it might be useful to coasider the posstblhty.of nomfmft;z:zh or ams_g. op.;
inelastic scaering. Such eff have bcc.n oons:dcrcfl in L:;Pb 1:
ExaFs,™™ where the use of complex scattering phase shif!.s is propoAsE D, hu: e
inﬁuc;lcc of such effects on predicted diﬁra::‘::on patterns in Plg \:rrglm]ati:s n::('
been assessed. More recently, Treglia ef a_I. h?ve used S5C- v d‘ﬁns ’
describe very low energy photoslectron f:hlf.racuon at about ?:Ue : omt ifferen
surfaces of W. They sce cvidence for a sngmﬁmnll_y different inelastic a; Iem;auo.:
length in emission from W (001) and W (110). This could well b; pc:sn 1:1: 1:t:
this low energy, it would also be uscful to carry 0ut_ful! M cul tlion 1:
eliminate such effects as another cause of c!?fcctwe anisotropic attcm;iaﬁ:;:;ion
another recent paper, Frank er al.*™ have discussed Au'gcr elcc?ronfr 2ction
data from Pi(111) with various adsorbates and fo.r energies vargnng.r"lll::mc"d“:i o
65 eV 10 420 V. They have analyzed these results in terms of a t:lasslf nmcﬁ 1ol
anisotropic inelastic aticnuation which totally _ncglccts .all ‘wave inte ert:i ioes and
diffraction phenomena. Unfortunately, there is no basis in prior ;xpt:lm= o
theory for this extreme model, even though it seems to fonmlot_lsly t ;o o
features in the cxperimental data. Thus, this classmal analysis by ra:n nﬂ;
provides necither a useful method for an_alyzmg. A.L.ED ::‘.ata, norﬁony -
information concerning the possibility of anisotropic inelastic aftcnua o s ot
attenuation is in any case expected 1o produce only small corrections to
anisotropies associated with diffraction effects.

3.1.8. Relationship 1o EXAFS/SEXAFS Theory _ »

As a further aspect of the SSC model, we note that it can be d‘ugct'lyarsc:ll:md
1o an expression very close to that used in Ef(AFs/{»ExAFs ana.lyses if it 'fs el
that all scattered waves ¢; arc small in magmtudc in cnm;?anson loE ¢o;vc o
we begin at Eq. (5) (for simplicity neglecting any averaging over )l.)m]mc e
all terms such as ¢,¢; and ¢, can be neglected in expanding Lhc; e some
squared. The thermal diffuse scattering term can also be neglected.
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simple algebra, it can then be shown that

1K) & (8- &)™ 4 22 K)e S Tl ir (g ) Wt
i
x cos[kn{1 — cos 8,) + ¢ {8,))], (9)

and that this can be converted to a normalized function x(k) if we take the
unscattered intensity to be 4 = (& - k)¢ ~?"* and finally write

k) — 2 E-F;

k) =
x cos [kr{f - cos 8,) + w(6))]. (i0)

This last equation thus has a form very close to the standard kinematical
cxpression for E£xaFs/sexars, with the only differences being that double
scattering events of the type emitter — scatterer — emitter — detector in Eq. (7)
are included in the integration over direction in Exars to better describe the
primary wave,*! with these producing the central-atom phase shift; and the integra-
tion over direction changes the cosine function here finaliy to a sine function for
exaFs/sexars. Equations (9) and (10} were first used in connection with the
interpretation of ArRPEFs dazta by Orders and Fadley," and they have later_ been
refined in this context by Sagurton er al.?' Their form also suggests the possibility
of using Fourier transform methods in scanned-energy PD to derive information
concerning the set of path-length differences associated with a given structure, as
discussed first by Hussain er o' and now in active use by Shirley and
‘co-workers™ a5 a preliminary step of areees analysis.

As a final comment concerning this level of the diffraction theory, we
consider the conservation of photoelectron flux. In the small-atom (or large r)
Limjt, where PW scattering is adequate, the usual optical theorem assures that flux
will be conserved if it is integrated over 4.5 Thus, even if high-energy scattering
produces forward-scattering peaks, there will be, somewhere else, sufficient phase
space with reduced intensity to exactly cancel them. However, in using the
SSC-PW model for cases in which some scatterer distances require SW
corrections, it is doubtful that flux will be conserved properly.*® Nonetheless, with
SW scattering cormrectly included, Rehr ef al*® have shown that their SW
equivaient of Eq. (7) does conserve fux and lead to a generalized optical theorem
on ¢ach ! channel involved.

In subsequent sections, we will consider several applications of this SSC
model to the interpretation of experimental dara, including especially several

substrate and adsorbate systems of known geometry to test the degree of its
validity.

3.2 Effects beyond Single Secattering

Finally, the possible importance of multiple scattering (MS), particularly
along rows of atoms in a multilayer substrate, has been discussed qualitativety for
some time,** and more recent papers have presented quantitative estimates of
such effects and suggested improved methods for including MS corrections if they
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" are needed 83 I peneral, the MS analoguce of Eq. (2) can be written a3
YK = ol ) + Sl — 1) + ST gl n 1)
4 r
+ 2D tudr e 1 )
i & 1

+2222¢,u.-(f-f,"" ty — &, — £, — k) + higher orders,
j kX I m
(i1)

where events up to fourth order are shown here and, in the multiple scattering
sums, the combinations of j, k, I, and m are limited only in that they do not
involve consecutive scattering by the same scatterer. Such MS calculations have
been done in two basic ways: first by Tong and co-workers using LEeD-type
methods that require full translational symmetry along the surface,® and more
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recently by Barton and co-workers using a cluster approach with SW scattering
and the Taylor series MQNE method to simplify the calculations. %% The
cluster method is really more appropriate to the physics of such a short-range
order probe, and we will term it MSC-SW. More recently, Rehr and Albers™
have proposed a Green's-function matrix method for such MSC~SW calculations
that shows promise as an altemate approach in extensive applications by
Kaduwela ef at.®

One effect of MS first discussed by Poon and Tong™ is a defocusing of
intensity occurring in multiple forward scattering at higher energics along a dense
ow of atoms, such that an SSC-PW or §5C-5W calculation along such a row
may overestimate the intensity by a factor of two or more. This is illustrated
schematically in Fig. 3b(ii). For an embedded species at some distance from the
surface but again emitting along such a row, it has mote recently been shown that
these defocusing effects may be even more dramatic, %28

Such defocusing effects have been very nicely illustrated in recent MSC—SW
calculations by Barton, Xu, and van Hove™®® and by Kaduwela er al®™ for
emission from chains of Cu atoms of variable length. Some recent results of this
type are shown in Figs. 6 and 7. In both figures, chains of 2, 3, or S atoms with
the emitter at their base are tilted at 45° with respect to the surface of a medium
of uniform density that simply serves to attenuate the emitted waves inelastically
{sce insct in Fig. 6). This geometry thus simulates the intensity distribution
expected for emission from the 2nd, 3rd, and Sth layers along a low-index {110]
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FIGURE 7. As in Fig. 6 (botiom), but for an energy of 100 eV,
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row of Cu with (001) orientation, but without any _diﬁraction effects due 10
scatierers adjacent to the row. Emission into a s:nrnplc s-wave final state
approximating Auger emission is u-cated._ Both single-scattering and fully
converged (6 X 6) multiple-scattering calculations arc shown for each case.

In Fig. 6, for ac cmission energy of 917eV, it is clear that the 5’“_3|°‘ and
multiple-scattering curves are jdentical for the two-atom case (as appropriate ta a
diatomic adsorbate, for example), but they diverge more and more as additional
scatterers are added between the emitter and the detector. For the five-atom
chain, the forward scattering peak is suppressed to only abfmt 10—-15%. of its
value for single scattering. There is also a systematic narrowing o_f the width of
this peak as more defocussing due to multiple scatiering comes 1nto Play, For
scattering angles more than about +15° from the chain axis, the differences
between single and multiple scattering are much more subtle,'as isto be expected
since strong multiple forward scattering is no longcr. possible directly in the
emission direction. At the much lower energy of 100 eV in Fig. 7, onec expects less
strongly peaked forward scattering, as sho.wn by the w!der pcaks.along a polar
angle of 45*. Here apain, the single-scattering and rnult.!p!c-scattcnng rFsulu are
identical for a two-atom chain, but one sees a supprcssnon_and narrowing (_:.f _t.hc
forward scattering peak with increasing chain length that is qualitatively similar
10. but less severe than, that observed at the higher energy. N

' Overall, these and other recently published resuits by Xu and van Hove
indicate that, for emitters in the first one or two layers oila sur_facc and/or for
which the emission direction does not involve near para:llellsm with a dense row
of scatterers, a single scattering model shmﬂq be quite accurate. For atoms
further below the surface and/or for cmission directions along such high-density
rows, certain forward scattering features are _crpeclcd to be supprmededpy
multiple scattering, but single-scattering calculations should nonetheless predict

i itions with good accuracy.- )
‘hc"mdditiona] ifnponam multiple scattering Fﬁcct pointed out'by Bagon e
al. B is due 10 strong nearest-neighbor backscattering at.lower encrgies. This they
find in certain scanned-cnergy cases to significantly increase tntensity due to
events of the type emitter — neighbor — emitter — detector, as illustrated in
the ::){lf)!;rther important point in connection with such multipl-e-scatlenng
calculations is that events up to at least the ﬁfth_order have to be m(:!udcd l‘o
assure reasonable convergcnoe.”‘" In fact, it is fc?und that including on ¥
second-order events can often Jead to curves which are in n‘_mchupom:c:: ag_rcflmc:l;
with experiment than the corresponding ﬁxsl-ordcr_ calculation!™ This is .'.lrm| fr]e-
the experience in EXAFS theory, in which including only .lowcr-order_ mu s:lEA
scattering corrections can yield worse results than those of single scztten;g. e
more reasonable procedure is to include events up to, say, the fifth order fl o
total path length 7 + rg + g+ --° is less l}nan_ some cutoff value od o
20 A ®35573 although an inproved cutoff criterion has been suggested by
et al® .

