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2 } C. S. FADLEY

I. INTRODUCTION

X-ray photoelectron spectroscopy has by now become a widely-used
technique for studying the properties of atoms, molecules, solids, and surfaces.
The extent of development between the first experiments of this type by
Robinson and Rawlinson in 19141 and the present state of the art is indeed
great, with most of this growth occurring within the last 10-20 years under
the stimulation of pioneering studies begun in the early 1950s,2: 3 particularly
those carried out at Uppsala University.® From the first observations that
core photoelectron peak intensities could be used for quantitative analysis
by Steinhardt and co-workers? and that core electron binding energies
exhibited chemically-induced shifts by Siegbahn and co-workers,3 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 of an x-ray photoelectron spectrum. To be sure, a
greater understanding of the theoretical models underlying these phenomena
has not always led to results as directly interpretable in simple chemical or
physical terms as was initially imagined, but the overall scope of information
derivable is nonetheless large enough to be useful in a broad range of
disciplines. :

The number of publications involving x-ray photoelectron spectroscopy
(which is commonly referred to by one of the two acronyms XPS or ESCA=
electron spectroscopy for chemical analysis) is thus by now quite large, and
includes several prior reviews3, 410 and conference proceedings,11. 12 ag
well as other chapters in this series on-specific problems or areas of appli-
cation.13. 14 Thus, no comprehensive review of the literature will be attempted
here, but rather only a concise discussion of various basic experimental and
theoretical concepts, together with selected examples exhibiting different
effects. In certain more newly developed areas, or for subjects in which con-
fusion seems to 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 energies of 2 100 eV will be considered, with principal emphasis
on the most common 1-2-1-5 keV range. The more recently initiated photo-
emission studies utilizing synchrotron radiation!s will thus not be included.
The theoretical models discussed may, on the other hand, often apply directly
to photoelectron emission experiments performed at lower photon energies
as, for example, in conventional ultraviolet photoelectron spectroscopy
(UPS) for which kv is typically in the 540 eV range or in synchrotron studies.

Alternatively, the models utilized in XPS may represent some particular
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limit that cannot be used at lower energies. Thus, at several points, com-
parisons between low-energy- and high-energy-photoemission experiments
will be made. _ o ' :

The fundamental experiment in photoelectron spectroscopy involves
exposing the specimen to be studied to a flux of nearly monoenergetic
radiation with mean energy kv, dand then observing the resultant emission of
photoelectrons, whose kinetic energies will be described most simply by the
photoelectric equation:

hv=Ep¥Y(k)+ Exin . . 1)

in which EpV(k) is the binding energy or ionization potential of the kth level
as referred to the vacuum level and Eyjy is the photoelectron kinetic energy.
(A more exact definition of binding energy, including a discussion of reference
levels, is presented in Section IL.B.3.) In general, both Auger electrons and
secondary electrons (usually resulting from inelastic 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 properties characterizing each
emitted photoelectron: its kinetic energy, its directions of emission with
respect to the specimen and the exciting radiation, and, for certain rather
specialized experimental situations, the orientation of its spin. These three
properties thus give rise to three basic types of measurements that are possible
on the emitted electron flux. '

(1) The number distribution of photoelectrons with kinetic energy. This
measurement produces an electron spectrum or energy distribution curve
(EDC) and, of course, requires some sort of electron energy analyser or
spectrometer, of which several types are currently being utilized. In the
dispersive spectrometers most commonly used in XPS, electron spectra are
usually measured at fixed angles of electron emission (or over a small range of
emission angles) relative to both the photon source and the specimen.

(2) The distribution of photoelectron intensity with angle of emission. Such
angular-resolved measurements can be made relative to the photon propaga-
tion direction or to axes fixed with respect to the specimen. Generally, these
measurements require kinetic energy distribution determinations at each of
several angles of emission.

(3) The spin polarization or spin distribution of the photoelectron intensity.
These measurements require a specimen that has somehow been magnetically
polarized, usually by an external field, so that more photoelectrons may be
emitted with one of the two possible spin orientations than with the other.
Then the relative numbers of spin-up and spin-down photoelectrons are
measured.16 Such spin polarization measurements have so far only beeg ‘
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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 for angula:
distribution or spin polarization measurements have resulted in the fact that
most XPS studies up to the present time have involved only kinetic energy
distributions with a fixed geometry of the photon source, -specimen, and
spectrometer. However, measurements of both types (2) and (3) seem fruitful
from several points of view, and angular-resolved XPS studies in particular
have grown in importance in recent years.1?

As an illustration of certain typical features observed in fixed-angle XPS

spectra, Fig. 1 shows data obtained from an aluminum specimen exposed

to monochromatized x-rays of 1487 eV energy. In Fig. 1(a), a broad-scan
spectrum of 1000 eV width is displayed, and various prominent photoelectron
peaks are labelled according to their level of origin from Ols to valence.
The oxygen KLIL Auger structure is also partially visible at the low-kinetic-
energy end of the spectrum. The oxygen peaks arise from oxygen atoms
present in a surface oxide layer; the Cls peak is due to an outermost surface
layer of contaminants containing carbon. As is usually the case, the photo-
electron peaks are considerably narrower and simpler in structure than the
Auger peaks. Each electron 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, electrons arising via the primary photoemission
or Auger process that produces the sharp ‘“no-loss” peak have been in-
elastically scattered in escaping from the specimen so as to appear in an
“inelastic tail” or energy-loss spectrum.’® Depending upon the types of
excitation possible within the specimen, the inelastic tails may exhibit pro-
nounced structure also, as is evident in the multiple peaks formed below the
Al2s and Al2p no-loss features (which are due to the excitation of collective

valence electron oscillations or plasmons!® in aluminium metal), as well as -

the single broad peak in the Ols inelastic tail (which is due to one-electron
excitations from the occupied to the unoccupied 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, C1s photoelectrons could escape with a relatively
low probability of being inelastically scattered.

In Fig. 1(b), an expansion of the low-kinetic-energy region of the same
aluminum spectrum is shown, and several other features are more clearly
discernible. The plasmon loss structure is well resolved, and peaks associated
with the excitation of up to four plasmons are seen. A magnified view of the
rather low-intensity valence photoelectron region also shows complex spectral
structure associated primarily with the overlapping metal- and oxide-valence
levels. In general, XPS valence photoelectron intensities are approximately
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Fig. 1. Typical XPS spectra obtained from an oxidized aluminium specimen with a
carbonaceous contaminant overlayer. Monochromatized AlKe radiation was used for
excitation. (a) Overall spectrum with all major no-loss features labelled. (b) Expanded-scale
spectrum of the Al2s, Al2p, and valence regions. Chemically-shifted oxide- and metal-core
peaks are indicated, as well as inelastic loss peaks due to bulk plasmon creation.

an order of magnitude lower than those of the most intense core levels in a
given specimen, but they are nonetheless high enough to be accurately

measured and studied by using longer data acquisition times to improve’

stgtisticé. An additional and chemically very significant feature in Fig. 1(b)
is the splitting of the Al2s and Al2p photoelectron peaks into two components,
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6 C. S. FADLEY

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 important to be able to distinguish as well as
possible intensity resulting from Auger processes and inelastic scattering
events. An Auger peak can be identified by: (1) comparing the observed peak
energy with other experimental or theoretical Auger energies expected to be
associated with the atom or atoms presert, and (2) changing the photon
energy by some amount A(4v) and then noting whether the peak shifts in
kinetic energy by A(hv) according to Eq. (1) (and thus is a photoelectron peak)
or remains fixed in kinetic energy (and thus has an Auger origin). Inelastic
loss structure is often not as easily discernible in complex photoelectron
spectra as for the examples shown in Fig. 1, but can be identified by: (1) look-
ing for nearly identical features at kinetic energies below different no-loss
peaks, as all high-energy electrons will be capable of the same excitations in
inelastic scattering (although perhaps with probabilities that show a weak
dependency on kinetic energy), and (2) comparing observed structure with
independently-determined energy-loss spectra for the specimen material.18

A further very important point in connection with XPS studies of solid
specimens is that the probability of inelastic scattering 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 approximately 10 atomic layers.20: 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 sensitivity of XPS (or any form of electron spectroscopy) can
be exploited for studying various aspects of surface physics and chemistry,22
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 are treated in more detail. In Section II, the instrumentation and
experimental procedures required are reviewed. In Section III, the theoretical

" description of the photoemission process is discussed in detail so as to provide
an accurate background for the consideration of various specific effects or
areas of application ; the use of XPS for the study of valence levels in molecules
and solids is also considered. Section IV discusses chemical shifts of core-
electron binding energies and various models used for interpreting them.
Several effects primarily related to complexities in the final state of photo-
emission (namely 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 VII summarizes the present state of the
technique and points out certain likely areas for future development.

II. EXPERIMENTAL CONSIDERATIONS

The basic components necessary for performing an XPS experiment
consist of a radiation source for excitation, the specimen to be studied, an
¢lectron energy analyser, and some form of detection and control system.
Each of these four distinct aspects of the experimental system is considered
below. There are by now several commercial sources for complete XPS
spectrometer systems23-30 which represent various design approaches to each
of these components.

A. Radiation Sources

The standard x-ray tube consists of a heated-filament cathode from which
electrons are accelerated toward a suitable solid anode (usually water-cooled)
over a potential of the order of 5-20 kV. Holes formed in the inner levels of
the anode atoms by electron bombardment are then radiatively filled by
transitions from higher-lying levels, with the resultant emission of x-rays.
A thin, x-ray-transmitting window separates the excitation region from the
specimen in most tubes. In general, more than one relatively sharp x-ray line
will be emitted by any anode material, and the energy widths associated with
various lines can also vary considerably from line to line or from element to
element.3! An additional source of radiation from such a tube is a continuous
background of bremsstrahlung.3! The choice of an anode material and operat-
ing conditions is thus made so as to achieve the closest possible approximation
to a single, intense, monochromatic x-ray line. Various design geometries for
such x-ray tubes are discussed in the literature,3: 4. 31736 with one obvious
choice being whether to hold the anode or cathode at ground potential.

The anode materials most commonly utilized in XPS studies are Mg and
Al, and, to a much lesser degree, Na and Si. Each of the members of this

. sequential series of second-row atoms gives rise to an x-ray spectrum that is

dominated by a very intense, unresolved, Koj-Kao doublet resulting from
transitions pf the type 2p,—1s and 2p;—>1s, respectively. The first demons-
trations that such low-Z anodes could be utilized in XPS studies were by
Henke.32 These were followed approximately five years later by higher
resolution applications by Siegbahn and co-workers.® The mean energies of
the x-rays produced in such sources are: NaK«;, 2—1041-0 eV,35 MgKe;, o—
—1253-6 eV,37 AlKay, 2—1486-6 V38 and SiKoy, 9—1739-5eV.3¢ At these
x-ray energies, aluminium or beryllium windows of 10-30 pm thickness are
sufficiently transmitting for use in separating the tube and specimen region.
‘Additional x-ray lines are also produced in such tubes, as indicated in Fig. 2
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8 C. S. FADLEY

for a magnesium anode3? (note the logarithmic scale). These consist of
satellites arising from 2p—-1s transitions in atoms that are doubly-ionized (KL
in Fig. 2), triply-ionized (KL2), etc., and are denoted variously as Ka’, Kag,
Kay, ..., Kays. Kag and Keg are by far the most intense, and, in Mg and Al, they

occur at about 10 eV above the Koy, 2 peak and with intensities of approxi- -

mately 8% and 4% of Kay, », respectively. Photoelectron spectra obtained
with non-monochromatized sources of this type thus always exhibit a

characteristic double peak at kinetic energies ~10eV above the strong
s

0 —
: K - KL K |<LLs (kL?)
. {100
a5 ]
i Mgk |
— —10 >
o =
z g
; L
& =
- z
& B L
2 N 4 &
5 : o
3 - T @
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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 a1, 2, .. ., B correspond to various transitions into the
K =1s subshell. The dashed line is an average background and the solid line is the net
spectrum. Note the logarithmic intensity scale. The notation K corresponds to a single
initial 1s hole, KL to initial holes in both 1s and 2s or 2p, KL? to a single initial hole in. 1s
and two initial holes in 2s, 2p, etc. (From Krause and Ferreira, ref. 37.)

Kay, ¢ peaks. The Ka', Kas, ..., Kaiq satellites are <17, of Kay, 2 in magni-
tude, and so, for most applications, can be neglected. An additional band of
Kp x-rays arises at energies approximately 45-50 eV above Kay, 2 and is
the result of valence—ls transitions; the Kp intensity is approximately
1% of Kai, 2 for Mg and AlL37 Thus, to a first approximation, the x-ray
spectrum consists only of the very intense Kaj, 2 x-ray and most work has
been based solely on an analysis of Ka;, 2-produced photoelectron peaks.
However, in any study involving weak photoelectron peaks, or peaks
generated by Koy, 2 which overlap with satellite-generated peaks due to other
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electronic levels, the non-monochromatic character of the x-ray source must
be taken into account. For such non-monochromatized x-ray sources, the
primary limiter of instrumental resolution is thus the natural linewidth of the
Koy, 2 line. As judged by the full width at half maximum intensity (FWHM),
this resolution limit. is a’ppfoximately 0-4eV for NaKu, 2,35 0-7¢V for
MgKey, 2,35 0-8eV for AlKaj, 2,38 and 1-0-1-2eV for SiKay,2.3% This
width decreases with decreasing atomic number for two reasons:  the
2p;—2p; spin-orbit splitting decreases and the Is hole lifetime increases.
Materials of lower atomic number are thus favoured for width, but Mg and
Al are generally utilized because of their lower chemical reactivity and vapor
pressure in comparison to Na, and thus their easier fabrication and use as
anodes. Although neon is expected to yield a Koy, 5 line at 848-6 eV of
only ~0-2-0-3 eV width, no attempts at constructing such a source for use in
XPS have as yet been successful. The use of Kay, 2 lines from elements below
neon in atomic number is generally not possible because the valence 2p levels
involved are broadened by bonding effects, introducing a corresponding
broadening in the x-ray line. However, the Ke«;, o x-rays of F in highly ionic
compounds have been used recently in XPS.40

The monochromatization of such Kai, 2 x-rays by Bragg reflection
from a suitable single crystal has also been utilized to achieve narrower
excitation sources, as well as to eliminate satellite lines and bremsstrahlung
radiation.3. 23, 25, 41, 42 Although the intensity loss in such reflections is
considerable, photoelectron peaks as narrow as 0-4 eV have been observed
with monochromatized AlK« excitation;25- 41, 42 this width is to be com-
pared to the 20-9eV typically found without monochromatization. To
compensate for the loss in intensity due to monochromatization, various
procedures have been utilized, including the use of very high-intensity
x-ray tubes involving rotating anodes,*l monochromator systems with
more than one crystal,25. 41 multichannel detection systems,2% 41 and
dispersion-compensating x-ray- and electron-optics.3- 25 In dispersion com-

‘pensation, all photon energies within the Koy, 2 linewidth are spatially

dispersed by Bragg reflection and utilized for photoelectron excitation, but
their line-broadening influence is nullified by the action of the dlsperswe
electron energy analyzer; the commercial Hewlett—-Packard system based
upon this mode of operation yields optimum photoelectron peak widths with
AlKay, 2 of ~0-5eV FWHM.25

An additional type of ultra-soft x-ray transition that has been utilized
successfully in XPS studies is the M transition (4p,—3d;) in the sequential
elements Y to Mo. The use of such x-rays in XPS -was first suggested by
Krause,3* whe pointed out that they yield sufficiently intense and mono-
chromatic sources in the very interesting energy range of 100 <Ar<$200eV,
even though various satellite x-rays are present. The most-narrow and thus
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10 C. S. FADLEY

most used lines of this type are those for Y (kv=132-3 eV, FWHM=0-5 V)
and Zr (hv=151-4eV, FWHM=0-8 V), and they have been successfully
applied to studies of both valence levels and outer core levels.34-3¢ The ultra-
soft character of these x-rays and their resultant decreased ability to penetrate
through matter, as well as the significant sensitivity of their linewidths to
surface chemical alterations of the anode surface, lead to several special
features of tube design. Thin polymeric windows must be used. Relatively
high excitation voltages as compared to Av of ~4-6 kV are also beneficial to
maximize the intensity originating in the metallic anode interior (as distinct
from its oxidized exterior).35 And, in the highest resolution designs, a con-
tinuous deposition of fresh anode material is provided during operation.34: 36

A final rather new development in x-ray sources by Hovland43 that deserves
mention here leads to what has been termed scanning XPS. A thin layer of
specimen material 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, AlK« x-rays are produced over only a
very small spot with dimensions comparable to the beam diameter. These
x-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 um have so far been achieved, and a
number of potential applications for such scanning XPS measurements
exist.43 The only significant limitation is that it must be possible to prepare
sufficiently thin specimens (~1000-10,000A) that x-ray attenuation in
penetrating 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 approximate photon-energy ranges
100200 eV and 1000-2000 eV, with a relatively little explored region from
~200-1000 eV separating them. Another source of radiation in the photon
energy region from 100 to 2000 eV of principal interest here. is the:so-called
synchrotron radiation that is emitted in copious quantities by centripetally-
accelerated electrons moving with highly relativistic velocities.!5- 44 This
continuous spectrum of radiation is sufficiently intense to permit selection
of a narrow range on the order of tenths of eV or lower with a suitable
monochromator (usually a grating) while still maintaining fluxes adequate
for photoemission studies. A number of excellent photoemission studies have
by now been performed using such radiation,!® although these have so far
been restricted to photon energies between approximately 10 and 350 eV,
principally because of the difficulty of achieving adequate monochromatiza-
tion without severe intensity loss for soft x-rays of z350 eV. Such radiation
has the advantages of being both continuously variable in energy, as well as
linearly polarized to a high degree;4* thus, the exploration of phenomena
dependent upon photon energy and/or polarization are much more easily
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studied than with more standard ultraviolet or soft x-ray sources. By contrast "
the soft x-ray tubes discussed previously emit radiation that is randomly
polarized to a very good approximation.

B. Specimen Preparation

1. Introduction. X-ray photoelectron spectra have been obtained from
specimens present as gases, solids, or liquids. The preparation and handling
of any specimen requires considering two important factors: (1) In order
to avoid excessive inelastic scattering during photoelectron traversal through
the energy analyzer, pressures between the specimen and the detector must
be maintained at <10-4 torr. This limit is easily estimated by considering a.
typical path length during analysis of 100 cm, and requiring that the total
number of atoms/molecules encountered along this path be no greater than
the analogous number encountered along the mean no-loss distance of
emission from a typical solid specimen of ~20 A. (2) As the emission of
photoelectrons, Auger electrons, and secondary electrons from any specimen
constitutes a net loss 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 flux of similar electrons emitted

toward the specimen by various portions of the specimen chamber and holder
which are also in general exposed to exciting x-rays and/or electrons, although
this can in fact lead to the opposite problem: a negative potential build-up.45
The charging potential ¥, produced by any net imbalance between charge
input and output may vary throughout the specimen volume and in effect
cause a range of energy level shifts from the values corresponding to the
limiting situation in which no charging occurs. Thus, if r is the spatial
coordinate of the emission point within the specimen, and EpV(k)® and Exin®
are the binding energy and kinetic energy expected for emission from level
k in the absence of charging, the photoelectric equation [Eq. (1)] can be
rewritten as
hv=Eyp¥(k, r)+ Exn(r)

= EpV(k)° + Exaan(r) + Ve(r) @

Thus, if Ve(r) is significant with respect to the typical instrumental resolution
of ~0-1eV (which it indeed can be in certain cases*: 45), the measured
binding energies EpV(k, r) will in general be different from EyY(k)?, and peak
broadening also may occur. To minimize or correct for such effects, studies
of peak position versus x-ray flux can be made,*5 46 and a variable external
source of electrons can be provided.25 For gaseous specimens, the pressure
can also be varied.4 For solids, it is also customary to connect the specimen

~ electrically to the specimen chamber as well as possible. Also, the presence
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of a certain reference atom (for example, gold or carbon) on the surface of
the specimen can be used to correct for charging,4? although this procedure
is often not completely unambiguous. A method recently developed by
Grunthaner® involves floating a solid specimen at a variable negative
potential and noting that potential at which an external source of mono-
energetic electrons just begins to reach the surface; although not widely used
as yet, this method seems to provide a very direct way of measuring surface
potential 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 energy analyzer.%: 33. 47. 49-51 Typjcal gas pressures required
in the chamber are from 102 to 1 torr, and therefore some form of differential
pumping is generally necessary between the exit slit and thé analyzer in order
to minimize gas-phase inelastic scattering effects,? as discussed previously.
Typical specimen volumes are of the order of 1 cm3. The first gas-phase XPS
studies were performed by Krause and Carlson,? followed shortly thereafter
by the more extended investigations of Siegbahn et al.4 The gas in the chamber
can be provided by a room-temperature gas-phase sotirce, or can be the result
of heating liquid-4 or solid-33 phase reservoirs. With such devices, metals and
other vaporizable solids can be studied by photoelectron spectroscopy in the
gas phase.33. 50 In certain studies, rather significant changes in peak positions
and relative intensities due to the combined effects of charging and kinetic
energy-dependent inelastic scattering have been noted, but, in general, these
are relatively small, especially at lower pressures.

For gas-phase spectra, the vacuum level is the naturally-occurring reference
level, so that Egs (1) and (2) are directly related to measurable quantities.

3. Solid Specimens. There are various methods of preparing solid specimens
suitable for study by XPS. Typical specimen areas are ~ 1 cm? or smaller,
and, because inelastic scattering effects limit the no-loss emission to a mean
depth of only 10-80 A below the surface (as discussed in more detail in
Section IILE), this corresponds to an active specimen volume of only
approximately 10-¢ cm3. Thus, -total masses of only 1-10 ug are involved,
and amounts of material on the order of 10-? g can be detected under certain
circumstances. Any change of the chemical composition in the first few atomic
layers near the surface can thus also have a significant influence on results,

Machineable solids can simply be cut, cleaved, and/or polished into shapes
suitable for mounting in the specimen position. For materials that can be
prepared as fine powders at room temperature, specimens can also be prepared
by pressing the powder into 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 tape (although this procedure
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has the rather undesirable characteristics of limiting temperature excursions
and providing a steady source of surface-contaminating carbonaceous
volatiles). In order to minimize atmospheric contamination or alteration of
specimens, final preparation in an inert-atmosphere glove box or bag,
perhaps attached to the specimen chamber, can be useful. Elements and
certain compounds can also be heated irn situ and vapor-deposited on a
supporting substrate to form specimens. Alternatively, dissolved materials
can be deposited from solution on a substrate, either by evaporating off the
solvent or by selectively electroplating out various components.52 Materials
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)%3 to several thousand degrees Kelvin.4

The extreme surface sensitivity of XPS also leads in many applications to
the requirement that the specimen region be held at pressures of <109 torr
in order to permit adequate control of surface composition. For example, for
Os at 10-9 torr and 25 °C, the gas-phase collision rate with a surface will be
such that, if each molecule striking the surface remains there (corresponding
to a sticking coefficient of 1-0), a full atomic layer will be deposited in
approximately 50 min.>® This minimum monolayer coverage time varies
inversely with pressure, so that pressures of the order of 10-10 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 series of XPS
measurements: In preparing such surfaces, in situ cleaning by vapor deposition,
cleaving, scraping, or inert-gas ion bombardment is thus often used.55

For the case of solid specimens, an electrical connection is made to the
spectrometer in an attempt to minimize charging effects and maintain a well-
defined and fixed potential during photoemission. For the simplest possible
case of a metallic specimen in a metallic spectrometer, the energy levels and
kinetic energies which result are as shown in Fig. 3. Thermodynamic equi-
librium between specimen and spectrometer requires that their electron
chemical potentials or Fermi levels be equal as shown. In a metal at absolute
zero, the Fermi level Ex has the interpretation of being the highest occupied
level, as indicated in the figure; this interpretation of Er is also very nearly
true for metals at normal experimental temperatures. For semiconductors
and insulators, however, it is not so simple to locate the Fermi level, which
lies somewhere between the filled valence bands and the empty conduction
bands. The work function ¢s for a solid is defined to be the energy separation
between the vacuum level and the Fermi level. When connected as shown in
Fig. 3, the respective vacuum levels for specimen and spectrometer need not
be equal, however, so that in passing from the surface of the specimen into the
spectrometer, an electron will feel an accelerating or retarding potential
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Fig. 3. Energy level diagram for a metallic specimen in electrical equlibrium with an
electron spectrometer. The closely spaced levels near the Fermi level Er represent the filled
portions of the valence bands in specimen and spectrometer. The deeper levels are core
levels. An analogous diagram also applies to semi-conducting or insulating specimens,
with the only difference being that £ lies somewhere between the filled valence bands and
the empty conduction bands above.

equal to @s—spect, Where ¢s is the specimen work function and ¢spect is
the spectrometer work function. Thus, an initial kinetic energy Exin’ at the
surface of the specimen becomeés Exin inside the spectrometer, and

Ekin=Ekinl +¢s —'¢spect (3)

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

hv=Ep¥(k)+ Exin+ $spect @

where the superscript F indicates a Fermi level reference. Provided that it is
also possible to determine the specimen work function ¢s from some other
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measurement, vacuum-referenced binding energies can then be obtained from
 EyV(k)=EoF(k) + s ®)

In fact, photoelectron spectra can be used to derive vacuum-referenced

- binding energies by measuring the position of the zero-kinetic-energy cut-off

of the usually very intense secondary electron peak. Such a cut-off is shown in
Fig. 4 in XPS data obtained for metallic Au by Baer.5¢ This procedure for
determining work functions has been used extensively in UPS studies,57

but only in a more limited way in XPS56. 58 due to the greater range of
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Fig. 4. Full XPS spectral scan for a polycrystalline Au specimen, showing both the cut-
off of the secondary electron peak at zero kinetic energy and the high-energy cut-off for
emission from levels at the metal Fermi level. The measurable distance AE thus equals
hv—¢s, provided that suitable specimen biasing has been utilized. For this case, Av was
1253-6 eV and ¢s was 5-1 eV. (From Baer, ref. 56.)

energies involved. In the simplest situation, both specimen and spectrometer
are metallic and the energy diagram of Fig. 3 applies. All electrons emitted
from the specimen are thus accelerated or decelerated by the same work
function difference or contact potential ¢s— dspect before analysis. With no
voltage bias between specimen and spectrometer, the zero-energy cut-off
corresponds to electrons propagating in final states exactly at the spectrometer
vacuum level. For the implicit decelerating sign of ¢s — ¢spect sShown in Fig. 3,
electrons propagating in final states at the specimen vacuum level are thus not
observed. However, if the specimen is biased negatively with respect to the
spectrometer by an amount greater than ¢s—¢spect, then the low-energy
cut-off does represent electrons at the specimen vacuum level or what can be
defined.as the true zero of kinetic energy. For the opposite accelerating sign of
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és—dspect, the true zero is observable and negative biasing is necessary only to
insure that the cut-off is easily distinguishable against other sources of low-
energy electrons.58. 58 The low-energy cut-off thus establishes the zero of
kinetic energy, and a distance hv above this on the measured spectral scale
corresponds to the point at which excitation from states at the specimen
vacuum level would occur. On the same scale, the high-kinetic-energy cut-off
observable for metal specimens (also shown in Fig. 4) is caused by excitation
from occupied states at the Fermi level, and the difference between these two
positions is thus the specimen work function. That is, if the measured
difference in kinetic energy between the two cut-offs is denoted by AE, then

$s=hv—AE ©)

In more complex situations where semiconducting or insulating specimens are
involved, initial states at Ex are not occupied so as to yield the same type of
high-energy cut-off, although the low-energy cut-off can still be determined.
The location of Er in spectra can in this case be determined by using a
reference metal specimen under the same biasing conditions, and assuming

that electronic equilibrium is fully established between specimen, reference,

and spectrometer. Possible charging effects make the latter assumption
uncertain in many cases, however.

Whether it is determined from photoemission measurements or not, in
general some additional information concerning ¢s is necessary to determine

EwV(k) for a solid specimen. Inasmuch as ¢ is also very sensitive to changes in

surface 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
Fermi-referenced binding energies are operationally very convenient for
solid specimens, although they may not always be the most directly com-
parable to the results of theoretical calculations, in which the vacuum level
often emerges as the natural reference.

4. Liguid Specimens. The requirement that pressures in the analyzer region
be maintained at reasonably low levels of <104 torr means that measure-
ments on common liquids with relatively high vapor pressures can be per-
formed only with difficulty. However, Siegbahn and co-workers4l. 39 have
developed techniques for carrying out such studies; these involve a con-
tinuously-replenished liquid source in the form of either a free jet or a thin
film carried 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 relatively non-volatile liquids such as
formamide (HOCNH3), as well as solutions of the ionic solid KI dissolved
‘in formamide. Certain liquid metals and other very low vapor pressure

materials can, on the other hand, be studied with relatively little special

equipment. 80
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C. Electron Energy Analysis

1.. Brief Overview. The various specific types of energy analyzers utilized
in electron spectroscopy are discussed in detail in the literature,19, 61, 62
as well as in a special chapter in this series.63 Thus, only certain salient
features relevant to x-ray photoelectron studies will be reviewed here. In
general, there are several criteria that an analyzer should satisfy: (1) A
resolution capability of AExin/Exin=0-019%. This corresponds to 0-1 eV for
1000 eV electrons. Most XPS spectrometers presently operate in the 0-01-

- 0-109 range. (2) The highest possible efficiency (sensitivity, intensity). That

is, the highest possible fraction of electrons 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 variety of
excitation sources, specimen geometries, and detector systems to be used.

Energy
analyzer

Multichannel
detector

section

; ! - 8E 4in —]
‘Retardation 4 : IL kin )

TT—-aA +8,E kin
X-rays "\NJT

sample

Fig. 5. Schematic illustration of an XPS spectrometer system indicating the primary
components of radiation source, sample, electron energy analyser, and detector. For the
specific example shown here, the energy analysis is accomplished by a pre-retardation section
followed by a hemispherical electrostatic analyzer. A multichannel detector is also shown
for generality.

(4) Ultra-high-vacuum capability for work on solid samples if surface
composition is to be precisely controlled. (5) Ease of construction. One design
philosophy often used for increasing the ease of construction is to insert a
retardation section before the analyzer as shown schematically in Fig. 5,
50 that the energy of a given electron can be reduced from its initial value of
Eyin to the final value at which it is analyzed of Eo. For a given absolute
resolution of AEyin, the relative resolution required from the analyzer is thus
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reduced from AEyin/Exin to AExin/Eo, thereby permitting looser toleranceson
many mechanical and electrical components. The net effects of such retarda-
tions on intensity may or may not be deleterious, however, and are discussed
in more detail in the next section. (6) Relative insensitivity to external environ-
ment, particularly as regards the shielding of -extraneous magnetic fields.
The vast majority of spectrometers currently in use are based on interaction
with electrostatic fields and for these, w-metal shielding is generally used to
exclude extraneous magnetic fields. Only for the relatively few magnetic
spectrometers in use are Helmholtz-coil systems required for magnetic field
cancellation.?: 4 Quantitative estimates of the degrees to which extraneous
magnetic fields must be excluded for a given resolution have been calculated
previously.$? (7) If angular distribution studies are intended, well-defined,
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 electrons emitted in a relatively small element of solid angle,
thus reducing the total number that can be analyzed and detected.

With these constraints, there are several possible analyzer configura-
‘tions,81- 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),3. 61. 5 the cylindrical mirror
electrostatic (CMA),51, 66-68 and the double-focussing magnetic with a
I/+/r field form.3- 64 69 In all of these analyzers, electrons are dispersed on
the basis of kinetic energy along a radial or axial coordinate. For reasons of
both ease of construction and magnetic shielding, the two electrostatic
analyzers are much more common than the double-focussing magnetic,
although a number of important early studies were performed on such
instruments, 33 and a fully-optimized spectrometer based upon the //+/r
field form is presently under construction.®4: 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.”2-73 Such analyzers are usually of
relatively limited resolution (~1%), however, so that their use has been
restricted to the obtaining of chemical composition information similar to
that derived from Auger spéctra. Such low-resolution Auger and XPS
spectra can, in fact, be generated by using the spherical grids of a low-energy
electron diffraction (LEED) system as a retarding grid analyzer. A further
type of commercial analyzer developed specifically for XPS studies by the
DuPont Corporation24 is a hybrid with both dispersive and non-dispersive
characteristics. Its first stage consists of an electrostatic deflection section
that selects a band of energies in a dispersive mode; two subsequent retarding
grid sections act as low-pass and high-pass filters with the net result that only
a narrow band of energies 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,?> which makes use of dispersion-compensating
x-ray- and electron-optics.?: 7 In this system, an x-ray monochromator is
matched to a retarding-lens/hemispherical-electrostatic-analyzer unit in such
a way as to maximize intensity and minimize linewidths without the use of
any slits in the x-ray optics; the.detailed performance of this spectrometer has
been analyzed recently.?4 :

2. Spectrometer Efficiency and Retardation. The resolution and efficiency
of any spectrometer are of critical importance. These properties are highly
dependent upon one another, since for operation at lower resolution (higher
'AExin/Fxin), a higher fraction of electrons can usually be energy-analyzed
and detected. For operation at a given resolution, the overall efficiency F of
a dispersiv_e analyzer can be written as proportional to the following product64

EBAQ- 8Exin (7a)

in which B is the brightness or intensity of the electron source for the energy
analyzer in electrons per unit area and per unit solid angle, 4 is the area of the
source, 2 is the solid angle over which electrons from the source are accepted

" into the energy analyzer and detected, and 8Eyn is the range of electron
_energies or spectral width which can be analyzed at one time (as, for example,

by a multi-channel detector). B, 4, and Q in general depend on Eyin for'a

‘given spectrometer. 3Eyin will thus be proportional to N, the number of

distinct energy channels simultaneously detected. If B and A vary over the

" area of the source, then a more correct statement of this efficiency involves an

integration over the surface as
Eoc(f BQ-dA)- 8Exin (7b)

The effective electron source as seen by the analyzer is often defined by an
aperture in front of the photoemitting sample, and, depending upon the
system, B, 4, and Q may refer to this aperture or to the true specimen surface.
If a multichannel detector is utilized, 3Fyxin may in principle be as large as
109, of Exin,25: 84 whereas the resolution AFyin will be 20019, of Eyin.
In this case, the detector would correspond to <1000 channels. The notation
used in this discussion is indicated in the schematic drawing of Fig. 5, where
subscript zeros have been used on all quantities after a hypothetical retarding
section. Such a retarding section may or may not be present, according to the
specific system under consideration.

