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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
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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

X-RAY PHOIOR FCTRON STHCTROSCOPY k]!

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), th