Kadlrsc':or.ed previously, there is by now a consid-c.rable body of d;;a Wh‘:::
indicates that useful structural information can be denved-al the SSC-§ ocrt‘eons
SSC-PW level, and we will show illustrations of this in subscqueflt 5€ ]ci:;
Nonetheless, MS effects such as those described above can cause discrepan
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petween experiment and theory for certain classes of system, and full MS
reatments of both photoelectron and Auger electron diffraction are beginning to
be more often used. Several advances in the simplification of these methods, as
well as rapid improvements in computer techaology, should lead to a greater
reliance on MS approaches in future work. In the examples which follow, a
variety of theoretical models have been used, and the specific approach followed
will be indicated with each set of results to permit the reader to draw his or her
own conclusions.

4. WLUSTRATIVE STUDIES OF DIFFERENT TYPES

4.1. Small-Molecule Adsorption and Qrientation

We here consider primarily the case of small-molecule adsorption as studied
by higher-energy XPD. The cases treated are thus of considerable interest in
studies of surface chemistry and catalysis, and they provide the first simple
illustrations of the utility of the forward-scattering peaks discussed in the
preceding section. Auger peaks at similar energics of about 1000 eV could also in
principle be wsed for such studies, but all of the cases (o date iavolve
photoelectron diffraction.

4.1.1. CO/Ni (001)

We begin with the first system of this type studied by Petersson er al.2 and
Orders ef al.:® ¢(2 x 2) CO on Ni (001). Figure 8 compares experimental C is

[+ 1]
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EXPERIMENT //\
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FIGURE 8. Comparison of potasr-
san C 15 XPD data from c(2 x 2)
CO on Ni (001} at a kinelic energry of
12020V with SSC-PW theory. The
m3et  indicates the type of in-
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polar scans in two high-symmetry azimuths (normalized by dividing by the O 15
intensity to eliminate the §-dependent instrument-response function) 10 SSC-PW
calculations for varying degrees of CO tilt relative 1o the surface normal.® The
theoretical mode) also includes a wagging of “frustrated-rotation” molecular
vibration with an rms displacement of 10 A. The cxperimental curves are
essentially identical along both azimuths and show a strong pc_ak along t'he surface
normal that represents about a 35% anisotropy. Ct_:mpanng experiment and
theory furthermore permits concluding very conservatively tl'fat CO is within 10°
of normal for this overlayer and that it has no preferential azimuthal orientation,

The insct in this figure also indicates that, in addition to the forward
scattering or zeroth-order diffraction peak, one cxpects higher-ordcr. features such
as the first-order peak indicated. (These also appear in the single-scatterer
calculations of Figs. 4 and 5, where higher orders also are shown.) The first-order
peak corresponds o a 25 phase difference between the direct wave and the
cartered wave, or a path length difference of approximately one deBroglic
wavelength. We will further consider such higher-order features in the next case

and subsequent examples.

4.1.2. CO/Fe (001)

A more recent and more complex case of CO adsorption is that on Fe (001).
In Figs. 9a and 9b, we show both polar and azimuthal C 1s data obtained by Saiki
et al® from CO adsorbed at room temperature on Fe (001) so as to form
predominantly the so-called a state. This rather unusual species has been the
subject of prior studies by several techniques, including EELs, EspDiaD, and
NEXAFS. Its structure is of considerable interest because it is thought to be bound
in a highly tlted geometry with a significantly weakened C-O bond and thus to
be a possible intermediate state for the dissociation of the molecule. However,
the best that the tilt angle could be determined from NEXAFS data was 45 + 107,
and no information was obtained on the most likely azimuthal orientation(s) of
the molecules. I is thus of interest to see what more can be learned about such a
species from XPD.

The strong peak in the normalized C Ls polac-scan results for the [100]
azimuth shown in Fig. 9a immediately permits a direct estimate of the tilt angle
with respect 1o the surface normal as @, = 55 = 2° (that is, with the moiecul.e
oricnted 35 from the surface). Also, the fact that this forward scattering peak is
not seen in polar scans along the [110] azimuth indicates that the preferred tilt is
along (100} directions, or into the open sides of the fourfold-hollow sites that are
the sterically most reasonable choices for the bonding location. Complementary
evidence confirming this structure comes from the azimuthal data at a polar angle
with respect 1o the surface of @ = 35° in Fig. 9b. Thesc results again show the
preferved tilt in the (100) azimuths via strong peaks along ¢ = 0" and 90°. Iuis
thus concluded that the CO molecules are tilted along the four (100) axes.
perhaps in separate but equally populated domains, as illustrated schematically
for one fourfold-hollow site in Fig. 9¢c.

As a self-consistency check of these data, it is also of interest that the O_Vﬂ"“
effects seen in both parts a and b of Fig. 9 are of very nearly the same magnitude.
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duced from these data. {(From Ref. B6.)
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That is, if the overall anisotropy as mentioned previously is measured as a
percentage by Af/l... we find about a 14% effect in Fig. 9a and a 16% effect in
Fig. 9b. Thus, it is possible to reliably measure rather small diffraction effects
with XPD, particularly in the azimuthal data, which do not need to be corrected
for any systematic instrumental changes in intensity. By contrast, polar scans will
always be influenced by a @-dependent instrument-response function® and must
somehow be corrected for this. Since the O Ls intensity is not expected to be very
much affected by final-state scattering and diffraction, using the C 15/O 1s ratio in
Fig. 92 acts 1o normalize out any such instrumental effects.

Another useful observation from Figs. 9a and b is that the main peaks exhibit
very similar full widths at half-maximum intensity (FWHM) of 30-35". Thus, the
tesolutions for determining both the polar and the azimuthal senses of the tilt are
about the same.

The results in Fig. 9b also exhibit much smaller but quite reproducible peaks
along the {110} azimuths (that is, at ¢ = 45°) that could be due to scattering
from Fe atoms in the {110} comers of the hollow. A more detailed theoretical
analysis of these azimuthal results using the SSC-5W model in fact shows that
these peaks are due to constructive addition of Rrst-order scattering from oxygen
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been found in most previous XPD studies of adsorbates®!'°?**° and can be
explained by the combined effects of the following:

+ Molecular vibration. This has not been included in the calculations for
CO/Fe (001) shown here, but is considered in prior work for CO/Ni (001). 3¢

» The presence of more than one type of emitter on the surface. For the
present case, this could be due cither 1o the method of formation of the a, state
or to adsorption at defects. There could also be additional C-containing
impurities beyond those associated with CO and its dissociation products on the
surface. All of these act to diminish diffraction features relative to background

and thus to reduce the experimental anisotropy. Such effects will tend to be
present in any adsorbate system to some degree.

4.1.3. CO/Ni (110}

A final example of a molecular adsorbate system is that of CO on Ni (110),
as studied with polar-scan measurements by Wesner, Coenen, and Bonzel.”®%
For this case, Fig. 12 shows a comparison of normalized C 1s polar scans from
CO adsorbed to saturation on Ni (110) at two different temperatures of 300 K and
120 K. The polar scans are markedly different, with the high-temperature results
being very similar to those of CO on Ni (001) (cf. Fig. B), and thus suggestive of a
simple vertical adsorption of the CO, and the low-temperature results being
widely split into a doublet along the {001) azimuth, but retaining a weaker peak
along the normal for the [110] azimuth. The low-tempeature, highercoverage
results have been explained by a structure in which the CO molecules are tilted
by £21° along the [001] azimuth, as shown in Fig. 12d.*® This structure is nicely
confirmed in Fig. 12c, where SSC-PW calculations with an rms vibrational
amplitude of 8> are found to yicld excellent agreement with experiment.

Wesner er al.* have also considered the effect of adsorbing CO on a Ni (110)
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surface pretreated with K, which is known to act as a promoter in many_mtalyﬂc
reactions. This system is found to have both vertical and more highly tilted CO
species present. Finally, the same group has made use of the terr.tperalurc
dependence of the widths of peaks such as those in Fig. 12 for CO on Ni (01!,2 o

study the anisotropy of wagging vibrational amplitudes in different azimuths.
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4.1.4. Other Syslems and Other Techniques

These simple examples thus show that XPD {or in principle also higher-
energy AEDY} is a very powerful tool for studying the orientations and bondu-!g of
small molecules on surfaces, and that it is well suited to even very highl.y tilted
species that may exhibit enhanced reactivity and (hus_ be important in such
phenomena as catalysis. Each of the cases discussed here is also significant in that
ather surface structural probes have been applied to the same problem without
being capable of a clean resolution of the structure. Similar XPD measurements
and theoretical analyses have also recently beea applied to several other systems:
€O and CH,O on Cu (110} by Prince ef al.® and CO on Pt (111} treated with K
as 3 promoter by Wesner e al.”

Similar forward-scattering effects have also been seen by Thompson and
Fadley™ in emission from an atomic adsorbate on stepped surfaces: oxygen on Cu
(410) and Cu (211). For this case, scattering by near-neighbor atoms up the step
face from the emitter is found 10 be particularly strong. Stepped surfaces in fact
represent a particularly attractive kind of system for study by this technique, since
any atomic or molecular adsorbate that bonds prefercntially at the base of the
step has atoms on the step face as nearest-neighbor forward scatterers in the
upstep direction.

The use of intramolecular forward scattering also appears to have several
advantages for determining molecular or fragment orientations on surfaces in
comparison to other techniques such as high-resolution electron energy loss
spectroscopy (EELs),” clectron stimulated desorption-ion angular distributions
(espian),* and nexars™ or sexars.'® [n EELs, the presence of a titled species can
be detected by which vibrational modes are excited, but estimating the magnitude
of the tilt is difficult.®™** In Espiap, the ion angular distributions for bond tilis
away from normal can be significanily distorted by image forces and ion-
peutralization effects,*™® and tilts further away from normal than 25-30°
therefore cannot in practice be measured accurately, if at all. In Nexars™ and
sExaFs,' the experimental intensities of different features vary only relatively
slowly with polarization, as sin’a or cos®a, if « is the angle between the
radiation polarization and the appropriate molecular symmetry axis. In forward-
scattering XPD or AED, by contrast, it is the much narrower peak in the
scatiering amplitude |f| near 0° (cf. Fig. 2 and Fig. 8} that controls the precision
of orientation determinations, leading to FMWHSs of 25-35° for all molecules
studied 10 date. Comparing these values 10 the effective widths of sin® o or cos” o
thus leads to the conclusion that forward scattering in XPD or AED should be
gbout 3—4 times more precise in determining bond directions. An additional
problem in NExars is that a correct assignment of the peak(s) to be studied is
necessary.