Helmer and Weichert? first pointed out that, for the general class of
dispersive analyzers used in XPS, it is possible to retard before analysis, and,
for a given absolute resolution AFEyin, to gain in overall efficiency in.a system
with single-channel detection (for which 8 Exin~AFExin and N=1), and this
result has proven useful in several specific spectrometer designs.23, 25, 27, 28,30
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Their analysis (which has also been extended to apply to systems with multi-
channel detection by Hagstrom and Fadley®) compares the operation of a
given dispersive analyzer with and without retardation for a fixed resolution
AFExin, and with a primary electron source of fixed brightness B (cf. Fig. 5).
It also requires that the source area 4¢ and solid angle Q¢ utilized at the
analyzer entrance (and thus perhaps after the retardation section) be adjusted
to the maximum values consistent with a resolution of AEyip in either mode of
operation gnd that the primary source (for example, a first entrance aperture)
be capable of supplying electrons over sufficient area and solid angle to fill or
illuminate both 4¢ and Q¢ with electrons. There are then two factors to be
considered: (1) The loss of brightness with retardation. This loss of brightness
has been derived for a few geometries involving a source and a non-absorbing
retardation (or acceleration) section. If 8 is defined to be the angle between
the electron emission direction and a planar source surface, these geometries
include a source emitting with a sin 8 intensity distribution into an arbitrary
point-to-point imaging lens system,’6¢ and a source with either a sin 8 77
or an isotropic’ intensity distribution emitting into a uniform retarding
field perpendicular to its surface. These derivations, “which often (but not
always) make use of the Abbe sine law?. 76 or its paraxial-ray approxi-
mation the Langrange-Helmholtz relation,3. 76 result in a simple brightness

variation of the form:
Bo—B (20 )
o= Exin / : _

in which B¢ and Eg are the brightness and kinetic energy after retardation.
The cases for which this relationship has been shown to hold thus represent
limits that are relatively easily achieved experimentally. Without retardation,
the efliciency of a spectrometer conforming to this brightness law and posses-
sing only a single channel of detection will be

ExcBAQ ©)
whereas with retardation it will be
v . E’ocBgA¢Qo (10)
or, from Eq. (8),
E
E'ocB( 0 ) Ao an
Ekin

(2) The gain in efficiency associated with the increase of Ao and Qg relative to
A and Q permitted by the decrease in relative resolution from (AExin/Exn) to
(AEyin/Eo). As a specific example, consider the hemispherical electrostatic
analyzer, which is shown in Fig. 5. Its resolution is controlled by the radial
source width s, the axial (out-of-plane) source height 4, the radial detector
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width d, the radial angle of emission oy, the axial (out-of-plane) angle of
emission «,, and the optic circle radius Ry, according to 3.61 -

AE, h d )
Ek‘i‘;“ T .0, 125 ( Ro>2+ IE +0-61a;?+ smaller terms in o, .3, etc. (12)
The system is thus first-order focussing i inhand ar, and second-order focussing
in o, AlSo, sh=A (or Ao with retardation) and ooy ocQ (or Qo with retarda-
tion). Optimizing the selection of each of the four parameters s, &, d and o
by the reasonable procedure of requiring an approximately equal contribution

from each term to AEyin/Exin®® thus means that

Exin’ Eyin kin

AEx; AEyin \? AEyim\?
| P kin hOC( kn) , ar0C< kln) ) (13)

and a; can conservatively be assumed to be held constant Thus, without

retardation,
AEkin 3 AEklﬂ b
Aoc , Qoc 14
( Exin ) ( Exin ) (1)

" whereas with retardation

- AFEkin \ AEyin\? ' -
A - , Q 15

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

E =Ekln (16)

E Eg _
Thus, a tenfold retardation yields a tenfold loss in B, but a one hundredfold
increase in the useable AQ product, so that a net tenfold gain in efficiency
results. Similar considerations apply to the other dispersive analyzers used in
XPS,? provided that an appropriate retardation section is utilized. The
applicatibn of such an analysis to a spectrometer in which a maximum degree
of multichannel detection is incorporated is, by contrast, found to yield an
approximately constant overall efficiency with retardation.®

D. Detection and Control

With very few exceptions, the detectors presently used in x-ray photo-
electron spectroscopy are based on continuous-dynode electron mutipliers
of the ‘“channeltron™ type.62. 8. 79, These consist of fine-bore lead-doped
glass tubes treated by hydrogen reduction at high temperature to leave the
surface coated with a semiconducting material possessing a high secondary-
electron emissive power.52 Tube inner diameters vary from 1 mm down
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to 10 pum. A high voltage of a few kV is applied between the ends of such a

tube, and multiplications of 106-108 are achieved by repeated wall collisions

as electrons travel down the inside of the tube. These multipliers are available
in various configurations, often involving tube curvature to minimize ion-
induced after-pulsing. Stacks of parallel tubes in the so-called “channel-
plate” geometry are also available for use in multichannel detection schemes.
Parallel-plate multipliers based upon the same principle have also been
attempted.80 _

The efficiency gains concomitant with multichannel detection have led to
the use of such a system in one commercial spectrometer,2® in which the
multiplied electron pulses from a channel plate are accelerated into a
phosphorescent screen, behind which (and external to vacuum) 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 used8! to a limited degree,
and solid-state image sensors of a different type appear to offer good possi-
bilities for future applications of this nature.62

As the appropriate voltages or currents in the analyzer are swept so 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 or printer during a single continuous sweep. Generally,
however, it is desirable to make repeated scans over a given spectral region to
average out instrument drifts and certdin types of noise; this results in the
closest possible approximation to a spectrum with statistically-limited noise.
Such repeated scanning requires some form of multiscalar memory, which is
often expanded to involve on-line computer control.33 The use of a more or
less dedicated computer has additional advantages in that it can be used to
control various functions of the spectrometer in a more automated way, as
well as to carry out different types of data analysis such as background sub-
traction and curve fitting, and commercial systems usually offer this option.

E. Data Analysis

The aim of spectral analyses in XPS is to determine the locations, intensities,
and, in certain cases, also the shapes of the various peaks observed, many of
which are not clearly resolved from one another. Several complexities must be
allowed for in doing this: (1) All peaks will exhibit inelastic tails toward low
kinetic energy and these tails may in turn exhibit structure (see, for example,
Fig. 1). As a rough approximation that is useful for many solid materials, a
major portion of the inelastic tail can be assumed to have a linear or constant
form, with extra features perhaps superimposed on it. Valence spectra from
solids have been corrected for inelastic scattering by using a close-lying core
level to derive the form of the inelastic tail,33: 82 as well as by the more
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approximate procedure of assuming an asymptotically-constant tail at low

kinetic energy whose value at any energy is proportional to the integrated

no-loss peak intensity at higher kinetic energies.83 (2) All peaks ride on a
background of secondary electrons from higher-kinetic-energy peaks. This
background also can often be approximated as linear or constant. (3)‘The
basic peak shapes observed in XPS are a convolution of several variable

. factors: the exciting x-ray lineshape, contributions from weaker x-rays such

as satellites in non-monochromatized sources, the analyzer lineshape, possible
non-uniform specimen charging, a Lorentzian hole-state lifetime contribution,
Doppler broadening in gases,* and various final-state effects involving many-
electron excitations84 and vibrational excitations4! 8 (as discussed further

"in Section V). Thus, no universal peak shape of, for example, Gaussian,

Lorentzian, or Voigt-function form can be used, and most analyses have
involved a somewhat trial-and-error fit for each specific problem. One rather
general least-squares program for carrying out such fits permits choosing
several basic peak shapes of Gaussian or Lorentzian form, to which are
smoothly added an asymptotically-constant inelastic tail of variable height.33
The effects of satellite x-rays can also automatically be included in the basic
peak shape chosen, and a variable linear background is also present. Examplc.es
of spectral analyses for atomic 4d core levels using this program are show.nm
Fig. 6.8 Lorentzian shapes have been used for Xe and Yb, and Gaussians
for Fu, and the overall fits to these spectra are very good.

Beyond spectral analyses involving fits of certain functional forms to the
data, Wertheim87 88 and Grunthaner8? have also developed techniques 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-off at the Fermi energy
for a metallic specimen (cf. Fig. 4). This is possible because, to a good approxi-
mation, the density of occupied states ends in a vertical step function at Ew.
The term “deconvolution” is also often incorrectly used to describe the results

of peak-fitting procedures.

III. THE PHOTOEMISSION PROCESS

In this section, various aspects of the basic photoemission process are
discussed in detail, with the primary aim of providing a unified theoretical
framework for the subsequent discussion of various experimental observa-
tions. In discussing photoelectric cross-sections for atoms, molecules, and
‘solids, applications to the interpretation of experimental results are also
presented here.

"A. Wave Functions, Total Energies, and Binding Energies
" In any photoelectron emission experiment, the basic excitation process
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Fig. 6. 4d core photoelectron spectra from gaseous Xe, Eu, and Yb produced by excitation
with non-monochromatized MgKu x-rays (cf. Fig. 2). The spectra have been resolved into
components by least-squares fits of peak shapes including the «3, 4satellites and an asymptoti-
cally-constant inelastic tail. Lorentzian shapes were used for Xe and Yb, Gaussian for Eu.
(From Fadley, ref. 33 (where the curve fitting program is described) and Fadley and
Shirley, ref. 86.)
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involves absorption of a photon of energy Av according to

Initial state Final state

iott(N), Eioth(N) — > Wit/(N, K), Et/ N, K) — (17)

Here W'iot!(N) is the initial-state N-electron wave function corresponding to
a total energy Eioif(N), and V'ioif(N, K) is the Kth final-state N-electron wave
function (including the photoelectron) corresponding to a total energy of
Eot/(N, K). The relevant energy conservation equation is

Etott(N) +hv=Etotf(N, K) (18)

In the simplest situation, the index K thus labels the one-electron orbital &k
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 translational. In all forms of higher-energy
photoelectron spectroscopy, it is customary to assume that the photoelectron
is sufficiently weakly coupled to the (N — 1)-electron ion left behind so as to
permit separating the final state of the excitation process to yield
_ Initial state e
Fiot'(N), EtotN) —

Final state ion Photoelectron

Yot/ (N—1, K), Eiot/(N—1, K)+¢7(1)x’(1), Exin 19)

in which ‘Ftotf(N —1, K) and Eiot/(N—1, K) refer to the Kth (N— 1)-electfon
ionic state that can be formed, Exin is the kinetic energy of the Kth photo-
electron peak, ¢7(1) is the spatial part of a one-electron orbital describing the
photoelectron and x7(1) is the spin part of the photoelectron orbital (y=« or
B). The form of ¢7(1) thus depends on kinetic energy. (For simplicity here,
any change in kinetic energy due to work function differences between
specimen and analyzer is neglected.) ¥'iot/(N — 1, K) and ¢f(1) can, if desired,
be combined in a suitable 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 4 as:%. 91

ot/ (N, K)=A@(1x/(1), Yiot (N1, K)) (20)

The energy conservation equation which then results is that most useful in
analyzing XPS spectra:

Eioif(N) +hv=Eiot/(N—1, K)+ Exin (21)

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

EoV(K)= Etot/(N— 1, K) — Evotf(N) 22)

in which the vacuum-level reference is implicit.

C
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One inherent source of linewidth in any binding energy measurement is
thus energy broadening due to lifetime effects in either the initial or final
state. If the relevant lifetime is denoted by , uncertainty principle arguments
thus lead to a broadening that is Lorentzian in shape, with a FWHM in eV

given by ~#%/r=6-58x 10716 /r(s).. The initial state lifetime is usually .

very long, and so contributes negligible broadening. However, final-state
lifetimes are estimated to be as short as 1018 s in certain cases, so that such
effects can play a major role in limiting XPS resolution, particularly for inner
subshell excitation. . ’

In general, for a system containing N electrons with spatial coordinates

ri, re, ..., ry and spin coordinates o1, o9, ..., oy and P nuclei with spatial

coordinates Ry, R, ..., Rp, any of the total wave functions considered will
depend upon all of these coordinates

‘Ftot(N)=‘Ftot(l'1a o1, I, 02, ..., TN, ON, Rl, RZa “eey RP) (23)

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

L 2 N N P 702 e2
Hior=—5—3 V- ) Y —+ Z Z
. 2m = i=1 =1 Ta i=1 j>i I'g
Electron Electron-. Electron~
kinetic nuclear electron
attraction repulsion

P P g7 o2 p2 Py
+Y YERELS Y S @

=1 ms1 hm 2,5 M
Nuclear— Nuclear
nuclear kinetic
repulsion

Here, m is the electronic mass, Z; is the charge of the /th nucleus, r;; = |r, Rzl
ry= |ri—rj| rim=|Ri—Rm| and M; is the mass of the /th nucleus. To this
must be added relativistic effects, usually via a perturbation approach;92-94
the additional term in the Hamiltonian most often considered is spin—orbit
splitting, which for atomic orbitals has the form:93, 95, 96

. N X
Hyo=Y &roli5 23%)
i1

in which &(r;) is an appropriate function of the radial coordinate r;,% fi is
the one-electron operator for orbital angular momentum, and §; is the one-
electron operator for spin angular momentum. The total wave function then
must satisfy a time-independent Schroedinger equation of the form

Hiot ¥ 10t(N) = Etot(N)¥tot(N)
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For such an overall Hamiltonian, the Born—-Oppenheimer approximation?s
permits separating the total wave function into a product of an electronic part
¥ and a nuclear part Wnye as

WiotlrL, ..., Rp)=Y(r1, 01 T2, 03, ..., ', o8)¥auc(Ry, Re, ..., Rp)  (26)

In this approximation, the electronic wave function W(N) depends only
parametrically on Ry, Rg, ..., Ry via the nuclear—nuclear Coulombic repulsion
potential, and is the solution to a Schroedinger equation in which the
Hamiltonian is that of Eq. (24) with the nuclear kinetic energy term subtracted
off: '

(Flm+ Z >‘I’(N)EH(N)‘P‘(N)=E(N)‘F(N) (27)'

(Hiot here can include spin-orbit effects via Eq. (25) if desired). The total
energy of the system can then be written as the sum of the electronic energy

- E and the nuplear energy Fnye, as

Eiot=E+ Enue (28)

with Enue arising from various forms of internal nuclear motion such as
vibrations, rotations, and translations (center-of-mass motions). If the various
modes of nuclear motion are furthermore independent, the energy becomes

Etot=E+ Eyip+ Erot+ Etrans + . .. 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 nearly
harmonic oscillator form for the curve of electronic energy, E, versus
internuclear separation,

Eviv="tivyin(v+1%) (30)

in which wyip is the classical vibration frequency and v=0, 1,2, ..., is the
vibrational quantum number. Such vibrational excitations in the final state
ion give rise to the pronounced vibrational bands well known in UPS studies
of gas-phase molecules,?? and have also recently been noted in XPS studies
of both gases! and solids 85 (see Section V.E). Rotational excitations are
sufficiently low in energy as to be so far unresolvable in XPS studies of
molecules.

- Translational motion of the center of mass of an atom or molecule can
influence energies in two ways: (1) The conservation of linear momentum in
the excitation process requires that

Pro+0=p +pr 3D

u
1
n
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where pp, is the photon momentum and has a magnitude of Av/c, the

momentum associated with E? is taken for simplicity to be zero, pf is the
photoelectron momentum, and pr is the recoil momentum of the atom or
molecule, treated as a center-of-mass translation. If v is the magnitude of the
photoelectron velocity, for Exin=>500 eV, v/c=0-044 and for Exn= 1500 eV,
vf/c=0-076. Thus; the photoelectrons typically encountered in XPS can be
considered to a good approximation to be non-relativistic. In this approxi-
mation, it is a simple matter to show that |ps, | ~v/2¢|p’| for the example of
photoelectrons originating from valence electronic levels (for which Eyin = hv).
Therefore, in general |ps,|< [p’| and p/~p;, indicating that the ion recoils
in a direction opposite to that of photoelectron emission. By conserving both
energy and momentum, it can be shown that for a given Av and Exin, the
recoil energy Er=p:2/2M increases with decreasing atomic or molecular
mass M.3 For excitation of valence shell photoelectrons with A1K« radiation
(hv=1487 V), Siegbahn ef al.3 have calculated the following recoil energies
for different atoms: H—0-9eV, Li—0-1eV, Na—0-04eV, K—0-02¢V,
and Rb—0-01 eV. It is thus clear that only for the lightest.atoms H, He, and
Li does. the recoil energy have a significant magnitude in comparison with
the present 0-4-1-0 eV instrumental 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-

of-mass motion of a molecule of total molecular weight M with a velocity
V, the electron kinetic energy appropriate for use in Eq. (1) is

Ekm”=§m] t -Vl2 32)

Thus, the measured kinetic energy Fiin=3mu? will differ from that of Eq. (32)
by varying amounts, according to the thermal distribution of velocities. If

the mean measured kinetic energy in a peak is denoted by Exin, then it can -

be shown using simple kinetic theory that the Doppler width AEy4 (in eV) is
given by 98

AEg=0723x 10~ ( (33)

T EE;)*
in which Exin is in eV, T is the absolute temperature in °K and M is the
molecular weight. At room temperature and a typical XPS energy of 1000 eV,
AEq is thus <0-10 eV for molecules with M > 10. In general, such Doppler
broadening is thus not a significant factor in comparison to typical XPS
resolutions of ~0-4-1-0 eV, although they can be important in limiting
gas-phase UPS resolution.

In many instances, it is adequate to neglect nuclear motion entirely, and use
Egs (17) and (19) with the quantities Vi{(N), E{(N), YA(N), Ef(N), ¥/ (N—-1, K),
and Ef(N—1, K) relating to only electronic motion. Note that this means
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_accurate calculations must in principle be made on both initial state and final .
state. The overall designations for such N-electron or (N—1)-electron states

are obtained from the various irreducible representations of the symmetry
group corresponding to the mean nuclear positions.? For example, in atoms.
for which spin-orbit coupling is small, Russell-Saunders or L, S coupling can
be utilized, yielding states specified by L, S, and perhaps also M and Mg,
where L is the quantum number for total orbital angular momentum L, S is
the quantum number for total spin angular momentum S, and My and Mg
relate to the z components of orbital- and spin-angular momentum. In the
limit of zero spin-orbit splitting, energies depend only on L and S, yielding
different L, S terms or multiplets with degeneracies of (2L-+1)(2S+1).
Analogous overall quantum numbers apply for molecules, but they are
seldom used in describing total electronic wave functions in solids. Multiplet
splittings such as those discussed in Section V.C are the result of energy
differences between such many-electron states. '

B. The Hartree—Fock Method and Koopmans® Theorem

In attempting to determine reasonably accurate approximations to N-
electron wave functions, a common starting point is the non-relativistic
Hartree-Fock (HF) self-consistent-field (SCF) method.%: 99 As the Hartree—
Fock method has been widely used in calculations on atoms, molecules, and
solids at different levels of exactness and also serves as a reference method for
several more accurate and less accurate methods of computing electronic
energy levels, it is outlined here in simplest form. The wave function ¥ for an
N-electron system is approximated as a single Slater determinant ® of N
orthonormal one-electron spin-—orbitals. Each one-electron orbital is
composed of a product of a spatial part ¢«(r) (i=1, 2, ..., N) and a spin part
xi(c) which is equal to either « (ms=+1), or B (ms= —1), for which the
orthonormality relations are

[$e*()gs(r) dr=<s|dy> =8y

1 for «x or BB

IXi*(U)Xj(C) do={xs ‘Xj> =38m,,» My, =
0 for «f or B« (34)

¥ can then be written as a normalized determinant of the form:
Yaob=

r(Dxa(l)  de(Dxe(l) .o dv_s(Dxwvoa(l)  fv(xn(l)
$1Dx1(2)  $e(Dx2(2) ... dv_1Dxv1(2) SN (xn(2)

W . . . - R (35a)

$1(N)x1(N) $2(N)x2(N) ... dn_1(N)xn_1(N) dn(N)xn(N)

T P e T A E
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or in terms of the antisymmetrizer 4 as

O = A($1x1, P2Xz, ..., PNXN) (35b)

where the integers 1,...., N label the space and spin coordinates r; and. oy
for each orbital. :

The spatial one-electron orbitals are furthermore assumed to have sym-
metries belonging to the set of irreducible representations of the symmetry
group of the equilibrium nuclear geometry, and are in this sense often referred
to as “delocalized”. Thus, for example, in atoms, the orbitals have the form®5

bnim (1, 0, 8)=Rus(r) Yim (6, $) : (36)

in which Ryi(r) is the radial part and the angular part is given by the spherical
harmonic - Yix,(6, ¢). In molecules, various symmetry types arise, as, for
example, lo 3mg, 241, ...,% and the orbitals are often approximated as linear
combinations of atomic orbitals (LCAQ’s). In solids, the translational
periodicity of the crystal requires that all such delocalized orbitals be of the
Bloch-function type:93, 96.99

$u(r) =1 (r) exp (ik-r) = (37)

in which k is the electron wave vector with a quasi-continuous distribution of
‘values and (r) is a function characteristic of each ¢ that has the same
translational periodicity as the lattice. A free electron moving under the
influence of no forces corresponds to a constant u(r), and yields a plane-
wave (PW) one-electron orbital of the form

() =C exp (ik-r) (38)

in which C is a normalization constant and the momentum p and energy E
are given by
p=7k 39)

E=Exin=p22m=Hk%2m . (40)

In the often-used spin-restricted Hartree-Fock method, each spatial orbital
¢¢ is also taken to be multiplied by either « and 8 in the Slater determinant
(that is, to have a maximum occupation number of two). Thus only N/2
unique ¢;’s are involved in describing a system with an even number of
electrons in doubly-occupied orbitals.

If the Hamiltonian of Eq. (27) is used together with the variational principle
to determine the optimum @ for which the total energy E=<{®|H|®> is a
minimum, the Hartree-Fock equations are obtained. These N equations can
be used to determine a self-consistent set of orbitals ¢, as well as to calculate
the total energy E of the state described by ®. In atomic units (1 a.u.=1
Hartree=27-21 eV, 1 Bohr=a0=0-529 A), the Hartree-Fock equations in
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diagonal form are

= 3 2 gmye] T jer@) — @ dra | S0
[—%Vl - IZ r_u] $i(1)+ j; 1*2) — ¢ 2

=1

. Ele i-elect
Kinetic Ele:i:z::c-’r;:’cllear e‘g::l;;;ficm"
repulsion
. 1 @
“bnom, 3, | O 740 dm] HO=ed), =12, N
si s. =1 12

Electron-electron
exchange

where the e;’s are termed energy eigenvalues, one-electron energies, or orbital

- energies. The origins of the individual terms are labelled. The exchange

interaction is only possible between spin-orbitals with parallel spins (t.hat is,
«a or BB), and the Kronecker delta 8x_,, m,, allows for this. It isAconvement to
re-express Eq. (41) more simply in terms of the Fock operator £(1) as:

P

F(l)é;si(l)z{—%w— > %+ 'f [Jy—8m,p» m,,Kjl} $i(1)=eide(1) (42)
. P

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

)= 4*Q) rim $1(2)¢i(1) drz (43)

Ri(D)=[4*Q) rim $@ds(1) dra 4)

Thus, the matrix elements of these operators are the two-electron Coulomb
integrals Ji; and exchange integrals Ky:

1
Jy=<$(1)| J1|$:(1)> = [[$:*(Ds*(2) P $(1)gs(2) drrdre  (45)

1 .
Ky=<$e(D)| J5|$(1)> = [[$*(1)d*2) ™ $i(Q¢s(1) drrdrz  (46)

From these definitions, it is clear that Jy=Jy, K¢,=K,-i., and Jii=Ki?. Once
the Hartree—Fock equations have been solved to the desired self-consistency,

the orbitals energies e; can be obtained from
N

=+ Y (Jy—3m,, m Kip) : 47

j=1
where ¢ is the expectation value of the one-electron operator for Kkinetic

energy and electron-nuclear attraction

W= ()| -390 = 3 21> @y
=1 T :
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By comparison, the total energy of the state approximated by ® is given by

. N N N P P 7T
E=(@|A|®= Y «°+ ¥ Y (Jy—SmymK)+ Y -

i=1 i=1 Jj>i I=1 m>1 T'im

(49)

Note that the first two summations over electronic indices are not simply the
sum of all of the one-electron energies for the N electrons in the system, as
the sum of the Coulomb and exchange terms in the total energy is made with
i<j to avoid counting these terms twice. This means that measured binding

energies (which will be shown shortly to be very close to the es in value)

- cannot be directly used to determine total energies and hence such quantities
as reaction energies. ’

Mannl% has compiled very useful tables of accurate Hartree-Fock
calculations for all atoms in the periodic table. These include one-electron
energies, Slater F¥ and G* integrals for calculating Jy and Kj;, radial
expectation values, and wave-function tabulations. Herman and Skillman®3
and Carlson et al.101 have also calculated energies, radial expectation values,
and local one-electron potentials for all atoms, using a Hartree~Fock Slater
approximation with relativistic corrections. :

In utilizing the Hartree~Fock method for computing binding energies, the
most accurate procedure is to compute the difference between Ef(N—1, K)
and EYN) corresponding to the Hartree-Fock wave functions ¥/ (N—1, K)
and W¥(N), respectively. In the one-electron-orbital picture provided by this
method, the final-state wave function 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 to
that of nuclear motion (~10-16s compared to ~10-13s), the nuclear
positions in ¥/(N¥N—1, K) can be assumed to be identical to those in ¥i{(N),
and the nuclear-nuclear repulsion sum in Eq. (49) will thus cancel in an
energy difference. However, the ion left behind by the exiting photoelectron
may not possess a nuclear geometry consistent with the ionic ground-state
vibrational motion, an effect which leads to the possibility of exciting various
final vibrational states. If the excitation is also fast in comparison to the
motions of the (N—1) passive electrons in ¥/(N—1, K) (a less rigorously
justifiable limit termed the “‘sudden approximation”), it is also possible to
show that various final electronic states can be reached. (See Sections IIL.D.1,

V.D.2, and V.E for more detailed discussions.) For now, only the electronic
ground state of the ion corresponding to the minimum binding energy will
be considered. In this usually dominant final state, it is expected that the
passive electrons will not have the same spatial distribution as those in
‘Fi(N) 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 inner hole is not large (for example, the mean radius of an atomic
orbital changes by only ~ 1-10%),102 the resulting change in energy can have
an appreciable effect on calculated binding energies. Such relaxation effects
can have significant consequences in interpreting binding energy data such as,
for example, chemical shifts, and they are discussed in more detail in Sections
IV and V.B. Hole-state calculations in which initial and final states are treated
with equal accuracy in the Hartree-Fock sense ‘have been performed by
various authors for atoms,103-105 small molecules,196-102 and inorganic
clusters.110 If binding energies determined in this way are corrected for
relativistic effects where necessary, very good agreement with experimental
core electron binding energies has been obtained. For example, an agreement
of approximately 0-2% is found between theoretical and experimental ls
binding energies of Ne (Ep¥(15s)=870 eV) and Ar (EpV(1s)=3205 ¢V).103
Relativistic effects generally increase core electron binding energies, as well

as leading to spin-orbit splittings, and their magnitudes depend on the ratio

of the characteristic orbital velocity to the velocity of light.?3, 94 The atomic
Hartree-Fock Slater calculations of Herman and Skillman® and Carlson
and Pullen® provide a direct tabulation of such corrections for all atoms as
determined by perturbation theory. For example, the correction for Cls
is only about 0-2 eV out of 290 eV (~0-08 %), whereas for the deeper core
level Arls, it is about 22 eV out of 3180 eV (~0-69%).

An additional type of correction which should in principle be made to any
type of Hartree-Fock calculation is that dealing with electron—electron
correlation. In connection with hole-state Hartree-Fock binding energy
calculations, the intuitive expectation for such corrections might be that
because the initial-state SCF calculation does not include favorable corre-
lation between a given core electron and the other (N—1) electrons, the
calculated E? value would be too large and thus that the binding energy
EvV(K)=Ef(N—1, K)~E{N) would be too small. However, in comparing
relativistically-corrected hole-state calculations on several small atoms and
jons with experimental binding energies, the remaining error due to corre-
lation has been found to change sign from level to level within the same
system.103, 111 Such deviations from simple expectations appear to have
their origins primarily in the different types of correlation possible for final
hole states in different core or valence levels. For example, Ep¥(ls) for Ne
shows a correlation correction 8FEcorr in the expected direction (that is, so as
to increase Ep) of approximately 0-6 eV out of 8702 eV (~ 40-07%)112
whereas 8Eecorr for Ep¥(2s) acts in the opposite direction by approximately
09 eV out:of 48:3 eV (~ —1-8%).111 For core levels in closed-shell systems
such as Ne, such corrections can be computed approximately from a sum
of electron pair correlation energies (i, j) calculated for the ground state of
the system.111 For example, in computing the ls binding energy in Ne, the
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correction has-the form of a sum over pair correlation energies between the
ls electron and all other electrons in the atom. Such correlation energies
are dependent upon both overlap and spin orientation, as the exchange
interaction partially accounts for correlation of electrons with parallel spm
For Nels, this sum is thus:

8Ecorr = e(Lsex, 15B) 4 e(1sx, 250x) + e(1sex, 256)
+ 3e(1se, 2par) + 3e(1s¢x 2pB) (50)

with values of e(Isx, 1s8)=+1:09 eV, e(lsx, 250)= 4-0-01 eV, e(Lse, 2sB)=

+0:06 eV, e(lsx, 2pa)=+0-11 eV, e(lsx, 2pB)= +4-0-15 eV. Note the smaller
magnitudes of (i, j) for electrons with parallel spins. Also, it is clear that
most of the correlation correction arises from the strongly overlapping ls
electrons. Equation (50) is only a first approximation, however, and -more
exact calculations involving explicit estimates of all types of correlation in
both Ne and Ne* with a ls hole give better agreement with the experimental
Is binding energy.ll2 The experimental value is EpV(1s)=870-2eV, in
comparison to S8Ecorr=19 eV, EpVY(ls)=870-8 eV based on Eq. (50)1L!
and 8Ecorr=0-6 eV, EpY(15)=870-0 eV based on the more accurate calcu-
lation.112 8FEqorr 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 e(i, /) in Net is larger than that in Ne by about 309,
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 energies
in atoms and molecules, such investigations have also led to another important
consideration concerning the final hole state formed by photoelectron
emission. This concerns the correct extent of delocalization of the hole, which
is implicitly assumed to have a symmetry dictated by the entire nuclear
geometry (or to exhibit a maximum degree of delocalization) in the diagonal
Hartree-Fock method discussed here, Hole-state calculations by Bagus and
Schaeferl97 have shown that core-orbital holes will tend to be localized on one
atomic center, as opposed to being distributed over all centers as might be
expected in certain cases from a linear-combination-of-atomic-orbitals
(LCAOQ) Hartree-Fock calculation including all electrons. In the simple
example of Og, a hole in the log or loy molecular orbitals (which can be
considered to a very good approximation to be made up of a sum or difference
.of 1s atomic orbitals on the two oxygen atoms, respectively) is predicted by
such a calculation to result in a net charge of 4 }e on each oxygen atom in the
molecule. However, Snyderl98 has pointed out that such a state does not
minimize the total energy associated with the final state Hamiltonian. Thus,
the lowest energy state is found!07 to localize the ls core hole entirely on
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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 values of Ef(N—1, K) for computing binding energies. For O,
the localized hole-states yield a value of EpV(1s)=542 eV, in comparison with:
an experimental value of 543 eV, and a delocalized hole-state value of 554 €V.
Thus, localizing the hole represents a large correction of 12 eV (~2:2%).
More recently, Cederbaum and Domcke!13 have shown from a more rigorous
point of view why the use of such localized core-hole states is valid.
Although localization of final-state core holes is thus to be expected in
general, the question of localization becomes more complex in dealing with

- valence electrons in molecules or solids. Molecular orbitals with lone-pair
character or which exhibit a predominance of atomic-orbital make-up from

a single atom in an LCAO description are inherently localized, even though

* they are describable in terms of the overall symmetry species of the molecule,

and such orbitals would be expected to exhibit hole localization to a great

- degree. Other molecular valence hole states may or may not show localization

that deviates significantly from a description with full-symmetry molecular
orbitals. Similarly, the spatially-compact 4f valence levels in solid rare-earth
elements and compounds are found to yield highly-localized hole states, as is
evidenced by the atomic-like multiplet splittings observed!14 (see Section V.C).

The valence d electrons in solid transition metals and their compounds or the
valence electrons in free-electron-like metals may not always be so simply
described, however. Nonetheless, Ley e# al.115 have concluded that, even for
the highly delocalized valence states of free-electron metals such as Li, Na, Mg,
and Al, the energy associated with final-state relaxation around a valence hole
can be calculated equally well in terms of either a localized- or delocalized-hole-

. state description; in this case, however, the delocalized hole state is still best

considered to 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 suitable unitary
transformation of the various orbitals ¢; without changing the overall
N-electron determinantal wave function or total energy,!16 the transforma-
tion is not unique. Payne!l7? has also recently presented a new method for
performing molecular Hartree-Fock calculations in which relatively unique
localized-orbital character is built in by constraining each LCAO molecular
orbital to be composed only of atomic orbitals centered on a small set of
nearest-neighbor atoms. Although either of these two procedures for obtain-
ing localized initial-state orbitals can provide chemically intuitive and trans-
ferable bonding orbitals between two or three bonding centers,116. 117 it is

" not clear that they would necessarily lead to a more correct description of

the final state with one electron removed. More theoretical and experimental
work is thus necessary to characterize fully the best one-electron-orbital
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description of the final states of many systems, if indeed such a one-electron
picture is always adequate or necessary.

In order to avoid the difficulties associated with -hole-state calculations in
determining binding energies, 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 ¢; making up the determinant ®4N) are precisely
equal to the final orbitals ¢;" making up ®/(N—1, k) with a single k-subshell
hole. The final state total energy E/(N —1, k) can then be calculated from the
formula for E{N) [cf. Eq. (49)] simply by eliminating those terms dealing
with the electron occupying the kth orbital initially. This procedure leaves
as the Koopmans’ Theorem value for Ef(N—1, k) (neglecting nuclear
repulsion):

N N X
E(N-1,B)¥T= % &+ 3 > (Jy—8m,, m Ki)
Ay

i,j#k

N N
e+ Y Z (Jig—8m_,» m Kiy)

i=1 j>i

N .
- Y (Ji—dm,,, m_ Kix) ‘ 62))
i=1 :
The Koopmans® Theorem binding energy of the kth electron is then by the
difference method [cf. Eq. (22)], -

Ebv(k)KT Ef(N— lk)KT E{N)

= —e0— Z (Jie—Om,,, m,Kik)
i=1

or, making use of Eq. (47) for the orbital energy ez,
EpV(k)ET= —¢g (52)

Thus, the binding energy of the kth electron is in this approximation equal
to the negative of the orbital energy 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
relaxation of the (N — 1) passive orbitals about the k hole i the ionic ground
state will tend to lower Ef{N—1, k)XT, and thus, as long as relativistic and
correlation corrections are not too large, binding energies estimated with
Koopmans® Theorem should be greater than the true values. If the error due
to such electronic relaxation is denoted by 8Freiax >0, then a binding energy
can be written as (neglecting relativistic and correlation effects):

Ep¥(k)=EpV(k)XT — 8Erelax
= €p— SErelax (53)
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It should be noted, however, that Koopmans’ Theorem as it is derived here
applies only to closed-shell systems (that is, systems that are adequately
represented by a siigle Slater determinant with doubly-occupied one-electron
orbitals), or to solids which contain many electrons in highly delocalized
valence orbitals with quasi-continuous energy eigenvalues. For any other case,
there will in general be several possible couplings of spin- and orbital-
angular momenta in the open shell or shells, and each distinct coupling '
will give rise to a different initial or final state energy. These states in atoms
might, for example, be described in terms of L, S coupling, and would
in general be represented by a linear combination of Slater determinants.118
Although each of these determinants would have the same gross electronic
configuration (for example, 345), various possible combinations of ms= + %
and m; would be possible within the open shells. Provided that final-state
relaxation is neglected, Slater!!® has pointed out that a binding energy
EuV(k)XT computed as the difference between the average total energy for

. all states within the final configuration and the gverage total energy for all

states within the initial configuration is equal to the one-eléctron energy ex
computed from an initial-state Hartree-Fock calculation utilizing Coulomb
and exchange potentials averaged over all states possible within the initial
configuration. This we can write as

Eo'()XT=EF()k)XT—El= — 54

and it represents a generalization of Koopmans’ Theorem to open-shell
systems. The various final states discussed here are the cause of the multiplet
splittings to be considered in Section V.C.

Although the orbital energies e in Koopmans Theorem as stated here
refer to fully delocalized orbitals, Payne!!? has recently pointed out that
near-Hartree—Fock calculations in which different atomic-orbital basis sets
are chosen for different molecular orbitals to yield effectively localized final
results also yield a set of one-electron energies that can be interpreted via
Koopmans’ Theorem. As these one-clectron energies are not the same as
those for fully delocalized orbitals, it is thus of interest to determine whether
any such localization effects are clearly discernible in experimental valence
binding energies. '

The most direct way of calculating 8Ereiax is of course to carry out SCF
Hartree~Fock calculations on both the initial and final states and to compare
EpV(k) as calculated by a total energy difference method with EpV(k)XT= — .
Such calculations have been performed by various authors on both atoms
and molecules.3: 104-109 As representative examples of the magnitudes of
these effects, for the neon atom, Ep¥(15)=868:6 eV and E,¥(1s)XT=891-7 ¢V,
giving 8Erennx~23eV (~2:6%), and EpV(25)=49-3 eV and EpV(25)KT=
52:5eV, giving 8Erelax~3 eV (~6:0%). Effects of similar magnitude are
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found in the 1s levels of molecules containing first-row atoms.196. 109 Ajso,
in certain cases, the presence of a localized hole may cause considerable

valence electron polarization relative to the initial state.106, 107,110 Thus

SErelax lies in the range of 1-10 9/ of the binding energy involved, with greater
relative values for more weakly bound electrons. Several procedures have
also been advanced for estimating 8Ere1ax!0% 119-121 and these are 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 energy as measured over all states K associated with emission from
the kth orbital, including those describable as both “‘one-electron” and
“multi-electron’” in character. This analysis is discussed in more detail in
Section III.D.1. Implicit in the use of Koopmans’ Theorem is the idea of a
predominantly one-electron transition in which the (N —1) passive electrons
are little altered.

To summarize, the use of Hartree—-Fock theory and Koopmans’ Theorem
permits writing any binding energy approximately as

EpV(k)= — ex— 3Ererax + 8Eretat+ OEcorr (55)

in which 8FEre1ax, 8Frelat, and 8Ecorr are corrections for relaxation, relativisitic
effects, and correlation effects, respectively.

C. More Accurate Wave Functions via Configuration Interaction

In explaining certain many-electron phenomena observed in XPS spectra
it is absolutely 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.l?2 In this method, an arbitrary
N-electron wave function W(N) is represented as a linear combination of
Slater determinants ®;(N) corresponding to different N-electron con-
figurations:

(V)= Zl Ci@s(N) (56)

The coefficients C;, and perhaps also the set of one-electron orbitals ¢;
used to make up the ®y’s, are optimized by seeking a minimum in total
energy to yield a more accurate approximation for ¥'(N). In the limit of an
infinite number of configurations, thé exact waxe function is obtained by
such a procedure. In practice, the dominant Cy’s are usually those multiply-
ing determinants with the same configurations as those describing the
Hartree-Fock wave function for the system.

For example, for Ne, a highly accurate CI calculation by Barr involving
1071 distinct configurations of spatial orbitals123 yields the following absolute
values for the coefficients multiplying the various members of a few more
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important ‘configurations: ®;=1522522p%=Hartree-Fock configuration—

0-984; ©a=1s522512p6351—0-005; ©3=1522522p53p—0-009; ©4= 1522522p*4p?

—0-007-0-030; and ®5=1s22522p43p4p—0-007-0-022. Approximately 70

. distinct configurations have coefficients larger than 0-010 in magnitude, but

only that for @; is larger than 0-030.

Manson?! has discussed the influence of configuration 1nteract10n on the
calculation of photoelectron peak intensities (see the more detailed discussion
in the next section), and in particular has noted that it may be important to
allow for CI effects in both initial and final states. Specific effects of configura-

- tion interaction in XPS spectra are also discussed in Sections V.C.and V.D,

as well as in the chapter by Martin and Shirley!4 in this series.

D. Transition Probabilities and Photoelectric Cross-sections

1. General Considerations and the Sudden Approximation. In order to
predict the intensities with which various photoelectron peaks will occur, it is
necessary to calculate their associated transition probabilities or photoelectric
cross-sections. The photoelectric cross-section o is defined as the transition
probability per unit time for exciting a single atom, single molecule, or solid
specimien from a state Y4(N) to a state ¥/(N) with a unit incident photon
flux of 1cm—2s-1. If the direction of electron emission relative to the
directions of photon propagation and polarization is specified in Y/(N), as
well as perhaps its direction of emission with respect to axes fixed in the
specimen, such a cross-section is termed differential, and is denoted by
do/dQ. The differential solid angle dQ is that into which electron emission
occurs, and it is indicated in Fig. 7. From do/dQ for a given system, the total
cross-section for electron excitation into any direction is given by .

o= j— 4o (57)

Such differential or total cross-sections can be calculated by means of time-
dependent perturbation theory, utilizing several basic assumptions that are
discussed in detail elsewhere124-131 and reviewed briefly below.

In a semi-classical treatment of the effect of electromagnetic radiation on an
N-electron system, the perturbation A’ due to the radiation can be approxi-
mated in a weak-field limit as:181 -

H'=—5—(p-A+A-p) (58)
, 2mc

in which p== — iV and A=A(r, ¢) is the vector potential corresponding to the
field. For an electromagnetic wave traveling in a uniform medium, it is.
possible to choose A such that V-A=0 and thus j-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 UPS studies of solids, it has, however, been pointed out that the
change in properties near a surface can result in a “surface photoeffect” due
to the p-A term.132) The electromagnetic wave is further assumed to be a
traveling plane wave of the form:

A(r, t)=eAdg exp [i(kpy T —27v1)] (59)

where e is a unit vector in the direction of polarization (e is parallel to the
electric field E), Ay is an amplitude factor, ks, is the wave vector of pro-
pagation, |kn,|=2m/A, and A is the wavelength of the radiation. Within this
approximation the transition probability per unit time for a transition from
Yi(N) to WI(N) can be shown to be proportional to the following squared
matrix-element124, 131

_ . 2’
Mo | crin]| 3 Aol T |

. _
#2402 (60)

N
(‘I’f(N)| Z exp (ikhv'ri)e-ViI‘I”(N»
i=1

in which the time dependence of A has been integrated out and the integration

remaining in the matrix element is over the-space and spin coordinates of all .

N electrons. The intensity or photon flux of the incident radiation is pro-
portional to A¢2. If the final state ¥/(N) corresponds to electron emission
with a wave vector k/ (or momentum pf=#kf) oriented within a solid angle
dQ (cf. Fig. 7), the differential cross-section can then be shown-to be:124

do 1
a<(w)

in which C is a combination of fundamental constants, and A¢2 is eliminated
in the normalization to unit photon flux. In dealing with atoms and molecules,
it is often necessary to sum further over various experimentally-indistinguish-
able symmetry-degenerate final states, and to average over various symmetry-
degenerate initial states to determine a correct cross-section. If the degeneracy
of the initial state is g; and if each such initial state is equally populated, this

yields
de C/1
e () 2

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

do/dQ, yielding finally a summation ) in Eq. (62). Furthermore, for a
ifie
- randomly oriented set of atoms or molecules as appropriate to studies of

gaseous- or polycrystalline-specimens, do/dQ must also be averaged over all

CHIV) | % exp (ikn, - ro)e- Vi [ VUN)) : (61)
i=1 :

BN T exp (e Ve B | (62)
i=1
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possible orientations of the target system with respect to each possible
relative geometry of the radiation and the emitted electron.

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

dQ

Photoelectron

>
Pe=hkf
Radiation

Polarized-

3) Target atom/molecule

Unpolarized-

Fig. 7. General geometry for defining the differential cross-section do/dQ, showing both
polarized and unpolarized incident radiation. The polarization vector e is parallel to the
electric field E of the radiation. In order for the dipole approximation to be valid,
the radiation wave length A should be much larger than typical target dimensions (that
is, the opposite of what is shown here).

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

do C/[1 N . Nk
o (;7) T | CHAN)] Y exp e Vo[ FAN))
- [<Fvio/(P) [Fvink(P)>|2  (63)

in which the squared overlap between the initial and final vibrational wave
functions is simply a Franck-Condon factor. Vibrational effects in XPS

spectra are discussed in Section V.E. Only the electronic aspects of matrix -

elements and cross-sections are considered further here.
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In proceeding further, it is assumed that the photor} wav.elength A ﬁs Itt)luct}
larger than the typical dimensions of the system, which will generally e_q-
the order of a few A. This is a reasonably good, although borderhr}e, apprO)'(;
mation for MgKe or AlKa x-rays with )\z. 10 A: Tl.ns assumptlg; .perml ]
treating exp (ikn, r:) as unity in the integration, yielding for Eq. (62): .

de C/1
d—g—;;(,,—v) 2

and is termed “neglect of retardation” or “the dipolfa approx1mf1tlolr1 . A;
further convenience that thus arises is being able to write the matrix elemen

in Eq. (64) in any of the three forms:124

. 2 .
e-CPIN)| 3 Ve[ 64)
i=1 .

N _i N B ll{/‘i N
)| ,Z,l V¥ =4 FHN)| Z,l BTN

%
1 N

- CEIN)| Y ViV |FUN) (65)
14 i=1 .

1) )| 3 e T
i=1

The equality of these three forms can be proven ‘Py means of cor;;;nu?a:llci)r;
relations for the exact wave functions correspondl‘r‘lg to any H,a;ml (‘)‘I(lil?. o
the form of Eq. (24); the first form is denoted ‘mogw.ntum or1 ;pc; e
velocity”, the second “dipole-length”, and the thlrd. dipole-acce gri 1othé
In the last form, V=V(r, 2, ..., TN) is the potential re'presente ‘y the
electron—electron repulsion and electron-nuclear attraction terms 1n

Hamiltonian.

There are several levels of accuracy t ation
matrix elements such as those in Eq. (64). The most often used approximation

begins by assuming a strongly “one-electron” cha:racter for. thg pho(tlc‘)li’?;sfsict)lr;
process, and represents the initial state as an .antl.syrnmetnze pro of che
“active” kth orbital ¢x(1) from which emission is as51‘1‘med ‘to ,?ccl:urtr a d
(N — 1)-electron remainder W (N — 1) representing the “‘passive” electrons-

wi(N) = Agr(D)xi(1), TrW 1)
VIn the weak-coupling limit, the final state is further given very accurately by

wI(N) =A@ (Dx7(D), TN - 1) (67)

hat can be used for the evaluation of

where for brevity the index K (or most simply k) on the ionic wave function

¥/(N—1) has been suppressed, and f specifies the kinetic energy and any

. . p
additional quantum numbers necessary for the continuum orbital ¢#(1).

" If it is further assumed that the primary k — f excitation event 18 rapid or

(66)
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“sudden” with respect to the relaxation times of the passive-electron prob-
ability distribution, the evaluation of N-electron matrix elements for a
general one-electron transition operator ¥ depending only on spatial coordi-
nateés (such as any of those in Eq. 65)) yields:90, 131

N
CEAN) | -21 | WUN)=</(D) [t g(DDCHIN =D [ Tr(N-1)>  (68)

The use of this expression is often termed the ‘“sudden approximation™,

. and it has proven to be very successful for predicting the intensities of various

types of many-electron fine structure observed in XPS spectra (see, for
example, Sections V.C, and V.D). Transition probabilities and cross-sections
are thus in this limit proportional to

[<¢1(D) || ¢ (1)) |2 CHAN = 1| Fr(N = 1)) |2 (69)

‘and involve a one-electron matrix element and an (N— 1)-electron overlap
integral between the ionic wave function and the passive-electron remainder.
¥r(N—1). It should be noted that ¥r(N—1) is thus not a valid ionic wave
function, but rather a non-unique “best” representation of the initial-state
passive electrons. In order for the overlap integral to be non-zero, symmetry
requirements further dictate that both ¥/(N—1) and ¥r(N— 1) must corre-
spond to the same overall irreducible representation; this is the origin of the
so-called “monopole selection rule”, which is discussed in more detail in
Section V.D.2.

It is necessary also to consider criteria for determining whether the sudden
approximation can be used or not.133. 134 If the excitation from a given
subshell k gives rise to a set of final state energies Ef(N—1, K); K=1,2, ...,
then the simplest criterion for the validity of the sudden approximation is
that133

[EAN—1, K)— Ef(N—1, K")]'/h<]1 (70)

where +’ is the time required for the £'— f photoelectron to leave the system,
and K and K’ can range over any pair of final energies with significant
intensity in the set. As an indication of the orders of magnitude occurring in
this inequality, for a typical x-ray photoelectron of Exin=1000 eV, v/c~0-06
or va2 x 10? cm/s. For a typical atomic diameter of 2 A, the escape time can
thus be roughly estimated as 7’ ~(2 x 10-%)/2 x 109)~ 10-17 5, Thus, 7' /A~ 1/65
eV-1 and for final state separations much larger than 10 eV, the sudden
approximation would appear to be violated. However, calculations by
Aberg!33 and by Carlson, Krause, and co-workers!35 using the sudden
approximation have given reasonable agreement with experiment for several
systems for which this inequality was not fully satisfied. On the other hand,
Gadzuk and Sunjic!34 have considered in more detail the question of transit




44 C. S. FADLEY

times and relaxation times in XPS, and have concluded that even the typical
excitation energies in XPS of ~1-5keV 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
initial and final states in the transition matrix element is to use single-
determinant Hartree-Fock wave functions. If these are calculated accurately
for both states, thus including relaxation effects, the relevant wave functions
are

Wi(N) = A($1x1, $oX2s .., PEXEs ..., PNXN) (71)
WANY=A(1'X1, $2'X2, ..., $XT, ..., N'XN) (72

and the transition matrix element becomes36, 137
N
AN | _Zl B[PUND=Y Y (bu'(1)[H|$a(1)>DFi(m |n) (73)

where the double sum on m and # is over all occupied orbitals and Dfé(m ]n)
is an (N—1) x (N—1) passive-electron overlap determinant. Df{(m |n) is thus
equal to the signed minor formed by removing the mth row and sth column
from the NxN determinant D7t whose elements are overlaps between
initial- and final-state one-electron orbitals.- That is, the pg element is
(Dﬁ)pq=(¢p’xp|¢qxq>. Many of the N2 matrix elements contributing to
Eq. (73) are zero or near-zero for three reasons: (1) one-electron matrix-
element selection rules associated with (¢m’(1)|? |¢n(l)>; (2) monopole
selection rules arising from the one-electron overlaps {¢5'Xp|$aXq>, since ¢,’
and ¢, must have the same spatial symmetry and the spin functions x, and
xg must be equal for the overlap to be non-zero; and (3) the near ortho-
normality of the passive-orbital sets éi, ..., dx_1, Pry1,....,dn and &1,
s BE_1'y PEal’s oo SN, 5O that {bp'|$p>~1-0 and (¢’ |$g>~0 for p#gq.
Additional matrix elements corresponding to transitions other than k — f
that cannot be ruled out on these bases have furthermore been shown by
Aberg!3 to be negligible for a high-excitation-energy limit, which leaves
finally a first-order result analogous to the sudden-approximation expression

N
CYIN)| Y, 8| WHNY> = <$(1) |2 | (1)) DFi(F | k) (74)
i=1
Various methods for calculating such overlap determinants for atoms

have been investigated by Mehta et a/.,192 and it has been concluded that the
use of a diagonal-element product is accurate to within ~1-2%;:

¢ (75)

N N
CEAN) | _; 1[N ={H(D) i1¢k(1)>__;#k<¢/
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Proceeding one step further to an unrelaxed, “frozen orbital”, or “Koopmans’
Theorem” final state in which ¢;'=¢; for j#k finally leads to the simplest
approximation for such matrix elements:

N
CEAN) | .Zl B[ TUND =<$(D) |2 | (1)) (76)

The majority of matrix element and cross-section calculations to date have
used this last form.

At the level of sudden approximation calculations utilizing Eq. (68) or
(74), two experimentally useful spectral sum rules have been pointed out.
The first states that the weighted-average binding energy over all final jonic
states W/A(N—1, K) associated with a given primary k — f excitation_is
simply equal to the Koopmans’ Theorem binding energy of —eg. That is,
if I is the intensity of a transition to ¥7(N—1, K) corresponding to a binding

.energy Eun(K), then

— = T ko) / S lx= 3 [CPAN=1, K)| (N~ 1) [2Eo() (77)

This was first pointed out in connection with XPS by Manne and Aberg,?0
and has also been derived in a somewhat different context by Lundquist.138
The significance of this sum rule is illustrated in Fig. 8, and it requires that,

Adiabatic
peak

EY (k)

€onr
relax

-€,
s
H Shake—up ‘-I

—----— Shake—off 4‘1

2 7 7%
Total Area
o0y (frozen-orbital)

+———— Binding Energy

Kinetic Energy ——»

Fig. 8. Schematic illustration of a photoelectron spectrum involving shake-up and shake-
off satellites. The weighted average of all binding energies yields the Koopmans’ Theorem
binding energy — ex [sum rule (77)}, and the sum of all intensities is proportional toa
frozen-orbital cross section ox [sum rule (78)]. The adiabatic peak corresponds to formation
of the ground state of the ion [Ev(k)1= En(K=1)I.
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in order for relaxation to occur in forming the lowest-binding-energy
“primary” or “adiabatic” final state corresponding to the ionic ground state,
excited ionic states .corresponding to binding energies higher than —eg
must also arise. The peaks due to these states have been variously called
“shake-up”, ‘‘shake-off”’, ‘“‘many-electron transitions”, ‘‘configuration-
interaction satellites”, or ““correlation peaks”, and more specific illustrations
are given in Section V.D. The high-intensity lowest-binding-energy peak has
often been associated with a “one-electron transition”, although this name
is unduly restrictive in view of the inherently many-electron nature of the
photoemission process. Thus, the intimate relationship between relaxation
and correlation is demonstrated, although it still is possible to determine
uniquely a relaxation energy with initial- and final-state Hartree-Fock wave
functions that are often assumed to be uncorrelated in the sense that Ecorr
is measured relative to them. The second sudden-approximation sum rule
deals with intensities, and it states that the sum of all intensities associated
with the states ¥7(N—1, K) is given by

Lot= ) Ix=
K

=C[<¢/() |2 $e()> ]2 ' ‘ (78)

where C is a constant for a given photon energy. One experimental con-
sequence of this sum rule is that matrix elements and cross-sections calculated
with unrelaxed final-state orbitals and thus using Eq. (76) apply only to
absolute intensities summed over all states ¥/(N—1, K), as was first pointed
out by Fadley.18? Thus, absolute photoelectron intensities for the usually-
dominant ionic-ground-state peaks may be below those predicted by un-
relaxed or frozen-orbital cross-sections, as has been noted experimentally
by Wuilleumier and Krause;!39 by contrast, x-ray absorption coefficients,
which inherently sum over all final states for a given k — f excitation, are
well predicted by unrelaxed cross-sections.'3?

At a higher level of accuracy than any of the approximations discussed up
to this point, configuration-interaction wave functions can also be used in
the calculation of matrix elements and cross-sections.?: 127 In particular,
Manson9 has discussed in a general way the effects that this can have,
pointing out several mechanisms by which calculated intensities can
be significantly modified by the inclusion of CI in the initial-state wave
function and the final-state wave function. For computational convenience,
it is customary (although not essential) to use the same set of orthonormal
one-electron orbitals ¢i, b9, ..., éur (M > N) in making up the configurations
of both initial and final states. This apparent lack of allowance for relaxation
in the final state can be more than compensated by using a large number of
configurations with mixing coefficients C;¢ and C;f that are optimized for
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both states: .
Yi(N)= Y. CAO(N) (79)
j .

PIN)= T, Caf Ol (N) (30)

The exact expressions for matrix elements determined with such wave
functions are rather complex, particularly if more than one continuum orbital
is included, corresponding to an allowance for continuum CI (also referred
to as interchannel coupling or close coupling).?? Although such continuum
effects may be important in certain special cases (see Section V.D.5), several
many-electron phenomena noted in XPS spectra can be well explained in
terms of only initial-state CI and final-state-ion CI. In visualizing these effects,
it is thus useful to take a sudden approximation point of view, in which a
single primary k — f transition is considered and the individual con-
figurations ®;4N) and ®,f(N) are thus written as antisymmetrized products
with forms analogous to Eqs (66) and (67):

N = A($r(Dxr(1), PN —1)) @1

P/ (N)=A(G(Dx/(1), O (N - 1)) (82

In these equations, the (N—1)-electron factors can if desired be indexed
identically, so that, for the fixed one-electron basis set, ®;4N —1)=Pn/(N—1)
if j=m and thus also <®;(N—1) |<I>mf(N — 1)) =8;m. Matrix elements in this
limit are then given by repeated application of Eq. (68) as

N .
CEWN)| _Zl 1 [FUNY =<$(1) [2]|R(DDL X (CH*C] (83)

Thus, the mixing of various configurations into either the initial or final states
can affect the observed intensity of a given final state appreciably, as it is only
if a certain configuration has a non-zero coefficient in both states that it will
contribute a non-zero (C;)*Cjt product. For the useful limiting case in
which a single configuration j=1 dominates the initial state, then Cyi=1-0,
Cfi=0 for j#1, and the square of the matrix element (83) for transitions to.a
given ﬁnal state is simply

CYA(N) | f BN 2oc |Cif|2 (84)
i=1

(If relaxation is permitted in the final-state one-electron orbitals, then overlap
integrals of the form (®nf(N—1) |<I>ﬂ(N —1)>=Sj must be computed,14
and Eqs (83) and (84) become more complex. However, in general Sjm = 8jm.)
Such CI effects are important in understanding the simplest forms of multiplet
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splittings (Section V.C), many-electron effects in multiplét splittings (Section
V.C), and the intensities of various many-electron satellites (Section V.D).

The inherent requirement of relaxed final-state orbitals in sudden approxi-
mation calculations using single-determinant Hartree-Fock wave functions
has led to a certain amount of confusion when comparing this model with
the results of CI calculations. Manson,®! for example, has pointed out that
the use of relaxed final-state orbitals in such single-determinant calculations
yields matrix elements of no higher accuracy than those resulting from the
inclusion of only a limited form of initial-state configuration interaction.
Thus, there are several types of effects that can only be adequately discussed
in terms of a more complete CI treatment.

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

2. Atoms. For a closed-shell atom in the limit of no final-state passive-
electron relaxation and a non-relativistic Hamiltonian, each emission event is
characterized by a well-defined transition from spin-orbital ¢xxx=bnimXm,
to spin-orbital ¢Xf=¢pf1fm fxmf, where Ef is the photoelectron kinetic
energy hv— EpV(nl). The usual dipole selection rules then require that

Al=F—l=+1 (85)

Amy=mif—m=0, +1 (86)
Ams=ms—ms=0"

Photoemission is thus divided into two “channels” for If=/+1 and If=/—1,
with the /41 channel usually being much more important at XPS energies.

The most commonly encountered experimental situation is a collection of
atoms whose orientations are random with respect to one another that is
exposed to a flux of unpolarized radiation with an angle « between the
propagation directions of the radiation and photoelectron (cf. Fig. 7).
For this situation, the total photoelectric cross-section for all events involving
emission from a given »/ subshell can be calculated by summing transition
probabilities for. all possible one-electron events according to Eq. (63). A
general derivation124. 126, 127, 140 then shows that the total subshell cross
section oy is, in the dipole-length form,14! given by

dmregag?

oni(EN= 3

(A)UR1_12EN + (I+ 1) Ry 1%(EN)] 87

in which ag I8 the fine structure constant, ago is the Bohr radius, and the
Ri11(Ef). are radial matrix elements common to all one-electron dipole
matrix elements between ¢nim, and ¢gfifm,f. (fnim, and ¢£fifm f both have

!
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the general form of Eq. (36).) These radial integrals are given by
Ri(EN= j Ru(P)rRgs, 1za(rr2 dr= j Pri(Y)rPgf, 141(r) dr (88)
0 )

where Ppi(r)/r= Rni(r) is the radial part of the ¢nim, orbital and Pgf, 11(r)/r=
Rgf, 1x1(r) is the radial part of the continuum photoelectron orbital ¢z17m,
The differential photoelectric cross-section for a given subshell is furthermore
given by the expression 124, 127, 140

dont gy )=% [1—Bni(ENPa(cos «)]

dQ

=7 [1-+ 30 EP)G sin? o 1)] (89)

where fni(E') is termed the asymmetry parameter, « is the angle between
photon propagation direction and electron emission direction, and Pa(cos o) =
1(3 cosz «—1). Bui(EY) can in turn be calculated from the radial integral
Ri11(EF) and certain continuum-orbital phase shifts 8;+1(Ef) that represents
the shift in the sinusoidally oscillating character of Rgf, 111(r) at large radii
relative to the continuum wave functions for a hydrogen atom at energy
Ef. The equation for B (EY) is

{{U—DRi12EN+(+ 1)+ 2R N E) -

—6l(I+ 1) Ry 1 (ENRy_1(EY) cos [81,1(EN—Si_1(EN]}
QI+ DR _12(E) + (+ DRi12(EN]

and the term in cos {8;,1— 8;_1] represents an interference between outgoing
/+1 and /—1 waves. Such phase shifts are illustrated for C2p emission into
s and d waves at different Av in Figs 9(d) and 9(e).

The allowed range for Bn1is —1<B< +2. A positive value of B indicates
that photoelectrons are preferentially emitted at angles perpendicular to the
photon direction («=90°), whereas a negative value indicates preferential

(90)

.Bnl(Ef) =

emission either parallel or anti-parallel to this direction («=0° or 180°). -

A value of B=0 yields an isotropic distribution. For s-electron emission,
/=0, and only transitions to /=1 waves are possible. 8 is always 42 for this
case, yielding a differential photoelectric cross-section of the forim:

dO'ns(Ef) _ O'ns(E'f) .s

= in2
) y n2e ©n

with maximum intensity at «=90° and zero intensity at «=0° and 180°,
For the other limiting case of 8=—1,

dow(E)_om(EY)
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Fig. 9. Radial functions P(r)=r - R(r) for (a) the occupied orbitals of atomic carbon and
(b)~(e) the continuum photoelectron orbitals resulting from C2p excitation at different
photon energies as indicated. Continuum wave functions for both allowed emission channels
are shown (/+ 1 —~d wave, [— 1—s wave). Note the non-sinusoidal character near the nucleus,
and the decrease in the electron deBroglie wavelength Ae with increasing kinetig energy. The
definition of the phase shift 8,—8z+ = is also indicated for Av=200-0 eV and 14366 eV.
In (a), the range of typical bond lengths between carbon and low-to-medium Z atoms is
also shown for comparison. (S. M. Goldberg and C. S. Fadley, unpublished results.)
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the 'photoelectron intensity is zero at §=90°, and has its maximum value at
8=0° and 180°. No matter what the value of 8 is, the form of Eq. (89)

dictates that the distribution should be cylindrically symmetric about the

photon propagation direction.
Equation (89) is also equivalent to

dU'nl(Ef)
dQ

where 4 and B are constants given by - 4=(oni/4m)(1—pn/2) and
B=(onif4m)-3Bni/4. From an empirical determination of 4 and B, B can thus
be calculated from 8,;=4B/(34+2B). A comparison between the function
predicted by Eq. (93) and experimental results made by Krause42 is shown in
Fig. 10. The parameters 4 and B have in this case been empirically adjusted
to give the best fit to data obtained for photoemission from Kr3s, Krip,
and Kr3d levels with MgKa x-rays. The data are reasonably well described
by Eq. (93), although a slight systematic deviation is apparent; this has been
associated with effects due to the breakdown of the dipole approximation

= A+ B sin« 93)
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Fig. 10. Experimental angular distributions of 3s (= My), 3p (= Ma, 3), and 3d (= M4, 5)
photoelectrons excited from gaseous Kr with MgKa x-rays. The curves represent least-
squares fits to the data points of a relationship of the form of Eq. (93), in which A and B
were treated as empirical constants. (From Krause, ref. 142.)
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(neglect of retardation).142 Note that the 3s data are consistent with Eq. (91)
as expected. Also, a decrease in 8 with i increasing orbital angular momentum
is observed, although g is clearly positive for all three cases presented in
Fig. 10. Wuilleumier and Krausel3? have also presented a similar analysis
for Ne2p emission that extends up to XPS excitation energies.