We close this section by noting that scanned-energy photoelectron diffraction
or ARPEFS also has been applied recently to the study of small-molecule fragments
such as formate (HCOQ) and methoxy (CH,Q} adsorbed on Cu (100). The lower
encrgies involved in this work imply that infermation on bond distances to
backscattering neighbors below the adsorbate are also derivable. Such studies are
dhucribcd in more detail in the chapter by Haase and Bradshaw in Volume 2 of
this set.
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.. i. Oxygen/Ni (001}

Saiki and co-workers™ have carried out an XPD/ieep investigation of the
interaction of oxygen with Ni (001) over the broad exposure range from ¢{2 x 2}
O at 30 Langmuirs (L) to saturated oxide at 1200 L. Scanned-angle measurements
were performed with Al Ko radiation at 1486.6eV for excitation. Although this
system has been extemsively studied in the past by various structural angd
spectroscopic probes,”™®® several questions remain as to the exact structures
formed. The combined use of XPD and LEED proves capable of answering saveral
of these, as well as pointing out some new features of XPD that should be
generalty useful in surface-structure studies.

For example, in Fig. 13a, we show azimuthal scans of O ls intensity at a
refatively high polar angle 8 of 46° with respect to the surface for four oxygen
exposures from the onset of sharp (2 x 2} reeDp spots (30L) to full oxide
saturation {1200 L). The experimental curves are compared to SSC-SW caleula-
tions for a €(2 X 2} overlayer in simple fourfold sites with a vertical oxygen
distance of z = 0.85 A above the first Ni layer (the by now generally accepted
structure), for two monolayers (ML) of NiO (001) with ideal long-range ordek,
and for two monelayers of NiQ (111} with long-range order. The dominant peaks
at ¢ = 0" and 90° for the highest two exposures of 150L and 1200 L are correctly
predicted by theory and are due to simple forward scattering of photoelectrons
emitted from oxygen atoms below the surface by oxypen atoms situated in the
upper layers of the oxide, as indicated by the arrows in Fig. 13b. These peaks
furthermore persist as the strongest features down to 30 L, indicating very cleasly
the existence of buried oxygen emitters, probably in small nuclei of NiO (001),
over the full region of observation of the ¢(2 x 2) overlayer. The presence of
such oxide nuclei in varying degrees on Ni (001) surfaces prepared in different
laboratories is thus a likely cause of some of the previous controversy surrounding
the vertical positions of both ¢(2 x 2} and p(2 % 2) oxygen on this surface, ™%
but XPD provides a sensitive probe of the presence of any sort of buried species
via such forward-scattering effects.

Comparing the 1200-L. experimental curve and the theoretical curve for 2 ML
of ideal Ni (001} in Fig. 13a for the region necar ¢ = 45° shows qualitative
agreement as to the existence of a region of enhanced intensity for 30° < ¢ <
60°, but disagreement as to exact fine structure, with theory showing a doublet
where experiment shows a single broad peak. However, annealing this saturated
oxide to approximately 250°C for =10 minutes to increase its degree of
long-range order paraliel to the surface (as well as perhaps its thickness)” is
found to yield a significantly altered XPD curve, with a doublet centered at
# = 4A5° that is in very good agreement with theory for NiQ (001}, as shown in
the higher-resolution results of Fig. 14. It is also striking that the annecaled oxide
overlayer shows much mare fine structure and generally narrower features, even
though the dominant peaks in both the unannealed and annealed data arc still
those for simple forward scattering along (101) directions (i.e., at ¢ = 0° and
90°). The theoretical curves for 2 ML or 3 ML of ideal NiO {001) in Fig. 14 ar¢
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also trnoremsrkably pood apreement with the annealed data, werifying that
annealing has produced & very highly ordered overlayer, and suggesting that the
unannealed oxide exhibits difiraction ¢ffects due to strain and disorder. ;

The data shown in Fig. 14 are different from all resuits presented up to this
point in being obiained ai a very high angular resolution of 1.5 or less; precise
angular resolution has in this case been obtained by using interchangeable tube
arrays of the proper length-to-diameter ratio, as discussed in detail by White e
al* Note the additional fine structure in the unannesled 1200-L curve of Fig. 14
as compared to that of Fig. 13a.

The bottom theoretical curves in Figs. 13z and 14 are for 2 ML of NiOQ (111},
an orientation of oxide growth which is also thought from Leen (o coexist with
NiQ (001} on this surface.”” The total lack of agreement of the NiO (111} curve
with experiment makes it clear that this is only a minority species affecting no
more than 5% of the NiO present.

In prder to better understand the unannealed oxide data in Figs. 1332 and 14,
we also show in Fig. 14 theoretical curves for smaller 35-atom and 5-atom clusters
of NiQ {001). The previous caleulations discussed invelved much larger clusters
with about 100 atoms per layer to insure full convergence. The 35-atom cluster
includes atoms in about the first 1 unit cells around a given oxygen emitter; the
S.atom cluster is minimal and fepresents only nearest-neighbor and next-nearest-
nzighbor scatterers. The results for the full 2-ML cluster and the 35-ztom cluster
are found to be very close except for somewhat more fine structure in the
full-cluster curve. This is consistent with prior XPD studies which have concluded
that near-neighbor scatterers dominate in producing the observed patterns.
However, much better agreement with the unannesled oxide results is seen if
cither the first-layer oxygen atoms (but not the nickel atoms) in the 35-atom
cluster are relaxed upward by 0.2 A or the effective cluster size is reduced to five
atoms. Both of these models are consistent with a highly strained unannealed
oxide overlayer of {001} orientation in which the long-range order is severely
disturbed. The Leen spots for NiO (001} in fact indicate a lattice expanded by
very nearly 1 relative to the underlying Ni (001} surface, as indicated schemati-
cally in Fig. 13b. Although these results do not permit choosing betwsen these
two possibilities for stress relief in such & disordered system, they are significant
in that both the experimental and theoretical XPD curves are guite sensitive 1o
these more subtle deviations from an ideal NiO (001) overlayer with long-range
order. "This suggests a broad range of applications of XPD or higher-energy AED
10 studies of epitaxy and overlayer growth,

1t is also significant in the comparisons of experimental data for annealed
oxide with theory for 2-3 ML of MG (001) in Fig. 14 that the agreement
extends even to the overall degree of anisotropy, as judged again by A/, ... The
theoretical anisotropies are only about 1.2-1.3 times those of experiment. As
noted previously, theory is in general expected to overestimate these ani-
sotropies, in some previous cases by as much as factors of 23, One important
reason for this kind of discrepancy is the lack of allowance in the calculations for
atoms bound at various defect or impurity sites along or below the surface, as
these are expected to produce a rather diffuse background of intensity, thus
lowering the overall anisotropy. However, for the present ¢ase; the very good
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ement suggests that the annealed oxide overlayer consists of oxygen atoms
i:f;: are almosglgcomplclcty bound in a highly ordered NiO (001)'s|mclu:e_

At lower exposures, XPD has also been used to determine Lh_e .c(.z X 2)
oxygen structure on Ni (001).* The high 8 values of Figs. 13 and 14 minimize the
effects of any forward-scauering events in emission from oxygen in the ¢(2 x 2)
overlayer (cf. Fig. 2), so that the 30-L curves here are dominated by the
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FIGURE 15. (a) Grazing-emission O 15 armuthal data from <{2 x 2) O on Ni {001) at 8 =a. Tl‘:
e:penmenlal data are compared lo SSC-SW curves for four possible fourfold-ho“?w "-‘(2’; 1’
structures, including the psewdobridge geometry of Ret. 88. (b) As in (a), but for 6 = 11*. {From Hel.
26)
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presence of a certain fraction of buried oxygen, probably in oxide “nuclei.
However, at very low takeoff angles with respect 1o the surface of approximately
8°-15%, forward elastic scattering from adsarbed oxygen becomes much stronger,
and the signal from buried oxygen is also suppressed by enhanced inelastic
scattering.” Thus, the diffraction patterns at such low 8 values are expected to be
mote strongly associated with overlayer effects.

Figure 15 shows such experimental and theoretical results for two repre-
sentative & values, 8° and 11.° of the four angles studied {data werc also obtained
for 14° and 17°). Experiment is here compared with SSC~SW theoretical curves
for four possible c(2 x 2) structures: in-plane fourfold bonding (z = 0.0 A);
slightly-above-plane fourfold bonding (z = 0.2 A): the vertical distance in four-
fold bonding yielding the empirical best fit to expeniment at that & value as
judged both visually and by R factors;® and the so-alled pscudobridge
geometry suggested by Demuth ef al. on the basis of a2 LEED znalysis.®® For this
last geometry, z = 0.8 A and the oxygen atoms are offset horizontally by 0.3 A in )
the fourfold hollow toward any of the four symmetry-equivalent (110) directions.

In Fig. 152 for 8 = 8°, it is very clear that ¢(2 x 2) oxygen does not
occupy a position in the 0.0-10-0.2-A range, although certain prior studies have
suggested this as the most likely bonding pesition **¥ Simple fourfold bonding at
z=0.80A, by contrast, yields excellent agreement with experiment, with all
observed features being present in the theoretical curve. The only points -of
disagreement arc the relative intensity of the weak doublets centered at ¢ = 0°
and 90°, which is too strong in theory; and the degree of anisotropy Al/l,,..
which is predicted to be too high by approximately a factor of 2.6. The latter
discrepancy could be due to a significant fraction of oxygen atoms occupying
defect or buried sites, e.g., in the oxide nuclei mentioned previously. Also, for
such a low takeoff angle that begins 1o be within the forward scartering cone at
this kinetic energy (=954cV), there may be some defocusing and reduction
of peak heights due to multiple scattering effects; in fact, ¢ = ¢ and 90°
are the directions of nearest-neighbor OXygen scatterers in the ¢(2 X 2) structure,
as shown in Fig. 16a. The pscudobridge geometry does not fit expen-
ment as well, since the relative intensity of the doublet centered at ¢ = 45° is
too high.