Total atomic subshell cross-sections for photon energies relevant to
XPS have been calculated in various studies.126, 143-151 These calculations
have made use of both the non-relativistic theory outlined above, as well
as relativistic methods based upon the Dirac equation.l44. 145,151 Ip
the non-relativistic calculations, the method introduced by Cooper and
Manson!26, 146, 147 hag been most utilized: cross-sections are calculated
from matrix elements between initial-state orbitals determined in a Hartree—
Fock-Slater approximation (as those generated by Herman and Skillman
for all atoms)?3 and final-state orbitals determined from a one-electron
radial Schroedinger equation with a central potential V(r) representing the
interaction with the nucleus and (N —1) electrons in the ion (again of the
form determined by Herman and Skillman). More recently, Scofield15! has
- used a relativistic analogue of this procedure to calculate MgKo and AlKa
total subshell cross sections axi, ;=144 for all elements in the periodic table;
spin—orbit effects split each subshell into two j components with occupancy
2j+1. The use of such a cross-section tabulation in analyzing XPS spectral
intensities is discussed below in Section III.F.3.

"~ In general, it is found that for Av well above threshold, as is the case in
XPS measurements, transitions to //=/+1 are much more probable than
those to [f=[—1.126: 147 Thus, the term (/+ 1)R;;12(Ef) dominates the term
IRy 12(EY) in Eq. (87). Also, oni(Ef) is generally a decreasing function of
E? for hv well above threshold. However, large oscillations and minima in
the cross-section may occur as Av is increased above threshold.126, 146, 147
Such oscillations can be explained in terms of the changing overlap character
of an oscillatory Pni(r) and an oscillatory Pgf, 141(r) with changing E7.126
As Ef is increased, the effective wavelength of the radial oscillations in
Pg1, 111 decreases and the oscillations penetrate more deeply into the region
of non-zero Pri(r) “within” the atom. This effect is illustrated quantitatively
in Fig. 9 for continuum orbitals corresponding to emission from a C2p
subshell at Av=21-2, 40-8, 200, and 1486-6 €V, as calculated by Goldberg
and Fadley using the Manson/Cooper program. For a given Av, the matrix
element R;+1(E’) thus may consist of contributions due to the constructive
overlap of one or more lobes in Pni(r) and Pgf, 1+1. If, as Ef is varied, the
relative signs of the overlapping lobes change, R;11(Ef) may change sign,
and therefore at some kinetic energy intermediate between the sign change, a
zero or minimum in E;11(E7) and oni(Ef) can result. A corollary of this
argument is that atomic orbitals Pi(r) which exhibit no oscillations with r
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should show cross-sections which decrease smoothly with- increasing Ef
and exhibit no zeroes or minima.l26 Examples of such orbitals would be
ls, 2p, 3d, and 4f.

Comparisons of total cross-section calculations with experiment are often
made through the total atomic absorption coefficient for x-rays, which at
lower x-ray energies of <10 eV consists essentially of a sum over the several
subshell cross-sections. Such comparisons yield reasonably good agreement
between experiment and theory (~5-109%) -except near threshold where
hv e EyV(nl).187, 143, 145, 150, 152 Cooper and Manson!4? have also calculated
relative subshell cross-sections in XPS which compare favorably with the
experimental values of Krausel42 shown in Fig. 10.

Asymmetry parameter calculations have also been performed for various
atoms at the Manson/Cooper level, and the values obtained for Bni(Ef)
are also in reasonable agreement with experiment (~ +59%).147 Mansonl53
and Kennedy and Manson!4? have also pointed out that for certain subshells,
theory predicts that B.i(Ef) may exhibit large oscillations with Ef, Finally,
Reilman et al.154 have calculated B values spanning all elements in the periodic
table for the two common XPS x-rays MgK« and AlK«; interpolations in
this table can be made to any atomic subshell. Thus, the use of Scofield’s oy
values151 together with the B tables of Reilman et al.154 permits determining
a reasonably accurate differential cross-section for any situation encountered
in typical XPS experiments (even though it does represent a mixture of
relativistic and non-relativistic calculations). The data of Fig. 10 make it
clear that in order for comparisons of peak intensities in photoelectron spectra
to be meaningful, the angular geometry of the experiment must be known
and allowed for via da/dQ. Neglectmg the effect of the asymmetry parameter
is equivalent to assuming

doe o 04
0= 4. (CD)
a relationship that is only rigorously true for a “magic-angle” experimental
geometry with Pa(cos &) =0 or a«=54-74°,

A further important point in connection with atomic cross-sections is that,
for systems initially possessing an open shell, the calculations outlined above
will represent a sum of cross-sections leading to the various allowed final
multiplet states (generally describable as L, S terms).125 Provided that these
multiplets are degenerate, no observable effects are suppressed by such a
summation. However, in many cases of both core-level and valence-level
emission, these multiplets are resolvable from one another, so that some
procedure within a one-electron-transition model is needed for predicting
the partitioning of the cross-section into the various multiplets. For emission
from a closed inner subshell, the weight of each multiplet is just its total
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multiplicity,155 so that .
Intensity oc (257 4 1)(2L7 + 1) 95)

For emission from a partially-filled valence subshell, more complex expres-
sions involving fractional parentage coefficients arise; these have been
discussed in detail by Cox and co-workers,!5% 156.and by Bagus, Freeouf,
and Eastman.!57 These references include extensive numerical tables. It has

also recently been pointed out by Dill ez al.158 that for emission from a given

nl subshell By; may vary from mutliplet to multiplet, but such effects are
small enough to be neglected in first approximation.

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

3. Molecules and Molecular-orbital Studies. In general, less is known both
experimentally and theoretically about molecular cross-sections, primarily
due to the greater difficulty of accurately calculating either the initial-state
orbitals or especially the final-state orbitals involved.

For core-level emission to typical XPS energies of a few hundred eV or
more, the use of atomic subshell cross-sections is probably a very good
approximation at the level of a one-electron model of photoemission, because
the initial-state orbital is very little altered by chemical bonding and the
final-state hole is highly localized and atomic-like, thus leading to a con-
tinuum orbital with very nearly atomic properties. (At very low energies of
excitation, it is interesting to note however, that even core levels are predicted
to show cross-section resonances due to molecular geometry.16%) Based upon
theoretical calculations by Nefedov et al.,'6! changes in the magnitudes of
core-level cross-sections with ionization state are further expected to be very
small (~0-1% per unit charge), although in some cases such effects could be
significant.

In valence-level emission, the determination of cross-sections becomes more
complex. The initial-state orbital ¢ is usually written as a linear combination
of atomic orbitals (LCAO):

¢r= Y Caabar (96)

AX
in which k represents a symmetry label appropriate for the molecule (e.g.
20 Or lay in Og), ¢, is an atomic orbital (AO) for whieh 4 designates the
atom and A the symmetry (e.g. 4=oxygen and A=1s in Og), and the Caax’s
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are expansion coefficients. Such an LCAO description can be made at any of
various levels of accuracy, as is common in quantum-chemical calculations.:
The final-state orbital ¢/ presents more of a problem, however, as it must be
computed so as to take account of the full molecular geometry, even though
at high excitation energies and large distances from the center of mass it
will look very much like an atomic continuum orbital of the same kinetic
energy. Various approximations have been used for such final states in cross-
section calculations relevant to XPS: (1) A simple plane-wave (PW) of the
form exp (ik-r) has been used in several studies,162, 163 a]though it seems
doubtful that highly quantitative results can be achieved in this approximation
because the plane-wave is in no way sensitive to the true potential near the
atomic centers and neither is it properly orthogonal to the initial-state
orbital. By analogy with the atomic case, one would expect correct final states

‘to show behavior near the nucleus much like that shown in Fig. 9. (2) Plane-

waves orthgonalized to the occupied core- and valence-orbitals (OPW’s)
have also been utilized, for example, by Rabalais, Ellison, and co-workers,162
but doubts concerning their quantitative accuracy at high energies have also
been raised by Ritchie.184 Also, the use of either PW or OPW approximations
in the atomic case has been shown by Williams and Shirley65 to be grossly
inadequate. (3) Ritchie!®4 has used an expansion in terms of partial waves of
different / character, noting that the non-spherical symmetry of the molecular
geometry may mix these, introducing complexities not found in the atomic
case. (4) More recently, Dill,'¢0 Dehmer,!6% and Davenport16é have discussed
the use of the multiple-scattering X«!167 method in molecular cross-section

calculations and, at this point, it shows considerable promise of being able

to provide very useful and reasonably accurate numerical results. The
calculation of molecular cross-sections has been reviewed recently by
Dehmer,168 as well as by Huang and Rabalais!30 elsewhere in this series.

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

“Whatever initial- and final-state approximations are utilized, it is none-
theless a general consequence of the conservation of parity and angular
momentum that the overall form of the differential photoelectric cross-section
of a randomly oriented collection of Born—-Oppenheimer molecules exposed
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to unpolarized radiation will have the same form as that for the atomic
case,140. 168 namely, Eqs (89) or (93). The calculation of o and By proceeds
by a different method from that in atoms, of course. The UPS angular
distributions of a number of small molecules have been measured by Carlson
et al.169, 170 and they are found to follow the predicted form A4+ B sin2«,
with all members of each valence vibrational band showing very nearly
the same distinct 8 value (with a few exceptions perhaps indicative of a partial
breakdown of .the Born—Oppenheimer approximation).

As in atoms; molecular cross-sections for open-shell systems also may
represent emission into several non-degenerate multiplet states. Cox and
Orchard!55 have derived the relative probabilities of reaching different final
electronic states for emission from both filled and unfilled subshells. (A
specialization of their results to filled-subshell emission from atoms yields
Eq. (95).) : :

As a final general point concerning molecular cross-sections, it should be
noted that, although all of the foregoing results assumed random orientation,
the situation of surface chemical bonding on an atomically-ordered substrate
may yield a set of molecules with a definite orientation. Dill!7! has presented
a general theoretical formalism for evaluating such oriented-molecule
differential cross-sections, and Davenport!é¢ has performed numerical
calculations for oriented carbon monoxide based upon the X« method.
Primary emphasis in all such theoretical studies to date has been on ultra-
violet excitation, however.

In analyzing XPS emission from molecular valence levels, much use has
also been made of an approximation first suggested by Gelius.172 Although
originally derived by assuming a plane-wave final state exp (ik-r), a slightly
different procedure will be used here that both leads to the same result and

also automatically includes certain correction terms that are often omitted.

The initial-state molecular orbital (MO) ¢y is assumed to be of LCAO form
[Eq. (96)] with the implicit restriction (not always stated) that the atomic
orbitals ¢4, be reasonable representations of true atomic orbitals, hot just
single-radial-lobe basis functions, for example, of Slater or Gaussian type.
Consider a hypothetical final-state orbital ¢/ corresponding to Ef=hv— EyV(k)

that has somehow been determined with arbitrary accuracy. The matrix -

element for photoemission from the molecular orbital will then be given by

(x| pr>=<$/|r] AX;, Carxbar>

= Y Caule’|r|dar : 97

AX

The photoelectric cross-section will be proportional to the square of this
matrix element. If the atomic orbitals and LCAO coefficients are assumed to
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have been constructed as real, this square will be given by

[W[rlger[2= 3 % CarsCareid!|x|dar>#[r|$a>
= 5 [Can2 | rlgan
+2 ) % CaakCaridd? |t |aaXd'[r|dar> * (98)

AN
‘ (Ar>A'X) }

The MO cross-section thus depends on matrix elements between a true
molecular final state ¢/, and good approximations to atomic orbitals ¢4;.
The strongly attractive potential near each atomic center will furthermore
tend to make 4/ in the near-nuclear region look very much like the final-state
orbital for photoemission from an isolated atom at the same kinetic energy.
At XPS energies, the atomic continuum orbitals for all valence AO’s should

- furthermore be very similar in oscillatory behavior, as the kinetic energies

are all very close for a given hv. It can furthér be argued that it is the region
near the nucleus in which most of the non-zero contributions to the matrix
elements {¢f |r|¢,4,\> arise, because as the distance from each nucleus is
increased, ¢/ rapidly becomes an oscillatory function with periods of only
~0-35 A (the de Broglic wavelength A, of the photoelectron). This is
illustrated for C2p emission from atomic carbon in Fig. 9. Thus, it is only
near the nucleus that the initial-state AO’s have sufficiently dense spatial
variations to yield a largely non-cancelling contribution to the matrix element ;
in the diffuse, slowly-varying tails of the valence AO’s between the atoms, the
oscillations in ¢/ will yield an approximate cancellation in the matrix element
integration. (This same argument is made by Gelius!?? using the more
approximate plane-wave final state.) The squares of each of the matrix
elements in Eq. (98) are therefore expected to be approximately proportional
to the corresponding atomic cross-section :

|<¢’f|rl¢’A,\> l zmdaA/\(AO)/dQ
(f|r|par) oc £ (doay 40/dQ)* )
and the final result for the molecular cross-section can be rewritten as
da'k(MO)/dQOC Z l CA/\IC l z(do'A/\(AO)/dQ)
AX

or

+2 Y Y (£)CaarCarr(doa - A0/dQ) (e, 40/dQ)* (100)
a4
UA>4'X)

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

dop™MO/dQac Y | Carr|2(dosy40/dQ) (101)
A
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| C4ax |2 is the net population of atomic orbital AX in moleculariorbital .
In applications of Eq. (101), the net population is often replaced by the gross
population P 4, defined as

Payi=|Cark |2+ Y CarsCanildbar|dar (102)
&,

(A" #A4)

although Eq. (100) makes it clear that this is only a very crude way of allow-
ing for overlap affects. Discussions of additional theoretical complexntles
have also appeared in several studies.172-176

The model summarized in Eqs (101) and (102) has been used with reason-
able success in analyzing valence spectra of both molecules!?2: 173 and solids
in which quasi-molecular units (for example, polyatomic ions) exist.174-176 In
general, empirical relative atomic cross-sections are determined for atoms or
simple molecules, and then used, together with an LCAO calculation for the
system under study, to generate a theoretical spectrum. One such example for
CF4 is shown in Fig. 11, and it is clear that it correctly predicts relative
intensities to a very high accuracy.

CF,

4a, 3t, te it
194 4t21
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Fig. 11. Experimental XPS spectrum for the valence levels of gaseous CF4 (points) in
comparison with a theoretical curve based upon Egs (101) and (102). Relative atomic
subshell cross-sections were determined experimentally. MgK« radiation was used for
excitation. (From Gelius, ref. 172.)
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4. Solids and Valence-band Studies. X-ray photoemission from solids has
been very successfully analyzed in terms of a three-step model first utilized
in ultraviolet photoemission studies by Berglund and Spicer.1?? The steps
involved are: (1) a one-electron excitation occurring somewhere below the
solid surface from an initial-state orbital ¢ at energy E to a final-state orbital
¢f with an.energy Ef greater by Av, (2) electron transport via ¢/ to the surface,
during which elastic and inelastic scattering events may occur, and (3) passage
of the electron through the surface, at which a small potential barrier may
cause refraction or back-reflection to occur. The electron states involved are
generally assumed to be characteristic of the bulk material. The one-electron
energies E and Ef may be measured with respect to the Fermi energy, the

vacuum level, or some other reference; in any case Ef can be easily connected .

with the measured kinetic energy Eixin. An additional zeroth step involving
penetration of the exciting radiation to the depth where excitation occurs
might also be added to this model, but this has no significant consequence
for XPS except at grazing incidence angles for which significant refraction and
reflection begin to occur.1?. 178, 179 Ag x-ray photoelectron escape depths are
only of the order of 10-30 A, the assumption of an initial excitation involving
pure bulk electronic states might be questioned, and one-step theoretical
models in which the surface is explicitly included in the photoemission process
have been presented.18¢. 181 However, the bulk photoemission model correctly
predicts most of the features noted in both UPS and XPS measurements on
semiconductors and transition metals,?7- 182 and also permits separating out

the various important physical aspects of photoemission. The presence of-

distinct surface effects on the photoemission process cannot be discounted,
however,'32 with one much-discussed example being a surface-state peak
observed in UPS spectra and other measurements on tungsten.!83 Primary
emphasis here will be placed upon the excitation step in the three-step model,
as it contains those elements of the problem that are most clearly related to
the ground-state electronic structure of the system.

For emission from non-overlapping, highly-localized, core orbitals, the
use of an atomic cross-section (differential or total) is a reasonable approxi-
mation for predicting the excitation strength. For emission from valence
levels involved in only slightly overlapping quasi-molecular units, the methods
discussed in the last section can be used. For emission from highly-over-
lapping band-like valence levels, a distinctly different procedure is necessary,

-as outlined below.

In a crystalline solid, both initial and final orbitals will be Bloch functions
with wave vectors k and k7, respectively, so that ¢x(r)=d,(r)=u,(r) exp (ik 1)
and &f(r) = /(r)=us(r) exp ((k’-r), comsistent with Eq. (37). Such an
excitation is shown in Fig. 12 on a plot of one-electron potential energy
versus distance from the surface. In traversing the surface barrier, the electron
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Fig. 12. One-electron model of photoemission in a metallic solid, shown as an energy-
level diagram superimposed on the one-electron potential energy curve near the surface.
The initial and final states inside the solid are assumed to have Bloch-wave character.
Applicable conservation relations on energy and wave vector are also shown.

kinetic energy is reduced from its value inside the surface of Eyin’, ; by an
amount equal to the barrier height or inner potential V. Vg is generally
measured with respect to the least negative portion of the potential energy
inside the crystal which occurs midway between the strongly attractive atomic
centers. Detection of an electron propagating in a definite direction outside
of the surface implies a free-electron orbital ¢¢/(r)=C exp (IKf-r) with
-momentum P7=#K/, but it should be noted that K/ need not be precisely
equal to k7. One obvious source of a difference between K/ and k/ is refraction
effects at the surface barrier, which are only expected to conserve the com-
ponent of wave vector parallel to the surface (k,7=K /), but such effects
are rather small in XPS except for grazing-angles of electron emission with
respect to the surface.l? A convenient convention for describing the electron
wave vectors involved in such a transition is to choose the initial k to lie
inside the first or reduced Brillouin zone and the final kf to be expressed in an
extended-zone scheme. Thus, initial states at several different energies may
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possess the same reduced k value, but each final state is associated with a
unique k7 value.

The basic one-electron matrix element associated with the cross-section for.
excitation is most generally written as {¢,/|A-V|¢,>. This represents the

_ one-electron analogue of Eq. (60). It is then a simple matter to show!84 that

the translational symmetry properties of Bloch functions [Eq. (37)] imply
that this matrix element can only be non-zero when k and k' are related by a
reciprocal lattice vector g:

ki=k+g (103)
Transitions satisfying this selection rule are termed “direct”, and have been
found to be very important in the analysis of UPS spectra and other optical
absorption experiments from a variety of materials.57- 182 At the higher

- energies of excitation involved in XPS, it has been pointed out by Baird

et al185 that the wave vector Kk, associated with the exciting x-ray in XPS
has a magnitude sufficiently large that it must be mcluded in this wave-
vector conservation equation:

k’=k+g+kn (104)

For example, with hv=1486-6¢eV, |k/|~2n/A¢~19-7 A1 for valence
emission, |kav|=27/Ax0-7 A-1, and typical magnitudes of the reduced
wave vector are |k|<$2-0 A-L Transitions violating such selection rules are
termed “non-direct”, and can be induced in various ways, for example, by
interaction with lattice vibrations (phonons), by the introduction of ‘atomic
disorder, or by considering emission from very localized valence levels (for
example, rare-earth 4f) for which the localized initial and final hole states

" suppress the effects of translational symmetry. Shevchik18¢ has recently made

the important observation that phonon effects may lead to an almost total
obscuring of direct-transition effects in the XPS spectra of most materials
at room temperature. Phonons with a range of wave vectors Kpnonon are
created or annihilated during the excitation process in a manner completely

.analogous to thermal diffuse scattering in x-ray diffraction,'8? with the net

effect that only a certain fraction of the transitions are simply describable in
terms of Eq. (104) (for which Kpponon<k). This fraction is most simply
estimated from the Debye-Waller factor, as discussed in more detail in
Section VI.D.2. Further study of such phonon effects is needed to assess
quantitatively their importance, but they do appear to provide a likely
mechanism whereby all occupied k values can contribute to XPS spectra, even
if electrons are collected along only a finite solid-angle cone with respect to
the axes of a single-crystal in an angle-resolved: experiment (see further
discussion in Section VI.D.2).

- If it is assumed for the moment (as in most prior XPS studies) that derCt
transitions are important, the total rate of excitation of electrons to a given
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energy Ef will be given by a summation over all allowed k — k/ transitions
in which energy and wave vector conservation are satisfied. Also, for experi-
ments at non-zero temperature each transition must be weighted by the
probability of occuption of the initial state, as given by the Fermi function:

1
" exp [(E—Ep/kT]+]1

This function allows for the thermal excitation of electrons lying within
~kT of the lzermi level. Finally, each transition can be weighted by an avérage
probability 7 for escape without inelastic scattering or back reflection at the
surface, which will depend on both Ef and k/ and can be denoted T(E’, k/).
The average indicated is over various depths of excitation below the surface.
The final result will be proportional to the no-loss photoelectron spectrurﬁ
finally observed, and is thus given by

N(Ekin)=N(Ef+ A)=N(E+hv+A)
o 2 J[KIE) AV [AED[?

Occupie
bands

F(E)

(105)

x F(EYT(EY, W)S(Ef — E—h)3(k/ —~k—g~kn) &%  (106)

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

In evaluating the matrix elements in this equation to permit comparisons
with XPS spectra, Kono et al.17¢ have assumed an orthogonalized plane wave
for the final state ¢,f and a tight-binding (or LCAO) initial state ¢,. Similar
analyses have also been carried out more recently by Aleshin and
Kucherenko,!88 and in Section VI.D.2, the application of a simpler form of
this model to the analysis of angle-resolved XPS valence spectra from single
crystals is discussed.

Several basic simplifications of Equation (106) have often been made so as
to obtain a rather direct relationship between observed XPS spectra and the
initial density of electronic states p(E).82 Most of these simplifications cannot
be made in considering UPS spectra, by contrast. The average no-loss escape
function T(EY, kf) will be essentially constant for all of the high-energy
electrons in the XPS valence spectral region, and so can be eliminated. In
UPS however, T(E’, k¥) can vary considerably over the spectrum. The Fermi
function produces only relatively small effects within ~ + kT of the Fermi
energy, so that in either UPS or XPS carried ouf_at or below room tem-
perature, it is adequate to set it equal to a unit step function. A further
simplification that can be justified in several ways for XPS but not UPS is
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that the summation and integration in Eq. (106) ultimately yield for a poly-

crystalline specimen a result of the approximate form
N(Extn) <& 5(hv)p(E) (107)

iI‘I which Gg(hv) is a mean photoelectric cross section for the initial states at
energy E and p(E) is the density of occupied initial states at energy E. The
steps in this justification involve first noting the highly free-electron character
of the very high energy final states in XPS (that is ¢, s~ exp (ik/ r)). Because
the free-electron deusity of states is proportional to (E7 ), this results in an
essentially constant total density of final states into which valence emission

can occur.82 Furthermore, the relatively short electron mean free paths in -

XPS have been argued by Feibelman and Eastman!$! to introduce an
uncertainly-principle smearing in the surface-normal component. of k/ that
is larger than the mean Ak spacing between final-state bands at a given energy,
and so permits all initial states in a polycrystalline specimen to be equally
involved in direct transitions as far as k-conservation is concerned. Phonon
effects also may lead to a uniform sampling of all initial states, as suggested
by Shevchik.!86 Finally, Baird, Wagner, and Fadley have carried out model
direct-transition calculations for single crystals of Aul85 and Al'# in which
all matrix elements were assumed -to be equal and the only kf smearing
included was associated with a finite spectrometer acceptance aperture;
summing spectra predicted for all mean emission directions with respect to
the crystal axes gave results essentially identical to the density of occupied
states, suggesting again that all initial states are equally sampled. Thus, there
are several reasons to expect XPS spectra from polycrystalline materials to
have a form given approximately by Eq. (107).

XPS has been utilized to study the valence electronic structures of many
solids.82. 190-193 Examples of comparisons between experiment and theory
for. the three principal classes of solids (metal, semiconductor, and insulator)
are shown in Figs 13,191 14,192 and 15.193 Here, total densities of initial states
p(E) are compared directly with experiment, in some cases after a suitable
broadening has been applied to theory to simulate natural and instrumental
linewidth contributions. These comparisons show that all of the main features
noted in the experimental spectra are also seen in the theoretical densities of

states, although peak intensities are not always well predicted, probably due

to non-constant cross-section effects. For example, in Fig. 15, the dotted curve
indicates an empirical estimate by Ley et al1% of the relative cross-section
variation that would be necessary to yield agreement between experiment and
Eq. (107) for diamond. The form of this curve is furthermore consistent with
the increasing C2s character expected toward higher binding energies in the
diamond valence bands, as the C2s atomic cross-section is expected to be
considerably larger than that for C2p.*5! Similar conclusions have also been
N
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reached for diamond in a recent more quantitative calculation of the matrix
elements involved.188 Cross-section.variations over the valence bands thus
clearly can play an important role in the analysis of such XPS data, but it is
very encouraging that observed peak positions in general agree very well
with those in the density of states. Thus, XPS has proven to be a very direct
method for studying the density of states.

In summary, for studies of densities of states in solids, both UPS and XPS
exhibit certain unique characteristics and advantages. Somewhat better
resolution is possible in a UPS measurement, primarily due to the narrower

1 , 1 . ) L .
8 6 4 2 0
BINDING ENERGY (eV)

Fig. 13. XPS valence spectrum for polycrystalline silver excited by monochromatized
AlK« radiation in comparison with a theoretical density of states. Curve a is the raw XPS
data, curve b is the data after a smooth inelastic background correction has been sub-
tracted, and curves ¢ and d represent two different lineshape broadenings of the total theo-
retical density of states according to Eq. (158). These broadenings thus include effects due
to both lifetime and shake-up type excitations in the metal. Note the steep cut-off in the data
near Ex=0, which can be used to determine the instrumental resolution function. (From
Barrie and Christensen, ref. 191.)

radiation sources presently available. Also, UPS spectra contain in principle
information on both the initial and final density of states functions, together
-with certain k-dependent aspects of these functions. The interpretation of an
XPS spectrum in terms of the initial density of states appears to be more
direct, however. Also, the effects of inelastic scattering are more easily
corrected for in an XPS spectrum (cf. Section II.E). Finally, the two techniques
are very complementary in the sense that they are controlled by cross-sections
which may have different relative values for different bands, thereby providing
further information on the types of states involved.
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Fig. 14. XPS valence spectrum for a silicon single crystal cleaved in vacuum (points),
together with a calculated total density of states -(bottqm -curve),; aqd a density of stgte;
broadened by the instrumental resolution functlor}. Excitation was with monoc_hromatlze
AlKo. The spectrum has been corrected for inelastic scattering. The energy locations of state

density primarily due to various high-symmetry points in the reduced Brillouin zone are
also indicated. (From Ley et al., ref. 192.)

E. Inelastic Scattering in Solids

Inelastic scattering acts to diminish the no-loss photoelectron current for
any type of specimen (gas, liquid, or solid). The processes invqlved can be
one-electron excitations, vibrational excitations, or, in certain solids, plasmon
excitations. As it is in measurements on solids that inelastic scattering plays
the most significant role in limiting no-loss emission to a mean defpth of only
a few atomic layers, only such effects will be considered in detail here.

)
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Fig. 15. Valence spectrum for diamond (points) in compari i i
ilenc parison with a calculated densit
of states (sc_)hsl htstggram). The dotted curve is an empirical estimate of the mean cxl'](s);s):
section variation with energy that would be required to reconcile the spectrum and the
dtt:.nsnty o_f states accgrdmg to Eq. (107). Also shown in the lower portion of the figure is
the detailed theorgtlc.al band structure along various high-symmetry directions in the
reduced zone..The u}cndent radiation was monochromatized AlK«. The spectrum has been
corrected for inelastic scattering. (From Cavell et al., ref. 193.)

Inelastic scattering in solids is generally discussed in terms of a characteristic
length for decay of the no-loss intensity. Specifically, if a monoenergetic flux
Ny at energy Exin is generated at a given point, the no-loss flux N remaining
after traveling a distance / is assumed to be given by an exponential decay law

N=Ngexp [—I/Ae (Exin)] (108)

where Ae is termed the electron attenuation length, mean free path, or
penetration depth. Implicit in this definition is the idea that inelastic scattering
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_ occurs after photoelectron excitation by means of what are often referred to

as “‘extrinsic” loss processes. “Intrinsic” losses can however occur during
excitation19? and are discussed further in Section VL.B.

Such attenuation lengths are usually determined by measuring Auger or
photoelectron peak intensities from uniform overlayers with varying thick-
nesses comparable in magnitude to Ae. Powell20 and Lindau and Spicer?!
have recently presented very thorough reviews of attenuation length measure-
ments in the 40-2000 eV range of most interest in XPS, and an on-going
compilation of Ae values is also available through the National Physical
Laboratory, U.K.195 Powell’s summary of experimental values obtained in
various studies is shown in Fig. 16. (Note the log-log scales.) All data points
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Fig. 16. Summary of experimental values for the electron inelastic attenuation length Ae
for various solids. (From Powell, ref. 20.)

lie roughly on a common curve, which has been termed the “universal curve”
of attenuation lengths (although it should be noted that it is universal to
within only a factor of two to five). Extending a plot such as Fig. 16 to lower
energies?! reveals a minimum in Ae at ~30-100 eV and an increase at lower
energies corresponding to typical UPS experiments. Thus, surface sensitivity
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is a maximum in the 30-100 eV kinetic-energy range. For the log-log plot
of Fig. 16, the higher energy data are fairly well described by a single straight
line that ultimately y_ields an empirical energy dependence of the form

A o(Exin) oC (Extn)0 52 . (109)

This relationship is useful in rough estimates of A variation from peak to

peak in a given specimen, although between different materials it is certainly

not very reliable. ,

Powell?® and Penn!% have also recently discussed various theoretical
models that can be used to predict attenuation lengths at XPS kinetic
energies in terms of microscopic system electronic properties. Penn divides
the attenuation length up into two parts involving core- and valence-level
excitations according to a reciprocal addition procedure expected if the two
types of losses are independent of one another:

! ! -+ ! (110)

Ae, total Ae, core Ae, valence

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

Ni. [4Eu
Ae, core=255x 10-8 MEyin / oY E In [T;_n] (111)
i i

in which M is the atomic or molecular weight of the solid, Ex;n is in electron
volts, p is the density in g/cm3, N; is the number of electrons in the ith
subshell at energy E;, and AE; is the mean energy loss involving these electrons
(always greater than E;=FEpF(i)). Ae, valence is determined by assuming that
plasmon excitations are the dominant loss processes,196 a situation that can
also be shown to yield an overall relationship very similar to Eq. (111),20
and the final results permit estimating XPS A, values for all elements and
compounds, albeit by means of a rather simplified model. In connection with
such estimates, it is expected that ratios of Ae values for a given element or
compound will be much more accurately determined than absolute values;
this is a very useful result, as it is such ratios that are involved in quantitative
analyses of homogeneous systems by XPS, as discussed further in the next
section.

As a final comment concerning electron attenuation lengths, it has also
been pointed out by Feibelman97?. 198 that A, may vary in magnitude from
the bulk of a specimen to its surface because of changes in the dominant
mode of extrinsic inelastic scattering (for example, from bulk- to surface-
plasmon excitation). Thus, A, need not be an isotropic constant of the
material, although it does not much deviate from this for a free electron
metal.197
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F. Photoelectron Peak Intensities

1. Introduction. The quantitative interpretation of x-ray photoelectron
peak intensities requires developing a model for predicting their magnitudes
from various properties of the excitation source, specimen, electron analyzer,
and detection system. Detailed discussions of such models have been
presented previously by Krause and Wuilleumier?? for emission from gases -
and by Fadleyl? for emission from polycrystalline solids. A brief outline of
the essential assumptions involved will be presented here, followed by a
summary of several important special cases for emission from solids in the
next section. : :

In general, the photoelectron peak intensity Ny produced by subshell &
can be calculated within a three-step-like model by integrating the differential
intensities d Ny originating in the various volume elements of the specimen.
Each of these differential intensities can be written as the following product,

‘in which x, y, z denotes position within the specimen:

ANp— [X-ray flux ] g [Number of atoms (molecules)]

atx,y, z indx dydz
[ Differential cross- y Acceptance solid angle of
% | section for k subshell electron analyzer at x, y, z
Probablhtg for r;o;lcqssen Instrumental
x escape 1ror specim x detection (112)
with negligible .
. efficiency
direction change

In most spectrometer systems, a non-monochromatized x-ray source with
a broad flux emission pattern is utilized, and for this case it is reasonable to
set the x-ray flux equal to some constant value I over the entire specimen
volume that is active in producing detectable photoelectrons. This assumption
is valid because the exciting radiation is attenuated much more slowly with
distance of travel into the specimen than are the electrons as they escape from -
the specimen. Thus, the region active in producing no-loss electrons is
exposed to an essentially constant flux. Exceptions to this situation are mono-
chromatized x-ray sources for which a focused beam is produced,” as well
as grazing-incidence experiments on solid specimens in which x-ray refraction
at the surface much increases the x-ray attenuation with distance below the
surface.1?> 178, 179 Neither of these special cases will be considered further
here, but refraction effects are discussed in Section VI.C.

The acceptance solid angle Q of the electron analyzer will vary over the
specimen volume, becoming zero for those points from which -emission is
totally prohibited by the electron optics. Q, as well as the effective specimen
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area A over which Qs0, also may vary with electron kinetic energy, as
discussed previously in Sections II.C.1 and II.C.2. '

The probability for no-loss escape from the specimen, which can in the
present context be written as T(Eyun, k¥, x, y, 2), is most simply given by an
expression such as Eq. (108) involving the electron attenuation length,
provided that elastic scattering events that change direction but not energy
are neglected. k7 thus specifies the direction of electron motion along the path
length [ from the excitation point x, y, z. In gases, such an escape probability
must also take into account variations in density (and thus also A¢) along
the electron trajectories. _

The instrumental detection efficiency D¢ is defined to be the probability
that a no-loss electron escaping from the specimen in a direction encompassed
by the acceptance solid angle will yield a single final count (or equivalent
current). This efficiency thus allows for all non-idealities in the analysis and
detection system, and it can also depend on Exin.

If the atomic or molecular density in cm—2 is denoted p(x,y, z), the
differential intensity element thus becomes

d
dNp=1Io: p(x, y, z) dx dy dz-d_‘;’;-Q(Em, X, 3, 2)

T(Exin, K, x, 3, 2)- Do(Exin)  (113)

. or for a uniform-density, but bounded, specimen:
d
dNg=1Io-p dx dy dz-%‘ -Q(Exin, X, ¥, Z)

exp [—I/Ae(Exin)]- Do(Ekin)  (114)

where [ is the path length to escape from the specimen surface into vacuum.

2. Peak Intensities from Solids. With a few simplifying assumptions, Eq.
(114) is readily integrated to obtain useful-expressions for total peak intensity
N for the idealized spectrometer shown in Fig. 17.17. 178 The specimen
surface is assuméd to be atomically flat. The specimen is taken to be poly-
crystalline to avoid single-crystal anisotropies in emission200 (see discussion
in Section VI.D.1). An exponential inelastic attenuation law as in Eq.
(108) is assumed, and elastic electron scattering effects are neglected.
For a given kinetic energy, the electron spectrometer is further assumed to
act as though a mean solid angle Qg is applicable over all specimen volume
included in the projection of an effective aperture 4o along the mean electron
emission direction (dotted lines in Fig. 17). Both Q¢ and 4o may be functions
of the kinetic energy Fixin. The mean emission direction is assumed to be
at an angle & with respect to the surface. The exciting radiation is incident at
an angle ¢, with respect to the surface, and, due to refraction, the internal

X-RAY PHOTOELECTRON SPECTROSCOPY _ 71
Eo
e‘ Ao ? _'n'o
3 { &

Fig. 17. Idealized spectrometer geometry for calculating photoelectron peak intensities
from solid specimens. :

angle ¢’ may be less than ¢,. Such refraction (and reflection) effects only
occur for ¢;<1°178, 17 and will not be included here, although they are
briefly discussed in Section VI.C. The angle « between the mean incidence-
and exit-directions is held fixed at between approximately 45° and 105° in
most current XPS spectrometers.

Within the approximations quoted above (which are very nearly achieved
in a number of practical spectrometer systems), it is possible to derive intensity
expressions for several important cases: 17178, 201

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

Ni(6)=ToQo(Ex)Ao(Ex)Do(Ex)p doi/dQ A(Ex) (115)

This case corresponds to an optimal measurement on a homogeneous
specimen for which no surface contaminant layer is present. The expression
given permits predicting the absolute peak intemnsities resulting for a given
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specimen, or, of much more interest in practice, the relative intensities of the

various peaks. If absolute intensities are to be derived, then the incident flux
Iy must be détermined, as well as the kinetic energy dependences of effective
solid angle Qg, effective specimen area Ao, and detection efficiency De. In
relative intensity measurements in which the quantity of interest is Ny/Nk,
for two peaks k and k', Ip will cancel, although Q¢49D¢ need not due to its

kinetic energy dependence. The density p of the atoms or molecules on which

subshell £ or £’ is located may be known beforehand, or may also be the
desired end result in quantitative analyses using XPS. The differential cross-
section dox/dQ can be calculated by the various methods discussed in
Sections II1.D.2-111.D.4. For core levels, the tabulations of oi; by Scofield,t5!
combined with the 8,; values given by Reilman e al.,*3¢ provide a suitable
means for estimating dox/dQ with good accuracy within the framework of a
one-electron-transition model. Possible effects of multi-electron processes
on the use of such cross-sections are discussed in Sections III.D.1 and V.D.
Within a given specimen, Ae(Ex) can be estimated from Penn’s treatment,191
or, more simply, its dependence on kinetic energy can be assumed to follow
the empirical square-root dependence of Eq. (109). Note that there is no 8
dependence in N within this simple model, a prediction that has been
verified experimentally by Henke ;178 this behavior is expected to hold as long
as 0 is not made so small that the edges of the specimen lie within the
aperture 4o.17. 222

(b) Specimen of thickness ¢, atomically clean surface, peak k with Exin= FEy:

Ne(0)=10Qo(Ex)Ao(Ex)Do(Ex)p dor/dQ Ae(Ek)
x [l —exp (—t/Ae(Ey) sin 6)] (116)
Here, the intensity of a peak originating in a specimen of finite thickness is
predicted to increase with decreasing 8 (again with the proviso that 8 not be
so small that the specimen edges lie within A4o).
(c) Semi-infinite substrate with uniform overlayer of thickness —
Peak k from substrate with Eyjn=Ex:
Ni(0)=10Q20(Ex) A o(Ex) Do(Ex)p dor/dQ Ae(Er)
xexp (—#Ae'(Ex)sin8) (117)
Peak I from overlayer with Exin=E:
N(O)=10Qo(E)Ao(E)Do(Er)p’ doy/dQ Ae'(Er)
x[1—exp (—t/Ae'(Er) sin §)]  (118)
where
Ae(Er)=an attenuation length in the substrate

A¢'(Ex)=an attenuation length in the overlayer
p=an atomic density in the substrate
p’=an atomic density in the overlayer.
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Overlayer/substrate ratio:

N(O) Qo(E)Ao(Er) Do(Er)p’(dor/dQ)A o' (Er)
Ni(6) Qo(Ex)Ao(Er)Do(Er)p dor/dQ Ae(Er)
x [1—exp (—t/Ae'(Ei) sin 8] exp (¢/A%'(Ex) sin 6 (119)

This case represents a much more common experimental situation in which
the primary specimen acts as substrate and possesses an intentional or
unintentional contaminant overlayer (for example, oxide on a metal or a
layer deposited from the spectrometer residual gases). Substrate peaks are
attenuated by inelastic scattering in the overlayer, an effect that is much
enhanced at low 6. The overlayer/substrate ratio is thus predicted to increase
strongly as 6 decreases, an effect that suggests a general method for increasing
surface sensitivity by using grazing angles of electron escape; such angular-
dependent studies-are discussed in more detail in Section VI.B.

(d) Semi-infinite substrate with a non-attenuating overlayer at fractional
monolayer coverage—Peak k from substrate: Eq. (115).

Peak [/ from overlayer:

Ni(8)=TIoQ0(Er) Ao(E)Do(Er)o’ (dor/dQ)(sin §)-1 " (120a)
Overlayer/substrate ratio: ' ’
Ni(6) Qo(E1)4o(E))Do(Er)s’(doi/dQ)

Ni(®)  Qo(Ex)Ao(Ex)Do(Er)s dok/dQ (Ae(Er) sin 6/d)

_ [s_’ :I ) Do(EDNQo(E)Ao(Er)(dor/dQ)d (120b)
s Do(Ek)Qo(Ek)Ao(Ek) doy/dQ Aesin 6 ‘y

with
s"=the mean surface density of atoms in which peak / originates in

cm—2
s=the mean surface density of substrate atoms in cm—2

s'[/s=the fractional monolayer coverage of the atomic species in which
peak [ originates

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

These expressions are useful in surface-chemical studies at very low exposures
to adsorbate molecules (s/s < 1), as they permit an estimation of the fractional
monolayer coverage from observed peak intensities. The assumption of no
inelastic attenuation in the overlayer is an extreme one, but is justified because
the macroscopic Ae' of case (c) is both difficult to estimate and dubious in its
application to such thin, non-macroscopic layers, and also because it repre-
sents a correct limiting form for zero coverage. -
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The basic model presented here assumes an atomically-flat surface. As this
will obtain only very rarely in.actual experiments, assessments of the potential
effects of surface roughness on XPS peak intensities have been made by
Fadley et al.l% 202 It is found that roughness can appreciably affect both
_ absolute and relative intensities, especially for systems with inhomogeneity
as measured vertical to the surface,1?- 203 with much depending upon the
dimensional scale of the roughness relative to the attenuation lengths for
x-rays and electrons involved. Roughness effects on angular-resolved
measurements are discussed further in Section VI.B, and in considerably
greater detail in other sources.17. 202, 203 X '

As a final comment concerning the equations presented here, it should be
noted that, for complete generality, an angle-dependent instrument response
function R(Ex, ) must be included as a further factor in all of Eqs (115)-
(120). The definition and determination of this response function are discussed
elsewhere.17 202 It is unity for the idealized geometry treated here (as long as
8 is not too small). It has also been calculated and measured for one parti-
cular spectrometer system.?4 A further important property of this function is
that it will generally be only weakly dependent on kinetic energy, and so will
cancel to a very good approximation in peak intensity ratios obtained at a
given angle 6. Thus, relative intensity measurements can be made in most
cases without the necessity of evaluating the instrument response with 6.

3. Applications to Quantitative Analysis. The first detailed experimental
tests of the simplest model for intensities originating in a uniform specimen
represented by Eq. (115) above were carried out by Nefedov er al.16! and
Carter et al.204 The study by Carter et al. made use of Eq. (94) to avoid the
need of evaluating symmetry parameters, Eq. (109) for the energy depéndence
of attenuation lengths, and an empirically-determined instrument factor
Qo(Ex)Ao( Ex) Do Ex). The Scofield calculations!5! provided the cross-sections
required. Theoretical relative intensities were calculated for subshells in a
number of elements and comparisons were made with several sets of experi-
mental data, including tabulations of measured relative intensities (or
elemental sensitivities) by Wagner205 and Jorgensen and Berthou.20¢ In
general, agreement to within + 109/ was found. Powell and Larson20? have
more recently considered the use of the same model from a somewhat more
exact viewpoint, including a discussion of potential errors associated with
determining experimental peak areas that are directly relatable to all of the
processes involved in the differential photoelectric cross-section. Specifically,
from 20 %, to 50 % of the one-electron differential photoelectric cross-section is
expected to appear as low-energy satellite intensity due to many-electron
effects (cf. discussions in Sections IILF.1 and V.D.2). All of the factors in
Eq. (115) were considered in detail, with the most accurate approximations
being made whenever possible; for three pure compounds with carefully
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cleaned surfaces, the agreement between experimental and theoretical relative
intensities was ~ +59%. Thus, there are good reasons to be optimistic that
XPS can be used for quantitative analyses of well-prepared homogeneous
specimens with this accuracy. For systems exhibiting inhomogeneity near the °
surface (for example, a substrate/overlayer geometry), additional problems
are encountered because at least two regions are involved, but, especially
when coupled with angular-dependent measurements,'? accuracies of
~ +109% again seem achievable (see also discussion in Section VI.B). Thus,
XPS does have considerable analytical potential, particularly as a near-surface
probe that is at least complementary to, and probably somewhat more
quantitative -and less destructive - than, electron-excited Auger electron
spectroscopy (AES). Powell208 has recently comparatively reviewed the use
of XPS and AES in surface analysis.

IV. CORE ELECTRON BINDING ENERGY SHIFTS

A considerable fraction of XPS studies to date has been involved primarily
with the precise measurement of core electron binding energies, and in
particular with the measurement of chemical shifts in these binding energies.
Such chemical shifts in fact provided much of the recent impetus for the
development of XPS.3 The technique is rather uniquely qualified for such
studies, as the usual x-rays utilized (MgKa=1254 ¢V and AlK«= 1487 V)
can penetrate to levels well below the vacuum level. The more common
ultraviolet radiation sources presently limit UPS to valence levels and weakly
bound core levels within ~40 eV of the vacuum level, on the other hand.
Synchrotron radiation is also now beginning to be used to excite outer core
levels with EpV <300 eV,15,209

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

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

(2) various possible values for the final state energy Ef(N—1, K), as
represented for example by multiplet splittings, multi-electron effects, or
vibrational broadening (see Section V), and

(3) unresolvable chemically-shifted peaks.

For the present discussion, the final-state: complexities of item (2) will be
neglected so as to yield a description analogous to that for a simple, closed-
shell system. The most important instrumental sources and their typical




76 C. S. FADLEY

magnitudes are:

(1) the exciting x-ray linewidth (approximately 1-0 eV for AlK« w1thout

monochromatization and approximately 0-4 eV with),

(2) the finite resolving power of the electron spectrometer (for example,

0-3 eV for 0-03 9 resolution at Exin= 1000 eV), and
(3) non-uniform charging of the specimen (variable magnitude, as dis-
cussed in connection with Eq. (2)).

The minimum core linewidths observed to date have been a few tenths of an
€V.41, 210 Thys, provided that the various inherent sources of linewidth and
non-uniform charging are not too large, it is possible in principle to measure
chemical shifts of the order of 0-1 eV between two or more photoelectron
peaks resulting from emission from the same subshell.

If the same atom A is considered as existing either in two chemically
inequivalent sites in the same compound labelled 1 and 2 or in two different
compounds which can be similarly labelled 1 and 2, then the chemical shift
AE}y of the k electron binding energy can be written simply as the difference
of two binding energies. For gaseous spemmens with vacuum-referenced
binding energies, this means that

AEvY(4, k, 1-2)=(Ev¥(k))1— (Eb¥(K))z
=(Exin)2— (Exin)1 (gases) 121

where 4, k, 1-2 represent the minimum number of parameters required to
specify a chemical shift, that is, the atom and level, and the two chemical
sites or compounds involved. Here, we have neglected charging effects. For

solids with Fermi-referenced binding energies, the corresponding equation is”

AEWF(4, k, 1-2)=(Eb¥(k))1— (EvF(k))2
= (Ekin)z - (Ekin)l + (¢sp ect)Z - (¢spect)1 + ( Vc)z - (Vc)l (122)

where possible effects due to spectrometer work function chaﬁges or
differences in charging potential have been included. Provided that both of
the latter effects are negligible, Eq. (122) simplifies to a form identical to that
of Eq. (121),
AEbF(4, k, 1-2)=(Ev*(k))1— (Ev¥(K))2
=(Exin)2— (Exin)1 (solids) (123)

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

AEwY(4, k, 1-2)=AEv*(4, k, 1-2)+($s)1—($s)2 (124)
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Thus, in directly comparing vacuum-referenced theoretical calculations and
Fermi-referenced experimental values, it is required to neglect the work
function difference between the two solids, (¢s)1—(¢s)2. In most work to
date, no serious effects of work function differences have been observed,
although there is generally more scatter on a plot of measured chemical
shifts against calculated chemical shifts for solids than on a corresponding
plot for gases.?: 4. 7. 211 This additional scatter could be connected with
reference level effects or specimen charging or both. Both of these effects
deserve further study.

The theoretical interpretation of core-level chemical shifts has been

attempted at various levels of sophistication, with each level providing a

certain degree of agreement with experiment and interpretive utility. Several
reviews of these procedures have been presented previously,?: 4. 7, 8, 109

"and therefore only a brief outline of the most important models, their uses,
and their limitations will be given here. These procedures will be considered

in approximate order of descending accuracy. From the outset, it is clear that
the major goal of such analyses is to derive chemically-significant information
concerning the initial state electronic structure of the system. Various final-
state complexities (see Section V) can tend at times to obscure the initial-
state chemical information, but it has nonetheless proven possible to derive
it relatively straightforwardly for a number of systems.

The most accurate calculation of any binding energy shift must in general
involve determining two binding energies, or a total of two initial-state
calculations and two final hole-state calculations. The possible errors in shifts
are thus approximately twice as large as for a single binding energy when
calculations are performed at a given level. Various procedures for calculating
binding energies have already been discussed in Sections III.A and IILB.
Relative to a Koopmans’ Theorem approach, corrections due to relaxation,
relativistic, and correlation effects must be considered, as summarized in
Eq. (55). A chemical shift in such binding energies between two chemically-
inequivalent sites or compounds labelled 1 and-2 is thus

AEvY(4, k, 1-2)=(Ep" (k)1 — (Ev¥(K))z
= —(ex)1+ (ex)2—(8Eretax)1 + (8 Eretax)2
+(8Ere1at)1 — (8Eretat)z + (8 Ecorr)1 — (8 Ecorr)2
or
AEwYV(A4, k, 1-2) = — Aex— A(8Eretax) + A(8Eretat) + A(8Ecorr)  (125)

\
In view of the physical origins of the relativistic and correlation corrections
for a given core level, they will tend to have values of approximately the

" same magnitude from one site or compound to another. The same should

also be true, but probably to a lesser degree, for relaxation corrections. Thus,
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in many cases, it would be expected that A(SEre-mx), A(8Ere1at), and A(8Ecorr) -

would be considerably smaller in magnitude than the individual corrections
to either (EpY(k))1 or (EpV(k))e, and therefore that the Koopmans® Theorem
value —Aez would represent a quite good approximation to the chemical
shift AE,YV(A, k, 1-2).105 (This need not always be true, however, and we
discuss both below and in Section V.B a few special examples in which
A(8E;renax) is very large.) For similar reasons, the quality of the wave function
utilized in obtaining e is often not as critical as might be imagined. That is,
approximate wave functions with the same degree of self-consistency for
both systems 1 and 2 may yield a reasonably accurate value of Aeg (which is,
after all, a small perturbation primarily due to changes in valence electron
charge distribution). Thus, the use of Koopmans’ Theorem in conjunction
with various approximate calculation procedures such as minimal-basis-set-
or double-zeta-basis-set Hartree—-Fock calculations has met with success in
analyzing much chemical shift data. It appears that molecular wave functions
of double-zeta quality can be utilized to predict chemical shifts from —Aeg
which agree with experiment to within ~ + 1 eV for a carefully-chosen set
of molecules not too much different in size, in spite of the fact that the orbital
energies for such levels as Cls and Nls tend to be as much as 10-20 eV
higher than the experimental binding energies due to relaxation. In Fig. 18,
experimental Cls binding energies for different gaseous molecules are
compared to ls orbital energies from various theoretical calculations of
roughly double-zeta accuracy. Although the two scales are shifted relative to
one another by about 15 eV, the points lie very close to a straight line of unit
slope. Thus, for sets of molecules chosen to minimize A(8Eretax), A(8Erelat),
and A(8Ecerr), chemical shifts should be calculable from these orbital energies
with an accuracy roughly equal to the scatter of points about the straight
line or +1 eV.%. 8,109

Although the use of Koopmans’ Theorem imr estimating binding energy
shifts from reasonably accurate molecular-orbital calculations can thus be
expected to yield fairly reliable values for well-chosen compounds, it is
especially important to be able to include the effects of relaxation in such
calculations. Such effects are treated in more detail in Section V.B, but at this
point it is appropriate to mention a calculation procedure that lies inter-
mediate between those of Koopmans’ Theorem and doing accurate SCF
calculations on both initial and final states. This method was developed by
Goscinski et al.212. 213 gpd is termed the transition-state or transition-
operator method. In this method, relaxation effgcts are allowed for to second
order in perturbation theory by solving a set of Hartree~-Fock equations in
which the Fock operator on the left-hand side of Eq. (42) is ddjusted so as to
involve an effective 1/2 occupation number as far as electron-electron inter-
actions involving the kth spin-orbital from which emission is to occur. For
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Fig. 18. Plot of carbon 1s binding energies calculated via Koopmans’ Theorem against
experimental binding energies for several carbon-containing gaseous molecules. For some

. molecules, more than one calculated value is presented. The slope of the straight line is

unity. The two scales are shifted with respect to one another by 15 eV, largely due to

~ relaxation effects. All of the theoretical calculations were of roughly double-zeta accuracy

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

the fictitious “transition state” thus calculated for each initially-occupied
spin-orbital, negatives of the one-electron energy eigenvalues yield estimates
for binding energies that should include relaxation effects to second order.
Comparisons of core- and valence-electron binding energy calculations for
He, Li, Be, Ne, and Ar 212, 213 do indeed show that this method yields results
in very good agreement with the more laborious procedure of calculating and
subtracting accurate total energies for both the initial and final states.

The next approximation moving away from the Koopmans’ Theorem

" method for calculating chemical shifts is the potential model that was used in
* the earliest quantitative discussions of chemical shifts by Siegbahn ef al.3 and

Fadley et al.105 In this model, the interaction of a given core electron with all
other electrons and nuclei in a molecule or solid is divided into an intra-
atomic term and an extra-atomic term. Furthermore, the assumption is made
that each atom in the array has associated with it a net charge consistent with




80 : C. S. FADLEY

overall electroneutrality. These net changes thus account in some way for
the displacement of electronic charge which occurs in the formation of
chemical bonds. In very covalent systems, this model is of questionable
utility, but several variations of it have been applied to a wide variety of
systems with considerable success.3. 4, 105, 214-219 More recently, it has been
termed a ground-state-potential model (GPM)213 to emphasize its usual
neglect of final-state effects (especially relaxation). Consider an atom A with
a charge ¢4 situated in an array of atoms to which it is somehow bonded.
The binding energy of the kth electron in this atom can then be expressed
as a sum of two terms, one intra-atomic free-ion term and one extra-atomic
potential:

EnV(k) =EvV(k,q4)+ v ' (126)
Compound Free ion of Potential due i
charge g4 to all other atoms

The first term is a binding energy for the kth electron in a free-ion of charge g4
and the second term is the total potential due to all other atoms in the array.
The first term might be evaluated by means of a free-ion Hartree—-Fock
calculation, for example (although much simpler procedures for dealing with
it will also be discussed). The simplest way to calculate the second term is to
assume that the other atoms behave as classical point charges in creating the
potential V. Thus, '

y=er 7 L (127)
iza 1A
where the summation is over all atoms except that of interest in the array. If
the array is a crystal, then V represents a convergent infinite sum that is
closely related to the Madelung energy of the solid.105 Thus, both terms in
Eq. (126) may be relatively easy to obtain for a number of systems. Calcu-
lating a chemical shift using Eq. (126) gives

AEwY(A, k, 1-2)=Ev¥(k,q4, 1) —EvV(k,qa,2) +V1— V2 (128)

where g4, 1 and ¢4, 2 are the net charges on atom A4 in the sites 1 and 2,
_ respectively. It is instructive to consider the predictions of this model for
several simple systems, as it is found to explain qualitatively and semi-
quantitatively several basic features of chemical shifts.

The difference of free-ion terms in Eq. (128) represents a change in binding
energy concomitant with a change in the valence electron orbital occupation
of the atom such that the net charge is altered from g4,2 to g4, 1. In the
first analyses based upon the potential model, Fadley er al.105 calculated such
changes for removal of successive valence electrons from various ionic states
of I, Br, Cl, F, and Eu, using a minimum-basis-set Hartree—Fock calculation
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and Koopmans’ Theorem. These results are presented in Figs 19-23, where the
shifts are plotted against the location of the maximum magnitude of the radial
function for each orbital. Several systematic features of these results can be
noted. For iodine, all core levels shift by very nearly the same amount. This
is basically true also for Br and ClI, although as the atomic size decreases
there is less constancy in the core shifts, with outer orbitals showing slightly
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Fig. 19. Koopmans’ Theorem free-ion binding energy shifts caused by the removal of a
valence 5p electron from various configurations of iodine, plotted against the location of
the radial maxima for the various orbitals, The configurations are: +4=5525p, +3=5s25p2,
+2=35525p3, +1=>5525p4, 0=>5525p5, and —1="35s25p8. The solid curve shows the classical
shift resulting from the removal of an electron from a thin spherical shell of charge with the
radius of the 5p maximum. (From Fadley ez al., ref. 105.)

lower shifts. In all of the halogens, the p valence electrons are largely external
to the core, as is evidenced by the location of the core- and valence-orbital
radial maxima. For Eu, which by contrast has valence 4f electrons over-
lapping considerably with the core electrons, the core shifts are not at all

"constant, and furthermore can be about twice as large per unit change in

valence shell occupancy as for the halogens. All of these results are qualitatively
consistent with a very simple classical model of the interaction between core
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Fig. 20. Calculated free-ion binding energy shifts caused by the removal of a valence
4p electron from bromine, plotted as in Fig. 19. The configurations are: +2=4s24p3,
+1=45%4p4, 0=45%4p5, and — 1=4524p8. (From Fadley et al., ref. 105.)

and valence electrons. The valence electron charge distribution can be
approximated by a spherical charged shell of radius ry, where ry can reason-
ably be taken to be the average radius of the valence orbitals or the location
of their radial function maximum. The classical potential inside this spherical
shell will be constant and equal to g/ry, where g is the total charge in the
valence shell. If the charge on this shell is changed by &g, the potentials, and
thus binding energies, of all the core electrons located well inside the shell
will shift by an amount 3EyY =38g/rv. Such classical calculations are shown
as the solid lines in Figs 19-23 and are found to give results that correctly
predict the trends in relative shifts from subshell to subshell, as well as being
in semi-quantitative agreement with the absolute magnitudes of the more
accurate Hartree-Fock calculations. In general then, all core electrons which
overlap relatively little with the valence shell are predicted to shift by approxi-
mately the same amount, and this prediction is verified experimentally.105
The magnitude of the shift per unit change in charge should also increase as
the valence shell radius rv decreases, as is illustrated for the case of Eu. A
more accurate estimate of 8E,V/dq for any atom is given by the change in
Hartree-Fock €z upon removal of one valence electron. From Eq. (47),
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Fig. 21. Calculated free-ion binding energy shifts caused by the removal of a valence
3p electron from chlorine, plotted as in Fig. 19. The configurations are: +2=3s23p3,
+1=3523p4, 0=3523p5, and —1=3523p%. (From Fadley et al., ref. 105.)

this will be given by Jr_vaience — Ki—valence (spins parallel) or Jx_vajence (Spins
anti-parallel). As the core-valence exchange integral Ki_valence Will be of
significant magnitude only if there is appreciable overlap between the core and
valence orbitals, we can neglect Ki_valence in comparison to Jg_vaience. (For
example, in carbon, Jis, 2s=221¢€V, Kis, 2s=14 €V, Jis, 2p=20-8 €V, and
Kis, 20=0+6 €V.) Thus, 8E,V/8, should be approximately equal to Jx-varence,
the core-valence Coulomb integral. The magnitude of such Coulomb integrals
are, in fact, found to be in good agreement with the shifts calculated in
Figs 19-21 for I, Br, and Cl. As a final point, the free ion term 6EyV/8, is
of the order of 10-20 eV/electron charge for essentially all elements.

If the potential term ¥ in Eq. (126) is now considered, it is found that its
value also will be of the order of 10-20 eV for a transfer of unit electron
charge from one atom to its nearest neighbors,? 105 as, for example, in a
highly ionic alkali halide crystal. Furthermore, for a given molecule or solid
the free-ion term (8EpV/8,)- 84 will be opposite in sign to ¥, as ¥ must account
for the fact that charge is not displaced to infinity, but only to adjacent atoms
during chemical bond formation. Thus, both the free-ion and potential terms
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Fig. 22. Calculated free-ion binding energy shifts caused by the removal of a valence

2p electron from fluorine, plotted as in Fig. 19. The configurations are: +2=2s522p3,

+ 1=2522p4%, 0=2522p%, and — 1=2s22p%. (From Fadley ef al., ref. 105.)

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

Several other models based essentially on Eq. (126) have been utilized in
analyzing core electron chemical shifts,’- 8 and the detailed theoretical justifi-
cations for them have been discussed by Manne,?1¢ Basch,?!? and Schwartz.218
For example, Slegbahn et al4 and Gelius ef al.211 have been able to describe
the core binding energy shifts for a variety of compounds of C, N, O, F,
and S with the following equation:

AEWY(A, k, 1-2)=Cuagqa+V+I (129)

where 2 represents a fixed reference compound. The various atomic charges
q¢ in each molecule were estimated using CNDO molecular-orbital theory,
and these charges were then substituted into Eq. (127) to compute ¥. Then
the constants C4 and [ were determined empirically by a least-squares fit to
the experimental data. Such fits give a reasonably consistent description of
the data, as is shown in Fig. 24 for various compounds of carbon, and, in
particular, the parameters C4 are found to be rather close to the ls-valence
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Fig. 23. Calculated free-ion binding energy shifts caused by the removal of a valence

4f electron from europium, plotted as in Fig. 19. The configurations are: +3=4f6, 4+2=4f7,
+ 1=4f%s2, and 0=4f76s2. Note the non-constancy of the core-level shifts by comparison

" to Figs 19-22. (From Fadley er al., ref. 105.)

Coulomb integral Jis—valence computed for atom 4. Thus, Eq. (129) as
utilized in this semi-empirical way is consistent with a somewhat more exact
theoretical model. Note, however, that all molecules are not adequately
described by this model and that, for example, the points for CO and CS
lie far from the straight line predicted by Eq. (129). As might be expected, if
an orbital energy difference based on near Hartree-Fock wave functions is
used for the calculated shift of CO, much better agreement with experiment is
obtained, as is shown in Fig. 18.

In another variant of the potential model proposed by Davis ef al.,21% a
series of chemical shift measurements on core levels in all the atoms of several
related molecules are used to derive a self-consistent set of atomic charges. For
each atom in each molecule, the measured chemical shift is written in terms
of undetermined atomic charges as

EnV(4, k, 1-2)=Ca'qa+er ¥ L (130)
iza TAl

where C4’ is set equal to Jis_vaience for atom A. The resultant set of equations

is solved self-consistently for the g4 values on each atom. Such calculations
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Fig. 24. A comparison of the experimental carbon 1s chemical shift values for several
molecules with shifts calculated using the potential model of Eq. (129). The shifts were
measured relative to CHa. The parameters of the straight line were Ca=21-9 eV/unit
charge and /=0-80 eV. (From Siegbahn et al., ref. 4.)
on a series of fluorinated benzenes?1? give charges which agree rather well
with charges obtained from calculations based upon the CNDO/2 method,
as is apparent in Fig. 25.

Another procedure for analyzing chemical shift data that can be at least
indirectly related to the various potential models is based on summing
empirically determined shifts associated with each of the groups bonded to
the atom of interest, and has been developed primarily by Gelius, Hedman,
and co-workers.2!1, 220 Each group shift is assumed to be constant and
independent of the other groups present and is determined from a series of
chemical shift measurements on reference compounds representing suitable
combinations of the groups. The chemical shift associated with atom 4 in a
given compound is thus written as

AEw(4,k, 1-2)= Y AEy(group) © (13D

. groups
where 2 constitutes some reference compound against which all of the group
shifts are determined. The applicability of this procedure has been demons-
trated on a large number of carbon- and phosphorous-containing com-
pounds,®11, 220 apd a summary of results obtained for phosphorus compounds
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Fig. 25. Atomic charges for the various fluorinated benzenes as calculated by the CNDOQ/2
method and as derived experimentally (“ACHARGE"") from chemical shift measurements
on carbon and fluorine and Eq. (130). Charges are in units of 1/100 of an electronic charge.
The filled circles represent average hydrogen charges. (From Davis et al., ref. 219.)

is shown in Fig. 26. The relationship of this procedure to a potential model is
possible if it is assumed that each group induces a valence electron charge
change of 8g(group) on the central atom and also possesses essentially the
same intragroup atomic charge distribution regardless of the other groups
present. Then both the free-ion and potential terms in Eq. (126) become
simply additive for different groups, as is required in Eq. (131). In addition,
however, the group shift can be considered to include empirically an approxi-
mately constant intragroup relaxation correction, thus going somewhat
beyond a ground-state potential model in one sense.