In Fig. 15b, for 8 = 11°, the two geometries close 1o being in plane again do
hot agree at all with experiment, which is very well described by simple fourfold
bonding at an optimum z of 0.7 A. The pseudobridge geometry in this case also
differs considerably from experiment as to the shape of the two main peaks.
When these results are combined with those at the other two @ values studied, ™ it
can overall be concluded that ¢(2 X 2) oxygen does not bond in either stmple
fourfold positions at 0.0 < z < 0.3 A or in the pseudobridge geometry, but does
occupy sumple fourfold positions at z = 0.80 + 0.10 A. This choice of structure is
also confirmed by an R-factor comparison of expeniment and various theoretical
curves. The z distance found here also agrees very well with several more recent
structural studies of this system.™"’

A final point in connection with the results of Fig. 15 is that, in order for
theory to adequately reflect all of the fine structure seen in experiment, the
cluster used in the calculations must include all O and Ni atoms within the frst

few layers of the surface (adsorbate plus two layers of Ni) and out 10 a relatively
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large radius of about 20 A from the emitter. The rate of convergence with cluster
size is illustrated in Fig. 16. Due to the rotational sgmrpctry 9f tl:le surface,
calculations need be performed only over the 45° wedge tndlc_atcd in Fig. 16a, but
it is important 1o include cufficient atoms at the edge of this wed_g,e. It is clear
from the diffraction curves in Fig. 16b that going out to only 10 A in r_adius does
not yield the correct diffraction fine structure. This indicates sensitivity in _forwa,d
scatiering at grazing emission (o well beyond the first 3-5 spheres of neighbors.
The cffective diameter of the cluster is thus about 40 A.

Thus, these results for a prototypicat surface oxidation over a broad exposurc
range, from ordered overlayers at partial monolayer coverage to saturated oxide,
indicate several very useful types of structural information that can be derived
from XPD (or by implication also by high-energy AED) in conjunction with SSC
calculations.
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422, Sulfur/Ni (001)

The sulfur/Ni (001) system has been much used as a tlest case for
sucface-structure techniques because it represents a rather unique example of a
system for which there is a general consensus on a structure: the ¢(2 x 2)
sulfur overlayer is bound with atomic S in fourfold sites at a distance z of
1.3-1.4 A above the first Ni plane.” Several photoelectron diffraction studies
have been made of this system,*1*1#2! 2% including both scanned-angle and
scanned-energy measurements, and we will consider a few of these.

Higher-cnergy scanned-angle XPD measurements have been made for this
system by Connelly ef al. (Fig. 44 in Ref. 9), and experimental azimuthal scans of
S 2p emission at grazing takeoff angles are found to be in good agreement with
$SC~PW calculations for the known structure. However, for a structure with this
high a distance above the Ni surface, the effects of forward scattering become
weaker, since the scattering angle from any near-neighbor Ni atem becomes
larger. For example, for the Ni nearest neighbors in the fourfold hollow, a very
low emissién angle of 5° with respect to the surface still corresponds to a
minimum scattering angle of approximately 43° that is well outside of the forward
scatiering cone at high energy (cf. Fig. 2). Thus, the strongest contribution 1o
azimuthal anisotropy is scattering from the other {coplanar) S adsorbate atoms,
for which the scattering angle is simply the emission angle with respect to the
surface. The sensitivity of such XPD measurements to the vertical 5~Ni distance
is thus expected 1o be lower than for more nearly in-plane or below-plane
adsorption, and it has been questioned as to whether such measurements will be
sensitive enough to determine structures for any adsorbate sitting well above the
surface.” Several possibilities appear 10 exist for improving the positional
sensitivity for such cases: working at higher angular resolutions and taking
advantage of additional diffraction fine structure, using lower energies for which
large-angle and backscattering are stronger, and/or using special polarization
geometries to enhance certain substrate scattercrs. Some of these possibilities
thus involve synchrotron radiation, and we consider now their application to the
S§/Ni case in both the scanned-angle and scanned-energy modes.

We first look at the influence of higher angular resolution. S 2p azimuthal
XPD data at a polar angle of 13° obtained by Saiki e/ af.'® with a high angular
resolution of about £1.0° are shown in Fig. 17. The data were obtained in scans
over 100" in ¢ and then mirror-averaged across [110] to improve statistical
accuracy, but all of the features shown were reproduced in the full scan. These
results exhibit considerably more fine structure than similar data obtained with 2
43.0° resolution, and the anisotropy is found to go up from 31% to a very high
40% with increased resolution. Also, when these data are compared with the
SSC-SW curves shown in this figure for different z positions of S above the
fourfold hollow, they exhibit a high sensitivity to position. A more quantitative
analysis of these high-resolution results by Saiki ef al.*® using R factors for
comparing experiment and theory® in fact yields a z value of 1.3 A for this
structure that is in excellent agreement with prior work. This analysis furthermore
permils estimating the first nickel-nickel interplanar distance (dy;), which is
found to be expanded to about 1.86 A from the bulk value of 1.76 A. Thus, there
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o AVERAGED} c(2 x 2) S on Ni (001) at a kinetic energy of 1085 eV
. ottained with a high angular resolution ol approximataly
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The anisotropy Afll,... is a high 40% ior thess resuns,
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7:12A £3.0° angular resolution; the fine structure is ailso con-
siderably enhanced with higher resolution. SSC-Sw
o o e calcutations are shown for various distances rof the S
{100] no]  ¢— above the Ni surlace, {From Rel. 100.)

is considerable potential in using high-energy measurements wi.th high angular
resolution, even for adsorption at large z distances above appl:onmately :l..OA-
Going to lower energies with synchrotron radiation in such azimuthal
measurements also has potentiat for such studies. We show in Fig. 18 results for §
1s emission from the c(2 x 2)S overlayer on Ni (001) obtained by (?rdt_:rs ef al’™
Here, the experimental geometry was chosen so that the polarization vector
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£ £, Aep FIGURE 18. Synchromon radiation gxcﬂod
= T Rt iRA 43 5 18 intensity from c{2 x 2) S on Ni (001}
[ Convel. k i al a kinetic energy of 282 aV. Tha geomety
vl HAd W""L“‘\" chosen  emphasized nearest-neighbor
Z PN }." A, backscatiering because the polarization
=1 A W vector was orented directly toward the
RS N"X_r361% relevant Ni nearest neighbor, as shawn in
Cl .E.’L.E‘..".‘.E}‘_{ the inset at upper right. SSC-PW cakuia-
v g, tions for three possible adsorption sites of
bridge, atop, and fourfold ara shown &S
== 3173 doted curves. The dashed-dolted fourlold
PSP B S U B curve involves a more comedt inclusion of
. 45° e comelated vibrational effects. (From Rats.
oe]  AZIMUTHAL ANGLE ¢ o0 19(b) and 101.)
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was directed rather precisely toward nearest-neighbor Ni atoms for certain
azimuthal positions in a ¢ scan. Backscattering from this type of Ni atom should
also be rather strong at the photoelectron energy of 282 ¢V chosen (cf. Fig. 2).
This energy is nonetheless high enough that a single-scatiering model should still
be reasonably quantitative, The experimental data is here compared with
S5C-PW alculations for three different bonding sites (bridge, atop, and
fourfold) with reasonable S-Ni bond distances, and the correct fourfold site is
clearly in better agreement with experiment. The agreement is also significantly
improved if a more accurate allowance for correlated vibrations is included in the
SSC calculations, as shown by the dashed—dotted curve. ™!

However, a note of caution is in order conceming the use of different
polarization orientations, since experimental and theoretical work on S/Ni by
Sinkovic ef al.'™ indicates that a geometry in which the polarization is nearly
perpendicular to the electron emission direction (instead of parallel, as in Fig. 18)
increases the importance of multiple-scattering events and causes more significant
deviations from a simple theoretical model. This is thought to occur through a
weakening of that portion of the photoelectron wave emitted directly in the
detection direction in comparison to the various scattered waves that can interfere
with it. ‘The intensity distribution is thus produced by the interference of direct
and scattered waves that are all of the same magnitude, z situdtion rather like
that in LEED where all contributions to intensity are those due to relatively weak
backscattering; thus, MS effects might be expected to be more important. In most
photoclectron and Auger experiments, the direct-wave amplitudes are stronger
than those of the scattered waves, and it can be argued that this is a fundamental
reason for the higher degree of applicability of a single-scaticring approach.

Finally, we consider scanned-energy or aRPEFs measuremenis on S/Ni (001}
of the type pioneered by Shirley and co-workers.>® In this type of experiment,
an adsorbate core intensity is measured as a function of Av in a fixed a, ¢
geometry, and the resulting exars-like oscillations are analyzed in order to derive
the adsorbate position. The data are usually analyzed as a normalized x(E) or
x(k} function. Figure 19 shows typical experimental data of this type in a
pormal-emission geometry, for S s emission from c(2 x 2) S/Ni (001).°
Allowance has been made here for the interference between the S Auger peak at
155-160eV and the S Ls photoctectron peak. These results are compared to both
MSC-SW calculations by Barton and Shirley® in Fig. 19a and SSC-SW
calculations by Sagurton er al.*' in Fig. 19b. The agreement is very good for both
sets of theoretical cutves, provided that the first nickel—nickel interlayer distance
{dy2) is relaxed outward from the bulk value of 1.76 A to 1.84 A (<f. the two
theory curves in Fig. 19b). This interlayer relaxation, as frst pointed out by
Barton and Shirley, thus illustrates the high sensitivity of photoelectron
difiraction to subtle structural changes on the order of 0.10 A or less.

It is also clear from this figure and other work on the S/Ni system®' 2 that
both the single-scattering and multiple-scattering approaches describe the ex-
perimental results well and that they aiso lcad 10 very similar structural
conclusions, with only the perpendicular distance for § being different by 0.05 A
between the two analyses. Thus, although the MSC-SW approach is certainly in
principle more accurate and does tead to x(k) amplitudes in better agreement
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FIGURE 19, Comparison of
scanned-energy S 15 data for
o(2 x 2} S on Ni {001), 6, =
70°, 8,- = 0" (From Rel. 8) with:
(a) a multiple-scattering cluster
sphericab-wave (MSC-SW) cal-
culation due W Barton and
Shifley (From Ref. 25), and ()
single-scatiering cluster spherical
wave (SSC-SW) calculations due
to Sagurton of al. (From Ref. 21}.
Both the sulfur vertical distarce 7
and the first Ni-Ni interplanar dis-
tance d,, are specified. (Fig. from
Ref. 21.)

with experiment, the SSC-SW method appears capablé of a usefully quantitative
description of the observed oscillations and fine structure.
Another aspect of this analysis noted by Barton and Shirley® is that

nearest-neighbor backscattering
3b-i) can be an important factor
oscillations at low energies. This may be
curves in Fig. 19b have lower amplitudes,
vibrational effects also could play a role.?!

foliowe

d by emitter forward scattering {cf. Fig.
in producing the full amplitude of the ARPEFS
the reason why the single-scattering
although a different allowance for

An additiona! useful aspect of such arpers data is in being able to Fourier
transform y(k) curves to yield peaks which are for some (but not necessarily all}
of the strongest scatterers rather directly related to interatomic distances via the

path-length difference and the scattering angle [cf. [q. (10)]. The degree to which
Fourier transforms can be used in this way is discussed in detail elsewhere.?
However, arrErs Fourier transforms (FTs) need not be as simply associal

1.15

ted with

certain spheres of neighbors as are those of EXAFs and SExAFs; the reason for this
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« number of scattering events and various possible scattering

is the potentially larg 3
angles that can be associated with a given region in the transform.?! Nonetheless,

such FTs have been used (0 rule out certain structures as part of a more detailed
structure determination; we consider such an example in the next section.

4.2.3. Sulfur/Cr (001)

We now tum to a recent study of ¢(2 x 2) S/Cr (001) by Terminello e¢ a®
that serves 1o represent a state-of-the-art analysis of scanned-encrgy Of ARPEFS
data. In this work, S ls intensities were scanned as a function of energy up 10
about 475¢V above threshold; two different emission directions were studied;
(001] and [011], with polarizations oriented in general along the emission
direction (35° off normal teward [011] for [001] emission and along [011] for [011]
emission). Special care was taken to avoid spurious energy-dependent effects in
the measuring of intensities, with normalization being needed for both the
incident photon fux and the transmission function of the electron-cnergy
analyzer. As for S/Ni (001), the interference between the S Auger peak at
155-160eV and the S 1s photoelectron peak was allowed for by carefully
subtracting out the former. Fourier transforms of the data were made, with the
inner potential being treated as an adjustable parameter and the x(k) data being
multiplied by a Gaussian window function to reduce ringing effects in the final
FTs. The strongest peaks in these transforms were then taken to be semiquantita-
tively indicative of certain near-neighbor path-length differences; this analysis
thus implicitly assumes that the single-scattering Eq. (10) represents a good
first-order description of the diffraction and that there are no sigrificant
interferences between the effects of different near-neighbor scatterers. The
approximate geometric information from the FT peak positions was found to
point to the fourfold-hollow site as the adsorption position.

The final quantitative determination of the site type and the structure was
made by directly comparing the experimental x(k) curves (Fourier filtered to
remove effects due to path-length differences beyond about 20 A) with multiple-
scattering cluster calculations using spherical-wave scattering. As one cxample of
these results, Fig. 20a compares experimental curves along the two directions
with curves calculated for S adsorbed on three types of sites. It is very clear here
that the fit is best for the fourfold site (cf. similar comparisen for the
scanned-angle S/Ni results in Fig. 18).

Pursuing the fourfold site further by means of an R-factor comparison of
experiment and MSC-SW theory, the authors derive a geometry that includes a
determination of S—Cr distances down to the fifth layer of the substrate. Some of
the results of this R-factor analysis are shown in Fig. 21. It is interesting here that
the fwo sets of data for emission along [001} and [011] azimuths and with
polarization nearly parallel to each emission direction are complementary in their
sensitivities to different structural parameters. The (001] results are much more
sensitive to the Cry-atop position because strong single and multiple backscatter-
ing can be involved (cf. Fig. 3b-i). By contrast, the [011] data is much more
sensitive to the Crp-open position for the same reason. The polarization
otientations enhance these effects by preferentially directing the initial photo-
electron wave toward these scatterers (cf. Fig. 3a). The final results of this
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R-factor analysis show an 8% reduction of the mean scpa.rat_ion of th‘e first alr:;
second Cr layers (compare the 3% expansion in similar S/Ni resu'lls in Fig. 1)
and further suggest a stight corrugation of the second layer and a slight expanfﬂ“
of the scparation of the second and third layers, although the latter are not fully
conclusive within the error limits of 0.02-0.03 A estimated by the authors.
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A further important point made in this work is that the y(k) curves exhibit
fine structure associated with path-length differences out to about 20 A. Such fine
structure in ARPEFs data and the need to use rather large clusters of up 50-100
atoms to adequately model S/Ni data have also been discussed previously (sec
Fig. 19 and Ref. 21). The work by Terminelio et af. shows this explicitly by
comparing experimental y(k) curves for S/Cr with MSC-SW curves that have



ass CHARLES S. FADLEY

been cut off at both 10 A and 20 A total scattering lengths; these results are
presented in Fig. 20b, where it is clear that the fine structure in experiment is
betier modeled by the 20-A curve, especially for wave vectors above about 7 A1,
This sensitivity permitted a final determination of Cr layer spacings down to thar
between the fourth and fifth layers, although the accuracy decreases from ap
estimated 40.02-0.03 A for the first three spacings to +£0.07 A for the founk
spacing measured. It is, finally, worth noting that the approximately 20 A limit
noted here is in the same range as that found in the higher-cnergy scanned-angie
O/Ni results presented in Fig. 16. Thus, both methods seem to have similar
sensitivity to more-distant neighbors.

This work demonstrates the full power of the scanned-energy approach,
provided that the initial intensities are measured carefully and that the final
results are analyzed by means of a quantitative comparison of experimental x(k)
curves with calculations for a range of chaices of geometrical parameters. A very
similar analysis has been carried out for the system ¢(2 x 2) 5/Fe (001) by
Zhang ef al.'™ Although much more time-consuming multiple-scattering calcuta-
tions were used for all of the geometries tried in these cases, it should be possible
in general to do a much more rapid search for promising geometries in single
scattering, with only fine tuning of the parameters then being required in multiple
scattering.

4.3. Epitaxial Oxide, Metal, and Semiconductor Overlayers

4.3.1. NiQO/Ni (001)

Although the case of NiO grown on Ni (001) considered in the previous
section does not represent perfect epitaxy, the degree of agreement between
experiment at 1200L and theory in Figs. 132 and 14 clearly shows that the
predominant form of NiQ present is of (001) oricntation. Certain structural
conclusions concerning the form of this oxide and its degree of long-range order
before and after annealing have also been made (section 4.2.1 and Refs. 26b,c).
An analysis of the Leep spot patterns (including a splitting of the NiQ (001)
spots and cosresponding XPD data in fact suggests a two-dimensional super-
lattice growth of NiO (001) with a lattice constant expanded by exactly § with
respect (o the underlying Ni substrate (cf. Fig. 13b). Although Leep patterns for
the unannealed oxide also exhibit a 12-spot ring throught to be due to NiO
(111),” the XPD resuits of Figs. 132 and 14 indicate that it is at most a minority
species of the total NiO present, since NiO (111} would produce 12-fold
symmetric XPD patterns (bottom theory curves in Figs. 13a and 14) that are not
scen experimentally. This example thus indicates a very useful sensitivity of
high-energy XPD to the orientation of an epitaxial overlayer and its degree of
short-range order under various conditions of annealing and deposition.

4.3.2. Cu/Ni (001) and Fe/Cu (001)

We now consider two very different limits of metal-on-metal epitaxial growth
taken from some of the first experimental studies in this field, those by Egethofl
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and co-workers and Chambers and co-workers: pseudomarphic epitaxial growth
of Cu on Ni''“*® and island formation by Fe on Cu (001).'*

Figure 22 illustrates high-energy AED for the first case of Cu on Ni (001).
The different near-neighbor forward scatiering events allowed as cach new Cu
layer is added are illustrated by the arrows in Fig. 22a. In Fig. 22b, experimental
data from Egethofi*' are compared to theoretical SSC-PW curves from Bullock
and Fadiey.” In Fig. 22¢, some of the same experimental data are compared to
very recent multiple-scattering calculations by Xu and van Hove.™

In Fig. 22b, the relatively abrupt appcarance at certain overlayer thicknesses
of forward-scattering features such as those at @ = 45° and 90° (normal emission)
can be used as a direct measure of the number of overlayers in the range of about
0-3ML. Comparison with Fig. 22a also shows that the appearance of each of
these two peaks corresponds to the onset of forward scattering by the two nearest
neighbors encountered in this polar scan from [100] to [001). The simple origin of
these two peaks has also been directly verified by comparing SSC calculations
with and without these important scatterers present.”' i

Thus, simple forward scatiering peaks from nearest and pext-pearest
neighbors are very useful in studies of epitaxy, as we have also discussed for the
oxide case in the last section. However, the interpretation of weaker features
such as those at ¢ = 20° and 70° in Fig. 22b need not be so simple. Calculations
with various atoms removed from the cluster show that these have more complex
osigins which require at least a full SSC calculation for their explanation.’’ For
example, the peak near 70° is 2 superposition of simple forward scattering by
atoms along [103] and [102] and, more importantly, first-order effects (cf. the
inset of Fig. 8) from the atoms along [001] and [101]). Thus, for atoms that are
further away than the first three or four spheres of neighbors, a mixed origin
in forward scattering and higher-order interference effects is generally to be
expected. This conclusion has also been confirmed in a recent analysis by
Osterwalder ez al.** of an extensive set of high-resolution Ni 2py, data from bulk
Ni (001) that we discuss further in section 5.1.

Figure 22a also makes it clear that, in pseudomorphic growth with the latera!
lattice constants locked to those of Ni, the vertical spacing of the Cu layers will
detcrmine the 8 position of the peak near 45°. A +1° change in this peak position
from 45° would correspond 10 a £0.12-A change in the vertical lattice parameter
or a £0.06-A change in the interplanar spacing. This seasitivity has in fact
recently been used by Chambers er al.'™® to measure the degree of outward
vertical relaxation in thin Cu overlayers on Ni (001). It shouid thus be possible to
measure interlayer spacings with accuracies of better than 0.1 A in this way?*"7
although doing some sort of theoretical modeling at least at the SSC-PW ar
SSC-SW level (as Chambers er al. have done'?) is advisable to verify peak
origins, shapes, and predicted shifts with relaxation. Using higher angular
tesolution also should be beneficial for such studies by making it possible to
determine forward-scattering peak positions more precisely.