Some of the first analyses of shift data were performed simply by plotting
AF)y against atomic charges which were estimated by various procedures,
among them CNDO or extended-Hiickel calculations, or most crudely by
electronegativity arguments. The implicit neglect of the potential terms of
Eqs (126) and (128) in such a correlation of AFEy, against g4 can, however,
lead to a rather wide scatter of the points about a straight line or curve
drawn through them. Hendrickson et al.,22! for example, found two rather
distinct clusters of data points described by two different curves in comparing
nitrogen ls shifts with charges calculated via CNDO. However, there is in
general a systematic increase in Ey with increasing ¢4 for most compounds,
particularly if the compounds are chosen to be rather similar in bonding type.
One such series of compounds for which a simple electronegativity correlation
has proven adequate is the halomethanes. Thomas222 expressed the Cls
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Fig. 26. A comparison of measured phosphorous 2p chemical shifts with shifts calculated
using the group shift model of Eq. (131). The compounds were studied as solids. (From
Hedman et al., ref. 220.)

shifts between CH; and a given halomethane as a linear combination of the
electronegativity differences between the various ligands present and
hydrogen:

AE,V(Cls, halomethane-CHg)=C Y (X;— Xu) (132)
: .

where C is an empirical constant, X; is the ligand electronegativity, and Xg
is the electronegativity of hydrogen. Such a correlation is shown in Fig. 27,
The explanation for the success of this correlation would seem to be as a
further simplification of the group shift approach, in which each monatomic
ligand induces a charge transfer 8q; proportional to X;— X'm, and the potential
term involved is also simply proportional to 8g; for a nearly constant carbon-
ligand bond length. Thus, the potential model of Eq. (128) can be reduced to
the form of Eq. (132). Such correlations should be used very cautiously,
however, as exceptions are relatively easy to encounter: for example, in the
series of molecules generated by adding successive methyl groups to ammonia
(NHj;, NH3(CHs), NH(CHs3)z, and N(CHs)z), the Nls binding energy is
observed to decrease with the addition of CHs groups,223 in complete dis-
agreement with the greater positive charge expected on the central nitrogen
because X¢>Xg. The major cause of this discrepancy is believed to be the
greater relaxation enérgy associated with the polarization of the —-CHjs
group around the Nls hole,223 a type of effect discussed in more detail in
Section V.B.
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Fig. 27. Carbon 1s chemical shifts for halogenated methanes measured relative to CHa
and plotted against shifts calculated on the basis of a sum of ligand-hydrogen electro-
negativity differences, as in Eq. (132). (From Thomas, ref. 222.)

Among the other methods utilized to analyze chemical shift data,
mention should also be made of a procedure introduced by Jolly and
Hendrickson224: 225 for relating chemical shifts to thermochemical data. In
this method, it is noted that to a good approximation the atomic core of an
atom with nuclear charge Z and a single core-level hole acts on any surround-
ing electrons in an equivalent way to the filled core of an atom with nuclear
charge Z+ 1. If the core electron overlap with the outer electrons is small,
then the nuclear shielding should be nearly complete and this assumption is
reasonable. As a more quantitative indicator of how good this approximation
is for a medium-Z atom, Table I summarizes the results of highly-accurate
numerical Hartree—Fock calculations by Mehta, Fadley, and Bagus!%2 for
atomic Kr with various core-level holes and its equivalent-core analogue
Rb+1l, With neutral Kr as a reference, the fractional decreases in average
subshell radii 1 — {rni)/{rn1)0 are tabulated for different core-hole locations in
Kr*1 and for the equivalent-core species Rb*l. For the equivalent-core
approach to be fully valid, these fractional changes should be nearly identical
between true Kr hole states and Rb*1, thus indicating the same degree of
inward relaxation around both a core hole and a nuclear charge that is
incremented from Z to Z+ 1. For the various true hole states in subshells
that can be designated anoielnote, the fractional decreases in {rn:) range from
~0 for subshells with #:5ano1e up to 119 for the outermost 4p orbital. The
equivalent-core Rb*! orbitals by contrast show significant relaxation in all
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Average radii for the various subshells of neutral Kr {r,;>, together with the fractional éhanges in average radii between neutral
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0:0424

for {rn1>e are bohrs. The Kr* values are divided into those for n< #nole and #> #no1e (from Mehta et al., ref. 102)
{rigde

Kr and all possible core-hole states. The changes between neutral Kr and the equivalent-core ion Rb+ are also given. The units
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subshells, with a range between 39 for 1s and 119 for 4p. Relaxation for

Al L2
§ /§ § § § § % § 5 subshells with #< npe1e is thus much overestimated by the use of an equivalent
A DN NN ‘ core, whereas for n>npole, the overestimates range from only ~0-19 in
- absolute fractional radius change. Thus, the equivalent-core model is a
N " reasonable and useful first approximation, although it is certainly expected
g|& R ERRES ' to overestimate relaxation effects due to core-hole formation.
i 2sgggsg3 In applying the equivalent-core model to chemical-shift analyses, it is
- . .« assumed?224, 225 that an exchange of cores can be made in the final-state ion
— without appreciably altering the valence electron charge distribution or
3 /§ exlreay equilibrium nuclear georpe’fry. (The results .in Table I for t'he 4s a‘lnd.4p
S8 238898 subshells suggest that this is a good approximation.) Thus, in considering
l |@eooeeeoe core-level emission from a species containing nitrogen, an O*6 152 core can
! be exchanged for the N+8 1s=N+6* core, where the asterisk denotes the
A5 i presence of the 1s core hole. Such core exchanges can be utilized to write
glE &2 =4 § 2 § ‘binding energy shifts in terms of thermodynamic heats of reaction, and hence
I 4 g 4 A 4 to predict either shifts from thermodynamic data or thermodynamic data ‘
- from shifts. As one example of the application of this procedure, let us con-
sider 1s photoelectron emission from gaseous NHj and Ng as chemical
:5 ’E} cxalesas ' reactions in which thg electrog is gssumcd,to be formed exactly at the vacuum
Vlv g 59 8888 level and therefore with no kinetic energy:
ceslEee NH;—>NHg+*+e-:  AE;=EyV(Nls, NHs)
~L2 ‘ Ng— Not*+e—: AEs= EpV(Nls, N2)
NN v -
e |8I18888 28 These reactions are endothermic with internal energy changes AE; and AE;
1l |oleosss o given by the ls binding energies in NH3 and Np. Subtracting the second
' reaction from the first gives : ' '
2ilolezags s ‘ NHs+Ngt* —>NHg**+Np:  AE=AE; —AE; 'i
vl\k/ g § § § § § § =FEpY(Nls, NH3) — EvV(Nls, N2)
- i =AEpV(Nls, NHs— Ng)
e with an internal energy change precisely equal to the Nls chemical shift
& /,;5 % § § § § § E between NHj3 and Na2. However, this reaction involves the unusual and very
VIV g g g g 'g g g short-lived species No+* and NHs+*. Now, it is assumed that the N6+* core
— can be replaced by the O%+ core in either No+* or NH3** with only a small
gain or loss of energy that can be termed the core-exchange energy AEce.
@ g ha QN As long as the core-exchange energy is very nearly the same in both Ng**
NS and NHj3**, then the overall energy change associated with the reaction is
N not affected by core exchange. That is, we have a final reaction of
— AN NN N oo
g RURURURURU NH;3+NO+—OH3*+Nz: AE=AE,V(Nls,NH3—Nz)+AEce—AEce
3 +g :,2 ;;2 +§ :,2 +§ fﬁ =AEpV(Nls, NH3—Ny)
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Therefore, the chemical shift is equal to a thermodynamic heat of reaction
involving well-known species. This procedure has been applied to an analysis
of 1s shifts in compounds of N, C, O, B, and Xe, and very good agreement is
obtained between experimental AEy values and thermochemical estimates of
these shifts. Such a comparison for nitrogen ls is shown in Fig. 28. This
analysis is-closely related to the isodesmic processes discussed by Clark,® and
is also reviewed in more detail by Jolly!3 in this series.

LR { 1
21 NF2 -
= NO u
[ )
2 o Noe -
o -1f =
@ NNO
2 2f .
o
s _3} MCN |
-4 < -
-5 .. CH3NH2 B
(CH3)2NH
] | ] ] ] P | ]
-4 -3 -2 -1 O 1 2 3

Thermo. Estd. Rel. E , eV

Fig. 28. Plot of experimental N1s binding energy shifts relative to Nz for several molecules
~ versus values calculated using equivalent-core exchange and thermodynamic data. The
slope of the line is unity. (From Jolly, ref. 225.)

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

(1) Attempts have been made to derive bonding information from relative
binding energy shifts of different levels in the same atom. From Figs 19-23,
it is clear that the outer core and valence levels of a given atom need not shift
by the same amount as inner core levels, especially if relatively penetrating
valence levels are present as in Eu. Such relative shifts of different levels can
for certain cases be simply related to the basic Coulomb and exchange integrals
involved, and then utilized to determine properties of the valence electron
charge distribution. In particular, the relative shifts of the iuner core 3d;
and valence 5p; levels have been measured for iodine in various alkyl iodides
and HI, and these shifts have been found by Hashmall er al.226 to be con-
sistent with a simple bonding model of the compounds involved. More
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recently, Aono ef al.227 have carried out a similar relative shift study of rare-
earth compounds that quantitatively confirms the non-constancy of the
intra-atomic free-ion shifts as predicted, for example, for Eu in Fig. 23.

(2) In another type of analysis, core-level chemical shifts for several
homologous series of the form RXH with X=0, N, P, and R=various
substituent groups have also been found to be approximately equal to relative
proton affinities.228 Martin ef al.228 have explained this correlation by noting
that the removal of a core electron from atom X to form a positive hole
involves very nearly the same set of R-group relaxation energies (and to a
less important degree also potential energies) as the addition of a proton.
Thus, changes in X-atom core binding energy with R are expected to be
approximately equal to changes in proton affinity with R, even though the
absolute magnitudes of the two quantities are very different; this has been
found to be true for a rather large number of small molecules.?28

(3) It has also been proposed by Wagner?2? that the difference in kinetic
energy between a core photoelectron peak and an Auger electron peak
originating totally via core-level transitions in the same atom can be used as
a sensitive indicator of chemical state that is free of any uncertainty as to
binding energy reference or variable specimen surface charging. This differ-
ence, which has been termed the “Auger parameter”,22% changes with altera-
tions in chemical environment because Auger energies are influenced much
more strongly than photoelectron energies by final-state relaxation.230. 231 In
fact, Auger energy chemical shifts are roughly 3—4 times as large as corre-
sponding core binding energy shifts.229 Although a precise theoretical calcu-
lation of such extra-atomic relaxation effects may be difficult (see, for
example, Section V.B), the Auger parameter appears to have considerable
potential as a fingerprint for different chemical states.

(4) Finally, attempts -have been made to correlate core binding energy
shifts with the results of nuclear spectroscopic measurements such as
NMR232. 233 and Mdssbauer spectroscopy,23¢ as reviewed elsewhere by
Carlson.l® NMR diamagnetic shielding factors have been compared with
core shifts, but the difficulty of separating out diamagnetic and paramagnetic
contributions to shielding have prevented extensive application of this type of
analysis. Also, binding energy shifts for a closely related set of tin compounds
correlate reasonably well with Mssbauer chemical shift values,234 but no
detailed theoretical justification for this correlation has been presented.

It is clear that the theoretical interpretation of core electron binding
energies or chemical shifts in these energies can be attempted in several ways
at varying levels of sophistication. When binding energies are calculated by
the most rigorous total-energy-difference method, including perhaps correc-
tions for relativistic effects and electron—electron correlation, values in very
good agreement with experiment have been obtained for several atoms and
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small molecules. This agreement verifies that all of the basic physical effects
involved have been recognized and can be accounted for quantitatively. If
binding energies are calculated from orbital energies via Koopmans’ Theorem,
errors primarily due to neglect of final state relaxation are incurred. Such
errors can be from 19, to 10 9/ of the total binding energy and can be estimated
in several ways. In calculating chemical shifts of binding energies between
two different sites or compounds by means of Koopmans’ Theorem, however,
a fortuitous cancellation of a large fraction of the relativistic, correlation,
and relaxation corrections occurs. Thus, orbital energies can be used with
reasonable success in predicting shifts, although anomalously large final-state
relaxation around a localized hole represents an ever-present source of error
in such analyses (see also Section V.B). The interaction of a core electron with
its environment can be simplified even further, giving rise to several so-called
potential models with varying degrees of quantum-mechanical and/or
empirical input. All of these models can be useful in interpreting shifts,

although it may be necessary to restrict attention to a systematic set of -

compounds for the most approximate of them. The direct connection of
chemical shifts with thermochemical heats of reaction via the equivalent-core
approximation is also possible. Finally, it is worthwhile to note that one of
the primary reasons that chemical shifts can be analyzed by such a wide
variety of methods is that their origin is so simply and directly connected to
the molecular charge distribution. In turn, it is very often this charge distri-
bution that is of primary interest in a given chemical or physical investigation.

V. FINAL-STATE EFFECTS

A. Introduction

In this section, several effects arising because of complexities in the final
state of the photoemission process will be considered. Considerable use will
be made of the theoretical developments of Sections III.A~D, from which it
is already clear that unambiguously distinguishing various final-state effects
in the electronic wave function may not always be possible, primarily due to
many-electron effects that might, for example, be described by a configuration-
interaction approach. Thus, the first four topics to be dealt with here (relaxa-
tion phenomena, multiplet splittings, shake-up and shake-off effects, and
other many-electron effects) are all very much interrelated, as will become
evident from subsequent discussion. However, for both historical and
heuristic reasons, it is reasonable to consider them separately, using several
examples for which distinctions can be made relatively easily. (Such final-state
electronic effects have also been reviewed by Martin and Shirley*3 in more
detail in this series.) The last subject to be treated here involves the influence
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of exciting various final vibrational states, for which theoretical background
has already been presented in Sections III.A and IIL.D.

B. Relaxation Effects

The importance of relaxation corrections in accurately predicting binding
energies has been emphasized in several prior discussions in this chapter.
As a further example of how large such effects can be, it has been suggested
by Ley et al.235 that relaxation is the primary reason why free-atom vacuum-
referenced core binding energies are higher by ~5-15 eV than corresponding
vacuum-referenced binding energies in the pure elemental solid. Also, inert
gas atoms implanted in noble metal lattices have been shown by Citrin and
Hamann236 to exhibit core binding energies 2—4 eV lower than in the free-
atom state, again primarily due to relaxation. In a systematic study of the

- Cls binding energy in a set of linear alkanes CpHan.2(n=1,2, ..., 13),

Pireaux er al.237 noted a monotonically increasing Cls chemical shift
AEp(Cls, CHs—CrHzy,3) with n, and a small overall shift of 0-6 eV between
CHj4 and CisHgg with sign such that CisHgg has the lowest binding energy.
Transition-operator calculations for these alkane molecules indicate that the
relaxation energy increases by almost 20 eV in going from the smallest
CH, to CisHag; thus, relaxation is a major contributing factor in producing
these small chemical shifts, although it must act in conjunction with certain
other effects with opposite sign to reduce the overall shift to 0-6 eV. Relaxa-
tion shifts of ~1-3 eV are also noted in UPS spectra of the valence levels of
molecules chemisorbed on surfaces,238 with the binding energies of molecular
orbitals not directly involved in bonding to the surface being lower than in
the free molecule, presumably due to extra relaxation in the substrate. In
general for these systems, then, it is found that the more near-neighbor atoms
there are surrounding a given final-state ‘hole, the more relaxation can occur
and the lower is the observed binding energy.

The relaxation energy SErelax can be unambiguously defined as the
difference between a Koopmans’ Theorem binding energy —ex and a
binding energy calculated by means of a difference of self-consistent
Hartree-Fock total energies for both the initial and final states. Various

methods have been utilized for estimating this energy in atoms, molecules,

and solids,119-121, 235, 239-242 byt principal emphasis here will be on a
relatively straightforward, yet easily visualized, procedure first used extensively
by Shirley and co-workers. 121,235, 239

In this procedure, 121, 235, 239 the relaxation energy for a given core-level
emission process is divided into two parts: an intra-atomic term (the only
term present in the free-atom case) and an extra-atomic term that is important
in molecules or solids. The extra-atomic term thus includes all relaxation
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involving electrons primarily situated in the initial state on other atomic
centers. Thus, :
8E,

(This division of the relaxation correction was, in fact, made in the' first
discussion of the potential model for analyzing chemical shifts.105) The
calculation of these two terms makes use of a general result derived by Hedin
and Johansson,120 which states that, for emission from an initial orbital ¢
in an atom of atomic number Z, the relaxation energy is given to a good
approximation by

SEretax="4{¢x| V(N—1,Z)— V(N, Z) | > (134)

in which P(N—1, Z) is the total electronic Hartree—Fock potential operator
acting on the kth orbital in the (N—1)-electron final staté and V(N, Z) is
the analogous total Hartree-Fock potential operator for the N-electron
injtial state. (For a neutral atom, of course N=Z.) The expectation value in
Eq. (134) thus involves sums over Coulomb and exchange integrals between
ér and (N—1) other spin-orbitals ¢;#ér. Two sets of orbitals ¢; are also
needed, an initial-state set {¢;} in P(N, Z) and a relaxed set {¢;'} in V(N —1, Z).
The determination of the relaxed orbitals is now further simplified by using
the equivalent-core approximation, such -that the integrals involving
V(N—1, Z) are replaced by integrals for V(N+1,Z+1), the neutral atom
with next higher atomic number; correspondingly, ¢z is taken to be an
orbital in atom Z+1 in evaluating these integrals. This procedure is reason-
able because the orbitals at larger mean radii than ¢ produce most of the
relaxation and such orbitals in neutral atom Z + 1 are very little different from
those in atom Z with a hole in the &k subshell (cf. Table I). Furthermore, even
though inner-orbital relaxation occurs (including relaxation of ¢;), this inner-
orbital relaxation is smaller (again see Table I), and thus the Coulomb and
exchange integrals between inner and outer orbitals change little in atom
Z +1 relative to the true hole state in atom Z.121 Thus, the overall relaxation
energy becomes finally

8Erela.:-:'—"%«‘#k | I’)| ¢k>Z+1 - <¢Ici I7|¢I«:>Z) - (135)
with all relevant Coulomb and exchange integrals available from existing
tabulated data for atoms.1%0 Applying this calculation procedure to core
emission from noble-gas atoms, Shirley'21 obtained very good estimates for
relaxation energies as compared to direct total-energy-difference calculations.

The same procedure has also been applied to metals by Ley ez al.,235 for
which the separation of Eq. (135) into intra-atomic and extra-atomic terms
yields formally ' '

SErelax=%(<¢k| I}l br>z41— <¢k| I7l¢k>z)lntra .
+3(ge| P|d0dzia— (e | P|gdz)oxtmn (136)

elax — aExi'gl';: + SE:;(I':; (133)
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The intra-atomic term in Eq. (136) is calculable as described previously. If
a free atom A is placed into a pure solid lattice of the same species and it
is further assumed that placement in the lattice has a small influence. on the
initial-state Hartree-Fock energy eigenvalues ex (corresponding to an extra-
atomic .potential effect of approximately zero), then the difference between
free-atom and sofid binding energies is given simply by the extra-atomic
relaxation term for the solid:
En¥(4, k, atom)— EbV(4, k, solid)
=1k | V| ¢edzin— (b | V|pipz)extra  (137)

These extra-atomic terms have been derived?3® for a metal by assuming that
the conduction electrons polarize to such an extent that a screening charge of
approximately unit magnitude occupies an atomic-like orbital centered on
the atom containing the core hole. As a reasonable choice for this orbital,

.that possessing the dominant character of the lowest unoccupied valence

band in the solid is used, again together with an equivalent-cores approxi-
mation. Although this procedure overestimates screening because the orbital
chosen is too localized, it does give approximately correct magnitudes for
atom-solid shifts such as those in Eq. (137), as is illustrated in Fig. 29 for the
3d transition-metal series. Note the break in values at Z=29 (Cu) when the
screening orbital changes from 3d to the more diffuse 4s because of filling of

20 LR 1 1 { i i 1 1 1 LI

K CaSc Ti VCr Mn Fe Co NiCu Zn
[ Y W T T Y W M T T

20 22 24 26 28 30

Atomic number
Fig. 29. Differences between vacuum-referenced free-atom 2p core binding energies and
analogous binding energies in the corresponding elemental metal. The points represent
experimental values and the line calculations based upon Eq. (137), which assumes that
extra-atomic relaxation is the main cause of such differences. The break at Z=29 is caused
by the filling of the 3d valence bands. (From Ley et al., ref. 215 and 235).
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the 3d bands. Alternate calculation procedures of a somewhat more rigorous
nature have also been proposed to explain such atom-solid shifts236. 240-242
including especially discussions of possible initial-state shifts in the solid.

However, the scheme presented here clearly yields a semi-quantitative

approximation for one of the most important factors, extra-atomic relaxation,
as well as being very easy to apply to various systems. i

As noted previously (Section IILB), it has also been pointed out by
Ley et all15 that a localized-hole description can be used to estimate
relaxation energies associated with valence-level excitations in free-electron
metals. Such relaxation energies are calculated by assuming that in the final
state a full single-electron screening charge occupies an initially unoccupied
atomic-like valence orbital. Then, because there is minimal inner-orbital
relaxation, the difference operator P(N—1, Z)— P(N, Z) in Eq. (134) reduces
tothe single terms Jyatence + Kvatence, and the final relaxation energy is given by
%<¢valence | Jvalence +_Kvalence | ¢valence> ~ ‘%<¢va.lence vaatence l ¢va.lence> =
%Jvalenee, valence- '

As a final comment concerning relaxation, the discussion surrounding
Eq. (77) and Fig. 8 should be recalled. That is, the occurrence of relaxation
requires by virtue of the Manne-Aberg-Lundqvist sum rule given in Eq. (77)
that additional photoelectron intensity arises at kinetic energies below that
of the relaxed or adiabatic peak position. Thus, relaxation is very closely
associated with various kinds of low-energy satellite structure of types to be
discussed in Section V.D.

C. Multiplet Splittings

Multiplet splittings arise from the various possible non-degenerate total
electronic states that can occur in the final hole states of open-shell systems,
whether they be atoms, molecules, or solids with highly localized unfilled
valence levels. The way in which multiple final states can be produced has
already been briefly introduced in Section IIL.A, and for most systems it is
adequate to consider a total spatial symmetry designation (eg. L=0,1,2, ...
in atoms), a total spin designation (e.g. S=0, 1, 2, ... in atoms or molecules),
and perhaps also the perturbation of these via the relativistic spin-orbit
interaction. The simplest interpretation of atomic multiplet splittings is thus
in terms of various L, S terms. Such effects can occur in any system in-which
the outer subshell or subshells are only partially occupied. The partial
occupation provides certain extra degrees of freedom in forming total final
states relative to the closed-shell case via coupling with the unfilled shell left
behind by photoelectron emission. Multiplet effects can occur for both core
and valence emission, as long as the valence subshell(s) are not totally occupied
initially. Multiplet splittings also possess the important feature of being
describable in first order in terms of a single set of ground-state Hartree-Fock
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one-electron orbitals. Thus, electron-electron correlation effects beyond the
ground-state Hartree~Fock approximation are not essential for predicting
that multiplet effects will exist, although, as will be shown, the inclusion of
correlation effects is absolutely essential for quantitatively describing these
phenomena in certain instances. 7

Multiplet effects involving core-level holes are very commonly encountered
in interpretations of the fine structure arising in x-ray emission spectra243-245
and Auger electron spectra.3. 246-248 However, it is more recently that such
effects were first recognized and studied in detail in connection with core
x-ray photoelectron spectra of paramagnetic free molecules?. 249 and
transition-metal compounds.86. 250 Subsequently, numerous studies have been
carried out, including applications to systems containing both transition-
metal atoms86, 157, 250-257 gnd rare-earth atoms,136, 258-261 and a few compre-
hensive reviews have appeared.262-265 Primary emphasis here will be on the
elucidation of a few examples to illustrate the types of effects noted and their

. modes of interpretation.

As an introductory example of one type of multiplet splitting found in
XPS studies,36- 259 consider first the ground-state Hartree~Fock description
of photoemission from the 3s level of a Mn2+ free ion, as shown on the left-
hand side of Fig. 30. The ground state of this ion can be described in L, S
(Russell-Saunders) coupling as 3d5 6S (that is, S=3%, L=0). In this state,

. the five 3d spins are coupled parallel. Upon ejecting a 3s electron, however,

two final states may result: 3534555 (S=2, L=0) or 35345 7S (S=3, L=0).
The basic difference between these two is that in the 3.5 state, the spin of the
remaining 3s electron is coupled anti-parallel to those of the five 3d electrons,
whereas in the 7.5 state the 3s and 3d spins are coupled parallel. Because the
exchange interaction acts only between electrons with parallel spins, the
7S energy will be lowered relative to the 55 energy because of the favorable
effects of 3s-3d exchange. The magnitude of this energy separation will be
proportional to the 3s-3d exchange integral Kss, 34, and will be given byl1®

A[Ev(3s)] = Ef(3s3d5 58) — Ef(3s3d5 7S) = AEf(3s3d5)
=6K3s, 34

6e? Q% r ‘
=— [ | — Pss(r1)Psa(ra)Pss(rs)Paa(ry) dry drs (138)

5 00nr3
where e is the electronic charge, r< and r» are chosen to be the smaller and
larger of r1 and rp in performing the integrations, and Pss(r)/r and P3a(r)/r
are the radial wave functions for 3s and 3d electrons. The factor 1/5 results.
from angular integrations involved in computing Kss, 3¢. A Hartree-Fock
calculation of the energy splitting in Eq. (138) for Mn3+ gives a value of
AEf(353d5)~ 13 eV.86. 250 Ag this predicted splitting is considerably larger
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Fig. 30. The various final state L, .S multiplets arising from 3s and3p photoemission from
a Mn2+ ion. Within the S and P manifolds, separations and relative intensities have been
computed using simple atomic multiplet theory as discussed in the text. The separation and
relative intensity of the 7S and 7P peaks were fixed at the values observed for 3s(1) and
3p(1) in the MnFz spectrum of Fig. 31 to facilitate comparison with experiment. (From

Fadley, ref. 262.)

than typical XPS linewidths, it is not surprising that rather large 3s binding
energy splittings have in fact been observed in solid compounds containing
Mn2+, and such splittings are clearly evident in the 3s regions of the first data
of this type obtained by Fadley et al.,88. 250 as shown in Fig. 31. Roughly the
left half of each of these spectra represents 3s emission, and the splittings
observed in MnF; and MnO are approximately one-half of those predicted
from Eq. (138). The primary reason for this large discrepancy in magnitude
appears to be correlation effects due to the highly overlapping character of
the 3s and 3d orbitals, as discussed in more detail below.

In considering further such core binding energy splittings in non-relativistic
atoms, it is worthwhile to present a more general discussion of the photo-
emission process, including the relevant selection rules.8. 262. 263 Jf the
photoelectron is ejected from a filled n/ subshell containing g electrons, and
an unfilled #’l’ valence subshell containing p electrons is present, the overall
photoemission process can be written as

(nD)U(n'l'y? ", (nl)e(n' "y + photoelectron (139)
(illed) (L, S @, sn
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Fig. 31. XPS spectra from three solid compounds containing Mn, in the kinetic energy
region corresponding to emission of Mn3s and 3p electrons. The initial-state ions present are
Mn+23d5 (MnFgz, MnO) and Mn+43d3 (MnOz2). Peaks due to multiplet splittings are labelled
3s5(1), 3s(2), etc. Kas, 4 x-ray satellite structures are also indicated. (From Fadley and
Shirley, ref. 86.)

Here, L and S denote the total orbital and spin angular momenta of the initial
N-electron state and LY and S7 represent the same quantities for the final
ionic state with (N—1) electrons. As (n/)? is a filled subshell, its total orbital
and spin angular momenta must both be zero and therefore L and S
correspond to the orbital and spin momenta of the valence subshell (n'l')2.
In the final state, LY and S7 represent momenta resulting from the coupling of
(nl)2-1 (or, equivalently, a single core-electron hole) with (r'l’)?. The
transition probability per unit time for photoelectron excitation is pro-
portional to the square of a dipole matrix element between the initial and
final state wave functions (see Section IIL.D.1 for a detailed discussion). In a
nearly one-electron model of photoemission, this matrix element can be
simplified to the sudden approximation forms given in Eqs (68) and (74).
The selection rule on one-electron angular momentum is Al=lf—/= %1, as
stated previously. Conservation of total spin and total orbital angular
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momenta requires that ' :
AS=S—S=+1 (140)
and

AL=L/—L=0, +1, £2,..., +lor L/=L+LL+I—1,..., [L—I|  (14])
Also, the overlap factors in Eqgs (68) and (74) yield an additional -monopple
selection rule on the passive electrons, as introduced in Section III.D.1.
This rule implies that the coupling of the unfilled valence subshell (n'l)?
in the final state must be the same as that in the initial state: that is to total
spin and orbital angular momenta of L and S. Finally, any coupling scheme
for (nl)2-1 or (n'l')? must of course be consistent with the Pauli exclusion
principle. Since (n/)2-1 is assumed to represent a single hole in an otherwise
filled subshell, it must therefore couple to a total spin of 1 and a total orbital
angular momentum of /. Within this model, it has been shown by Cox and
Orchard!1%5 that the total intensity of a given final state specified by L7, S¥
will be proportional to its total degeneracy, as well as to the one-electron
matrix element squared. Thus, in Russell-Saunders coupling

Lit(LY, SN oc ST+ 1)Q2LT+1) (142)
For the special case of atomic s-electron binding energy splittings, the

relevant selection rules are thus:
AS=S8—S=+1 (143)

AL=Lf—L=0 (144)

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

Lo(L?, S)oc287 +1 (145)

Thus, only two final states are possible corresponding to ST=S1+1%, and the
relative intensities of these will be given-by the ratio of their mul‘tiplicities,
o Lo, S+3) 25+2

LolL, S—3) 28
The energy separation of these two states can further be calculated from
simple atomic multiplet theory and is given by a result often referred to as the
Van Vleck Theorem:118

(146)

A[Ev(ns)1=EAL, S~¥)— EX(L, S+3) (147)
A[En(ns)] =25+ DKns,n't'  for S0 ' (148)
A[En(ns)]=0 for §=0 (149)

Here Kns, 2’1" is the ns—n'l’ exchang_e integral and can be calculated _from

’

ez 22 r
Knssnv =51 11 S5z PadriPus(t9)Pus(rdPaa(ry) dry dra (150)
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where the same notation as that in Eq. (138) has been used. Equations
(146)~(150) indicate that such s-electron binding energy splittings should
yield a doublet with a more intense component at lower binding energy
(corresponding to an exchange-favored final state of Sf=S+1) and a com-

' ponent separation that is directly associated with both the initial state spin

and the spatial distributions of the core and valence electrons as reflected in
the exchange integral. Thus, the potential for extracting certain types of
useful and unique information from such splittings exists.

That Eq. (148) provides a good description of the systematics of such
s-level multiplet splittings has been nicely demonstrated in studies of the 4s
and 5s splittings in rare-earth metals and compounds with varying outer 4f
subshell occupation numbers and spins 5,258 259 as summarized in Fig. 32.

2S+1
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Fig. 32. Experimental (points) and theoretical (lines) 45 and 5s binding energy splittings
in various rare-earth ions. The AEyv values are calculated using Van Vleck’s Theorem
[Eq. (148)]. Experiment and theory are in excellent agreement for 5s, but the theoretical
splittings must be reduced by a factor of 0-55 to agree with the 4s data because of corre-
lation effects. (From McFeely er al., ref. 259.)
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The solid lines connect calculated values based upon Eq. (148) and are in

excellent agreement with experiment for the Ss splittings, whereas for the 4s

" splittings, this simple theory must be reduced by a factor of ~0-55 to agree
with experiment. These results also suggest that the 4s discrepancy may be

" due to the same type of correlation correction involved in Mn3s, as the
4s—4f spatial overlap is high, increasing correlation, whereas the 5s—4f
overlap is much lower, decreasing it.

Configuration interaction calculations on Mn3+ by Bagus et al.?5? first
~ provided a more quantitative understanding of such correlation corrections to
intrashell s-level splittings such as 3s-3d and 4s—4f. They pointed out that, in
a CI description of the true Mn3+ final states corresponding to 3s emission,
several configurations would be of special importance in addition to the
usual one-electron-transition final configuration as shown in the left half
of Fig. 30. (In writing such configurations below, numbers in parentheses
will denote the L, S coupling of the subshell to the left.) The 7.5 final state is
found to be composed almost completely of 351(25)3p8(1S)3d5(6S), the one-
electron configuration, and so is not much perturbed by CI. Another way of
saying this is that there is already strong exchange correlation in 7S, so that
the addition of CI is not so significant. The 55 final state is by contrast
expected to have significant contributions from not only the one-electron
configuration ®1(55)=3s1(25)3p%(1S)3d5(8S), but also from configurations in
which it formally appears that one 3p electron has been transferred down to a
3s orbital while another 3p electron has been transferred up to a 3d orbital:
D2(55) =352(1S)3p*(3P)3d5(3P1), P3(5S)=3s2(1S)3p4(3P)3d%(3Py) and P4(55)=
352(18)3p4(1D)3d%(5D). (The notations 3d®(3P1) and 3d(®P;) stand for two

independent ways in which 3d® can couple to 3P.) Thus, there will be at least’

a fourfold manifold of 5S states, and the lowest-energy member is expected to
be lowered significantly (that is, to move toward 7S). In fact, the 3S state
nearest 7S is found to be only 4-71 eV away, in much better agreement with
the experimental splitting for MnFs of 6-5 eV than the estimate of ~13 eV
obtained from Eq. (138). Such intrashell s-level multiplet splittings can thus
only be predicted accurately when correlation is allowed for, whereas
intershell s-level splittings are, by contrast, well predicted by Eq. (148).
A further significant effect predicted by these CI calculations for the Mn3+ 55
states is the existence of additional experimental fine structure. Specifically,
there are four 5S states at E1, Ep, E3, and E4, that can be written to a good
approximation as
¥1(58) = C11D1(55) + C12®2(5S5) + C13®3(5S) + C14P5(5S)
¥o(55) = C2191(55) + C22P2(55) + Cag®3(55) + C24®1(55)
¥'3(5S) = C3191(55) + C32D2(55) + C33P3(5S) + C34P4(3S)
¥ 4(55) = C1®1(55) + Ca2D2(55) + Cu3®3(55) + C1aP4(®3S)

(151)
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As the initial state is rather well described by a single configuration
352(15)3p8(15)3d5(5S) possessing the d-electron coupling of ®;, the sudden
approximation result of Eq. (84) can immediately be used to show that the
four 5S intensities will be given by

Loc|Cu|? Roc|Cul? Isoc|Ca|?, Iaoc|Cal? (152)

with the total intensity I1+ o+ Is+ Iy still being proportional to the spin
degeneracy of 5. Evaluating the energies and relative intensities in this way
yields a prediction of a total of only zhree observable 55 peaks (one is too
weak to be seen easily) and one observable 7.5 peak in the Mn2+ spectrum.
Weak structures in good agreement with these predictions have, in fact,
been observed by Kowialczyk et al.,253 and their experimental results are
shown in Fig. 33. These CI calculations also explain a peak intensity dis-
crepancy noted relative to simple multiplet theory: namely that the intensity
ratio 5S(1)/7S in Fig. 31 or Fig. 33 is significantly below the 5/7 predicted by

28 I l i i 1 T I |
Mn 3s ' .
in MnF, _ -
[ .
€221 . .
o .
(54
5 & -
(2] .' °
- e
o 16 : e - .
E Tiie
o . -
= s¥a
.‘_,‘.‘.a\.;,rmw.-{._‘# :
ok ’s3)  ®s2) Ssi’sw
| ! 1 1 1 | I
140 120 100 80

Binding energy -(eV)

Fig. 33. Higher resolution Mn3s spectrum from MnFz obtained with monochromatized
AlK« radiation (cf. Fig. 31). The peaks 55(2) and 5S(3) arise from final-state configuration
interaction (correlation effects) according to Eq. (151). (From Kowalczyk et al., ref. 253.)
Eq. (146). It is thus clear, that, although a first-order description of multiplet
effects is possible within a non-correlated Hartree—Fock approach, a detailed
description of the numbers, positions, and relative intensities of peaks may
require including correlation effects, especially where intrashell interactions
dominate.

The fitst observations of s-electron core binding energy splittings analogous
to those described by Eqgs (146)-(150) were in gaseous, paramagnetic
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Fig. 34. XPS spectra from the 1s core electrons of the gaseous molecules N2, NO, and
Oz. The 1s peaks from the paramagnetic molecules NO and Oz are split due to final-state
multiplets. Diamaguetic N2 shows no splitting. (From Siegbahn et al., ref. 4.)

molecules.4: 249 Hedman et al.249 found splittings as large as 1-5eV in the
15 photoelectron spectra of the molecules NO and Os. These results are shown
in Fig. 34 along with an unsplit Ls spectrum from the diamagnetic molecule
Nas. In each case, it can be shown that the observed energy splitting should
be  proportional to an exchange integral between the unfilled valence
molecular orbital and the s orbital of N or O,4 in analogy with Eq. (148).
Theoretical estimates of these splittings from molecular orbital calculations
give values in good agreement with experiment,* 107 as expected for such
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intershell interactions in which correlation effects are much decreased. The
observed intensity ratios of the peaks are furthermore very close to the ratios
of the final-state degeneracies, also in agreement with simple theory.

The analysis of binding energy splittings in emission from non-s core levels

is not as straightforward as for s-level emission, primarily due to the fact that

the core-electron hole represented by (n/)2-1 (which now has associated withita
spin of 1 and a non-zero orbital angular momentum of /) can couple in various
ways with the valence subshell (n'/')? (which can have various spins S” and
orbital angular momenta L’, including the initial values S and L) to form a
final state with a given total spin S/ and total orbital angular momentum
Lf. Thus, the number of allowed final states increases and their energy
separations will in general be determined by both Coulomb and exchange
integrals through different coupling schemes. Additional complexities arising
for non-s levels are caused by spin-orbit coupling and crystal-field splittings.
The simplest procedure for calculating such non-s energy separations is

again to use non-relativistic atomic multiplet theory.86. 250, 262, 263 Ag an
illustrative example, consider 3p electron emission from Mn?+, as indicated
in the right-hand portion of Fig. 30. For this case, (n)¢-1=3p5, (n'l')?=3d5
and the initial state, as before, is 65 (S=3, L=0). The previously stated
selection rules imply that the allowed final states correspond to "P(S=3
L=1) and 5P (§=2, L=1). Although a 55 (S=2, L=0) final state would be,
consistent with selection rule (141), it requires changing the coupling of
3d5 from its initial 6S and so is not allowed. There is only one way for 3p5 to
couple with 34% to form a 7P state, that being with 3p5 (always coupled to
total spin=s=1 and total orbital angular momentum=1/=1) coupled with
3d5 1n its initial state coupling of 85 (S=3, L=0). However, there are three
ways to form the allowed 5P final state by coupling

Ipi(s=1%,1=1) with 3d5 6S(S"=%,L"=0)

Ip5(s=1%,I=1) with 3d54D(S"=%,L"=2)
and '

Ipi(s=4%,1=1) with 345 4P(S"=%,L"=1)
Thus, four distinct final states are possible for 3p emission from Mn2+, one
7P and three 5P. As there are off-diagonal matrix elements of the Hamiltonian
between the various 3P coupling schemes,118 they do not individually repre-

sent eigenfunctions. The eigenfunctions describing the 5P final states will thus
be linear combinations of the three schemes:

1(3P)= C11D(8S) + C12@(*D) + C13D(*P)

V33 P)= Ca1®(6S) + Ca2®(4D) + Ca3®(4P) (153)
V3(3P) = C31D(6S) + C32®(4D) + C33D(4P)
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where each 5P configuration has been labelled by the 345 coupling involved
and the Cy’s are the usual expansion coefficients. The energy eigenvalues
corresponding to these eigenfunctions will give the separations between the
5P states. Such eigenfunctions and eigenvalues can most easily be determined
by diagonalizing the 3 x 3 Hamiltonian matrix for the 5P states, where each
matrix element is expressed as some linear combination of Jsq, 34, K3a, 34,
J3p,3d, and Kap, 34.3% 118 If Coulomb and exchange integrals from a Hartree—-
Fock calculation on Mn2+ are used, such matrix diagonalization calculations
yield the relative separations indicated on the right-hand side of Fig. 3086, 250
Once again, the sudden approximation result of Eq. (84) indicates that,
because the initial state is rather purely 345(8S), only those components of
the 5P states represented by C;®(8S) are accessible. Thus, the individual
intensities of ¥1, W2, and ¥ can be computed from |Ci1|2, |Ca1|2, and
| 1|2, respectively. In determining the total intensity ratios for the 5P and
7P states, Eq. (142) can be used to give:

Lio(°P) itot(']P):[II(SP)+I2(5P)+I3(5P)] thot("P)=5 17

The relative peak heights in Fig. 30 have been calculated in this way, and the
experimental 3s(1)-3p(1) separation and relative intensity for MnF, were used
to empirically fix the scales between the 3s and 3p regions. The separations
and relative intensities of the peaks observed are found to be at least semi-
quantitatively predicted by this simple, atomic L, S coupling model,38. 250
and these results have been confirmed in more detail by later experimental255
and theoretical2% studies. The remaining discrepancies between theory and
experiment for this 3p case could be caused by a combination of effects due
to correlation, spin—orbit coupling, and crystal-field splitting, although
calculations by Gupta and Sen256 indicate that the latter two are probably not
so significant. Ekstig et al.245 have carried out matrix diagonalization
calculations like those described here but for more complex sets of final
3p-hole states in 3d transition metal atoms in an attempt to interpret soft
x-ray emission spectra from solids. The theoretical aspects of calculating
such non-s splittings have also recently been reviewed by Freeman et al.263

Deeper non-s core levels in 3d atoms should also exhibit similar splittings,
although the magnitudes will be reduced because of the decreased interaction
strengths between the core and 3d orbitals. For example, Fadley and Shirley8¢
first noted that the Mn2p levels in MnF; are broadened by ~1-5 eV relative
to those in low-spin (filled subshell) compounds, and suggested multiplet
splittings as the origin of this broadening. Subsequent measurements at
higher resolution by Kowalczyk et al.,255 coupled with theoretical calculations
by Gupta and Sen,257 have confirmed this suggestion, and also verified the

existence of peak asymmetries and anomalous 2p,—2p; separations. For this
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2p case, both multiplet effects and spin-orbit coupling are of similar
magnitude, and were included in calculations that successfully predicted
the observed spectra.257? ,

Analogous non-s core-level splittings have also been studied in systems

" with partially-filled f subshells,86: 260. 266 and the anomalous shape and

decreased spin-orbit splitting in the Eudd spectrum of Fig. 6 is, .in fact,
attributable to such effects.86

Although only multiplet effects on core-level binding energies have
been considered up to this point, such phenomena can play a considerable
role in determining the fine structure observed in valence spectra (as has
been apparent for some time in UPS studies of free molecules??). In
particular, XPS valence spectra obtained from solids containing highly
localized 4 levels or f levels are expected to be influenced by such multiplet
effects,82, 156, 157, 261, 266, 267 wjth the relative intensities of various allowed
final states being determined by fractional parentage coefficients, as described
in Section III.D.2 and elsewhere.1%6, 157, 262 Heden et al.267 first observed
such effects in valence spectra of 4f metals. As an example of the occurrence
and use of such splittings in studies of rare-earth compounds, the XPS
results of Campagna er al.26! and Chazalviel et al.266 show strong multiplet
splittings in the valence spectra of Sm-chalcogenides and a mixture of two
markedly different multiplet structures in certain Sm compounds that are
thought to exhibit valence fluctuations between Sm+24f7 and Sm+34fS,
Some of these results for SmBg26¢ are presented in Fig. 35, in which the L, §
multiplets expected for both Sm+2 and Sm*2 are labelled. Theoretical
intensities have been calculated using fractional parentage coefficients,156
and the agreement between the theoretically simulated spectrum and experi-
ment is excellent. Baer?68 has also presented very high-resolution XPS
spectra for various 4 metals that further confirm the existence of these atomic-
like multiplet effects. In analogous multiplet effects in valence 4 orbitals, the
inclusion of crystal-field effects is also expected to be important, as has been
emphasized in a recent discussion by Bagus et al.157

In comparison to chemical shifts of core-electron binding energies, multi-
plet splittings of core- or valence-energies thus represent higher-order effects
yielding a different type of information. In their simplest interpretation,
chemical shift measurements detect a change in the spatially-averaged
potential experienced by an electron, whereas analyses of multiplet effects
have the capability of determining the valence electron configuration or the
detailed strengths of various higher-order electronjc interactions. The two
types of measurements are thus complementary. Numerous applications of
multiplet splittings measurements are thus possible in the study of the transi-
tion series metals, the rare earths, the transuranium elements, and open-shell
systems in general. o
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Fig. 35. Experimental and theoretical 4f valence spectra from SmBs, a “mixed-valence”
metallic compound believed to contain both Sm+2 4f¢ and Sm™2 4f%. The intensities of the
various final-state multiplets- for Sm*2—»Sm+*3 and Sm*3—>Sm*4 were computed using
fractional parentage coefficients and are indicated as vertical bars. These calculations were
broadened by an empirically-derived function of the form of Eq. (158) to generate the final
theoretical curve. Monochromatized AlK« was used for excitation. (From Chazalviel
et al., ref. 266.)

D. Multi-electron Excitations

1. Introduction. In this section, several types of final-state effects (and, to a
lesser degree, initial-state effects) that involve what appear to be “multi-
electron” excitations during the photoemission process are considered. The
term multi-electron is judged against a purely one-electron description in
which no final-state relaxation occurs. From the outset, it is clear that relaxa-
tion does occur, so that all transitions are indeed N-electron. Also, in a
configuration interaction picture, the various mixtures of initial- and final-
state configurations involved could easily make itimpossible to distinguish
clearly a one-electron component of photoemission. Nonetheless, all effects

discussed here do somehow represent final states that deviate in a well-defined
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way from the single initial-state Hartree—Fock determinant that best approxi-
mates the one-electron photoemission event. The discussion begins with
relatively simple forms of multi-electron excitation (shake-up and shake-off),

but then comes to involve more complex phenomena that are important in

XPS studies of certain atoms, molecules, and solids.

2. Shake-up, Shake-off, and Related Correlation Effects. Multi-electron
processes in connection with x-ray photoemission were first studied in detail
by Carlson, Krause, and co-workers.135 In these studies, gaseous neon and
argon were exposed to x-rays with energies in a range from 270 eV to 1-5 keV.

* Measurements were then made of both the charge distributions of the resulting

ions and the kinetic energy distributions of the ejected photoelectrons. From
these measurements, it was concluded that two-electron and even three-
electron transitions occur in photo-absorption, with total probabilities which
may be as high as 209/ for each absorbed photon. By far the most likely
multi-electron process is a two-electron transition, which is approximately

- ten times more probable than a three-electron transition. Two types of two-

electron transitions can further be distinguished, depending upon whether the

~ second electron is excited to a higher bound state (“shake-up™4) or to an

unbound continuum state (“shake-off”’135). These are indicated in the transi-

tion below (cf. the corresponding one-electron transition in relation Eq.

(139)):
~ Shake-up:
(nD)¥(n'l")? N (n)1(n’1")P-1(n"I") 4 photoelectron (154)
. - &, s
Shake-off :

(nDa(n'l")>. 2y (nD)a-Y(n'1") 21 Exin"l")* + photoelectron (155)
Here (n’l’)? represents some outer subshell from which the second electron is
excited; it can be filled or partially filled. Either shake-up or shake-off

' requires energy that will lower the kinetic energy of the primary photoelectron,

Thus, such multi-electron processes lead to satellite structure on the low-
kinetic energy side of the one-electron photoelectron peak, as shown
schematically in Fig. 8.

Higher resolution XPS spectra have been obtained more recently for neon
and helium by Carlson ez al.2%? and for neon by Siegbahn ez al4l, 270 A
high-resolution Nels spectrum obtained by Gelius et al.270 is shown in Fig. 36.
The two-electron transitions that are believed to be responsible for the
observed spectral features labelled 2 to 14 occurring at relative energies from
33 to 97 eV below the one-electron peak are listed in Table II. The total two-
electron shake-up intensity in this spectrum is thus estimated to be approxi-
mately 129 of that of the one-electron peak. Both shake-up and shake-off
together account for ~ 309 of all emission events.
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NEON 15 SHAKE UP SPECTRUM
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Fig. 36. High-resolution shake-up spectrum associated with excitation from Nels in
gaseous neon. Table II lists the origins of the various satellite peaks labelled 1-14. The
Nels FWHM was reduced to 0-4 €V in these measurements by using a monochromatized
AlKa source. (From Gelius, ref. 270.)
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Note that the initial and final states given in Table II are assumed to be
composed of a single electronic configuration. This assumption, together
with the sudden approximation as outlined in Section IIL.D.1, permits
predicting such shake-up and shake-off peak intensities in a very straight-
forward way.135 Namely, Eq. (75) is used for the relevant matrix element and
it is noted that, in the passive-electron manifold, the only major change
occurring for a two-electron transition is ¢n';” — ¢5-;-, with all other passive
orbitals remaining in very nearly the same form. Thus, {¢;' |¢j>z 1-0 unless
the overlap involved is {(¢»-;- |¢n'z'>, and the probability of a given transition
is in simplest approximation269

Purtvant- o Nutr [(Rnm1r | Ruvrd % (156)

where Ny1- is the occupation number of the #’l” subshell, and allows for a
summation on myms (which must equal m;-m,-). Here the radial function
Ry-1- must be calculated in the final-state ionic potential, and Ry’ is a radial
function for the initial state. By virtue of symmetry, the overlap in Eq. (156)
will only be non-zero if /”=1/’, a result that is often termed a one-electron
monopole selection rule. Thus, for example, only 2s —as and 2p —ap
monopole transitions yield large intensities as quoted in Table IT (although a
single, weak 2p — 3s dipole transition is also thought to be present). The
total symmetries for the (N — 1) passive electrons are also predicted to follow a
monopole rule of the form predicted by Eq. (69)

AJ=AL=AS=AMs=AMp=AMs=Ar=0 (157)

where J is the quantum number for L+ S, apd = is the overall state parity.
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Equation (156) has been used with reasonable success in predicting
shake-up and shake-off intensities in core-level emission from rare
gases,? 135, 269,270 271 a5 well as from alkali-halides2?! for which the com-
ponent ions possess rare-gas configurations. Some previous results for Nels

" emission are summarized in Table II, where calculated two-electron peak

separations and relative intensities are compared with experiment. The
various final-state configurations are noted and for this case the ¥r(N=1)
of Eq. (69) corresponds to an unrelaxed Net 152s22p% with an overall L, S
coupling of 2S. There is reasonable agreement between theoretical and
experimental separations, but the theoretical values are uniformly high by
about 1-8 eV out of 40 eV, and have been back-corrected by this amount
before entry in the table.270 The necessity for this correction has been
explained as a 2p-2p correlation and relativistic error in the Hartree~-Fock
calculation for the one-electron 2p¢ final state that is of much lower magnitude

‘in the various 2p5xp two-electron final states because of the reduced 2p-np

overlap. Theoretical and experimental relative intensities are also in fair
agreement. It should also be noted in connection with these data that the
various L, S multiplets formed as final states must be considered. For
example, the peaks indicated as “lower” and “upper” in Table II are due
to a multiplet splitting of the same type noted on the right-hand side of
Fig. 30 for the 5P states of Mn3+. In the case of Ne*, 25 states can be formed
in two ways from the same total configuration 152522p3sp: one in which the
Ls electron is coupled with 2522p3np(1S) and one in which it is coupled with
2522p5np(35).4: 135 A similar effect occurs in 15252p®as final states. Thus,
there may be considerable interaction between multi-electron processes and
multiplet splittings, and a complete specification of the final state must
include possible multiplet effects.

The assumption of single-configuration final states used in the previous
analysis clearly is open to question, especially since the best description of
all states would presumbly be via a complete configuration-interaction
treatment. Martin and Shirleyl4 have performed CI calculations for Ne and
the isoelectronic molecule HF that do indeed indicate that configuration-
interaction effects can be significant. Their analysis proceeds via an equation
analogous to Eq. (83), from which it is clear that both final-state CI and
initial-state CI can complicate the calculation of intensities by opening up new
options for non-zero (C;")* C;t products. In particular, the mixing of both the
1522522p8% and 1s22522p53p configurations into the initial state and the final
states corresponding to the observed peaks 0, 3, and 4 is found to significantly
alter the calculated intensities so as to yield better agreement with experiment,
as shown in Table II.

It should also be noted that the total shake-up intensities associated with
valence-level emission are generally observed to be higher than predicted by
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the simple theory outlined above, a result that is consistent with much stronger
intrashell correlation effects.13% 289 For example, Chang and Poe2?2 have
recently performed theoretical calculations for Ne2p excitation at v 5200 eV
using more accurate many-body perturbation theory. Their results are in
good agreement with available experimental data.

Similar core-level shake-up phenomena are also well known in mole-
cules? 269,270 and the same type of sudden approximation analysis as
represented by Eqgs (69) to (74) has been used with some success to predict
intensities.2?3, 274 In connection with 'valence-level emission a recent CI
analysis of low-energy satellite structure in CO by Bagus and Viniikka2?5
indicates that higher-order correlation effects are also highly significant, in
agreement with the similar conclusions reached previously for atomic
valence-level shake-up. _

3. Multi-electron Excitations in Metals. Processes analogous to shake-up
and shake-off are also ‘expected to occur during core-level emission from solid
metals, where the form of the density-of-states curve above the Fermi
energy provides a continuous range of allowed one-electron excitation
energies, rather than the discrete set available in atoms or molecules. Thus,
rather than a sharp set of satellite lines below a roughly symmetric one-
electron-transition peak (cf. Fig. 36), what is expected is an asymmetric
tailing of the main peak. The detailed line shapes associated with such
-processes in XPS core-level emission were first discussed by Doniach and
Sunjic276 and are predicted to have the form:

cos [maf2+(1—o) tan—1 (Efy)]

IE)= (B2 +y2)1-a2

(158)

where

E=Xkinetic energy measured from the threshold of the unbroadened
one-electron-transition peak

y=the lifetime of the core hole
a=an asymmétry parameter
=2} 21+ 1)(8/m)? (159)
7

8;=the phase shift of the /th partial wave for electrons at the Fermi
energy scattering from the core hole.

2y is thus the natural FWHM of the core-level. If =0 (as it is for insulators),
then I(E) merely reduces to a Lorentzian lifetime broadening. The phase shift
8; thus has a meaning very close to those discussed in connection with atomic
differential cross-sections in Section III.D.2 (cf. Fig. 9).
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Citrin2?7 first pointed out that XPS metal spectral shapes exhibited an
asymmetry suggestive of Eq. (158). The first quantitative tests of the'a'ppli'ca-
bility of this line shape for describing such spectra were performed by
Hiifner, Wertheim and co-workers.84 They fitted Eq. (158) to core spectra for

" various- simple metals and transition metals, empirically choosing the best.

values of y and «. The spectra were corrected for instrumental resolution
effects, but not for inelastic scattering. Examples of such a comparison
between theory and experiment for Au and Pt34 are shown in the right-hand
panels of Fig. 37. It is significant here that Au with a low density of states near
the Fermi level shows a much lower degree of asymmetry than Pt with a high
density of states near the Fermi level. Hiifner, Wertheimetal.84concluded that
this line shape does well describe the peaks observed in these metals, and that
the values of y and « obtained were physically reasonable. Similar conclusions
have been reached in several other studies,!15. 191 and it thus seems likely that
such shake-up-like effects do exert a significant influence on line shapes in

. metals.

A further closely-related effect that has been predicted to occur in metals
is the creation of plasmon excitations during the formation of a core
hole.194: 278 Such ““intrinsic” plasmons are distinguished from the “extrinsic”
plasmons created during photoelectron escape from the material, although
they occur at the same energy and are thus rather difficult to resolve from
the experimental inelastic tail. Debate still continues as to how important
intrinsic plasmons are in XPS spectra,27® and some angular-resolved XPS
results bearing on this question are discussed in Section VI.B.

" 4. Core-peak Satellites in Transition-metal and Rare-earth Compounds. Very .

strong low-kinetic-energy satellite lines were first observed in a study of
Cu2p core levels in compounds such as CuS and CuzO by Novakov280,

Similar results obtained more recently by Frost ef a/.28! are shown in Fig. 38, -

and it is clear that the satellite peaks have intensities comparable to those
of what might be referred to as the one-electron-transition peaks at lowest
apparent binding energy. The appearances of these satellites also depend
strongly on chemical state, being most intense in cupric compounds
containing Cu+2 3d® jons, and almost unobservable in cupric compounds
containing. Cutl 3d1% jons. Similar strong satellites also occur in the
core spectra of other open-shell transition-metal and rare-earth com-
pounds.114.282-286 They are thus much higher in relative intensity than the
10-309 expected from typical atomic-like shake-up processes, and a great
deal of discussion has gone on concerning their origins. Summaries of
experimental data, as well as analyses of various proposed models, appear
in several prior publications,114, 280-286

The most plausible explanation that has emerged for such effects is a
significant involvement in the final state of a ligand-to-metal charge transfer
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" Fig. 37. 4f core spectra from polycrystalline Au and Pt (points) in comparison to a best
fit of the asymmetric line.shape predicted by Eq. (158) (curves). In the right panels, the
data have been corrected by deconvolution of the instrumental line shape, but no correction
for inelastic scattering effects has been made. The instrumental line shape was derived from
the form of the cut-off near Er (cf. Fig. 13). (From Hiifner and Wertheim, ref. 84.)

that results in a 3d or 4f configuration with one more d or f electron than in
the initial state 114, 282, 283, 285, 286 This idea was first suggested and qualitatively
discussed by Wertheim et al.114 for satellites in 4/ compounds and by Kim?283
for 3d satellites. The importance of such 3d® — 3d"+l and 4f" — 4fn+1
configurations is not surprising, since they represent an attempt to screen
very effectively the core hole formed during final-state relaxation. In fact,
there is a high degree of similarity between such final-state configurations
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Fig. 38. 2p3, Y and 3s, 3p core-level spectra from the copper compounds CilO, Cu:0,
CuClz, and CuCl. The low-energy satellites are very strong in Cu*2 3d? compounds (CuQ,
CuClz), and very weak in Cut! 341® compounds (Cuz0, CuCl). (From Frost et al., ref.
281.)

and those used by Ley et al.235 to describe conduction-electron screening in
metals (cf. Fig. 29 and discussion in Section V.B). The absence of satellites
for closed-shell d or f systems is immediately explained in this picture, as
such relaxation mechanisms are not possible. The most quantitative dis-
cussions of this model as applied to 3d-compound satellites have been
presented by Larsson285 and Asada and Sugano.28¢ A two-configuration
manifold is used to describe the final-state core-hole wave functions, with
one configuration ®; being the simplest final-state determinant with no
change in valence-subshell occupations and the other ®s being a determinant
in which a single-electron ligand-to-metal transfer has occurred. Specifically,
in an octahedrally-coordinated system, the transfer is ascribed to a monopole-
allowed excitation of the type:283. 285,286 g (bonding)=e? — eg(anti-
bonding)=eg?. Both orbitals are expressed as linear combinations of metal
d and ligand valence, with eg* being primarily metal 3d. The crystal-field-
split octahedral symmetry designations are used, and the sudden approxi-
mation one-electron monopole selection rule must here be applied to these
symmetries. If only the active orbitals are considered, the two final-state
configurations can thus be written as:286

@, =(core hole) (ez?)(es2)™

@, =(core hole) (egP)?1(eg2)m+1 (160)
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Mixing these configurations produces two final states with differing degrees
of charge transfer:

¥/ =Cnu®1+C12P2 at Ef
Wof = Co1P1+ Co2®2 at Esf (161)

The “main” line occurs at lower Ef and thus higher kinetic energy and lower
binding energy. If ¥/ is chosen to represent this main line, it is-found to
correspond to a net transfer of =0-5 electrons to the metal site.l10. 285
Thus, hole screening is predicted to be very appreciable as far as this state
is concerned, and the mixing represented by Eq. (161) is highly significant.
If the degree of one-electron-orbital relaxation is small, then @ is approxi-
mately equal to the (N —1)-electron remdinder ¥r(N—1) in Eq. (69), and
the sudden approximation yields peak intensities via Eq. (84) of :

Iloc]Cu]?, IzoCllez (162)

Additional splittings due to crystal-field effects, multiplet effects, and spin—
orbit interactions cause further fine structure in the predicted energies, and
one-electron orbital relaxation has furthermore been included by means of
the equivalent-core approximation.28¢ With a limited degree of efnpirical
parameter choice, numerical results based upon this model are in gc?od
agreement with experimental satellite data for 3d compounds as to 1ntens1t1.es,
widths, positions, and systematic trends with ligand character a.m‘i. d-orbital
occupations.285, 286 Finally, it is important to note that Viniikka and
Bagus!!® have carried out more accurate self-consistent _Hartree—Fock
calculations with configuration interaction on fully-relaxed core-hole states
in"the cluster [NiOg]-19. These results also show that a significant ligand-.to-
metal charge transfer of ~0-5 electrons is present in the state represen_tu.lg
the main line. It is also concluded that the two primary final states contain
significant admixtures of both configurations (C11%0-9, C12x0-3; Ca1~0-3,
Co2x09). . .

The occurrence of such two-configuration charge-transfer satellites has
also been suggested in connection with the adsorption of CO on transition-
metal surfaces.287 In this case, satellites observed in the Ols spectrum are
attributed to the strong involvement of a metal-to-molecule charge transfer
(that is, the reverse of the direction discussed previously).

Thus, such satellites and the charge-transfer they represent can be
extremely important considerations in the analysis of spectra in many
systems. The term “shake-up” has been applied to these effects,283, 285, 286
but such nomenclature can be a bit misleading in the sense that the ﬁnal
states are not pure configurations that are as simply related to the initial
state as for the neon case of Table II. The most correct view would seem to be
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simply that a strong configuration interaction occurs in the final state due to
relaxation about the inner hole.

It is finally worth noting that the presence or absence of such satellites
has potential for use in a ““fingerprint”> mode for determining the oxidation
state and/or valence configuration of 3d or 4f atoms in different chemical
environments. :

5. Other Multi-electron Effects. As a final example of multi-electron effects,
we consider the observation first made by Gelius2? that, for a series of
elements with Z=50-60, the 4p binding energy broadens into a many-
electron resonance with complex structure, as shown in later data obtained by
Kowalczyk et al.215 in Fig. 39. This rather unique occurrence has been
observed in both gases2? and solids,?15 and has been explained by Wendin
et al?8.289 a3 being caused by the particular one-electron energy-level
spacings involved. Specifically, the single-configuration final-state after 4p
emission is ...4p5%4d10552 __ with the remaining outer occupancies depending
upon Z. However, the 44 binding energy is approximately 4 that of 4p in this
region of the periodic table, so that one 4d electron can be moved into the
lower-energy 4p orbital and another 4d electron can be placed in a low-
encrgy unoccupied bound orbital or continuum orbital to yield a set of
configurationslike...4p%4d8552...(n"I")1 or ... 4p64d85s2.. -(Exin"l")! respectively
that are nearly degenerate with the one-electron final-state configuration.
Strong mixing thus occurs among these configurations, with a resultant
smearing of the final states into a broad resonance with fine structure. The
mixing in of continuum configurations can also be considered to result from
a Coster-Kronig Auger de-excitation of the 4p hole via 4d— 4p, 4d —
continuum. The form of the interactions further dictates that orbitals with
I"=2 are dominant.283, 289 (Note the similarity between the configurational
degeneracy discussed here and that noted by Bagus et al.252 in their analysis
of 3s emission from Mn2+, cf, Section V.O). 1t is thus rather fortunate that
such resonances are rare phenomena throughout the periodic table, as one-
electron energy levels would otherwise be a much less useful concept.

E. Vibrational Effects

The effects of exciting various final vibrational states on XPS spectra were
first clearly observed in gas-phase data obtained with monochromatized
radiation by Gelius and co-workers.2?0 A Clsspectrum obtained from gaseous
CHy, is shown in Fig. 40, and it exhibits a three-component structure that
can be explained as arising from the excitation of three different vibrational
states of the symmetric C-H stretch type.27® The relative intensities and
positions of these peaks are furthermore found to be in good agreement with
a theoretical model based upon the Born-Oppenheimer approximation as
expressed in Eq. (63), provided that it is noted that the Cls hole alters
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Fig. 39. 4s, 4p core-level spectra for a series of metals from Mo (Z

73).

hat exists from Z=49 to Zx60. (From Shirley et al, ref.

Note the broad 4p resonance t

215.)
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vibrational energies and wave functions appreciably in the final state. Similar
vibrational effects appear to be present in other small molecules, and it is
thus clear that XPS peak widths and positions can be significantly affected
by final-state vibrational excitations.

Vibrational effects have also been noted in XPS studies of solids by Citrin
et al.8 In this work, core peaks in alkali halides were found to exhibit
temperature-dependent line widths consistent with the excitation of lattice

CH,

- EXP Cis
—LEAST SQUARES FIT

eV 2915 2910 290.5
BINDING ENERGY
Fig. 40. A Cls spectrum from gaseous CH4 obtained with very high instrumental resolu-
tion (FWHM = 0-3 eV). The lowest-binding-energy primary peak shown here is found to

exhibit three components due to vibrational excitations in the final state. (From Gelius,
ref. 270.)

vibrations (phonons) during photoemission as shown in Fig. 41. A solid-state
analysis based upon the Born-Oppenheimer approximation and Franck-
Condon factors yields the proper variation with temperature, provided that
the effects of specimen charging due to low conductivities at low tem-
peratures are corrected for, as shown in the figure. Such effects are thus
expected to be important in all polar solids for which electronic relaxation
around the core hole cannot be complete enough to leave final vibrational
states of very nearly the same form as the initial vibrational states. In metals,
on the other hand, conduction electron screening is expected to be complete
enough to leave the initial- and final-vibrational manifolds nearly identical.
Thus, in metals the distribution of phonon excitation probabilities or Franck—
Condon envelope is sharply peaked around the initial states (as can be seen by
considering Eq. (63) for a single set of orthonormal functions); therefore, very
little extra broadening is expected.
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Fig. 41. Variation of the K2p; FWHM with temperature in solid KF, KCl, and XI.
the curves — @ — @— are the unaitered experimental data. The curves —O—O— have been
corrected for lifetime and instrumental width contributions. The dotted curves represent
further corrections for specimen charging that occurred in KF and K1 at low temperatures.
The solid curves are theoretical calculations based upon final-state vibrational broadening.
(From Citrin et al., ref. 85.)