~ The main point of discrepancy between experiment and SSC-PW theory in
F_lg. 2‘2b is that the peak for forward scattering along the nearest-neighbor [101]
direction has a relative intensity 100 high for thicker overlayers by about a factor
of about 2. As-expected from the prior discussion of Fig. 5, using spherical-wave
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Cu 3p photoelectron intensity. {c} The same ex
perimental data are compared 10 rmultiple-scattenng
cluster calculations. (From Re!. 73.)
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scattering tn the SSC model is found 1o significantly improve agreement for this
relative intensity by reducing it to about 3 of the magnitudes seen in Fig. 22b for
thicknesses >3.0 ML*®; it is nonetheless still too high by 1.3-1.5 times in
comparison with experiment. The remaining discrepancy is due to multiple
scattering effects, and the calculations of Fig. 22¢ include the additional
defocusing of intensity along the [101] direction. Much more quantitative
agreement with experiment is obtained here. However, even though certain
forward-scattering peaks may have their relative intensities decreased by multiple
scattering, it should nonctheless still be possible to use the peaks along [001] and
(101) in the simple way described in the preceding paragraphs to monitor
overlayer thicknesses and determine interlayer relaxations.” ™

A more recent paper by Egelhoff'® has also looked experimentally at a
single pseudomorphic Cu (001) layer on Ni (001) buried under various numbers
of Ni (001) overlayers. In this work, the attenuation and broadening of certain
features with increasing layer thickness is interpreted as evidence of stronger
multiple-scattering effects in emission from greater depths. Although the defocus-
ing effects seen in the MS results of Fig. 6 make this a plausible conclusion,
Herman ef o' have made SSC-SW predictions for the cases studied, and these
are found to show very similar attenuation to the experimental data. As one
example of this comparison of experiment and SSC—_SW theory, Fig. 23 shows
1esults for the 917 Auger peak; the experimental data have been corrected for the
f-dependent instrument response by dividing by the curve for a single Cu
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o _©

o
tn
T

00
o

-
& [Relative to Surface)

FIGURE 23. {a) Experimental data for Auger emission from a single pseudomarphic Cu (Q01) layer
Or! fop of Ni (001} byred undemeath different numbers of layers of epitaxial Ni. also in (001}
onentation. (From Rel. 103} (b) Theoretical calculations within the SSC-SW approximation of the
'esults in (a), including curves for other overlayer thicknesses. {From Rel. 105 }
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monolayer with no overlying Ni (shown as “OML"). Although the relative
intensity of the peak at 45% compared to that at 90® is again predicted in theory 1o
be too high, the trends in experiment as the Ni overlayer is increased in thickness
are surprisingly well reproduced by the SSC calculations. In particular, the
change in the absolute intensity of the peak at 45° with thickness is weli
reproduced by the calculations, and its final broadening out and diminution of
importance in comparison to the peak at %° is alsg correctly predicted.
Discrepancies noted are that the broad, flat feature seen in experiment at about
70" is not fully developed in the single scattering theory and that an initial
narrowing of the peak along 45° that may be due to multiple-scattering effects (cf.
the discussion of Fig. 6 and Fig. 22¢) is not seen. Experimental errors of as much
as +10-20% in measuring the number of monolayers (cf. calculated curves at
other thicknesses), as well as the possible presence of defects in the growing Ni
layer,'® could also affect the agreement between experiment and theory. More
recent multiple-scattering calculations for this buried-monolayer system by Xu
and van Hove™ and by Kaduwela er al.* yield a more quantitative description of
the decrease in intensity of the peak at @ = 45°, although the experimental
overlayer thicknesses have to be decrcased by from 0.6 to 1.5ML in the
calculations to yield optimum agreement. However, on going 10 thicker over-
layers on the order of ten layers, there is still a stronger peak in MS theory than
in experiment near 8 = 70"

Thus, although such a deeply imbedded emitter layer clearly represents an
extreme case of the type shown in Fig. 3b-it, for which multiple-scattering effects
ought to be maximized, the case for these data definitely exhibiting such effects is
not as strong as might be expected, and the SSC approach still yields at least a
semiquantitative description of the data.

A final note of caution in connection with this study'™ concerns the idea that
classical trajectories can be used to predict when and how multiple scattering will
be important in AED or XPD. Although classical arguments can be didactically
useful once the correct answer is known, taking them further seems 1o be very
nisky, particularly when the guite simple and wave-mechanical SSC model is
already available for comparisons to experiment and to more-accurate calcula-
tions including higher-order multiple scattering.

We now turn to the second system: Fe/Cu (001) as studied by Chambers,
Wagener, and Weaver'™* and by Steigerwald and Egelhoff.'™® Figure 24 shows a
similar set of AED data from the latier study for the case of Fe deposited on Cu
(001) at ambient temperature and comparces it to results like those in Fig. 22b.
It is striking here that coverages of one monolayer or less (even down to 0.1 ML)
already exhibit the strong forward-scattering peak at 45° characteristic of fcc Fe in
islands or clusters at least two layers thick, as well as the beginning of the peak
along the surface normal associated with three-layer structures. In fact, the 1-ML
Fe curve looks very similar to that for 3.3 ML of pseudomorphic Cn in Fig. 22b.
These results’™® and a more detailed set of polar and azimuthal data discussed by
Chambers er al. ' thus show that at least the first one or two layers of Fe grown
under these conditions have a strong tendency to agglomerate on Cu (001}, 3
conclusion that has important implications for the magnetic properties of such
overlayers.'™ This work nicely demonstrates the peneral usefulness of such
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FIGURE 24, Expenmental polar

sean data for Fe 2p,, emissian al

780 eV Trom Fe deposited al ambient

temperature on Cu (0Q1). Data lor i -
both 0.1 ML and 1ML total cover-
ages are compared 10 Similar results
for Auger emission from Cuy depos-
ited up 1o TML and 2ML on Ni
{001); <f. Fig. 22(b). Note the pre-
sence of strong forwand scattering
peaks at 45° in both Fe curves and
the beginning of a peak along nomal
for the t-M|L Fe data [From Rel. 1
1 , with more detailed polar and | I 1 2 1 L 1 "
ag:(nbu:(ml data appearing in Ref. 80 60 40 20 [
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scanncd-angle measurements for detecting the presence of island or cluster
formation, as discussed further in section 4.5.

4.3.3. Fe/GaAs (001)

We now consider another example from the work of Chambers er al. 2% i
which Auger electron diffraction has been applied to the growth of epitaxial
layers of Fe on GaAs (001). This system has been studied extensively because of
its Interesting magnetic anisotropies in the surface plane, as first discussed by
Krebs, Jonker, and Prinz."™ It is complicated by the fact that outward diffusion of
As is thought to occur, even though at the same time the Fe atoms appear in .0
to be growing in (001) epitaxy. A polar scan in the [100] azimuth of the
LM, M, s Fe Auger peak at approximately 710eV kinetic energy provides
further information on how this might be occurring, as illustrated in Fig. 25.
Here, the experimental AED curve of Chambers ef al. for a 10-ML Fe overlayer
on GaAs is compared to an analogous experimental Fe 2p,, XPD curve for a
clean bcc Fe (001) surface due to Herman er al.'™; the XPD peak furthermore
has a kinetic energy of about 780 eV, very close to that of the Auger peak, so that
the two diffraction patterns would be expected to be very similar for a given
crystal structure, In fact, the two experimental curves are very different, with the
bcc Fe (001) showing a much lower intensity for the peak along [101] and
different fine structure at polar angles of about 15-30° and 60—75°.

Also shown in Fig. 25 are SSC-PW theoretical curves for three overlayer
crystal structures: bec Fe with a = 2.82 A [the bulk-lattice constant which also
gives a very good match to the GaAs (001)], primitive cubic (pc) Fe with
a = 282A, and fec Fe with a = 2.82 A_ It is clear that the fec caleulation gives
the best agreement with the Fe/GaAs experimental data as to both the refative
intensity of the [101) peak and the fine structure. The calculations for the other
h'vo structures seriously underestimate the intensity of the peak along the [101]
directian. The bee calculation also agrees best with the XPD curve from clean Fe
(0013, particularly as 10 the relative intensities of the weaker features from
8 = 15" to 75°, cven if all of the fine structure is not correctly predicted. All
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EXPERIMENT- ho)
Fe/GoAs (001}
10 ML EQUIVALENTS
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FIGURE 25. Experimental polar scan ol the Fe LMM Auger infensity at 703 eV fmm ML ol Fa
deposited on GaAs (001) (solid curve} is compared o theoretical calculations lor v-anous Fq la:buus
{dashed curves). (From Ref. 12(k).} The scans are in the [100] azimuth (¢ = O'),wmmodwm
{101] and [001] indicated. The calculations are al the SSC-PW leve!, and they are shown h'F.A.;
mmeaysla:sﬁmes:boc.pc(pfimi&vawbic).andlcc(wrﬁchispmposedbt?obxﬁymw
alorrswhwardlydihsedhto&mfachlmsﬁﬁalsites).Abosrmnforoomparbonnsanupeﬂm’
polar scan for bulk Fe (001) in the same azimuth {dot-dash curve) from a separate study. (From rel.
107}
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calculations predict a strong peak along the normal or [001] direction; this is due
to forward scattering from atoms with a closest spacing of 1.600a for all three
structures. Along the [101] direction, by contrast, the fee structure has nearest-
neighbor scatterers at a distance of a/\/z = 0.707a (cf. Fig. 22a) whereas, in the
bee and pe structures, the nearest scatterers are twice that distance away at
V2a = 1.414a. This explains the stronger forward-scattering peak along [101] in
the fecc theory.

The combined experimental and theoretical resuits in Fig. 25 thus suggest
that the local structure in Fe/GaAs has scatterers that arc at the fec positions.
These results bave been explained by the interesting proposal™® that the
outward-diffusing As atoms occupy the face-centered positions in a bec Fe lattice
50 as to yield an overall AED pattern that is essentially fee in nature. Although
Fe and As are slightly separated in atomic number (26 and 33, respectively) so
that the all-Fe calculations of Fig. 25 are not in that case strictly correct, the
forward-scattering strength that is dominant at these energies is not a strong
function of atomic number (but rather of atomic size, as noted in section 3.1.3),
and thus these theoretical simulations should be reasonably accurate for the
hypothesized structure as well.

This work thus illustrates another aspect of higher-encrgy AED and XPD
that should be gencrally useful'in studying the detailed structures of complex
epitaxial overlayers that may have impurities present, such as atoms diffusiog
outward from the substrate or inward from the surface. An obvious complemen-
tary and uscful type of data that could be derived for such a system would be to
look at the AED or the XPD of the impurity. For the example of Fe/GaAs, if the
hypothesized structure is correct, As also should show an fec type of diffraction
pattern, although perhaps weaker or with less fine structure if it is preferentially
segregated to the surface of the Fe overlayer. Another recent example of this
type is 2 combined AED/XFD study of dopant P and $b atoms in Ge epitaxial
layers on GaAs (001) by Chambers and Irwin:'* here P was found to occupy
lattice sites, whereas Sb was segregated to the surface.

4.3.4. Hg,_,Cd,Te (111)

As a final example of an epitaxial system, we consider a recent scanned-angle
XPD study by Granozmi, Herman e al'® of Hg, ,Cd,Te (111) grown by
liquid-phase epitaxy, This sample underwent transport at atmospheric pressure
before being studied and was minimally ion-bombarded so as to remove a thin
oxide layer from the surface. It was not subjected to bakeout or annealing after
ion bombardment, to avoid depleting Hg from the surface region. At the time of
measurement, the value of x was approximately 0.4. In spite of the less-than-ideal
surface expected to remain after such a treatment, XPD modulations of
Al = 15-25% were seen in all of the major photoclectron peaks observable
(Hg 4f,, at a kinetic energy of 1383¢V, Cdd,, at 1078 ¢V, and Te 3d., at
910 eV). Qualitatively comparing Hg, Cd, and Te diffractions curves immediately

indicated that the Hg and Cd atoms were occupying similar lattice sites, as
cxpected.
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As another more subtie structural problem resolvable from this data, 1he
question of the nature of the termination of the surface also was addressed. That
is, was the surface terminated prefereatialty with double layers having cationic Cd
{or Hg) on top and anionic Te on the bottom (termed Model A) or with the
reverse (termed Model B)? Comparing the azimuthal XPD patterns for Cd and
Te obtained at several polar angles with SSC-SW calculations for both Models 4
and B permits determining the dominant type of termination, even for a surface
that probably has a reasonable amount of damage on it. Some of this data s
shown in Fig. 26, where Cd emission at § = 19° and 35" (both chosen 10 pass
through near-neighbor scattering directions) is considered. It is clear that, for
both angles of emission, the agreement between experiment and theory as to both
visual fit and R factor** is much better for a Model A termination; peak relative
intensities, positions, and fine structure are much better predicted. Similar
conclusions can be drawn from analogous Te azimuthal scans.

As one further aspect of this study, we consider the forward scattering origin
of the various major peaks observed in Fig. 26 with the aid of Fig. 27, which
indicates the several near-neighbor forward-scattering events possible in a surface
terminated as in Model A. For the data at @ = 19°, the effects of the event
labelled as 8 = 19°, ¢ = 0° are clear in both experiment and theory. For the data
at & = 35*, the principal peaks are due 1o events of the types labelled 6 = 35°,
¢ = 60° and 6 = 30°, ¢ = 307, 90°,

The analogous Te curves at these polar angles are very different from those
of Cd in both experiment and theory, with péak shifts and relative intensity

er
A (a)
? .c, ;;" R =007
SSC-SW
(e R=0.13
&
-
H o* 60" 120°
5 oo (b)
b1 o FIGURE 26. Al Ko-ewcited apmuthal
3 scans of Cd 3dy, inlensities from

Hg,_.Cd,Te(111) (x=04) at polar
Ssc_sw. Aonm angles of (a) 19 and (b} 35 passing
A Hhrough or very dose to forward-scattenng
low-index dirsctions shown in Fig. 27
as G = 19" ¢ =0, §=235, ¢ =60
and € = 3¢, ¢ = 30°, 90", Also shown are

SSC-ow Reozs SSC-SW curves for the two possible sur-
e face terminations (Model A = Cd or Hg on
o &0 120 top, Model B = Ta on top), together with A
Azimuthal Angle factors comparinyg experiment and theory.

(From Ref, 108.)
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8=30° ¢ = 30°,90°
FIGURE 27. Perspeciive view of the unreconstructed (111} surface of Hg,_ ,Cd,Te(111) in the
Madel A surface termination of Fig. 26, with the 8, ¢ coordinates of various near-neighbor/low-index

directions alang which forward scatiering might be expected to be strong. These directions would be
the same for the unreconstrucled (111) swrfaces of any material with the zinchlende or diamond

stucture, &s will be used later in discussing Fig. 36,

changes. In particular, the peaks at 8 = 35°, ¢ = 30,° and 90° for Cd disappear
in Te and are replaced by two weaker features at @ = 35°, ¢ = 38" and 80°. This
is easily explained, since Fig. 27 shows that, in an A-type termination, the peaks
that disappear ar¢ only strong forward-scattering events in the first double layer
for Cd emission; thus, they are not expected to be seen for Te.

Inspection of other azimuthal data of this type shows that most of the strong
features can be assigned an origin in the various simple near-neighbor forward-
scattering effects illustrated in Fig. 27, although it is again important to realize
that higher-order interference effects can significantly influence the intensities due
to forward scattering by atoms further from the emitter (cf. the discussion of Fig.
22 and, below, Figs. 37 and 38).

This study thus illustrates the further use of higher-energy XPD for epitaxial
systems, for which bonding sites of substitutiona) atoms and the type of surface
termination of a compound semiconductor can be determined.

4.3.5. Diffraction Effecis in Quanlitative Analysis and Photoelectron-detected
EXAFS

We conclude this discussion of epitaxial systems with two notes of caution
concerning the strong diffraction effects that are expected in either photoelectron
or Auger emission from well-ordered lattices.

Diffraction Effects Must Be Carefully Allowed for in Any Awempt to Do
Quanditative Analyses of Surface Composition. Methods of correcting for such
cfects have been coasidered by both Connelly ef al., for simple adsorption on a
metal,'” and more recently for semiconductor surfaces by Alnot ef al.'' Not
adequately dllowing for such effects can lead to errors of as high as +50% in
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ichi tries! Some of the methods for such corrections are
::fc;z‘;fl: ::r::d;;;::ction curves obtained in more than oneﬁ;::ilar or a_zimutl:m
scan, taking advantage of the crystal-structure symmetry o scans in WI_uc_h
different constituents will have nearly idcnm?al dlﬂ‘racufm pattems‘(c.g__ this is
possible in the zincblende structure'™®), or using theoretical calculations to try to
determine directions in which diffraction effects can bc ne?,iected.

By contrast, a potentially uscful aspect of dlﬂ-I.aCﬂC[n effects g::r surface
analysis is in monitoring intensities along different dlrecnor:js as ad ::ctmn of
coverage during epitaxial growth, as suggested by Idzerda et _h Mode|
calculations of such curves in the SSC-PW model suggest that it should be
possible to resolve the completion of the first few layers of growth.

of Photoelectron Intensities to Mon-ilov: Exars-like O:cdb-:ﬁo,._,
Requ{f:r sU:Eimﬁ: Angular Averaging. The idea of using photoclectrm; inten-
sities to measure EXAFs oscillations for ncalf-surfaoe species has recently been
proposed by Rothberg er al." and applied to ,«‘:mmnduclor systems by
Choudhary er al.**? It is clear from the strong oscillations of up to 70? seen in
scanned-energy photoelectron diffraction and their firamjeuc f:lcprjn ence ?,2
emission direction {cf. Fig. 20) that an adequatc averaging over d"mc;ljor:a:]n:“
undertaken 10 yield something related to the 4J_r—avcraged EXAFS sign !;1 though
this is automatic for disordered or polycrysgalhne systems, " it is pro d:manc in
single-crystal studies. Lee*! bas in fact queshcrncd on lhec_)re‘ugl groun‘:h whether
even the maximum 2 averaging possible in photoemission for su mluscs“lls
sufficicnt to yicld the ExaFs limit. Nonetheless, _pret_munary expetimenta m:t:.f. ]jt:
of this type'” using the modest type of averaging inherent in the cot;.:k 30
angle of a cylindrical mirror analyzer (CMﬁ_L) appear to yield exars-like ata;
However, it is the author’s opinion that a s'mgle-geofnelry CMA tneasu.n:r;:}cr!t
does not represent sufficient angular averaging to reliably yicld the E);AB _:m:
and that the close similarity of these result 1o EXAFs d?ta may h.ave a or(ulf o:s
component. Perhaps measuring intensities for sev?ral different orientations (; :h'e
specimen with respect to the analyzer would improve the rellablluyﬁ;) II:
approach, bat it is not clear that this has been done to date. Thc sol ;agc
averaging of a particular analyzer could also be ch‘eckcd by carrying ou ¢
calculations over the directions invol:r:d and sun'n‘r’mng these intensities, as

r al. in another context.

done&::::lll]ybl:)ythld;;gaa;d AED thus have considerable potential for the study
of the murp,hology of the first 1-5 layers of an c?itaxial system. The stro:;f:::
peaks are expected to be directly connected vrn!h sthle forward scattering ror
the first few spheres of neighbors around a given emitter. Weaker fcamr:'smﬂvz
involve a superposition of several types of scattering cve!lts. Thus, a ql:a.ttlh P
analysis of the full intensiry profile will require caziculalleI.'ls at least ad e S o
level. Predicting peak relative intensities oorn:c'tly if emission along a de o
of atoms is involved may also require the inclusion of multiple s::l N css-
However, much useful information about the su.rfac'c structure, layer' bl:: ?rorr;
morphology, impurity-site type, and surface termination should be dcn:ha er,an:sl
a consideration of the possible strong forward-scattering peaks due to the n
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neighbors (cf. Figs. 22 and 27) combined with theoretical modeling at the single
scattening level.

4.4. Metal-Semiconductor Interface Formation

We now consider two recent examples of the application of higher-energy
XFD 1o the study of metal-semiconductor interface formation, This kind of XPD
study was pioneered by Kono and co-workers, and more detailed discussions
appear  elsewhere, including work on  other metal-semiconductor
combinations.”!"*!"* The examples chosen here both involve the initial stage of
metal reaction with $i surfaces and represent structures over which controversy
still exists. The examples differ in the final structure proposed. The first case,
K/Si (001), is a metal overlayer relatively far above the Si surface. The second
case, Ag/Si (111), is a meta) layer nearly coplanar with the first Si layer. This
strongly affects the degree and manner in which forward scattering by Si or metal
atoms influences the observed diffraction patterns.