VI. ANGULAR-RESOLVED MEASUREMENTS ON SOLIDS

A. Introduction

Angular-resolved XPS studies of solids have very recently been reviewed
by the author,1? so only a brief outline of the most significant aspects and
certain very new results will be presented here. The most generally occurring
types of effects are those involving surface sensitivity -enhancement for
grazing angles of electron exit or x-ray incidence with respect to the surface
and two types of anisotropies observed in the angular distributions of
photoelectron intensities from single-crystal specimens.

The schematic geometry shown in Fig. 42 both reiterates the definitions of
various angles as discussed previously here (cf. Figs 7 and 17) and also
indicates that the electron emission direction can be made to have any
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8, Q

¢

Fig. 42. General geometry for an angular-resolved XPS experiment. Rotations on thetwo
perpendicular axes shown vary 0, ¢z and ¢ over their full allowed ranges. The angle «
also may be varied, but is most commonly held constant.

orientation with respect to a set of axes fixed in the specimen if externally-
accuated rotation is possible on the two perpendicular axes shown. Rotation
on the axis perpendicular to the plane containing the photon and electron
propagation directions varies the angles 8 and ¢, describing electron exit and
x-ray incidence, respectively. Rotation about the second axis parallel
to the specimen surface normal varies the azimuthal angle ¢ as measured with
respect to a specimen-fixed reference. Low ¢ or low ¢, thus corresponds to
a grazing condition. The angle « is held fixed in most current XPS systems.
Two-axis specimen goniometers for this purpose have been specially built for
use in XPS studies, and various instrumental aspects of carrying out such
measurements have been reviewed elsewhere.17 74, 202, 290

B. Surface Sensitivity Enhancement at Grazing Electron Exit Angles

The achievement of greater relative surface sensitivity at conditions of
grazing electron exit angles has already been discussed in connection with the

oy




126 C. S. FADLEY

¢-dependent relationships describing peak intensities in Section IILF.2. The
application of this procedure in XPS was first demonstrated by Fadley and
Bergstrom,291 and first quantitatively applied by Fraser ef al.20! As a simple
illustration of the fundamental mechanism, Fig. 43 illustrates the way in

which the mean depth of no-loss emission varies for a homogeneous, semi- -

infinite substrate. If A is assumed to be a direction-independent property of

" the material, this mean depth is given at any angle by Ae sin 8, so it is clear
that a decrease of 8 from say 90° to 5° will decrease the mean depth by about
a factor of 6. This is a highly significant change that has by now been used in
numerous studies to enable selectively altering the surface sensitivity of the
XPS measurement.1?

o . e >//-Aesiﬁ9

K
W

5A<Ag< 80A

Fig. 43. llustration of the basic mechanism producing surface sensitivity enhancement

for low electron exit angles 8. The average depth for no-loss emission as measured per-
pendicular to the surface is given by Ae sin 6.

The only significant moderating factor that may in certain circumstances
render such low-8 measurements somewhat less dramatic in capability is the
presence of surface roughness. Surface roughness in general causes the local
microscopic true angles of emission &t to differ from the experimental value 6
as measured relative to the macroscopic planar average of the specimen
surface. In general, for low 6 values, roughness is expected to cause 6 to
be greater than 8, so that surface sensitivity enhancement is expected to be
diminished.17, 202, 290-294 Roughness further has the effect of shading
certain portions of the surface from x-ray incidence and/or electron exit.
Such effects have been studied both experimentally and theoretically for a few
systems,17- 202, 208, 290-294 and, although it is clear that large-scale roughness
can significantly alter the type of surface enhancement achieved,2%? it has

also been found for one system that, even with pressed powder pellets of the:

type often used as specimens in XPS, a usefully large surface enhancement
can be achieved at low 6.293 Thus, although roughness effects always need
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to be considered in any quantitative analysis of such XPS data and the
preparation of highly planar specimens is essential for some work,294 there
are good reasons to expect very general utility of the low-8 surface enhance-
ment procedure. We now consider a few examples of the application of this
method. : :

In Fig. 44, broad-scan spectra are shown at various angles for a highly-
polished silicon specimen with an oxide overlayer 1-2 atomic layers in
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_Fig. 44 Broad-scan core spectra at low and high exit-angles for a Si specimen with a
thin oxide overlayer (~4 A) and an outermost carbon contaminant overlayer approximately
}—2 monolayers in thickness. The Cls and Ols signals are markedly enhanced in relative
intensity at low & due to the general effect presented in Fig. 43. (From Fadley, ref. 17.)

thickness, and an outermost overlayer of carbon-containing residual gas
impurities of approximately the same thickness. (These thicknesses were
estimated using Eqs such as (117) and (118).) Pronounced peaks due to the
Ols, Cls, Si2s, and Si2p core levels are observed. At the higher emission
angles of 40° and 70°, plasmon loss structure is also found to be associated
with the Si peaks (cf. also Fig. 1 for Al). As 8 is lowered to a grazing exit
condition, marked changes occur in the relative intensities of all peaks, in
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fact causing a complete inversion in ordering. At high 6 where maximum
bulk sensitivity is expected (Ae in Siis ~37 A and Ae’ in SiOg is ~27 A294),
the intensity order is Si2s, 2p>01s> Cls, where at low 8 with maximum
surface sensitivity, it is Cls>Ols> Si2s, 2p. Such a three-angle scan thus
clearly establishes the mean vertical displacement of all dominant species
with respect to the surface, yielding very directly a qualitative concentration
profile. If the Si2p region. for this specimen is examined more closely, it is
further found to exhibit a chemical shift between oxide and element, as shown
in Fig. 45. However, the thin oxide layer present yields only a very weak
relative intensity in the Si2p (oxide) peak at the relatively high angle of §=49°.

I — — T T T 1
Si2p(e|?menr)
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Fig. 45. Si2p core spectra at 8=5° and 49° for the specimen of Fig. 44: The chemically-

shifted Si2p (oxide) peak is enhanced in relative intensity by approximately a factor of
© 20 between 49° and 5°. (From Fadley, ref. 17.)

Counts(Arb.units)—

The spectrum obtained at §=5° by contrast exhibits marked enhancement by
a factor of ~20 in the oxide relative intensity. More quantitative studies of
such relative intensity changes with angle have also been made by Hill
et al.,2% and, although certain discrepancies are found to occur at low 6
values with respect te the simple intensity expressions givén in Section
IIL.F.2, case (), it nonetheless appears possible to extract highly quantitative
data concerning specimen geometry and electron attenuation lengths.

An additional effect that is of interest in connection with the enhanced
surface sensitivity achievable at-low @ is a change in the relative intensities

of various inelastic loss processes. For example, for an atomically clean.

surface of aluminium (which exhibits well-defined surface- and bulk-plasmon
excitations at different energies), it has been found by Baird er al.2% that
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the surface plasmon losses are markedly enhanced in relative importance at
low 6. Some data from this study are shown in Fig: 46. The reason for this
enhancement is that the surface- and bulk-plasmons are spatially ortho-.
gonal 197 Because decreasing the angle of exit also decreases the mean depth
of emission, the relative probability of exciting a surface plasmon is thus also
increased at low exit angles. Comparisons of such data with theoretical calcu-
lations for a. free electron metall%4 furthermore yield good agreement with

experimental relative intensities and further suggest that the creation of

plasmons occurs by means of both extrinsic (after excitation) and intrinsic

28 15418 ils 'I? Tis [a12p
1 |
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Fig. 46. A12p plasmon loss spectra from a clean surface of polycrystalline aluminium at
#=90°, 30°, and 2°. The positions of various combinations of surface and bulk losses are
denoted 18, 1B, etc. Note the marked enhancement of the relative intensity of the surface
plasmon loss (1S) for grazing exit angles. (From Baird et al., ref. 295.) .
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(during excitation) processes.29 An additional interesting feature of such

_ angular-dependent loss measurements is that they can be used to determine
the locations of adsorbed molecules relative to a surface. Speciﬁcéllly, the
Ols loss spectrum for an ~0-2 monolayer coverage of oxygen on aluminjum
exhibits only surface plasmon peaks-at grazing electron exit, indicating that
the oxygen has not penetrated significantly below the surface plane.295. 296
Thus, the angular dependence of such absorbate loss structures should
provide useful complementary information concerning adsorption geo-
metries and near-surface electronic structure.

The ground-state valence electronic structure of a solid is also predicted
theoretically to change near its surface,29? and it is of interest to determine
whether angle-resolved XPS studies can detect this. One effect that should
occur in transition metals is a narrowing of the FWHM of the d-bands near
the surface due to reduced coordination number.297 Such effects have been
studied quantitatively by Mehta and Fadley2®8 for the case of clean poly-
crystalline copper surfaces, and the experimental and theoretical d-band
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FWHM values determined are summarized in Fig. 47. The small, but
unambiguous decreases in FWHM observed at low 6 are consistent with the
theoretical calculations, with theory showing somewhat larger relative
changes that could easily be explained by several effects.298 Thus, such low-8
measurements can also be used to probe alterations in the near-surface
valence electronic structure. '

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

A second mechanism producing enhanced surface sensitivity involves
measurements carried out at very low x-ray incidence angles ¢.. For ¢,<1°,
it was first noted by Henkel?® that the mean x-ray penetration depth in a
typical XPS experiment (which is 103-105 A for ¢,> 1°) decreases miarkedly
to values of the same order as the electron attenuation length A.. This
further suggests that surface-atom signals will be enhanced in relative intensity
at low ¢, as was first demonstrated by Mehta and Fadley.179 The reason for
this decrease in x-ray penetration depth is the onset of significant refraction
such that ¢’ <¢, (cf. Fig. 17) and reflection at the solid surface. The inter-

. actions of typical XPS x-rays with a homogeneous medium are furthermore

well described by a macroscopic classical treatment,1?® and detailed ex-

pressions for predicting penetration depths and expected s'ur'fac_:e sensitivity
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thin carbon-containing overlayer. Enhancement of the near-surface carbon signal is found
for both grazing electron exit (low 6) and grazing x-ray incidence (low ¢5). The low-¢=
enhancement is well predicted by classical calculations allowing for x-ray refraction and
reflection (R/R) at the surface, as shown by the dashed curve, (From Mehta and Fadley,
ref. 179.) ]
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enhancements in terms of the material optical constants and other parameters
have been presented elsewhere.17, 178,179 , o

As an example of the surface sensitivity enhancement occuring at low ¢z,
Fig. 48 shows data obtained from a gold specimen with ~2 atomic layers of
carbon-containing material as an overlayer. The Cls/Au4f intensity ratio
thus serves as a measure of relative surface sensitivity, and it is observed to
increase at both low @ (for reasons discussed in the last section) and low ¢.
The increase at low ¢, is comparable to that at low @ (approximately a factor
of 2-3), and there is good agreement between experiment and theoretical
calculations including refraction and reflection effects. Note the very sharp
onset of the low-¢, enhancement over a region of only a few degrees near
¢+=0. Similar effects have also been noted in the Si2p(oxide)/Si2p(element)
ratio for silicon with varying oxide overlayer thicknesses.299 Also, the optical
properties of several solids at XPS energies of ~1-5 keV have been used to
predict that such phenomena should be of very general occurrence.l?

It should be noted in connection with low-¢ studies, however, that surface
roughness effects can be very important in any attempt at quantitatively
analyzing such data.29 This is due to the very small incidence angles involved,
so that if the true microscopic incidence angle ¢t deviates by even ~0-1°
from the macroscopically measurable ¢, a significant change occurs in the
degree of refraction and reflection. Thus, surface preparation and accurate
angle measurement are both very critical. A further practical problem is that
surface shading by any roughness present will generally act to much diminish
absolute photoelectron intensities at low ¢5. Thus, low ¢, surface enhance-
ments may serve as a useful complement to those at low 6, but the measure-
ment and interpretation of low-incidence-angle data may not be as straight-
forward.

D. Single-crystal Effects

Two rather distinct types of single-crystal effects have been noted in prior
XPS studies. The physical origins and possible interpretations of these will
be briefly discussed.

1. Electron Channeling and Kikuchi Bands. In measurements of core peak
intensities or energy-integrated valence-spectral intensities from single-crystal

.specimens as a function of the emission angles ¢ and ¢ in Fig. 42, pronounced
fine structure is noted. The first effects of this type were observed by Siegbahn
et al.390 in NaCl and by Fadley.and Bergstrom?29! in Au. Baird et a/.200 have
obtained the most detailed set of such data to date for Au4f emission from a
Au crystal with (001) orientation and this is summarized in the stereographic
projection intensity contour plot of Fig. 49(a). Considerable fine structure is
evident in this plot, with many features possessing angular FWHM values of
only ~5-10° and peak height : background ratios as high as ~2 : 1. It is
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thus clear that no peak intensity analysis involving a single crystal can neglect
such effects. _ '

The origin of this fine structure is primarily electron diffraction from the
various sets of planes in the crystal. These effects are furthermore very closely
related to the Kikuchi bands seen in low-energy electron diffraction (LEED)
experiments carried out with FExin300eV,30! as well as to channeling
phenomena seen in the emission of high-energy electrons (~ 104-106 eV)
from radioactive nuclei imbedded in single crystals.302 Based upon prior
experimental and theoretical studies in these two areas,301, 302 the qualitative
expectation is for each set of planes denoted by Miller indices (Ak/) to have
associated with it a band of enhanced intensity for photoelectron emission
that is parallel with the planes to within plus or minus the first-order Bragg
angle O, as defined from :

Ae=2dng1 sin Opx: _ | (163)

Fig. 49. (a) Experimental photoelectron intensity contours for Audf emission from a
Au(001) single-crystal surface. The contours are plotted in stereographic projection with
various low-index directions indicated as [Ak{]. The normal to the surface therefore lies in
the centre of the figure. The arcs represent low-index planes available for electron diffraction
or channelling,.

TSI
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Fig. 49. (b) Qualitative theoretical simulation of the intensity pattern of (a) based on
shaded rectangular Kikuchi bands of the form given by the dashed line in Fig. 50. The
dotted lines in the lower half of the figure represent the centres of weaker, broader bands
from lower-index planes that would also appear at. mirror-symmetry-related points in the
upper half, (From Baird et al., ref. 200.) -

with
e (in A)=electron deBroglie wavelength )
=[150/Exin (in eV)]¥ - (164)
drri=the interplanar spacing '

Such Kikuchi bands are furthermore expected to be approximately uniform in
intensity over the + 05 range, and to drop off rather sharply at the limits of
this range, as shown schematically in Fig. 50. For typical higher-energy XPS
photoelectrons and lower-index metal crystal planes, 6rz: is found to lie in
the range 3-15°. The overall photoelectron intensity distribution above a
single-crystal surface is thus expected to be approximately given by a super-
position of such bands for the various low-index planes within the crystal.
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Fig. 50. The approximate form expected for a Kikuchi band from the (k&) set of planes
in a single crystal.

As a qualitative test of this interpretation, Fig. 49(b) presents a stereo-
graphic projection on which shaded bands corresponding in width and
placement to those expected for the lowest index planes in Au have been
inserted. Dotted lines in the lower half of the figure also indicate the centers
of broader and weaker bands expected from higher-index planes. Comparison
of Figs 49(a) and 49(b) indicates that there is good correspondence between
experiment and theory as to the locations of high-intensity regions and fine
structure. Recently, more quantitative calculations for copper have been
carried out by Baird et al.393 in which each band is given a height proportional
to the Fourier coefficient Vg in the crystal potential; these calculations yield
very good agreement with similar intensity contours for copper. Thus, the
basic systematics of such effects is well established and relatively easily
predicted, and such measurements can provide rather direct information
concerning the near-surface atomic order and crystal orientation. Further-
more, in the very near future, more highly accurate theoretical calculations
of such effects utilizing methods developed for LEED analyses should
become available.304

A final important point in connection with such core-level angular distri-
bution measurements is that it may be possible to utilize them for determining
the bonding geometries of atoms or molecules adsorbed on single-crystal
surfaces. That is, if core-level emission from an adsorbed atom does exhibit
angular anisotropy, it must be primarily associated with final-state scattering
effects that should, in turn, be strongly related to the nearest-neighbor
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atomic geometry. Very recent measurements in our laboratory do in fact
indicate that such anisotropies exist.

2. Valence Spectra. It was first noted by Baird es al.18%- 305 that XPS
valence spectra from a single crystal exhibit considerable changes in fine
structure as the electron emission direction is varied with respect to the
crystal axes. As an example of these effects, Fig. 51 presents Au valence

POLYCRYSTAL

GOLD VALENCE BANDS

foo]

M A A A |

5

15 10 5
Binding Energy {eV)

Fig. 51. Au valence spectra from a (001) single-crystal surface obtained at various 8
values in a single polar scan passing through the [111], [112], and [113] directions. A poly-
crystalline spectrum is shown for reference. (From Baird et al., ref. 200.)

spectra obtained with electron emission along various directions in a Single
0 scan. Although the basic two-peak structure in the dominant d-band peak
is present for all directions, there are pronounced changes in the relative
intensities. and shapes of the two components. In particular, Au spectra

obtained with emission along the [001], [101], and {111] directions exhibit -

probably the most pronounced differences relative to one another, as shown
in Fig. 52. Similar changes in single-crystal XPS valence spectra with direction
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have by now also been noted in Ag,306 Cu,307.308 Pt 309 and the layer
compounds MoS;z, GaSez, and SnSe.310

The occurrence of such anisotropic effects thus means minimally that
considerable care must be exercised in interpreting any XPS valence spectrum
from a single crystal in terms of quantities such as the total density of states.
That is, the total density of states p(E) is by definition a' non-directional
quantity, as is the mean cross-section 6g(hv), so that clearly such single-.
crystal effects add an element beyond the model summarized in Eq. (107).
For example the Si spectrum shown in Fig. 14 may well exhibit an extra
strength in the peak labelled “L,” due to such effects.395 As noted in Section
II1.D 4, the connection of XPS spectra to the density of states in a direct way
implies a type of uniform averaging over initial states that need not be
possible in a directionally-sensitive single-crystal experiment.

As it is reasonable to expect that the anisotropies noted in XPS valence ,

emission from single crystals are associated somehow with the basic
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Fig. 52. Experimental and theoretical angular-resolved XPS Au valence spectra for
electron emission along the [001], [101], and [111] directions. The data were obtained with
monochromatized AlK« radiation. “D.T.” represents calculations based upon the direct-
transition model. “M.E.” represents plane-wave matrix-element calculations. The band
structures utilized in the theoretical calculations were: ——, Christensen’s RAPW315 and
———————— , two slightly different choices for the spm—orblt parameter in Smith’s
tight- bmdmg mterpolatlon scheme.?1¢ (From refs 185, 311, and 317.)
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symmetries of the initial states involved, it is of considerable interest to
develop theoretical models for the interpretation of such effects. Two different
approaches to this problem have been proposed.185, 306-312 Both of these
models begin with the basic direct-transition expression given in Eq. (106),
but the different assumptions made in each yields final predictions of a much
different form. These two models are:

(1) The Direct Transition Model. In this model, the wave-vector conserva-
tion embodied in Eq. (104) is primarily emphasized. This viewpoint has been
used . previously to analyze angular-dependent UPS data from single
crystals,182. 313 and suitable modifications to permit its direct application to
higher-energy photoemission experiments were first discussed by Baird
et al.185 Rigorous wave-vector conservation is used to connect each observed
final-state wave vector k7 with a unique initial-state wave vector k within the
reduced Brillouin zone by means of a suitable (and unique) reciprocal lattice
vector g.' The magnitude of k7 is determined from the internal kinetic energy
FExin, ' (cf. Fig. 12) by assuming that the free-electron dispersion relation
Exin, i =#2(k7)?/2m is valid at high excitation energies. At XPS energies,
k7 furthermore varies very little over the valence spectrum: for example, in
gold with lattice constant a=4-08 A, it is found that 12-84(2=/a)<k’<.
12-88(2wa), where 2z/a is approximately the reduced zone radius. The
direction of k7 (or, equivalently, the direction of the photoelectron momentum)
with respect to the crystal axes is determined from the knmown crystal
orientation relative to the spectrometer acceptance solid angle. (Small
direction corrections due to electron refraction in crossing the surface barrier
Vo are necessary only for very low angles of electron exit.1?> 307) The finite
solid angle of acceptance of the electron energy analyzer distributes the

toon

—] 27 pe— Observation
a cone
a{Av)-4.08A 72° _
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K phot =o_49.31 _
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kf=12.86-27 photon

Fig. 53. Scale drawing in k-space of the direct transitions that would be involved in X:PS
emission along the [010] direction in a Au single crystal. The initial states from which
emission could occur are represented by those k values in the shaded disc near the face of the
reduced Brillouin zone at left. The additional involvement of variable-magnitude phonon
wave vectors due to vibrational effects appears, however, to lead to rather full zone averaging
in angular-resolved XPS spectra from Au at room temperatures, as discussed in the text.
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observed k7 values over a disc-like region in k-space, as shown in the scale
drawing for gold in Fig. 53, where the acceptance solid angle is taken for
illustration to be conical with a 2-0° half angle. Each k/ value can then be
corrected by the non-negligible ky, associated with the photon to yield a set
of vectors k”—kp, =k+g (shown as the right-hand shaded disc in the figure)
that permits uniquely determining the set of k values in the reduced zone from
which allowed transitions can occur (shown as the left-hand shaded disc
lying coincidentally very near a reduced-zone face). Due to the finite size of
the disc (cf. its size to that of the reduced zone in Fig. 53), more than one g
may be involved, depending on the exact placement of the disc in k-space or,
equivalently, the observation direction in real space. It is further assumed in
this model that the matrix elements for all k — k7 transitions are approxi-
mately equal, so that an angular-resolved spectrum is finally predicted to be
proportional to the density of electronic states over the allowed k region
(not the total density of states).

This model has been unambiguously demonstrated by Wagner et al.314
to predict correctly all of the major spectral changes occurring with emission
direction and photon energy for copper in the intermediate photon energy
range 40 <hv <200 eV. XPS calculations based upon this model for Au with
emission along [001], [101], and [111] are shown in Fig. 52, where they are
indicated by “D.T.” and compared with experimental spectra. Two different
initial-state band structures have been utilized in the calculations,315. 316
yielding two different sets of curves. The most accurate band structure was
used for the solid curves, and comes from a relativistic augmented plane wave
(RAPW) calculation by Christensen.315 Both sets of direct-transition curves
qualitatively predict the correct changes in both the relative intensities of the
two main components and the shapes of each component, although the
calculations do predict more change with direction than is noted experi-
mentally. Similar agreement has been found for 9 other directions in Au,317
as well as 6 directions in Cu,397 leading to previous conclusions8%. 307 that
the direct-transition model represents a good description of such effects in
XPS. However, very recent data obtained by Hussain et 2l.318 for Au with
both MgKa and AlK« radiation are at variance witht his model: specifically, .
for emission along [001], [111], and [112], theory predicts large changes in the -
spectra of a given direction when photon energy is changed (because the
disc changes position in the reduced zone due to the change in the length of
k7), whereas negligible differences are observed experimentally. In addition, 318
for excitation with' AlK«, the free-electron metal Al is found not to exhibit any
spectral changes with emission direction, again in disagreement with direct-
transition predictions. It thus appears that some form of wave-vector smear-
ing or reduced-zone averaging is occurring, probably due to the creation or
annihilation of phonons, as suggested first by Shevchik!86 and discussed
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previously in Section IIL.D.4. The fraction of direct transitions for which

phonon smearing is absent is most simply estimated from the Debye-Waller

factor:187 v

Debye—Waller factor=exp (—4{u2>g?) - (165)

where A
{u2)=the mean squared vibrational displacement of atoms in the lattice

g2= |g|2, with g the reciprocal lattice vector involved in a given
direct transition

{u2) is thus a function of material and temperature. In XPS, g2 is of the same
order as (k7)2 (cf. Fig. 53) and therefore is much larger than the corresponding
quantity in UPS. Thus, the Debye-Waller factor can be very small in XPS,
as, for example, 0-04 in Au at 25 °C. Such small values suggest that rather
complete zone averaging may occur in room-temperature angular-resolved
XPS measurements on many systems, as previously noted. (In fact, Williams
et al.319 have recently noted the disappearance of direct-transition effects in
UPS spectra of Cu obtained at high temperature that very nicely confirm

phonon involvement.) The direct transition model as outlined here thus may

not be applicable to room-temperature XPS measurements on many
materials, even though it clearly is a valid description at lower excitation
energies,313, 314 and perhaps also at lower temperatures in XPS.

(2) The Plane-wave Matrix-element Model. This model was first discussed
in connection with angular-dependent XPS spectra by McFeely et al.306
Although k-conserving direct transitions are used as a starting point, it is
further assumed that final-state complexities somehow smear out the deter-
mination of k and kf to such a degree that essentially all k values in the
reduced zone can contribute to emission in any direction. Mixing of different
plane-wave components into the final electronic states by various scattering
processes was first suggested as the source of such zone averaging,3% but such
effects do not seem to be strong for copper with Av < 200 V.34 More likely, the
creation or annihilation of phonons in the photoelectron excitation event is
responsible.

In the limit of complete zone averaging, anisotropies in XPS valence
spectra are then assumed by McFeely ef al.3%¢ to be due to directional matrix
elements as summed over all occupied initial states. These matrix elements are
in turn calculated by assuming a plane-wave final state of the form:

$uAx) =exp (K1) (166)
and a tight-binding or LCAO initial state of the form:96, 99
$u(@) =Y exp (ik-Re) {3, Cpx Xr—Re)} (167)
Ri "
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in which
R;=the position of an atomic center in the lattice

X, (r—R¢)=an atomic orbital centered at Ry

X M=R )Y, (6,4) [cf. Eq. (36)]

C,x=an expansion coefficient

- Computing matrix elements (¢,7|A-V|$,> can then be shown15. 306, 312 o

yield a linear combination of the Fourier transforms of the various atomic
orbitals making up the initial-state orbital. Such Fourier transforms further-
more exhibit the same angular dependence in k/ space that the atomic
function has in real space, and they can thus be written as

X (&) =f (KN Y (01, $u?) (168)

. with 6,7, ¢,7 indicating the direction of k/, and f,(k/) being a radial integral

dependent on |kf | =kf only. For radiation with a polarization direction
e, it then directly results that

|[<hu | A~V |15 [2oc(e KN2| T Cpue X6 —Kins) |2 (169)

In general, e-k/ has been held constant in prior experiments, and for a closely
related set of orbitals such as d functions, it can further be assumed that the
factor f,(k7) is constant. Finally, each initial state is thus predicted to contri-
bute photoelectron intensity with a weight of | Z Cux Y (05 " ‘ﬁkf—kh )|2

and a summation can be carried out over all such occupied states. Thus, for
example, the contribution of a dz2_y2 atomic orbital to such a matrix element
is predicted to be a maximum along the same directions as the orbital maxima,
namely the +x and +y directions. Orbital symmetry is thus predicted to be
very directly reflected in the angular-dependent emission probability. Calcu- .
lations based upon this model are presented in Fig. 52 for Au, where they are
indicated by “M.E.” Two different types of tight-binding parameterizations
have been utilized, and it is clear that the results are sensitive to this choice.
Nonetheless, there is generally good agreement between experiment and
theory for the three directions shown, as well as others in Au39%6. 311 whijch
have been investigated, and a similar set in' Cu.311 The same type of plane-
wave model has also been found by Ley er al.310 to predict correctly changes
in single-crystal valence spectra of the compounds MoS;, GaSes, and SnSes.
Thus, it at present appears that the plane-wave matrix element approach is
the more correct of the two discussed here for describing room temperature
XPS experiments on most materials, although significant questions do still -
remain as to the validity of using a free-electron plane-wave final state for
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computing XPS matrix elements.165. 186, 318 More accurate theoretical
calculations of such effects are thus clearly of interest.

To the degree that such measurements do directly reflect orbital symmetries,
such angular-resolved XPS studies should prove to be very useful probes of
valence electronic structure. :

VII. CONCLUDING REMARKS

The aim of this chapter has been to discuss in some detail the basic ideas
involved in both performing and interpreting XPS measurements. It is clear
that a relatively large number of distinct physical and chemical effects can be
related to the observed spectra. This diversity can be both an advantage and a
disadvantage in using the technique, depending upon the specific problem at
hand and the phenomena encountered. On the positive side, however, is the
fact that at least some degree of quantitative understanding has been achieved
in connection with all of the effects noted to date. The theoretical interpreta-

“tion of XPS spectra also involves a liberal mixture of concepts from atomic,

molecular, and solid-state physics, thus making the technique truly inter-
disciplinary in character. A major goal of the discussion here has been to
present these diverse ideas within a single, unified framework.

As an important example of the interdependency of different phenomena,
final-state effects of various types can tend in certain situations to obscure the
initial-state information that is of most interest in many applications. But,
on the other hand, final-state effects can also be used to determine additional
characteristics of the system. The essential reason for this initial-state/final-
state dichotomy is that the photoemission event is inherently very disruptive

to the system, leaving it with a'hole in a certain subshell and thus a significantly

altered set of electron—electron interactions. The interpretive material
presented in Sections III-V therefore begins with a rather general discussion
of the photoemission process that emphasizes the importance of both initial
and final states (as well as inelastic scattering effects). However, the first
areas of application considered are intentionally those which for many
systems can exhibit the strongest initial-state component: valence-level
studies in molecules and solids (Sections III.D.3 and III.D.4), quantitative
analysis (Section IILF.3), and core-level binding energy shifts (Section IV).
Nonetheless, care must always be exercised in analysing data in order to
avoid having the different final-state effects discussed in Section V introduce a
significant error in any conclusions concerning initial-state properties.

The potential range of information derivable from XPS spectra is indeed
very broad, and a schematic summary of the interrelationships between
various observable quantities or effects and basic system properties is
presented in Table III. In this table, the possible interactions between different
observables are also indicated. .
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TABLE III

Schematic illustration of the interrelationships between various observable XPS
spectral features or their associated effects and the basic system properties potentially
derivable from an analysis of such observations

Spectral feature or effect

System property derivable

(1) Fixed-angle measurements:

*Core peak intensities
*Core peak shifts

Quantitative analysis

Initial-state charge distributions
Final-state charge distributions

Initial valence-orbital energy levels,

symmetries and atomic-orbital

make-up

Thermochemical energies

" Proton affinities

Initial-state electron configurations
andelectron—-electron interactions

+———»Shake-up, shake-off, other Final-state correlation

many-electron effects (configuration-interaction) effects
—————Peak shapes and widths ~= Final-state lifetime effects
Final-state vibrational excitations
Inelastic loss spectra ——— = Low-lying electronic, vibrational

and positions
LA44

—wRelaxation effects
»Multiplet splittings

excitations
(2) Angular-resolved measurements Atomic depths relative to a solid
on solids: - ‘ surface, concentration profiles
As in (1), but at grazing electron Properties as in (1), but very near
. emission surface (~ 1-2 atomic layers)
As. in‘(l), but at grazing x-ray Near-surface atomic geometries for
incidence substrates and adsorbates

Core peak intensities from Initial valence-orbital energy levels,

single crystals . symmetries, and atomic-orbital
: make-up

Valence spectra from single
crystals

XPS has been and will no doubt continue to be fruitfully utilized for the
study of free atoms, free molecules, and the bulk properties of solids and
liquids. However, the inherent surface sensitivity of the technique when
applied to solids and liquids leads to what is certainly one of the most
significant areas of application, namely in studying the physics and chemistry
of surfaces and interfaces. In this context, the relatively newly developed
angular-resolved studies of solids have also clearly been demonstrated to
enhance significantly the amount of information derivable, as is also indicated
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in Table III. Two separate procedures exist for selectively increasing surface
sensitivity by angle variations. For single-crystal specimens, information
concerning both detailed atomic geometries and valence-orbital symmetries
can also be derived from angular-distribution measurements.

No exhaustive elucidation of specific-areas of application for XPS has been
attempted here, but it is sufficient to note that by now the technique has been
used in problems related to physical chemistry, inorganic chemistry, organic
chemistry, biochemistry, solid-state physics, surface chemistry, surface
physics, industrial chemistry, and environmental science. Future develop-
ments will no doubt involved all of these areas, but with special emphasis on
problems related to surface science. A further significant component of future
work will no doubt be the more extended use of XPS in combination with
other spectroscopic methods such as, for example, the other surface-sensitive
techniques of UPS, photoelectron spectroscopy utilizing synchrotron
radiation sources, low-energy electron diffraction (LEED), Auger electron
spectroscopy (AES), and secondary ion mass spectrometry (SIMS).

Thus, x-ray photoelectron spectroscopy is by now a relatively mature and
well-established experimental tool. However, various major problems still
remain to be solved concerning both the measurement and the analysis of
XPS spectra. These include the ever-present and conflicting needs for higher
resolution and higher intensity, which are at present being sought by means
of more efficient x-ray monochromators combined with multichannel
detection systems. More novel radiation sources and analyzer/detector
systems might also provide a further solution to this problem. From the
point of view of theory, more quantitative treatments of various final-state
effects and electron—electron correlation effects are needed. More accurate
calculations of both wave functions and photoelectric cross-sections for
molecules and solids would also be very helpful, especially as related to
angular-resolved studies of atoms and molecules interacting with solid
surfaces.
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