4.4.1. K/Si (001)

In this study by Abukawa and Kono,'! azimutha! K 2p XPD data have been
obtained for the structure formed by depositing K to saturation onto the Si (001)
(2 x 1) reconstructed surface. The substrate surface is thought from a number
of previous studies to consist of rows of dimers, as shown by the small open
circles in Fig. 28. The most-often-discussed model for the potassium structure on
this surfacc is the so-called one-dimensional-alkali-chain (ODAC) model illus-
trated in Fig. 28a; it corresponds 10 a § ML coverage, and leaves open grooves
adjacent 1o cach high-lying row. However, there is still considerable controversy
surrounding the structure of K adsorbed on Si (001), and this geometry has not
been directly determined."' There is also disagreement as to what constitutes the
saturation coverage of K on the surface 1141150

FIGURE 28B. Schematic illustra-
tion of two structural models
foi the Si {001) (2 = 1) surface
saturated with K: (a) one-
dimensional-alkali-chain  (QDAC)
model, (b)) double-layer (DL)
model proposed from an analysis
of azimuthal XPD data {see Fig
29). Silicon dimers appear along
tha [1, ~1,0] rows in both mod-
ols. Each model can exist in two
domains rotated by 90° with
fespect o one another. Some
strong forward-scattering  direc-
tons in the DL modet are shown
by amows. {From Ret. 114)

SIDE VIEW SIDE VIEW
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Even before considering the actual XPD data, we note that, i
type'K. in the ODAC structure are present, the diffraction p;::e::\‘:y\:;?lgs :[
dominated by forward scattering from other K, atoms, and this would furth -
more be strong only for very low @ and along the (1, —1, 0} rows for which t:‘
interatomic d:sl_ances are shortest. The Si atoms should play only a minor ro[ce
z:;ll:::s producing fine structure in the azimuthal curves for very low lakcoﬂ"
A set of azimuthal experimentzl data for this sys i issi
relati\:e to the surface of 14°-22" is shown as the poi:tsl;'lnF?:hZ;."";ls::‘:r::ghs
pca-k is seen along {100) for a telatively high value of 8 = 14°, an observafi:vﬂ
wluch. already seems at odds with the ODAC model. Considering also th:
expe_nmcuta.l anisotropy Al/l,.,, (scale along left of figure), we see that it can be
as high as about 39%, a value which is significantly above those expected in
lg:::;;:le 2:: .:lu;l:l:;ghfr-o sc:l-n_ering from neighbor atoms that are either alt
- -plane relativ i
e e exugple). tive to the emitter (cf. Fig. 15 for ¢(2 x 2) O/N;
These resulis sugpest trying in addition to the OD
structure in which there are scatterers well above wmcoKzslit?;?sde:)lﬁome;
mocl_el is the obvious one of putting rows of atoms of type K; in all of ;Iu: gro::::s
1o yield a 1-ML coverage, as illustrated in Fig. 28b. For this double-layer (DL)
l’mot:le], strong forward scattering can occur for higher takeoff angles, as indicated
y the arrows along_both {110) and {100) directions. For very low takeoff angles
ap;gro_achmg zero, either model is expected to show strong forward scancringgfor
;rmssx'on z.lo?g the K rows parallel to (1, —~1,0). The presence of two equivalent
omains of either structure rotated by 90° with respect to one another also implics

16*

30°% EXPT.{75% THEORY )

0

F_IGUHE 29. Azimuthal dala for Al Ka-excited K 2p emis-
sion from the Si(001) (2 x 1) surface saturated with K at
Palar angles h'un 14° 1o 277 above the surface. Experiment
Bmmp_amdwﬂhSSGP“'cakmlaﬁmslormeMmodels
shown in Fig. 28: ODAC = dashed curves and DL model

22

ANISOTROPY(Y,

best fitting data = soli rves. o t
also nb':z?\ed with s!-“s‘:‘lc:fsv.v.r':’u - Very similar curves were e e
caiculations. (From Flel. 114.) AZIMUTHAL ANGLE ¢ (deg}
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summing two diffraction patterns in the analysis and overall C,, symmetry in both

the observed and calculated patterns. o
Comparing these experimental data to SSC—PW (or very similar SSC-8W)

calculations for the two models''® is now found to yield clearly superior
agreement for the DL modet (solid curves in Fig. 29). The strong peak at ¢ = o°
which grows in for 8 approaching 14° can be explained as being due to emission
from K, 2toms and scattering by their second-nearest K, neighbors a‘long {100).
The peaks along (110) and {1, -1,0) are due to K, emission again, but pow
involve scattering from nearest-neighbor K, atoms (and a sum over domains 90°
apart). Additional azimuthal data for @ as low as 4°'** show strong peaks for
¢ = +45° that can be ascribed to the expected forward scattering along
{1, 1,0} directions within either K; or K, rows. Not surprisingly, these latter
ks are also present for very low @ in the theoretical curves for both models,

and they are the most significant features in calculations for the ODAC model.
Comparing experiment and theory for these lower-6 data also is found to support
the DL model. By testing various vertical placements of the two K row types, the:
authors were able to determine a 1.1 A vertical scparation between the two K
rows, and less accurately to determine that the bottom K row was not lower than
about 0.5 A above the first Si layer. For such a 1.1-A separation, the K,-K;
distance is 3.99'A and slightly larger than the K-K distance of 3.84 A along either
the K, or K, rows. It is also interesting that, for this structure, the K; - K,
forward scattering peaks should occur at € = 16° along [110] and 8 = 11° along
[100]; this explains the strong peaks scen in the data over this range of polar
angles. The registry of the DL along {1, —1,0) with respect to the underlying Si
surface was not determined, but the six-coordinate site shown in Fig. 28b for
atoms of type K, is that predicted by theory to be the lowest energy. >

In 3 more recent theoretical study of this system by Ramirez,'** it is found
that adsorption in groove sites (including type K; in Fig. 28b) is significantly
lower in energy than the six-coordinate site shown for K, atoms. Thus, adsorption
in the grooves is supported by theory as well. However, the 1-M1L. structure
proposed in this study is different from Fig. 28b in that the atoms of type K; are
shifted along the {1, —1,0) direction so as to be directly opposite the Si dimers.
The K, atoms in this model are also predicted to be approximately in-plane with
respect to the Si dimers. However, it is doubtful that this structure would yield
the strong forward scattering peak scen in XPD along ¢ = 0° for relatively high
theta values of 12-16°. Thus, even though these calculations'* indicate that a
double layer with such shifted K; atoms is lower in energy than the structure
shown in Fig. 28b, the latter structure still represents a better choice based upon
the XPD data.

Overall, these XPD tesults thus provide important new insights into the
bonding of K og Si {001) and illustrate several aspects of the use of this technique

for metal-semiconductor studies.

4.4.2. Ag/Si(111)

_ The Ag/Si (111) system has been studied by almost every modern surface-
science technique and is known to exhibit, among other things, a2 well-ordered
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e formation of fee Ag clusters or is!ands with (111)
E)gintat}?rz fAan i;r:z;:i-:sa:’:a:hgé above the 0_.7—1.0 I.M{L needed gu:: lc:hfom lhcf
V3 x \/3) st.ructurc."""‘“‘"” In the following section, we consler‘D e uds,:;,
gCPD in studying such clusters; here, we c?oi;lientratc on a recent study by
cture.”

Bu"(;dclfltisa]s'tl?tfiy[h;gigaﬁd\/:z)in?:rhal Ag 3ds; XPD data were obmim:fi for a
well-(:lrdcrcd and’vcry stabie (V3 % V3)Ag structun:i’ ar.n:l LE:,S;“ ::E.;m::::a:
results are summarized in Figs. 30a and 31. The smooth an sf cless n or

lar scans in Fig. 30a indicates an absence of strong forward scattering
peuan t perhaps at very low takeofl angles of § = 4—.8“ where a fou}'-pcak
e s o P: in Fig. 31. A simple geometric calculation then permits the
strucltur_e lSdSl:: the Ag.cannot be more than approximately 0.5A below the
00:1{';::!;? layer. This is also consistent with the lower anisetropy valumthof no
:orc than 21% that are found for the azimuthal scans of Figb“:':= 31:3?\ usT::
concluded that there are no strong fo}'ward m_ttcr;{r;oa ove uusg,, The
azimuthal data are also fully consistent m.th an c?rller _ s;l 5 E‘yO“ mi tem
by Kono ef al.,** but they arc more detailed in involving ful ¢
morri 9'\'11;1&;-"(‘ the scope of this review to discuss the many models that have
becn !axllsd azc being proposed for this structure, but all kpow; :al.‘r:tu;:::;:ca::;z
been tested against this azimuthal data by Bullock et al., using factors™ a8 the
final quantitative measure of goodness c_of tjt. '_l'hc alculan?';:‘s ;er Carricd out at
the SSC-SW Jevel, and in final optimizations also wi emm al state
interference of 3d emission into 5 a::xd f charlr;zll:. w('fh'::: ::t;;;:; rection was not

nclusions, a r

fzﬁ(:a:ofit%gthh:r:ﬁcgymx;o& but certainly not for work at less than a few
lgmndn:d eV, as discussed in section 3.1.2).

89 3y, INTENSITY

RE 30. Polar XPD scans of Ag 3du,
.‘:E:'sny at 1120 eV from: (a) the (V3 x V3)
Ag structure on Si (111)!oﬂnodatterannu!'mg
an =1.3-ML Ag overayer 1o 550°C; ) 2 A9
overtayer of approximately 2 l.vlL average
thick at 450°C; and (c) @ u'uck Ag ovﬂl
layer ol approximately 6 ML thickness Al
POLAR ANGLE (") ambient 1emperature. (From fet. 50.)
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FIGURE 31. Azimuthal XPD scans of Ag 3d,, intensity fom (V3 x V3) Ag/Si (111} at polar angles
from 4° to 20" (solid lines) are compared to SSC-SW calsulations for the optimized two-domain model
of Fig. 32 (broken lines), for which 5, = 5, = 086 A; z, = 010 A, z, = -030 A, and a 50:50
mixture of the two domains. Full final-stale interference in the d- to ~p + f emission process has

been included. This comparison yields an A factor of 0.14 {d. values in Figs. 21 and 26). (From Ret.
50.)

The final model proposed on the basis of this work is for two nearly
cquivalent domains of Ag in a honeycomb array on a Si surface that has had the
top layer of the first Si double layer removed. This two-domain missing-top-layer
(MTL} model is illustrated in top view in Fig. 32. The optimized structural
parameters arc a contraction of the Si trimers toward one another in both
domains of 5, = 5, = 0.86 A, vertical distances of the Ag relative to the Si layer
of zy = —0.1 A for Domain 1 and z, = —0.3 A for Domai